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Preface

Oxidation of organic compounds by dioxygen is a phenomenon of exceptional importance in

nature, technology, and life. The liquid-phase oxidation of hydrocarbons forms the basis of

several efficient technological synthetic processes such as the production of phenol via

cumene oxidation, cyclohexanone from cyclohexane, styrene oxide from ethylbenzene, etc.

The intensive development of oxidative petrochemical processes was observed in 1950–1970.

Free radicals participate in the oxidation of organic compounds. Oxidation occurs very often

as a chain reaction. Hydroperoxides are formed as intermediates and accelerate oxidation.

The chemistry of the liquid-phase oxidation of organic compounds is closely interwoven with

free radical chemistry, chemistry of peroxides, kinetics of chain reactions, and polymer

chemistry.

The science of oxidation processes developed intensively during the 20th century. In the

very beginning of this century, A.N. Bach and C. Engler formulated the peroxide conception

of oxidation by dioxygen. H. Backstrom proved the chain mechanism of slow liquid-phase

oxidation (1927). N.N. Semenov formulated the theory of chain oxidation with degenerate

branching of chains applied to hydrocarbon oxidation (1934). A line of brilliant kinetic

experiments were performed in the period 1960–1980 concerning elementary steps of liquid-

phase oxidation of hydrocarbons. The results of these studies were collected in two volumes

edited by W.O. Lundberg, Autoxidation and Antioxidants (1961) and monograph Liquid-

Phase Oxidation of Hydrocarbons written by N.M. Emanuel, E.T. Denisov, and Z.K. Maizus

(1967). The results of the study of oxidation of oxygen-containing compounds were system-

atized in the monograph Liquid-Phase Oxidation of Oxygen-Containing Compounds (E.T.

Denisov, N.I. Mitskevich, V.E. Agabekov, 1977). Several new excellent experimental methods

were developed in the second half of the 20th century for the study of free radical reactions. A

great body of kinetic data on reactions of alkyl, peroxyl, alkoxyl, and others radicals was

obtained in many publications from 1960 to 1990 (see Database applied to the book).

It was in 1990 that one of the authors of this monograph (E.T. Denisov) formulated the

semiempirical model of any bimolecular homolytic reaction as a result of the intersection of

two parabolic curves for the potential energy of reacting bonds. This model uses empirical

parameters and reaction enthalpy for the calculation of the activation energy, rate constants,

and geometrical parameters of the transition state. The program is given in Database applied

to the book as Electronic Application. This program helps to calculate automatically these

parameters for more than 340,000 elementary free radical reactions. The parabolic model

appeared to be an excellent tool for performing the analysis of the reactivity of reactants in

the chain reactions of oxidation. The results of this analysis applied to reactions of peroxyl

radicals with the C��H bond of different organic compounds are given in Chapters 7–9.

From the other side, oxidation processes in organic materials lead to negative conse-

quences. Keeping and using various organic products in air often results in their rapid

deterioration. The first product to be stabilized by addition of antioxidant was natural

rubber. Antioxidants are widely used now to prevent the oxidation of fuel, lubricant oils,

organic semiproducts, monomers, polymeric materials, etc. Several books devoted to the

chemistry and kinetics of antioxidant action were written, including Handbook of Antioxi-

dants (E.T. Denisov and T.G. Denisova, 2000). The reader finds in Part II of this book a main

chemical mechanistic information about antioxidants and their action on the autoxidation

of hydrocarbons, alcohols, and other organic compounds and polymers. The theory of
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antioxidant reactivity using the conception of intersection of parabolic potential curves is

developed.

For a long time, oxidative processes in biology were considered only as damaging

phenomena and ‘‘oxidative stress’’ as a cause of various pathological disorders. However,

at present, free radicals and oxidative processes are no more regarded as only damaging ones.

It has been proved that many physiological processes are mediated by oxygen and nitrogen

free radicals and pathophysiological disorders may be the consequence not only of overpro-

duction but also the insufficient formation of free radicals.

Numerous oxidative processes occur in living organisms, which are regulated or unregu-

lated enzymatically. Many important biological oxidative processes catalyzed by various

oxidases, oxygenases, and other enzymes do not proceed by free radical mechanism or, at

least, there are no evidences of free radical participation. For a long time, the formation of

free radicals in biological systems was considered to be an abnormal event, which originates

from the undesirable intervention of various toxic agents such as pollutants, irradiation,

drugs, toxic food components, etc. However, the discovery of enzymes catalyzing oxidative

processes through free radical-mediated mechanisms (for example, cyclooxygenase and

lipoxygenase) and the enzymes catalyzing the production of ‘‘physiological’’ free radicals

superoxide and nitric oxide (xanthine oxidase, NADPH oxidase, etc.) has changed this point

of view.

Despite numerous earlier hypotheses, the reliable experimental evidence of enzymatic free

radical generation was obtained only in 1968–1969 by MacCord and Fridovich. These

authors have shown that xanthine oxidase catalyzes the one-electron reduction of molecular

oxygen (dioxygen) to dioxygen radical anion O2
.� (superoxide) during the oxidation of

xanthine and some other substrates. Later on, another ‘‘physiological’’ radical (i.e., formed

under normal physiological conditions and not only as a result of a certain pathological

disorder) nitric oxide (NO) has been identified. It was found that this free radical is formed

during the oxidation of L-arginine by NO synthases. Interestingly, superoxide and nitric oxide

have many similar properties. Both radicals are relatively long-living (from 0.001 to 100 msec)

and not really very active species (the name ‘‘superoxide’’ is really a confusing because O2
.� is

a moderate reductant and not an oxidant at all). However superoxide and nitric oxide are the

precursors of many highly reactive free radicals and diamagnetic molecules (hydroxyl radical,

peroxyl radicals, peroxynitrite). Such ‘‘free radical cocktail’’ may transform the biological

system into a new state now known as a system under oxidative stress. This vague term

suggests that there is a certain deviation from the norm, which is characterized by the

enhanced risk of free radical-mediated damage.

Now, we may differentiate the functions of free radicals in biological systems. The first

one is a physiological function. Enzymatic production of superoxide and nitric oxide is the

obligatory condition of normal biological activities including cell signaling, phagocytosis,

bactericidal activity, etc. Furthermore, free peroxyl radicals mediate the enzymatic formation

of prostaglandins, leukotrienes, and other biological molecules. The second one is a patho-

physiological function, which depends on the damaging activity of reactive free radicals and

their products resulting in the formation of oxidized lipids, proteins, DNA, and other

biomolecules.

Both types of free radical activity include oxidative processes, which are considered in this

book. It should be noted that the oxidation of biological molecules is not always a damaging

process. There are some physiological functions, which depend on the formation of oxidized

products, for example enzymatic lipid oxidation results in the formation biologically active

prostaglandins and other biologically active compounds, etc. Nonetheless, ‘‘free radical

cocktail’’ can be a cause of potent damaging events, and therefore, an organism had to

develop powerful many-step antiradical protective systems. Traditionally, these systems are
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called the antioxidant systems. Antioxidant protective systems include numerous compounds

of different structure, antioxidant enzymes (superoxide dismutase, catalase, peroxidases, etc.),

endogenous low-molecular-weight antioxidants (glutathione, ubiquinone, uric acid, etc.)

exogenous antioxidants, free radical scavengers and chelators supplied to an organism with

food or intently administrated as drugs or vitamins (for example, vitamins E and C).

The main goal of Part III of this book is to consider physiological and pathophysiological

oxidative processes mediated by free radicals. In Chapter 21 the structures and important

reactions of major initiators of oxidative processes in biological systems are considered.

Major ‘‘prooxidant’’ enzymes are discussed in Chapter 22. Chapters 23 and 24 are dedicated

to the role of mitochondria and microsomes in the production of free radicals. Nonenzymatic

and enzymatic lipid oxidative processes are considered in Chapters 25 and 26. Oxidative

destruction of proteins and DNA are described in Chapters 27 and 28. Antioxidants including

free radical scavengers and chelators are considered in Chapter 29. Correspondingly, anti-

oxidant enzymes are discussed in Chapter 30. Chapter 31 is dedicated to description of ‘‘free

radical pathologies,’’ i.e., pathologies associated with the formation of free radicals and to

consideration of antioxidant and chelating therapy. In Chapter 32 major analytical methods

of free radical determination under in vitro and in vivo conditions are described.

Parts I and II of this book are written by E.T. Denisov and Part III by I.B. Afanas’ev.

Symbols and units used in this book are in accordance with the IUPAC recommendations.

We are very grateful to Elena Batova for attentive English editing of the manuscripts Parts I

and II of this book.

All comments, criticisms, and suggestions will be welcomed by the authors. Address any

comments to: E.T. Denisov, Institute of Problems of Chemical Physics, Chernogolovka,

Moscow Region, 142432, Russia. E-mail: edenisov@icp.ac.ru and to I.B. Afanas’ev, Vitamin

Research Institute, Moscow 117820, Russia. E-mail: iafan@aha.ru
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List of Chemical Symbols
and Abbreviations

AcacH acetylacetone

AFR acceptor of free radicals

AIBN azodiizobutyronitrile

AmH aromatic amine

Am
.

aminyl radical

AmOH hydroxylamine

AmO
.

nitroxyl radical

AOT sodium bis(2-ethylhexyl)sulfosuccinate

APP atactic polyprpopylene

ArOH phenol

ArO
.

phenoxyl radical

Ar1OH sterically nonhindered phenol

Ar1O
.

sterically nonhindered phenoxyl radical

Ar2OH sterically hindered phenol

Ar2O
.

sterically hindered phenoxyl radical

BDE bond dissociation energy

CBA copolymer butadiene–acrylonitrile

CBDS copolymer of butadiene with styrene

CEP copolymer of ethylene with propylene

CL chemiluminescence

CTAB cetyltrimethyl ammonium bromide

CTC molecular complex with charge transfere

DBP peroxide, bis(1,1-dimethylethyl)-

DCHP dicyclohexylperoxydicarbonate

DCP peroxide, bis(1-methyl-1-phenylethyl)-

DFT density functional theory

DIPP deuterated isotactic polypropylene

DPE deuterated polyethylene

EA electron affinity

EPR electron paramagnetic resonance

HDPE polyethylene of high density

HQ
.

semiquinone radical

I initiator

InH acceptor reacting with alkoxyl and peroxyl radicals

IPM intersecting parabolas model of a homolytic reaction

IPP isotactic polypropylene

IR infrared spectroscopy

LDPE low density polyethylene

MW molecular weight

NMR nuclear magnetic resonance spectroscopy

NR natural rubber
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P
.

macroradical

PBD polybutadiene

PDMB polydimethylbutadiene

PE polyethylene

PEA polyethyl acrylate

PFE polyfluoroethylene

PH polymer

PIB polyisobutylene

PIP polyisopentene

PMMA polymethyl methacrylate

PMP polymethylpentene

PO2
.

peroxyl macroradical

PP polypropylene

PS polystyrene

PVA polyvinyl acetate

PVM polymethylvinyl ether

Q acceptor reacting with alkyl radicals, quinone

QH2 hydroquinone

RH organic substance reacting with its C��H bond

R1H aliphatic or alicyclic hydrocarbon

R2H olefin hydrocarbon

R3H alkylaromatic hydrocarbon

RN2R azo compound

ROOH hydroperoxide

ROOR peroxide

R
.

alkyl radical

RO
.

alkoxyl radical

RO2
.

peroxyl radical

S antioxidant decomposing hydroperoxide

SA surfactant

SDS sodium dodecylsulfate

SSR stereoregular synthetic resin

TEMPO 2,2,6,6-tetramethylpiperidin-N-oxyl

TS transition state

UV ultraviolet light
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List of Physicochemical Symbols

Symbol Description Unit

A pre-exponential factor in Arrhenius equation of

reaction rate constant k¼A� exp (�E/RT)

s�1 (unimolecular reaction),

L mol�1 s�1 (bimolecular),

L2 mol�2 s�1 (trimolecular)

A0 pre-exponential factor of reaction rate constant per

attacked atom among bonds with equireactivity

same units as for A

b 2b2 is the force constant of chemical bond kJ1/2 mol�1/2 m�1

D diffusion coefficient m2 s�1

DY–X dissociation energy of Y–X bond kJ mol�1

e probability of formed free radical pair to escape

the cage of solvent or polymer

e base of natural logarithms e¼ 2.718282

E activation energy of reaction in Arrhenius

equation of reaction rate constant

kJ mol�1

Ee activation energy of reaction in parabolic model

of bimolecular reaction; Ee¼Eþ 0.5hLv� 0.5RT

kJ mol�1

f stoichiometric coefficient of free radical accepting

by acceptor of free radicals

G radiochemical yield of products Molecule/100 eV

DG0 Gibbs energy of reaction under standard conditions

(298 K, 1 atm)

kJ mol�1

DH0 enthalpy of reaction (298 K, 1 atm) kJ mol�1

DH 6¼ enthalpy of transition state kJ mol�1

DHe enthalpy of reaction that includes difference of

zero vibration energies of reacting bonds

kJ mol�1

DHf
0 enthalpy of molecule formation under standard

conditions (298 K, 1 atm)

kJ mol�1

DHv
0 enthalpy of molecule evaporation under standard

conditions (298 K, 1 atm)

kJ mol�1

h Planck constant, h¼ 6.626075� 10�34 J s

Icl intencity of chemiluminescence Quant s�1

K equilibrium constant, RT ln K¼�DG0 (mol/L)Dn

k reaction rate constant s�1 (unimolecular),

L mol�1 s�1 (bimolecular),

L2 mol�2 s�1 (trimolecular)

ka rate constant of acceptor reaction with free radicals L mol�1 s�1

kd rate constant of decomposition of initiator to free

radicals

s�1

kD rate constant of diffusion controlled reaction L mol�1 s�1

ki rate constant of initiation (free radicals formation) s�1 (unimolecular reaction),

L mol�1 s�1 (bimolecular)

kind rate constant of induced decomposition of initiator L1/2 mol�1/2 s�1

kis rate constant of isomerization s�1
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kl reaction rate constant in the liquid phase s�1 or L mol�1 s�1

km rate constant of initiator decomposition to

molecular products

s�1

kp rate constant of chain propagation L mol�1 s�1

ks reaction rate constant in the solid phase s�1 or L mol�1 s�1

kt rate constant of chain termination L mol�1 s�1

L Avogadro’s number, L¼ 6.02214� 1023 mol�1

nD refractive index

Dn molecular change in a reaction

p pressure Pa

R gas constant, R¼ 8.314510 J mol�1 K�1

r1 ratio of rate konstants of chain propagation in

co-oxidation, r1¼ kp11/kp12

r2 ratio of rate konstants of chain propagation in

co-oxidation, r1¼ kp22/kp21

rR radius of radical R m

rA–B length of A–B bond m

S0(RH) entropy of formation of RH in gas phase under

standard conditions

J mol�1 K�1

DS 6¼ entropy of activation J mol�1 K�1

S surface cm2 L�1

t time s

T absolute temperature K

Q (RH) molecular partition function of RH

Q 6¼ molecular partition function of transition state

v reaction rate mol L�1 s�1

vi rate of initiation reaction mol L�1 s�1

vi0 rate of thermal initiation reaction mol L�1 s�1

vind rate of induced decomposition of initiator mol L�1 s�1

DV 6¼ change of molecular volume due to formation

of the transition state, DV 6¼ ¼V 6¼ (transition state)

– V (reactants)

cm3 mol�1

a ratio bi/bf of the attacked (bi) and forming

(bf) bonds

a percentage of polymer cristallinity %

aT coefficient of linear temperature expansion K�1

g degree of stretching of polymer film

e dielectric constant of solvent

e molar absorption coefficient L mol�1 cm�1

h viscosity Pa s

h quantum yield of chemiluminescence

k ionic strength, k¼ 0.5Sci zi
2, ci and zi are

concentration and charge of i-th ion in solution

mol l�1

k effective rate of dioxygen solvation in the sample

of oxidized substance

s�1

l Henry’s coefficient of dioxygen solving mol L�1 Pa�1

l Wavelength of light m

m dipole moment of molecule D

ni frequency of valence vibration of the reacting bond s�1

nf frequency of valence vibration of the forming bond s�1
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nR frequency of free radical R
.
rotation 2p s�1

p ratio of circumference to diameter of a circle p¼ 3.141592

r density kg m�3

t induction period of reaction s

f ratio of rate constants of chain termination in

co-oxidation, f¼ kt12/(kt11 kt22)
1/2

F quantum yield
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List of Biochemical Abbreviations

AA, arachidonic acid

AE2, membrane-bound anion exchange protein 2

Ant1, adenine nucleotide translocator

AO, alkenal-one oxidoreductase

BDI, bleomycin-detectable iron

BHA, 2(3)-tert-butyl-4-hydroxyanisole

BHT, 5-di-tert-butyl-4-hydroxytoluene

BPAEC, bovine pulmonary artery endothelial cells

BPMVE, bovine pulmonary microvascular endothelial cells

BSA, bovine serum albumin

BZ-423, 1,4-benzodiazepine

CE, cholesteryl ester

CE–OOH, cholesteryl ester hydroperoxide

CGD, chronic granulomatous disease

cGP, classic glutathione peroxidase

Ch18:2-OOH, cholesteryl linoleate hydroperoxide

CIDNP, 15N chemically induced dynamic nuclear polarization

CL, chemiluminescence

CLA, 2-methyl-6-phenyl-3,7-dihydroimidazo[1,2-a]pyrazin-3-one

CHF, chronic heart failure

CMEC, coronary microvascular endothelial cell

CNS, central nervous system

COX, cyclooxygenase

CPLA(2), cytosolic phospholipase A(2)

3-CP, 3-carbamoyl-2,2,5,5-tetramethylpyrrolidinoxyl

CP-3, 1-hydroxy-3-carboxypyrrolidine

DBPMPO, 5-(di-n-butoxyphosphoryl)-5-methyl-1-pyrroline-N-oxide

DCFH, dichlorodihydrofluorescin

DDC, diethyldithiocarbamate

DEMPO, 5-(diethoxyphosphoryl)-5-methyl-1-pyrroline-N-oxide

DFO, desferrioxamine

Dfx, desulfoferrodoxin

DHA, docosahexaenoic acid

DHE, dihydroethidium

DHLA, dihydrolipoic acid

DHR, dihydrorhodamine 123

5,15-DiHET, 5(S),15(S)-dihydroxy-6,13-trans-8,11-cis-eicosatetraenoic acid

DMPO, 5,5-dimethyl-l-pyrroline-N-oxide

DNPH, dinitrophenylhydrazine

DOPA, dihydroxyphenylalanine

DOPAC, 3,4-dihydroxyphenylacetic acid

Dox, doxorubicin

DPPMPO, 5-(di-n-propoxyphosphoryl)-5-methyl-l-pyrroline-N-oxide

DSBs, double-stranded breaks
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EC-SOD, extracellular SOD

EDRF, the endothelium-derived relaxing factor

9EE-Ch18:2-OOH, cholesteryl 9-hydroperoxy-10E, 12E-octadecadienoate

13EE-Ch18:2-OOH, cholesteryl 13-hydroperoxy-9E,11E-octadecadienoate

EOP, eosinophil peroxidase

EPR, electron paramagnetic resonance

ERK, extracellular-signal-regulated kinase

ESR, electron spin resonance

9EZ-Ch18:2-OOH, cholesteryl 9-hydroperoxy-10E,12Z-octadecadienoate

FA, Fanconi anemia

FeDETC, iron-diethyldithiocarbamate

Fe-MGD, iron-methyl-D-glucamine dithiocarbamate

FMLP, N-Formyl-methionyl-leucyl-phenylalanine

FOXOS, protein kinase B-regulated Forkhead transcription factor

Fur, the repressor of iron uptake

GAPDH, glyceraldehyde-3-phosphate dehydrogenase

GBE, Ginkgo biloba extract

GP, glutathione peroxidase

GR, glutathione reductase

G-rutin, 4(G)-a-glucopyranosylrutin

GSH, glutathione

Hb, hemoglobin

H4B, 6R-tetrahydrobiopterin

HDL, high-density lipoproteins

12-HETE, 12-hydroxyeicosatetraenoic acid

HL60, human promyelocytic leukemia cells

4-HNE, 4-hydroxynonenal

7,8-D-HODE, 7S,8S-dihydroxyoctadecadienoic acid

13-HODE, 13-hydroxyoctadecadienoic acid

5-HPETE, 5(S)-hydroperoxyeicosatetraenoic acid

12-HPETE, 12(S)-hydroperoxyeicosatetraenoic acid

15-HPETE, 15(S)-hydroperoxyeicosatetraenoic acid

4-HPNE, 4-hydroperoxy-2-nonenal

8-HPODE, 8R-hydroperoxyoctadecadienoic acid

9-HPODE, 9-hydroperoxy-10,12-octadecadienoic acid

13-HPODE, 13-hydroperoxy-9,11-octadecadienoic acid

HQ, 8-hydroxyquinoline

HRP, horseradish peroxidase

hsp90, heat shock protein 90

HUVEC, human umbilical-vein endothelial cells

ICDH, isocitrate dehydrogenase

IFN-g, interferon-g

IOL, iron-overload

IRP, iron regulatory protein

IsoLG, isolevuglandin

JNK, c-Jun N-terminal kinase

KATP, ATP-sensitive Kþ channel

L1, 1,2-dimethyl-3-hydroxypyrid-4-one

LA, lipoic acid

LacGer, glycosphingolipid lactosylceramide
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LDL, low-density lipoprotein

LDS, linoleate diol oxidase

LLU-a, 2,7,7-trimethyl-2-(carboxyethyl)-6-hydroxychroman

LOX, lipoxygenase

LPC, lysophosphatidylcholine

LPS, lipopolysaccharide

LTA4, leukotriene A4

LTB4, leukotriene B4

LTC4, leukotriene C4

MARK, mitogen-activated protein kinase

Mb, myoglobin

MCLA, 2-methyl-6-(4-methoxyphenyl)-3,7-dihydroimidazo[1,2-a]pyrazin-3-one]

MDA, malondialdehyde

MF, magnetic field

MK-447, 2-aminomethyl-4-tert-butyl-6-iodophenol

MNNG, 1-methyl-3-nitro-1-nitrosoguanidine

MPO, myeloperoxide

MsrA, thioredoxin-dependent peptide methionine sulfoxide reductase

MT, metallothionein

MtDNA, mitochondrial DNA

MtNOS, mitochondrial nitric oxide synthase

NAC, N-acetylcysteine

NBT, 3,3’-(3,3’-dimethoxy-1,1’-biphenyl-4,4’-diyl)bis 2-(4-nitrophenyl)-5-phenyl-2H-

tetrazolium dichloride, nitroblue tetrazolium

NDGA, nordihydroguaiaretic acid

NF-kB, redox-regulated transcription factor

NHA, Nw-hydroxy-L-arginine

8-nitro-G, 8-nitroguanine

NMDA, N-methyl-D-aspartate

NO, nitric oxide

NOS, nitric oxide synthase

NOS I (nNOS), neuronal nitric oxide synthase

NOS II (iNOS), inducible nitric oxide synthase

NOS III (eNOS), endothelial nitric oxide synthase

mtNOS, mitochondrial NO synthase

NOHA, N-hydroxyl-L-arginine

nNOSoxy, heme-containing oxygenase domain

NTBI, nontransferrin-bound iron

ODN, oligodeoxyribonucleotide

8-OHdG, 8-hydroxy-2’-deoxyguanosine

OXANO, 2-ethyl-l-hydroxy-2,5,5-trimethyl-3-oxazolidinoxyl

OXANOH, 2-ethyl-l-hydroxy-2,5,5-trimethyl-3-oxazolidine

OZ, opsonized zymosan

PAEC, pulmonary artery endothelial cell

PARS, poly(ADP–ribose) synthetase

PDTC, pyrrolidine dithiocarbamate

PBN, N-tert-butyl-phenylnitrone

PC, ischemic preconditioning

PEG-SOD, polyethylene glycol superoxide dismutase

PGE2, prostaglandin
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PGHS, prostaglandin endoperoxide H synthase

PGI2, prostacycline synthase

PHGP, phospholipid hydroperoxide glutathione peroxidase

PIH, pyridoxal isonicotinoyl hydrazone

PKC, protein kinase C

PMA, phorbol

PMC, 2,2,5,7,8-pentamethylchroman-6-ol

PMN, polymorphonuclear leukocyte

PMS, phenazine methosulfate

PTIO, phenyl-4,4,5,5-tetramethylimidazoline-l-oxyl

p38 MAPK, p38 mitogen-activated protein kinase

p42/44 MAPK, p42/44 mitogen-activated protein kinase

RBCEC, rat brain capillary endothelial cells

RC, radical cation

SIN-1, 3-morpholinosydnonimine

SOD, superoxide dismutase

SOR, superoxide reductase

SOTs-1, di-(4-carboxybenzyl) hyponitrite

SSBs, single DNA strands

TBAP, 5,10,15,20-tetrakis-[4-carboxyphenyl] porphyrin

TBAR products, thiobarbituric acid reactive products

TBP, a-tocopherol-binding protein

TEMPO, 2,2,6,6-tetramethylpiperidinoxyl

TEMPOL, 4-hydroxy-2,2,6,6-tetramethylpiperidinoxyl

TEMPONE, 1-hydroxy-2,2,6,6-tetra-methyl-4-oxopiperidinoxyl

TEMPONEH, 1-hydroxy-2,2,6,6-tetra-methyl-4-oxopiperidine

TGF-b, transforming growth factor beta

Tiron, 1,2-dihydroxybenzene-3,5-sulfonate

TNF-a, tumor necrosis factor-a

TPA, tetradeconylphorbol acetate

TPO, thyroid peroxidase

TPO, 2,2,6,6-tetramethylpiperidinoxyl

Trx, thioredoxin

TTA, tetradecylthioacetic acid

TXB2

U74006F, 21-[4-(2,6-di-l-pyrrolidinyl-4-pyrimidinyl)-1-piperazinyl]-16a-methylpregna-

1,4,9(11)-tiene-3,20-dione monomethane sulfonate

U74500A, 21-[4-(3,6-bis(diethylamino)-2-pyridinyl)-1-piperazinyl]-16a-methylpregna-

1,4,9(11)-triene-3,20-dione hydrochloride

VSMC, vascular smooth muscle cell

VVC, v. vulnificus cytolysin

WST-1, 4-[3-(4-iodophenyl)-2-(4-nitrophenyl)-2H-5-tetrazoliol]-1,3-benzene

disulfonate sodium salt

XDH, xanthine dehydrogenase

XO, xanthine oxidase

XTT, sulfonated tetrazolium(2,3-bis(2-methoxy-4-nitro-5-sulfophenyl)-2-tetrazolium

5-carboxanilide

13ZE-Ch18:2-OOH, cholesteryl 13-hydroperoxy-9Z,11E-octadecadienoate
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Part I

Chemistry and Kinetics of
Organic Compounds
Oxidation by Dioxygen
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1 Molecular Products and
Thermochemistry of
Hydrocarbon Oxidation

1.1 EARLIER CONCEPS OF OXIDATION

Researchers encountered the phenomenon of the formation of an active intermediate during

the oxidation of metals and organic compounds in the middle of the 19th century. Shonbein

was the first to discover ozone formation in a slow oxidation of phosphine [1], diethyl ether,

and ethyl alcohol [2]. He observed the oxidation of hydrogen iodide into diiodine and

oxidation of indigo that accompanied the oxidation of Zn, SO2, FeO, H2S, AsH3, SbH3,

and organic compounds [3–12]. Shonbein [13] put forward the hypothesis of participation of

free charged oxygen atoms (‘‘ozone’’ O� and ‘‘antozone’’ Oþ) in oxidation. He considered the

oxygen of air as a monoatomic molecule, which can be in passive ‘‘Oo’’ and active (O� and

Oþ) forms and proposed the following general scheme of oxidation:

Aþ 2Oo �! AþO� þOþ

AþO� �! AO (ozonide)

H2OþOþ �! H2O2 (antozonide)

This scheme faced with a few contradictions. It was yet known at that time that an oxygen

molecule consists of two oxygen atoms. The study of the ozone molecule showed that it

includes more than two oxygen atoms. And, at last, Engler and Nasse [14] proved that gas

‘‘antozone’’ in Shonbein’s experiment was nothing but vapors of the formed hydrogen

peroxide. The proposed scheme with the participation of hypothetical polarized oxygen

atoms (‘‘ozone’’ and ‘‘antozone’’) in oxidation appeared false. However, its background,

namely, the facts of active intermediate formation in oxidation were very important for the

future development of the theory of oxidation.

Traube [15,16] performed the next important step in understanding of the oxidation

mechanism. He studied the oxidation of metals in water and proposed hydrogen peroxide

as the primary product of oxidation. Traube proposed the following scheme of metal

oxidation:

Znþ 2H2OþO2 �! Zn(OH)2 þH2O2

The conception, proposed by Haber [17–19], was very close to Traube’s hypothesis. Haber

considered the formed hydrogen peroxide as an intermediate that can oxidize other substrate;

for example, the induced oxidation of SO2 during the oxidation of As2O3 was treated

according to the following scheme:
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As2O3 þ 2O2 þ 2H2 �! As2O5 þ 2H2O2

SO2 þH2O2 �! SO3 þH2O

Bach [20–22] and Engler [23–32] worked out the peroxide theory of oxidation. They per-

formed many experiments on the oxidation of organic compounds (alcohols, aldehydes,

fulvenes, etc.) by dioxygen and proved the formation of peroxide as the primary product of

oxidation. Engler evidenced that peroxide was the product of oxidation in the absence of

water (in contrast of Traube’s scheme) and isolated peroxides among the products of oxida-

tion of triethylphosphine, fulvenes, terpentine, and 3-hexene. The general scheme of substrate

A oxidation in the peroxide theory had the following form:

AþO2 �! AO2

AO2 þA �! 2AO

The phenomenon of chemical induction was intensively studied by Jorissen [33–37]. He

discovered that indigo was not oxidized by dioxygen but was simultaneously oxidized in the

presence of oxidized triethylphosphine or benzaldehyde. He measured the factor of chemical

induction in these reactions as equal to unity. Later, he proved that the oxidation product of

benzaldehyde, benzoic peracid, did not oxidize indigo under conditions of experiment. This

shows that a very active intermediate was formed during the oxidation of benzaldehyde and

that it was not perbenzoic acid. Engler assumed peroxide to be in two forms, namely, an

active ‘‘moloxide’’ AO2 and a more stable peroxide. A new correct interpretation of chemical

induction in oxidation reactions was provided later by the chain theory of oxidation of

organic compounds (see later).

Engler supposed that moloxide AO2 was the primary product of the substrate A oxida-

tion, which then reacts with acceptor B:

AO2 þ B �! AOþ BO

Water hydrolyzes the formed moloxide with the formation of hydrogen peroxide:

AO2 þH2O �! AOþH2O2

Engler [38,39] proposed that peroxide produced by olefin oxidation has the structure of

dioxetane:

R

R

+ O2
O

O
R

R

The same structure was proposed later by Hock and Schrader [40]. It became clear only in

1939 when Criegee et al. [41] proved that peroxide formed by cyclohexene oxidation has the

structure of hydroperoxide. Later studies, performed by Farmer and Sutton [42], greatly

extended the number of hydroperoxides as products of olefin oxidation. Beginning from the

later part of the 20th century, the chain theory of organic compound oxidation became

the theoretical ground for the experimental study in this field. The main events of the

development of oxidation chemistry before the chain theory of oxidation are presented in

Table 1.1.
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TABLE 1.1
Main Discoveries and Concepts in the Field of Oxidation by Dioxygen, Which Appeared

before the Chain Theory [43–46]

Year Phenomena, Conception Author

1768–1777 Discovery of dioxygen K. W. Scheele

1774 Discovery of dioxygen J. Priestley

1774–1777 Discovery of dioxygen A. L. Lavoisier

1818 Discovery of hydrogen peroxide L. J. Thenard

1835 Benzaldehyde was found to be oxidized by dioxygen to

benzoic acid

J. Liebich

1858 Activation of oxygen in oxidation. Hypothetical scheme: C. F. Shonbein

Aþ 2Oo! AþOþþO�

AþO� ! AO, H2OþOþ ! H2O2

1876 The first observation of hydrocarbon oxidation by dioxygen C. Engler

1879 Paraffins were oxidized by dioxygen to carbon acids C. Engler

1882 Hydrogen peroxide was isolated as the primary product

of metal oxidation

W. Traube

Znþ 2H2OþO2 ! Zn(OH)2þH2O2

1897 The peroxide theory of oxidation. General scheme: A. N. Bach, C. Engler

AþO2 ! AO2, AO2þA! 2AO

1900 Hydrogen peroxide was supposed as an intermediate

product of oxidation

F. Haber

1900 Perbenzoic acid was isolated as the product of

benzaldehyde oxidation

A. Bayer, V. Villiger

1905 The theory of induced oxidation of organic and inorganic

compounds was worked out.

N. A. Shilov

1912 First experiments on the autoxidation of toluene were performed;

the benzoic acid was found as the product of oxidation

G. Ciamician, P. Silber

1925 Polymeric peroxide was synthesized by oxidation

of 1,1-diphenylethylene

H. Staudinger.

nO2þ nPh2CH¼¼CH2! (~Ph2CCOO~)n

1926 Methylbenzenes were oxidized, and substituted benzaldehydes were

found among the products

H. N. Stephens

1928 Isolation of cyclohexene peroxide as the product of autoxidation H. N. Stephens.

1932–1933 Tetralyl hydroperoxide was isolated as the product of tetralin

autoxidation

M. Hartman, M. Seiberth,

H. Hock, W. Susemihl

1936–1937 Peroxide formed in cyclohexene oxidation was proved to be

the hydroperoxide

R. Criegee, H. Hock

1936 Oxidation of olefins was postulated as the reaction:

RCH¼¼CHCH2R
1þO2 ! RCH¼¼CHCH(OOH)R1

A. Rieche

1942 Indanyl hydroperoxide was isolated as the product of

indane oxidation

H. Hock and S. Lang

1943 Isolation of 1-phenylethyl hydroperoxide in the result of

ethylbenzene oxidation

H. Hock and S. Lang

1944 Isolation of cumyl hydroperoxide H. Hock and S. Lang

1950 Hydroperoxide MeCH(OOH)CH2Bu was isolated among the

products of heptane autoxidation by dioxygen

K. I. Ivanov

1953 Decane was proved to be oxidized by all CH2 groups with equal rates J. L. Benton and

M. M. Wirth

© 2005 by Taylor & Francis Group.



1.2 DEVELOPMENT OF THE CHAIN THEORY OF OXIDATION
OF ORGANIC COMPOUNDS

The peroxide theory of Bach [20] and Engler [23] fixed the phenomenon of peroxide forma-

tion as the primary product of hydrocarbon oxidation by dioxygen. However, the problem of

the mechanism of peroxide formation remained unsolved. The new stage of successful study

of organic compound oxidation began after the discovery of free radicals as active intermedi-

ates of many chemical processes.

It was in the very beginning of the 20th century that Gomberg [47] synthesized the stable

triphenylmethyl radical and observed its very fast reaction with dioxygen with production

of peroxide. Bodenstein [48] was the first to discover the chain mechanism of reaction of

dihydrogen with dichloride in 1913. From 1925 to 1928, Semenov [49] and Hinshelwood and

Williamson [50] discovered the chain branching reactions. At the same time Backstrom [51]

proved the chain mechanism of benzaldehyde photooxidation by dioxygen and later (in 1934)

proposed the following mechanism for this reaction [52]:

PhC
.
(O)þO2 �! PhC(O)OO

.

PhC(O)OO
. þ PhCH(O) �! PhC(O)OOHþ PhC

.
(O)

A similar mechanism of chain oxidation of olefinic hydrocarbons was observed experimen-

tally by Bolland and Gee [53] in 1946 after a detailed study of the kinetics of the oxidation of

nonsaturated compounds. Miller and Mayo [54] studied the oxidation of styrene and found

that this reaction is in essence the chain copolymerization of styrene and dioxygen with

production of polymeric peroxide. Rust [55] observed dihydroperoxide formation in his

study of the oxidation of branched aliphatic hydrocarbons and treated this fact as the result

of intramolecular isomerization of peroxyl radicals.

Me2C
.
CH2CHMe2 þO2 �! Me2C(OO

.
)CH2CHMe2

Me2C(OO
.
)CH2CHMe2 �! Me2C(OOH)CH2C

.
Me2

Me2C(OOH)CH2C
.
Me2 þO2 �! Me2C(OOH)CH2C(OO

.
)Me2

Me2C(OOH)CH2C(OO
.
)Me2 þRH �! Me2C(OOH)CH2C(OOH)Me2 þR

.

The further study of the mechanism of hydrocarbon oxidation presented another important

peculiarity of these reactions, namely, their self-accelerated character. The principal explan-

ation of this phenomenon was suggested by Semenov [49]. He proposed that any active

intermediate, formed as a result of hydrocarbon oxidation, slowly initiates new chains. The

concentration of an intermediate (peroxide, aldehyde) increases during the initial stage of

oxidation and this creates the increasing rate of chain initiation. This phenomenon is like

chain branching in such chain branching reactions as H2þO2 studied by Hinshelwood and

Williamson [50] or combustion of phosphine vapors studied by Semenov [49]. The difference

lies in the rate of chain branching. This rate is comparable with that of chain propagation

for chain branching reactions (H2þO2) and is much lower for chain reactions with degener-

ate chain branching (slow oxidation of hydrocarbons in the gas and the liquid phases). Later,

during careful kinetic studies of a great variety of hydroperoxide reactions, free radical

generation was discovered. In addition to the unimolecular decomposition of hydroperoxides

with the splitting of the O��O bond, bimolecular decay of hydroperoxides exists: in reactions

of hydroperoxide with the double bond of olefin, with hydrocarbons, alcohols, ketones,

aldehydes, and acids (see Table 1.2).
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TABLE 1.2
Chronological Table of the Main Concepts and Experimental Findings of Chain Theory

of Hydrocarbon Oxidation

Year Event Author Ref.

1900 Synthesis of the first stable free radical Ph3C
.

M. Gomberg [47]

1913 Discovery of the chain mechanism of the reaction H2þCl2 M. Bodenstein [48]

1925–1927 Semenov worked out the concept of chain branching reactions N. N. Semenov [49]

1927 Photochemically induced oxidation of benzaldehyde was proved

to be the chain reaction (F >> 1)

H. Backstrom [51]

1928–1930 Hinshelwood suggested the chain branching mechanism for

reaction H2þO2

C. Hinshelwood [50]

1931 The formation of active hydroxyl radical in reaction Fe2þ with

hydrogen peroxide was supposed: Fe2þþH2O2 !
Fe3þþHO

.þHO�

F. Haber and

R. Willstatter

[61]

1932 The chain mechanism of hydrogen peroxide decay under catalytic

action of transition metal ions was postulated

F. Haber and

J. Weiss

[62]

1933 Radical Ph3C
.
initiates the oxidation of olefins and aldehydes K. Ziegler [63]

1934 Backstrom proposed the chain mechanism of benzaldehyde

oxidation: PhC
.
(O)þO2 ! PhC(O)OO

.
;

PhC(O)OO.þPhCH(O)! PhC(O)OOHþPhC.(O)

H. Backstrom [52]

1934 Semenov put forward the concept of slow hydrocarbon oxidation

as the chain reaction with degenerate branching

N. N. Semenov [49]

1946 Bolland and Gee received the empirical equation for the rate of

hydrocarbons oxidation: v ~ [Initiator]1/2� [RH]�F(pO2) and

proposed the kinetic scheme of chain mechanism of

hydrocarbon oxidation

J. L. Bolland and

G. Gee

[53]

1946 Experimental evidence of hydroxyl radicals generation in reaction

Fe2þþH2O2: Fe2þþH2O2 ! Fe3þþHO
.þHO�

J. H. Baxendale,

M. G. Evans,

and G. S. Park

[64]

1951 The reaction of chain generation: RCHOþO2! RC
.
(O)þHO2

.

was kinetically evidenced

H. R. Cooper and

H. W. Melville

[58]

1951 The cyclic mechanism of free radicals generation in oxidation of

aldehydes catalyzed by transition metal ions was demonstrated

C. Bawn and

J. Williamson

[65]

1951 Experimental evidence of alkoxyl radicals formation in the

reaction of Fe2þ with hydroperoxide: Fe2þþROOH!
Fe3þþRO

.þHO�

M. S. Kharash,

F. S. Arimoto,

and W. Nudenberg

[66]

1953 Bimolecular reaction of hydroperoxide decomposition to free

radicals was discovered: ROOHþROOH!
RO

.þH2OþROO
.

L. Bateman,

H. Hughes, and

A. Moris

[67]

1956 The reaction of chain generation PhCH¼¼CH2þO2 ! free

radicals was experimentally proved

A. A. Miller and

F. R. Mayo

[54]

1956 Miller and Mayo studied the styrene oxidation and came to

conclusion that this chain reaction occurs via addition of

peroxyl radical to double bond of styrene with formation of

polyperoxide as a product

A.A. Miller and

F.R. Mayo

[54]

1957 Dihydroperoxides were found to be the primary products of

branched alkanes oxidation. The intramolecular peroxyl radical

reaction was proposed

F. F. Rust [55]

1957 Russell proposed the mechanism of disproportionation of primary

and secondary peroxyl radicals: 2R1R2CHOO
. ! R1R2C(O)

þO2þR1R2CHOH

G. A. Russell [68]

continued
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One of the important problems of the chain oxidation of organic compounds was the

problem of chain generation in the absence of hydroperoxide and other initiating agents.

These reactions should be very slow due to their endothermicity. Two most probable reac-

tions were predicted [56,57]:

RHþO2 �! R
. þHO2

.

RCH¼¼CH2 þO2 �! RC
.
HCH2OO

.

Later, both reactions were proved experimentally by Cooper and Melville in 1951 [58] and

Miller and Mayo in 1956 [54]. In addition, the trimolecular reaction 2 RHþO2 was predicted

in 1960 and experimentally proved in 1961 [59,60].

TABLE 1.2
Chronological Table of the Main Concepts and Experimental Findings of Chain Theory

of Hydrocarbon Oxidation—continued

Year Event Author Ref.

1959 Chemiluminescence in the liquid-phase hydrocarbon oxidation

was discovered. It was proved to be the result of secondary

peroxyl radicals disproportionation

R. F. Vasi’ev,

O. N. Karpukhin, and

V. Ya Shlyapintokh

[69]

1960 Hydroperoxide reacts with hydrocarbon with free radical

generation: ROOHþRH ! RO
.þH2OþR

.

Z. K. Maizus,

I. P. Skibida, and

N. M. Emanuel

[70]

1960–1961 Trimolecular reaction of chain generation: RHþO2þRH

! R
.þH2O2þR

.
was predicted and experimentally

evidenced

E. T. Denisov [59,60]

1961 Peroxyl radical of oxidized cumene was evidenced by EPR

technique. The EPR spectrum was identified

Ya. S. Lebedev,

V. F. Tsepalov, and

V. Ya. Shlyapintokh

[71]

1962 Interaction of hydroperoxide with ketones with rapid chain

generation was studied. The following mechanism:

ROOHþO¼¼CR1R2, Peroxide! Free radicals was

proposed

E. T. Denisov [72]

1964 Generation of free radicals by the reaction of hydroperoxide

with alcohol was evidenced

E. T. Denisov [73]

1964 Chain initiation by the following reaction of hydroperoxide

with styrene was discovered: PhCH¼¼CH2þROOH!
PhC

.
HCH2OHþRO

.

E. T. Denisov and

L. N. Denisova

[74]

1965 Chain generation by reaction ROOH with R1C(O)OH was

observed

L. G. Privalova,

Z. K. Maizus, and

N. M. Emanuel

[75]

1967 Mineral acids were found to split hydroperoxides catalytically

into free radicals: 2ROOHþHþ ! RO
.þROO

.þH3O
þ

V. M. Solyanikov and

E. T. Denisov

[76]

1967 The high rate of exchange reaction RO2
.þR1OOH!

ROOHþR1O2
.
was used to develop a special method

for the measurement of rate constants of the reaction:

RO2
.þRiH ! ROOHþRi

.
.

J. A. Howard,

W. J. Schwalm, and

K. U. Ingold

[77]

1968 The isotope effect was measured in the reaction of peroxyl

radical with deuterated cumene (PhMe2CH and PhMe2CD)

J. A. Howard,

K. U. Ingold, and

M. Symonds

[78]
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2RHþO2 �! 2R
. þH2O2

The main scientific events in the science of chain oxidation of organic compounds are listed in

Table 1.2.

1.3 HYDROPEROXIDES AS PRIMARY MOLECULAR PRODUCTS
OF HYDROCARBON OXIDATION

1.3.1 HYDROPEROXIDES

Hydroperoxides were proved to be the only primary molecular product of the oxidation of

aliphatic and alkylaromatic hydrocarbons [79–84]. When the hydrocarbon is oxidized under

mild conditions, in which the formed hydroperoxide is a stable product, the amount of

produced ROOH was found to be nearly equal to the amount of consumed dioxygen

[45,80,82].

RH Ethyl linoleate

3-Heptene,

2,6-dimethyl- Benzene, 1,4-diisopropyl- Cumene

T (K) 328 333 363 363

D[O2] (mol%) 1.2 0.97 3.5 2.6

[ROOH] (mol%) 98 99 99 98

The yield of the formed hydroperoxide depends on the structure of the oxidized hydrocarbon.

The tertiary hydroperoxides appeared to be the most stable. Hence they can be received by

hydrocarbon oxidation in high yield (see Table 1.3).

A very serious problem was to clear up the formation of hydroperoxides as the primary

product of the oxidation of a linear aliphatic hydrocarbon. Paraffins can be oxidized by

dioxygen at an elevated temperature (more than 400 K). In addition, the formed secondary

hydroperoxides are easily decomposed. As a result, the products of hydroperoxide decom-

position are formed at low conversion of hydrocarbon. The question of the role of hydro-

peroxide among the products of hydrocarbon oxidation has been specially studied on the

basis of decane oxidation [82]. The kinetics of the formation of hydroperoxide and other

products of oxidation in oxidized decane at 413 K was studied. In addition, the kinetics of

hydroperoxide decomposition in the oxidized decane was also studied. The comparison of the

rates of hydroperoxide decomposition and formation other products (alcohol, ketones, and

acids) proved that practically all these products were formed due to hydroperoxide decom-

position. Small amounts of alcohols and ketones were found to be formed in parallel with

ROOH. Their formation was explained on the basis of the disproportionation of peroxide

radicals in parallel with the reaction RO2
.þRH.

The oxidation of a hydrocarbon to hydroperoxide is an exothermic reaction. The values of

the enthalpies of these reactions are collected in Table 1.4. The enthalpies of oxidation

of different hydrocarbon groups by dioxygen to ROOH have the following values:

Group ��CH2OOH >CHOOH �COOH

DH (kJ mol�1) �73.8+3.4 �89.6+2.4 �108.4

DDH (kJ mol�1) 0 �15.8 �34.6
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TABLE 1.3
Synthesis of ROOH by RH Oxidation in the Liquid Phase (pO2 5 105 Pa)

Hydroperoxide T (K) Procedure of Oxidation
Yield,

(mol %) Ref.

Me3COOH 398 Autoxidation 27.6 [84]

Me2C(OOH)(CH2)2CHMe2 390 Autoxidation 3.8 [55]

Me2C(OOH)(CH2)2C(OOH)Me2 390 Autoxidation 1.9 [55] 

Me2C(OOH)(CH2)4CHMe2 352 Photooxidation [85] 

Me2C(OOH)CH(OOH)(CH2)3CHMe2 352 Photooxidation [85] 

O
O   H

428 Autoxidation 6.0 [86] 

O
O   H

353 Photooxidation 5.0 [87]

OOH 423 Autoxidation 18.0 [88] 

O
O   H

383 Autoxidation 3.0 [89]

O
O   H 343 Photooxidation 1.5 [90] 

CH2=CHCH(OOH)Pr 313 Autoxidation 2.0 [91]

MeCH=CHCH(OOH)Pr 338 Autoxidation 4.1 [92]

EtCH=CHCH(OOH)Et 333 Autoxidation 4.0 [92]

CH2=CHCH(OOH)CH2Bu 348 Autoxidation 1.35 [92]

CH2=CMeCH(OOH)CH2Bu 348 Autoxidation 0.55 [92]

O
O

H 296 Photooxidation [93]

O
O   H

328 Autoxidation 3.5 [92]

O
O   H

303 Autoxidation 20.0 [41,94]

O
O   H

308 Autoxidation 21.0 [95,96]

O   O
H 333 Autoxidation 8.0  [97]
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1.3.2 DIHYDROPEROXIDES

Rust [55] studied the oxidation of branched alkanes and was the first to observe the forma-

tion of dihydroperoxides as primary products of the hydrocarbon oxidation [55]. Dihydro-

peroxide was found to be the main product of 2,4-dimethylpentane oxidation by dioxygen at

388 K:

Me2CHCH2CH2CHMe2 þ 2O2 �! Me2C(OOH)CH2CH2C(OOH)Me2

The yield of dihydroperoxide depends on the common position of two tertiary C��H bonds

[55].

TABLE 1.3
Synthesis of ROOH by RH Oxidation in the Liquid Phase (pO2 5 105 Pa)—continued

O
O

H
323

PhCH2OOH 363

O O
H

333

PhCH(OOH)CH3 363

PhMe2COOH 363

PhMe2COOH 363

PhCH(OOH)Pr 353

Ph2CHOOH 338

Ph2MeCOOH 338

O

Ph

O
H

363

O

Ph

O
H

388

O
O H 363

O O
H

363

O O
H 363

Photooxidation 

Autoxidation 

Photooxidation 

Autoxidation 

Autoxidation 

Autoxidation 

Photooxidation 

Photooxidation 

Autoxidation 

Autoxidation 

Autoxidation 

Autoxidation 

Autoxidation 

Autoxidation 

0.03 

0.59 

28.5

2.5 

1.5 

18.5

1.9 

8.3 

24.0 

3.1 

7.8 

[98]

[99]

[100]

[99]

[101]

[99]

[45]

[102]

[103]

[99]

[104]

[99]

[99]

[99]

Hydroperoxide T (K) Procedure of Oxidation
Yield,

(mol %) Ref.
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Hydrocarbon

Pentane,

2,3-dimethyl-

Pentane,

2,4-dimethyl-

Hexane,

2,5-dimethyl-

[ROOH]/[O2] (mol%) 52 89 83

[di-ROOH]/[all ROOH] (%) 16 95 60

The formation of dihydroperoxides as the primary products of hydrocarbon oxidation is the

result of peroxyl radical isomerization (see Chapter 2).

1.3.3 CYCLIC AND POLYMERIC PEROXIDES

Hydrocarbons with conjugated double bonds are oxidized with the formation of cyclic

peroxides [46,80,82], for example:

+ O2
O

O

TABLE 1.4
Comparison of the Formation Enthalpies DHf

0 of Hydroperoxides and Hydrocarbons

[105,106]

Hydroperoxide

-DHf
0(RH)

(kJ mol-1)

-DHf
0(RO2H)

(kJ mol-1)

DHf
0(RH)-DHf

0(RO2H)

(kJ mol-1)

S0(ROOH)

(J mol-1 K-1)

CH3OOH

MeCH2OOH

Me2CHOOH

PrCH2OOH

Me3COOH

BuCH2OOH

PrMeCHOOH

Bu(CH2)2OOH

BuMeCHOOH

BuCH2CHMeOOH

282.4

393.8

360.6

433.2

430.7

472.6

470.1

509.5

O

O

O−H

O−H

O−H

O

PhMe2COOH

74.5

84.1

104.6

126.4

134.3

146.4

146.4

166.9

167.2

187.4

123.1

154.8

182.3

−3.9

130.5

169.4

198.3

205.0

242.7

217.6

234.3

238.5

255.2

276.1

229.9

263.3

277.8

85.4

56.0

85.3

93.7

78.6

108.4

71.2

87.9

71.6

88.0

88.7

106.8

108.5

95.5

89.3
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In parallel with cyclic peroxides polymeric peroxides are formed:

+ O2
O

O )n
(

Monomers, such as styrene or methyl methacrylate, are oxidized to oligomeric peroxides also

[107]:

n PhCH¼¼CH2 þ nO2 �! (��CHPhCH2O2��)n

Olefins with a-C��H bond, which is easily attacked by the peroxyl radical, are oxidized in

parallel to hydroperoxide and oligomeric peroxide [108,109]. The competition between these

two routes of oxidation was studied by Hargrave and Morris [92] (333–348 K, conversion 0.1–

0.2 wt.%):

Hydrocarbon

Hexadecene, 3, 7, 11,

15-tetramethyl-

2-Octene,

2,6-dimethyl- 2-Heptene

1-Nonene,

2-methyl-

ROOH (mol%) 50 68 79 42

The mechanism of olefin oxidation is discussed in Chapter 2.

1.3.4 EPOXIDES

Epoxide is formed side by side with oligomeric peroxide during monomer oxidation. Miller

and Mayo [54] assumed the following mechanism of decomposition of formed radicals:

�CH2C
.
HPhþO2 �! �CH2CH(OO

.
)Ph

�CH2CHPhOO
. þ CH2¼¼CHPh �! �CH2CHPhOOCH2C

.
HPh

�CH2CHPhOOCH2C
.
HPh �! �CH2CHPhO

. þ O Ph

The yield of epoxide strongly depends on the substituent in benzene ring of styrene. The

values of the ratio of the formation rates of epoxide and polyperoxide during styrene

oxidation at 368 K are given below [110]:

p-Substituent MeO Me3C H Br Cl CF3

v(oxide)/v(ROOR) 0.11 0.56 0.68 0.48 1.19 0.38

1.4 PRODUCTS OF HYDROPEROXIDE DECOMPOSITION

1.4.1 HYDROPEROXIDES AS THE INTERMEDIATES OF HYDROCARBON OXIDATION

Under the action of heat and free radicals, hydroperoxides are decomposed into alcohols

and carbonyl compounds. The primary hydroperoxide RCH2OOH is an unstable molecule

and is decomposed into aldehyde, acid, and dihydrogen through the interaction with formed

aldehyde [111].
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RCH2OOHþRCH(O) RCH2OOCH(OH)R

RCH2OOCH(OH)R �! RCH(O) þH2 þRC(O)OH

The formed aldehyde plays the role of an active intermediate and, therefore, the decompos-

ition of the hydroperoxide occurs autocatalytically. Ester is formed in parallel, apparently, by

the ionic reaction.

RCH2OOCH(OH)RþAH RCH2OOCH(OHþ2 )RþA�

RCH2OOCH(OHþ2 )R �! RCH2OOCþHRþH2O

RCH2OOCþHRþA� �! RCH2OC(O)RþHA

The hydroperoxide group weakens the a-C��H bonds, and the peroxyl radical of the oxidized

hydrocarbon attacks this group with aldehyde formation.

RO2
. þRCH2OOH �! ROOHþRCH(O)þHO

.

As a result, the primary hydroperoxide is decomposed into aldehyde, carbonic acid, ester, and

dihydrogen.

Secondary hydroperoxides are decomposed into alcohols and ketones (scheme of Lan-

genbeck and Pritzkow [112–114]):

R1R2CHOOH ¼ R1R2CHOHþ 0:5O2

R1R2CHOOH ¼ R1R2C(O)þH2O

1.4.2 ALCOHOLS

Alcohols are formed as a result of reactions with the homolytic splitting of the O��O bond of

hydroperoxides, for example (see Chapter 4):

ROOH �! RO
. þHO

.

ROOHþHY �! RO
. þH2OþY

.

ROOHþ CH2¼¼CHR �! RO
. þHOCH2C

.
HR

RO
. þRH �! ROHþR

.

In parallel, they are formed by the disproportionation of peroxyl radicals [68].

R1R2CHO2
. þR1R2CHO2

. �! R1R2CHOHþO2 þR1R2C(O)

In addition, hydroperoxides are hydrolyzed under the catalytic action of acid formed in the

oxidized hydrocarbon [46,83].

ROOHþHA ROOHþ2 þA�

ROOHþ2 þH2O �! ROHþH2O2 þHþ

The hydrocarbon with a tertiary C��H bond is oxidized to stable tertiary hydroperoxide. This

hydroperoxide is decomposed homolytically with the formation of alcohol [82]:

R1R2R3COOH �! R1R2R3CO
. þHO

.

R1R2R3CO
. þRH �! R1R2R3COHþR

.
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Along with this reaction, the alkoxyl radicals are formed by the recombination of the tertiary

peroxyl radical (see Chapter 2).

R1R2R3COO
. þR1R2R3COO

. �! 2R1R2R3CO
. þO2

Under the catalytic action of acid, tertiary hydroperoxide is hydrolyzed to alcohol and

hydrogen peroxide [46,83].

The oxidation of the hydrocarbon to alcohol is an exothermic reaction (see Table 1.5).

The heat of oxidation depends on the structure of the oxidized group.

Group ��CH2OH >CHOH >COH

DH (kJ mol�1) �149.9+0.8 �167.6+0.2 �178.2

DDH (kJ mol�1) 0 �17.7 �28.3

TABLE 1.5
Comparison of the Formation Enthalpies DHf

0 of Hydrocarbons and

Alcohols [105]

Alcohol (ROH)

-DHf
0(RH)

(kJ mol-1)

-DHf
0(ROH)

(kJ mol-1)

DHf
0(RH)-DHf

0(ROH)

(kJ mol-1)

CH3OH

MeCH2OH

EtCH2OH

Me2CHOH

PrCH2OH

Me3COH

BuCH2OH

PrMeCHOH

Et2CHOH

O
H

O−H

CH2=CHCH2OH

PhCH2OH

PhMeCHOH

PhMe2COH

74.5

84.1

104.6

104.6

126.4

134.3

146.4

146.4

146.4

123.4

154.8

−20.1

−50.2

−29.3

−3.9

201.7

234.7

254.8

272.4

274.9

312.5

296.4

313.8

315.5

290.0

359.8

125.5

100.4

138.2

191.4

127.2

150.6

150.2

167.8

148.5

178.2

150.2

167.4

169.7

166.6

205.0

145.6

150.6

167.5

195.3
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1.4.3 KETONES

Ketones are formed in oxidized hydrocarbons by the following ways.

1. Secondary hydroperoxides are attacked by peroxyl radicals followed by the splitting of

the O��O bond [82].

RO2
. þR1R2CHOOH �! ROOHþR1R2C

.
OOH

R1R2C
.
OOH �! R1R2C(O)þHO

.

2. Acids catalyze the decomposition of secondary hydroperoxide with the formation of

carbonyl compounds [46,83].

R1R2CHOOHþHA R1R2CHOOH2
þ þA�

R1R2CHOOH2
þ �! R1R2C(O)þH3O

þ

3. Acid catalyzes the decomposition of tertiary a-arylhydroperoxide and gives phenol and

ketone [46,84].

PhR1R2COOHþHA PhR1R2COOH2
þ þA�

PhR1R2COOH2
þ þH2O �! PhOHþR1R2C(O)þH3O

þ

4. Tertiary hydroperoxide is decomposed to alkoxyl and peroxyl radicals, for example [67]:

2R1R2R3COOH �! R1R2R3CO
. þH2OþR1R2R3COO

.

In turn, the formed alkoxyl radical splits into ketone and the alkyl radical.

R1R2R3CO
. �! R1R2C(O)þR3

.

Tertiary alkoxyl radicals are formed in the oxidized hydrocarbon by peroxyl radical recom-

bination also (see earlier).

The values of the formation enthalpies of aldehydes, ketones, and parent hydrocarbons

are presented in Table 1.6. The last column contains the values of enthalpies of the reactions

RCH3 þO2 ¼ RCH(O)þH2O

and

R1CH2R
2 þO2 ¼ R1C(O)R2 þH2O

The mean DH value for the first reaction is DH¼�325.3+2.4 kJ mol�1 and for the second

one DH¼�354.8+1.5 kJ mol�1.

1.4.4 ACIDS

Carboxylic acids are the products of the oxidation of aldehydes (see Chapter 6).

RC(O)H þO2 ¼ RC(O)OOH

RC(O)HþRC(O)OOH ¼ 2RC(O)OH
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Ketone is oxidized to a-ketohydroperoxide; and the latter is decomposed into acid and

aldehyde according to the stoichiometric equations [112,114]

R1C(O)CH2R
2 þO2 ¼ R1C(O)CH(OOH)R2

R1C(O)CH(OOH)R2 ¼ R1C(O)OHþR2CH(O)

Other mechanisms of ketone oxidation are also known and will be discussed in Chapter 8.

Peracid, which is formed from aldehyde, oxidizes ketones with lactone formation (Bayer–

Villiger reaction).

RC(O)OOHþR1C(O)CH2R
2 �! RC(O)OHþR1C(O)OCH2R

2

R1C(O)OCH2R
2 þH2O �! R1C(O)OHþR2CH2OH

The formation enthalpies of a few acids and parent hydrocarbons are given in Table 1.6. The

oxidation of the methyl group of hydrocarbon to carboxyl group is a highly exothermic

reaction. The enthalpy of the reaction

TABLE 1.6
Comparison of Formation Enthalpies DHf

0 of Aldehydes, Ketones, Acids, and Parent

Hydrocarbons [105]

RCH(O)

2DHf
0 (RMe)

(kJ mol21)

2DHf
0(RCHO)

(kJ mol21)

DHf
0(RMe)

2DHf
0(RCHO) (kJ mol21)

2DH(RMe 1 O2)

(kJ mol21)

H2C(O) 74.5 108.8 34.3 276.1

MeCH(O) 84.1 165.7 81.6 323.4

EtCH(O) 104.6 187.4 82.8 324.6

PrCH(O) 126.4 207.5 81.1 322.9

BuCH(O) 146.4 230.5 84.1 325.9

CH2¼¼CHCHO �20.1 75.3 95.4 337.2

PhCH(O) �50.2 37.7 87.9 329.7

R1C(O)R2

2DHf
0(RH)

(kJ mol21)

2DHf
0(R1COR2)

(kJ mol21)

DHf
0(RH)

2DHf
0(R1COR2) (kJ mol21)

2DH(RH 1 O2)

(kJ mol21)

MeC(O)Me 104.6 217.1 112.5 354.3

MeC(O)Et 126.4 238.4 112.0 353.8

MeC(O)Pr 146.4 259.0 112.6 354.4

EtC(O)Et 146.4 258.2 111.8 353.6

PhCH2Me �29.3 86.6 115.9 357.7

RC(O)OH

2DHf
0 (RMe)

(kJ mol21)

2DHf
0(RCOOH)

(kJ mol21)

DHf
0(RMe)

2DHf
0(RCOOH) (kJ mol21)

2DH(RMe 1 1.5O2)

(kJ mol21)

HC(O)OH 74.5 378.7 304.2 546.0

CH3C(O)OH 84.1 432.2 348.1 589.9

EtC(O)OH 104.6 447.7 343.1 582.9

PrC(O)OH 126.4 472.8 346.4 588.2

CH2¼¼CHCO2H �20.1 336.2 356.3 598.1

PhC(O)OH �50.2 294.1 344.3 586.1
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RCH3 þ 1:5O2 ¼ RC(O)OHþH2O

is DH¼�586.8+2.6 kJ mol�1. The general stoichiometric scheme of the oxidation of ali-

phatic and alkylaromatic hydrocarbons includes the following stages:

HydrocarbonþO2 �! Hydroperoxide

sec-Hydroperoxide �! Alcoholþ ketone

prim-Hydroperoxide �! Aldehydeþ acid

Alcoholþ 0:5O2 �! Ketone

Ketone �! Acidþ aldehyde

Aldehyde �! Peracid

Peracidþ ketone �! Acidþ lactone

Peracidþ aldehyde �! 2Acid

Detailed information about molecular products of hydrocarbon oxidation is given in mono-

graphs [45,46,80,82]. The kinetic schemes of the oxidation of alcohols, ketones, aldehydes,

and acids are discussed in Chapters 7,8. The thermochemical scale of hydrocarbon oxidation

is given in Table 1.7.

REFERENCES

1. CF Shonbein. Ber Naturf Ges Basel 6:16, 1844.

2. CF Shonbein. Ber Naturf Ges Basel 7:4, 1845.

3. CF Shonbein. J Prakt Chem 56:354, 1852.

4. CF Shonbein. J Prakt Chem 93:25, 1864.

5. CF Shonbein. J Prakt Chem 53:65, 1851.

6. CF Shonbein. J Prakt Chem 53:72, 1851.

7. CF Shonbein. J Prakt Chem 53:321, 1851.

8. CF Shonbein. J Prakt Chem 74:328, 1858.

9. CF Shonbein. J Prakt Chem 54:75, 1851.

10. CF Shonbein. J Prakt Chem 55:11, 1852.

11. CF Shonbein. J Prakt Chem 84:406, 1861.

TABLE 1.7
The Thermochemical Scale of the Oxidation of Aliphatic Hydrocarbons

Group DH (kJ mol21) Group DH (kJ mol21) Group DH (kJ mol21)

��CH3 0.0 >CH2 0.0 >CH 0.0

��CH2OOH �74

>CHOOH �90

>COOH �108

��CH2OH �150

>CHOH �168

>COH �178

��CH(O)þH2O �325

>C¼¼OþH2O �355

��COOHþH2O �587

© 2005 by Taylor & Francis Group.



12. CF Shonbein. J Prakt Chem 105:226, 1868.

13. CF Shonbein. Liebich Ann 108:157, 1858.

14. C Engler, H Nasse. Liebich Ann 154:215, 1870.

15. W Traube. Berichte 15:2421, 1882.

16. W Traube. Berichte 16:123, 1883.

17. F Haber. Z Phys Chem 34:513, 1900.

18. F Haber. Z Phys Chem 35:81, 1900.

19. F Haber. Z Phys Chem 35:608, 1900.

20. AN Bach. Compt Rend 124:2, 1897.

21. AN Bach. Compt Rend 124:951, 1897.

22. AN Bach. Zh Russian Fiz–Khim Obschestva 44: applic. 1:79, 1897.

23. C Engler, E Wild. Berichte 30:1669, 1897.

24. C Engler, J Weissberg. Berichte 31:3046, 1898.

25. C Engler, J Weissberg. Berichte 31:3055, 1898.

26. C Engler, J Weissberg. Berichte 33:1090, 1900.

27. C Engler, J Weissberg. Berichte 33:1097, 1900.

28. C Engler, J Weissberg. Berichte 33:1109, 1900.

29. C Engler, C Frankenstein. Berichte 34:293, 1901.

30. C Engler, C Frankenstein. Berichte 36:2642, 1903.

31. C Engler, C Frankenstein. Berichte 36:2642, 1903.

32. C Engler, C Frankenstein. Berichte 37:49, 1904.

33. WP Jorissen. Z Phys Chem 21:1707, 1896.

34. WP Jorissen. Berichte 29:1708, 1896.

35. WP Jorissen. Z Phys Chem 22:34, 1897.

36. WP Jorissen. Z Phys Chem 22:44, 1897.

37. WP Jorissen. Induced Oxidation. New York: Elsevier, 1959.

38. C Engler. Berichte 33:1090, 1900.

39. C Engler. Berichte 34:2933, 1901.

40. H Hock, O Schrader. Naturwiss 24:159, 1936.

41. R Criegee, H Pilz, H Flygare. Berichte 72:1799, 1939.

42. EH Farmer, DA Sutton. J Chem Soc 10, 1966.

43. JR Partington. A History of Chemistry. London: Macmillan, 1961.

44. NA Shilov. About Reactions of Cooxidation. Moscow: Tipografiya Mamontova, 1905 [in Russian].

45. KI Ivanov. Intermediate Products and Reactions of Hydrocarbon Autoxidation. Moscow: GNTI

NGTL, 1949 [in Russian].

46. EGE Hawkins. Organic Peroxides. London: Spon, 1961.

47. M Gomberg. Berichte 33:3150, 1900.

48. M Bodenstein. Z Phys Chem 85:329, 1913.

49. NN Semenov. Chemical Kinetics and Chain Reactions. London: Oxford University Press, 1935.

50. C Hinshelwood, A Williamson. The Reaction between Hydrogen and Oxygen. Oxford: Clarendon

Press, 1934.

51. H Backstrom. J Am Chem Soc 49:1460, 1927.

52. H Backstrom. Z Phys Chem 25B:99, 1934.

53. JL Bolland, G Gee. Trans Faraday Soc 42:236, 1946.

54. AA Miller, FR Mayo. J Am Chem Soc 78:1017, 1956.

55. FF Rust. J Am Chem Soc 79:4000, 1957.

56. EH Farmer. Trans Faraday Soc 42:228, 1946.

57. JL Bolland, G Gee. Trans Faraday Soc 42:236, 1946.

58. HR Cooper, HW Melville. J Chem Soc 1984, 1951.

59. ET Denisov. Dokl AN SSSR 130:1055, 1960.

60. ET Denisov. Dokl AN SSSR 141:131, 1961.

61. F Haber, R Willstatter. Berichte 64B:2844, 1931.

62. F Haber, J Weiss. Naturwiss 20:948, 1932.

63. K Ziegler. Annalen 504:131, 1933.

© 2005 by Taylor & Francis Group.



64. JH Baxendale, MG Evans, GS Park. Trans Faraday Soc 42:155, 1946.

65. C Bawn, JW Williamson. Trans Faraday Soc 47:735, 1951.

66. MS Kharash, FS Arimoto, W Nudenberg. J Org Chem 16:1556, 1951.

67. L Bateman, H Hughes, A Moris. Disc Faraday Soc 14:190, 1953.

68. GA Russell. J Am Chem Soc 79:3871, 1957.

69. RF Vasil’ev, ON Karpukhin, V Ya Shlyapintokh. Dokl AN SSSR 125:106, 1959.

70. ZK Maizus, IP Skibida, NM Emanuel. Dokl AN SSSR 131:880, 1960.

71. YaS Lebedev, VF Tsepalov, VYa Shyapintokh. Dokl AN SSSR 139:1409, 1961.

72. ET Denisov. Dokl AN SSSR 146:394, 1962.

73. ET Denisov. Zh Fiz Khim 38:2085, 1964.

74. ET Denisov, LN Denisova. Dokl AN SSSR 157:907, 1964.

75. LG Privalova, ZK Maizus, NM Emanuel. Dokl AN SSSR 161:1135, 1965.

76. VM Solyanikov, ET Denisov. Dokl AN SSSR 173:1106, 1967.

77. JA Howard, WJ Schwalm, KU Ingold. Adv Chem Ser 75:6, 1968.

78. JA Howard, KU Ingold, M Symonds. Can J Chem 46:1017, 1968.

79. A Rieche. Die Bedeutung der organische Peroxiden fur die Chemische Wissenschaft und Technik.

Stuttgart, 1936.

80. D Swern. In: WO Lundberg (ed.). Autoxidation and Antioxidants, vol. 1. New York: Interscience,

1961, pp. 1–54.

81. IV Berezin, ET Denisov, NM Emanuel. The Oxidation of Cyclohexane. Oxford: Pergamon Press,

1966.

82. NM Emanuel, ET Denisov, ZK Maizus. Liquid-Phase Oxidation of Hydrocarbons. New York:

Plenum Press, 1967.

83. S Patai. The Chemistry Peroxides. New York: Wiley, 1983.

84. VL Antonovskii. Organic Peroxide Initiators. Moscow: Khimiya, 1972 [in Russian].

85. KI Ivanov, VK Savinova, VP Zhakhovskaya. Dokl AN SSSR 59:703,1948.

86. IV Berezin, BG Dzantiev, NF Kazanskaya, LN Sinochkina, NM Emanuel. Zh Fiz Khim 31:554,

1957.

87. KI Ivanov, VK Savinova. Dokl AN SSSR 59:493, 1948.

88. VG Bykovchenko. Kinetics and Mechanism of Cyclododecane Oxidation Directed to Hydroper-

oxide and Cyclododecanone. Ph.D. thesis, Moscow State University, Moscow, 1962, pp. 3–11 [in

Russian].

89. GS Fisher, JS Stinson. Ind Eng Chem 47:1368, 1955.

90. KI Ivanov, VK Savinova. Dokl AN SSSR 48:32, 1945.

91. H Hock, A Neuwitz. Berichte 72:1562, 1939.

92. KR Hargrave, AL Morris. J Chem Soc 89, 1956.

93. H Hock, O Schrader. Brenst Chem 18:6, 1937.

94. H Hock, O Schrader. Naturwiss 24:159, 1936.

95. EH Farmer, A Sundralingam. J Chem Soc 121, 1942.

96. R Criegee, H Pilz, H Flygare. Berichte 72:1799, 1939.

97. AI Chirko. Zh Org Khim 1:1984, 1965.

98. H Hock, S Lang. Berichte 75:300, 1942.

99. GA Russel. J Am Chem Soc 78:1047, 1956.

100. H Hock, S Lang. Berichte 76:169, 1943.

101. BA Redoshkin, VA Shushunov. Trudy Khimii i khimicheskoy Tekhnologii, Gorkii, N1:157, 1961.

102. H Hock, S Lang. Berichte 77:257, 1944.

103. TI Yurzhenko, DK Tolopko, VA Puchin. In: SP Sergienko (ed.). Problems of Hydrocarbon

Oxidation. Moscow: Izdatelsvo Akad Nauk SSSR 1954, p. 111 [in Russian].

104. G Caprara, G Lemetre. Chim E Ind (Milan) 42:974, 1960.

105. SG Lias, JF Liebman, RD Levin, SA Kafafi. NIST Standard Reference Database, 19A, NIST

Positive Ion Energetics, Version 2.0. Gaithersburg: NIST, 1993.

106. SW Benson, HE O’Neal. Kinetic Data on Gas Phase Unimolecular Reactions. Washington:

NSRDS, 1970.

Denisov / Oxidation and Antioxidants in Organic Chemistry and Biology DK1162_c001 Final Proof page 20 23.2.2005 9:01am

© 2005 by Taylor & Francis Group.



107. MM Mogilevich, EM Pliss. Oxidation and Oxidative Polymerization of Nonsaturated Compounds.

Moscow: Khimiya, 1990 [in Russian].

108. T Mill, DG Hendry. In: CH Bamford and CFH Tipper (eds.). Comprehensive Chemical Kinetics,

vol. 16. Amsterdam: Elsevier, 1980, pp. 1–87.

109. W Sun, K Shiomori, Y. Kawano, Y. Hatate. Kagaku Kogaku Ronbunshu, 26:869, 2000.

110. W Suprun. J Prakt Chem 338:231, 1996.

111. CF. Wurster, LJ Durham, HS Mosher. J Am Chem Soc 80:327, 1958.

112. W Langenbeck, W Pritzkow. Chem Tech 2:116, 1950.

113. W Pritzkow. Berichte 87:1668, 1954.

114. W Pritzkow. Berichte 88:575, 1955.

Denisov / Oxidation and Antioxidants in Organic Chemistry and Biology DK1162_c001 Final Proof page 21 23.2.2005 9:01am

© 2005 by Taylor & Francis Group.



2 Chain Mechanism of
Liquid-Phase Oxidation
of Hydrocarbons

2.1 THE PECULARITIES OF CHAIN REACTIONS

In addition to oxidation, many other reactions occur as free radical chain reactions: poly-

merization, decomposition, fluorination, chlorination, etc. All chain reactions have a few

important general peculiarities [1�3].

2.1.1 FREE-VALENCE PERSISTENCE IN REACTIONS OF FREE RADICALS WITH MOLECULES

A free atom or a radical possesses an odd number of electrons, except atoms of noble gases.

Typically, a valence-saturatedmoleculehasanevennumberof electrons.Therefore, the reaction

of a radical or an atom with a molecule will inevitably give rise to another atom or radical [1–3]:

RO2
. þHR �! ROOHþR

.

RO2
. þ CH2¼¼CHR �! ROOCH2C

.
HR

Free valence also persists in unimolecular reactions of radicals, such as decomposition and

isomerization.

Me2C(OO
.
)CH2CHMe2 �! Me2C(OOH)CH2C

.
Me2

R1R2C(OO
.
)OH �! R1R2C¼¼OþHO2

.

Thus, free valence persists whenever an atom or a radical undergoes a unimolecular reaction or

interacts with valence-saturated molecules (possessing an even number of electrons). This is a

natural consequence of conservation of the number of electrons in chemical reactions. There-

fore, free valence cannot persist when a radical reacts with a radical. Both reactants have an odd

numbers of electrons, and the product formed has an even number of electrons, for example,

RO2
. þR

. �! ROOR

RO2
. þRO2

. �! ROOR þO2

2.1.2 CONDITION OF CYCLICITY OF RADICAL CONVERSIONS

The comparison of various radical reactions suggests that the generation of free radicals is not

sufficient for the chain process to occur. For example, 1,1-dimethylethylperoxide in a hydro-

carbon (RH) solution undergoes the following reactions (given in p. 24):
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(CH3)3COOC(CH3)3 �! 2(CH3)3CO
.

(CH3)3CO
. þRH �! (CH3)3COHþR

.

(CH3)3CO
. �! CH3

. þ CH3COCH3

CH3
. þR

. �! CH3R

R
. þR

. �! RR

R
. þR

. �! RHþ alkene

It can be seen that the decomposing peroxide gives rise to a number of radicals, viz,

(CH3)3CO
.
, C

.
H3, and R

.
, but the chain reaction fails to be initiated in this system. At the

same time, the addition of oxygen to the peroxide–RH system will initiate chain oxidation

with chain propagation through the cycle of reactions:

R•

RO2
•

ROOH

RH

O2

What is the difference between the systems initiator–RH and initiator–RH–O2 that is respon-

sible for the initiation of the chain reaction? It is apparent that, in contrast to the former

system, the radical R
.
in the latter system is regenerated via a cyclic sequence of chemical

conversions. The analysis of this system and other similar systems suggests that a chain

reaction can be sustained only in a system where radicals are involved in a cyclic sequence

of conversions with the conservation of free valence. It is the multiple repetition of conversion

cycles that leads to the chain reaction [2,3].

A sequence of elementary steps of radical reaction leading to the regeneration of the

original radical is called the chain cycle, whereas the particular reaction steps are the events of

chain propagation.

2.1.3 PRIORITY OF CHAIN PROPAGATION REACTION

When free radicals appear in a system, two basically different types of reactions are possible:

reactions with conservation of free valence and reactions in which radicals (or atoms) interact

with each other without conservation of free valence. For example, the peroxyl radical

propagates the chain by the reaction

RO2
. þHR �! ROOHþR

.

and the termination of chains occur via reaction

RO2
. þRO2

. �! ROORþO2

A chain reaction can proceed if the rate of propagation is higher than the rate of chain

termination. Hence, the necessary condition of a chain process is that the radicals generated in

the system preferentially undergo reactions with conservation of free valence [2].

2.1.4 GENERATION OF FREE RADICALS

The first three conditions of chain reaction assume that a chemical system contains free

radicals. Therefore, a mechanism providing a continuous generation of radicals must exist.

For instance, vinyl monomers CH2¼¼CHX are oxidized by dioxygen only in the presence
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of an initiator, such as a thermally unstable compound, or physical methods of radical

generation (light, ionizing radiation, etc.). An increase in the reaction temperature can also

initiate the generation of radicals from reactants.

To conclude, the propagation of chain radicals is possible for systems in which

(i) The principle of free-valence persistence holds

(ii) Radicals are continuously generated

(iii) Particular reactions are cyclic and

(iv) Cyclic radical reactions with conservation of free valence occur more rapidly than the

reactions in which free-valence carriers are eliminated.

Typically, a chain reaction involves a number of steps which, depending on their role in

the overall chain process, are classified as chain initiation, chain propagation, and chain

termination reactions.

2.1.5 COMPETITION OF CHAIN AND MOLECULAR REACTIONS

The problem of competition of the molecular reaction (direct route) and chain reaction

(complicated, multistage route) was firstly considered in the monograph by Semenov [1].

The new aspect of this problem appeared recently because the quantum chemistry formulated

the rule of conservation of orbital symmetry in chemical and photochemical reactions

(Woodward–Hofmann rule [4] ). Very often the structure of initial reactants suggests their

direct interaction to form the same final products, which are also obtained in the chain

reaction, and the thermodynamics does not forbid the reaction with DG < 0. However, the

experiment often shows that many reactions of this type occur in a complicated manner

through several intermediate stages. For example, the reaction

Me3CHþO2 �! Me3COOH

is exothermic (DH¼�108.4 kJ mol�1) but occurs only by the chain route through the inter-

mediate stages involving alkyl and peroxyl radicals. Now, analyzing numerous cases where a

molecular transformation is possible but the reaction occurs via the chain route, one can

distinguish several reasons for which the chain route of transformation has a doubtless

advantage over the molecular route.

2.1.5.1 High Chemical Reactivity of Free Radicals and Atoms

The high reactivity of radicals and atoms is clearly seen from the comparison of rate constants

of reactions of the same type involving molecules and radicals with a closely related structure.

High reactivity is manifested by free atoms and radicals in abstraction reactions. For

example, the peroxyl radical abstracts the H atom from cyclohexane with the rate constant

k¼ 2.4 L mol�1 s�1 (400 K, see later), and the oxygen molecule does it with k¼ 1.2� 10�9

L mol�1 s�1 (400 K, Chapter 4). Such a great difference is related to the fact that the first

reaction proceeds with enthalpy DH¼ 43.3 kJ mol�1, and the second reaction is very endo-

thermic (DH¼ 188.8 kJmol�1). This distinction again follows from the structure of the species

and strength of the formed O��H bonds: in the secondary alkyl peroxyl radical

D(ROO��H)¼ 365.5 kJmol�1, and in radical H��O2 it is only 220 kJmol�1.

Radicals also exhibit high activity in addition reactions. For example, the peroxyl radical

of oxidizing styrene adds to the double bond of styrene with the rate constant

k¼ 68 L mol�1 s�1, and dioxygen adds with k¼ 5.6� 10�10 L mol�1 s�1 (298 K). As in the

case of abstraction reactions, the distinction results from the fact that the first reaction is
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exothermic (DH¼�100 kJ mol�1) and the second reaction is endothermic (DH¼ 125 kJ

mol�1). In this case, the differences are due to the fact that the chemical energy is stored in

the free radical in the form of free valence. To illustrate this, below we present the DH values

for molecules (RH) and radicals (R
.
) [5,6].

RH MeCH3 PhMe2CH MeCH2OH PhMe2COOH

DH(RH) (kJmol�1) �84.7 3.9 �234.8 �85.3

R
.

MeCH2

.
PhMe2C

.
MeCH2O

.
PhMe2COO

.

DH(R
.
) (kJmol�1) 119.0 140.6 �53.0 55.3

DH(R
.
)�DH(RH) (kJmol�1) 203.7 136.7 181.8 140.6

It is seen that this difference ranges from 137 to 204 kJmol�1, which is very significant. The

high chemical reactivity of free atoms and radicals in various chemical reactions is one of the

reasons for which the radical chain reactions occur much more rapidly than the direct

molecular transformation of reactants into products. Although the radical formation is an

endothermic reaction but, when appearing in the system, radicals rapidly enter into the

reaction, and each radical induces the chain of transformations.

2.1.5.2 Conservation of Orbital Symmetry in Chemical Reaction

One more reason for which chain reactions have an advantage over molecular reactions is the

restrictions that are imposed on the elementary act by the quantum-chemical rule of conser-

vation of symmetry of orbits of bonds, which undergo rearrangement in the reaction [4]. If

this rule is applied, the reaction, even if it is exothermic, requires very high activation energy

to occur. For example, the reaction

Me3CHþO2 �! Me3COOH

is exothermic (DH¼�108.4 kJmol�1) but does not proceed due to the huge activation

energy. At the same time, the reaction

Me2PhCOO
. þMe2PhCH �! Me2PhCOOHþMe2PhC

.

has DH¼�3.9 kJ mol�1 and occurs with an activation energy of only 43 kJmol�1 because in

this act, the products conserve the symmetry of orbits of the reactants. According to the rule

of conservation, the reaction is allowed and occurs with low activation energy (if it is

exothermic) if the symmetries of orbits of the dissociated and formed bonds coincide. If

this symmetry is disturbed, unoccupied high-energy orbits of reactants should participate in

the formation of the transition state (TS) and this results in a very high activation energy of

transformation. For example, the reaction RHþO2! ROOH mentioned earlier is forbidden

by the rule of conservation because oxygen exists in the triplet state and the hydroperoxide

formed is in the singlet state, that is, the spin of the system is not retained. The reaction of this

type can involve the exited singlet dioxygen.

2.1.5.3 Configuration of Transition State

In abstraction reactions, atoms and some radicals have one more advantage over molecules.

When two reacting species form the TS, the fragments of these species arranged near the

reaction center are repulsed. The repulsion energy depends on the configuration of the TS.

In the reaction of an X atom abstraction from a RX molecule, the minimum repulsion
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is provided by the configuration of the TS close to linear. This configuration is possible

during the attack at the R��X bond of the atom or alkyl radical (see Chapter 6). As a rule, in

reactions between molecules more compact nonlinear configurations appear, which increases

the activation energy due to a higher repulsion energy of fragments of molecules in the TS.

2.2 CHAIN MECHANISM OF HYDROCARBON OXIDATION

The experimental proofs of the chain mechanism of hydrocarbon oxidation are the following

[2,3,7–15].

1. Initiation by light accelerates oxidation due to the photochemical generation of free

radicals, which was noticed by Backstrom [16] and repeated by many others [9,11�13].

The quantum yield (F) of photooxidation products is sufficiently higher than unity.

Here are several examples [12].

Hydrocarbon Cyclohexene Cyclohexene, 1-methyl- Dihydromyrcene Ethyl linoleate

F (298K) 15 23 10 90

For detailed information and bibliography on photooxidation of hydrocarbons, see

Chapter 3.

2. The photochemical after-effect, considering that after light is switched off, the light

oxidation continues for some time (time of chain growth), also indicates the chain

nature of the process. This after-effect was observed in the photochemical oxidation of

unsaturated hydrocarbons [9,12,15].

3. Initiators (peroxides, azo-compounds, polyphenylbutanes) accelerate the oxidation of

hydrocarbons. The rate of initiated oxidation is much higher than the rate of initiator

decomposition [9,10,12,13].

4. Salts and complexes of transition metals accelerate hydrocarbon oxidation due to the

catalytic decomposition of hydroperoxides to free radicals (see Chapter 10).

5. Acceptors of peroxyl radicals (phenols, hydroquinones, aromatic amines) retard hydro-

carbon oxidation, terminating the chains (see Part II).

6. Electron paramagnetic resonance (EPR) spectroscopy proves the formation of peroxyl

radicals in oxidized hydrocarbons [12�15].

7. Oxidation of many organic compounds induces chemiluminescence (CL), initiated by

the disproportionation of peroxyl radicals [17].

Chain oxidation of hydrocarbons occurs by the following elementary steps [2,3,10–15]:

I �! r
.

(vi)

R
. þO2 �! RO2

.
(kp1)

RO2
. þRH �! ROOHþR

.
(kp)

R
. þR

. �! RR (2kt1)

R
. þRO2

. �! ROOR (2kt2)

RO2
. þRO2

. �! Molecular products (2kt)

The reaction of the alkyl radical with dioxygen proceeds with a high rate constant of 108 to

109 L mol�1 s�1, and alkyl radicals are rapidly converted into peroxyl radicals, providing the

concentration of dissolved dioxygen in hydrocarbon at pO2� 0.1–1 atm higher than
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10�4 mol L�1. Because of this, the concentration of alkyl radicals is much lower than that of

peroxyl radicals, and chains are terminated only by the reaction between two peroxyl radicals,

while chain propagation is limited by the reaction RO2
.þRH. In the presence of the initiator

I, initiation by the formed hydroperoxide is insignificant, so that the rate of initiation

vi� ki[I]. When conditions are quasistationary, vi¼ 2kt[RO2
.
]2, chains are long (kp[RH][RO2

.
]

� vi), and the rate of chain oxidation is the following:

v ¼ kp(2kt)
�1=2[RH]v

1=2
i (2:1)

The values of the kp(2kt)
�1/2 parameters for the oxidation of hydrocarbons with different

structures are collected in Table 2.1. This formula was verified by a number of experiments

[9,12,13,15]. The deviation from linearity between the oxidation rate v and [RH], which takes

place only when RH or solvent has polar groups, affects transient solvation and parameters

kp and 2kt [18]. The methods of kinetic study of hydrocarbon oxidation and elementary steps

of chain mechanism are described in detail in monographs [12–15,19].

If chains are short, initiation can contribute considerably to the overall oxidation rate, so

that the oxidation rate looks like

v ¼ vi þ kp(2kt)
�1=2[RH]v

1=2
i : (2:2)

The chain length is the following:

n ¼ kp[RH] [RO2
.
]=vi ¼ kp(2kt)

�1=2[RH]v
�1=2
i : (2:3)

Therefore, n diminishes with the increasing initiation rate. At vi � kp
2(2kt)

�1[RH]2, hydro-

carbon oxidation mainly proceeds as a nonchain radical process, with the predominance of

chain termination products. Parameter kp(2kt)
�1/2 increases with temperature, so that for

each hydrocarbon the temperature Tmin exists, below which oxidation occurs as a nonchain

process at vi¼ const. The values of Tmin calculated for several hydrocarbons oxidized with

vi¼ 10�7 mol L�1 s�1 are given below [2].

Hydrocarbon Cyclohexane Ethylbenzene Tetralin Cumene

Tmin (K) 363 283 247 226

The border conditions between chain and nonchain mechanisms of oxidation depends not

only on temperature but also on the hydrocarbon concentration and the rate of chain

initiation. The following equation describes this dependence:

RTmin ¼ (Ep � 0:5Et)={ ln [RH]� 0:5 ln vi þ ln Ap � 0:5 ln At} (2:4)

The quasistationary pattern of chain oxidation of RH is established in a definite time

t¼ 0.74(vi/2kt)
�1/2 [12]. For vi varying from 10�8 to 10�6 mol L�1 s�1 and 2kt varying from

104 to 106 L mol�1 s�1, t ranges from 0.1 to 100 s.

The kinetics of an increase in the peroxyl radical concentration during the initial period of

oxidation with a constant rate of initiation obeys the following equation [12]:

[RO2
.
] ¼

ffiffiffiffiffiffiffi

vi

2kt

r

� e2t � 1

e2t þ 1
, (2:5)

where t ¼ t
ffiffiffiffiffiffiffiffiffiffi

2ktvi

p
.
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TABLE 2.1
Values of Ratio kp/

ffiffiffiffiffiffiffi

2k t

p
for Oxidation of Hydrocarbons

Hydrocarbon Solvent T (K)

kp/
ffiffiffiffiffiffiffi

2k t

p

(L mol21 s21)1/2 Ref.

Aliphatic Hydrocarbons

Butane Butane 373–398 7.02� 105 exp(�64.0/RT) [20]

Pentane Pentane 253–303 1.34� 105 exp(�59.0/RT) [21]

Decane Decane 283–355 2.97� 105 exp(�58.3/RT) [22]

Decane Decane 323 6.50� 10�5 [23]

Tetradecane Tetradecane 323 1.37� 10�4 [23]

Hexadecane Hexadecane 323 1.53� 10�4 [23]

Butane, 2-methyl- Butane, 2-methyl- 387–423 5.9� 103 exp(�50.6/RT) [24]

Butane, 2,3-dimethyl- Butane, 2,3-dimethyl 333 6.10� 10�4 [25]

Pentane, 2,4-dimethyl- Pentane, 2,4-dimethyl- 323–398 1.0� 104 exp(�44.8/RT) [26]

Methylcyclopentane Methylcyclopentane 333 1.60� 10�4 [25]

Cyclohexane Cyclohexane 403–433 1.9� 104 exp(�54.0/RT) [27]

Cyclohexane Cyclohexane 333 2.50� 10�5 [25]

Methylcyclohexane Methylcyclohexane 333 9.50� 10�5 [25]

Pinane Pinane 333 1.72� 10�3 [25]

Decalin Decalin 333 9.0� 10�5 [25]

Olefins

1-Butene 1-Butene 333 1.68� 104 exp(�45.8/RT) [25]

1-Butene 1-Butene 333 1.10� 10�3 [25]

2-Butene 2-Butene 333 1.24� 10�3 [25]

2-Butene 2,3-dimethyl- 2-Butene 2,3-dimethyl- 333 2.73� 105 exp(�47.4/RT) [25]

2-Butene 2,3-dimethyl- 2-Butene 2,3-dimethyl- 333 1.00� 10�2 [25]

1-Hexene 1-Hexene 333 3.70� 10�4 [25]

3-Heptene 3-Heptene 303 5.40� 10�4 [28]

1-Octene 1-Octene 303 6.20� 10�5 [28]

1-Octene 1-Octene 373–393 1.69� 103 exp(�41.1/RT) [29]

1,4-Pentadiene 1,4-Pentadiene 303 4.20� 10�4 [28]

Methyl oleate Methyl oleate 303 8.90� 10�4 [28]

Methyl linoleate Methyl linoleate 303 2.10� 10�2 [28]

Ethyl linoleate Ethyl linoleate 284 8.10� 10�2 [30]

Methyl linolenate Methyl linolenate 303 3.90� 10�2 [28]

Cyclopentene Cyclopentene 303 2.80� 10�3 [28]

Cyclohexene Cyclohexene 323 1.0� 102 exp(�26.5/RT) [31]

Cyclohexene Cyclohexene 303 2.30� 10�3 [28]

Cyclohexene Cyclohexene 288 6.70� 10�4 [29]

Cyclohexene Cyclohexene 333 5.10� 10�3 [25]

1-Methylcyclohexene 1-Methylcyclohexene 288 1.55� 10�3 [30]

1,3-Cyclohexadiene 1,3-Cyclohexadiene 303 0.10 [28]

1,4-Cyclohexadiene Decane 303 3.61� 104 exp(�38.3/RT) [32]

1,4-Cyclohexadiene 1,4-Cyclohexadiene 303 3.90� 10�2 [28]

Limonene Limonene 313–353 1.10� 104 exp(�38.1/RT) [33]

Dihydromyrcene Dihydromyrcene 288 5.00� 10�4 [30]

5-Decyne 5-Decyne 303 7.40� 10�4 [28]

continued
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TABLE 2.1
Values of Ratio kp/

ffiffiffiffiffiffiffi

2k t

p
for Oxidation of Hydrocarbons—continued

Hydrocarbon Solvent T (K)

kp/
ffiffiffiffiffiffiffi

2k t

p

((L mol21 s21)1/2) Ref.

Alkylaromatic Hydrocarbons

Toluene Toluene 323–353 8.12� 104 exp(�58.0/RT) [34]

Toluene Toluene 303 1.40� 10�5 [28]

Toluene Toluene 333 5.30� 10�5 [25]

Toluene Toluene 343–363 9.1� 103 exp(�53.8/RT) [35]

m-Xylene m-Xylene 348 2.50� 10�4 [34]

m-Xylene m-Xylene 303 2.80� 10�5 [28]

m-Xylene m-Xylene 333 1.18� 10�4 [25]

o-Xylene o-Xylene 348 3.30� 10�4 [34]

o-Xylene o-Xylene 303 3.30� 10�5 [28]

o-Xylene o-Xylene 333 1.63� 10�4 [25]

p-Xylene p-Xylene 348 3.20� 10�4 [34]

p-Xylene p-Xylene 303 4.90� 10�5 [28]

p-Xylene p-Xylene 333 1.61� 10�4 [25]

Benzene, 1,3,5-trimethyl- Benzene, 1,3,5-trimethyl- 348 3.30� 10�4 [34]

Benzene, 1,3,5-trimethyl- Benzene, 1,3,5-trimethyl- 333 1.39� 10�4 [25]

Benzene, 1,2,4-trimethyl- Benzene, 1,2,4-trimethyl- 348 6.00� 10�4 [34]

Benzene, 1,2,4-trimethyl- Benzene, 1,2,4-trimethyl- 333 2.40� 10�4 [25]

Benzene,

1,2,4,5-tetramethyl-

Benzene,

1,2,4,5-tetramethyl-

323–353 4.26� 103 exp(�44/RT) [34]

Pentamethyl benzene Pentamethyl benzene 323–353 8.80� 102 exp(�37.0/RT) [34]

Hexamethyl benzene Hexamethyl benzene 323–353 8.04� 102 exp(�34.0/RT) [34]

Ethylbenzene Ethylbenzene/Chlorobenzene 338–358 4.02� 103 exp(�44/RT) [36]

Ethylbenzene Ethylbenzene 303–377 2.51� 102 exp(�36.0/RT) [37]

Ethylbenzene Ethylbenzene 303 2.10� 10�4 [28]

Ethylbenzene Ethylbenzene 323–373 2.19� 102 exp(�35.6/RT) [38]

Ethylbenzene Ethylbenzene 323–353 5.71� 102 exp(�38.0/RT) [34]

Ethylbenzene Ethylbenzene 333 5.30� 10�4 [25]

Propylbenzene Propylbenzene 323–353 9.90� 103 exp(�55.0/RT) [34]

Propylbenzene Propylbenzene 333 2.22� 10�4 [25]

Butylbenzene Butylbenzene 333 3.92� 10�4 [25]

Hexylbenzene Hexylbenzene 323–353 2.36� 103 exp(�43/RT) [34]

Cumene Cumene 308–338 1.70� 102 exp(�29.9/RT) [39]

Cumene Cumene 313–368 1.17� 102 exp(�28.4/RT) [38]

Cumene Cumene 323–353 2.46� 102 exp(�31.0/RT) [34]

Cumene Cumene 303 1.50� 10�3 [28]

Cumene Cumene 303 2.60� 10�3 [40]

Cumene Cumene 333 3.56� 10�3 [25]

Cumene Cumene 323–353 2.83� 102 exp(�62.0/RT) [34]

Izoamylbenzene Izoamylbenzene 323–353 2.17� 104 exp(�50.0/RT) [34]

Neopentylbenzene Neopentylbenzene 323–353 2.97� 109 exp(�89.0/RT) [34]

p-Cymene p-Cymene 333 1.10� 10�3 [25]

Diphenylmethane Diphenylmethane 303 4.00� 10�4 [41]

Diphenylmethane Diphenylmethane 323–353 1.12� 103 exp(�38.9/RT) [38]

Diphenylmethane Diphenylmethane 323–353 4.17� 101 exp(�36.0/RT) [34]

1,1-Diphenylethane 1,1-Diphenylethane 313–353 1.07� 103 exp(�36.0/RT) [42]

1,1-Diphenylethane 1,1-Diphenylethane 303 1.10� 10�3 [41]

1,1-Diphenylethane 1,1-Diphenylethane 323–353 4.60� 10�3 [42]
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If the concentration of an initiator does not virtually change throughout the experiment,

then vi¼ const. and oxidation must occur at a constant rate. Actually, the initiation rate

decreases. If the initiator is a sole source of radicals in the system, the kinetics of oxidation is

described by the equation [2]:

D[O2] ¼ 2a[RH]k�1
d

ffiffiffiffiffiffiffiffiffiffiffi

ki[I ]0
p

{1� exp (�0:5kdt)}, (2:6)

where a¼ kp(2kt)
�1/2, ki¼ 2ekd.

If the partial pressure of dioxygen varies greatly, reactions (t1) and (t2) contribute

considerably to chain termination at low concentration of dioxygen. So, in the general case,

TABLE 2.1
Values of Ratio kp/

ffiffiffiffiffiffiffi

2k t

p
for Oxidation of Hydrocarbons—continued

Hydrocarbon Solvent T (K)

kp/
ffiffiffiffiffiffiffi

2k t

p

((L mol21 s21)1/2) Ref.

1-Methylpropylbenzene 1-Methylpropylbenzene 323–353 4.87� 104 exp(�53.0/RT) [42]

1-Methylpropylbenzene 1-Methylpropylbenzene 303 1.80� 10�4 [41]

1-Methylpropylbenzene 1-Methylpropylbenzene 333 4.48� 10�4 [25]

1-Methylbutylbenzene 1-Methylbutylbenzene 303 1.10� 10�4 [28]

Dicumylmethane Dicumylmethane 348 5.75� 10�3 [34]

Phenylcyclopentane Phenylcyclopentane 333 2.90� 10�3 [25]

Phenylcyclohexane Phenylcyclohexane 303 1.50� 10�4 [28]

Phenylcyclohexane Phenylcyclohexane 333 6.00� 10�4 [25]

Phenylcyclohexane Phenylcyclohexane 323–353 5.05� 102 exp(�38.0/RT) [34]

Allylbenzene Allylbenzene 303 4.90� 10�4 [28]

Crotylbenzene Crotylbenzene 303 4.20� 10�3 [28]

Indan Indan 303 1.70� 10�3 [28]

Indene Indene 303 2.84� 10�2 [28]

Tetralin Tetralin 286–323 4.4� 101 exp(�25.1/RT) [43]

Tetralin Tetralin 303 2.30� 10�3 [28]

Tetralin Tetralin 303 2.35� 10�3 [44]

Tetralin Tetralin 303 2.85� 10�3 [45]

Tetralin Tetralin 333 6.16� 10�3 [25]

Tetralin Tetralin 348 1.09� 10�2 [36]

1,2-Dihydronaphtalene 1,2-Dihydronaphtalene 303 2.75� 10�2 [44]

1,4-Dihydronaphtalene 1,4-Dihydronaphtalene 303 3.50� 10�2 [44]

9,10-Dihydroanthracene 9,10-Dihydroanthracene 303 7.90� 10�2 [28]

9,10-Dihydroanthracene 9,10-Dihydroanthracene 303 6.93� 10�2 [44]

1,2,3,4,5,6,7,8-

Octahydroanthracene

1,2,3,4,5,6,7,8-

Octahydroanthracene

348 3.12� 10�2 [36]

m-Isopropylpyridine m-Isopropylpyridine 323–353 9.90� 102 exp(�36.0/RT) [34]

o-Isopropylpyridine o-Isopropylpyridine 323–353 3.73� 102 exp(�38.0/RT) [34]

p-Isopropylpyridine p-Isopropyl pyridine 323–353 1.79� 102 exp(�32.0/RT) [34]

m-Methylpyridine m-Methylpyridine 348 1.90� 10�4 [34]

o-Methylpyridine o-Methylpyridine 348 7.00� 10�5 [34]

p-Methylpyridine p-Methylpyridine 348 1.10� 10�4 [34]

m-Ethylpyridine m-Ethylpyridine 323–353 6.93� 102 exp(�39.0/RT) [34]

o-Ethylpyridine o-Ethylpyridine 323–353 2.70� 102 exp(�38.0/RT) [34]

p-Ethylpyridine p-Ethylpyridine 323–353 8.70� 102 exp(�41.0/RT) [34]
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the oxidation rate becomes dependent on the partial pressure of dioxygen. At a very low

concentration of the dissolved dioxygen, chains propagate according to reaction (p1) and are

terminated according to reaction (t1), so that the chain reaction rate becomes equal to [2,12]

v ¼ kp1[O2]

ffiffiffiffiffiffiffiffi

vi

2ktl

r

(2:7)

In a wide range of [O2], the oxidation rate is related to [O2] and [RH] as [3,12,13]

[O2]

[RH]

v2
1
v2
� 1

� �

¼ kpkt2

2kp1kt

þ
k2

pkt1

k2
p1kt

[RH]

[O2]
, (2:8)

where v1¼ kp(2kt)
�1/2[RH]vi

1/2.

This sophisticated dependence can be approximated by a simpler formula [14]

v ¼ v1(1þ b[O2]
�1)�1, (2:9)

where b is equal to [O2] such that v¼ 0.5v1. The ratio of chains terminated by each of

reactions: R
.þR

.
, R

.þRO2
.
and RO2

.þRO2
.
depends on the concentration of dissolved

dioxygen. As an example, the percentage of chain termination by each of these reactions in

oxidized cyclohexane at 350 K is presented.

[O2] (mol L21) 1028 1027 1026 1025 1024

v(R
.þR

.
)/vi 10.0 1.1 0.1 2� 10�3 3� 10�5

v(R
.þRO2

.
)/vI 89.7 95.4 72.8 21.0 2.7

v(RO2

.þRO2

.
)/vi 0.3 3.5 27.1 79.0 97.3

Hydrocarbon oxidized by dioxygen in a reaction vessel is a two-phase system. Dioxygen

should be dissolved in hydrocarbon as a first step. When oxidation occurs slowly and

diffusion of dioxygen in hydrocarbon proceeds rapidly, we deal with the kinetic regime of

oxidation. The process of dioxygen diffusion in hydrocarbon does not influence the oxidation

rate. The concentration of dioxygen in hydrocarbon is close to equilibrium: [O2]¼ g� pO2

where g is Henry’s coefficient for dioxygen in hydrocarbon (see Table 2.2). The rate of

dioxygen diffusion into hydrocarbon depends, first, on the mode and rate of mixing the gas

and liquid, and second, on the partial pressure of dioxygen. The lower the pO2, the slower

the process of dioxygen diffusion from the gas phase into the liquid. Therefore, at low pO2 the

process of dioxygen diffusion in hydrocarbon can manifest the limiting stage of oxidation,

and is the diffusion pattern of oxidation in this case. Taking into account that dioxygen

dissolution in hydrocarbon is the rate-determining step of the whole process, we can express

the oxygen consumption as a two-stage process [7]:

(O2)gas [O2]liquid (k)

R
. þO2 �! RO2

.
(kp1)

In the absence of free radical initiation when [R
.
]¼ 0, the dynamics of dioxygen dissolution in

the hydrocarbon obeys the simple equation

d[O2]

dt
¼ k(gpO2 � [O2]) (2:10)

[O2] ¼ gpO2(1� e�kt), (2:11)
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TABLE 2.2
Henry’s Coefficients g for Solubility of Dioxygen in Organic

Solvents (r is Density of Solvent at 298 K in kg m23) [46]

Solvent T (K)

g3 103/

(mol L21 atm21)

Acetic acid 293 8.11

Acetone 195–313 9.11 exp(�141/T)

Acetonitrile 297 9.10

Benzene 283–333 16.9 exp(�393/T)

m-Xylene 298 9.69

o-Xylene 298 9.22

p-Xylene 298 10.0

Benzene, chloro- 273�353 10.0 exp(�285/T)

Benzene, nitro- 291 1.52

1-Butanol 298 8.65

2-Butanone 298 11.2

Carbon tetrachloride 298 12.4

Chloroform 293 11.6

Cumene 298 9.90

Cyclohexane 298 11.5

Cyclohexane, methyl- 298 12.5

Cyclohexanol 299 8.27

Cyclohexanone 298 6.11

Decane 298 11.2

Diethyl ether 293 14.7

1,4-Dioxane 298 6.28

Dodecane 298 8.14

Ethanol 298 9.92

Ethyl acetate 293 8.89

Ethylbenzene 298 9.91

Heptane 298 13.2

Hexane 298 14.7

Isooctane 289 15.3

Kerosene (r¼ 810) 291 3.44

Methanol 298 10.2

Methyl acetate 298 11.2

Nonane 298 11.2

Octane 293 13.3

Paraffinic oil (r¼ 880) 298 2.47

Pentane 298 17.7

Petrol (r¼ 709) 291 6.32

Piperidine 298 7.39

1-Propanol 298 6.69

2-Propanol 298 10.2

Pyridine 298 5.66

Toluene 298 9.88

2,2,4-Trimethylpentane 298 15.5

Water 298 1.27
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where k is an effective coefficient of dioxygen dissolution in the hydrocarbon at the chosen

experimental conditions. The mean time of liquid saturation by dioxygen is ts� k�1. When

free radicals are initiated in the hydrocarbon, the hydrocarbon is oxidized at the rate v. The

dioxygen concentration in the oxidized hydrocarbon depends on the rates of two processes

(given by Equations [2.10] and [2.11]): the rate of dioxygen solvation and the rate of dioxygen

consumption due to oxidation. The rates of these two processes are equal under the quasistate

conditions and as a result, the dioxygen concentration is the following:

[O2] ¼ gpO2 � vk�1 (2:12)

Oxidation occurs in the kinetic regime when v � kgpO2, and in diffusion regime when

v� kgpO2. The dependence of the oxidation rate v on dioxygen concentration is nonlinear

(see Equation [2.9]). Taking this into account, we obtain the following equation for the rate of

initiated hydrocarbon oxidation, including the diffusion regime of oxidation:

gpO2 ¼
bv

av
1=2
i � v

þ v

k
(2:13)

Equation (2.13) can be used for the estimation of the b and k coefficients from experimental

measurements. The data on the solubility of dioxygen in organic compounds are presented in

Table 2.2.

2.3 REACTION OF ALKYL RADICALS WITH DIOXYGEN

Radicals produced from the initiator either directly attack the organic compound RH (for

instance, this is the case during the decomposition of peroxides) or first react with dioxygen,

and then, already as peroxyl radicals, attack RH (for instance, this is the case of decompos-

ition of azo-compounds). RH gives rise to alkyl radicals when attacked by these radicals.

The reaction of dioxygen addition to an alkyl radical,

R
. þO2 �! RO2

.
,

is exothermic. The change in the enthalpy of this reaction depends on structure of alkyl

radical (see Table 2.3). These values are close to those calculated from enthalpies of peroxyl

radical formation (see Table 2.7).

In solution the reaction of alkyl radical with dioxygen occurs extremely rapidly with a

diffusion rate constant (see Table 2.4). The data on solubility of dioxygen in different organic

solvents are collected in Table 2.2.

The recent quantum-chemical analysis of the reaction of dioxygen with ethyl radical in the

gas phase provided evidence for two pathways of interaction [83]:

CH3C
.
H2 þO2 �! CH3CH2OO

.

k ¼ 2:02� 1010T0:98 � exp (31:8=T)L mol�1s�1

CH3C
.
H2 þO2 �! CH2¼CH2 þHOO

.

k ¼ 1:41� 104T1:09 � exp (990=RT)L mol�1s�1

CH3CH2OO
. �! CH2¼CH2 þHOO

.

k ¼ 7:14� 104T2:32 � exp (�14100=T)s�1
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At temperatures below 500 K, the alkyl radical adds to dioxygen forming the stable peroxyl

radical, which reacts with hydrocarbon, resulting in hydroperoxide formation. Between 500

and 800 K, the predominant reaction is the formation of olefin and HO2
.
. Hydroperoxyl

radicals disproportionate very rapidly. These reactions produce the ‘‘negative temperature

coefficient regime’’ of gas-phase oxidation. At temperatures higher than 800 K, hydrogen

peroxide formed by the reaction of HO2
.
with RH dissociates rapidly into free radicals and

becomes the degenerate branching agent. As a result, hydrocarbon oxidation occurs as the

reaction with positive activation energy.

Under conditions of liquid-phase oxidation, alkylperoxyl radicals are stable and react

rapidly with RH. They do not decompose into olefin and hydroperoxyl radical. However,

some peroxyl radicals have a weak C��OO bond and decompose back to R
.
and dioxygen:

R
. þO2 RO2

.
K

RO2
. �! R

. þO2 kd

For example, cyclohexadienyl peroxyl radicals decompose back sufficiently rapidly, so that

the rate constant of decomposition kd> kp[RH] [13]:

Radical T (K) K (L mol21) kd (s21) Ed (kJ mol21)

O
O

303 0.16 1.3� 10
2

31.0

O
O

323 0.10 1.0� 104

O
O

303 0.16 4.6 45.0

TABLE 2.3
Enthalpies of Dioxygen Addition to Alkyl Radicals [13,47,48]

R• -DH1 (kJ mol-1) -DH1 (kJ mol-1)R•

C•H3

MeC•H2

Me2C
•H

Me3C
•

PhMe2C
•

C•H2Cl

C•HCl2

137.0

148.4

155.4

152.8
47.3

122.4

108.2

CH2=CHCH2
•

C•Cl3
MeC•HCl

142.6

63.0

31.0

110.0
45.0

92.0

131.2
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TABLE 2.4
Rate Constants of Dioxygen Addition to Alkyl Radicals (Experimental Data)

R• Solvent T (K) k (L mol-1 s-1) Ref.

C•H3 Water 296 4.7 � 109 [49]

C•H3 Water, pH = 1.0 298 4.1 � 109 [50]

C•H3 Water, pH = 3.0 298 3.7 � 109 [51]

CH3C
•H2 Water, pH = 0.0 298 2.1 � 109 [50]

CH3C
•H2 Water 298 2.9 � 109 [52]

EtC•H2 Water, pH = 8.5 298 1.9 � 109 [53]

Me2C
•H Water, pH = 1.0 298 3.8 � 109 [50]

PrC•H2 Water, pH = 0.0 298 1.8 � 109 [50]

PrC•H2 Water, pH = 8.5 298 1.3 � 109 [53]

EtMeC•H Water, pH = 1.0 298 3.2 � 109 [50]

Me2CHC•H2 Water, pH = 1.0 298 3.2 � 109 [50]

Me3C
• Cyclohexane 300 4.9 � 109 [54]

Me(CH2)3C
•H2 Water, pH = 0.0 298 3.8 � 109 [50]

Me(CH2)4C
•H2 Water, pH = 0.0 298 3.9 � 109 [50]

Me3CC•H2 Water, pH = 1.0 298 2.7 � 109 [50]

Me(CH2)6C
•H2 Water, pH = 1.0 298 2.4 � 109 [50]

Me(CH2)5C
•HMe Water, pH = 1.0 298 2.4 � 109 [50]

Me(CH2)7C
•HMe Decane 298 4.8 � 109 [55]

Me(CH2)13C
•HMe Hexadecane 298 1.5 � 109 [56]

Me(CH2)14C
•HMe Heptadecane 298 1.5 � 109 [56]

Me(CH2)4CH=CHC•H

CH=CH(CH2)7COOH

Linoleic acid 295 3.0 � 108 [57]

Et(CH=CHCH2)2CH=CH

C•H(CH2)6COOH

Linolenic acid 295 3.0 � 108 [57]

Water, pH = 1.0 298 3.5 � 109 [50]

Cyclohexane 298 2.0 � 109 [58]

Benzene 300 1.6 � 109 [54]

OH

Water 298 1.5 � 108 [59]

OH

Toluene, 3,5-bis-1,

1-dimethylethyl-

298 9.0 � 107 [58]
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TABLE 2.4
Rate Constants of Dioxygen Addition to Alkyl Radicals

(Experimental Data)—continued

Water, pH = 1.0 298 1.9 � 109 [50]

Water, pH = 0.0 298 2.0 � 109 [50]

Water

Water

Water

298 9.0 � 108 [60]

298 1.5 � 109 [60]

Water/tert-Butanol 298 1.3 � 109 [61]

298 9.7 � 108 [60]

Water/Acetonitrile 298 1.3 � 109 [62]

Trimethylamine 298 3.5 � 109 [63]

Water, pH = 10.7 298 4.2 � 109 [64]

Water, pH = 1.0 298 6.6 � 109 [65]

Water, pH = 7.0 298 4.6 � 109 [66]

Water, pH = 7.0 298 4.7 � 109 [66]

2-Propanol 300 3.9 � 109 [54]

Acetonitrile 297 6.6 � 109 [67]

Water, pH = 7.0 298 3.4 � 109 [66]

Water, pH = 7.0 298 4.0 � 109 [66]

Ethanol 295 1.0 � 109 [68]

Water, pH = 7.0 298 3.2 � 109 [66]

Acetonitrile 297 5.4 � 109 [67]

Water 298 2.7 � 109 [69]

Water, pH = 0 298 1.6 � 109 [70]

Water, pH = 0 298 1.3 � 109 [70]

Water, pH = 8.0 298 1.7 � 109 [71]

Water

Water

Water

Water

Water

Water

Water

293 1.6 � 109 [72]

298 3.1 � 109 [73]

298 1.4 � 1010 [74]

RT 1.8 � 109 [74]

293 3.3 � 109 [75]

288 2.7 � 109 [75]

293 3.2 � 109 [75]

Water, pH = 1.0 298 2.8 � 109 [50]

Benzene 300 2.9 � 109 [54]

Hexane 300 2.8 � 109 [54]

Cyclohexane 300 2.4 � 109 [54]

C•H2Cl

C•H2Br

CH3C
•HCl

CH3C
•Cl2

CF3C
•HCl

CH2ClC•HCl

N≡CC•H2

Me2NC•H2

C•H2OH

C•H2CH2OH

CH3C
•HOH

CH3CH2C
•HOH

Me2C
•OH

Me2C
•OH

Me2CHC•HOH

EtMeC•OH

HOCH=C•H

C•H(OH)CH2OH

OH

C•(O)NH2

HC•(COOH)2

HC•(COO−)2

C•H2CO2
−

(CO2
−)2C

•OH

CH3C(O)C•H2

CH3C(O)OC•H2

C•H2C(O)OCH3

C6H5
•

CN

H3CO

C6H5C
•H2

C6H5C
•H2

C6H5C
•H2

C6H5C
•H2

C6H5C
•H2 Hexadecane 300 1.0 � 109 [54]

R• Solvent T (K) k (L mol-1 s-1) Ref.

continued
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TABLE 2.4
Rate Constants of Dioxygen Addition to Alkyl Radicals

(Experimental Data)—continued

300 3.4 � 109 [54]

300 2.5 � 109 [54]

294 2.0 � 109 [76]

298 2.6 � 109 [77]

298 3.4 � 109 [77]

298 1.7 � 109 [77]

298 2.9 � 109 [77]

298 1.3 � 109 [77]

298 5.8 � 108 [77]

294 9.0 � 108 [76]

323 8.8 � 108 [78]

293 3.2 � 109 [79]

323 9.0 � 108 [54]

294 7.5 � 108 [76]

293 1.2 � 109 [80]

323 8.0 � 107 [78]

300 4.9 � 109 [54]

298 2.0 � 109 [81]

293 2.2 � 109 [82]

297 6.3 � 109 [67]

297 4.5 � 109 [67]

297 3.9 � 109 [67]

297 2.3 � 109 [67]

C6H5C
•H2

C6H5C
•H2

C6H5C
•H2

C6H5C
•H2

CH2

CH2

CH2

CH2

CH2

CH2

Ph

F

Br

NC

NO2

PhC•HCH3

PhC•HOCH3

PhMe2C
•

Ph2C
•H

Ph3C
•

EtCH2C
•HC6H5

Ph2NC•HCH3

N

N
OO

H

H

N

NO

NO

NO

NO
Ph

NO
N

Acetonitrile

2-Propanol

Toluene

Hexane

Hexane

Hexane

Hexane

Hexane

Hexane

4-Nitrotoluene

Ethylbenzene

Water

Cumene

Diphenylmethane

Triphenylmethane

1-Phenylpropane

Ethyldiphenylamine

Water

Water/Methanol

Acetonitrile

Acetonitrile

Acetonitrile

Acetonitrile

Acetonitrile

297 4.3 � 109 [67]

R• Solvent T (K) k (L mol-1 s-1) Ref.
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The oxidation of such nonsaturated compounds proceeds through hydroperoxyl radical

formation by the reaction [13]:

+ O2
+ HO2

The situation with polyarylmethanes is very similar. Due to the stabilization of free

valence in arylmethyl radicals, the bond dissociation energy (BDE) of the bond C��O2, for

example, in triphenylmethyl radical is sufficiently lower than in alkylperoxyl radicals. This

radical is decomposed under oxidation conditions (room temperature), and the reaction of

Ph3C
.
with dioxygen is reversible:

Ph3C
. þO2 Ph3COO

.

Howard and Ingold studied this equilibrium reaction in experiments on the oxidation of

tetralin and 9,10-–dihydroanthracene in the presence of specially added triphenylmethyl

hydroperoxide[41]. They estimated the equilibrium constant K to be equal to 60 atm�1

(8� 103 L mol�1, 303 K). This value is close to K¼ 25 atm�1 at 300 K (DH¼ 38 kJ mol�1),

which was found in the solid crystal lattice permeable to dioxygen [84]. The reversible

addition of dioxygen to the diphenylmethyl radical absorbed on MFI zeolite was evidenced

and studied recently by the EPR technique [85].

+ O2 O
O

The addition of dioxygen to the cyclohexadienyl radical is also reversible [86]. The following

thermodynamic parameters were estimated for such equilibrium: DH¼ 21 kJ mol�1 and

DS¼�84 J mol�1 K�1.

2.4 REACTIONS OF PEROXYL RADICALS

2.4.1 STRUCTURE AND THERMOCHEMISTRY OF PEROXYL RADICALS

The interatomic distances in peroxyl radicals were calculated by quantum-chemical methods.

The experimental measurements were performed only for the hydroperoxyl radical and the

calculated values were close to the experimental measurements (see Table 2.5). The length of

the O��O bond in the peroxyl radical lies between that in the dioxygen molecule

(rO��O¼ 1.20� 10�10 m) and in hydrogen peroxide (rO��O¼ 1.45� 10�10 m).

The internal rotation around the C��O bond in the peroxyl radical occurs with the

energetic barrier Erot. The height of the barrier depends on the substituent: the greater the

volume of substituent, the higher the barrier of internal rotation [97]:

RO2
. CH3O2

. MeCH2O2
. Me3CO2

.

Erot (kJ mol�1) 2.5 5.7 9.2

RO2
.

PhMeCHCO2
.

Ph2CHO2
.

Ph2MeCO2
.

Erot (kJ mol�1) 7.9 81.1 77.2
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The peroxyl radical is polar and possesses a high dipole moment m. For the values of m

calculated by the quantum-chemical method, see below [98, 102]:

Radical HO2
. CH3O2

. MeCH2O2
. Me2CHO2

.

m (Debye) 1.94 2.07 2.38 2.45

Radical Me3CO2
. PhCH2O2

. Ph2CHO2
. PhMe2CO2

.

m (Debye) 2.40 2.41 2.26 2.55

The spin density is concentrated on the last oxygen atom in the peroxyl radical R(2O)(1O
.
)

(about 80%). However, about 20% of the spin density is concentrated on the ( 2O) atom also

(see Table 2.6). This proves the existence of rather strong interaction between electronic

clouds of two oxygen atoms and agrees with the length of O��O bond in the peroxyl radical

(see Table 2.5).

TABLE 2.5
The Structural Parameters of Peroxyl Radicals

HOO. r (O��O)[ 3 1010 (m)] r (H��O)[ 3 1010 (m)] u(OOH) (deg) Ref.

Experimental

HOO
.

1.34 0.968 106 [87]

HOO
.

1.30 0.96 108 [88]

HOO
.

1.30 0.968 106 [89]

HOO
.

1.335 0.977 104 [90]

Quantum-Chemical Calculation

HOO
.

1.19 1.05 110.7 [91]

HOO
.

1.19 0.96 111 [92]

HOO
.

1.384 0.968 106.8 [93]

HOO
.

1.23 0.96 113.8 [94]

HOO
.

1.39 0.968 106.8 [95]

HOO
.

1.349 0.972 117.6 [96]

HOO
.

1.198 1.050 110.4 [97,98]

HOO
.

1.183 1.011 110 [34]

HOO. 1.326 0.975 104.4 [99]

ROO. r (O��O)[ 3 1010 (m)] r (C��O)[ 3 1010(m)] u(COO) (deg) Ref.

CH3O2
.

1.335 1.335 122.1 [96]

CH3O2
.

1.20 1.38 112.5 [92]

CH3O2
.

1.195 1.44 112.5 [99]

CH3O2
.

1.19 1.44 111 [100]

CH3O2
.

1.19 1.44 110 [34]

MeCH2O2
.

1.197 114 [101]

MeCH2O2
.

1.333 1.363 127.1 [96]
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The electronic spectrum of the cyclohexylperoxyl radical has a maximum at l¼ 275 nm

with molar absorption coefficient «¼ 2.0� 103 L mol�1 cm�1 [103]. The dissociation energy

of the O��H bond in a hydroperoxide ROOH depends on the R structure [104–106]:

R H RCH2 R1R2CH R1R2R3C

D(O��H) (kJ mol�1) 369.0 365.5 365.5 358.6

The values of enthalpies of peroxyl radical formation (DHf
0) calculated from the enthalpies of

hydroperoxide formation according to the thermochemical equation:

DH0
f (ROO

.
) ¼ DH0

f (ROOH)þD(O��H)� DH0
f (H

.
) (2:14)

are presented in Table 2.7.

The enthalpy of peroxyl radical formation is related to DHf
0(ROOH) by the following

relationship:

DH0
f (ROO

.
) ¼ DH0

f (ROOH) þ DDH, (2:15)

where the increment DDH is 147.5 kJ mol�1 for primary and secondary alkyl hydroper-

oxides, and 140.6 kJ mol�1 for tertiary alkyl hydroperoxides. The increments for various

groups in the additive scheme of enthalpy DHf calculation for hydroperoxides have the

following values: DH(O��(C)(O))¼�20.75+0.81 kJ mol�1, DH[(O)��OH]¼�72.26+1.2 kJ

mol�1 [116]. The DDH increments for various groups in the calculation of enthalpy DHn of

peroxides evaporation are DH[(O)��O��(C)]¼ 6.26 kJ mol�1, DHn[(O)��OH]¼ 27.4 kJ

mol�1[117].

TABLE 2.6
Spin and Electron Densities in Peroxyl Radicals [97]

ROO.
Spin Density Electron Density

H 2O 1O H 2O 1O

HO2
. �0.021 0.2165 0.8065 0.1399 �0.0400 �0.0999

CH3O2
.

0.0061 0.1952 0.8084 �0.0223 �0.0396 �0.1198

MeCH2O2
.

0.0059 0.1944 0.8105 �0.0345 �0.0061 �0.1258

Me2CHO2
. 0.0037 0.2064 0.7999 �0.0387 �0.0633 �0.1321

Me3CO2
.

0.0 0.2099 0.7964 �0.0723 �0.1399

PhCH2O2
.

0.0052 0.1770 0.8113 �0.0611 �0.0911 �0.1340

PhMeCHO2
.

0.0061 0.2027 0.8038 �0.056 �0.0710 �0.1350

PhMe2CO2
.

0.0 0.1878 0.8029 �0.0995 �0.1402

Ph2CHO2
.

0.0052 0.1770 0.8113 �0.0611 �0.0911 �0.1340

Ph2MeCO2
.

0.0 0.1878 0.8029 �0.0955 �0.1402
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TABLE 2.7
Enthalpies of Formation �H0

f (gas, 298 K) of Hydroperoxides and Peroxyl Radicals

and C��O2
. Bond Dissociation Energies in Peroxyl Radicals

Hydroperoxide

-DHf
0(ROOH)

(kJ mol-1)

DHf
0(ROO•)

(kJ mol-1)

D(R-O2
•)

(kJ mol-1) Ref.

Methyl-, MeOOH 132.2 15.3 131.7 [107,108]

ethyl-, EtOOH 169.4 −21.9 140.9 [108]

1-Methylethyl-,

Me2CHOOH

198.3 −50.8 140.8 [108]

Butyl-, PrCH2OOH 205.0 −57.5 135.5 [107]

1,1-Dimethylethyl-,

Me3COOH

242.0 −101.4 149.4 [107–109]

Pentyl-,

Me(CH2)3CH2OOH

217.6 −70.1 127.7 [107]

1-Methylbutyl-,

MePrCHOOH

234.3 −86.8 135.4 [107]

1-Hexyl-,

Me(CH2)4CH2OOH

237.8 −90.3 127.3 [107,110]

1-Methylpentyl,

BuCH(OOH)Me

252.6 −105.1 133.1 [107,110]

1-Ethylbutyl-,

PrCH(OOH)Et

245.1 −97.6 [110]

1-Heptyl-,

Bu(CH2)3OOH

282.2 −134.7 151.3 [107,110]

1-Methylhexyl-,

BuCH2CH(OOH)Me

278.8 −131.3 139.7 [107,110]

1-Ethylpentyl-,

BuCH(OOH)Et

282.1 −134.6 142.8 [110]

1-Propylbutyl-,

PrCH(OOH)Pr

269.1 −121.6 131.5 [110]

1,1-Dimethyl-2-pentyn-4-

enyl-, CH2=CHC≡C

CMe2OOH

−127.1 267.7 [111]

1,1,4,4-tetramethyl-1,4-

dihydro peroxybutane,

[HOOCMe2CH2]2

428.6 −288.0

cyclohexyl-,

O O
H

214.9 −67.4 135.1

[112]

[110]
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2.4.2 REACTION RO2
. 1 RH! ROOH 1 R.

Peroxyl radicals can undergo various reactions, e.g., hydrogen abstraction, isomerization,

decay, and addition to a double bond. Chain propagation in oxidized aliphatic, alkyl-

aromatic, alicyclic hydrocarbons, and olefins with weak C��H bonds near the double bond

proceeds according to the following reaction as a limiting step of the chain process [2–15]:

RO2
. þRH �! ROOHþR

.
:

The isotope effect in peroxyl radical reactions with C��H/C��D bonds of attacked

hydrocarbon shows the direct hydrogen atom abstraction as the limiting step of this reaction

[15]. For example, the cumylperoxyl radical reacts with the C��D bond of a-deuterated

cumene (PhMe2CD) ninefold slower than with the C��H bond (cumene, 303 K [118]). The

second isotope effect (ratio kp(PhMe2CH)/kp(Ph(CD3)2CH) is close to unity, i.e., 1.06 per

C��D bond [118].

RD PhMe2CD PhMe2CD Tetralin C10D12

RO2
.

Me3COO
.

PhMe2COO
.

Me3COO
.

kp(H)/kp(D) 10 9 15.5

EH�ED (kJ mol�1) 5.8 5.5 6.9

TABLE 2.7
Enthalpies of Formation �H0

f (gas, 298 K) of Hydroperoxides and Peroxyl Radicals

and C��O2
. Bond Dissociation Energies in Peroxyl Radicals—continued

85.3

104.5

55.3

43.0

85.3

91.2

[109,114]

[115]

[110]

O
O H

1-Methyl-1-phenylethyl-,

PhMe2COOH

1-Tetralyl-,

H O O
H

Hydroperoxide

-DHf
0(ROOH)

(kJ mol-1)

DHf
0(ROO•)

(kJ mol-1)

D(R-O2
•)

(kJ mol-1) Ref.

1-Methylcyclohexyl-,

O O
H

270.3 −129.7

E-9-Decalyl-, 277.8 −137.2

152.4

136.9

[110]

[113]
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Thedifferenceof activation energies inRO2
.
reactionswithC��DandC��Hbonds (6.1+0.6 kJ

mol�1) is close to that of dissociation energies of these bonds (DC��D�DC��H¼ 6.3 kJ mol�1).

The enthalpy of the RO2
.þRH reaction is determined by the strengths of disrupted and

newly formed bonds: DH¼DR��H�DROO��H. For the values of O��H BDEs in hydroper-

oxides, see the earlier discussion on page 41. The dissociation energies of the C��H bonds of

hydrocarbons depend on their structure and vary in the range 300 – 440 kJ mol�1 (see Chapter

7). The approximate linear dependence (Polany–Semenov relationship) between activation

energy E and enthalpy of reaction DH was observed with different E0 values for hydrogen

atom abstraction from aliphatic (R1H), olefinic (R2H), and alkylaromatic (R3H) hydrocar-

bons [119]:

E ¼ E0 þ 0:45DH: (2:16)

The pre-exponential factor AC��H for the reaction RO2
.þRH per attacked C��H bond

differs for aliphatic hydrocarbons and for hydrocarbons, where the attacked C��H bond is

in the a-position to p-C��C bond. This difference is the result of additional loss of the

activation entropy due to retardation of group rotation, resulting from the interaction of p-

electrons with electrons of reaction center. When the peroxyl radical attacks the C��H bond

in neighborhood with the p-C��C bond, the retardation of free rotation around the C��C

bond in the transition state additionally lowers the entropy of the transition state. The values

of E0 and AC��H are given here [119]:

RiH R1H R2H R3H

E0 (kJ mol�1) 40.4 54.3 46.3

AC��H (L mol�1 s�1) 109 108 108

Opeida proposed the following empirical equation for the rate constant of the peroxyl radical

reaction with C��H bonds of alkylaromatic hydrocarbons [34]:

log(k(348 K)) ¼ 23:03� 0:0807 �DR�H þ 31:48(IP� EA)�1 � 0:96VR, (2:17)

where VR (cm3 mol�1) is the volume of the substituent in the a-position to the reacting C��H

bond, the values of DR��H, IP (ionization potential), and EA (electron affinity) are expressed

in kJ mol�1 and k in L mol�1 s�1, respectively. The influence of different structural and

physical factors on the activation energy of the radical reaction of peroxyl radicals with C��H

bonds of organic compounds will be discussed in Chapter 6.

According the latest quantum-chemical calculations, the TS of the peroxyl radical

reaction with the C��H bond (reaction EtOO
.þHEt) has the following characteristics

(Figure 2.1):

Reaction r (C��H)[ 3 10210 (m)] r (O��H)[ 3 10210 (m)] u(CHO) (8) Method Ref.

HO2
.þCH4 1.295 1.176 180 MP2/6-16** [99]

EtO2
.þEtH 1.470 1.115 176.2 B3LYP [120]

The peroxyl radical is a polar reagent and is solvated in polar solvents. As a result, polar

solvents influence the reaction of peroxyl radicals with C��H bonds of a polar molecule
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(see Chapter 7) and with O��H and N��H bonds of antioxidants (see Part II). The solvent

influence on the reaction of any peroxyl radical with the C��H bond of hydrocarbon is

moderate. The experimental results on the reaction of RO2
.þRH, where RH is 2-methyl-

pentene-2, T¼ 333 K [121], are presented below:

Solvent

(mol%)

RH

(100%)

C6H6

(50%)

C6H6

(90%)

PhNO2

(10%)

PhNO2

(20%)

kp (L mol�1 s�1) 4.2 8.1 11.5 1.8 0.9

The experimental values of rate constants and activation energies for the reaction of RO2
.

with hydrocarbons are given in Table 2.8. For the experimental methods of kp estimation, see

elsewhere [7,9,12,13,15,17,19].

2.4.3 INTRAMOLECULAR HYDROGEN ATOM TRANSFER IN PEROXYL RADICAL

The peroxyl radical of a hydrocarbon can attack the C��H bond of another hydrocarbon. In

addition to this bimolecular abstraction, the reaction of intramolecular hydrogen atom

abstraction is known when peroxyl radical attacks its own C��H bond to form as final

product dihydroperoxide. This effect of intramolecular chain propagation was first observed

by Rust in the 2,4-dimethylpentane oxidation experiments [130]:

O H
O•

O H
O

O
OH

O O•

O2

O
OH

O O• +   RH
O

OH

O OH +   R•

•

C

O
O

H

C

C

1.504

1.470
176.2

1.115

103.0

1.491
1.468

C

1.523

FIGURE 2.1 Geometry of transition state of reaction EtO2
. þ EtH calculated by DFT method [120].
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TABLE 2.8
Rate Constants of the Hydrogen Atom Abstraction by Peroxyl Radicals from the

Hydrocarbons (RO2
.

1 RH ! ROOH 1 R.)

RH T (K) E (kJ mol-1)

log A, A
(L mol-1 s-1)

k (350 K)

(L mol-1 s-1) Ref.

Me(CH2)8Me 323 0.10 [23]

Me(CH2)12Me 323 0.22 [23]

Me(CH2)14Me 323 0.30 [23]

MeEt2CH 303 8.0 � 10−3 [122]

Me2CHCH2CHMe2 373 0.23 [26]

(Me2CHCH2)2CHMe 313−353 38.1 5.28 0.39 [123]

333 0.71 [25]

403−433 54.0 7.43 0.35 [27]

333 0.43 [25]

333 0.40 [25]

323−358 71.4 10.70 1.11 [124]

Me2C=CMe2 303 2.60 [28]

Me2C=CHCH2Me 313−333 36.8 6.40 8.09 [125]

MeCH2CH=CHCH2Et 303 1.40 [28]

Me2CHCH=CHCHMe2 303 2.30 [28]

CH2=CHCH2CH2Bu 303 1.00 [28]

CH2=CHCH2CH=CH2 303 14.0 [28]

PrCH2C≡CCH2Pr 303 2.80 [28]

303 7.00 [28]

303−323 29.3 5.46 12.2 [126]

333 10.0 [25]

303 5.40 [28]

288 0.65 [30]

298−318 25.1 4.93 15.30 [126]

288 1.10 [25]

303−323 39.7 7.61 48.44 [126]
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TABLE 2.8
Rate Constants of the Hydrogen Atom Abstraction by Peroxyl Radicals from the

Hydrocarbons (RO2
.

1 RH ! ROOH 1 R.)—continued

35.6 5.98

42.4 6.51

41.0 6.60

48.9 8.30

50.6 8.57

303

303

303

348

303

333

303

333

303

333

323−363

303

308−338

313−363

303

303

348

303

303

323−353

348

303

303

303

313−353

303

8.1 � 102

1.5 � 103

0.24

2.30

0.42

2.80

0.48

2.05

0.84

2.80

4.65

1.30

1.52

3.03

0.18

0.41

1.44

0.56

7.6 � 10−2

10.05

23.4

2.10

0.28

0.07

10.43

0.34

[28]

[28]

[28]

[34]

[28]

[25]

[28]

[25]

[28]

[25]

[38]

[28]

[39]

[127]

[28,41]

[40]

[34]

[28]

[41]

[38]

[34]

[28]

[28]

[128]

[42]

[28,41]

PhCH3

PhCH3

PhCH2Me

PhCH2Me

PhCHMe2

PhCHMe2

PhCHMe2

PhCHMe2

PhCHMe2

PhCH2Pr

PhCHMeEt

Ph2CH2

Ph2CH2

Ph2CH2

PhCH2CH2Ph

PhMePrCH

MePh2CH

Ph2CHMe

288−308 34.7 7.05 7.44 [126]

RH T (K) E (kJ mol-1)

log A, A
(L mol-1 s-1)

k (350 K)

(L mol-1 s-1) Ref.

continued
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The rate of this intramolecular isomerization depends on the chain length, with the maxi-

mum in the case of a six-atomic transition state, i.e., when the tertiary C��H bond is in the

b-position with respect to the peroxyl group [13]. For the values of rate constants of

intramolecular attack on the tertiary and secondary C��H bond, see Table 2.9. The para-

meters of peroxyl radical reactivity in reactions of intra- and intermolecular hydrogen atom

abstraction are compared and discussed in Chapter 6.

TABLE 2.8
Rate Constants of the Hydrogen Atom Abstraction by Peroxyl Radicals from the

Hydrocarbons (RO2
.

1 RH ! ROOH 1 R.)—continued

23.0

18.8

4.74

4.40

PhCH2CH=CH2

PhCH2CH=CHMe

24.0

4.8

20.30

39.29

6.35

55.6

3.30 � 102

1.56 � 102

10.0

8.2

1.42 � 102

9.0 � 102

[128]

[28]

[129]

[45]

[28,41]

[36]

[28,41]

[36]

[28]

[28]

[28]

[28]

348

303

291−333

273−298

303

348

303

348

303

303

303

303

348

348

303

348

5.10

1.00

0.06

2.20

[128]

[128]

[28]

[128]

RH T (K) E (kJ mol-1)

log A, A
(L mol-1 s-1)

k (350 K)

(L mol-1 s-1) Ref.
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2.4.4 ADDITION OF PEROXYL RADICAL TO THE DOUBLE BOND

Olefin possesses two reaction centers to be attacked by the peroxyl radical. The peroxyl

radicals abstract the hydrogen atom from the weakest C�H bonds in the a-position to the

double bond of these compounds with the formation of hydroperoxides. In addition to this

reaction, they attack the double bond of the olefin with the formation of oligomeric polyper-

oxides [12,13,15,137]:

RO2
. þ CH2¼¼CHX �! ROOCH2C

.
HX

ROOCH2C
.
HXþO2 �! ROOCH2CHXOO

.

ROOCH2CHXOO
. þ CH2¼¼CHX �! ROOCH2CHXOOCH2C

.
HX

Oligomeric polyperoxide is formed as a result of such copolymerization of the monomer and

dioxygen. During oxidation of many unsaturated hydrocarbons, both reactions (abstraction

and addition) occur in parallel to produce a mixture of hydroperoxides and oligomeric

polyperoxides. The relative amounts of the products of RO2
.

addition to the p-bond of

olefins are given below [13]:

Olefin Ethylene Propylene Hexene-1 Butene-1 Cyclohexene

T (K) 383 383 363 343 333

[ROOR]/[ROOH] (%) 100 50 33 26 4.4

Olefin Isobutene

Butene-1,

Trimethyl-

Trimethyl

ethylene Cyclopentene

Cyclo

Octene

T (K) 353 343 333 323 343

[ROOR]/[ROOH] (%) 80 6 52 11 71

The rate constant of RO2
.
addition to the p-bond of the unsaturated hydrocarbon depends on

its structure and, hence, varies widely (see Table 2.10). The problems of reactivity of reactants

in such reactions will be discussed in Chapter 6.

Alkylperoxyl radicals produced by addition reactions can be destructively isomerized with

the formation of epoxides [13,139,154,155]:

TABLE 2.9
Rate Constants of Isomerization of Peroxyl Radicals (Experimental Data)

Peroxyl Radical Product T, (K) k, (s21) Ref.

Me2C(O2
.)CH2CHMe2 Me2C(OOH)CH2C

.Me2 373 18 [26]

MeCH(O2
.
)CH2CH2Me MeCH(OOH)CH2C

.
HMe 373 0.87 [131]

Me2C(O2
.
)(CH2)2CHMe2 Me2C(OOH)(CH2)2C

.
Me2 373 8.0 [13]

Me2CHCH2C(O2
.
)Me CH2CHMe2 Me2C

.
CH2C(OOH)MeCH2CHMe2 373 46 [132]

MeCH(O2
.
)(CH2)11Me MeCH(OOH)CH2C

.
H(CH2)9Me 413 1.7� 102 [133]

MeCH(O2
.
)(CH2)13Me MeCH(OOH)CH2C

.
H(CH2)11Me 433 1.4� 102 [134]

PhCH(O2
.
)OCH2Ph PhCH(OOH)OC

.
HPh 303 86 [135]

PhCH(O2
.
)OCH2Ph PhCH(OOH)OC

.
HPh 323 1.1� 102 [136]

PhCH(OOH)OCH(O2
.
)Ph PhC

.
(OOH)OCH(OOH)Ph 323 9.5 [136]
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TABLE 2.10
Rate Constants of the Addition of Peroxyl Radicals to the Double Bond of Olefins

(Experimental Data)

Oxidizing Compound Peroxyl Radical T (K) k (L mol-1 s-1) Ref.

CH2=CHEt CH2=CHCHMeO2
• 6.3 [13]

E-MeCH=CHMe E-MeCH=CHCH2O2
• 1.9 [13]

CH2=CMe2 CH2=CMeCH2O2
• 3.8 [13]

CH2=CHBu (CH3)3CO2
• 0.83 [138]

Me2C=CMe2 Me3CO2
• 22 [138]

Me2C=CMe2 ~CH2CH(O2
•)Ph 1.3 � 102 [139]

Me2C=CMe2 CF3CCl2O2
• 3.1 � 107 [140]

Me2C=CMe2 CF2ClO2
• 8.3 � 107 [140]

Me2C=CMe2 (CF3)2CFO2
• 5.0 � 107 [140]

CH2=CHCMe3 Me3CO2
•

Me3CO2
•

Me3CO2
•

Me3CO2
•

0.56 [138]

CH2=CHCMe3 PhMe2CO2
• 0.66 [138]

PhCH=CH2

PhCH=CH2

PhCH=CH2

PhCH=CH2

PhCH=CH2

PhCH=CH2

PhCH=CH2

PhCH=CH2

PhCH=CH2

PhCH=CH2

PhCH=CH2

PhCH=CH2

PhCH=CH2

PhCD=CH2

PhCD=CH2

HO2
• 78.8 [141]

13.8 [141]

1.3 [142]

40.0 [138]

PrCH2CO2
• 14.0 [44]

PhMe2CO2
•

PhMe2CO2
•

21.1 [141]

76.6 [143]

Ph2CHO2
• 16.0 [44]

CF3CCl2O2
• 57 � 105 [140]

O−O
• 8.65 [144]

cyclo-C8H15O2
• 1.10 � 102 [141]

~CH2CH(O2
•)Ph 4.70 � 107 exp(−35.1/RT) [145]

~CH2CH(O2
•)Ph

~CH2CH(O2
•)Ph

1.1 � 102 [146]

2.29 � 108 exp(−39.7/RT) [147]

~CH2CD(O2
•)Ph 2.516 � 108 exp(−39.7/RT) [147]

~CD2CMe(O2
•)Ph 78 [147]

PhCD=CD2

PhCH=CD2

~CD2CD(O2
•)Ph 55 [147]

C6D5CH=CH2 ~CH2CH(O2
•) C6D5 69 [147]

Br
~CH2CH(O2

•)Ph

343

343

353

393

393

323

294

294

294

393

393

323

323

303

393

303

323

368

303

294

303

323

286−333

323

286−333

286−313

313

313

313

323 56 [139]

368 57.9 [143]
Br

PhMe2CO2
•
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TABLE 2.10
Rate Constants of the Addition of Peroxyl Radicals to the Double Bond of Olefins

(Experimental Data)—continued

368 84.4 [143]

323 45 [139]

313 91 [147]

303 101 [147]

313 1.0 � 102 [147]

368 55.5 [143]

323 55 [139]

313 1.2 � 102 [147]

313 123 [147]

323 56 [139]

323 70 [139]

368 1.11 � 102 [143]

286−333 1.41 � 107 exp(−30.1/RT) [145]

CN

CN

Cl

Cl

Cl

Cl

Cl

Cl

F

I

O

O

PhMe2CO2
•

~CH2CH(O2
•)Ph

CN

O
•

O
•

O
•

O
•

O

R

Cl R

O

Cl R

O

PhMe2CO2
•

~CH2CH(O2
•)Ph

Cl

O

O
•

O

O
•

O

R

Cl

R

~CH2CH(O2
•)Ph 

~CH2CH(O2
•)Ph 

PhMe2CO2
•

O

R

Oxidizing Compound Peroxyl Radical T (K) k (L mol-1 s-1) Ref.

continued
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TABLE 2.10
Rate Constants of the Addition of Peroxyl Radicals to the Double Bond of Olefins

(Experimental Data)—continued

313 83

323 40

323 41

368 35.6

303 25.5

303 2.9

323 17

393 47.0

323 34

323 

303 16.0

303 25.0

323 13.0

286−323

323 98.0

303 3.9

303 2.5

303 4.2

303 51

313−393 

303 0.44

NO2

NO2

CF3

PhMeC=CH2

PhMeC=CH2

PhMeC=CH2

PhMeC=CH2

PhMeC=CH2

PhMeC=CH2

PhMeC=CH2

PhMeC=CH2

PhMeC=CH2

PhMeC=CH2

PhMeC=CH2

PhClC=CH2

MeCH=CHPh 

MeCH=CHPh 

MeCH=CHPh 

E-PhCH=CHPh 

E-PhCH=CHPh 

1.20 � 108 exp(−37.7/RT)

6.6 � 106 exp(−33.7/RT)

2.19 � 102

O

O

R

~CH2CH(O2
•)Ph 

~CH2CH(O2
•)Ph 

PhMe2CO2
•

PrCH2O2
•

Me3CO2
•

Me3CO2
•

Me3CO2
•

PhMe2CO2
•

cyclo-C8H15O2
•

O

Ph2CHO2
•

~CH2CMe(COOMe)O2
•

~CH2CMe(O2
•)Ph

~CH2CH(O2
•)Ph 

PhMe2CO2
•

Me3CO2
•

PhMe2CO2
•

~CHMeCHPhO2
•

HO2
•

Me3CO2
•

O

O
O

•

O
•

O
•

R

~CH2CH(O2
•)Ph 

313

323

123

69

[147] 

[139]

[139]

[143]

[44]

[142]

[141]

[138]

[141]

[141]

[44]

[44]

[141]

[148]

[141]

[44]

[149]

[118]

[148]

[141]

[149]

[147]

[139]

Oxidizing Compound Peroxyl Radical T (K) k (L mol-1 s-1) Ref.

Z-PhCH=CHPh 

CH2=CPh2

Me3CO2
•

Me3CO2
•

303

303

[149]

[149]

0.12

9.2
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TABLE 2.10
Rate Constants of the Addition of Peroxyl Radicals to the Double Bond of Olefins

(Experimental Data)—continued

323−343

323−358 

323−353 

294

294

303

303

303 

313−393

323 

323 

323 

323 

323 

323 

323 

323 

323 

323 

323 

303−323 

303 

MeCH=CHCH2OH

CH2=CMe CH2CH2OH

CH2=CHOEt

CH2=CHC(O)Et

CH2=CHC(O)Et

Me2C=CHC(O)Me

CH2=CHOC(O)Me

CH2=CHOC(O)Me

CH2=CHOC(O)Me

CH2=CHOC(O)Me

CH2=CHOC(O)Me

CH2=CHC(O)OMe

CH2=CMeC(O)OMe

CH2=CMeC(O)OMe

CH2=CMeC(O)OMe

CH2=CMeC(O)OMe

CH2=CMeC(O)OMe

CH2=CMeC(O)OMe

O O
•

Ph

R

PhCH(O2
•)Me 

PhCH2O2
•

CF3CCl2O2
•

CF3CCl2O2
•

Me3CO2
•

Me3CO2
•

~CH2CH(C(O)Et)O2
•

HO2
•

HO2
•

Me3CO2
•

PhMe2CO2
•

cyclo-C8H15O2
•

~CH2CH(O2
•)OC(O)Me

~CH2CH(O2
•)Ph

PhMe2CO2
•

Me3CO2
•

HO2
•

cyclo-C8H15O2
•

~CH2CH(O2
•)Ph

~CH2CMe(O2
•)C(O)Me 

R

O
O

•

CF3CCl2O2
•

CF3CCl2O2
•

R

O O
•

294 

294 

303 

[150]

[151]

[151]

[140]

[140]

[149]

[149]

[149]

[141]

[141]

[141]

[141]

[141]

[141]

[141]

[141]

[141]

[141]

[141]

[141]

[152]

[28]

[118]

[118]

[148]

1.4 � 108 exp(−35.1/RT)

1.1 � 106 exp(−18.6/RT)

1.2 � 1013 exp(−60.6/RT)

4.9 � 104

5.3 � 104

4.0 � 10−2

1.3 � 10−2

2.7

2.0 � 102 exp(−18.8/RT)

6.8

0.10

0.20

1.50

2.80

9.8

1.8

1.1

40

10.4

12

8.3 � 108 exp(−53.5/RT)

2.9 � 102

1.2 � 102

3.2 � 106

2.1 � 105

Oxidizing Compound Peroxyl Radical T (K) k (L mol-1 s-1) Ref.

continued
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TABLE 2.10
Rate Constants of the Addition of Peroxyl Radicals to the Double Bond of Olefins

(Experimental Data)—continued

323 0.76 [153]

323 1.3 [153]

323 3.1 [154]

323 0.40 [141]

323 0.20 [141]

323 3.30 [141]

323 0.30 [141]

323 3.90 [141]

323 35.0 [141]

323 0.70 [141]

323 1.5 [141]

323 5.1 [141]

323 25 [141]

323 11 [141]

303 3.2 [149]

303 4.5 [149]

PhMe2CO2
•

PhMe2CO2
•

PhMe2CO2
•

PhMe2CO2
•

Me3CO2
•

cyclo-C8H15O2
•

Me3CO2
•

cyclo-C8H15O2
•

HO2
•

Me3CO2
•

PhMe2CO2
•

cyclo-C8H15O2
•

~CH2CH(O2
•)Ph

~CH2CH(O2
•)CN

~CH2CH(O2
•)CN

~CHMeCH(CN)O2
•

HO2
•

HO2
•

313−393 7.08 106 exp(41.4/RT) [141]

[(CH2=CHC(O)

  OCH2]2CMe2

[CH2=CHC(O)

  OCH2]4C

[CH2=C(CH3)C(O)

  OCH2]4C 

CH2=CHC(O)NH2

CH2=CHC(O)NH2

CH2=CHC(O)NH2

CH2=CMeC(O)NH2

CH2=CMeC(O)NH2

CH2=CHCN

CH2=CHCN

CH2=CHCN

CH2=CHCN

CH2=CHCN

CH2=CHCN

CH2=CHCN

MeCH=CHCN

Z-EtOC(O)

  CH=CHC(O)OEt 

E-EtOC(O)

  CH=CHC(O)OEt 

313−393 5.37 109 exp(61.5/RT) [141]

Me3CO2
•

~CMe2CH(COOMe)O2
•

HO2
•

HO2
•

~CH2CMe(COOBu)O2
•

~CH2CMe(C(O)OCH2

CHMe2)O2
•

303

303 

313−393

313−393

303−323 

323 

1.0 10−2

0.20

3.72 105 exp(−25.1/RT)

1.82 105 exp(−25.1/RT)

6.3 107 exp(−45.6/RT)

2.4

[149]

[149]

[141]

[141]

[152]

[152]

Me2C=CHOC(O)Me

Me2C=CHOC(O)Me

E-MeCH=CHC(O)OMe

E-MeCH=CH C(O)OEt 

CH2=CMeC(O)OBu

CH2=CMeC(O)

  OCH2CHMe2

Oxidizing Compound Peroxyl Radical T (K) k (L mol-1 s-1) Ref.
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O

O

R X
O X + RO••

Such isomerization occurs rapidly (see Table 2.11).

Chain propagation in oxidized 1,2-substituted ethylenes proceeds via addition of dioxygen

followed by the elimination of the hydroperoxyl radical [156]:

HOO
. þRCH¼¼CHR �! RC

.
HCH(OOH)R

RC
.
HCH(OOH)RþO2 �! RC(OO

.
)HCH(OOH)R

RC(OO
.
)HCH(OOH)R �! RCH¼¼C(OOH)RþHOO

.

2.5 CHAIN TERMINATION IN OXIDIZED HYDROCARBONS

2.5.1 TETROXIDES

Chain termination during the oxidation of hydrocarbons usually is a result of the interaction

of two peroxyl radicals by a multistep mechanism. The mechanism of dispropotionation is

TABLE 2.11
Rate Constants and Activation Energies of the Decomposition of

Peroxyalkyl Radicals with Epoxide Formation ([13,139])

Monomer T (K) k (s21) E (kJ mol21) log A, A (s21)

E-MeCH¼¼CHMe 363 9.1� 106 33.9 12.1

CH2¼¼CMePr 343 9.1� 106 33.9 12.1

Me2C¼¼CHMe 333 6.7� 106 33.8 12.1

CH2¼¼CHPh 323 7.6� 103 53.6 12.5

CH2¼¼CMePh 323 6.8� 104 47.7 12.5

O
368 3.8� 104

368 6.6� 104

Br 368 4.7� 104

Cl
368 7.6� 104

CF3

368 2.4� 104

323 4.5� 106 38.2 12.8

333 2.9� 107 34.2 12.8

343 4.5� 108 27.4 12.8
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different for tertiary and secondary alkylperoxyl radicals. The first step involves the reversible

formation of unstable tetroxide [12,13,15]:

2RO2
.

ROOOOR

The equilibrium between 1,1-dimethylethylperoxyl radicals and 1,1-dimethylethyl tetrox-

ide was first evidenced by Bartlett and Guaraldi [157] for peroxyl radicals generated by

irradiation of bis(1,1-dimethylethyl) peroxycarbonate in CH2Cl2 at 77 K and oxidation of

1,1-dimethylethyl hydroperoxide with lead tetraacetate at 183 K in CH2Cl2. A series of studies

of this equilibrium were performed later using the EPR technique (see Table 2.12). It is seen

that the enthalpy of tetroxide decomposition ranges from 29 to 47 kJ mol�1.

The irreversible decay of tetroxide occurs as the result of the dissociation of the O��OR

bond to produce RO3
.
and RO

.
radicals:

ROOOOR �! RO3
. þRO

.

The results of estimation of the decomposition rate constants kd are collected in Table 2.13.

TABLE 2.12
Thermodynamic Characteristics of Equilibrium ROOOOR , 2 RO2

.

R�� Solvent

DH 0

(kJ mol21)

DS 0

(J mol21 K21)

K (200 K)

(mol L21) Ref.

Me3C�� Dichloro methane 46.6 222 0.27 [157]

Me3C�� Dichlorodifluoromethane 35.1 136 8.6� 10�3 [158]

Me3C�� 2-Methylbutane 35.1 125 2.3� 10�3 [158]

EtMe2C�� 2-Methylbutane 37.2 151 1.5� 10�2 [159]

EtMe2C�� Dichlorodifluoromethane 31.4 121 1.3� 10�2 [158]

MeEt2C�� 2-Methylbutane 40.6 184 0.10 [159]

Me2CH�� Dichlorodifluoromethane 33.5 105 5.4� 10�4 [160]

Me2CH�� Cyclopropane 33.0 63 4.7� 10�6 [161]

Me2CD�� Dichlorodifluoromethane 33.5 138 2.9� 10�2 [160]

PrMe2C�� 2-Methylpentane 37.2 163 6.3� 10�2 [159]

Me2CHMe2C�� 2,3-Dimethylbutane 34.3 142 3.9� 10�2 [159]

Me2CHMe2C�� 2-Methylbutane 36.0 138 6.4� 10�3 [159]

Me3CMe2C�� 2,2,3-Trimethylbutane 36.4 159 6.3� 10�2 [159]

Me3CCH2Me2C�� Dichlorodifluoromethane 32.6 130 1.9� 10�2 [159]

Dichlorodifluoromethane 31.4 59 7.6� 10�6 [161]

Cyclopropane 31.0 84 1.9� 10�4 [161]

Me
Dichlorodifluoromethane 33.5 125 6.0� 10�3 [158]

Me
Dichlorodifluoromethane 29.3 146 0.94 [158]

PhMe2C�� Cumene 46.9 201 1.8� 10�2 [159]

PhMe2C�� 2-Methylbutane 44.3 [162]

PhMe2C�� Dichlorodifluoromethane 38.5 134 8.8� 10�4 [158]
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According to the quantum-chemical calculations and experimental findings, the BDEs

were found to be the following [21]:

D(ROO��OOR) ¼ 35:0� 2:3 kJ mol�1

D(ROOO��OH) ¼ 105:0� 2:0 kJ mol�1

D(ROOO��OR) ¼ 87:0� 5:8 kJ mol�1

D(ROOOO��R) ¼ 266:1� 5:0 kJ mol�1

For the enthalpies of formation of tetroxides calculated by the method of increments

[163,164], see Table 2.14.

2.5.2 DISPROPORTIONATION OF TERTIARY PEROXYL RADICALS

When R
.
is a tertiary alkyl radical, the formed tetroxide decomposes with the formation of

two RO
.

and O2. The chain termination includes the following stages in hydrocarbon

oxidation by tertiary the C��H bond [12,13,15,165,166]:

TABLE 2.13
The Rate Constants and Activation Energies of Tetroxides Decomposition

ROOOOR ! RO3
.

1 RO.

R�� Solvent E (kJ mol21) log A, A (s21) kd(200 K) (s21) Ref.

Me2CH�� Dichlorodifluoromethane 40.2 10.3 0.63 [160]

Me3C�� Dichlorodifluoromethane 71.5 16.7 1.06� 10�2 [157]

Me3C�� 2-Methylbutane 73.2 16.6 3.04� 10�3 [157]

Me2PrC�� 2-Methylpentane 76.1 19.6 0.53 [162]

BuCH2CHMe�� Heptane 44.8 11.6 0.79 [158]

Me3CMe2C�� 2,2,3-Trimethylbutane 67.8 17.5 0.21 [158]

Cyclopentane 41.8 12.3 24.2 [156]

Cyclohexane 40.6 11.6 9.9 [156]

PhMe2C�� Cumene 69.0 17.1 0.12 [157]

TABLE 2.14
The Enthalpies of Formation of Tetroxides [21]

Tetroxide 2DH0 (kJ mol21) Tetroxide 2DH0 (kJ mol21)

HOOOOH 136.0 EtOOOOMe 156.5

MeOOOOH 131.0 Me3COOOOMe 231.4

EtOOOOH 163.2 EtOOOOEt 192.9

Me3COOOOH 246.0 Me3COOOOEt 265.7

MeOOOOMe 125.5 Me3COOOOCMe3 349.0
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RO2
. þRO2

.
ROOOOR

ROOOOR �! [RO3
. þRO

.
]

[RO3
. þRO

.
] �! [RO

. þRO
.
]þO2

[RO
. þRO

.
] �! RO

. þRO
.

[RO
. þRO

.
] �! ROOR

The chain termination is a result of tertiary alkylperoxyl radical recombination in the

solvent cage. The values of the rate constants for chain termination through the disproportio-

nation of tertiary peroxyl radicals are collected in Table 2.15. They vary in the range 103 to 105

L mol�1 s�1 at room temperature. The probability of a pair of alkoxyl radicals to escape cage

recombination is sufficiently higher than that of cage recombination. The values of rate

constants of the reaction 2 RO2
.! 2 RO

.þO2 measured by the EPR technique are presented

in Table 2.16.

The chain termination by reactions of tertiary alkylperoxyl radicals is complicated by their

decomposition with production of ketone and the alkyl radical, for example:

Me2PhCO
. �! PhC(O)Me þ CH3

.

The formed methyl radical adds dioxygen, and the methylperoxyl radical participates in

chain termination:

CH3
. þO2 �! CH3O2

.

Me2PhCOO
. þ CH3O2

. �! Me2PhCOHþ CH2(O)þO2

The last reaction occurs much rapidly than the disproportionation of two cumylperoxyl

radicals and accelerates chain termination in oxidized cumene [15]. The addition of cumene

hydroperoxide helps to avoid the influence of the cross termination reaction Me2PhCOO
.þ

CH3O2
.

on the oxidation of cumene and to measure the ‘‘pure disproportionation’’ of

cumylperoxyl radicals [15].

2.5.3 DISPROPORTIONATION OF PRIMARY AND SECONDARY PEROXYL RADICALS

Russell [179] proposed the following mechanism of chain termination by primary and

secondary peroxyl radicals with coordinated decomposition of formed tetroxide to alcohol,

ketone, and O2:

2R1R2HCOO
. �! R1R2HCOOOOCHR1R2

R1R2HCOOOOCHR1R2 �! R1R2C¼¼OþO2 þHOCHR1R2

This reaction is very exothermic (e.g., DH¼�405 kJ mol�1 for cyclohexyltetroxide) and

supposed to occur rapidly. The values of rate constants for primary and secondary RO2
.

cover the range at 300 K, 2kt¼ 106 to 108 L mol�1 s�1 (see Table 2.15). According to Russell’s

mechanism, tetroxide decomposition proceeds via the cyclic transition state and includes the

abstraction of the C��H bond:

R1
C

R3

R1

R1

R2 R2

O

H

O•

2

H
O

O

OO

R1R2CO + O2 +
R1

OH

R2

H
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TABLE 2.15
Rate Constants of Chain Termination by the Disproportionation of Tertiary Peroxyl

Radicals in Hydrocarbon Solutions (Experimental Data)

Peroxyl Radical Solvent T (K) k (L mol21 s21) Ref.

Me3CO2
.

Me2CHPr 225–249 1.30� 1012 exp(�35.1/RT) [167]

Me3CO2
.

Me(CH2)4Me 303 8.51� 1010 exp(�30.1/RT) [167]

Me3CO2
. Et2MeCH 303 1.23� 1012 exp(�35.1/RT) [167]

Me3CO2
.

303 1.10� 1012 exp(�35.6/RT) [167]

Me3CO2
.

303 1.48� 1012 exp(�35.6/RT) [167]

Me3CO2
.

C6H6 309–338 1.41� 1010 exp(�42.7/RT) [168]

Me3CO2
. C6H6 295–333 2.00� 107 exp(�22.6/RT) [169]

Me3CO2
.

C6H6 295–333 2.51� 106 exp(�18.8/RT) [169]

Me3CO2
.

CF2Cl2 253–303 3.16� 105 exp(�21.3/RT) [158]

Me3CO2
.

CCl4 303 1.0� 103 [170]

Me3CO2
.

CH3OH 295–333 1.58� 108 exp(�26.4/RT) [169]

Me3CO2
.

Me3COOH 338 2.80� 103 [15]

Me3CO2
.

Me3COOH 295 4.2� 103 [168]

Me3CO2
.

Me3COOCMe3 303 3.63� 1011 exp(�34.7/RT) [167]

EtMe2CO2
.

CF2Cl2 253–303 5.01� 105 exp(�19.7/RT) [158]

EtMe2CO2
.

CCl4 303 4.50� 102 [158]

Me2(Me2CH)CO2
.

CCl4 303 1.00� 103 [170]

Me2(Me2CH)CO2
.

CF2Cl2 253–303 5.01� 105 exp(�16.7/RT) [158]

Me2(Me2CH)CO2
.

CH3OH 253–303 1.58� 105 exp(�29.3/RT) [158]

Me(CH2)2C(O2
.)Me2 PrCHMe2 213–273 1.30� 1011 exp(�39.0/RT) [171]

Me3CC(O2
.
)Me2 Me3CCHMe2 243–293 1.60� 109 exp(�31.4/RT) [171]

Me2C(O2
.
)CH2CHMe

CH2CHMeCHMe2

Me2CHCH2CHMe

CH2CHMeCHMe2

243–293 2.60� 1013 exp(�46.0/RT) [172]

Me3CCH2Me2CO2
.

CF2Cl2 253–303 5.00� 105 exp(�16.7/RT) [158]

Me3CCH2Me2CO2
.

CCl4 303 1.00� 103 [158]

Me3CCH2Me2CO2
.

CH3OH 303 1.58� 109 exp(�29.3/RT) [170]

O O
•

CF2Cl2 253–303 3.16� 107 exp(�23.8/RT) [158]

O O
•

CF2Cl2 253–303 5.01� 107 exp(�25.5/RT) [158]

O O
•

187–263 7.40� 108 exp(�25.2/RT) [173]

Me2C¼¼CHC(O2
.
)Me

CH2CHMeCHMe2

Me2C¼¼CHCHMe

CH2CHMeCHMe2

234–293 1.60� 1010 exp(�21.0/RT) [172]

PhMe2CO2
. PhMe2CH 164–243 1.60� 109 exp(�25.1/RT) [127]

PhMe2CO2
.

C6H6 253–303 3.98� 109 exp(�28.7/RT) [158]

PhMe2CO2
.

CCl4 303 8.00� 103 [170]

PhMe2CO2
.

PhMe2COOH 398 4.40� 104 [174]

PhMe2CO2
.

PhMe2COOH 338 8.00� 104 [15]

PhMe2CO2
.

H2O 303 4.40� 104 [158]

Me2(PhCH2)CO2
.

CCl4 303 1.70� 104 [170]

Ph2MeCO2
.

CCl4 303 6.40� 105 [170]

Ph2MeCO2
.

C6H6 175–200 1.26� 108 exp(�10.5/RT) [158]

MeEtPhCO2
.

MeEtPhCH 303–329 2.00� 109 exp(�37.7/RT) [41]

continued
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TABLE 2.15
Rate Constants of Chain Termination by the Disproportionation of Tertiary Peroxyl

Radicals in Hydrocarbon Solutions (Experimental Data)—continued

Peroxyl Radical Solvent T (K) k (L mol21 s21) Ref.

O O
•

308�338 2.00� 105 [175]

O O
•

O O

303 6.00� 104 [118]

O
O O

•
O 303 4.00� 104 [118]

O

O

O O O

O

303 3.00� 104 [118]

O O
•

348 6.60� 106 [176]

O O
•

348 1.10� 105 [177]

O O
• 348 1.00� 105 [177]

O O
•

348 1.00� 105 [177]

O O
• 348 3.20� 105 [177]

O O
•

348 8.00� 106 [178]

Et2PhCO2
.

PhCHEt2 348 2.70� 106 [176]

O
O

•

348 1.90� 106 [176]

O
O

•

348 8.00� 103 [176]

O
O

•

348 8.1� 105 [176]

O
O

•

348 8.9� 105 [176]
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It can be seen that primary and secondary RO2
.
radicals disproportionate with the partici-

pation of the a-C��H bond. This explains why the substitution of D in the a-position for H

retards the recombination of RO2
.
[kH/kD¼ 1.9 for ethylbenzene, kH/kD¼ 2.1 for styrene, and

kH/kD¼ 1.37 for diphenylmethane [179]). Because of this, RO2
.

radicals of unsaturated

compounds with a double bond in the a-position to the peroxyl free valence disproportionate

more rapidly than structurally analogous aliphatic peroxyl radicals (at 300 K, 2kt¼ 2� 107

and 3.8� 106 L mol�1 s�1 for RO2
.
radicals of cyclohexene and cyclohexane, respectively

[180]). Among the products of secondary peroxyl radicals disproportionation, carbonyl

compound and alcohol were found in a ratio of 1:1 at room temperature (in experiments

with ethylbenzene [181], tetralin [103], and cyclohexane [182–184].

Later, doubts were cast if the decay of tetroxide proceeds as an elementary decay with

synchronous scission of two bonds:

1. Nangia and Benson [185] noted that such one decomposition act should have high

activation energy (more than 18 kJ mol�1) and does not occur rapidly. The pre-

exponential factor A of concerted decomposition should be less than value 1013 s�1

[186]. Consequently such one-step decay of tetroxide should occur slowly.

2. According to the quantum-chemical law of conservation of orbital symmetry in prod-

ucts and reactants of the elementary reaction, all products of tetroxide decomposition

should have the singlet orbits including dioxygen [4]. The singlet dioxygen is formed as

a result of RO2
.
disproportionation, however, in a yield sufficiently less than unity [15].

3. Hydrogen peroxide was identified as the product of secondary peroxyl radical dispro-

portionation [187–192]. It cannot be explained by the concerted mechanism of tetroxide

decomposition.

The mechanism of successive homolytic fragmentation of tetroxide and formed radicals

seems to be the very probable [167,193,194]:

R1R2HCOOOOCHR1R2 �! [R1R2HCOOO
. þR1R2CHO

.
]

[R1R2HCOOO
. þR1R2CHO

.
] �! R1R2CHOHþR1R2C

.
OOO

.

[R1R2HCOOO
. þR1R2CHO

.
] �! R1R2C(O)þR1R2HCOOOH

R1R2C
.
OOO

. �! R1R2C(O)� þ 1O2

[R1R2HCOOO
. þR1R2CHO

.
] �! R1R2C(O)þR1R2HCOHþO2

TABLE 2.16
Rate Constants of the Reaction: 2RO2

.! 2RO.
1 O2 (Experimental Data)

Peroxyl Radical Solvent T (K) k (L mol21 s21) Ref.

Me3CO2
. CF2Cl2 253–303 5.00� 109 exp(�36.4/RT) [158]

Me3CO2
.

CH3OH 295–333 2.51� 1010 exp(�39.7/RT) [169]

Me3CO2
.

CH3OH 295 8.20� 103 [168]

Me3CO2
.

H2O 295 2.50� 104 [168]

Me3CCH2Me2CO2
.

CH3OH 295–303 1.00� 1011 exp(�41.0/RT) [169]

PhMe2CO2
.

CH3OH 295–303 5.00� 1010 exp(�32.6/RT) [169]

PhMe2CO2
.

CF2Cl2 295–303 5.00� 1010 exp(�30.5/RT) [158]

MeEtPhCO2
.

CH3OH 295–303 5.00� 1010 exp(�23.0/RT) [169]
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[R1R2HCOOO
. þR1R2CHO

.
] �! R1R2HCOOOHþR1R2C(O)

R1R2HCOOOH �! [R1R2HCO
. þHOO

.
]

[R1R2HCO
. þHOO

.
] �! R1R2C(O)þH2O2

[R1R2HCO
. þHOO

.
] �! R1R2CHOHþO2

This mechanism of homolytic decomposition of formed tetroxide explains all known facts

about secondary peroxyl radicals disproportionation:

1. The CL that accompanied the disproportionation of secondary and primary peroxyl

radicals (see later 2.5.4). The R1R2C
.
OOO

.
biradical formed in the cage is a predecessor

of exited carbonyl compound and singlet dioxygen.

2. The formation of hydrogen peroxide as the product of peroxyl radical reactions in the

cage [187–192].

3. All reactions of this scheme are in accordance with the quantum-chemical law of

conservation of orbital symmetry [4].

4. This scheme explains the high values of rate constants and the low activation energy of

such reactions (see Table 2.15).

5. It can be seen that primary and secondary RO2
.
radicals disproportionate in the cage

involving the a-C��H bond, which explains why the substitution of D in the a-position

for H retards the disproportionation of RO2
.
. Because of this, RO2

.
radicals of unsatur-

ated compounds with a double bond in the a-position to the peroxyl free valence

disproportionate more rapidly than structurally analogous aliphatic peroxyl radicals

[195].

6. The limiting step of the reaction between two peroxyl radicals is the homolytic splitting

of tetroxide. Such reactions occur with high pre-exponential factors (1014 to 1016 s�1).

7. According to the concerted mechanism of tetroxide decomposition, the ratio of formed

amounts [alcohol]/[ketone]¼ 1 should be temperature-independent. However, the

experimental study provided evidence for the dependence of this ratio on temperature.

RO2
. BuOO. BuMeCHOO. cyclo-C5H9OO. cyclo-C6H11OO.

T (K) 148 148 148 243

[ROH]/[R1R2CO] 0.10 0.10 0.10 0.43

T (K) 373 373 373 343

[ROH]/[ R1R2CO] 2.50 2.50 2.50 1.90

Ref. [196] [197] [197] [198]

The increase in the yield of alcohol among the products of peroxyl radicals disproportiona-

tion with increasing temperature is the result of acceleration of hydrotrioxide decomposition

to the alcoxyl radical and HO2
.
. The proposed scheme is valid for the disproportionation of

tertiary peroxyl radicals as well (see earlier). The rate constants of disproportionation of

primary and secondary peroxyl radicals are presented in Table 2.17.

2.5.4 CHEMILUMINESCENCE

Luminescence in chemical reactions occurs at the expense of the energy released by exother-

mic elementary steps of the reaction. The number of excited molecules formed in the

exothermic reaction and CL intensity are proportional to the reaction rate. Only a small
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TABLE 2.17
Rate Constants of Primary and Secondary Peroxyl Radicals

Disproportionation in Hydrocarbon Solutions (Experimental Data)

Peroxyl Radical T (K) k (L mol21 s21) Ref.

HO2
.

323 1.0� 108 [157]

HO2
.

303 1.34� 109 [197]

CH3O2
. 295 7.7� 108 [198]

Me2CHO2
.

210–300 7.24� 107 exp(�10.3/RT) [199]

Me2CHO2
.

293–396 5.0� 109 exp(�20.0/RT) [200]

PrCH2O2
. 303 4.0� 107 [201]

BuCH2O2
.

253–303 5.0� 109 exp(�9.1/RT) [21]

EtMeCHO2
.

193–257 1.0� 109 exp(�11.3/RT) [202]

MePrCHO2
.

253–303 2.0� 107 exp(�6.9/RT) [21]

BuMeCHO2
.

283–320 2.88� 107 exp(�8.4/RT) [203]

Me(CH2)4MeCHO2
.

294–324 2.88� 107 exp(�8.4/RT) [203]

Me(CH2)5MeCHO2
.

283–356 2.88� 107 exp(�8.4/RT) [203]

Me(CH2)6MeCHO2
.

283–324 2.88� 107 exp(�8.4/RT) [203]

Me(CH2)7MeCHO2
.

283–355 2.88� 107 exp(�8.4/RT) [203]

Me(CH2)7MeCHO2
.

323 2.2� 106 [23]

Me(CH2)9MeCHO2
. 284–355 2.88� 107 exp(�8.4/RT) [203]

Me(CH2)9MeCHO2
.

323 2.9� 106 [23]

CH3CH(O2
.
)(CH2)10CH3 293–358 2.88� 107 exp(�8.4/RT) [203]

Me(CH2)13MeCHO2
.

323 3.1� 106 [23]

O
O

•
175–200 4.0� 109 exp(�10.9/RT) [204]

O
O

•
285–333 1.95� 107 exp(�5.4/RT) [205]

O
O

•

298 8.6� 106 [206]

O
O

•

298 1.40� 106 [206]

O
O

•

345–417 1.30� 108 exp(�7.8/RT) [207]

CH2¼¼CHCH(O2
.
)CH¼¼CH2 303 1.10� 109 [201]

Me2C¼¼CHCH(O2
.
)Me 313–333 2.50� 107 exp(�5.0/RT) [125]

EtCH¼¼CHCH(O2
.
)Et 303 6.40� 106 [201]

cis-PrCH¼¼CHCH(O2
.
)Et 323 1.50� 107 [206]

PhCH¼¼CHCH2O2
.

303 4.4� 107 [208]

CH2¼¼CHCH(O2
.)(CH2)4Me 298 1.00� 107 [209]

O
O

•

193–257 6.30� 107 exp(�4.2/RT) [202]

PhCH2O2
.

303 3.0� 108 [210]

O
O

•

282–319 5.62� 107 exp(�8.3/RT) [211]

O O
•

348 2.6� 108 [212]

continued
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TABLE 2.17
Rate Constants of Primary and Secondary Peroxyl Radicals Disproportionation

in Hydrocarbon Solutions (Experimental Data)—continued

Peroxyl Radical T (K) k (L mol21 s21) Ref.

O
O

• 313 8.6� 105 [213]

O O
•

286–323 8.70� 109 exp(�18.0/RT) [208]

O O
•

348 2.60� 107 [214]

O
O

•

348 2.50� 107 [214]

PhMeCHO2
.

343–363 1.9� 106 [38]

PhMeCHO2
.

303 4.0� 106 [210]

PhMeCHO2
.

323–353 1.30� 109 exp(�9.4/RT) [215]

O O
• 348 1.0� 107 [216]

O
O

• 313–343 2.5� 108 [150]

O O
•

348 1.10� 107 [217]

O O
•

348 1.0� 107 [218]

O O
•

348 1.0� 107 [218]

O O
•

348 1.9� 106 [218]

O O
•

348 3.3� 106 [218]

O O
•

348 6.0� 105 [218]
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fraction of molecular products gives up the reaction energy as light. In the initial chemical

stage, the formation of excited molecules compete with processes of formation of nonexcited

molecules. In the following physical stage, the emission of light by the excited molecule

competes with routes of deactivation, such as quenching, energy transfer, re-absorption of

light, etc. Gas-phase CL is well-known and was intensively studied during the 20th century.

CL is very weak and became the object of study only in the second half of the 20th century

after the invention of effective photoelectric multipliers.

TABLE 2.17
Rate Constants of Primary and Secondary Peroxyl Radicals Disproportionation

in Hydrocarbon Solutions (Experimental Data)—continued

Peroxyl Radical T (K) k (L mol21 s21) Ref.

O O
•

348 4.5� 105 [218]

O O
•

O

348 1.3� 107 [217]

O O
•

O 348 9.0� 106 [217]

O O
•

Cl 348 1.6� 107 [217]

O O
•O

348 1.5� 107 [217]

O O
•

O2N

348 2.3� 107 [217]

O2N
O O

•
348 2.4� 107 [217]

N

O
•
O 348 8.3� 107 [34]

N O
•

O
348 2.3� 107 [34]

ON O
•

348 1.0� 107 [34]

N
O O

•
348 3.2� 107 [34]

EtPhCHO2
.

348 3.0� 107 [216]

Ph2CHO2
.

303 1.6� 108 [208]
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CL accompanies many reactions of the liquid-phase oxidation of hydrocarbons, ketones,

and other compounds. It was discovered in 1959 for liquid-phase ethylbenzene oxidation

[219,220]. This phenomenon was intensively studied in the 1960s and 1970s, providing

foundation for several methods of study of oxidation, decay of initiators, and kinetics of

antioxidant action [12,17,221]. Later this technique was effectively used to study the mech-

anism of solid polymer oxidation (see Chapter 13).

CL arises in the very exothermic reaction of secondary and primary peroxyl radicals

disproportionation [221,222]:

R1R2HCOOOOCHR1R2 �! [R1R2HCOOO
. þR1R2CHO

.
]

[R1R2HCOOO
. þR1R2CHO

.
] �! R1R2CHOHþR1R2C

.
OOO

.

R1R2C
.
OOO

. �! R1R2C(O)� þO2

R1R2C(O)� �! R1R2C(O)þ hv

The decay of the biradical produces ketone molecule in the triplet state, which is an emitter of

light [222]. The CL intensity was proved to be propotional to the rate of chain initiation,

which is equal to the rate of chain termination. The observed luminescence spectra were found

to be identical with the spectra of the subsequent ketone in the triplet state. The intensity of

CL (Ichl) produced by oxidized hydrocarbon is the following:

Ichl ¼ 2kth[RO2
.
]2, (2:18)

where h is the overall CL yield.

Dioxygen has a dual effect on CL in the oxidized hydrocarbon [17,221,223]. On one hand,

the higher the [O2], the higher the proportion of chain termination by peroxyl radical

disproportionation and the yield of the excited ketone. On the other hand, dioxygen quenches

CL. The combined effects of dioxygen give the following result when the hydrocarbon

oxidation is performed in a sealed reaction vessel. The gradual consumption of dissolved

dioxygen increases the intensity of CL. At the end of experiment a sharp drop in luminescence

intensity is observed due to the disappearance of the peroxyl radical. The kinetics of quench-

ing is described by the Stern–Volmer equation [223]:

1

I
¼ 1

I0

þ kt

I0

[O2], (2:19)

where t is the lifetime of the ketone in exited state (P*) and k is the rate constant of quenching:

P� þO2 ! PþO2

If quenching is a diffusion-controlled process (k� 3� 109 L mol�1 s�1), the lifetime

t� 3� 10�7 s coincides with the lifetime of triplet acetophenone (product of peroxyl radical

disproportionation in oxidized ethylbenzene).

Some initiators, for example, AIBN (azobisisobutyronitrile) and dibenzoyl peroxide

exhibit a strong quenching effect. That is why, the dependence of the CL intensity on the

initiator concentration (I¼hni) is nonlinear in these cases.

CL is weak in liquid-phase hydrocarbon oxidation and can be intensified. To increase the

CL, activators are added to the oxidized hydrocarbon [17,220,223]. The activator takes an

excess of energy from the excited ketone molecule and emits light in high yield:
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P� þA �! PþA�

A� �! Aþ hv

In the presence of an activator, naturally, the spectrum, yield, and lifetime are characteristics

of the activator molecule. Indeed, the luminescence spectrum of the oxidized ethylbenzene

was found to be identical to that of activator fluorescence [221]. 9,10-Dibromanthracene, 9,7-

dipropylanthracene, and derivatives of oxazole were used as activators [221,223].

The kinetic scheme of CL in the oxidized hydrocarbon (R1CH2R
2 ) in the presence of

quencher Q and activator A includes the following stages [221–225]:

2R1R2CHOO
.

R1R2CHOOOOCHR1R2

R1R2CHOOOOCHR1R2 �! [R1R2CHOOO
. þ .

OCHR1R2]

[R1R2CHOOO
. þ .

OCH R1R2] �! R1R2C
.
OOO

. þR1R2CHOH

R1R2C
.
OOO

. �! R1R2C(O)� þO2

R1R2C(O)� �! R1R2C(O)þ hnP (fp)

R1R2C(O)� �! R1R2C(O) (dp)

R1R2C(O)� þQ �! R1R2C(O)þQ (kpQ)

R1R2C(O)� þA �! R1R2C(O)þA� (kA)

A� �! hnA þA ( fA)

A� �! A (dA)

A� þQ �! AþQ (kAQ)

According to this scheme, the intensity of CL is proportional to the rate of initiation (ni) and

depends on the concentrations of quenchers and activators. Some initiators, for example

AIBN and dibenzoyl peroxide, act as strong quenchers [221]:

I ¼ fp[P
�]þ fA[A�] ¼ {hP(1� hPA)þ hAhPA}hP

excni (2:20)

where hP
exc is the quantum yield of ketone excitation, hP¼ fP( fPþ dPþ kPQ[Q])�1 is the

radiation quantum yield for P*, hA¼ fA( fAþ dAþ kAQ[Q])�1 is the radiation quantum yield

for A*, hpA¼ kPA[A]( fPþ fdþ kPQ[Q]þ kPA[A])�1 is the probability of energy transfer. The

values of the overall CL quantum yield h are very low [221].

Substance Cyclohexane Decane Ethylbenzene Butanone-2

h 10�10 10�10 10�9 10�10

The reason for the low values of h lies in the distribution of the released energy between the

three molecules formed (ketone, dioxygen, and alcohol) in the reaction of two peroxyl

radicals.

2.5.5 CHAIN TERMINATION VIA ALKYL RADICALS

Due to the very fast reaction of alkyl radicals with dioxygen, [R
.
] � [RO2

.
] in oxidized

hydrocarbons at [O2]> 10�4 mol L�1 (see 2.3). Therefore, alkyl radicals do not participate
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in chain termination when dioxygen concentrations in solution are higher than 10�4 mol L�1.

This corresponds to the dioxygen partial pressure higher than 0.01 atm. The steady-state

concentration of the alkyl radicals becomes close to that of peroxyl radicals in three cases:

(i) When the hydrocarbon is oxidized at a very low dioxygen partial pressure (less than

0.01 atm) in the kinetic regime of oxidation

(ii) When oxidation is limited by dioxygen diffusion into the bulk of oxidized hydrocar-

bon (diffusion regime of oxidation)

(iii) When the formed C��O bond in the peroxyl radical is weak and we deal with the

equilibrium reaction, which increases the steady-state concentration of alkyl radicals

in oxidized hydrocarbon:

R
. þO2 RO2

.

The rate constants of the recombination of alkyl radicals with peroxyl radicals

R
. þRO2

. �! ROOR (kt1)

were measured by Nikolaev using flash photolysis technique [226]. These reactions appeared

to proceed very rapidly with rate constants close to self-diffusion of radicals in the hydrocar-

bon (see Table 2.18).

The reaction of two alkyl radicals leads either to one molecule by combination, for

example,

CH3C
.
H2 þ CH3C

.
H2 �! C4H10

or to two molecules by the transfer of a hydrogen atom from one radical to the second one

(disproportionation reaction), for example [227–229]:

CH3C
.
H2 þ CH3C

.
H2 �! C2H6 þ CH2¼¼CH2:

The recombination and the disproportionation of alkyl radicals play an important role in

many other chain reactions, for example, pyrolysis, photolysis, and radiolysis of organic

TABLE 2.18
Rate Constants of Chain Termination in Oxidized Hydrocarbons by the

Reaction of Alkyl Radicals with Peroxyl Radicals at 293 K in RH Solution

R. RO2
. 2kt1 (L mol21 s21) 2kt1/2kD Ref.

• Me3CO2
.

4.5� 109 0.36 [226]

BuC
.
HMe Me3CO2

.
6.3� 109 0.19 [226]

Me(CH2)7C
.
HMe Me3CO2

.
1.9� 109 0.15 [226]

Me(CH2)7C
.
HMe Me3CO2

.
1.8� 109 0.28 [226]

• O
O

•
1.6� 109 0.13 [226]

Ph3C
.

Ph3CO2
.

1.5� 108 [41]
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compounds, free radical polymerization, chlorination of hydrocarbons, various organic free

radical syntheses, polymer degradation, etc.

The reactions of free radical recombination are very exothermic. Entropies of these

reactions are negative due to the association of two species. For example, the recombination

of two ethyl radicals occurs (in the gas phase) with DH 0¼�366.5 kJ mol�1 and DS 0¼
�192.4 J mol�1 K�1. The disproportionation of two ethyl radicals in the gas phase occurs

with enthalpy DH 0¼�270 kJ mol�1 and entropy DS 0¼�36.3 J mol�1 K�1.

The study of the recombination (kc) and the disproportionation (kdis) of ethyl radicals

proved the dependence of the ratio kdis/kc on the solvent [230–232]. Stefani [231] found that

log(kdis/kc) is a linear function of the solubility ds, which is equal to the square root of the

cohesive energy density of the solvents (Dce):

log (kdis=kc) ¼ ads þ b (2:21)

The latter depends on the energy of evaporation (Uev):

Dce ¼
Uev

V
¼ DHev � RT

M=r
(2:22)

where V is the molecular volume, DHev is the enthalpy of solvent evaporation, M and r are

the molecular weight and density of solvent, respectively. The dependence of the ratio kdis/kc

on the cohesive energy density of the solvents proves that the TS of radical recombination has

a loose structure and that of the disproportionation reaction has a compact structure. The

more the pressure of molecules of the cage on the pair of reacting radicals, the faster the

reaction of disproportionation. Stefani [231] found evidence for the ratio kdis/kc increasing

with decreasing temperature. The increase of this ratio can be easily explained on the basis of

an increase in the internal pressure of the liquid with decreasing temperature.

Alkyl radicals react in solution very rapidly. The rate of their disappearance is limited by

the frequency of their encounters. This situation is known as microscopic diffusion control or

encounter control, when the measured rate is almost exactly equal to the rate of diffusion

[230]. The rate of diffusion-controlled reaction of free radical disappearance is the following

(the stoichiometric coefficient of reaction is two [233]):

n ¼ 2kD[R
.
]2 ¼ 32pDRrR[R

.
]2 (2:23)

where DR and rR are the diffusion coefficient and radius of the radical, respectively. Accord-

ing to Stokes’s law

DR ¼ kT=6prRh, (2:24)

and the rate constant of diffusion-controlled reaction is inversely proportional to viscosity:

kD ¼ 16kT=3h ¼ const:� T=h (2:25)

The values of rate constants of alkyl radical recombination in solution are collected in Table

2.19.

2.6 REACTIONS OF ALKOXYL RADICALS

Alkoxyl radicals are formed in oxidized hydrocarbons and play an important role in the chain

mechanism of oxidation. They are formed by the following reactions [13,15]:
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TABLE 2.19
Rate Constants (2kt) of Alkyl Radical Combination in Solution (kt 5 kc 1 kdis)

R. Solvent T (K) E (kJ mol21)

log (2A),

A (L mol21 s21)

2kt (298 K)

(L mol21 s21) Ref.

C
.
H3 Cyclohexane 298 8.9� 109 [234]

C
.
H3 Cyclohexane 218 1.4� 109 [235]

C
.
H3 Water, pH¼ 5.5 298 2.48� 109 [236]

C
.
H3 Water 279–340 16.0 12.30 3.13� 109 [237]

MeC
.
H2 Ethane 98–196 3.5 10.11 3.14� 109 [238]

MeC
.
H2 Water, pH¼ 5.5 298 1.92� 109 [236]

MeC
.
H2 Water, pH¼ 4.4 278–341 16.0 12.19 2.43� 109 [237]

EtC
.
H2 Benzene 298 2.1� 108 [239]

EtC
.
H2 Cyclohexane 298 1.7� 109 [239]

EtC.H2 Water 298 1.26� 109 [240]

BuC
.
H2 Benzene 298 2.0� 109 [239]

BuC
.
H2 Cyclohexane 298 4.2� 108 [241]

BuC
.
H2 Toluene 192–292 10.5 12.30 2.88� 1010 [242]

BuCH2C
.
H2 Cyclohexane 298 2.2� 109 [235]

BuCH2C
.
H2 Cyclopropane 190–232 8.8 11.6 1.14� 1010 [243]

BuCH2C
.
H2 Hexane 7.1 11.26 1.04� 1010 [244]

BuCH2C
.
H2 Hexane 298 6.2� 109 [245]

BuCH2C
.
H2 Water 298 2.4� 109 [245]

Me(CH2)5C
.
H2 Heptane 273–333 8.1 11.27 7.08� 109 [246]

Me(CH2)6C
.
H2 Octane 279–349 6.8 10.94 5.60� 109 [246]

Me(CH2)7C
.
H2 Nonane 284–322 9.4 11.34 4.92� 109 [246]

Me(CH2)8C
.
H2 Decane 283–333 10.9 11.62 5.12� 109 [246]

Me(CH2)10C
.H2 Dodecane 278–347 13.5 11.80 2.71� 109 [246]

Me(CH2)10C
.
H2 Cyclohexane 298 2.4� 109 [243]

Me(CH2)11C
.
H2 Tridecane 291–352 11.3 11.44 2.88� 109 [246]

Me(CH2)14C
.
H2 Hexadecane 293–358 13.0 11.74 2.89� 109 [246]

Me(CH2)16C
.
H2 Cyclohexane 298 6.2� 109 [244]

Me2C
.
H Heptane 313–353 5.6 10.87 7.73� 109 [247]

Me2C
.
H Hexadecane 312 3.5� 109 [247]

Me2C
.
H 3-Methyl-

3-pentanol

333 5.2� 109 [247]

Me2C
.
H Tetraethyl

siloxane

333 8.0� 109 [248]

Me3CC
.
HCHMe2 Isooctane 298 3.0� 109 [249]

Me3C
.

Acetonitrile 266–349 8.3 11.30 7.00� 109 [250]

Me3C
. Benzene 298 7.3� 109 [251]

Me3C
.

Benzene 292 5.7� 109 [252]

Me3C
.

Benzene 281–351 10.2 11.57 6.05� 109 [250]

Me3C
.

Benzene 298 8.0� 108 [247]

Me3C
.

Benzene 298 7.2� 108 [240]

Me3C
.

Cyclohexane 298 2.5� 109 [253]

Me3C
.

Cyclopentane 170–330 4.3 10.78 1.06� 1010 [254]

Me3C
.

Decane 291–351 10.7 11.65 5.95� 109 [255]

Me3C
.

1,1-Dimethyl

ethanol

287–356 3.3 11.16 3.82� 1010 [250]

Me3C
. Dodecane 294–366 11.3 11.62 4.36� 109 [250]
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1. Due to the unimolecular and bimolecular homolytic decomposition of hydroperoxide,

such as

ROOH �! RO
. þHO

.

ROOHþRH �! RO
. þH2OþR

.

ROOHþ CH2¼¼CHR �! RO
. þHOCH2C

.
HR

2. In reactions of recombination of the tertiary peroxyl radical (see 2.1.3)

RO2
. þRO2

. �! RO
. þO2 þRO

.

The last reaction occurs more rapidly than the reaction of chain termination and as a

result two simultaneous chain reactions occur, one with the formation of hydroper-

oxide and other with alcohol production:

R
. þO2 �! RO2

.

RO2
. þRH �! ROOHþR

.

2RO2
. �! 2RO

. þO2

RO
. þRH �! ROHþR

.

TABLE 2.19
Rate Constants (2kt) of Alkyl Radical Combination in Solution (kt 5 kc 1 kdis)—continued

R. Solvent T (K) E (kJ mol21)

log (2A),

A (L mol21 s21)

2kt(298 K)

(L mol21 s21) Ref.

Me3C
.

Heptane 291–362 9.6 11.63 8.86� 109 [250]

Me3C
.

Hexadecane 296–363 14.4 12.03 3.21� 109 [250]

Me3C
.

Isobutane 170–330 4.3 10.78 1.1� 109 [254]

Me3C
.

3-Methyl- 3-pentanol 248–293 3.6 11.32 4.89� 1010 [250]

Me3C
.

2-Methylpropane 188–262 4.2 10.2 2.91� 109 [256]

Me3C
.

Octane 294–364 9.9 11.58 6.99� 109 [250]

Me3C
.

Pentane 298 5.4� 109 [236]

Me3C
.

Tetradecane 294–365 13.5 11.93 3.66� 109 [250]

Me3C
.

Tridecane 298 1.8� 109 [236]

Me3C
. Toluene 218 9.8� 109 [254]

• Cyclohexane 295 2.0� 109 [228]

• Benzene 298 3.6� 108 [239]

• Cyclohexane 298 6.0� 108 [239]

PhC
.
H2 Benzene 298 1.8� 109 [239]

PhC
.
H2 Cyclohexane 283–332 8.1 10.70 1.91� 109 [249]

PhC
.
H2 Cyclohexane 298 2.0� 109 [239]

PhC
.
H2 Cyclohexane 298 4.0� 109 [257]

PhC
.
H2 Methanol 298 1.36� 109 [258]

PhC
.
H2 Toluene 298 2.4� 109 [259]

PhC
.
H2 Toluene 222–331 12.5 11.90 5.12� 109 [247]
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3. In reactions of decay of alkyl radicals with the peroxide group (see 2.4.4):

RO2
. þ CH2¼¼CHR1 �! ROOCH2C

.
HR1

ROOCH2C
.
HR1 �! RO

. þ cyclo-[OCH2CHR1]

Alkoxyl radicals are very active in reactions of hydrogen atom abstraction (see Table

2.20). The problems of their reactivity will be discussed in Chapter 6.

Tertiary alkoxyl radicals are unstable and decomposed into the carbonyl compound and the

alkyl radical:

R1R2RCO
. �! R1C(O)R2 þR

.

The formed alkyl radical reacts with dioxygen in the oxidized hydrocarbon. Participating in

chain termination, the newly formed peroxyl radical accelerates it:

R
. þO2 �! RO2

.

RO2
. þR1R2RCOO

. �! R1R2RCOHþO2 þKetone

The values of rate constants of decay of tertiary alkoxyl radicals are collected in Table 2.21.

Like peroxyl radicals (see Section 2.4.4.) alkoxyl radicals with a long hydrocarbon

substituent can isomerize to the alkyl radical

R1R2C(O
.
)CH2CH2CH2R �! R1R2C(OH)(CH2)2C

.
HR

The latter reacts with dioxygen, giving the bifunctional product of oxidation. The rate

constants of these reactions are given in Table 2.22.

2.7 DIFFERENT MECHANISMS OF THE ALIPHATIC HYDROCARBON
OXIDATION IN GAS AND LIQUID PHASES

The temperature increases the rate of the one-stage simple reaction. The situation is different

in the case of chain reaction. The change in temperature and other conditions not only change

the reaction rate but can change the mechanism of the reaction and composition of the

formed products. This can be illustrated by analysis of the mechanism of the hydrocarbon

oxidation at different temperatures, concentration of the reactants, and the rates of initiation

[288]. Varying the conditions of oxidation, the mechanism and products of the reaction can be

changed.

The traditional chain oxidation with chain propagation via the reaction RO2
.þRH

occurs at a sufficiently elevated temperature when chain propagation is more rapid than

chain termination (see earlier discussion). The main molecular product of this reaction is

hydroperoxide. When tertiary peroxyl radicals react more rapidly in the reaction RO2
.þRO2

.

with formation of alkoxyl radicals than in the reaction RO2
.þRH, the mechanism of

oxidation changes. Alkoxyl radicals are very reactive. They react with parent hydrocarbon

and alcohols formed as primary products of hydrocarbon chain oxidation. As we see, alkoxyl

radicals decompose with production of carbonyl compounds. The activation energy of their

decomposition is higher than the reaction with hydrocarbons (see earlier discussion). As a

result, heating of the system leads to conditions when the alkoxyl radical decomposition

occurs more rapidly than the abstraction of the hydrogen atom from the hydrocarbon. The

new chain mechanism of the hydrocarbon oxidation occurs under such conditions, with chain
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TABLE 2.20
Rate Constants of Reactions R1O.

1 RH ! R1OH 1 R. (Selected Experimental Data)

RH Solvent T (K) k (L mol21 s21) Ref.

CH3O. 1 RH

CH4 Gas phase 298 51.3 [260]

Me2CH2 Gas phase 298 6.4� 105 [261]

Me3CH Gas phase 298 1.8� 105 [262]

Me2CHCHMe2 Gas phase 373 4.0� 105 [263]

Z��MeCH¼¼CHMe C6H6 393 3.65� 107 [264]

PhCH2Me C6H6 393 1.22� 107 [264]

PhCH2Me C6H6 291 4.50� 106 [264]

C6H6 393 2.09� 107 [264]

C6H6 393 1.51� 107 [264]

PhCHMe2 C6H6 393 1.33� 107 [264]

Me3CO. 1 RH

MeCH2CH2Me Gas phase 298 2.14� 105 [265]

Me4C Gas phase 298 4.48� 104 [266]

Me(CH2)3Me C6H6 318 7.1� 105 [267]

Me(CH2)4Me C6H6 318 9.1� 105 [267]

Me(CH2)5Me C6H6 318 1.1� 106 [267]

Me2CHCHMe2 C6H6 318 7.8� 105 [267]

Me2CHCH2CHMe2 C6H6 318 4.6� 105 [267]

Me3CCH2CHMe2 C6H6 318 2.3� 105 [267]

295 8.8� 105 [267]

Gas phase 298 6.45� 105 [266]

408 3.2� 107 [268]

C6H6 408 2.4� 107 [268]

CH2¼¼CHCH3 Gas phase 298 1.15� 105 [266]

Me2C¼¼CMe2 C6H6 300 1.5� 107 [269]

Me2C¼¼CMe2 Gas phase 298 3.48� 106 [266]

CH2¼¼CH(CH2)5Me C6H6 300 1.5� 106 [269]

C6H5Cl 273 2.7� 106 [270]

C6H6 300 5.8� 106 [269]

C6H6 295 4.2� 107 [271]

C6H6 295 5.3� 107 [271]

C6H6 300 2.6� 106 [269]

PhCH3 PhCH3/C6H6 295 2.3� 105 [272]

PhCH2Me PhCH2Me 408 9.3� 106 [273]

continued
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TABLE 2.20
Rate Constants of Reactions R1O.

1 RH ! R1OH 1 R. (Selected Experimental

Data)—continued

RH Solvent T (K) k (L mol21 s21) Ref.

PhCH2Me C6H5Cl 273 3.6� 105 [270]

PhCH2Me PhCH2Me/C6H6 295 1.05� 106 [272]

PhCHMe2 PhCHMe2/C6H6 295 8.7� 105 [274]

PhCHMe2 C6H6 318 1.2� 106 [267]

PhCHMe2 PhCHMe2 313 9.3� 105 [275]

PhCH2CH¼¼CH2 PhCl 273 4.5� 105 [270]

EtMe2CO. 1 RH

CCl4 273 3.89� 104 [276]

PhMe2CO. 1 RH

Me3CH2CHMe Me3CH2CHMe2 313 1.02� 106 [275]

Me(CH2)10Me Me(CH2)10Me 426 2.75� 107 [277]

C6H6 303 1.22� 106 [278]

CCl4 313 1.04� 106 [279]

PhMe2CH PhMe2CH 313 4.22� 106 [275]

TABLE 2.21
Rate Constants of Decomposition of Alcoxyl Radicals: R1R2RCO.!R1R2C(O) 1 R.

RO. Solvent T (K) E (kJ mol21) log A, A (s21) k (300 K) (s21) Ref.

MeCH2O
.

Gas phase 468–488 73.2 13.40 4.52 [108]

Me3CO
.

Gas phase 393–453 69.0 13.50 30.6 [108]

Me3CO
.

H2O, pH¼ 8.5 298 1.36� 106 [280]

Me3CO
.

Cl2C¼¼CHCl 303–343 72.8 15.5 6.68� 102 [13]

MeEtCHO
.

Gas phase 298 59.8 14.30 7.73� 103 [281]

EtMe2CO
.

Cl2C¼¼CHCl 303–343 38.5 11.80 1.25� 103 [13]

O
•

Gas phase 298 2.90� 106 [281]

O
• Gas phase 298 6.39� 104 [279]

O
• Gas phase 298 1.40� 106 [281]

Me2(CN)CO
.

C6H5Cl 353 1.60� 105 [282]

PhCH2CH2O
.

C6H6 238–300 20.2 10.89 2.36� 107 [283]

PhMe2CO
.

C6H6 303 3.75� 105 [279]

PhMe2CO
.

C6H5Cl 303 5.54� 105 [279]

PhMe2CO
.

Me3COH 303 5.84� 105 [279]

PhMe2CO
.

CH3CN 303 6.33� 105 [279]

PhMe2CO
.

MeCOOH 303 1.96� 106 [279]

PhMe2CO
.

CCl4 296 2.27� 105 [284]

PhMe2CO. CCl4 303 2.63� 105 [279]

PhMe2CO
.

C6H6 234–300 36.0 12.36 1.24� 106 [285]
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propagation in the reaction of alkoxyl radical decomposition. Carbonyl compounds are the

main products of such oxidation, which occurs in the gas phase. Another mechanism of

the hydrocarbon oxidation appears at high temperatures as a result of thermal instability

of the peroxyl radical. The bond R��O2 is weak (see earlier) and at T> 450 K, the alkyl

peroxyl radical promptly decomposes into alkyl radical and dioxygen. The reaction between

the alkyl radical and dioxygen occurs more rapidly with the formation of olefin and hydro-

peroxyl radical. So, olefin appears to be the main product of oxidation. The following four

mechanisms can be formulated for the chain hydrocarbon oxidation [288]:

Mechanism I. Hydrocarbon oxidizes by consecutive reactions R
.þO2 and

RO2
.þRH, with the formation of hydroperoxide as the primary product of oxidation.

Mechanism II. Reaction RO2
.þRH occurs slowly and tertiary peroxyl radicals

react more rapidly with the formation of alkoxyl radicals. Chain propagation includes

the following steps:

RO2
. þRO2

. �! RO
. þRO

. þO2

RO
. þRH �! ROHþR

.

R
. þO2 �! RO2

.

The main product of the hydrocarbon oxidation is alcohol.

Mechanism III. When the temperature is sufficiently high for the prompt decom-

position of the alkoxyl radical, the chain oxidation of the hydrocarbon in the gas phase

includes the following steps:

TABLE 2.22
Enthalpies, Activation Energies and Rate Constants of Hydrogen Atom Intramolecular

Abstraction in Alcoxyl Radicals (Experimental and Calculated)

RO. DH (kJ mol21) E (kJ mol21) k (350 K) (s21) Ref.

(C��H)H2(CH2)2Me2CO
. �15.0 30.1 6.44� 104 [286]

(C��H)H2MeCHCH2Me2CO
. �15.0 29.8 7.14� 104 [286]

Me(C��H)H(CH2)2Me2CO. �24.2 23.4 6.44� 105 [287]

Me2C(O
.
)(CH2)2(C��H)H2 �15.2 29.3 2.5� 105 [287]

Me2C(O
.
)(CH2)2(C��H)HMe �25.2 25.4 6.4� 105 [287]

Me2C(O.)(CH2)2(C��H)Me2 �37.2 21.1 1.4� 106 [287]

Me2C(O
.
)CH2NH(C��H)HMe �58.6 14.0 3.3� 107 [287]

Me2C(O
.
)CH2NMe(C��H)HMe �70.1 10.5 1.1� 108 [287]

Me2C(O
.
)CH2NH(C��H)Me2 �80.2 7.7 1.4� 108 [287]

Me2C(O
.
)CH2NMe(C��H)Me2 �85.3 4.7 4.0� 108 [287]

Me2C(O
.
)(CH2)2(C��H)HOH �39.8 20.1 3.9� 106 [287]

Me2C(O
.
)(CH2)2(C��H)MeOH �45.7 18.1 3.9� 106 [287]

Me2C(O
.
)CH2C(O)(C��H)H2 �27.2 24.7 1.2� 106 [287]

Me2C(O
.
)CH2C(O)(C��H)HMe �39.4 20.3 3.8� 106 [287]

Me2C(O
.
)CH2C(O)(C��H)Me2 �44.5 18.5 3.4� 106 [287]

Me2C(O.)(CH2)2(C��H)(O) �51.6 16.2 7.6� 106 [287]

Me2C(O
.
)(CH2)2(C��H)HPh �68.5 14.0 3.3� 106 [287]

Me2C(O
.
)(CH2)2(C��H)MePh �82.5 9.9 6.6� 106 [287]

Me2C(O
.
)(CH2)2(C��H)HCH¼¼CH2 �87.4 13.4 4.0� 106 [287]

Me2C(O
.
)(CH2)2(C��H)MeCH¼¼CH2 �97.6 10.6 5.2� 106 [287]
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RO2
. þRO2

. �! RO
. þRO

. þO2

RR1R2CO
. �! R1R2C(O)þRO

.

RO
. þRH �! ROHþR

.

R
. þO2 �! RO2

.

The main products of oxidation are ketones and low-molecular weight alcohols.

Mechanism IV. When the peroxyl radical becomes unstable at high temperatures, it

reactswith dioxygen to form an olefin. The latter becomes themain product of oxidation:

RCH2C
.
HR1 þO2 �! HO

.

2 þRCH¼¼CHR1

HO2
. þRCH2CH2R

1 �! H2O2 þRCH2C
.
HR1

H2O2 �! 2HO
.

HO
. þRCH2CH2R

1 �! H2OþRCH2C
.
HR1

The topology of all the four mechanisms in the coordinates log[RH] versus 1/T is shown in

Figure 2.2.

Among the different factors determing the mechanism of oxidation, the BDE of the

weakest C��H bond of the oxidizing hydrocarbon is very important [288].
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3 Initiation of Liquid-Phase
Oxidation

3.1 INITIATORS

3.1.1 MECHANISMS OF DECOMPOSITION OF INITIATORS

Radical initiators are molecules bearing one or several weak bonds with a BDE of about

100–200 kJ mol�1. When the temperature of the reaction is sufficiently high, the initiator

decomposes with homolysis of the weakest bond and produces free radicals, which initiate a

chain or nonchain free radical reaction.

The following bonds have sufficiently low values of BDE [1]:

Compound MeOOMe MeONO MeNO PrN2CH2CH¼¼CH2

Bond O��O O��N C��N C��N

D (kJ mol�1) 157 175 167 141

Different mechanisms of free radical formation as a result of the decomposition of

initiators are known.

3.1.1.1 Unimolecular Decomposition of Initiator with One Bond Splitting

Most initiators decompose with dissociation of the weakest bond, for example [2–4]:

R1O��OR2 �! R1O
. þR2O

.

According to the transition state theory, the rate constant of unimolecular reaction (at high

pressure in the gas phase) is the following [5]:

kd ¼ k1 ¼ e
RT

Lh

� �

eDS#=Re�E=RT (3:1)

When a polyatomic molecule, for example, peroxide ROOR, decomposes into two free

radicals RO
.
, the following changes in the energy distribution are observed [6]:

1. One stretching vibration along the O��O bond disappears

2. One inner rotation of the O��O bond disappears

3. Two C��O��O angles vibrations disappear.
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As a result, the activation entropy of unimolecular decomposition DS#> 0 and the

pre-exponential factor (A¼ eRT(Lh)�1 exp(DS #/R)) is sufficiently higher than eRT(Lh)�1�
1013 s�1. For many unimolecular reactions, DS #� 20–70 J mol�1 K�1[6].

Due to the elongation of the dissociating bond (for example, O��O in peroxide), the volume

of the transition state V # is greater than the volume of reactant V. As a result, the difference in

the volumes DV #¼V #�V is positive. The study of the decomposition of initiators with one

bond dissociation under high pressure gives evidence that DV # is positive [2,7].

3.1.1.2 Concerted Fragmentation of Initiators

Initiators that decompose with the simultaneous dissociation of two or more bonds are

known, for example [2–4]:

RC(O)O��OR1 �! R
. þ CO2 þR1.

Such decay is known as concerted fragmentation. Peroxides have the weak O��O bond and

usually decompose with dissociation of this bond. The rate constants of such decomposition

of ROOR into RO
.
radicals demonstrate a low sensitivity of the BDE of the O��O bond to

the structure of the R fragment [4]. Bartlett and Hiat [8] studied the decay of many peresters

and found that the rate constants of their decomposition covered a range over 105 s�1. The

following mechanism of decomposition was proposed in parallel with a simple dissociation of

one O��O bond [3,4]:

RC(O)OOR1 �! R
. þ CO2 þR1.

This decay of the molecule into fragments was named concerted fragmentation. The energy

needed for the activation of the molecule is concentrated simultaneously on the two cleaving

bonds: R��C(O) and O��O. Among other products, carbon dioxide is formed as a result of

perester fragmentation. The formation of the p-bond of formed carbon dioxide compensates

partially for the energy of dissociation of the C��C and O��O bonds of perester. The decay of

perester to four fragments is known [9]:

Me3COOCMe2C(O)OOCMe3 �! Me3CO
. þMeCOMeþ CO2 þMe3CO

.

The following peculiarities characterize the concerted fragmentation in comparison with the

decay of a molecule with dissociation of one bond [3,4]:

Decay with Dissociation

of One Bond

Concerted

Fragmentation

1. The activation energy is equal to the

dissociation energy of the weakest bond:

(E�D� 140–160kJ mol�1 for peresters).

The activation energy of decay is sufficiently

lower than the BDE of the weakest bond:

(E� 90–125 kJ mol�1 for peresters).

2. The entropy of activation DS #> 0:

DS #� 40–100 J mol�1 K�1 for peroxide

decomposition.

The entropy of activation is low; for perester

decomposition DS #��10 to þ10 J

mol�1 K�1.

3. The dissociation of one bond leads to an

increase in the volume of the molecule;

DV #� 10+3 cm3 mol�1.

Concerted decomposition occurs through the

compact transition state, and DV # is close to zero;

DV #��5 to 10 cm3 mol�1.
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4. The rate constant of decay of symmetric

RN¼¼NR and nonsymmetrical

RN¼¼NR1 molecules are close due to a

low difference in the BDE of the R��N

bonds in these two molecules.

The rate constants of decay of RN¼¼NR

and RN¼¼NR1 azo-compounds are very different due

to their simultaneous dissociation.

The model of interacting oscillators was developed to describe the concerted decompos-

ition of a molecule [10]. The decomposing molecule is treated as a collection of oscillators.

The reaction of concerted decomposition is described as the transition of the system of

oscillators from the thermal vibration with amplitude d to the vibration with critical ampli-

tude d*. If n bonds participate in the concerted decomposition and the activated energy is

equal to En the rate constant of concerted decomposition kn depends on n and En according to

the equation:

kn ¼ A0

n

2n� 1

nRT

pEn

� �(n�1)=2

exp (�En=RT), (3:2)

where A0¼A at n¼ 1. When n¼ 2,

k2 ¼ A0

ffiffiffiffiffiffiffiffiffiffi

2RT

pE2

s

exp (�E2=RT) (3:3)

3.1.1.3 Anchimerically Assisted Decomposition of Peroxides

There are experimental evidences that some ortho-substituents in 1,1-dimethylethylbenzoyl

peresters strongly accelerate the decomposition of peresters. The ortho-substituents in 1,1-

dimethylethylbenzoyl peresters and values illustrating the ratio of rate constants kd(o-substi-

tuted)/kd(H) at 333 K are given below [3,4]:

o-CH¼¼CHPh2 o-SCH3 o-SPh

67 140.000 250.000

We see a very strong influence of the ortho-substituent containing sulfur. The following

mechanism was proposed [3]:

S

O O
CMe3

O

O
S•

O

+ C
CH3H3C

H3C O•

Disulfide was found to be the main product (yield 52.5%) of this perester decomposition.

Accelerating action of ortho-substituents with p- or p-electrons is due to the formation of an

intermediate bond of the O
. � � � S or O

. � � �C¼¼C type in the transition state:
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O
S•

O

Ph

2
SS

C C
O OPh O OPh

This bond formation compensates (partially) the activation energy for dissociation of the

O��O bond in perester. The empirical peculiarities of anchimeric assistance decomposition are

the following [3,4]:

(a) The activation energy of this decomposition is lower than the BDE of the O��O bond,

and the rate constant is much higher than typical kd for compounds of this class.

(b) Solvent changes dramatically the rate constants of this decomposition.

(c) The products of recombination of radical pairs in the cage differ from the parent

compounds.

3.1.2 DECAY OF INITIATORS TO MOLECULAR PRODUCTS

Having a weak O��O bond, peroxides split easily into free radicals. In addition to homolytic

reactions, peroxides can participate in heterolytic reactions also, for example, they can

undergo hydrolysis under the catalytic action of acids. Both homolytic and heterolytic

reactions can occur simultaneously. For example, perbenzoates decompose into free radicals

and simultaneously isomerize to ester [11]. The para-substituent slightly influences the rate

constants of homolytic splitting of perester. The rate constant of heterolytic isomerization, by

contrast, strongly depends on the nature of the para-substituent. Polar solvent accelerates the

heterolytic isomerization. Isomerization reaction was proposed to proceed through the cyclic

transition state [11].

Parallel reactions of homolytic splitting and heterolytic isomerization were observed for

triphenylcumylperoxysilane (anisole, T¼ 433–463 K) [11]:

Ph3SiOOCMe2Ph �! Ph3SiO
. þ PhMe2CO

.
(kd)

Ph3SiOOCMe2Ph �! PhOSiPh2OCMe2Ph (kis)

The rate constants kd and kis were estimated and found to be: log (kd/s
�1)¼ 15.5�167/RT and

log (kis/s
�1)¼ 8.2�104/RT, DSd

#¼ 39.7 J mol�1 K�1 and DSis
#¼�39.7 J mol�1 K�1. It is seen

that Ed>Eis, DSd
#> 0 and DSis

# < 0. Isomerization of this kind was not observed in the case of

aliphatic silane peroxides. Polyarylperoxysilanes take part in isomerization of this type [11]:

Ph2Si(OOCMe3)2 �! Ph(PhO)Si(OOCMe3)(OCMe3)

Alkyl peroxyphosphates also undergo heterolytic isomerization simultaneously with homo-

lytic splitting [12]:

Me3COOP(O)Et2 �! MeOMe2PCOP(O)Et2 (kis)

Me3COOP(O)Et2 �! Me3CO
. þ Et2P(O)O

.
(kd)

The rate constants of these reactions were found to be very close: kd¼ 2.0� 10�5 s�1 and

kis¼ 2.2� 10�5 s�1 (n-nonane, 403 K). The competition between homolytic and heterolytic

reactions influences the effectiveness of initiation. When the heterolytic isomerization of
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initiator occurs, the effectiveness on initiation is e¼ ki(2kdþ 2kis)
�1. It can be increased by

changing the solvent and temperature.

3.1.3 CHAIN DECOMPOSITION OF INITIATORS

Initiators are introduced into the reactant, as a rule, in very small amounts. The initiator

produces free radicals, most of which react with the reactant or solvent or recombine with

other free radicals. Radicals formed from the initiator or reactant react with the initiator very

negligibly. However, systems (initiator–reactant) are known where free radicals induce the

chain decomposition of initiators [4,13–15]. Nozaki and Bartlett [16,17] were the first to

provide evidence for the induced decomposition of benzoyl peroxide in different solvents.

They found that the empirical rate constant of benzoyl peroxide decomposition increases with

an increase in the peroxide concentration in a solution. The dependence of the rate of

peroxide decomposition on its concentration was found to be

n ¼ kd[PhC(O)OOC(O)Ph]þ kind[PhC(O)OOC(O)Ph]3=2 (3:4)

This dependence is the result of general occurrence of the homolytic decay of peroxide with

the rate constant kd and chain decomposition of peroxide due to reactions with the radical

formed from the solvent RH according to the following kinetic scheme:

PhC(O)OOC(O)Ph �! [PhCO2
. þ PhCO2

.
] (ki)

[PhCO2
. þ PhCO2

.
] �! 2PhCO2

.

[PhCO2
. þ PhCO2

.
] �! [PhCO2

. þ Ph
.
]þ CO2

[PhCO2
. þ Ph

.
] �! PhCO2

. þ Ph
.

[PhCO2
. þ Ph

.
] �! PhC(O)OPh

PhCO2
. þRH �! PhCOOHþR

.

Ph
. þRH �! PhHþR

.

R
. þ PhC(O)OOC(O)Ph �! PhC(O)ORþ PhCO2

.
(kp)

R
. þR

. �! RR or RHþR0H (2kt)

Empirical kind¼ k i
1/2kp(2kt)

�1/2 and ki¼ 2ekd. The chain length depends on the ratio kp(2kt)
1/2:

the faster the reaction of the radical R
.
with peroxide, the longer the chain. Intensive chain

decay of the peroxide was observed at a sufficiently high peroxide concentration. For

example, kd¼ 6.36� 10�1 s�5 and kind¼ 3.35� 10�4 L mol–1/2 s�1 for dibenzoyl peroxide

decomposition in cyclohexane at 353 K [16]; and kd[I]¼ kind[I]
3/2 at [PhC(O)OO-

C(O)Ph]¼ 3.6� 10�2 mol L�1.

The very intensive chain decomposition of benzoyl peroxide was found in alcoholic

solutions [16,18,19]. This is the result of the very high reductive activity of ketyl radicals

formed from alcohol. They cause the chain decomposition of peroxide by the following

mechanism:

PhC(O)OOC(O)Ph �! 2e PhCO2
.

(kd)

PhCO2
. þR1R2CHOH �! PhCOOHþR1R2C

.
OH

R1R2C
.
OHþ PhC(O)OOC(O)Ph �! R1R2C(O)þ PhCO2Hþ PhCO2

.
(kp)

2R1R2C
.
OH �! R1R2C(O)þR1R2CHOH (2kt)
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The kinetics of peroxide decomposition are described by Equation (3.4). However, the

values of kind¼ kp ki
1/2(2kt)

�1/2 are sufficiently higher.

3.1.4 PEROXIDES

Dialkyl peroxides decompose with splitting of the weakest O��O bond [3,4]. The pair of

forming alkoxyl radicals recombine or disproportionate in the cage or go out the cage:

ROOR �! [RO
. þRO

.
]

[RO
. þRO

.
] �! ROOR

[RO
. þRO

.
] �! ROHþ carbonyl compound

[RO
. þRO

.
] �! RO

. þRO
.

The rate constants of dialkyl peroxide decomposition (kd and ki, ki¼ 2ekd) are presented in

Table 3.1–Table 3.3.

The homolytic decomposition of diacyl peroxides proceeds via splitting of the weakest

O��O bond. The acyloxy radicals formed are very unstable and a cascade of cage reactions

follows this decomposition [4,42–46]:

CH3C(O)OOC(O)CH3 �! [CH3CO2
. þ CH3CO2

.
]

[CH3CO2
. þ CH3CO2

.
] �! CH3C(O)OOC(O)CH3

[CH3CO2
. þ CH3CO2

.
] �! CH3CO2

. þ CH3CO2
.

[CH3CO2
. þ CH3CO2

.
] �! [CH3

. þ CH3CO2
.
]þ CO2

[C
.
H3 þ CH3CO2

.
] �! C

.
H3 þ CH3CO2

.

[C
.
H3 þ CH3CO2

.
] �! CH3C(O)OCH3

[C
.
H3 þ CH3CO2

.
] �! [C

.
H3 þ C

.
H3]þ CO2

[C
.
H3 þ C

.
H3] �! C

.
H3 þ C

.
H3

[C
.
H3 þ C

.
H3] �! C2H6

The yield of cage reaction products increases with increasing viscosity of the solvent. The

decomposition of diacyl peroxides was the object of intensive study. The values of rate

constants of diacyl peroxides (diacetyl and dibenzoyl) decomposition (kd) and initiation

(ki¼ 2ekd) are collected in Tables 3.4 and Table 3.5. The values of e are collected in the

Handbook of Radical Initiators [4].

Three different mechanisms of perester homolytic decay are known [3,4]: splitting of the

weakest O��O bond with the formation of alkoxyl and acyloxyl radicals, concerted fragmen-

tation with simultaneous splitting of O��O and C��C(O) bonds [3,4], and some ortho-

substituted benzoyl peresters are decomposed by the mechanism of decomposition with

anchimeric assistance [3,4]. The rate constants of perester decomposition and values of

e¼ ki/2kd are collected in the Handbook of Radical Initiators [4]. The yield of cage reaction

products increases with increasing viscosity of the solvent.

3.1.5 AZO-COMPOUNDS

Along with peroxides, azo-compounds are widely used as initiators of liquid-phase oxidation

at mild temperatures [2–4,66,67]:
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RN¼¼NR �! R
. þN2 þR

.

Two mechanisms of azo-compound decomposition were discussed intensively in the

literature: concerted decomposition with simultaneous dissociation of two C��N bonds

RN¼¼NR �! R � � � N¼¼N � � � R �! R
. þN2 þR

.

and nonconcerted decomposition with dissociation of one C��N bond followed by the fast

decomposition of the formed unstable RN¼¼N
.
radical [3,4,66,67]:

TABLE 3.1
Rate Constants of Thermal Decay of Bis(1,1-Dimethylethyl) Peroxide in the Gas Phase

and Various Solvents

Phase, Solvent T (K) E (kJ mol21) log A, A (s21) kd, ki (400 K) (s21) Ref.

kd

Gas phase 374–418 161.9 16.40 1.81� 10�5 [20]

Gas phase 433–551 160.2 16.08 1.45� 10�5 [21]

Gas phase 403–433 156.5 15.60 1.46� 10�5 [22]

Gas phase 363–403 158.2 15.80 1.39� 10�5 [23]

Gas phase 363–623 158.6 15.81 1.26� 10�5 [23]

Gas phase 413–433 163.6 16.50 1.37� 10�5 [24]

Gas phase 500–600 156.5 15.60 1.46� 10�5 [25]

Acetic acid 388–403 137.1 13.54 4.33� 10�5 [26]

Acetonitrile 388–403 133.0 13.00 4.29� 10�5 [26]

Aniline, N,N-dimethyl- 393–408 160.1 16.27 2.31� 10�5 [26]

Benzene 393–408 151.0 15.10 2.41� 10�5 [26]

Benzoic acid, ethyl ester 393–408 151.7 15.19 2.40� 10�5 [26]

Cyclohexane 393–408 174.1 17.98 1.76� 10�5 [26]

Cyclohexene 393–408 159.7 16.11 1.80� 10�5 [26]

Ethanol, 1,1-dimethyl- 393–408 146.3 14.60 3.13� 10�5 [26]

Neopentyl butanoate 408–438 122.0 11.65 5.23� 10�5 [27]

Neopentyl 2,2-dimethylpropanoate 408–438 144.8 14.32 2.58� 10�5 [27]

Neopentyl 3,3-dimethylbutanoate 408–438 141.5 14.05 3.73� 10�5 [27]

Neopentyl 2,2-dimethylbutanoate 408–438 148.2 14.74 2.44� 10�5 [27]

Neopentyl 2-mehylbutanoate 408–438 115.2 10.73 4.86� 10�5 [27]

Neopentyl 2-methylpropanoate 408–438 135.7 13.18 2.88� 10�5 [27]

Nitrobenzene 393–408 152.3 15.41 3.33� 10�5 [26]

Nitroethane 393–408 151.9 15.31 2.98� 10�5 [26]

Propanol, 1,1-dimethyl- 393–408 159.7 16.11 1.80� 10�5 [26]

Tetrahydrofuran 393–408 158.6 16.13 2.63� 10�5 [26]

Triethylamine 393–408 172.6 17.87 2.14� 10�5 [26]

ki 5 2ekd

Benzene 373–398 150.6 15.10 2.72� 10�5 [28]

Ethanol, 1-methyl- 359–411 146.4 14.64 3.33� 10�5 [29]

Styrene 313–371 146.4 14.45 2.15� 10�5 [30]

Styrene 353–373 161.5 16.21 1.32� 10�5 [31]

Styrene 363–373 157.3 15.86 2.08� 10�5 [32]
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RN¼¼NR �! R
. þRN¼¼N

.

RN¼¼N
. �! R

. þN2

The nonconcerted mechanism of decomposition was observed by Szwarc et al. [67]. They

studied the photolytic decomposition of cyclopropyltrifluoromethyl diazene in the gas phase

TABLE 3.2
Rate Constants of the Thermal Decay of Bis(1-Methyl-1-Phenylethyl) Peroxide

in Various Solvents

Solvent T (K) E (kJ mol21) log A, A (s21) kd, ki (400 K) (s21) Ref.

kd

Cumene 383–423 144.3 14.63 6.12� 10�5 [33]

Decane 373–413 143.5 14.57 6.78� 10�5 [26]

Dodecane 401–431 140.2 14.17 7.28� 10�5 [34]

Styrene 368–378 166.9 17.76 9.24� 10�5 [33]

ki 5 2ekd

Benzene 373–398 146.0 14.70 4.31� 10�5 [28]

Chlorobenzene 368–398 133.8 13.18 5.10� 10�5 [35]

Paraffin oil 393–423 135.6 13.51 6.35� 10�5 [36]

Octadiene-1,7 2,6-dimethyl- 393–423 133.9 13.26 5.95� 10�5 [37]

Z-1,4-Polyisoprene 393–423 135.9 13.15 2.53� 10�5 [38]

Mineral oil 393–423 141.8 14.43 8.19� 10�5 [39]

TABLE 3.3
Rate Constants of the Thermal Decay of Dialkyl Peroxides (ki) in the Gas Phase

and Various Solvents

Peroxide Solvent T (K)

E

(kJ mol21)

log A,

A(s21)

ki (400 K)

(s21) Ref.

Diethyl-, EtOOEt Benzene/Styrene* 333–353 142.7 14.16 3.35� 10�5 [40]

Bis(1-methylethyl)-,

Me2CHOOCHMe2

Benzene/Styrene* 333–353 156.0 15.27 7.92� 10�6 [40]

Dibutyl-, BuOOBu Benzene/Styrene* 333–353 143.5 13.98 1.74� 10�5 [41]

Bis(1-methylpropyl)-,

EtMeCHOOCHEtMe

Benzene/Styrene* 333–353 142.3 13.56 9.50� 10�6 [40]

Bis(2,2-dimethylpropyl)-,

Me3CCH2OOCH2CMe3

Styrene 353–373 145.6 15.48 2.93� 10�4 [31]

Bis(1,1-dimethylpropyl)-,

EtMe2COOCCEtMe2

Styrene 353–383 157.8 16.19 3.83� 10�5 [32]

Bis(1-methyl-1-ethylpropyl)-,

Et2MeCOOCEt2Me

Styrene 353–383 159.0 16.55 6.12� 10�5 [32]

*-Benzene/Styrene (1:1 V/V).
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and in 2,3-dimethylbutane solution and found 2-pyrazoline with a yield of 15–20% among the

products. The apparent mechanism is the following:

N
N F

F

F N
N

+ CF3

N
N

N
N

•

•
•

•

It is considered that the decomposition of symmetrical azo-compounds proceeds via the

concerted mechanism, and some unsymmetrical azo-compounds are decomposed by the

concerted and nonconcerted mechanisms simultaneously. Phenyl-substituted azo-compounds

are decomposed by the nonconcerted mechanism [3].

Recently the two-step decomposition of azomethane was proved in the study of the

femtosecond dynamics of this reaction [68]. The intermediate CH3N2
.
radical was detected

and isolated in time. The reaction was found to occur via the occurrence of the first and the

second C��N bond breakages. The lifetime of CH3N2
.
radical is very short, i.e., 70 fsec. The

quantum-chemical calculations of cis- and trans-azomethane dissociation was performed [69].

The linear dependence between the activation energy of decomposition of the azo-

compounds RN2R and the BDE of the R��H bond (D(R��H)) was established [3]. The

rate constants of the decomposition of azo-compounds in the gas phase and hydrocarbon

solvents have close values. The mean value of the rate constant of AIBN decomposition in

hydrocarbon and aromatic solutions was recommended to be kd¼ 1015� exp(�127.5/RT ) s�1

[2]. The values of the activation energies and the rate constants of the decomposition of

azo-compounds in the gas and liquid phases can be found in the Handbook of Radical

Initiators [4].

TABLE 3.4
The Rate Constants of the Thermal Decay of Diacetyl Peroxide in Different Solvents

Solvent T (K) E (kJ mol21) log A, A(s21) k (353 K) (s21) Ref.

kd

Gas phase 363–463 123.4 14.25 9.78� 10�5 [47]

Acetic acid 328–358 126.4 14.51 6.40� 10�5 [48]

Benzene 328–358 135.1 15.93 8.69� 10�5 [48]

Carbon tetrachloride 333–373 139.7 16.43 5.73� 10�5 [49]

Cyclohexane 328–358 131.4 15.27 6.71� 10�5 [48]

Cyclohexene 333–373 133.5 15.59 6.85� 10�5 [50]

1-Hexene 343–373 132.6 15.56 8.69� 10�5 [50]

Isooctane 328–358 134.7 15.82 7.73� 10�5 [48]

2-Methy-1-pentene 343–373 126.8 14.75 9.71� 10�5 [50]

1-Pentene 343–363 133.9 15.71 7.88� 10�5 [50]

Propionic acid 337.9–358.2 122.6 14.1 9.09� 10�5 [48]

Toluene 323–353 138.1 16.31 7.50� 10�5 [51]

Toluene 323–353 129.7 15.05 7.21� 10�5 [52]

ki 5 2ekd

Styrene 343 2.02� 10�5 [53]
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3.2 CAGE EFFECT

The decomposition of an initiator in the liquid phase leads to the formation of two radicals that

exist side by side for a certain time, surrounded by solvent molecules. The solvent molecules

create a ‘‘cage’’ around a pair of formed radicals due to intermolecular forces of the solvent

molecules [3,4,15,70,71]. The cage effect was discovered by Frank and Rabinowitch [72]. The

cage effect is very important for the understanding of the chemistry and the kinetics of initiators

decomposition in various solvents and solid polymers. The rate constant for the interaction of

two radicals is very high. As a result, a few of such radicals react with each other before the pair

of radicals formed from initiator is separated by diffusion. In the 1960s and 1970s, widespread

experimental evidence was obtained concerning the cage effect in liquids.

3.2.1 EXPERIMENTAL EVIDENCES FOR CAGE EFFECT

3.2.1.1 Quantum Yield

Quantum yield (F) of molecular photodissociation in the gas phase is equal to unity according

to the Einstein law. Frank and Rabinowitch [72] predicted the reduction of the quantum yield

in a solution due to the cage effect. The quantum yield F <1 was observed in the photo-

dissociation of I2, Br2, RN2R:

TABLE 3.5
The Rate Constants of the Thermal Decay of Dibenzoyl Peroxide in Different Solvents

Solvent T (K) E (kJ mol21) log A, A(s21) kd, ki (353 K)(s21) Ref.

kd

Acetic anhydride 333–353 128.5 14.90 7.69� 10�5 [15]

Benzene 353–363 128.5 14.04 1.06� 10�5 [54]

Benzene 333–353 123.8 13.64 2.10� 10�5 [55]

tert-Butylbenzene 353–363 127.2 14.48 4.55� 10�5 [54]

Cumene 318–353 120.5 13.08 1.78� 10�5 [56]

Cyclohexane 353–363 118.0 13.48 1.05� 10�4 [54]

Dioxane 333–353 125.5 14.18 4.07� 10�5 [57]

Ethylbenzene 346.5–358 130.3 14.90 4.16� 10�5 [58]

Methylcyclohexane 353–363 128.5 14.79 5.97� 10�5 [54]

Phenyl acetate 343–367.5 126.4 14.33 4.23� 10�5 [59]

Styrene 343–363 137.0 15.99 5.22� 10�5 [60]

Styrene 346–358 129.7 14.76 3.70� 10�5 [58]

Vinyl acetate 318–353 118.4 13.42 7.94� 10�5 [17]

ki 5 2ekd

Acetone 373–393 130.1 15.31 1.15� 10�4 [61]

Benzene 324–349 123.8 13.48 1.45� 10�5 [62]

Carbon tetrachloride 332–350 136.8 15.68 2.74� 10�5 [63]

Chlorobenzene 378–388 110.2 12.12 6.51� 10�5 [64]

Methyl acetate 322–327 123.8 13.82 3.17� 10�5 [62]

Nitrobenzene 322–343 123.8 13.66 2.19� 10�5 [62]

Styrene 333–353 128.0 14.26 2.09� 10�5 [65]

Styrene 313–343 140.6 16.30 3.13� 10�5 [53]

Toluene 322–343 123.8 13.86 3.48� 10�5 [62]
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Molecule Solvent l(nm) T (K) F Ref.

I2 CCl4 440 298 0.14 [73]

Br2 CCl4 440 298 0.22 [74]

N=N
CCl4 298 0.24 [75]

3.2.1.2 Products of Radical Pair Combination

Free radicals formed from an initiator in the gas phase take part in other reactions and

recombine with a very low probability (0.1–2%). The decomposition of the initiator in the

liquid phase leads to the formation of radical pairs, and the probability of recombination of

formed radicals in the liquid phase is high. For example, the photolysis of azomethane in the

gas phase in the presence of propane (RH) gives the ratio [C2H6]/[N2]¼ 0.015 [76]. This ratio

is low due to the fast reactions of the formed methyl radicals with propane:

CH3N¼¼NCH3 þ hn �! C
.
H3 þN2 þ C

.
H3

C
.
H3 þMe2CH2 �! CH4 þMe2C

.
H[R

.
]

R
. þR

. �! R��R and RHþ CH3CH¼¼CH2

In the liquid phase, this ratio was 0.65 due to the recombination of the methyl radical pair in

the cage:

CH3N¼¼NCH3 þ hn �! [C
.
H3 þ C

.
H3]þN2

[C
.
H3 þ C

.
H3] �! C2H6

[C
.
H3 þ C

.
H3] �! 2C

.
H3

When molecules of a solvent are stable toward free radicals formed from the initiator, a

scavenger of radicals is added to consume all the free radicals that escape from recombination

in the cage. The yield of the product of primary radicals formed illustrates the probability of

cage radical pair recombination. For example, the thermolysis of azobisisobutyronitrile in

CCl4 gives tetramethylsuccinonitrile in 80% yield; this yield falls to a value of 19% in the

presence of butanethiol as a free radical acceptor [77]. The value of 19% characterizes the

recombination of radicals in the cage. Formed from the initiator, free radicals start chain

oxidation in the presence of dioxygen:

RN¼¼NR �! [R
. þR

.
]þN2

[R
. þR

.
] �! R��R

[R
. þR

.
] �! 2R

.

R
. þO2 �! RO2

.

3.2.1.3 Oxygen-18 Scrambling and Racemization

The back recombination of the pair of acetoxyl radicals with the formation of parent

diacetyl peroxide was observed in special experiments on the decomposition of acetyl perox-

ide labelled by the 18O isotope on the carbonyl group [78,79]. The reaction of acetyl peroxide

with NaOCH3 produces methyl acetate and all 18O isotopes are contained in the carbonyl
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group. The transition of 18O atoms from the carbonyl to peroxide group of acetyl peroxide

was detected by hydrolysis of peroxide to hydrogen peroxide and conversion of the resulting

hydrogen peroxide to dioxygen by permanganate oxidation. The amount of 18O in the formed

O2 was analyzed by mass spectometry. It was found that the scrambling of 18O occurs during

the decomposition of peroxide. After some time of decomposition, the residue of peroxide

was found to contain peroxide with the 18O isotope in the carbonyl as well as peroxide groups.

This scrambling of 18O isotopes proves the cage recombination of acetoxyl radicals:

CH3C(18O)OOC(18O)CH3 �! [CH3C
18OO

. þ CH3C
18OO

.
]

[CH3C
18OO

. þ CH3C
18OO

.
] �! CH3C(O)18O18OC(O)CH3 (ksc)

[CH3C
18OO

. þ CH3C
18OO

.
] �! C

.
H3 þ CO2 þ CH3C

18OO
.

The amount of 18O in the carbonyl group of peroxide was found to decrease with time of

decomposition, and amount of 18O in the peroxide group was found to increase (isooctane,

353 K, [MeCOOOCOMe]0¼ 0.05 mol L�1 [79]):

t (s) 0 870 17400

18O2/
16O2 0.00428 0.01451 0.02228

C(18O)/C(16O) 1.000 0.712 0.499

The rate constant of scrambling ksc was found to increase with increasing viscosity of the

solvent [79]:

Solvent Isooctane Dodecane Octadecane Mineral Oil

ksc (s�1) 4.00� 105 4.68� 105 5.25� 105 6.37� 105

The higher the viscosity of the solvent, the longer the period of time of radical pair existence

in the cage and the higher the observed value of scrambling rate constant [3,80–82]. The same

phenomenon was observed during the photolysis of benzoyl peroxide and 1,1-dimethylethyl

perbenzoate [3].

3.2.1.4 Crossover Experiments

When a mixture of perdeuterio and protioazomethane in a ratio of 1:1 was photolyzed in the

gas phase, the isolated ethane was found to be a statistical mixture of three possible dimers:

C2H6, C2H3D3, and C2D6 in the ratio 1:2:1 [83,84]. This is the result of the reactions

CH3N¼¼NCH3 þ hn �! 2C
.
H3 þN2

CD3N¼¼NCD3 þ hn �! 2C
.
D3 þN2

C
.
H3 þ C

.
H3 �! C2H6

C
.
H3 þ C

.
D3 �! CH3CD3

C
.
D3 þ C

.
D3 �! C2D6
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In an isooctane solution, 75% of C2H6 and C2D6 were formed, which was due to the

recombination of the pairs C
.
H3 and C

.
D3 in the cage [83]:

CH3N¼¼NCH3 þ hn �! [C
.
H3 þ C

.
H3]þN2

[C
.
H3 þ C

.
H3] �! C2H6

CD3N¼¼NCD3 þ hn �! [C
.
D3 þ C

.
D3]þN2

[C
.
D3 þ C

.
D3] �! C2D6

This difference in the yields of the symmetrical dimers in the liquid [75%] and the gas (25%)

phases (75�50¼ 25%) is because of the geminate recombination in the cage of the liquid.

Similar results were reported for ethane and methyl acetate isolated by thermolysis of a

mixture of protio- and perdeuterioacetyl peroxide [85,86].

3.2.1.5 Racemization

The existence of cage effect was proved in the experiments on photolysis of the optically active

azo-compounds. The photodecomposition of these compounds is accompanied by racemiza-

tion [3]. For example, the partial (40%) photolysis of optically active 2-phenylazo-(2-phenyl)-

butane in a hexadecane solution provides racemization to 26% [87]. The fraction of geminate

recombination was found to be 52% (hexadecane, room temperature):

PhMeEtC�N¼¼NPhþ hn �! [PhMeEtC
. þ .

NNPh]! Products

[PhMeEtC
. þ .

NNPh] �! PhMeEtCN¼¼NPh

Trans-isomer was found to be transformed virtually into the Z-isomer due to geminate

recombination:

E-PhMeEtCN¼¼NPhþ hn �! [PhMeEtC
. þ .

NNPh] �! Products

[PhMeEtC
. þ .

NNPh] �! Z-PhMeEtCN¼¼NPh

The problem of retention of asymmetry of the formed free radical in the fast geminate

recombination of radicals was studied by photolysis of the optically active azo-compound

PhMeCH��N¼¼NCH2Ph [88,89]. The radical pair of two alkyl radicals was initiated by the

photolysis of the azo-compound in benzene in the presence of 2-nitroso-2-methylpropane as a

free radical acceptor. The yield of the radical pair combination product was found to be 28%.

This product PhMeEtCCH2Ph was found to be composed of 31% S,S-(�)(double retention),

48% meso (one inversion), and 21% R,R(þ) double inversion. These results were interpreted

in terms of the competition between recombination (kc), diffusion (kD), and rotation (krot) of

one of the optically active radicals with respect to another. The analysis of these data gave:

krot/kc¼ 15, kD/kc¼ 2.5 [89]:

(�)DD�AZO�! [D
. þD

.
] �! D�D(�)

[D
. þD

.
] [L

. þD
.
] �! L�D(meso)

[L
. þD

.
] [L

. þ L
.
] �! L�L(þ )

The study of the decomposition of optically active 1-methyl-2,2-diphenylcyclopropanoyl

peroxide proved the retention (37%) of the product of the geminate radical pair recombin-

ation [90]. The radical center in the formed cyclopropyl radical is so strained that the

racemization rate is unusually slow.
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3.2.1.6 Influence of Viscosity

When an initiator splits into a pair of radicals, this pair can recombine with the formation of

the parent molecule, for example:

RC(O)OOCMe3 [RCO2
. þMe3CO

.
] �! R

. þ CO2 þMe3CO
.

The higher the viscosity of the solvent, the higher the amount of the parent molecules formed

due to the geminate recombination of radicals. The observed rate constant of decomposition of

the initiator decreases with an increase in viscosity [3,90]. This was observed in the decompos-

ition of peresters and diacetyl peroxide in various solutions. Subsequently, the fraction fr of the

radical pairs recombining to the parent molecule increases with an increase in the viscosity:

Diacetyl Peroxide, 353 K [80]

Solvent Isooctane Dodecane Octadecane

fr (%) 28 39 49

1,1-Dimethylethyl Peracetate, 403 K [82]

Solvent Hexane Nonane Paraffin

fr (%) 6 12 42

The introduction of a free radical acceptor (scavenger) helps to measure the probability (e)

of radical pairs to escape from geminate combination and diffuse out of the cage. The value of

e for the fixed initiator or photoinitiator depends on the viscosity h of the solvent. The

following empirical dependence for the photodecomposition of initiators was found

[91,92]:

Photoinitiator Equation Equation

CH3N¼¼NCH3 (1�e)�1¼ 1.1þ 6.5� 10�6 T1/2 h�1 (3.5)

CF3N¼¼NCF3 (1�e)�1¼ 1.1þ 4.0� 10�5 T1/2h�1 (3.6)

PhMe2CC(O)OOCMe3 (1�e)�1¼ 1.24þ 5.75� 10�5 T1/2h�1 (3.7)

There are initiators that split into two radicals only and initiators that dissociate with the

formation of two radicals and one or two molecules. The formation of molecules simultan-

eously with radicals influences the efficiency of initiation (T¼ 318 K [93,94]).

Radical Pair Solvent e/(12e)

Me3CO
.
, Me3CO

.
Isooctane 7.32

Me3CO
.
, N2, Me3CO

.
Isooctane 9.01

Me3CO
.
, CO2, CO2, Me3CO

.
Isooctane 10.8

Me3CO
.
, Me3CO

.
White oil 0.32

Me3CO
.
, N2, Me3CO

.
White oil 0.47

Me3CO
.
, CO2, CO2, Me3CO

.
White oil 0.85

© 2005 by Taylor & Francis Group.



3.2.1.7 Influence of Pressure

The influence of pressure on the cage effect was studied by Neuman and colleagues [95–98].

They measured the influence of pressure on the cage effect for competition between recom-

bination and diffusion for the 1,1-dimethylethoxy radical pairs generated from bis(1,1-

dimethylethyl)hyponitrite. The empirical activation volume difference (DV d
#�DV c

#) for the

competition of initiator decomposition and radical pair recombination was found to depend

on pressure [99,100]. A fairly good correlation between the yield of the recombination

product and the fluidity of the solvent (octane) at various pressures was obtained.

3.2.1.8 Spin Multiplicity Effects

Thermal and direct photolytic decomposition of the initiator produce a radical pair in the

singlet state when back geminate recombination occurs rapidly. The radical pair is formed in

the triplet state when a triplet sensitizer is used. Before geminate recombination, this radical

pair should reach the singlet state [101,102]. This is the reason why the fraction of geminate

recombination of the triplet pair is less than that of the singlet pair. For example, direct

photolysis of N-(1-cyanocyclohexyl)-pentamethyleneketenimine gives 24% of succinonitryl in

CCl4, whereas triplet-sensitized photolysis gives only 8% [3]. The photolysis of phenyl

benzoate in benzene gives 8% phenyl benzoate due to geminate recombination, and triplet-

sensitized photolysis gives only 3% of phenyl benzoate. 18O randomization is also less

important in the triplet-sensitized decomposition of diacyl peroxides.

The chemically induced dynamic nuclear polarization (DNP) opened perspective to study

products formed from free radicals [102]. The basis of this study is the difference in NMR

spectra of normal molecules and those formed from free radicals and radical pairs. The

molecules formed from radicals have an abnormal NMR spectrum with lines of emission and

abnormal absorption [102]. DNP spectra help to obtain the following mechanistic information:

1. The proof of radical ancestry for particular products

2. The identity and characteristics of radical precursors

3. The identity of pairs in which polarization occurs

4. Some information on radical pair separation

5. The direct observation of unstable diamagnetic reaction intermediates.

3.2.2 MECHANISTIC SCHEMES OF THE CAGE EFFECT

The cage effect can be interpreted within the scope of a simple kinetic scheme [15]. For

example, azo-compound decomposes according to the kinetic scheme given below:

RN¼¼NR �! [R
. þN2 þR

.
] (kd)

[R
. þN2 þR

.
] �! RRþN2 (kC)

[R
. þN2 þR

.
] �! R

. þN2 þR
.

(kD)

The probability of the radical pair to escape from geminate recombination (e) depends on

the rate constants according to the following equation:

e�1 ¼ 1þ kc

kD

¼ 1þ 6pLrRkch

106RT
¼ 1þ const:� h (3:8)

where rR is the radius of the diffusing R
.
radical.
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The model of cage effect in the photodissociation of the initiator was analyzed by Noyes

[103]. Free radicals were assumed to be spherical particles, which move in a viscous con-

tinuum. The separation r0 is the distance achieved during the initiating event. This separation

is calculated by assuming that the initial kinetic energy has a magnitude greater than the

average thermal energy. The second encounter of formed radicals is taken into account. The

reciprocal of the total probability of geminate recombination has the following form:

1

1� e
¼ r0

2rR

1þ aAE þ AT

ah
þ ATAE

ah2

� �

, (3:9)

where AE¼mR
1/2(hn�EI)

1/2/6prR
2 , AT¼ (1.5 mRkT )1/2/6prR

2 , a is the probability of the reaction

between two R
.
per collision, mR is the weight of radical R

.
, EI is the dissociation energy of

the initiator, r0 is the initial displacement of the formed radicals (depends on the formation

of the third particle due to initiator decomposition).

When free radicals formed from the initiator are unstable, they decompose in the cage, for

example:

RC(O)OOCMe3 �! [RCO2
. þMe3CO

.
] (kd)

[RCO2
. þMe3CO

.
] �! [R

. þ CO2 þMe3CO
.
] (kb)

[R
. þ CO2 þMe3CO

.
] �! ROCMe3 þ CO2 (kc)

[R
. þ CO2 þMe3CO

.
] �! R

. þ CO2 þMe3CO
.

(kD)

The yield ( y) of the product of geminate pair recombination (ROCMe3) as a function of the

subsequent rate constants [104,105] is given by

1

y
� 1 ¼ kD

kc

þ kb

kc

(3:10)

If one takes into account the time dependence of kD in the form (r2¼ 2Dt)

kD ¼
r

2rR � r0

� 1

t
¼

ffiffiffiffiffiffiffi

2D
p

2rR � r0

� 1
ffiffi

t
p (3:11)

where rR is the radius of the formed radical R
.
, r0 is the distance between two radicals at t¼ 0,

D is the diffusion coefficient of the radical. If D ~ h�1, we obtain the equation:

1

y
� 1 ¼ const

ffiffiffi

h
p þ kb

kc

(3:12)

This equation helps to distinguish between the concerted and the nonconcerted decompos-

ition of the initiator (for concerted decomposition, kb¼ 0).

The cage effect was also analyzed for the model of diffusion of two particles (radical pair)

in viscous continuum using the diffusion equation [106]. Due to initiator decomposition, two

radicals R
.
formed are separated by the distance r0 at t¼ 0. The acceptor of free radicals Q is

introduced into the solvent; it reacts with radicals with the rate constant ka. Two radicals

recombine with the rate constant kc when they come into contact at a distance 2rR, where rR is

the radius of the radical R
.
. Solvent is treated as continuum with viscosity h. The distribution

of radical pairs (n) as a function of the distance x between them obeys the equation of

diffusion:
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D

x

d2(nx)

dx2
� 2kan[Q] ¼ 0 (3:13)

The solution of this equation at 4kQ[Q]rR/D � 1 has the following simple form:

e ¼ 1� 2rR

r0

(1þ 8prRD=kc)
�1, (3:14)

Substituting the diffusion coefficient D into its expression in the Stokes–Einstein equation, we

have the equation:

1

1� e
¼ r0

2rR

1þ 4� 106RT

3Lkch

� �

(3:15)

3.3 INITIATION OF OXIDATION BY CHEMICALLY ACTIVE GASES

The initiation of hydrocarbon liquid-phase oxidation by chemically active gases was proposed

by Emanuel [107,108]. This method consists in passing a small quantity of gas initiator into

oxidized hydrocarbon dioxygen or air. The introduced gas reacts with hydrocarbon and its

intermediates with the generation of free radicals. Then the free radicals initiate the chain

reaction of oxidation. Some time after the beginning of the chain oxidation, the supply of

initiating gas is stopped and formed hydroperoxide initiates oxidation. (see Chapter 4). The

following gases were studied as initiators [109]: ozone, nitrogen dioxide, halogens, and

hydrogen bromide.

3.3.1 OZONE

The initiating action of ozone on hydrocarbon oxidation was demonstrated in the case of

oxidation of paraffin wax [110] and isodecane [111]. The results of these experiments were

described in a monograph [109]. The detailed kinetic study of cyclohexane and cumene

oxidation by a mixture of dioxygen and ozone was performed by Komissarov [112]. Ozone

is known to be a very active oxidizing agent [113–116]. Ozone reacts with C��H bonds of

hydrocarbons and other organic compounds with free radical formation, which was proved

by different experimental methods.

1. Ozone initiates the chain oxidation of hydrocarbons in the gas [117] and the liquid

phases [118].

2. Peroxyl radicals were identified as products of hydrocarbon and polymer oxidation by

an O3–O2 mixture and were proved by EPR spectroscopy [118,119].

3. Ozone induces CL in the oxidized hydrocarbons (RH) by disproportionation of the

formed peroxyl radicals [113,120,121]. This reaction produces a carbonyl compound in

the triplet state, which is the source of luminescence.

4. Oxidation of hydrocarbons in a tetrachloride solution produces alkyl chloride [122–125]:

R
. þ CCl4 �! RClþ C

.
Cl3

Hydrochloric acid is formed in the oxidation of alcohols by ozone in carbon tetrachloride as

solvent [126]:
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R1R2C
.
OHþ CCl4 ! R1R2C¼¼OþHClþ C

.
Cl3

The kinetic isotope effect proves the attack of ozone on the C��H bond and consequently

the C��D bond of the oxidized compound. The values of the kinetic isotope effect (kH/kD) are

collected in Table 3.6.

The initiation of free radical reactions by ozone in the gas phase at elevated temperatures

occurs due to ozone monomolecular decomposition [131,132]:

MþO3 �! O2 þOþM

accompanied by the reaction

OþRH �! R
. þHO

.

The enthalpy of ozone decomposition DH¼DO2��O¼ 107 kJ mol�1. The most probable

reaction of initiation by ozone in solution is the abstraction reaction [133]:

RHþO3 �! [R
. þHO3

.
]

[R
. þHO3

.
] �! R

. þHO3
.

[R
. þHO3

.
] �! ROOOH

accompanied by the fast decomposition of the unstable hydrotrioxide and the hydrotrioxyl

radical:

TABLE 3.6
Kinetic Isotope Effect in Oxidation of Aliphatic Compounds by Ozone

Gas RD Solvent T (K) kH/kD Ref.

O3–O2 C6D12 Carbon tetrachloride 295 4.5 [122]

O3–O2 C6D12 Carbon tetrachloride 300 5.4 [127]

O3–O2 PhCD2OCMe3 Freon-11 273 4.1 [128]

O3–O2 PhCD2OCMe3 Freon-11 351 6.3 [128]

O3–N2 PhCD2OCMe3 Freon-11 273 3.8 [128]

O3–N2 PhCD2OCMe3 Freon-11 195 6.7 [128]

O3–O2 PhCD2OCMe3 Freon-11/Pyridine 195 4.2 [128]

O3–N2 PhCD2OCMe3 Freon-11/Pyridine 195 3.7 [128]

O3–N2 PhCD2OCMe3 Dichloromethane/Acetone 195 3.2 [128]

O3–O2 PhCD2OCMe3 Acetone 273 4.5 [128]

O3–He PhCD2OCMe3 Acetone 273 2.4 [128]

O3–O2 PhCD2OCMe3 Pyridine 273 2.6 [128]

O3–N2 C6H5COD Butanone-2 273 1.4 [129]

O3–N2 C6H5COD Carbon tetrachloride 273 2.2 [129]

O3–N2 C6H5COD Pyridine 273 2.0 [129]

O3–O2 CH3CD2OH Chloroform 293 5.9 [130]

O3–O2 CD3CH2OH Carbon tetrachloride 293 1.2 [130]

O3–O2 CH3CH2OD Carbon tetrachloride 293 0.9 [130]

O3–O2 CD3CD2OD Carbon tetrachloride 293 7.1 [130]

O3–O2 CH3CH2OD D2O 293 1.2 [130]

O3–O2 CD3CD2OD D2O 293 6.3 [130]
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HO3
. �! HO

. þO2

ROOOH �! RO2
. þHO

.

The rate constant of HO3
.
decay is k� 1010 s�1 (300 K, quantum-chemical calculation [134]):

RHþO3 [R
. þHO3

.
]

[R
. þHO3

.
] �! R

. þHO3
.

[R
. þHO3

.
] �! ROOOH

HO3
. �! HO

. þO2

HO
. þRH �! H2OþR

.

ROOOH �! RO2
. þHO

.

The study of the detailed mechanism of free radical initiation (rate constant ki) and ozone

decay (rate constant kd) by the reaction with cyclohexane, cumene, and aldehydes gave the

following results (T¼ 298 K):

RH cyclo-C6H12 Me2PhCH Me2PhCOOH PhCHO MeCHO

ki (L mol�1 s�1) 1.1� 10�3 1.6� 10�2 0.15 2.0 1.6

kd (L mol�1 s�1) 1.8� 10�3 0.32 0.11 2.0 2.7

e 0.30 2.5� 10�2 0.68 0.50 0.30

Ref. [112] [135] [136] [137] [137]

The very low yield of radicals by the reaction of ozone with cumene was found to be the result

of the intensive ozone reaction with the benzene ring of cumene with molozonide formation.

The values of the parameter e in other reactions are typical of the cage effect of radical pairs in

solutions. The rate constants of ozone reactions with various compounds are presented in

Table 3.7 and Table 3.8.

Ozone, as a very strong oxidizing agent, reacts very rapidly with free radicals. The

reactions of ozone with atoms and small radicals (HO
.
, N

.
O2, HO2

.
) were the object of

intensive study due to their important role in the chemistry of stratosphere [145].

Due to high activity in reactions with free radicals, ozone undergoes the chain decompos-

ition in solutions also. The chain reaction of ozone decomposition was evidenced in

1973 in the kinetic study of cyclohexane and butanone-2 oxidation by a mixture of O2

and O3 [146–151]. It was observed that the rate of ozone consumption obeys the equation

[112]:

vO3
¼ k1[RH] [O3]þ k2[RH] [O3]

2[O2]
�1: (3:16)

The first term characterizes the rate of the ozone reaction with the substrate and the second

term characterizes the reaction with chain propagation

R
. þO3 �! RO

. þO2

and with chain termination in the reactions

Denisov / Oxidation and Antioxidants in Organic Chemistry and Biology DK1162_c003 Final Proof page 103 2.2.2005 5:06pm

© 2005 by Taylor & Francis Group.



TABLE 3.7
Rate Constants of Ozone Reaction with Organic Compounds (Experimental Data)

RH Solvent T (K)

E

(kJ mol21)

log A, A

(L mol21 s21)

k

(L mol21 s21) Ref.

Me3CH Carbon tetrachloride 298 8.7� 10�2 [138]

Me(CH2)3Me Carbon tetrachloride 293 1.5� 10�2 [139]

Me(CH2)3Me Carbon tetrachloride 298 6.5� 10�3 [138]

Me3CCH3 Carbon tetrachloride 298 3.8� 10�5 [138]

Me(CH2)4Me Carbon tetrachloride 293 51.3 7.42 1.9� 10�2 [139]

Me2CHCHMe2 Carbon tetrachloride 298 0.20 [138]

Et2CHMe Carbon tetrachloride 298 0.10 [138]

Et2CHMe Carbon tetrachloride 293 0.15 [138]

Me(CH2)5Me Carbon tetrachloride 293 52.0 7.67 2.1� 10�2 [139]

Me2CHCHMeEt Carbon tetrachloride 293 0.29 [139]

Me2CHCH2CHMe2 Carbon tetrachloride 293 8.0� 10�2 [139]

Me2CH(CH2)3Me Carbon tetrachloride 293 0.13 [139]

EtMeCH(CH2)2Me Carbon tetrachloride 293 0.20 [139]

Me(CH2)6Me Carbon tetrachloride 298 1.4� 10�2 [138]

Me(CH2)6Me Carbon tetrachloride 293 52.0 7.63 2.3� 10�2 [139]

Me(CH2)6Me Carbon tetrachloride 298 1.4� 10�2 [138]

Me3CCHMeEt Carbon tetrachloride 293 0.59 [139]

Me3C(CH2)3Me Carbon tetrachloride 293 1.5� 10�2 [139]

Me3CCMe3 Octane 293 2.0� 10�4 [139]

Me(CH2)7Me Carbon tetrachloride 293 2.6� 10�2 [139]

Me3CCH2CHMeEt Carbon tetrachloride 293 0.13 [139]

MeEtCH(CH2)5Me Carbon tetrachloride 293 0.20 [139]

Me3C(CH2)2CHMe2 Carbon tetrachloride 293 0.19 [139]

Me(CH2)8Me Carbon tetrachloride 293 50.7 7.51 2.91� 10�2 [139]

Me(CH2)8Me Carbon tetrachloride 293 56.5 8.60 3.33� 10�2 [140]

Me(CH2)12Me Carbon tetrachloride 293 3.61� 10�2 [139]

Me(CH2)16Me Carbon tetrachloride 293 4.62� 10�2 [139]

H

H
Carbon tetrachloride 293 2.61� 10�2 [138]

H

H
Carbon tetrachloride 293 51.2 7.52 2.50� 10�2 [140]

H

H
Carbon tetrachloride 298 1.05� 10�2 [138]

H

H
Carbon tetrachloride 298 56.9 7.83 4.81� 10�3 [126]

H

H
Carbon tetrachloride 293 54.9 8.03 1.72� 10�2 [140]

H

H
Carbon tetrachloride 293 57.7 8.30 1.04� 10�2 [127]

H H

Carbon tetrachloride 293 45.4 7.45 0.23 [127]
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TABLE 3.7
Rate Constants of Ozone Reaction with Organic Compounds (Experimental

Data)—continued

RH Solvent T (K)

E

(kJ mol21)

log A, A

(L mol21 s21)

k

(L mol21 s21) Ref.

H

H Carbon tetrachloride 293 43.0 7.34 0.48 [127]

H

H Carbon tetrachloride 293 54.7 9.36 0.41 [127]

H

H Carbon tetrachloride 293 59.0 9.32 6.22� 10�2 [139]

H
Carbon tetrachloride 293 5.01� 10�2 [139]

H
Carbon tetrachloride 293 56.6 8.25 1.42� 10�2 [139]

H
Carbon tetrachloride 293 1.41� 10�2 [139]

H

Carbon tetrachloride 293 0.22 [139]

PhCH2Me Carbon tetrachloride 293 33.4 5.78 0.67 [140]

PhCHMe2 Carbon tetrachloride 293 35.0 6.02 0.60 [140]

Ph2CH2 Carbon tetrachloride 293 39.2 6.60 0.41 [140]

MeCH2OH Carbon tetrachloride 298 40.2 6.72 0.35 [141]

Me2CHOH Carbon tetrachloride 298 41.2 7.30 0.89 [141]

MeCH(OH)CH2Me Carbon tetrachloride 298 38.8 7.12 1.61 [141]

PrCH2OH Carbon tetrachloride 298 0.39 [141]

PrCH2OH Carbon tetrachloride 298 42.4 7.30 0.54 [141]

PhMe2COH Carbon tetrachloride 298 27.6 4.82 0.78 [135]

Me3COH Carbon tetrachloride 298 5.0� 10�2 [138]

Me3COH Carbon tetrachloride 298 37.1 4.63 1.02� 10�2 [141]

OH

H
Carbon tetrachloride 298 1.35 [138]

H

OH
Carbon tetrachloride 298 34.5 6.62 2.92 [126]

continued
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R
. þO2 �! RO2

.

RO2
. þRO2

. �! ROHþO2 þ ketone

Chain decomposition of ozone was also observed in the oxidation of cumene by an O3–O2

mixture [151]. The rate of ozone consumption was found to be

vO3
¼ k1[RH] [O3]þ k2[RH]1=2[O3]

3=2 (3:17)

with k1¼ 1.0 L mol�1 s�1, k2¼ 18.0 L mol�1 s�1 (cumene, 395 K [151]).

TABLE 3.7
Rate Constants of Ozone Reaction with Organic Compounds (Experimental

Data)—continued

RH Solvent T (K)

E

(kJ mol21)

log A, A

(L mol21 s21)

k

(L mol21 s21) Ref.

MeC(O)CH2Me Carbon tetrachloride 293 69.8 9.56 1.30� 10�3 [142]

MeC(O)CH2Me Water 313 8.5� 10�3 [143]

O

H H

Carbon tetrachloride 295 5.9� 10�3 [126]

PhCHO Carbon tetrachloride 282 38.2 7.42 2.21 [137]

PhCHO Carbon tetrachloride 300 5.92 [137]

MeCHO Carbon tetrachloride 300 4.30 [137]

O

O H

H
Carbon tetrachloride 298 10.1 [144]

O

O H

H
Carbon tetrachloride 298 0.90 [144]

O

O H

H
Carbon tetrachloride 298 32.1 6.30 4.70 [144]

O

O Me

H
Carbon tetrachloride 298 31.7 6.92 23.0 [144]

O

O Me

H
Carbon tetrachloride 298 30.1 6.03 5.7 [144]

O

O Me

H
Carbon tetrachloride 298 11.5 [144]

O

O

H

Carbon tetrachloride 298 56.3 [144]

H

Carbon tetrachloride 298 19.5 [144]
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TABLE 3.8
Rate Constants and Activation Energies of Reaction RH 1 O3 ! R.

1 HO3
. in the

Hydrocarbon Solution Calculated by the IPM Method (see Chapter 4, [133])

RH

D

(kJ mol21) n

DHe

(kJ mol21)

E

(kJ mol21)

log A, A

(L mol21 s21)

k (300 K)

(L mol21 s21)

EtMeCH��H 413.0 4 66.2 74.9 9.60 3.62� 10�4

Me3C��H 400.0 1 53.2 67.2 9.00 1.99� 10�3

H

H
418.5 8 71.7 78.3 9.90 1.85� 10�4

H

H
408.4 10 61.6 72.1 10.00 2.80� 10�3

H H

403.9 14 57.1 69.5 10.15 1.12� 10�2

H
395.5 1 48.7 64.7 9.00 5.43� 10�3

Z-Decalin 387.6 2 40.8 60.3 9.30 6.32� 10�2

CH2¼¼CHCH2��H 368.0 3 21.2 63.9 8.48 2.26� 10�3

CH2¼¼CHMeCH��H 349.8 2 3.0 55.4 8.30 4.51� 10�2

CH2¼¼CHMe2C��H 339.6 1 �7.2 50.8 8.00 0.14

Z-MeCH¼¼CHMeCH��H 344.0 2 �2.8 52.8 9.30 1.28

Me2C¼¼CHMeCH��H 332.0 2 �14.8 47.6 8.30 1.03

Me2C¼¼CMeMe2C��H 322.8 1 �24.0 43.7 8.00 2.46

(CH2¼¼CH)2C��HMe 307.2 1 �39.6 37.6 8.00 28.4

H

H
341.5 4 �5.3 51.7 9.60 3.97

H

H
330.9 4 �15.9 47.1 9.60 25.1

H

H
312.6 4 �34.2 39.6 9.60 5.07� 102

H H

301.0 2 �45.8 35.2 9.30 1.47� 103

MeC��CMe2C��H 329.4 1 �17.4 46.5 8.00 0.80

PhMeCH��H 364.1 2 17.3 54.2 8.30 7.31� 10�2

PhMe2C��H 354.7 1 7.9 49.7 8.00 0.22

H H

345.6 4 �1.2 45.6 9.60 45.7

continued
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The second term characterizes the chain decomposition of ozone. The mechanism of chain

reaction was found to include the following reactions:

RHþO3 �! R
. þHO3

.

HO3
. �! HO

. þO2

HO
. þRH �! H2OþR

.

R
. þO2 �! RO2

.

RO2
. þO3 �! RO

. þ 2O2

RO
. �! PhC(O)Me þ C

.
H3

CH3
. þO2 �! CH3O2

.

CH3O2
. þO3 �! CH3O

. þ 2O2

CH3O
. þRH �! CH3OHþR

.

CH3O2
. þRO2

. �! CH2OþO2 þROH

TABLE 3.8
Rate Constants and Activation Energies of Reaction RH 1 O3! R.

1 HO3
. in the

Hydrocarbon Solution Calculated by the IPM Method (see Chapter 4, [133])—continued

RH

D

(kJ mol21) n

DHe

(kJ mol21)

E

(kJ mol21)

log A, A

(L mol21 s21)

k (300 K)

(L mol21 s21)

H H

322.0 4 �24.8 35.6 9.60 2.52� 103

Me2NH2C��H 379.5 1 32.7 56.0 9.00 0.18

(CH2¼¼CHCH��H)3N 345.6 6 �1.2 53.5 8.78 0.29

Me2(HO)C��H 390.5 1 4.4 61.9 9.00 1.67� 10�2

H

OH
329.7 1 �17.1 32.7 9.00 2.02� 103

MeCH¼¼CMeC��HMeOH 325.2 1 �21.6 44.7 8.00 1.65

H OH

337.5 1 �9.3 42.0 9.00 48.7

PhC(O)��H 348.0 1 1.2 54.5 9.00 0.32

O

H H

394.1 4 47.3 63.9 9.60 2.98� 10�2

Me2CHOC��HMe2 390.8 2 44.0 62.0 9.30 3.21� 10�2

(CH2¼¼CHCH��H)2O 360.0 4 13.2 60.1 8.60 1.37� 10�2

Ph2C��HOMe 354.2 1 7.4 49.5 8.00 0.24

PhCOOHCH��H 367.0 2 20.2 55.6 8.30 4.17� 10�2

Me3COO��H 358.6 1 15.6 31.2 9.00 3.69� 103

(Me3C)3Si��H 351.0 1 �1.0 46.5 9.00 8.01

Ph3Ge��H 322.5 1 �29.1 43.3 9.00 28.9

Ph3Sn��H 296.9 1 �55.2 31.2 9.00 3.69� 103
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The similar kinetic scheme was proposed for the ozone reaction with acetaldehyde [150]. The

reaction rate obeys the equation

vO3
¼ k1[MeCHO] [O3]þ k2[MeCHO]1=2[O3]

3=2 (3:18)

with k1¼ 4.3 L mol�1 s�1, k2¼ 15.0 L mol�1 s�1 (CCl4, 300 K [150]).

The more complicated kinetic equation was found for ozone consumption in oxidized

cyclohexane [295 K, CCl4 [146]):

vO3
¼ 3:2� 10�3[RH] [O3]þ 0:3[RH]1=2[O3]

3=2 þ 0:75[RH] [O3]
2[O2]

�1 (3:19)

The first term characterizes the initiation of free radicals by the reaction of ozone with

cyclohexane and the second chain reaction with chain propagation

RO2
. þO3 �! RO

. þ 2O2
.

and the third one with chain propagation by the reaction

R
. þO3 �! RO

. þO2
.

Ozone chain decomposition occurs in the reaction of ozone with cumyl hydroperoxide [146].

The rate of this reaction is

vO3
¼ k1[ROOH] [O3]þ k2[ROOH]1=2[O3]

3=2
(3:20)

k1¼ 1.0 L mol�1 s�1 and k2¼ 18.0 L mol�1 s�1 (CCl4, 298 K [146]). The chain reaction

includes the following steps:

ROOHþO3 �! RO2
. þHO3

.

RO2
. þO3 �! RO

. þ 2O2
.

HO
. þROOH �! H2OþRO2

.

RO
. þROOH �! ROHþRO2

.

RO
. þO3 �! RO2

. þO2

RO2
. þRO2

. �! 2RO
. þO2

RO2 þRO2
. �! ROORþO2

For the values of rate constants of the free radical reactions in the gas and the liquid phases,

see Table 3.9.

So, three different chain reactions of ozone decomposition were observed in solutions:

1. Reaction with chain propagation

R
. þO3 �! RO

. þO2

RO
. þRH �! ROHþR

.

2. Reaction with chain propagation

RO
. þO3 �! RO2

. þO2

RO2
. þRO2

. �! 2RO
. þO2

.
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3. Reaction with chain propagation

RO2
. þO3 �! RO

. þ 2O2

RO
. þRH �! ROHþR

.

R
. þO2 �! RO2

.

3.3.2 NITROGEN DIOXIDE

Nitrogen dioxide accelerates the liquid-phase oxidation of hydrocarbons. This was observed

in the oxidation of butane [109], hexadecane [110], cyclohexane [158], and paraffin wax [159].

For the experimental data on the oxidation with nitrogen dioxide, see the monograph on

Liquid-Phase Oxidation of Hydrocarbons [109]. Nitrogen dioxide influences the oxidation of

engine lubricants oxidizing antioxidants and stimulating lubricant degradation, and deposit

formation [160–164]. Several reactions of free radical generation by nitrogen dioxide in the

oxidized hydrocarbons are known. Nitrogen dioxide initiates the chain liquid-phase oxidation

of hydrocarbons as a result of the reactions [109,165,166]:

RHþNO2
. �! R

. þHONO

ONOH �! NO
. þHO

.

HO
. þRH �! H2OþR

.

R
. þO2 �! RO2

.

R
. þNO2

. �! RONO

RO2
. þNO2

. �! ROONO2

RONO �! RO
. þNO

.

RO2
. þNO

. �! RO
. þNO2

.

ROONO2 �! RO
. þNO3

.

RO
. þRH �! ROHþR

.

NO3
. þRH �! HNO3 þR

.

ROOHþONOH �! RO
. þH2OþNO2

.

TABLE 3.9
Rate Constants of Free Radical Reactions with Ozone (Experimental Data)

Radical Phase, solvent T (K)

E

(kJ mol21)

log A, A

(L mol21 s21)

k (298 K)

(L mol21 s21) Ref.

C
.
H3 Gas phase 298 1.57� 109 [152]

CH3C
.
H2 Gas phase 298 2.0� 107 [153]

Me3C
.

Carbon tetrachloride 298 3.28� 1010 [154]

cyclo-C6H11
.

Carbon tetrachloride 295 5.0� 108 [146]

MeC(O)C
.
HMe Carbon tetrachloride 413 4.0� 109 [146]

HO2
.

Gas phase 8.4 7.30 6.74� 105 [155]

HO2
.

Gas phase 300 1.8� 106 [156]

CH3O2
.

Gas phase 296 6.03� 103 [157]

CH3O2
.

Carbon tetrachloride 300 6.0� 104 [151]

CH3O2
. Carbon tetrachloride 313–338 25 8.90 3.30� 104 [151]

cyclo-C6H11O2
.

Carbon tetrachloride 295 5.0� 103 [148]

Me2PhCO2
.

Carbon tetrachloride 295 1.7� 103 [149]
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Nitrogen dioxide is a stable radical with an unpaired electron and forms the dimer N2O4 in

the equilibrium reaction:

2N
.
O2 N2O4

This equilibrium reaction occurs with enthalpy DH¼�58.2 kJ mol�1 and entropy

DS¼�177 J mol�1 K�1[167]. Nitrogen dioxide decays at elevated temperatures in the gas

phase by the reaction

2N
.
O2 �! 2N

.
OþO2

with rate constant k¼ 2.0� 109 exp(�111.0/RT) L mol�1 s�1 [166].

Three mechanisms of radical initiation by nitrogen dioxide are known [5]:

1. Hydrogen abstraction by NO2
.

from RH

NO2
. þHR �! ONOHþR

.

This reaction is endothermic, its enthalpy is DH¼DR��H�327.6 kJ mol�1. The experimental

rate constants of these reactions are collected in Table 3.10 and those calculated by the IPM

method [168] in Table 3.11.

The reactions of nitrogen dioxide addition to the double bond of olefins occur much more

rapidly. However, this reaction is reversible and, hence, the formed radical is stabilized due to

the addition of the dioxygen molecule:

NO2
. þ CH2¼¼CHR NO2CH2C

.
HR

O2 þNO2CH2C
.
HR �! NO2CH2CH(O2

.
)R

The enthalpy of NO2
.
addition to ethylene is DH¼ 14.6 kJ mol�1. Due to the reverse reaction,

the pre-exponential factor A measured experimentally is very low (see Table 3.12).

TABLE 3.10
Rate Constants of Reactions N.O2 1 HR ! ONOH 1 R. in the Gas Phase

(Experimental Data)

RH T (K) E (kJ mol21) log A, A (L mol21 s21) k (298 K) (L mol21 s21) Ref.

CH4 1300–1900 125.5 8.84 6.93� 10�14 [169]

MeCH2Me 423–498 94.6 8.38 6.27� 10�9 [170]

(CH2¼¼CH)2CH2 296 1.22 [171]

CH3OH 640–713 89.5 8.56 7.45� 10�8 [172]

CH3OH 900–1100 94.5 8.30 3.64� 10�9 [173]

EtCHO 295–390 51.9 7.40 2.02� 10�2 [174]

PrCHO 295–390 51.9 7.40 2.02� 10�2 [174]

CF3CHO 533–584 98.7 8.94 4.35� 10�9 [175]

CH3COCH3 298–373 29.8 2.58 2.24� 10�3 [176]

Et2NOH 298 3.31� 103 [177]

Me2NNH2 298 1.39� 104 [178]
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TABLE 3.11
Enthalpies, Activation Energies, and Rate Constants of Reaction RH 1 N.O2! R.

1 HONO

Calculated by the IPM Method [168]

RH

D

(kJ mol21) n

DHe

(kJ mol21)

E

(kJ mol21)

log A, A

(L mol21 s21)

k (300 K)

(L mol21 s21)

EtMeCH��H 413.0 4 81.3 86.6 10.67 3.77� 10�5

Me3C��H 400.0 1 68.3 73.6 9.77 8.80� 10�4

H

H
418.5 8 86.8 82.0 11.06 4.84� 10�5

H

H
408.4 1 76.7 82.0 10.98 4.84� 10�4

H H

403.9 1.4 72.2 77.5 11.02 3.26� 10�3

H
395.5 1 63.8 69.1 9.63 3.88� 10�3

Z-Decalin 387.6 2 55.9 61.2 9.60 8.51� 10�2

CH2¼¼CHCH2��H 368.0 3 36.3 59.0 8.48 1.57� 10�2

CH2¼¼CHCH��HMe 349.8 2 18.1 49.8 8.30 0.42

CH2¼¼CHC��HMe2 339.6 1 7.9 45.0 8.00 1.45

Z-MeCH¼¼CHCH��HMe 344.0 2 12.3 47.1 8.30 1.27

Me2C¼¼CHCH��HMe 332 2 0.3 41.6 8.30 11.58

Me2C¼¼CMeC��HMe2 322.8 1 �8.9 37.5 8.00 28.92

(CH2¼¼CH)2C��HMe 307.2 1 �24.5 31.1 8.00 3.76� 102

H

H
341.5 4 9.8 45.9 9.60 40.8

H

H
330.9 4 �0.8 41.1 9.60 2.82� 102

H

H
312.6 4 �19.1 33.3 9.60 6.33� 103

H H

301.0 2 �30.7 28.7 9.30 1.97� 104

MeC��CC��HMe2 329.4 1 �2.3 40.4 8.00 9.19

MePhCH��H 364.1 2 32.4 50.6 8.30 0.31

Me2PhC��H 354.7 1 23.0 45.8 8.00 1.07

H H

345.6 4 13.9 41.3 9.60 2.56� 102

H H

322.0 4 �9.7 30.7 9.60 1.82� 104
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3.3.3 HALOGENS

Dichlorine shortens the induction period of autoxidation of paraffin wax [187] and accelerates

the oxidation of hydrocarbons [109]. Difluorine is known as very active initiator of gas-phase

chain reactions, for example, chlorination [188,189].

Difluorine is an extremely active reagent and reacts with organic molecules at low (200 K

and lower) temperatures. Such a high activity of difluorine is due to the very high BDE of the

formed hydrogen fluoride molecule (DF��H¼ 570 kJ mol�1) and the relatively low BDE in the

difluorine molecule (DF��F¼ 158.7 kJ mol�1). Due to this great difference in the BDE of the

reactants and the products, bimolecular reactions of hydrogen atom abstraction

RHþ F2 �! R
. þHFþ F

.

are exothermic for most organic molecules. The rate constant of the difluorine reaction with

methane, which contains C��H bonds of high strength (DC��H¼ 440 kJ mol�1), is

k¼ 2.0� 109 exp(�47/RT) L mol�1 s�1 (298 K, [190]. The values of the activation energies

and the rate constants of the difluorine bimolecular reaction with several organic molecules

calculated by the IPM model [191] are presented in Table 3.13. The enthalpy of these

TABLE 3.11
Enthalpies, Activation Energies, and Rate Constants of Reaction RH 1 N.O2! R.

1 HONO

Calculated by the IPM Method [168]—continued

RH

D

(kJ mol21) n

DHe

(kJ mol21)

E

(kJ mol21)

log A, A

(L mol21 s21)

k (300 K)

(L mol21 s21)

Me2NH2C��H 379.5 1 47.8 53.1 8.66 0.25

(CH2¼¼CHCH��H)3N 345.6 6 13.9 47.8 8.78 2.82

Me2C��H(OH) 390.5 1 58.8 64.1 9.44 1.84� 10�2

H

OH
329.7 1 �2.0 40.5 9.00 87.2

MeCH¼¼CMeC��HMeOH 325.2 1 �6.5 38.6 8.00 19.1

H OH

337.5 1 5.8 37.5 9.00 2.94� 102

PhC(O)��H 348.0 1 16.3 42.5 8.00 4.03

O

H H

394.1 4 62.4 67.7 10.19 2.43� 10�2

Me2CHOC��HMe2 390.8 2 59.1 64.4 9.75 3.37� 10�2

(CH2¼¼CHCH��H)2O 360.0 4 28.3 54.9 8.60 0.11

Ph2C��HOMe 354.2 1 22.5 45.5 8.00 1.18

Ph(COOH)CH��H 367.0 2 35.3 52.2 8.30 0.16

Me3COO��H 358.6 1 30.7 45.9 9.00 10.34

(Me3C)3Si��H 351.0 1 15.0 40.8 9.00 77.6

Ph3Ge��H 322.5 1 �14.0 29.8 9.00 6.38� 103

Ph3Sn��H 296.9 1 �40.1 20.4 9.00 2.76� 105
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TABLE 3.12
Rate Constants of Addition Reactions N.O2 1 CH2¼¼CHR! RC.HCH2NO2 in the Gas Phase

(Experimental Data)

CH2¼¼CHR T (K) E (kJ mol21)

log A,

(A (L mol21 s21))

k (298 K)

(L mol21 s21) Ref.

CH2¼¼CH2 298–382 58.6 9.97 0.50 [179]

CH2¼¼CHMe 323 4.73� 10�2 [180]

CH2¼¼CHMe 293–373 23.4 2.38 1.90� 10�2 [181]

CH2¼¼CHMe 298–373 33.0 3.50 5.19� 10�3 [176]

CH2¼¼CHEt 298–382 30.5 3.40 1.13� 10�2 [176]

CH2¼¼CHPr 298–373 30.1 0.20 8.39� 10�6 [176]

CH2¼¼CHBu 293–333 29.3 4.89 0.57 [181]

CH2¼¼CMe2 298–373 16.7 1.60 4.71� 10�2 [176]

Z-2-MeCH¼¼CHMe 298–382 47.7 8.64 1.90 [179]

E-2-MeCH¼¼CHMe 298–382 48.5 8.87 2.34 [179]

Z-CH2¼¼CHCH¼¼CHMe 298 1.0� 102 [182]

E-CH2¼¼CHCH¼¼CHMe 298 1.26� 102 [182]

CH2¼¼CMeCH¼¼CH2 298 1.09� 102 [183]

CH2¼¼CMeCH¼¼CH2 298 1.08� 102 [182]

CH2¼¼CMeCH¼¼CH2 295 6.21� 101 [184]

Me2C¼¼CMe2 298 6.44 [185]

Me2C¼¼CMe2 295 9.27 [184]

E-CH2¼¼CHCH¼¼CH2 298 18.7 [184]

E-CH2¼¼CHCH¼¼CH2 298 17.1 [171]

CH2¼¼CMeCMe¼¼CH2 298 1.81� 102 [183]

CH2¼¼CMeCMe¼¼CH2 298 1.50� 102 [171]

CH2¼¼CHCMe¼¼CHMe 298 3.31� 102 [183]

Me2C¼¼CHCH¼¼CH2 298 2.59� 102 [183]

Me2C¼¼CHCH¼¼CMe2 298 1.32� 103 [183]

E-CH2¼¼CHCH¼¼CHEt 298 1.21� 102 [183]

E,Z-CH2¼¼MeCH¼¼
CHCH¼¼CHMe

298 3.25� 102 [183]

E,E-CH2¼¼MeCH¼¼
CHCH¼¼CHMe

298 3.56� 102 [183]

Z-CH2¼¼CHCH¼¼
CHCH¼¼CH2

298 4.04� 102 [183]

E-CH2¼¼CHCH¼¼
CHCH¼¼CH2

298 5.78� 102 [183]

CH2¼¼CMe(CH2)3

C(CH¼¼CH2)¼¼CH2

294 1.57� 102 [183]

H

H
298 1.10� 103 [183]

H

H
295 1.07� 103 [184]

295 3.92� 103 [184]

295 1.46� 10�2 [184]
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reactions varies from �6 to �118 kJ mol�1 and activation energy ranges from 12 to 36 kJ

mol�1 for the chosen molecules.

Another fast reaction of radical initiation is the difluorine addition to the double bond of

the unsaturated compounds [192–194]:

F2 þ CH2¼¼CHR �! F
. þ FCH2C

.
HR

The C��F bond is strong ( (DC��F¼ 464 kJ mol�1 in CH3F) and its formation compensates

the energy of difluorine dissociation and p-C��C bond splitting. The values of the rate

constants of the difluorine reaction with ethene in the gas phase were found to be the

following: k¼ 7.76� 107 exp(�19.2/RT)¼ 2.04� 104 (298 K, [192]), k¼ 1.81� 104 L mol�1

s�1 (298 K, [193]), k¼ 4.16� 104 L mol�1 s�1 (315 K, [194]).

For the values of the rate constants and the activation energies of difluorine with olefins

calculated by the IPM method [303], see Table 3.14.

The chlorination of hydrocarbons proceeds via the chain mechanism [195]. Chlorine

atoms are generated photochemically or by the introduction of the initiator. However,

liquid-phase chlorination occurs slowly in the dark in the absence of an initiator. The most

probable reaction of thermal initiation in RH chlorination is the bimolecular reaction

Cl2 þHR �! Cl
. þHClþR

.

The rate constant of the reaction

Cl2 þHCF3 �! Cl
. þHClþ C

.
F3

in the gas phase is k¼ 5.0� 109 exp(�142.2/RT)¼ 2.1� 10�3 (600 K) L mol�1 s�1 [196]. The

values of the activation energies of the reactions Cl2þRH are close to the reaction enthalpy.

The rate constants of the reactions Cl2þRH calculated by the IPM method are collected in

Table 3.15.

TABLE 3.12
Rate Constants of Addition Reactions N.O2 1 CH2¼¼CHR! RC.HCH2NO2 in the Gas Phase

(Experimental Data)—continued

CH2¼¼CHR T (K) E (kJ mol21)

log A,

(A (L mol21 s21))

k (298 K)

(L mol21 s21) Ref.

298 30.1 [183]

H H

298 54.2 [183]

ClCH¼¼CCl2 303–343 36.8 2.61 1.44� 10�4 [186]

HC��CH 298–382 60.2 9.77 0.16 [179]
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TABLE 3.13
Enthalpies, Activation Energies, and Rate Constants of Reaction: F2 1 HR ! F.

1 HF 1 R.

Calculated by the IPM Method [191]

RH

D

(kJ mol21) n

DHe

(kJ mol21)

E

(kJ mol21)

log A

(A (L mol21 s21))

k (300 K)

(L mol21 s21)

EtMeCH��H 413.0 4 �6 36.5 10.94 8.02� 103

Me3C��H 400.0 1 �19 31.5 10.34 1.60� 104

H

H
418.5 8 �0.5 38.7 11.25 6.60� 103

H

H
408.4 10 �10.6 33.0 11.34 8.60� 104

H H

403.9 14 �15.1 31.3 11.49 2.46� 105

H
395.5 1 �23.5 28.2 10.34 6.38� 104

Z-Decalin 387.6 2 �31.4 25.4 10.64 4.12� 105

CH2¼¼CHCH2��H 368.0 3 �51 26.7 10.82 3.62� 105

CH2¼¼CHCH��HMe 349.8 2 �69.2 21.1 10.64 2.53� 106

CH2¼¼CHC��HMe2 339.6 1 �79.4 18.1 10.34 4.57� 106

Z-MeCH¼¼CHCH��HMe 344.0 2 �75 23.5 10.64 9.19� 105

Me2C¼¼CHCH��HMe 332.0 2 �87 20.1 10.64 3.88� 106

Me2C¼¼CMeC��HMe2 322.8 1 �96.2 17.6 10.34 5.66� 106

(CH2¼¼CH)2C��HMe 307.2 1 �111.8 13.7 10.34 3.06� 107

H

H
341.5 4 �77.5 22.8 10.94 2.46� 106

H

H
330.9 4 �88.1 19.8 10.94 8.80� 106

H

H
312.6 4 �106.4 15.0 10.94 6.92� 107

H H

301.0 2 �118 12.2 10.64 1.18� 108

MeC��CC��HMe2 329.4 1 �89.6 19.4 10.34 2.62� 105

MePhCH��H 364.1 2 �54.9 24.8 10.64 5.31� 105

Me2PhC��H 354.7 1 �64.3 21.9 10.34 9.05� 105

H H

345.6 4 �73.4 19.3 10.94 1.09� 107
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Thermal initiation in the reaction of dichlorine with olefins proceeds via the bimolecular

reaction of addition [4]:

Cl2 þ CH2¼¼CHR �! Cl
. þ ClCH2C

.
HR

These reactions of diclorine with olefins are endothermic, DH varies from 63 kJ mol�1

(Ph2C¼¼CH2) to 191 kJ mol�1 (MeC��CMe). The rate constants of chlorine reactions with

olefins calculated by the IPM method are presented in Table 3.16.

Hydrogen bromide was found to initiate the autoxidation of decane [197]. The reactions

of free radicals generation are the following:

1. The reaction of HBr with dioxygen with the formation of the HO2
.
radical and bromine

atom:

HBrþO2 �! Br
. þHO2

.

The reaction is endothermic, its DH¼ 146.3 kJ mol�1.

2. The reaction of peroxyl radical with HBr is followed by the reactions [109]:

TABLE 3.13
Enthalpies, Activation Energies, and Rate Constants of Reaction: F2 1 HR ! F.

1 HF 1 R.

Calculated by the IPM Method [191]—continued

RH

D

(kJ mol21) n

DHe

(kJ mol21)

E

(kJ mol21)

log A

(A (L mol21 s21))

k (300 K)

(L mol21 s21)

H H

322.0 4 �97 13.0 10.94 1.66� 108

Me2NH2C��H 379.5 1 �39.5 26.7 10.34 1.20� 105

(CH2¼¼CHCH��H)3N 345.6 6 �73.4 23.9 11.12 2.35� 106

Me2C��H(OH) 390.5 1 �28.5 30.5 10.34 2.44� 104

H

OH
329.7 1 �89.3 19.5 10.34 2.51� 106

MeCH¼¼CMeC��HMeOH 325.2 1 �93.8 18.3 10.34 4.20� 106

H OH

337.5 1 �81.5 17.1 10.34 7.03� 106

PhC(O)��H 348.0 1 �71 20.0 10.34 2.03� 106

O

H H

394.1 4 �24.9 31.8 10.94 5.64� 104

Me2CHOC��HMe2 390.8 2 �28.2 30.6 10.64 4.68� 104

(CH2¼¼CHCH��H)2O 360.0 4 �59 28.3 10.94 2.44� 105

Ph2C��HOMe 354.2 1 �64.8 21.8 10.34 9.45� 105

Ph(COOH)CH��H 367.0 2 �52 25.7 10.64 3.64� 105

Me3COO��H 358.6 1 �56 18.4 10.34 4.02� 106

(Me3C)3Si��H 351.0 1 �72.8 16.8 10.34 7.98� 106
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RO2
. þHBr �! ROOHþ Br

.

Br
. þRO2

. �! ROOBr

ROOBr �! RO
. þ BrO

.

RO
. þRH �! ROHþR

.

BrO
. þRH �! BrOHþR

.

R
. þO2 �! RO2

.

3. Free radicals are produced by the reactions of HBr and the bromide anion with

hydroperoxide [198]:

ROOHþHBr �! RO
. þH2Oþ Br

.

HBr Br� þHþ

Br� þROOH �! Br
. þRO

. þOH�

RO
. þRH �! ROHþR

.

Br
. þRH �! BrHþR

.

3.4 PHOTOINITIATION

Photooxidation plays a crucial role in the discovery and study of chain reactions of oxidation

(see Chapter 1). Photooxidation has two important peculiarities to study the mechanism of

oxidation as a chain process.

1. The rate of photooxidation does not virtually depend on temperature. Therefore,

photooxidation gives a possibility to oxidize the hydrocarbon at room or lower

TABLE 3.14
Enthalpies (DHe), Activation Energies, and Rate Constants of the Addition Reactions

F2 1 CH2¼¼CHR ! F.
1 FCH2C.HR Calculated by the IPM Method [191]

Olefin

DHe

(kJ mol21)

E

(kJ mol21)

log A, A

(L mol21 s21)

k (300 K)

(L mol21 s21)

CH2¼¼CH2 �29.1 38.6 11.00 1.90� 104

Me2C¼¼CH2 �32.3 36.9 10.70 1.88� 104

EtCH¼¼CH2 �27.7 39.3 10.70 7.20� 103

H

H
�33.7 36.2 11.00 4.98� 104

CH2¼¼CHCH¼¼CH2 �74.5 13.4 11.00 4.64� 107

CH2¼¼CHCH¼¼CMe2 �80.1 11.0 10.70 6.09� 108

Me2C¼¼CMeCMe¼¼CMe2 �109.5 0.03 11.00 9.88� 1010

H

H
�91.3 6.4 11.00 7.68� 109

PhCH¼¼CH2 �70.0 26.7 10.70 1.12� 106

PhCH¼¼CHMe �66.2 28.4 10.70 5.69� 105

Ph2C¼¼CH2 �137.2 1.9 10.70 2.34� 1010

�66.2 28.4 10.70 5.69� 105
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TABLE 3.15
Enthalpies, Activation Energies, and Rate Constants of Reaction RH 1 Cl2! R.

1 HCl 1 Cl.

Calculated by the IPM Method [191]

RH

D

(kJ mol21) n

DH

(kJ mol21)

log A, A

(L mol21 s21)

k (400 K)

(L mol21 s21)

EtMeCH��H 413.0 4 224.0 11.95 2.94� 10�19

Me3C��H 400.0 1 211.0 11.33 3.62� 10�19

H

H
418.5 8 229.5 12.26 1.12� 10�19

H

H
408.4 10 219.4 12.34 2.87� 10�18

H H

403.9 14 214.9 12.48 1.55� 10�17

H
395.5 1 206.5 11.32 1.37� 10�17

Z-Decalin 387.6 2 198.6 11.61 4.88� 10�16

CH2¼¼CHCH2��H 368.0 3 179.0 11.59 9.85� 10�13

CH2¼¼CHCH��HMe 349.8 2 160.8 11.37 1.61� 10�11

CH2¼¼CHC��HMe2 339.6 1 150.6 11.03 1.64� 10�10

Z-MeCH¼¼CHCH��HMe 344.0 2 155.0 11.35 8.95� 10�11

Me2C¼¼CHCH��HMe 332.0 2 143.0 11.31 3.14� 10�9

Me2C¼¼CMeC��HMe2 322.8 1 133.8 10.97 2.36� 10�8

(CH2¼¼CH)2C��HMe 307.2 1 118.2 10.90 2.33� 10�6

H

H
341.5 4 152.5 11.60 3.40� 10�10

H

H
330.9 4 141.9 11.60 8.53� 10�9

H

H
312.6 4 123.6 11.53 1.91� 10�6

H H

301.0 2 112.0 11.17 2.86� 10�5

MeC��CC��HMe2 329.4 1 140.4 11.00 3.39� 10�9

MePhCH��H 364.1 2 175.1 11.52 2.95� 10�13

Me2PhC��H 354.7 1 165.7 11.19 2.40� 10�12

H H

345.6 4 156.6 11.77 1.45� 10�10

continued
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temperatures and synthesize unstable intermediates (hydroperoxides, hydrotrioxides,

tetroxides, etc.). Photoinitiation of chain oxidation opens up the possibility to measure

the activation energy of the chain reaction En¼Ep�0.5Et directly as the slope

R d ln v/d(T�1) from the experimental values of the oxidation rate v(T) (see Chapter 2).

2. Photoinitiation can be switched on and off extremely rapidly. For example, the time of

laser flash can be as short as 1 psec (10�12 s) and shorter. The practical absence of time

inertia of photoinitiation lies in the timescales of the experimental techniques for

studying fast free radical reactions (flash photolysis, rotating sector technique, photo

after-effect [109]).

3.4.1 INTRAMOLECULAR AND INTERMOLECULAR PHOTOPHYSICAL PROCESSES

Two laws form the basis of interaction of light and substance:

1. Grotthus–Draper law: radiation should be absorbed by the substance to perform a

chemical change [199,200].

2. Stark–Einstein law of photochemical equivalence: one photon of radiation can be

absorbed only by one molecule [201,202].

TABLE 3.15
Enthalpies, Activation Energies, and Rate Constants of Reaction RH 1 Cl2! R.

1 HCl 1 Cl.

Calculated by the IPM Method [191]—continued

RH

D

(kJ mol21) n

DH

(kJ mol21)

log A, A

(L mol21 s21)

k (400 K)

(L mol21 s21)

H H

322.0 4 133.0 11.7 1.61� 10
�7

Me2NH2C��H 379.5 1 190.5 11.29 1.40� 10�15

(CH2¼¼CHCH��H)3N 345.6 6 156.6 11.83 1.67� 10�10

Me2C��H(OH) 390.5 1 201.5 11.31 6.08� 10�17

H

OH
329.7 1 140.7 11.00 3.10� 10�9

MeCH¼¼CMeC��HMeOH 325.2 1 136.2 10.98 1.16� 10�8

H OH

337.5 1 148.5 11.15 4.10� 10�10

PhC(O)��H 348.0 1 159.0 11.18 1.80� 10�11

O

H H

394.1 4 205.1 11.92 8.31� 10�17

Me2CHOC��HMe2 390.8 2 201.8 11.61 1.11� 10�16

(CH2¼¼CHCH��H)2O 360.0 4 171.0 11.70 1.56� 10�12

Ph2C��HOMe 354.2 1 165.2 11.19 2.08� 10�12

Ph(COOH)CH��H 367.0 2 178.0 11.52 1.22� 10�13

Me3COO��H 358.6 1 169.6 10.63 2.02� 10�13

(Me3C)3Si��H 351.0 1 162.0 10.92 3.98� 10�12
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A molecule exhibits a great difference in the speeds of electronic transitions and vibra-

tional atomic motions. The absorbtion of photon and a change in the electronic state of a

molecule occurs in 10�15�10�18 s. The vibrational motion of atoms in a molecule takes place

in 10�13 s. Therefore, an electronically excited molecule has the interatomic configuration of

the nonexited state during some period of time. Different situations for the exited molecule

can exist. Each situation is governed by the Franck–Condon principle [203,204].

The general scheme of photophysical processes followed by the photon absorption by the

molecule induces the below-mentioned elementary stages [205–209]:

Process Scheme

Excitation A(S0)þhn �! A*(S1

.
) k¼ 1015–1018 s�1

Internal conversion A*(S1

.
) �! A(S0) kic¼ 104–1012 s�1

Fluorescence A*(S1

.
) �! A(S0)þ hn k� 106–109 s�1

Dissociation A*(S1) �! BþC kd� 1013–1015 s�1

Transition to triplet state A*(S1

.
) �! A*(T1) kisc� 10�4–10�12 s�1

Phosphorescence A*(T1) �! A(S0)þ hn kph� 10�2–104 s�1

Intersystem crossing A*(T1) �! A(S0) k’isc¼ 104–1012 s�1

TABLE 3.16
Enthalpies, Activation Energies, and Rate Constants of the Reactions

Cl2 1 CH2¼¼CHR ! Cl. 1 ClCH2C.HR, Calculated by the IPM

Method [191]

RCH¼¼CH2

DH

(kJ mol21)

E

(kJ mol21)

k (300 K)

(L mol21 s21)

RCH¼¼CH2 1 Cl2! RC
.
HCH2Cl 1 Cl

.

CH2¼¼CH2 168.2 169.3 5.96� 10�20

Me2C¼¼CH2 165.0 166.5 1.83� 10�19

EtCH¼¼CH2 169.6 170.5 3.65� 10�20

H

H
155.6 158.3 4.80� 10�18

HC��CH 183.7 205.5 6.03� 10�26

MeHC��CMe 199.4 218.8 2.91� 10�28

CH2¼¼CHCH¼¼CH2 122.8 131.3 2.42� 10�13

CH2¼¼CHCH¼¼CMe2 118.2 127.5 1.14� 10�12

Me2C¼¼CMeCMe¼¼CMe2 88.8 103.4 1.81� 10�8

H

H
98.0 110.8 9.13� 10�10

PhCH¼¼CH2 126.9 136.7 2.87� 10�14

PhCH¼¼CHMe 121.7 132.5 1.55� 10�13

Ph2C¼¼CH2 66.5 89.8 4.18� 10�6

123.2 133.7 9.54� 10�14
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When a substance is illuminated with a constant intensity, a steady state is reached. If we

express the absorbed intensity of light Ia in moles of photons per unit volume per second, the

steady-state concentration of A*(S1
.
) is

[A�(S1
.
)] ¼ Ia(kic þ kf þ kisc)

�1 (3:21)

and the steady-state concentration of the triplet state A*(T1) is

A�(T1) ¼ kiscIa(k
0
isc þ kph)

�1(kic þ kf þ kisc)
�1 (3:22)

The observed singlet lifetime is equal to

t�1
s ¼ kic þ kf þ kisc (3:23)

The quantum yield for fluorescence is equal to

Ffl ¼ kf (kic þ kf þ kisc)
�1 (3:24)

and that for phosphorescence is

Fph ¼ kphkisc(k
0
isc þ kph)

�1(kic þ kf þ kisc)
�1 (3:25)

Excited molecules A* may be rapidly deactivated by other molecules (quenchers, Q):

A�(T1)þQ(S0) �! A(S0)þQ�(T1) kQ

Quencher Q lowers the intensity of phosphorescence. The dependence of the light intensity

of phosphorescence Iph on the quencher concentration obeys the Stern–Volmer equation

[210]:

I0
ph=Iph ¼ 1þ kQtT[Q] (3:26)

where tT is the phosphorescence lifetime (tT
�1¼ kphþ kisc’ ).

Quenching an excited molecule (A*) with another molecule (Q) may result in the elec-

tronic excitation of Q with the concomitant deactivation of A [205]. This electronic energy

transfer proceeds in accordance with the Wigner spin conservation rule. The overall spin

angular momentum of the interacting pair of molecules must be unchanged in an electronic

energy transfer. This rule is not absolute, but it is an important guide. According to this rule,

the following processes of energy transfer are possible:

A(S1)þQ(S0) �! A(S0)þQ(S1)

A(T1)þQ(S0) �! A(S0)þQ(T1)

A dioxygen molecule is a very active quencher (kQ� 109–1010 L mol�1 s�1).

Energy transfer occurs in a long-lived collision complex. An exited molecule is often

very polarizable and may form a collision complex with the Q molecule in the ground

state. The collision complex A*Q has a longer lifetime than the corresponding AQ

collision complex. The formation of an exciplex provides the energy transfer by a collision

mechanism.
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3.4.2 PHOTOSENSITIZERS

To perform the dissociation of the hydrocarbon to alkyl radicals with C��C bond scission, a

hydrocarbon molecule should absorb light with the wavelength l� 270–370 nm. However,

alkanes do not absorb light with such wavelength. Therefore, photosensitizers are used for free

radical initiation in hydrocarbons. Mercury vapor has been used as a sensitizer for the

generation of free radicals in the oxidized hydrocarbon [206–212]. Nalbandyan [212–214]

was the first to study the photooxidation of methane, ethane, and propane using Hg vapor

as photosensitizer. Hydroperoxide was isolated as the product of propane oxidation at

room temperature. The quantum yield of hydroperoxide was found to be�2, that is, oxidation

occurs with short chains. The following scheme of propane photoxidation was proposed [117]:

Hg(1S0)þ hn �! Hg(3P1)

Hg(3P1)þRH �! Hg(1S0)þRH�

RH� �! R
. þH

.

R
. þO2 �! RO2

.

RO2
. þRH �! ROOHþR

.

RO2
. þWall �! Molecular products

Gray [215] studied the photooxidation of methane and ethane at room temperature in the gas

phase using Hg as a photosensitizer. Hydroperoxide was found as the product of oxidation.

Along with hydroperoxide, ozone was also found as the product of photooxidation. It was

supposed to be due to the reaction of excited mercury atoms with dioxygen.

Hg(1S0)þ hn �! Hg(3P1)

Hg(3P1)þO2 �! HgOþO

O2 þOþM �! O3 þM

The free radical mechanism of hydroperoxide formation is close to that proposed by

Nalbandyan.

In addition to mercury atoms, cadmium and zinc are used as sensitizers of gas-phase free

radical reactions. Their photophysical characteristics are given here [5]:

Metal Transition Wavelength (nm) Energy of Excited Atoms (kJ mol21)

Mercury 63P1 ! 61S0 253.7 469.4

Mercury 61P1 ! 61S0 184.9 643.9

Cadmium 53P1 ! 51S0 326.1 365.3

Cadmium 51P1 ! 51S0 228.8 520.5

Zinc 43P1 ! 41S0 307.6 387.0

Zinc 41P1 ! 41S0 213.9 558.1

The reaction of excited cadmium with dihydrogen was proved to proceed with cadmium

hydride formation [216]:

Cd(3P1)þH2 �! CdHþH
.
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Various organic molecules are used as photosensitizers in liquid-phase reactions, for example,

anthraquinones, aryl ketones, polycyclic aromatic hydrocarbons, dyes, etc. The following

mechanism, as the most probable, was suggested for the initiation by the organic photosensi-

tizer Q with the aromatic ring [204–208]:

Qþ hn �! Q�

Q� þRH �! .
QHþR

.

.
QHþO2 �! QþHO2

.

R
. þO2 �! RO2

.

RO2
. þRH �! ROOHþR

.

or

Q� þO2 �! .
QOO

.

.
QOO

. þRH �! .
QOOHþR

.

.
QOOH �! QþHO2

.

HO2
. þRH �! H2O2 þR

.

The study of the mechanism of photoinitiation is complicated by the quenching action of

dioxygen (see page 122). The values of the triplet state of selected compounds used as

photosensitizers are given in Table 3.17.

3.4.3 PHOTOINITIATORS

Photoinitiators are compounds which decompose to free radicals under the action of light.

They are widely used for the study of peroxyl radical fast reactions, for example, dispropor-

tionation (see Chapter 2).

3.4.3.1 Azo-compounds

The most popular is AIBN, which is used as an initiator at elevated temperatures

(330–380 K). Photoinitiation by azo-compound has the following stages in the liquid [205]:

RN¼¼NRþ hn �! RN¼¼NR�

RN¼¼NR� �! [R
. þR

.
]þN2

[R
. þR

.
] �! RR

[R
. þR

.
] �! R

. þR
.

R
. þO2 �! RO2

.

RO2
. þRiH �! ROOHþRi

.

Photodissociation is accompanied by the cis–trans isomerization of azoalkanes. Azoalkanes

have the trans-configuration. During photodecomposition, they are transformed into the

cis-configuration [66]. The excited molecule of trans-asopropane is transformed into cis-

asopropane with F¼ 0.31, into the trans-configuration with F¼ 0.51, and into free radicals

with F¼ 0.18 (gas phase, 600 tor CO2, room temperature). The following scheme of photo-

physical stages was proposed [205]:
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E-RN2Rþ hn �! E�RN2R(1n, p�)

E-RN2R(1n, p�) �! RN2R(3p, p�)

RN2R(3p, p�) �! E�RN2R(3n, p�)

RN2R(3p, p�) �! Z�RN2R(3n, p�)

RN2R(3p, p�) �! E�RN2Rþ hn

RN2R(3p, p�) �! Z�RN2Rþ hn

E-RN2R(3n, p�) �! E�RN2Rþ hn

Z-RN2R(3n, p) �! Z�RN2Rþ hn

The quantum yield of the selected azoalkanes photodecomposition are given in Table 3.18.

The extinction coefficient « depends on the wavelength of light, and for AIBN in benzene

solution (room temperature) has the values as given below [205]:

TABLE 3.17
The Values of Triplet Energies of Selected Organic Compounds [209]

Compound ET (kJ mol21) Compound ET (kJ mol21)

CH2¼¼CH2 330 C6H6 353

CH2¼¼CHCOOMe 372 PhCl 342

CH2¼¼CHCH¼¼CH2 250 PhCOOH 324

PhCH¼¼CH2 258 PhNH2 297

PhMeC¼¼CH2 260 PhC��N 320

Ph2C¼¼CH2 247 PhNO2 243

PhNH2 297 MeC(O)Me 332

PhCH(O) 301 PhC(O)Me 310

PhC(O)Ph 287 PhC(O)Et 312

219 OO 224

264 OO

Cl

ClCl

Cl

206

253

O

O

241

178

O

301
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l (nm) 400 360 347 330 310

« (Lmol�1 cm�1) 0.85 11.9 14.7 11.6 4.3

3.4.3.2 Peroxides

The absorption of photon causes homolysis of peroxide with the generation of free radicals

[205–208]:

ROOR1 þ hn �! RO
. þR1O

.

The formed radicals are excited: at l¼ 313 nm and an excess of energy is equal to 320 kJ

mol�1, at l¼ 254 nm, it is equal to 230 kJ mol�1. This is the reason for the gas-phase

photolysis leading to intensive decomposition of the formed alkoxyl radicals. The values of

lmax and extinction coefficients for several peroxides are presented [205]:

1,1-Dimethylethylperoxide: « (L mol�1 cm�1)¼ 1.6 (l¼ 301 nm), 2.5(l¼ 289 nm), 4.0(l

¼ 275 nm), 4.5(l¼ 270 nm), 5.4(l¼ 262 nm), 7.1(l¼ 245 nm).

1-Methyl-1-phenylethyl peroxide: « (L mol�1 cm�1)¼ 415(l¼ 257 nm)

1,1-Dimethylethyl hydroperoxide: « (L mol�1 cm�1)¼ 6(l¼ 260 nm), 17(l¼ 240 nm), 70(l

¼ 200 nm).

1-Methyl-1-phenyl hydroperoxide: « (L mol�1 cm�1)¼ 200 (l¼ 258 nm)

Acetyl peroxide: « (L mol�1 cm�1)¼ 20(l¼ 265 nm), 56(l¼ 250 nm), 89(l¼ 240 nm).

Benzoyl peroxide: «¼ 2.3� 103(l¼ 275 nm), 2.7� 104 (l¼ 230 nm).

TABLE 3.18
Quantum Yields of Azoalkanes Photolysis in Solution at Room

Temperature: RN2R 1 hn ! N2 1 Products ([205])

Azoalkane Solvent F

E-Me2CHN¼¼NCHMe2 Isooctane 0.021

E-Me2(CN)CN¼¼NC(CN)Me2 Benzene 0.44

E-Me3CN¼¼NCMe3 Benzene 0.46

E-MeOMe2CN¼¼NCMe2OMe Benzene 0.21

E-MeSMe2CN¼¼NCMe2SMe Benzene 0.38

E-HC�CMe2CN¼¼NCMe2C�CH Benzene 0.47

E-H2C¼¼CHMe2CN¼¼NCMe2CH¼¼CH2 Benzene 0.57

E-AcOMe2CN¼¼NCMe2OAc Benzene 0.005

E-EtO(O)CMe2CN¼¼NCMe2C(O)OEt Benzene 0.42

E-PhCH2N¼¼NCH2Ph Benzene 0.02

E-PhCH2N¼¼NCH2Ph Isooctane 0.049

E-PhMeHCN¼¼NCHMePh Isooctane 0.035

E-PhMeHCN¼¼NCHMePh Benzene 0.043

E-PhMe2CN¼¼NCMe2Ph Benzene 0.36

E-Me3CN¼¼NCMe2CH¼¼CH2 Benzene 0.49

E-Me3CN¼¼NCMe2CH2CMe3 Benzene 0.42
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3.4.3.3 Carbonyl Compounds

Two parallel photolytic reactions of aldehydes decomposition are known [205]:

RCHO þ hn �! R
. þHC

.
(O)

and

RCHOþ hn �! RHþ CO

The ratio of the rate constants of these reactions depends on the energy of photon absorbed by

the aldehydemolecule. The values of the quantumyield for acetaldehyde are the following [205]:

l (nm) 313 280 265 254 238

F(C
.
H3 þ HC

.
O) 0.20 0.39 0.36 0.38 0.31

F(CH4þCO) 0.001 0.15 0.28 0.66 0.37

Four parallel photolytic reactions are known for ketones [205]:

RC(O)R1 þ hn �! R
. þR1C

.
(O)

RC(O)R1 þ hn �! RC
.
(O)þR1	

Me2CHCMe2CMe2C(O)R1 þ hn �! Me2C¼¼CMe2 þMe2C¼¼C(OH)R1

Me2CHCMe2CMe2C(O)R1 þ hn �!
OH

R1

The homolytic photochemical reaction occurs preferentially with the splitting of the weakest

C��C bond. The ratio of the quantum yields depends on the energy of absorbed photon. For

example, for butanone-2 photolysis, the ratio F(Et
.
)/F(Me

.
) is equal [205]:

l (nm) 313 265 254

F(Et
.
)/F(Me

.
) 40 5.5 2.4

The acyl radicals formed in ketone photolysis are excited and, therefore, rapidly splits into

CO and alkyl radical (in the gas phase). Since aldehydes and ketones are products of

oxidation, continuous hydrocarbon photooxidation is an autoaccelerated process.

3.4.4 NONCHAIN PHOTOOXIDATION

+ hν

+ O2 OO
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Polynuclear aromatic hydrocarbons can be oxidized photolytically with the formation of

cyclic peroxide. For example, anthracene is photooxidized to peroxide with the quantum yield

F ¼ 1.0 [205]. The introduction of quenchers lowers the peroxide yield.

Dienic hydrocarbons are photooxidized to cyclic peroxides. For example, terpinene is

photooxidized to ascaridole peroxide [217]:

+ O2 O
O

hv

Such compounds with conugated p-bonds are excited by light to the triplet state, and then

such a triplet molecule reacts with dioxygen with the formation of peroxide.

3.5 GENERATION OF RADICALS BY IONIZING RADIATION

3.5.1 PRIMARY RADIATION–CHEMICAL PROCESSES

The discovery of atomic energy and the progress in atomic physics and technology initiated

the origin and developing of radiation chemistry [218–225]. The very active agents in the

radiation chemistry are electrons (b-rays), g-rays, x-rays, a-particles, neutrons, and protons.

The formed particles and radiation are high-energy agents. Their interaction with a substrate

(gas, liquid, solid) leads to the ionization of molecules and formation of electrons and

unstable ions. The recombination of ions forms electronically excited molecules. These

molecules decompose into free radicals. The processes induced by electrons (e�) or g-rays

(hn) in deaerated water are the following [222–224]:

H2Oþ e� �! H2O
þ þ e� þ e�

H2OþH2O
þ �! HO

. þH3O
þ

e� �! e�aq(solvated electron)

e�eq þH3O
þ �! H2OþH

.

e�aq þH2O �! H
. þHO�

H
. þH

. �! H2

H
. þHO

. �! H2O

HO
. þHO

. �! H2O2

H2O
þ þ e� �! H2O

�

H2O
� �! H2 þO

When dioxygen is dissolved in irradiated water, the following reactions occur in addition:

e�eq þO2 �! O�.

2

O�.

2 þH3O
þ �! HO2

. þH2O

HO2
. þH

. �! H2O2

HO2
. þHO2

. �! H2O2 þO2

Denisov / Oxidation and Antioxidants in Organic Chemistry and Biology DK1162_c003 Final Proof page 128 2.2.2005 5:06pm

© 2005 by Taylor & Francis Group.



Hydrogen peroxide formed reacts with atoms and radicals:

H2O2 þH
. �! HO2

. þH2

H2O2 þHO
. �! H2OþHO2

.

H2O2 þH
. �! H2OþHO

.

H2O2 þHO2
. �! H2OþHO

. þO2

Due to these reactions, hydrogen peroxide is an intermediate product of radiolysis of aerated

water. Rate constants of free radical reactions with dioxygen and hydrogen peroxide are

collected in Table 3.19. For the characteristics of solvated electron and information about its

reactions, see monographs [219–223].

3.5.2 RADIOLYTIC INITIATION OF HYDROCARBON OXIDATION

The hydrocarbon molecule RH is ionized under the action of fast electron (or g-photon). The

formed electrons are retarded due to collisions with molecules and become solvated electrons

e�s. Excited molecules of the hydrocarbon are produced due to recombination of solvated

electrons e�s and positive ions RHþ [223,224].

e� þRH �! e� þ e� þRHþ

e� �! e�s
RHþ þ e�s �! RH�

RH� �! R1
. þR2

.

RHþ þ e�s �! R
. þH

.

TABLE 3.19
Rate Constants of Solvated Electron, H., and HO. Reactions with Dioxygen

and Hydrogen Peroxide in Water at Room Temperature [223–225]

Radical Reagent k (L mol21 s21)

e�aq H2O 16

e�aq D2O 1.2

e�aq H3O
þ 2.4� 1010

e�aq H2O2 1.3� 1010

e�aq HO2
� 3.5� 1010

e�aq O2 1.9� 1010

e�aq e�aq 1.2� 1010

e�aq H
.

2.5� 1010

e�aq HO
.

3.0� 1010

e�aq O2
�.

1.3� 1010

H
.

H2O2 5.8� 107

H. O2 2.0� 1010

H
.

HO� 1.8� 107

H
.

H
.

2.0� 1010

H
.

HO
.

2.2� 1010

H
.

HO2
.

2.0� 1010

HO
.

H2O2 4.5� 107

HO
.

HO2
� 8.3� 1010

HO
.

HO
.

1.1� 1010

HO
.

HO2
.

1.0� 1010

HO
.

O2
�.

9.0� 109
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The radiation yield of ionized molecules of cyclohaxane was found to be equal to five

molecules per 100 eV [223].

The formed solvated electrons were studied by the method of pulse radiolysis [225]. The

following table presents the characteristics of e�s in different hydrocarbons:

Hydrocarbon lmax(nm) «max (L mol21cm21) Ref.

Hexane �1600 e1000¼ 6.7� 103 225

Methylcycloxane-d14 3400 1.9� 104 226

Octane, 3-ethyl� 2100 2.1� 104 227

Solvated electron reacts with dioxygen with a high rate:

e�s þO2 �! O�.

2

O�.

2 þRHþ �! HO2
. þR

.

R
. þO2 �! RO2

.

Hydrocarbon Hexane Cyclohexane Isooctane

k(e�sþO2) (L mol�1 s�1) 1.5� 1011 1.7� 1011 1.4� 1011

Ref. [228] [229] [228]

Positive charged ions RHþ react with other RiH molecules in a hydrocarbon solution. This

charge transfer is very fast:

RHþ þRiH �! RHþRiH
þ

The rate constants of charge transfer from RHþ (RH is heptane) to RiH at room temperature

have the following values [227]:

RiH cyclo-C6H10 CH2¼¼CHBu C6H6 PhCH3 Me2C¼¼CMe2

k (L mol�1s�1) 3� 109 4� 1010 6� 1010 6� 1010 7.5� 1010

The excited molecules are formed in the singlet (S) and triplet (T) states. The following table

presents the values of radiation yield G (molecule/100 eV) of these states for some hydrocar-

bons [223]:

RH Toluene o-Xylene m-Xylene p-Xylene Mesitylene

G(S) 2.1 2.5 2.7 1.6 1.6

G(T) 2.4 1.7 1.8 1.8 1.8

Free radicals are formed in the hydrocarbons are the result of decay of excited molecules (see

earlier). The value of G(R
.
) from cyclohexane (RH) is 5.7 [222]. Various alkyl radicals are
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produced from linear alkane. The G(Ri
.
) values for different radicals formed from heptane is

given in the following table [223]:

Ri
. Me. Et. Pr Bu. C6H13

.

G(Ri
.
) 0.7 0.3 0.3 0.27 4.1

Oxygen-containing molecules are formed in the irradiated hydrocarbon due to the reac-

tions of peroxyl radicals [228–232]:

R
. þO2 �! RO2

.

RO2
. þRH �! ROOHþR

.

RO2
. þR

. �! ROOR

RO2
. þRO2

. �! ROHþO2 þKetone

H
. þO2 �! HO2

.

HO2
. þHO2

. �! H2O2 þO2

Due to the high initiation rate and low (room) temperature, chains for oxidation of alkanes

are short and many products are formed by disproportionation of peroxyl and hydroperoxyl

radicals. The G values of the products of radiolytic oxidation of four alkanes are given in the

following table [233]:

Hydrocarbon ROOH ROOR H2O2 ROH R1C(O)R2

Hexane 1.22 1.0 0.44 1.21 1.55

Heptane 1.2 2.2 0.3 2.0

Isooctane 0.7 1.3 0.3 1.2

Cyclohexane 1.0 0.2 0 0.6

The radiation yield depends on the temperature of oxidation and the initiation rate, i.e., the

intensity of radiation Ir [233]. Radoxidation occurs as an initiated chain reaction at an

elevated temperature when peroxyl radicals react more rapidly with hydrocarbon RH than

disproportionate, kp
2(2kt)

�1[RH]2> nI (see Chapter 2)]. Radoxidation proceeds as a nonchain

reaction at low temperatures when peroxyl radicals disproportionate more rapidly than react

with hydrocarbon. The temperature boundary Tn between these two regimes of oxidation

depends on the value of radiation intensity Ir. The values of Tn for irradiated heptane

oxidation is as follows [233]:

Ir (eV L21 s21) 7.5� 1018 4.1� 1017 1.2� 1017 7.8� 1016

Tn (K) 276 252 228 218

Pulse radiolysis is widely used for the study of fast free radical reactions and reactions of

solvated electrons [223].
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4 Oxidation as an Autoinitiated
Chain Reaction

4.1 CHAIN GENERATION BY REACTION OF HYDROCARBON
WITH DIOXYGEN

Liquid-phase oxidation of organic compounds is performed in laboratories and technological

installations at 300–500 K. Under these conditions, organic compounds are quite stable, and

their decomposition with dissociation at the C��C bond and in the reaction of retrodispro-

portionation

RHþ CH2¼¼CHR1 �! R
. þ CH3C

.
HR1

does not virtually occur. Chain generation in the absence of initiating additives and those

formed by hydrocarbon oxidation occur preferentially via the reactions involving dioxygen.

The mechanism of chain initiation in an oxidized RH in the absence of ROOH was intensively

discussed in the 1950s and 1960s [1–4].

4.1.1 BIMOLECULAR REACTION OF DIOXYGEN WITH THE C��H BOND

OF THE HYDROCARBON

Bolland and Gee [5] proposed the following reaction of free radical initiation in oxidized

hydrocarbon as the most probable:

RHþO2 �! R
. þHO2

.

The first experimental study of this reaction was performed by Cooper and Melville [6]. The

main experimental evidences of this mechanism are the following [7–9]:

1. The rate of free radical generation in the oxidized RH in the absence of ROOH or other

initiators was found to be proportional to the product of the concentrations of the

hydrocarbon and dioxygen [10–13]:

n ¼ ki[RH] [O2]: (4:1)

2. The rate constant ki of this reaction increases with a decrease in the BDE of the weakest

C��H bond in the oxidized hydrocarbon. This is in agreement with the high endother-

micity of these reactions.

Denisov / Oxidation and Antioxidants in Organic Chemistry and Biology DK1162_c004 Final Proof page 137 2.2.2005 5:07pm

© 2005 by Taylor & Francis Group.



RH cyclo-C6H12 Me2CHCH2Me PhCH3 PhMe2CH cyclo-C6H10

D (kJ mol�1) 408.8 400.0 375.0 354.7 341.5

DH (kJ mol�1) 188.8 180.0 155.0 134.7 121.5

ki (T¼ 403K)

(L mol�1 s�1)

1.5� 10�10 3.7� 10�9 1.6� 10�8 2.0� 10�7 1.3� 10�7

Ref. [10] [11] [12] [13] [12]

3. Compounds with C��D bonds react with dioxygen more slowly than those with C��H

bonds. For example, the kinetic isotope effect kH/kD¼ 5.2 (diethyl sebacinate, 413 K)

[14].

4. The reaction of RH with dioxygen occurs more rapidly in polar solvents [15] due to the

polar structure of the transition state R(dþ) � � � H � � � O2(d�).

5. The effect of multidipole interaction was observed in the reactions of dioxygen with

C��H bonds of polyatomic esters. The strong influence of some polar groups on the

rate constant of this reaction was observed (DGnm
6¼ ¼�RT ln(kin/kil)) [16,17].

Me4-nC(CH2OC(O)CH2Me)n 1 O2 �! Free Radicals

n 1 2 3 4

k (423K) (L mol�1 s�1) 2.8� 10�8 1.1� 10�7 1.7� 10�7 8.5� 10�7

DGnm
6¼ (kJ mol�1) 0.0 �4.6 �6.1 �11.8

The values of the rate constants and the activation energies of radical generation by dioxygen

measured experimentally are collected in Table 4.1. The values of the rate constants of these

reactions can be calculated by the intersecting parabolas model (IPM) method [18]. Accord-

ing to this method, the activation energy of the bimolecular homolytic reaction with high

enthalpy (DHe>DHe max, D(R��H)>Dmax) is almost equal to the enthalpy of the reaction

(E¼DHþ 0.5RT). The values of DHe max are the following for aliphatic (R1H), nonsaturated

(R2H), and alkylaromatic (R3H) hydrocarbons:

RH R1H R2H R3H

DHe max (kJ mol�1) 76.3 110.2 90.6

Dmax (kJ mol�1) 300.1 334.0 314.4

Practically, all the hydrocarbons have BDE of C��H bonds higher than 300 kJ mol�1, and this

method of calculation can be used for them. The enthalpy of reaction was calculated as: DH¼
D(R��H)�220 (kJ mol�1). The weakest bonds participate in this reaction. The pre-exponential

factor depends on the reaction enthalpy value for the reactions with high enthalpy [18].

A ¼ A0 1þ b
ffiffiffiffiffiffiffiffiffi

DHe

p

�
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

DHe max

p

h in o2

, (4:2)

where the coefficient b¼ 1.3 and the factor A0¼ 1010 (L mol�1 s�1) per reacting C��H bond.

The values of the enthalpies and the rate constants calculated by the IPM method [18] are

given in Table 4.2.
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TABLE 4.1
Rate Constants of the Reaction: RH 1 O2 ! Free Radicals (Experimental Data)

RH Solvent T (K) k (L mol-1 s-1) Ref.

CH3−H Gas phase 300−2500 3.98 × 1010 exp(−238/RT) [19]

CH3−H Gas phase 300−2500 3.98 × 1010 exp(−238.1/RT) [20]

CH3−H Gas phase 300−2500 7.59 × 108 exp(−217.4/RT) [21]

CH3−H Gas phase 1000−2500 7.94 × 1010 exp(−234.3/RT) [22]

CH3−H Gas phase 300−1000 4.27 × 1010 exp(−246.1/RT) [23]

CH3CH2−H Gas phase 500−2000 6.03 × 1010 exp(−217.0/RT) [19]

CH3CH2−H Gas phase 300−2000 3.98 × 1010 exp(−212.8/RT) [20]

CH3CH2−H Gas phase 865−905 1.00 × 1010 exp(−213.4/RT) [24]

Me2CH−H Gas phase 300−2500 3.98 × 1010 exp(−238/RT) [25]

Me2CH(C−H)Me2 Gas phase 773−813 2.04 × 1010 exp(−173.0/RT) [26]

Me3C−H Gas phase 300−2500 3.98 × 1010 exp(−184.1/RT) [27]

Me2C−HCH2Me Benzene 410−439 1.50 × 1012 exp(−159.0/RT) [11]

BuCH2(CH−H)Me Benzene 378−433 3.16 × 1014 exp(−181.0/RT) [12]

Me3CCH2C−HMe2 Benzene 400−466 1.00 × 1012 exp(−159.0/RT) [11]

H

H

H
H

H
H

Chlorobenzene 383−413 7.94 × 1012 exp(−167.4/RT) [10]

CH2=CHCH2−H Gas phase 600−1000 1.90 × 109 exp(−163.8/RT) [28]

CH2=CMeCH2−H Gas phase 673−793 4.79 × 109 exp(−161.2/RT) [29]

Benzene 373−413 1.58 × 107 exp(−104.6/RT) [12]

Gas phase 573−623 8.13 × 108 exp(−104.0/RT) [30]

H

H

Benzene, 1,2-dichloro- 353 3.70 × 10−7 [31]

CH=CH2 Benzene, 1,2-dichloro- 348−363 2.00 × 108 exp(−96.7/RT) [31]

PhCH2−H Benzene 378−433 7.08 × 109 exp(−133.9/RT) [12]
CH2−H Chlorobenzene 383−418 3.16 × 109 exp(−130.0/RT) [32]

CH2−H Chlorobenzene 383−418 3.16 × 1010 exp(−135.0/RT) [32]

CH2−H Chlorobenzene 383−418 3.16 × 109 exp(−127.0/RT) [32]

PhMe2C−H Chlorobenzene 373−423 3.50 × 109 exp(−114.6/RT) [10]

PhMe2C−H Benzene 378−433 9.55 × 106 exp(−113.0/RT) [12]

PhMe2C−H Benzene 353−413 2.57 × 103 exp(−77.5/RT) [13]
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TABLE 4.2
Enthalpies and Rate Constants of the Reaction RH 1 O2 ! R.

1 HO2
. in Hydrocarbon

Solution Calculated by the IPM Method [18]

RH

D
(kJ mol-1) nC-H

DH
(kJ mol-1)

log A,A
(L mol-1 s-1)

k (450 K)

(L mol-1 s-1)

Me3CCH2−H 422.0 8.17 × 10−12

EtMeCH−H 413.0 2.68 × 10−11

Me3C−H 400.0 1.86 × 10−10

418.5 1.32 × 10−11

H

H

H

H 408.4 2.16 × 10−10

403.9

12

4

1

8

10

14

1

2

3

2

1

2

2

1

1

4

4

4

2

1

3

2

1

4

4

9.49 × 10−10H H

H

395.5 5.68 × 10−10

Z-Decalin 387.6 8.31 × 10−9

CH2=CHCH2−H 368.0 5.25 × 10−7

CH2=CH(CH−H)Me 349.8 1.96 × 10−5

CH2=CH(C−H)Me2 339.6 4.47 × 10−4

Z-MeCH=CH(CH−H)Me 344.0 6.27 × 10−5

Me2C=CH(CH−H)Me 332.0 4.70 × 10−4

Me2C=CMe(C−H)Me2 322.8 3.02 × 10−4

CH2=C(MeC−H)CH=CH2 307.2 1.34 × 10−1

341.5 2.02 × 10−4
H

H

H

H

H

H

H H

H H

H H

330.9 1.06 × 10−3

312.6 3.27 × 10−2

301.0 3.55

MeC≡CC−HMe2 329.4 3.09 × 10−4

PhCH2−H 375.0 6.47 × 10−8

PhMeCH−H 364.1 1.81 × 10−6

PhMe2C−H 354.7 8.59 × 10−6

345.6 2.82 × 10−4

322.0

202.0

193.0

180.0

198.5

188.4

183.9

175.5

167.6

148.0

129.8

119.6

124.0

112.0

102.8

87.2

121.5

110.9

92.6

81.0

109.4

155.0

144.1

134.7

125.6

102.0

12.58

12.06

11.38

12.39

12.43

12.55

11.35

11.60

11.12

10.58

9.96

10.41

9.89

8.63

9.47

10.63

10.12

9.48

10.17

9.41

11.02

11.21

10.79

11.25

10.66 3.94 × 10−2
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4.1.2 TRIMOLECULAR REACTION OF HYDROCARBON WITH DIOXYGEN

In addition to the bimolecular reactions of organic compounds with dioxygen, free radicals

are generated in an oxidized substrate in the liquid phase by the trimolecular reaction [3,8,9]

RHþO2 þHR �! R
. þH2O2 þR

.

This reaction was proposed in 1960 for compounds with a weak C��H bond [33] and was

experimentally proved in the reactions of oxidation of cyclohexanol and tetralin [34,35]. The

rate of this reaction was found to obey the following equation:

n ¼ ki[RH]2[O2]: (4:3)

The enthalpy of this reaction is DH¼ 2DR��H�572 kJ mol�1. The enthalpy of the bimolecular

reaction (RHþO2)DH¼DR�H�220 kJ mol�1. So, DH(2 RHþO2) < DH(RHþO2) at

DR�H < 352 kJ mol�1. The frequency factor of the trimolecular collisions (z03) in liquids is

close to that for the bimolecular collisions (z02). The pre-exponential factor A03 is less than

A02 due to the concerted mechanism of simultaneous energy concentration on the two

reacting C��H bonds in the trimolecular reaction [36]. The ratio A03/A02¼ (z03/z02)� (2RT/

pE3)
1/2. As a result, the ratio k3[RH]2[O2]/k2[RH][O2]¼ (z03[RH]/z02)� (2RT/pE3)

1/2

exp[�(E3�E2)/RT]� (2RT/pE3)
1/2 exp[�(DR��H� 352)/RT], and the trimolecular reaction

should be faster than the bimolecular reaction for substrates with DR��H < 340 kJ mol�1.

Polar solvents accelerate the trimolecular reaction due to the polar structure of the transition

state C(dþ) � � � H � � � (d�)O��O(d�) � � � H � � � (dþ)C. The values of the rate constants of the

trimolecular reactions 2RHþO2 are collected in Table 4.3.

The trimolecular reaction of two dioxygen molecules with two C��H bonds of one

hydrocarbon was observed in ethylbenzene oxidation [43].

PhCH2CH3 þ 2O2 �! HO2
. þ PhCH¼¼CH2 þHO2

.

The rate of this reaction was found to be vi¼ ki [RH][O2]
2 with the rate constant

ki¼ 6.0� 108exp(�108/RT)¼ 4.73� 10�6 (400 K) L2 mol�2 s�1 [43].

4.1.3 BIMOLECULAR AND TRIMOLECULAR REACTIONS OF DIOXYGEN WITH THE DOUBLE

BOND OF OLEFIN

In addition to the reaction with the C��H bond, dioxygen attacks the double bond of olefin

with free radical formation [9].

RCH¼¼CH2 þO2 �! RC
.
HCH2OO

.

RC
.
HCH2OO

. þO2 �! RC(OO
.
)HCH2OO

.

This reaction was proposed by Farmer [44]. Miller and Mayo observed this reaction experi-

mentally in oxidized styrene [45]. The rate constant of this reaction was measured by the free

radical acceptor method by Denisova and Denisov [46]. This reaction is endothermic. The

activation energies of these reactions are sufficiently higher than their enthalpy values.

Olefin CH2¼¼CH2 CH2¼¼CHEt CH2¼¼CHPh CH2¼¼CHCOOMe

DH (kJ mol�1) 80.8 80.4 20.4 84.8

E (kJ mol�1) 118 117
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The transition state of this reaction has a polar structure and therefore this reaction occursmore

rapidly in polar solvents (compare rate constants in chlorobenzene and N,N-dimethylforma-

mide for reactions of styrene and butyl methacrylate in Table 4.4). The effect of multidipole

interaction was observed for reactions of polyatomic esters [47–49].

Monomer CH2¼¼CHCO2Bu

CH2¼¼CHC(O)OCH2

C(CH2OC(O)Et)3

(CH2¼¼CHC(O)

OCH2)4C

k (363K) (L mol�1 s�1) 1.72� 10�7 1.10� 10�8 1.4� 10�8

DGnm
6¼ (kJ mol�1) 0.0 8.2 7.8

The charge transfer complex (CTC) of dioxygen with the monomer is very probable as a

precursor of this reaction [48].

TABLE 4.3
Rate Constants and Activation Energies of the Trimolecular Reaction 2RH 1 O2 ! Free

Radicals (Experimental Data)

RH Solvent T (K) k (L2 mol-2 s-1) Ref.

CH2=C(CH−H)BuMe 1-Octene 373−393 [37]

C8H17CH=CH(CH−H)

   (CH2)6COOMe

Chlorobenzene 313−333 [38]

Bu(CH2CH=CH)2

(CH−H)(CH2)7COOMe

Chlorobenzene 313−333 [38]

Et(CH=CHCH−H)3

(CH2)6COOMe

Chlorobenzene 313−333 [38]

Cholesteryl pelargonate Chlorobenzene 364−388 [39]

Decane 403−423 [35]H H

H H

H H

Decane 378−397 [40]

Decane 345−365 [40]

Chlorobenzene 313−348 [41]H

H

H

H

H Benzene, 1,2-dichloro- 353 1.13 × 10−7 [31]

O

Me−C
Chlorobenzene 353−393

5.38 × 108 exp(−142/RT)

2.0 × 1012 exp(−130/RT)

2.0 × 106 exp(−93.0/RT)

6.30 × 103 exp(−76.5/RT)

2.69 × 105 exp(−73.0/RT)

3.47 × 103 exp(−86.5/RT)

2.40 × 105 exp(−99.0/RT)

3.89 × 103 exp(−78.5/RT)

7.08 × 106 exp(−74.5/RT)

1.70 × 109 exp(−114.0/RT) [42]
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RCH¼¼CH2 þO2 RCH¼¼CH2(dþ ) � � � O2(d�)

RCH¼¼CH2(dþ ) � � � O2(d�) �! RC
.
HCH2OO

.

For the values of the rate constants of dioxygen reaction with monomers, see Table 4.4.

Unsaturated compounds react with dioxygen by trimolecular reaction also [48]. It is very

probable that this reaction proceeds via preliminary formation of a CTC. The formed

complex reacts with another olefin molecule.

TABLE 4.4
Rate Constants of the Bimolecular Reaction RCH¼¼CH2 1 O2! Free Radicals

(Experimental Data)

Monomer Solvent T (K) k (L mol-1 s-1) Ref.

PhCH=CH2

PhCH=CH2

PhCH=CH2

Chlorobenzene 1.78 × 1010 exp(−118.1/RT) [45]

Chlorobenzene 3.63 × 1011 exp(−125.5/RT) [46]

N,N-Dimethyl-formamide 4.0 × 10−8 [47]

PhMeC=CH2 Chlorobenzene 2.5 × 10−8 [47]

PhMeC=CH2 Benzonitrile 5.5 × 10−8 [47]

MeOCO(Me)C=CH2 Chlorobenzene 1.3 × 10−7 [48]

BuOCOCH=CH2 Chlorobenzene 1.10 × 106 exp(−88.6/RT) [48]

BuOCO(Me)C=CH2 Chlorobenzene 5.30 × 106 exp(−91.6/RT) [49]

BuOCO(Me)C=CH2 Chlorobenzene 3.4 × 10−7 [48]

BuOCO(Me)C=CH2 N,N-Dimethyl-formamide 8.1 × 10−7 [48]

Me3COCOCH=CH2 Chlorobenzene 7.1 × 10−8 [48]

MeOCO(Et)C=CH2 Chlorobenzene 1.2 × 10−7 [48]

MeCH=CHCOOEt Chlorobenzene 5.1 × 10−8 [48]

NH2COCH=CH2 Chlorobenzene 1.5 × 10−6 [48]

CH2=CHCOOCH2
   C(CH2OCOEt)3 

Chlorobenzene 1.40 × 10−8 [50]

(CH2=CHC(O)OCH2)4C Chlorobenzene 1.10 × 10−8 [50]

(CH2=C(Me)C(O)OCH2)4C Chlorobenzene 1.60 × 1018 exp(−180.6/RT) [49]

N CH=CH2

CH=CH2

CH=CH2

N,N-Dimethyl-formamide 4.00 × 10−8 [48]

N

N

N,N-Dimethyl-formamide 8.00 × 10−8 [48]

N,N-Dimethyl-formamide 4.40 × 10−8 [48]

Retinal acetate Chlorobenzene 6.30 × 103 exp(−53.2/RT) [51]

E-β-Carotene Benzene, 1,3-dimethyl-

343−363

378−398

343

343

343

353

343−363

342−363

363

363

353

353

363

353

363

363

343−393

343

343

343

303−333

323−343 4.00 × 1012 exp(−107.5/RT) [52]
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RCH¼¼CH2 þO2 RCH¼¼CH2(dþ ) � � � O2(d�)

RCH¼¼CH2 � � � O2 þ CH2¼¼CHR �! RC
.
HCH2OOCH2C

.
HR

The values of the rate constants of the trimolecular reactions 2RCH¼¼CH2þO2 are collected

in Table 4.5.

4.2 HYDROPEROXIDES

Hydroperoxide is the first product of hydrocarbon oxidation and plays a key role in the chain

mechanism of autoxidation. Hydroperoxide possesses a weak O��O bond and decomposes

TABLE 4.5
Rate Constants of the Trimolecular Reaction RCH¼¼CH2 1 O2 1 CH2¼¼CHR !
R.CHCH2OOCH2CHR.

RH Solvent T (K) k (L2 mol-2 s-1) Ref.

PhCH=CH2 N,N-Dimethyl-formamide 343 2.4 × 10−8 [48]

PhCH=CH2 Chlorobenzene 333−353 3.40 × 108
 exp(−113.2/RT) [47]

PhMeC=CH2 Benzonitrile 343 3.7 × 10−8 [48]

BuOCOMeC=CH2 N,N-Dimethyl-formamide 363 6.0 × 10−8 [48]

MeCH=CHC(O)OEt Chlorobenzene 363 4.2 × 10−7 [48]

N Chlorobenzene 343−363 3.02 × 102 exp(−55.6/RT) [48]

N N,N-Dimethyl-formamide 343 1.5 × 10−6 [48]

N
Chlorobenzene 343−453 9.12 × 103 exp(−64.4/RT) [48]

N
N,N-Dimethyl-formamide 343 1.3 × 10−6 [48]

N
Benzene, 1,2-dichloro- 348−363 2.00 × 108 exp(−96.7/RT) [48]

N
Chlorobenzene 343 6.75 × 10−5 [48]

N
N,N-Dimethyl-formamide 343 2.8 × 10−6 [48]

Chlorobenzene 303−363 50 exp(−54.0/RT) [53]

Chlorobenzene 313−363 1.40 × 102 exp(−62.0/RT) [53]

Chlorobenzene 313−363 1.82 exp(−52.0/RT) [53]

O

O

O

O

O Me
C

O

O

O

O
C

C
CH=CH
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with free radical production. Besides this, hydroperoxide as active oxidizing agent reacts

with the oxidized hydrocarbon and the products of oxidation with free radical generation

[1–3,8,9,54–59]. So, it acts as the autoinitiator accelerating the chain reaction of oxidation [1].

All aspects of the chemistry of hydroperoxides will be discussed in this chapter: their

structure, thermochemistry, self-association, association with other oxidation products,

unimolecular decomposition, generation of free radicals via various bimolecular reactions,

and mechanisms of chain decay.

4.2.1 ANALYSIS

Many different analytical techniques were developed for the estimation of hydroperoxides.

Among them, the iodometric technique has been used for a long period of time [60]. Accord-

ing to this method, peroxide is reduced by HI, and diiodine is formed in stoichiometric

quantity. The amount of the formed I2 is measured by reduction with thiosulfate using any

titrometric technique or photometrically.

ROOHþ 2HI ¼ ROHþH2Oþ I2

2Na2S2O3 þ I2 ¼ 2NaIþNa2S4O6

The following analytical procedure for the accurate estimation of hydroperoxides was

proposed [61]. The reduction of peroxide occurs in a solution of isopropanol saturated with

NaI in the presence of acetic acid and CO2 atmosphere at 373 K (in water bath). The reaction

ceases after 15 min. The relative standard deviation equals 0.2%.

The fast reduction of hydroperoxide by Sn(II) is used in stannometric technique of

hydroperoxide estimation.

ROOHþ SnCl2 þ 2HCl ¼ ROHþH2Oþ SnCl4

The analytical procedure is the following [62]. Acetic acid is added to the sample of hydro-

peroxide, then dissolved air is removed by vacuum; the vessel is filled with dinitrogen, and an

aqueous solution of SnCl2 is added. The reaction occurs for 1 h at room temperature; after

this an excess of NH4Fe(SO4)2 solution is introduced, and in 30 min the amount of formed

Fe(II) is estimated by titration with potassium dichromate.

The spectrophotometric technique of hydroperoxide estimation was developed with tri-

phenyl phosphite [63].

ROOHþ Ph3P ¼ ROHþ Ph3PO

Triphenyl phosphite is added in an excess and the rest of it is estimated colorimetrically after

the introduction of formaldehyde and HCl. The latter forms colored triphenyl phosphonyl

chloride [Ph3PCH2 OH]þCl�.

Polarography is successfully used for the estimation of hydroperoxides and peracids [60].

The reduction of hydroperoxide proceeds according to the electrochemical equation:

ROOHþ 2e� �! RO� þHO�

The individual polarographic characteristic of the analyzed compound is the potential E1/2 at

which the current strength equals 50% of its maximum value. The binary solvent benzene–

methanol or benzene–ethanol is used. The amount of peroxide is proportional to the max-

imum strength of the electric current at peroxide concentration in solution lower than
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0.01 mol L�1. The values of E1/2 for several hydroperoxides (ROOH) in benzene–ethanol

solution (1:1 v/v) at [LiCl]¼ 0.3 mol L�1 are the following [60]:

R�� Me3C�� EtMe2C�� Me2PhC�� Ph2CH�� Tetralyl��

E1/2 (V) �1.22 �1.19 �0.97 �0.82 �0.88

Liquid and paper chromatographies as well as mass spectrometry (MS) are used for the

identification and analysis of hydroperoxides [60]. Nuclear magnetic resonance (NMR)

spectroscopy is used for identification of diacyl peroxides.

4.2.2 STRUCTURE OF HYDROPEROXIDES

The structure of hydroperoxides was studied by the x-ray structural analysis method. The

results of the experimental measurements are collected in Table 4.6.

The analysis of the IR spectrum of hydrogen peroxide and cumyl hydroperoxide gave the

following values of frequencies (cm�1) of valence and bond angle vibrations [60].

Bond Angle O��O O��H C��O u(C��O��O) u(O��O��H)

H2O2 880 3598 (symm.)

3610 (nonsym.)

1390 (symm.)

1266 (nonsym.)

Me2PhCOOH 880 3350 1270 585

The hydrogen bond formation decreases the frequency of the O��H bond valence vibration

(see Section 4.2.3). Two configurations of tertiary hydroperoxides are known: E- and

Z-configurations. The activation barrier for transition from Z- to E-configuration is found

to be equal to 195 kJ mol�1 (quantum-chemical calculation [64]).

The dipole moment of hydrogen peroxide is m¼ 1.573 D [64]. The values of the dipole

moments and the polarization of hydroperoxides and peracids are given inTable 4.7.

TABLE 4.6
Bond Lengths and Angles of the Hydroperoxide Groups [59,64]

Compound
Length (10210 m) Angle (deg)

O��O O��C O��O��H O��O��C C��OO��H

Hydrogen peroxide, H2O2 1.453 0.97 (O��H) 94.8 90.2

Hydrogen peroxide, H2O2 1.464 0.965 (O��H) 99.4

Hydroperoxide, methyl-, MeOOH 1.443 1.437 99.6 105.7 114

Trifluoromethyl-, CF3OOH 1.447 1.376 100.0 107.6 95

1,1-Dimethylethyl-, Me3COOH 1.472 1.463 100 109.6 100

1-Methyl-1-phenylethyl-,

MePh2COOH

1.477 1.461 100.9 108.7 (Me),

109.7 (Ph)

109

Triphenylmethyl-, Ph3COOH 1.455 1.454 102.9 109.7 (Ph) 101
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4.2.3 THERMOCHEMISTRY OF HYDROPEROXIDES

The values of the enthalpies of hydroperoxides formation are given in Table 4.8. The

increments of groups in the additive scheme of enthalpy DHf calculation for hydroperoxides

have the following values [66]: DH[O��(C)(O)] ¼�19.2+0.81 kJ mol�1, DH[(O)��OH]

¼�54.7 kJ mol�1, and additional increment of tertiary atom C DH[(C)3C��OO��C(C)3]

¼�5.72 kJ mol�1. The increments of groups for calculation of enthalpy DHn of peroxides

evaporation are: DH[(O)��O��(C)]¼ 6.26 kJ mol�1, DHn [(O)��OC(O)��(CB)]¼
25.4 kJ mol�1, DHn [(O)��OH]¼ 27.4 kJ mol�1, and DHn [(O)��OC(O)��(C)]¼ 18.3 kJ mol�1.

A linear correlation between DHf (ROOH) and DHf (ROH) was found [76]:

DH0
f (ROOH) ¼ DH0

f (ROH)þ 74:0 kJ mol�1 (4:4)

The dissociation energies of the O��O bond in hydroperoxides ROOH poorly depend on the

structure of R and are the following:

R CH3 CH3CH2 Me3C Me2PhC

D (kJ mol�1) 191.0 193.0 182.5 175.0

The dissociation energy of the O��H bond depends on the R structure [77,78].

R sec-R tert-R CF3 CCl3 CCl3CCl2

D (kJ mol�1) 365.5 358.6 418.0 407.2 413.1

4.2.4 HYDROGEN BONDING BETWEEN HYDROPEROXIDES

Hydroperoxides have the OOH group and, therefore, form dimers and trimers connected by

hydrogen bonds. The following scheme of self-association was proposed [59]:

2ROOH
H

O
O

H

O
O

R

R H

O
H

O

H
O

ROOH

O
R

O
R

O

R

The equilibrium constants KH and the thermodynamic parameters of self-association of

several hydroperoxides are given in Table 4.9.

TABLE 4.7
Dipole Moments and Polarization of Hydroperoxides in Benzene [65]

Hydroperoxide T (K) m (D) P (cm3 mol21)

1,1-Dimethylethyl-, Me3COOH 303 1.82 91.1

1,1-Dimethylethyl-, Me3COOH 323 1.81 86.5

1-Methyl-1-phenylethyl-, Me2PhCOOH 303 1.76 106.1
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TABLE 4.8
Enthalpies of Formation DHf

0 (Gas, 298 K) and Evaporation DHv of Hydroperoxides

Hydroperoxide

-DHf
0

(kJ mol-1)

DHv

(kJ mol-1)

DS0

(J mol-1
 K-1) Ref.

Hydrogen peroxide, H2O2 136.4 51.0 232.8 [67]

Methyl-, MeOOH 130.5 282.4 [67]

Methyl-, MeOOH 133.9 [68]

Ethyl-,  EtOOH 169.4 43.7 321.8 [68]

1-Methylethyl-, Me2CHOOH 198.3 358.7 [68]

Butyl-, BuOOH 205.0 393.8 [67]

1,1-Dimethylethyl-, Me3COOH 242.7 360.6 [67]

1,1-Dimethylethyl-, Me3COOH 236.4 48.7 [68]

1,1-Dimethylethyl-, Me3COOH 243.3 [69]

1,1-Dimethylethyl-, Me3COOH 245.8 [59]

1,1-Dimethylethyl-, Me3COOH 218.3 [70]

1,1-Dimethylethyl-, Me3COOH 225.7 [66]

Pentyl-, Me(CH2)3CH2OOH 217.6 433.2 [67]

1-Methylbutyl-, MePrCHOOH 234.3 430.7 [67]

1-Hexyl-, Me(CH2)4CH2OOH 238.5 472.6 [67]

1-Hexyl-, Me(CH2)4CH2OOH 237.1 62.7 [71]

1-Hexyl-, Me(CH2)4CH2OOH 259.2 [59]

1-Methylpentyl, Me(CH2)3CH(OOH)Me 255.2 470.1 [67]

1-Methylpentyl, Me(CH2)3CH(OOH)Me 250.1 60.1 [71]

1-Methylpentyl, Me(CH2)3CH(OOH)Me 267.5 [59]

1-Ethylbutyl-, Me(CH2)2CH(OOH)Et 245.1 60.1 [71]

1-Ethylbutyl-, Me(CH2)2CH(OOH)Et 263.3 [59]

1-Heptyl-, Me(CH2)5CH2OOH 288.7 512.0 [67]

1-Heptyl-, Me(CH2)5CH2OOH 275.7 67.5 [71]

1-Methylhexyl-, Me(CH2)4CH(OOH)Me 276.1 509.5 [67]

1-Methylhexyl-, Me(CH2)4CH(OOH)Me 281.6 64.9 [71]

1-Ethylpentyl-, Me(CH2)3CH(OOH)Et 282.1 64.9 [71]

1-Propylbutyl-, Me(CH2)2CH(OOH)Pr 269.1 64.9 [71]

1,1-Dimethyl-2-pentyn-4-enyl-,

CH2=CHC≡CCMe2OOH

−127.1 63.5 [72]

Cyclohexyl-,

214.9 58.5 [71]

Cyclohexyl-,

229.9 [59]

1-Methylcyclohexyl-,

270.3 60.2 [71]

O O
H

O O
H

O O
H
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Polar molecules and molecules with p-bonds form complexes with hydroperoxides via

hydrogen bond also, for example:

R1OOHþNR3 R1OOH � � � NR3

The values of the equilibrium constants KH are listed in Table 4.10.

In addition to hydroperoxides having the OH group, they also possesses acidic properties.

The pKa values of hydroperoxides fall over a rather narrow range of 11.5–13.2 and for

peracids 7.2–8.2 in water. The values of pKa for hydroperoxides ROOH in water at 298 K

are presented below [59].

R Me Et Me3C Me2PhC PhCH2CMe2 MePh2C

pKa 11.50 11.80 13.27 13.08 13.25 12.94

4.3 REACTIONS OF FREE RADICAL GENERATION BY HYDROPEROXIDES

4.3.1 UNIMOLECULAR DECOMPOSITION OF HYDROPEROXIDES

Hydroperoxides have a weak O��O bond and split under heating with the dissociation of this

bond forming two active free radicals [54–59].

TABLE 4.8
Enthalpies of Formation DHf

0 (Gas, 298 K) and Evaporation DHv of

Hydroperoxides—continued

[71]

[73]

[69]

[74]

[75]

[71]

[66]

1-Methylcyclohexyl-,

E-9-Decalyl-,

O

O
O

O
H

H

H H

1-Methyl-1-phenylethyl-, PhMe2COOH

1-Methyl-1-phenylethyl-, PhMe2COOH

1-Methyl-1-phenylethyl-, PhMe2COOH

1-Tetralyl-,

O O

1,1,4,4-Tetramethyl-1,4-dihydroperoxy

butane, HOOCMe2(CH2)2CMe2OOH

1,1,4,4-Tetramethyl-1,4-dihydroperoxy

butyne, HOOCMe2C≡CCMe2OOH

263.3

277.8

82.5

87.9

85.4

104.5

428.6

130.2

67.2

66.0

66.0

66.0

77.2

138.6

127.4 [66]

Hydroperoxide

-DHf
0

(kJ mol-1)

DHv

(kJ mol-1)

DS0

(J mol-1
 K-1) Ref.
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ROOH �! RO
. þHO

.

In addition to this reaction, many other reactions of hydroperoxide decay occur in solution

and they will be discussed later. This is the reason why the unimolecular decomposition of

hydroperoxides was studied preferentially in the gas phase. The rate constants of the uni-

molecular decomposition of some hydroperoxides in the gas phase and in solution are

presented in Table 4.11. The decay of 1,1-dimethylethyl hydroperoxide in solution occurs

more rapidly. This demonstrates the interaction of ROOH with the solvent.

TABLE 4.9
Equilibrium Constants (K ), Enthalpies (DH), and Entropies (DS) of Self-Hydrogen

Bonding of Hydroperoxides

Hydroperoxide Solvent T (K)

-DH
(kJ mol-1)

-DS
(J mol-1 K-1)

K (298 K)

(L mol-1) Ref.

ROOH + ROOH ⇔ ROOH ... O(H)OR
1-Cyclohexyl-1-ethinyl-

C≡CH

OOH

CCl4

CCl4

CCl4

CCl4

CCl4

258−312 17.6 48.9 0.29 [60]

1,1-Dimethylethyl-,

Me3COOH

n-C7H16 363 1.90 [79]

1,1-Dimethylethyl-,

Me3COOH

258−313 23.8 82.0 0.77 [80]

1,1-Dimethylethyl-,

Me3COOH

Me3COOH

303 24.9 77.0 2.20 [81]

1,1-Dimethylethyl-, C6H6

C6H6

343 6.6 37.7 0.15 [81]

1,1-Dimethylethyl-,

Me3COOD

303 20.5 62.8 2.06 [59]

1,1-Dimethylethyl-,

Me3COOD

343 0.64 [82]

1,1-Dimethylethyl-,

Me3COOH

Me3COOH

Me3COOH

Me3COOH

Me3COOH

313 26.4 90.4 0.80 [59]

ROOH + ROOH + ROOH ⇔ 3(ROOH)
1,1-Dimethylethyl-, cyclo-C6H12 288−343 50.2 108.7 1.32 × 103 [83]

1,1-Dimethylethyl-, C7H14 258−343 50.2 111.3 9.67 × 102 [83]

1,1-Dimethylethyl-, cyclo-

C6H11Me

288−343 50.2 112.1 8.78 × 102 [83]

1,1-Dimethylethyl-, CCl4 258−343 46.9 106.3 4.66 × 102 [83]
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TABLE 4.10
Equilibrium Constants (K ), Enthalpies (DH), and Entropies (DS) of Hydrogen Bonding

of the Hydroperoxides: ROOH 1 Y,ROOH . . . Y

Hydroperoxide Y Solvent T (K)

-DH
(kJ mol-1)

-DS
(J mol-1 K-1)

K (298 K)

(L mol-1) Ref.

AcCH(OOH)Me Me3COH MeC(O)Et 343 0.65 [84]

AcCH(OOH)Me MeC(O)OH MeC(O)Et 343 3.11 [84]

Me3COOH C6H6

C6H6

303−343 0.15 [81]

Me3COOH

Me3COOH

Me3COOH

Me3COOH

Me3COOH

Me3COOH

Me3COOH

Me3COOH

288−343 0.17 [83]

PhCH3 288−343 0.27 [83]

PhCHMe2 288−343 0.21 [83]

C6H5Cl

C6H5Cl

C6H6

C6H6

PhCH3

PhCHMe2

C6H5Cl

C6H5Cl

288−343 0.13 [83]

343 0.10 [82]

Cl

Cl

Cl

Cl

343 0.13 [82]

PhCH=CH2

PhCH=CH2

PhCH=CH2

PhCH=CH2

PhCH=CH2

PhCH=CH2

303−343 0.29 [81]

288−343 0.29 [83]

Me3COOD 343 0.50 [82]

Me3COOH MeCOMe CCl4

CCl4

CCl4

249−293 3.73 [85]

Me3COOH MeCOEt MeCOEt 288−343 0.40 [83]

Me3COOH MeOH 249−293 3.55 [85]

Me3COOH

Me3COOH

Me3COOH

Me3COOH

Me3COOH

Me3COOH

Me3COOH

Me3COOH

Me3COOH

Me3COOH

Me3COOH

Me3COOH

Me3COOH

Me3COOH

O
249−293 4.27 [85]

EtOEt EtOEt 233−289 8.84 [86]

EtOEt EtOEt 288−343 0.71 [83]

Me2CHOCHMe2 Me2COCMe2 288−343 1.11 [83]

BuOBu BuOBu 288−343 0.72 [83]

Me2EtCHO

CHMe2Et

Me2EtCHO

CHMe2Et

288−343 1.00 [83]

288−343 0.37 [83]
O

O O

O

O O
288−343 0.42 [83]

MeOCH2CH2OMe MeOCH2

  CH2OMe

288−343 0.30 [83]

[83]PhOMe PhOMe 288−343 1.95

PhOEt PhOEt 288−343 1.97 [83]

PhCH2OMe PhCH2OMe 288−343 0.97 [83]

Me3CO OCMe3 Me3CO

OCMe3

288−343 1.21 [83]

O O
288−343 0.65 [83]

6.6

8.2

5.7

11.7

7.6

10.0

7.5

12.5

15.0

12.5

9.2

13.0

19.7

20.5

19.5

19.7

21.8

17.8

18.0

10.6

10.5

20.1

13.5

17.3

37.7

42.3

29.9

52.1

42.5

43.9

35.4

31.0

57.9

31.4

18.8

25.5

68.9

67.9

68.2

66.1

81.5

66.9

70.4

30.0

29.6

67.7

43.7

61.6

continued
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TABLE 4.10
Equilibrium Constants (K ), Enthalpies (DH), and Entropies (DS) of Hydrogen Bonding of the

Hydroperoxides: ROOH 1 Y,ROOH . . . Y—continued

Me3COOH

Me3COOH

Me3COOH

Me3COOH

Me3COOH

Me3COOH

Me3COOH

Me3COOH

Me3COOH

CCl4
CCl4

292−341 23.9 55.7 19.0 [88]

294−332 14.7 43.5 2.02 [88]

Me2NC(O)H 288−343 22.0 93.1 9.84 × 10−2 [83]

CH2=CH

  COOMe

293−343 13.8 35.6 3.62 [48]

CH2=CMe

COOMe

293−343 18.8 52.3 3.66 [48]

CH3CN 288−343 12.0 44.3 0.62 [83]

CH2=CHN 293−343 12.5 33.5 2.76 [48]

NH
298 28.8 85.8 3.68 [87]

N
248−289 28.0 72.0 14.03 [86]

Me3COOH
N

298 11.0 9.7 26.39 [87]

Me3COOH Me3COOH 298 10.7 12.0 17.73 [87]

Me3COOH
NO

H 298 21.4 52.5 10.20 [87]

Me3COOH Me2SO 288−343 23.7 107.6 3.42 × 10−2 [83]

EtMe2COOH CCl4 258−313 22.6 75.3 1.07 [80]

EtMe2COOH MeCOMe 270−313 15.9 37.2 6.98 [86]

EtMe2COOH EtOEt 248−288 10.5 10.9 18.66 [86]

EtMe2COOH
N

253−288 28.0 74.0 11.03 [86]

O O
H

O O
H

n-C10H14 293 23.4 79.5 0.89 [59]

n-C10H14 293 11.7 26.8 4.48 [59]

Me2PhCOOH Me2PhCH 273−313 25.1 66.6 8.33 [88]

Me2PhCOOH CCl4

CCl4

CCl4

265−323 28.5 96.2 0.93 [80]

Me2PhCOOH 293 0.46 [59]

Me2PhCOOH 249−293 15.1 53.5 0.43 [85]

Me2PhCOOH MeCOMe 270−313 15.9 35.1 9.00 [89]

Hydroperoxide Y Solvent T (K)

-DH
(kJ mol-1)

-DS
(J mol-1 K-1)

K (298 K)

(L mol-1) Ref.

Me3COOH

AcNHBu

AcNHCHMe2

Me2NC(O)H

CH2=CHCOOMe

CH2=CMe

  COOMe

CH3CN

CH2=CHCN

NH

N

N

N

NO
H

Me2SO

EtMe2COOH

MeCOMe

EtOEt

N

H
O O

H
O O

Me2PhCOOH

Me2PhCOOH

PhOCH3

MeCOMe

MeCOMe

AcNMe2 CCl4 294−341 22.6 51.1 19.6 [88]

Me3COOH

Me3COOH

PhNH2 PhNH2 298 9.09 [87]

PhNHEt PhNHEt 298 7.67 [87]

3.3

4.8

−7.28

−0.83
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TABLE 4.10
Equilibrium Constants (K ), Enthalpies (DH), and Entropies (DS) of Hydrogen Bonding of the

Hydroperoxides: ROOH 1 Y,ROOH . . . Y—continued

Me2PhCOOH CCl4 294−332 21.3 55.6 6.75 [88]

Me2PhCOOH
N

298 17.7 49.4 3.33 [87]

Me2PhCOOH CH2=CH

  COOMe

293−343 14.6 37.2 4.13 [48]

Me2PhCOOH CH2=CMe

COOMe

293−343 13.8 42.7 1.54 [48]

Me2PhCOOH

Me2PhCOOH

CH2=CHCN 293−343 12.5 33.5 2.76 [48]

N
253−289 29.3 75.3 15.9 [86]

Ph

OOH

CCl4

CCl4

CCl4

CCl4

CCl4

CCl4

269−312 21.8 83.6 0.28 [80]

Me2C(OOH)

CH=CHMe

269−304 18.8 73.7 0.28 [89]

Ph3COOH 269−313 23.8 82.0 0.77 [85]

Ph3COOH 269−313 14.6 50.2 0.86 [85]

Ph3COOH 269−313 16.3 54.4 1.04 [85]

Ph3COOH 269−313 10.9 31.4 1.86 [85]

CCl4

CCl4

Me2PhCOOH

Me2PhCOOH

Me2PhCOOH

Me2PhCOOH

EtOEt 248−288 13.8 25.5 12.2 [86]

PhNH2 298 8.0 13.7 4.86 [87]

294−350 20.9 49.8 11.54 [88]

AcNHCHMe2

N

CH2=CHCOOMe

CH2=CMe

  COOMe

CH2=CHCN

N

Ph

OOH

Me2C(OOH)

CH=CHMe

Ph3COOH

MeCOMe

MeOH

O

EtOEt

PhNH2

AcNMe2

AcNHBu 294−337 20.5 49.0 10.81 [88]

Hydroperoxide Y Solvent T (K)

-DH
(kJ mol-1)

-DS
(J mol-1 K-1)

K (298 K)

(L mol-1) Ref.

CCl4

CCl4

Me2PhCOOH

Me2PhCOOH

249−293 15.9 50.2 1.46 [85]

249−293 10.9 30.1 0.46 [85]

MeOH

O

TABLE 4.11
Rate Constants of the Unimolecular Decomposition of Hydroperoxides and Peracids

Hydroperoxide Solvent T (K) E (kJ mol21) log A, A (s21) k (400 K) (s21) Ref.

Methyl-, MeOOH Gas 565�651 180.0 14.91 2.54� 10�9 [68]

Ethyl-, EtOOH Gas 553–653 180.0 15.35 6.99� 10�9 [68]

1-Methylethyl-, Me2CHOOH Gas 553–653 180.0 15.50 9.88� 10�9 [68]

1,1-Dimethylethyl-, Me3COOH Gas 553–653 180.0 15.60 1.24� 10�8 [68]

1,1-Dimethylethyl-, Me3COOH Toluene 423 180.0 16.10 3.94� 10�8 [90]
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4.3.2 BIMOLECULAR DECOMPOSITION OF HYDROPEROXIDES

The bimolecular reaction of hydroperoxide decomposition to free radicals

ROOHþHOOR �! RO
. þH2OþRO2

.

was first observed by Bateman and coworkers [91,92] in the kinetic study of the autoxidation

of nonsaturated acids and their esters. He found that the rate of chain initiation in an oxidized

substrate was proportional to the square of hydroperoxide concentration (vi ~ [ROOH]2).

This result was proved later by the free radical acceptor method [79]. The rate of initiation

by Me3COOH was found to be

v03 ¼ ki1[ROOH]þ ki2[ROOH]2 � (1þ K [ROOH])�1 (4:5)

where ki1 characterizes the unimolecular decay of hydroperoxide (or decay by the reaction of

hydroperoxide with the solvent) and ki2 characterizes the decomposition of a complex

between two molecules of ROOH, forming the hydrogen bond ROOH � � � O(H)OR. The

coefficient K is the equilibrium constant of formation of this complex. The values of K are

given in Table 4.12. So, the ‘‘bimolecular’’ decomposition of hydroperoxide occurs in two

steps. Two molecules of hydroperoxide form a complex through the hydrogen bond. Then

this complex is decomposed into free radicals and water molecule.

ROOHþROOH ROOH � � � O(H)OR (K)

ROOH � � � O(H)OR �! RO2
. þH2OþRO

.
(ki2)

This bimolecular decomposition of Me3COOH occurs with endothermicity DH¼DO��Hþ
DO��O�DHO��H¼ 358.6þ 175.0�498¼ 35.6 kJ mol�1 in comparison with DH¼ 180 kJ mol�1

for unimolecular decay. Hence the bimolecular decay occurs much more rapidly than the

unimolecular decay. The equilibrium constant K and ki2 were found to be K¼ 1.9 L mol�1

(363 K) and ki2¼ 5.8� 107 exp(�96.1/RT)¼ 8.61� 10�7 L mol�1 s�1 (363 K) for 1,1-dimethy-

lethyl hydroperoxide [79] and K¼ 3.3� 10�4 exp(25.0/RT)¼ 1.3 L mol�1 (363 K), ki2¼
2.2� 108 exp( �106.0/RT)¼ 1.23� 10�7 L mol�1 s�1 (363 K) for 1-methyl-1-phenylethyl

hydroperoxide [93]. The experimental data on the bimolecular homolytic decomposition of

hydroperoxides are collected in Table 4.12.

Let us compare the rate constants of decay of one molecule (ki1) and a complex of two

molecules (ki2) of 1,1-dimethylethyl hydroperoxide.

T (K) 350 375 400 450

ki1 (s�1) 5.48� 10�12 3.39� 10�10 1.25� 10�8 5.11� 10�6

ki2 (s�1) 3.33� 10�8 3.78� 10�7 3.16� 10�6 1.09� 10�4

It is seen that the dimer is decomposed into free radicals by two to four orders of magnitude

more rapidly than one molecule of hydroperoxide. Due to the difference in their activation

energies, this difference increases with lowering of temperature.

4.3.3 BIMOLECULAR REACTIONS OF HYDROPEROXIDES WITH P-BONDS OF OLEFINS

The reaction of hydroperoxide (Me3COOH) with the p-bond of styrene with free radical

generation
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ROOHþ CH2¼¼CHPh �! RO
. þHOCH2C

.
HPh

was observed by the free radical acceptor method in 1964 by Denisov and Denisova [100]. The

rate of free radical initiation was found to obey the following equation:

vi ¼ ki[ROOH] [PhCH¼¼CH2], (4:6)

with the rate constant ki¼ 1.2� 104 exp(�72.0/RT) L mol�1 s�1. The enthalpy of this reaction

is DH¼DO��O�DR��OH ¼ 175�165¼ 10 kJ mol�1. The rate constants of free radical gener-

ation by this reaction measured by different methods are in good agreement [101].

It is very probable that the preliminary formation of the CTC between hydroperoxide and

olefin precedes the reaction.

TABLE 4.12
Rate Constants and Activation Energies of the Bimolecular Reactions of Hydroperoxides

2ROOH ! RO2
.
1 H2O 1 RO. (Experimental Data)

ROOH Solvent T (K)

E
(kJ mol-1)

log A, A
(L mol-1 s-1)

k (350 K)

(L mol-1 s-1) Ref.

HOOH Cyclohexanol 393−413 121.7 9.84 4.76 × 10−9 [94]

Me3COOH Heptane 333−363 96.1 8.04 4.99 × 10−7 [78]

Me2C(OOH)Et 2-Methylbutane 333−363 100.0 7.80 7.52 × 10−8 [95]

CH2=CHCHMeOOH 1-Butene 338−353 108.8 11.70 2.90 × 10−5 [96]

MeCH=CHCH2OOH 2-Butene 338−353 117.1 12.70 1.67 × 10−5 [96]

OOH

Benzene 333−353 120.0 11.40 3.10 × 10−7 [97]

Me2PhCOOH

Me2PhCOOH

Me2PhCOOH

Me2PhCOOH

Me2PhCOOH

Cumene 333−368 80.7 4.86 6.55 × 10−8 [93]

Chlorobenzene 373−393 68.6 2.38 1.38 ×10−8 [98]

Cumene 393 1.90 × 10−6 [99]

Chlorobenzene 393 6.02 × 10−7 [99]

Nitrobenzene 393 4.47 × 10−5 [99]

PhCH(OOH)CH=CH2 Benzene, 2-propenyl- 388 2.82 × 10−7 [91]

CH2=CHCH(OOH)

CH2Bu

1-Octene 388 2.88 × 10−7 [91]

OOH
Cyclohexene 388 5.37 × 10−7 [91]

OOH Cyclohexene, 3-methyl- 388 1.15 × 10−6 [91]

OOH Cyclohexene,
  3,3,6-trimethyl-

388 3.24 × 10−6 [91]

EtCH=CMeCH(OOH)Et Heptene-3, -4-methyl 388 1.7 × 10−6 [91]

Me2C=CHCH(OOH)Bu Octene-2, -2-methyl 388 5.0 × 10−7 [91]

Methyloleate Methyloleate 388 4.5 × 10−6 [91]

Ethyllinoleate Ethyllinoleate 388 4.7 × 10−6 [91]
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ROOHþ CH2¼¼CHR1 ROOH(d�) � � � CH2¼¼CHR1(dþ)

ROOH(d�) � � � CH2¼¼CHR1(dþ) �! [RO
. þHOCH2C

.
HR1]

[RO
. þHOCH2C

.
HR1] �! ROHþHOCH¼¼CHR1

[RO
. þHOCH2C

.
HR1] �! HOCH2C(OR)HR1

[RO
. þHOCH2C

.
HR1] �! RO

. þHOCH2C
.
HR1

The formation of the hydrogen bond between hydroperoxide and polar monomer, for

example, methyl acrylate or acrylonitrile, does not influence the rate constant of the reaction

of hydroperoxide with the double bond of monomer [101]. The values of the rate constants

of the reaction of hydroperoxide with olefins are given in Table 4.13. The effect of multi-

dipole interaction was observed for reactions of hydroperoxide with polyfunctional mono-

mers (see Table 4.14, DGm
6¼ is the Gibbs energy of multidipole interaction in the transition

state).

TABLE 4.13
Rate Constants and Activation Energies of the Reactions of Hydroperoxides with Monomers:

ROOH 1 CH2¼¼CHR!RO.
1 HOCH2C.HR (Experimental Data)

ROOH CH2=CHR Solvent T (K)

E
(kJ mol-1)

log A, A
(L mol-1 s-1)

k (350 K)

(L mol-1 s-1) Ref.

Me3COOH CH2=CHPh

CH2=CHPh

CH2=CHPh

Chloro
   benzene

72.0 4.08 2.16 × 10−7 [100]

Me3COOH Styrene 79.5 5.21 2.21 × 10−7 [48]

Me2PhCOOH Styrene 84.2 6.35 6.08 × 10−7 [48]

Me2PhCOOH CH2=CHCOOMe Methyl
   acrylate

82.6 5.88 3.12 × 10−7 [101]

Me2PhCOOH CH2=CHCN Acrylonitrile 5.4 × 10−8 [101]

Me2PhCOOH CH2=CMeCOOMe Methyl
   methacrylate

78.2 5.01 2.18 × 10−7 [101]

Me2PhCOOH CH2=CMeCOOBu Butyl
   methacrylate

1.9 × 10−8 [101]

Me2PhCOOH CH2=CEtCOOMe Methylethacry-
   late

3.2 × 10−8 [101]

Me2PhCOOH CH2=CMePh Benzene 7.1 × 10−7 [101]

Me2PhCOOH (CH2=CHC(O)
   OCH2)4C

Chloro
   benzene

9.40 × 10−8 [102]

Me2PhCOOH (CH2=CHC(O)
   OCH2)3CH

Chloro
   benzene

1.83 × 10−7 [102]

Me2PhCOOH CH2=CHC(O)OCH2
   C(CH2OCOEt)3

Chloro
   benzene

328−363

323−353

323−353

323−353

323

323−363

323

323

363

343

343

343 1.9 × 10−8 [103]
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4.3.4 BIMOLECULAR REACTIONS OF HYDROPEROXIDES WITH C��H, N��H, AND O��H
BONDS OF ORGANIC COMPOUNDS

The bimolecular reaction of the type

ROOHþHY �! RO
. þH2OþY

.

has a sufficiently lower enthalpy than the unimolecular decomposition of hydroperoxide

(DO��O¼ 180 kJ mol�1) because in most cases, DY��H < DHO��H¼ 498 kJ mol�1. These

reactions can occur with an activation energy lower than the DO��O of hydroperoxide. A

few reactions of this type with the initiation rate vi¼ ki [ROOH] [YH] were observed where

YH was either a hydrocarbon [93,98], or an alcohol [95,104], or a carboxylic acid [105,106].

The experimental data are presented in Table 4.15. These data will be interpreted later in

comparison with the results of the rate constants calculated by the IPM method.

TABLE 4.14
The Reactivity of Polyfunctional Esters in Bimolecular Reaction with

1-Methyl-1-Phenyl Hydroperoxide

Monomer ki (343 K) (L mol21 s21) DGm
6¼ (kJ mol21) Refs

CH2¼¼CHCOOMe 17.5� 10�8 0 [101]

(CH2¼¼CHCOOCH2)3CEt 18.3� 10�8 3.0 [102]

(CH2¼¼CHCOOCH2)4C 11.2� 10�8 5.6 [102]

CH2¼¼CHCOOCH2(CH2OCOEt)3 1.9� 10�8 6.3 [102]

TABLE 4.15
Rate Constants and Activation Energies of the Bimolecular Reactions of Hydroperoxides

with Substrates ROOH 1 YH ! Free Radicals (Experimental Data)

ROOH Y-H Solvent T (K) E (kJ mol-1)

log A, A
(L mol-1 s-1)

k (400 K)

(L mol-1 s-1) Ref.

EtMe2COOH Me3CCH2CHMe2 Isooctane 333−363 115.1 8.42 2.43 × 10−7 [95]

Me2PhCOOH Me2PhC−H 373−393 109.0 7.70 2.92 × 10−7 [98]

Me2PhCOOH Me2PhC−H Me2PhCH 333−368 110.0 8.00 4.32 × 10−7 [93]

OOH
cyclo-C6H12 cyclo-C6H12 353−393 133.9 10.83 2.23 × 10−7 [104]

EtMe2COOH CH3CH2O−H Isooctane 348 2.0 × 10−7 [95]

EtMe2COOH EtMe2CO−H Isooctane 333−396 93.3 8.54 2.27 × 10−4 [95]

OOH OH
C6H5Cl 353−393 92.0 8.64 4.23 × 10−4 [104]

Me2PhCOOH PhC(O)O−H Me2PhCH 363−383 86.0 9.85 4.17 × 10−2 [105]

MeCH(OOH)

(CH2)7Me

BuCH2COO−H Me(CH2)8Me 293−433 67.4 6.30 3.15 × 10−3 [106]

Me3COOH C5H5N C6H5Cl 333−368 53.0 3.54 4.16 × 10−4 [107]

C6H5Cl
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4.4 PARABOLIC MODEL OF BIMOLECULAR HOMOLYTIC REACTION

4.4.1 MAIN EQUATIONS OF IPM

The IPM as a semiempirical model of an elementary bimolecular reaction appeared to be very

useful and efficient in the analysis and calculation of the activation energies for a wide variety

of radical abstraction and addition reactions [108–113]. As a result, it became possible to

classify diverse radical abstraction reactions and to differentiate in each class the groups of

isotypical reactions. Later this conception was applied to the calculations of activation

energies and rate constants of bimolecular reactions of chain generation [114]. In the IPM,

the radical abstraction reaction, for example,

ROOHþ CH2¼¼CHY �! RO
. þHOCH2C

.
HY

in which the hydroxyl radical is transferred from the initial molecule (ROOH) to the final

radical (HOCH2C
.
HY), is regarded as the result of an intersection of two potential curves,

one of which describes the potential energy Ui(r) of the vibration of the O atom along the

dissociating bond (O��O bond) in the initial molecule, and another describes the potential

energy Uf (r) of the vibration of the same atom along the forming bond (C��O bond) in the

reaction product (U is the potential energy and r is the amplitude of the atomic vibrations

along the valence bond). The stretching vibrations of the H atom in RH and XH are regarded

as harmonic and described by the parabolic law:

ffiffiffiffiffiffiffiffiffiffi

U(r)
p

¼ br (4:7)

The following parameters are used to characterize the elementary step [109,110]:

1. The enthalpy of reaction DHe includes the difference between the zero-point energies of

the broken and generated bonds

DHe ¼ Di �Df þ 0:5hL(ni � nf ), (4:8)

where Di and Df are the dissociation energies of the broken (i) and generated (f ) bonds,

respectively, and ni and nf are the stretching vibrational frequencies of the formed and

generated bonds, respectively.

2. The activation energy Ee is related to the experimentally determined Arrhenius energy

E by the equation

Ee ¼ E þ 0:5(hLni � RT): (4:9)

3. The coefficients bi and bf describe the dependence of the potential energy on the atomic

vibrational amplitude along the valence bonds. There is a parabolic relationship

between the potential energy and the vibration amplitude

Ui ¼ b2
i r

2 and Uf ¼ b2
f (re � r)2 (4:8)

The quantity 2b2 is the force constant of the corresponding bond with b¼pn(2m)1/2,

where m is the reduced mass of the atoms forming the bond.

4. The parameter re characterizes the distance between the two minimum points of the

intersecting parabolas. This parameter is equal to the sum of the elongation of the two

transformed bonds in the TS of the reaction.
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In the IPM, these parameters are related by the equation:

bre ¼ a
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

Ee � DHe

p

þ
ffiffiffiffiffi

Ee

p

(4:11)

where b¼ bi, i.e., refers to the attacked bond in the molecule, while a¼ bi/bf. In the case of

structurally isotypical reactions (bre¼ const.), a thermally neutral reaction (DHe¼ 0) occurs

with the activation energy Ee0, which is determined by two parameters, namely, a and bre (or

re, bi, and bf):

ffiffiffiffiffiffiffi

Ee0

p

¼ bre

1þ a
(4:12)

On substituting the parameter bre in Equation (4.12) by its value from Equation (4.11), we get

(1þ a)
ffiffiffiffiffiffiffi

Ee0

p

¼ a
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

Ee � DHe

p

þ
ffiffiffiffiffi

Ee

p

(4:13)

The transition state in the IPM is characterized by the distance r 6¼, which is related to other

parameters by the equation

r 6¼=re ¼ E1=2
e =bre ¼ 1þ a 1� DHeE

�1
e

� �� ��1
(4:14)

In the case of a thermally neutral reaction, r 6¼ is equal to the ratio

(r 6¼=re)0 ¼ (1þ a)�1 (4:15)

The parabolic model is, in essence, empirical because the parameter a is calculated from

spectroscopic (ni and nf) and atomic (mi and mf) data, while the parameter bre (or Ee0) is found

from the experimental activation energies E(E¼RT ln(A/k)), where A is the pre-exponential

factor typical of the chosen group of reactions, and k is the rate constant. The enthalpy of

reaction is calculatedbyEquation (4.6).Thecalculations showed thatbre¼ const. for structurally

similar reactions. The values of a and bre for reactions of different types are given in Table 4.16.

The activation energies for highly endothermic reactions are known to be virtually equal

to the enthalpy of the reaction. According to IPM, each group of reactions is characterized by

the critical value of the enthalpy of the reaction DHe max. When the reaction enthalpy

DHe>DHemax, the activation energy E¼DHþ 0.5RT, whereas DHe max depends on param-

eters a and bre [115].

DHe max ¼ (bre)
2 � 2abre

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

0:5hLnf

p

þ 0:5hLnf a2 � 1
� �

(4:16)

Special attention should be paid to the pre-exponential factors of the reactions [115]. For a

separate group of reactions, the quantity A calculated for a single attacked bond is constant

A¼A0 when DHe < DHe max. For reactions with DHe>DHe max, the parameter re increases

with an increase in DHe and, hence, the pre-exponential factor A also increases. The depend-

ence of A on DH is described by the formulas [115]:

A ¼ A0 1þ b
ffiffiffiffiffiffiffiffiffi

DHe

p

�
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

DHe max

p

h in o2

s (4:17)

The mean value of the coefficient b is equal to 1.3. Table 4.17 presents the values of

DHe max calculated by Equation (4.16). Evidently, the range of DHe in which A¼A0¼ const.

depends on the parameter bre and varies within wide limits.
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4.4.2 CALCULATION OF E AND K OF A BIMOLECULAR REACTION

Within the framework of the IPM, the values of E and k are calculated by means of the

following formulas [110–112]:

(a) Reactions with DHe < DHe max.

(1) for a ¼ 1
ffiffiffiffiffi

Ee

p

¼ bre

2
þ DHe

2bre

(4:18)

(2) for a 6¼ 1
ffiffiffiffiffi

Ee

p

¼ bre

1� a2
1� a

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1� 1� a2

(bre)
2

DHe

s

" #

(4:19)

(3) for DHe(1� a2)� (bre)
2

ffiffiffiffiffi

Ee

p

¼ bre

1þ a
þ aDHe

2bre

(4:20)

TABLE 4.16
Kinetic Parameters of the Bimolecular Reactions of the Free Radicals and Molecules with

Dioxygen and Hydroperoxide Calculated by the IPM Method [109]

Reaction a

b

((kJ mol21)1/2 m21)

0.5hLni

(kJ mol21)

0.5hL(ni2nf),

(kJ mol21) (r6¼/re)0

O2 (O3) 1 HY! HO2
. (HO3

.) 1 Y. [116–119]

O2 (O3)þHR 0.814 3.743� 1011 17.4 �3.8 0.551

O2 (O3)þHNR2 0.936 4.306� 1011 20.0 �1.2 0.516

O2 (O3)þHOR 1.022 4.701� 1011 21.7 0.5 0.495

O2 (O3)þHOOR 1.000 4.600� 1011 21.2 0.0 0.500

O2 (O3)þHSiR3 0.624 2.871� 1011 13.1 �8.1 0.616

O2 (O3)þHSR 0.658 3.026� 1011 13.8 �7.4 0.603

O2 (O3)þHGeR3 0.608 2.796� 1011 12.6 �8.6 0.622

O2 (O3)þHSnR3 0.586 2.695� 1011 12.1 �9.1 0.630

O2 1 CH2¼¼CHR! .OOCH2C.HR [120]

O2þCH2¼¼CHR 1.737 5.389� 1011 9.9 4.6 0.366

ROOH 1 HY! RO. 1 H2O 1 Y. [121–124]

ROOHþHR1 0.788 3.743� 1011 17.4 �4.8 0.559

ROOHþHNR2 0.907 4.306� 1011 20.0 �2.2 0.524

ROOHþHOR1 0.990 4.701� 1011 21.7 �0.5 0.502

ROOHþHOOR1 0.969 4.600� 1011 21.2 �1.0 0.508

ROOHþHSiR3 0.604 2.871� 1011 13.1 �9.1 0.623

ROOHþHSR1 0.637 3.026� 1011 13.8 �8.4 0.611

ROOHþHGeR3 0.589 2.796� 1011 12.6 �9.6 0.629

ROOHþHSnR3 0.567 2.695� 1011 12.1 �10.1 0.638

RC.HYH 1 R1OOH! RCH¼¼Y 1 H2O 1 R1O. [121,125]

R1OOHþRC
.
HCH2��H 0.788 3.743� 1011 17.4 �4.8 0.559

R1OOHþRC
.
HNH��H 0.907 4.306� 1011 20.0 �2.2 0.524

R1OOHþRC
.
HO��H 0.990 4.701� 1011 21.7 �0.5 0.502

R. 1 HOOR1 ! ROH 1 R1O. [126]

R
.þHOOR1 0.889 3.238� 1011 5.1 �1.1 0.529

ROOH 1 CH2¼¼CHR ! RO. 1 HOCH2C.HR [126]

ROOHþCH2¼¼CHR 0.889 3.238� 1011 5.1 �1.1 0.541
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TABLE 4.17
Kinetic Parameters of the Bimolecular Reactions of Free Radical Generation

Calculated by the IPM Method [116]

Reaction

bre

([kJ mol–1]1/2)

Ee0

(kJ mol21)

A0

(L mol21 s21)

DHe max

(kJ mol21)

O2 1 HY! HO2
. 1 Y. [116–119]

O2þHR1 13.61 56.3 5.0� 109 76.1

O2þHR2 15.20 70.2 5.0� 109 110.1

O2þHR3 14.32 62.3 5.0� 109 90.6

O2þNH3 9.36 23.4 4.0� 109 4.3

O2þH2NR 10.80 31.1 4.0� 109 20.9

O2þHNR2 11.73 36.7 4.0� 109 33.9

O2þROH 14.45 51.1 5.0� 109 73.7

O2þROOH 13.13 43.1 5.0� 109 51.5

O2þHSiR3 12.41 58.4 5.0� 109 69.7

O2þRSH 10.39 39.3 5.0� 109 33.0

O2þHGeR3 12.74 62.8 5.0� 109 77.6

O2þHSnR3 12.35 60.6 5.0� 109 72.0

O2 1 CH2¼¼CHR ! .OOCH2C.HR [120]

CH2¼¼CHR 26.04 90.5 2.0� 109 408.5

CH2¼¼CHPh 27.23 99.0 2.0� 108 540.3

O3 1 HY! HO3
. 1 Y. [127]

O3þHR1 13.61 56.3 2.0� 109 76.1

O3þHR2 15.20 70.2 2.0� 108 110.1

O3þHR3 14.32 62.3 2.0� 108 90.6

O3þNH3 9.36 23.4 2.0� 109 4.3

O3þH2NR 10.80 31.1 2.0� 109 20.9

O3þHNR2 11.73 36.7 2.0� 109 33.9

O3þHOR 14.45 51.1 2.0� 109 73.7

O3þHOOR 13.13 43.1 2.0� 109 51.5

O3þHSiR3 12.41 58.4 2.0� 109 69.7

O3þRSH 10.39 39.3 6.4� 108 33.0

O3þHGeR3 12.74 62.8 1.0� 109 77.6

O3þHSnR3 12.35 60.6 1.0� 109 72.0

ROOH 1 HY! RO. 1 H2O 1 Y. [122–124]

ROOHþHR1 19.85 123.2 1.0� 109 239.7

ROOHþHR2 21.15 139.9 1.0� 108 283.5

ROOHþHR3 20.35 129.5 1.0� 108 256.2

ROOHþH2NR1 17.33 82.6 1.0� 109 149.7

ROOHþHNR2 18.48 93.9 1.0� 109 181.2

ROOHþHOR1 19.94 101.4 1.0� 109 213.0

ROOHþHOOR 20.45 107.9 1.0� 109 228.6

ROOHþHSiR3 15.80 97.0 1.0� 109 145.6

ROOHþHSR1 18.40 126.3 1.0� 109 214.9

ROOHþHGeR3 16.71 110.6 1.0� 109 172.0

ROOHþHSnR3 17.15 119.8 1.0� 109 187.4

continued
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The activation energy E and the rate constant k are calculated by the formulas:

E ¼ Ee � 0:5hLni þ 0:5RT (4:21)

k ¼ nC��HA0 exp (�E=RT ) ¼ A exp(�E=RT ), (4:22)

where nC��H is the number of attacked C��H bonds with the same reactivity, and A0 is

the standard pre-exponential factor per attacked C��H bond for the chosen group of

reactions.

(b) Reactions with DHe>DHe max.

The activation energy for these reactions is close to the enthalpy of the reaction:

E ¼ DH þ 0:5RT (4:23)

The pre-exponential factor depends on the reaction enthalpy, and the rate constant is equal to

the following:

k ¼ nC��H � A0e
�1=2 1þ b

ffiffiffiffiffiffiffiffiffi

DHe

p

�
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

DHemax

p

h in o2

exp(�DH=RT) (4:24)

(c) Reactions with concerted dissociation of several bonds.

TABLE 4.17
Kinetic Parameters of the Bimolecular Reactions of Free Radical Generation

Calculated by the IPM Method [116]—continued

Reaction

bre

([kJ mol–1]1/2)

Ee0

(kJ mol21)

A0

(L mol21 s21)

DHe max

(kJ mol21)

RC.HYH 1 R1OOH! RCH¼¼Y 1 H2O 1 R1O. [121]

R1C
.
HCH3þR1OOH 19.85 123.2 1.0� 109 239.7

R2C
.
HCH3þR1OOH 21.15 139.9 1.0� 108 283.5

R3C
.
HCH3þR1OOH 20.35 129.5 1.0� 108 256.2

RC
.
HNH2þR1OOH 17.33 82.6 1.0� 1010 149.7

RC
.
HNRHþR1OOH 18.48 93.9 1.0� 1010 181.2

RC
.
HOHþR1OOH 20.45 107.9 1.0� 1010 228.6

R. 1 R1OOH! ROH 1 R1O. [125]

R1
.þR1OOH 18.93 100.4 1.0� 109 273.2

R2
.þR1OOH 19.92 111.2 1.0� 109 307.3

R3
.þR1OOH 19.32 104.6 1.0� 109 286.4

RCH¼¼CH2 1 HOOR1 ! RC.HCH2OH 1 R1O. [126]

ROOHþCH2¼¼CHR1 18.93 100.4 1.0� 109 273.2

ROOHþCH2¼¼CHCH¼¼CHR1 19.92 111.2 1.0� 109 307.3

ROOHþCH2¼¼CHPh 19.32 104.6 1.0� 109 286.4
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In the bimolecular reactions of the type

ROOHþHY �! RO
. þH2OþY

.

more than one bond, i.e., two bonds O��O and Y��H, dissociate simultaneously. The

concerted concentration of the activation energy on the two breaking bonds is necessary to

perform this reaction. The probability of this event depends on the activation energy and the

number of broken bonds. According to the oscillation theory of decay of a polyatomic

molecule, this probability P(E) for the reaction with the simultaneous dissociation of two

bonds is described by the equation [36]

P(E) ¼
ffiffiffiffiffiffiffiffiffiffi

2RT

pE

r

(4:25)

and the rate constant of this reaction has the following form:

k ¼ nY��HA0

ffiffiffiffiffiffiffiffiffiffi

2RT

pE

r

exp (�E=RT) ¼ A

ffiffiffiffiffiffiffiffiffiffi

2RT

pE

r

exp (�E=RT) (4:26)

where A0 is the pre-exponential factor typical of similar reactions with dissociation of one

Y��H bond. The activation energy is calculated as described above.

The parameters used in the IPM are presented in Table 4.16 and Table 4.17. In these

tables, the additional parameters for the reactions of hydroperoxides with molecules and

free radicals are given. The reactions of hydroperoxide with free radicals are important for

the chain processes of the decomposition of hydroperoxides (see later). The results of the

calculation of rate constants of various hydroperoxide reactions are collected in Tables

4.18–4.21. The comparison of the calculated values with the experimental values helped

to introduce a few corrections in the traditional view on the bimolecular reactions of hydro-

peroxides.

4.4.3 BIMOLECULAR REACTIONS OF RADICAL GENERATION

4.4.3.1 Bimolecular Splitting of Hydroperoxides

The calculated values of the rate constants are close to those from experimental measure-

ments (Table 4.12 and Table 4.18).

Hydroperoxide H2O2 Me3COOH Me2PhCOOH

ki (L mol�1 s�1) (calculated) 7.97� 10�9 2.90� 10�8 2.90� 10�8

ki (L mol�1 s�1) (experimental) 4.76� 10�9 0.50� 10�8 6.55� 10�8

4.4.3.2 Reaction of Hydroperoxides with Olefins

We observe close values for the reaction of 1,1-dimethylethyl hydroperoxide at T¼ 350K

with styrene: ki¼ 2.2� 10�7 Lmol�1 s�1 (Table 4.13, experiment) and ki¼ 0.85� 10�7

L mol�1 s�1 (Table 4.19, calculation).
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4.4.3.3 Reaction of Hydroperoxides with Hydrocarbons

The enthalpy of the reaction

ROOHþHR1 �! RO
. þH2OþR1�

is DH¼DC��Hþ 175�498¼DC��H�323 kJ mol�1 and decreases with the decreasing value of

the BDE of the C��H bond. The activation energy of this reaction is sufficiently higher than

its enthalpy (see Table 4.15) due to the influence of the triplet repulsion and nonlinear

configuration of the reaction center of the transition state on the activation energy. The

experimental values of the activation energy of the hydroperoxide reaction with cumene

(Table 4.15) are sufficiently lower than the calculated values (see Table 4.20). Probably, this

is the result of another parallel reaction of initiation, namely, the reaction of hydroperoxide

with the aromatic ring.

ROOHþ C6H5R
1 �! RO

. þHOC6
.
H5R

1

HOC6
.
H5R

1 þO2 �! HO2
. þHOC6H4R

1

As in the case of the reaction of hydroperoxide with the p-bond of the olefin, the reaction of

ROOH with the p-bond of the aromatic ring occurs more rapidly than the attack of ROOH

on the C��H bond of alkylaromatic hydrocarbon.

4.4.3.4 Reaction of Hydroperoxides with Alcohols and Acids

The reaction of alcohol with ROOH

ROOHþHOR1 �! RO
. þH2OþR1O

.

TABLE 4.18
Enthalpies, Activation Energies, and Rate Constants of Bimolecular Reactions

of Hydroperoxides 2ROOH!ROO.
1H2O 1 RO. Calculated by the IPM

Method [122–124]

ROOH n
DHe

(kJ mol-1)

E
(kJ mol-1)

Log A, A
(L mol-1 s-1)

k (350 K)

(L mol-1 s-1)

HOOH 2 50.0 114.1 8.93 7.97 × 10−9

Me2CHOOH 1 46.5 112.2 8.63 7.68 × 10−9

OOH
1 46.5 112.2 8.63 7.68 × 10−9

Me3COOH 1 39.6 108.4 8.64 2.90 × 10−8

PhMe2COOH 1 39.6 108.4 8.64 2.90 × 10−8

Me2C(OH)OOH 1 52.6 115.5 8.63 2.47 × 10−9

CCl3OOH 1 88.2 135.8 8.60 2.15 × 10−12

CBr3OOH 1

1

88.0 135.7 8.60 2.23 × 10−12

CCl3CCl2OOH 88.2 135.8 8.60 2.15 × 10−12
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occurs with a rate constant (calculated by the IPM method) of few orders of magnitude lower

than the rate constant measured experimentally. Moreover, the experimental values of the

activation energy are lower than DH of hydrogen abstraction reaction. This implies that a

quite different reaction was observed experimentally instead of the reaction written above.

This reaction cannot be the reaction of hydroperoxide with the C��H bond of the alcohol

because the rate constants of free radical generation in the reaction of ROOH with secondary

and tertiary alcohols are close (see Table 4.15), whereas secondary and tertiary alcohols have

C��H bonds of different strengths and the rate constants of ROOH reactions with C��H

bonds should be quite different. Experiment demonstrates the close rate constants (see Table

4.15). This implies that a quite different mechanism of free radical generation predominates in

the system ROOHþR1OH. The same situation is observed in the reaction of hydroperoxides

with acids (see Table 4.15 and Table 4.21). The most probable explanation lies in the acid

TABLE 4.19
Enthalpies, Activation Energies, and Rate Constants of the Reactions of

1,1-Dimethylethyl Hydroperoxide with Monomers: Me3COOH 1 CH2

¼¼CHR!Me3CO.
1 HOCH2C.HR Calculated by the IPM Method [124,126]

CH2=CHR nC

DHe

(kJ mol-1)

E
(kJ mol-1)

log A, A
(L mol-1 s-1)

k (400 K)

(L mol-1 s-1)

CH2=CH2 2 53.5 124.0 9.30 1.28 × 10−7

CH2=CHMe 1 55.2 124.9 9.00 4.90 × 10−8

CH2=CMe2 1

1

50.3 122.3 9.00 1.07 × 10−7

CH2=CHEt 54.9 124.8 9.00 5.05 × 10−8

2 55.2 124.9 9.30 9.77 × 10−8

2 52.2 123.3 9.30 1.58 × 10−7

HC≡CH 2 33.2 113.3 9.60 6.38 × 10−6

HC≡CMe 1 36.9 115.2 9.30 1.81 × 10−6

MeC≡CMe 2 48.9 121.5 9.60 5.42 × 10−7

CH2=CHCH=CH2 2 63.0 110.8 9.30 6.78 × 10−6

CH2=CHCMe=CH2 1 54.0 110.4 9.00 3.83 × 10−6

CH2=CHCH=CMe2 1 −0.3 107.7 9.00 8.63 × 10−6

2 −13.4 101.1 9.30 1.26 × 10−4

CH2=CHPh 1 13.6 107.7 9.00 8.63 × 10−6

CH2=CMePh 1 13.1 107.5 9.00 9.16 × 10−6

MeCH=CMePh 1 3.0 102.6 9.00 4.00 × 10−5

Me2C=CMePh 1 3.0 102.6 9.00 4.00 × 10−5

CH2=CPh2 1 −45.7 80.5 9.00 3.07 × 10−2

1 12.9 107.4 9.00 9.44 × 10−6
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TABLE 4.20
Enthalpies, Activation Energies, and Rate Constants of the Bimolecular Reactions

of Hydroperoxides with Hydrocarbons ROOH 1 HR!RO.
1 H2O1 R. Calculated

by the IPM Method [122–124]

RH n
RH

DHe

(kJ mol-1)

E
(kJ mol-1)

log A, A
(L mol-1 s-1)

k (400 K)

(L mol-1 s-1)

EtMeCH−H 90.2 153.2 9.60 4.01 × 10−11

Me3C−H 77.2 146.3 9.00 7.96 × 10−11

8

1

4

95.7 156.1 9.90 3.28 × 10−11H
H

H
H

10 85.6 150.7 10.00 2.10 × 10−10

H H 14 81.1 148.3 10.15 6.02 × 10−10

H

1 72.7 143.9 9.00 1.61 × 10−10

Z-Decalin 2

2

3

2

2

64.8 139.9 9.30 1.09 × 10−9

CH2=CHCH2−H 45.2 146.7 9.48 2.12 × 10−10

CH2=CH(CH−H)Me 27.0 138.0 9.30 1.88 × 10−9

CH2=CH(C−H)Me2 1 16.8 133.4 9.00 3.87 × 10−9

Z-MeCH=CH(CH−H)Me 21.2 135.4 9.30 10−94.22 ×

Me2C=CH(CH−H)Me 9.2 129.9 9.30 2.17 × 10−8

Me2C=CMe(C−H)Me2 1 0.0 125.8 9.00 3.72 × 10−8

CH2=C(MeC−H)CH=CH2 1 −15.6 119.1 9.00 2.85 × 10−7

4 18.7 134.2 9.60 1.19 × 10−8H

H

H

H

H

H

H H

4 8.1 129.4 9.60 10−87.57 ×

4 −10.2 121.4 9.60 10−75.67 ×

2 −21.8 116.4 9.30 1.26 × 10−6

MeC≡CC−HMe2 1

1

1

1

1

2

6.6 128.7 9.00 1.54 × 10−8

PhMeCH−H 41.3 134.5 9.30 5.53 × 10−9

PhMe2C−H 31.9 130.0 9.00 10−81.06 ×
H H

H H

4 22.8 125.7 9.60 1.53 × 10−7

4 −0.8 115.1 9.60 3.75 × 10−6

Me2NH2C−H 56.7 135.8 9.00 1.86 × 10−9

(CH2=CHCH−H)3N 22.8 136.1 9.78 1.01 × 10−8

Me2(HO)C−H 67.7 141.4 9.00 3.49 × 10−10
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catalysis of the reactions of hydroperoxide with acids and alcohols with formation of free

radicals (see Chapter 10).

4.5 INITIATION BY REACTION OF HYDROPEROXIDES WITH KETONES

Hydroperoxides undergo reversible addition across the carbonyl group of a ketone with the

formation of a new peroxide.

ROOHþR1C(O)R2 R1C(OH)(OOR)R2

The formed hydroxyperoxide decomposes into free radicals much more rapidly than alkyl

hydroperoxide [128]. So, the equilibrium addition of the hydroperoxide to the ketone changes

the rate of formation of the radicals. This effect was first observed for cyclohexanone and 1,1-

dimethylethyl hydroperoxide [128]. In this system, the rate of radical formation increases with

an increase in the ketone concentration. The mechanism of radical formation is described by

the following scheme:

ROOH �! RO
. þHO

.
(ki1)

ROOHþR1C(O)R2 R1C(OH)(OOR)R
2

(K)

R1C(OH)(OOR)R2 �! R1C(OH)(O
.
)R2 þRO

.
(ki2)

TABLE 4.20
Enthalpies, Activation Energies, and Rate Constants of the Bimolecular Reactions of

Hydroperoxides with Hydrocarbons ROOH 1 HR!RO.
1 H2O1 R. Calculated by the

IPM Method [122–124]—continued

H

OH

1 6.9 112.2 9.00

MeCH=CMe(C−H)MeOH 1 2.4 126.9 9.00

OHH 1

1

14.7 122.0 9.00

PhC(O)−H 25.2 126.8 9.00

O

HH 4 71.3 143.2 9.60

(Me2C−H)2O 68.0 141.5 9.30

(CH2=CHCH−H)2O 37.2 142.8 9.60

Ph2C−HOMe 1

1

1

1

2

2

4

31.4 129.8 9.00

Ph(COOH)CH−H 44.2 135.9 9.30

(Me3C)3Si−H 23.9 94.0 9.00

Ph3Ge−H −5.1 96.4 9.00

Ph3Sn−H −31.2 96.6 9.00

2.27 × 10−6

2.71 × 10−6

1.17 × 10−7

2.73 × 10−8

8.00 × 10−10

6.66 × 10−10

8.94 × 10−10

1.14 × 10−8

3.63 × 10−9

5.24 × 10−4

2.60 × 10−4

2.42 × 10−4

RH n
RH

DHe

(kJ mol-1)

E
(kJ mol-1)

log A, A
(L mol-1 s-1)

k (400 K)

(L mol-1 s-1)
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and the rate of radical generation is given by the following equation:

vi ¼ ki1[ROOH]þ ki2[R
1C(OH)(OOR)R

2
]

¼ (ki1 þ ki2K [R1C(O)R2]) [ROOH] (1þ K [R1COR
2
] )�1 (4:27)

The values of ki1, ki2, and K are collected in Table 4.22.

4.6 CHAIN DECOMPOSITION OF HYDROPEROXIDES

Different chain mechanisms of hydroperoxide decomposition are known with the participa-

tion of alkyl, alkoxyl, and peroxyl radicals [9].

Due to the ability of tertiary peroxyl radicals to disproportionate with the formation of

alkoxyl radicals, the chain decomposition of tertiary hydroperoxides proceeds via the action

of intermediate alkoxyl radicals [9,135].

Me3COOH �! Me3CO
. þHO

.
k1

2Me3COOH �! Me3COO
. þH2OþMe3CO

.
k2

HO
. þHOOCMe3 �! H2OþMe3CO2

.
Fast

Me3CO
. þHOOCMe3 �! Me3COHþMe3CO2

.
Fast

Me3CO2
. þMe3CO2

. �! 2Me3CO
. þO2 k3

Me3CO2
. þMe3CO2

. �! Me3COOCMe3 þO2 k4

TABLE 4.21
Enthalpies, Activation Energies, and Rate Constants of the Bimolecular Rreactions of

Hydroperoxides with Molecules ROOH 1 HY!RO.
1 H2O 1 Y. Calculated by the

IPM Method [122–124]

Reaction n

H2NNH−H 366.1 4 45.9 139.3 8.59 2.51 × 10−10

EtNH−H 418.4 2 98.2 173.8 8.24 3.50 × 10−15

Et2N−H 382.8 1 62.6 160.9 7.95 8.69 × 10−14

ROOH + HNR1R2 → RO• + H2O + R1R2N•

ROOH + HOR1 → RO• + H2O + R1O•

EtO−H 440.0 1 121.5 205.7 7.90 1.09 × 10−19

Me2CHO−H 443.0 1 124.5 207.8 7.90 5.81 × 10−20

Me3CO−H 446.0 1 127.5 209.9 7.89 3.02 × 10−20

OH
437.1 1 118.6 203.6 7.90 2.05 × 10−19

ONO−H 327.6 1 9.1 134.2 7.99 2.92 × 10−10

MeC(O)O−H 442.7 1 124.2 207.6 7.90 6.17 × 10−20

PhCH2C(O)O−H 443.5 1 125.0 208.1 7.90 5.31 × 10−20

D
(kJ mol-1)

DHe

(kJ mol-1)

E
(kJ mol-1)

log A, A
(L mol-1 s-1)

k (400 K)

(L mol-1 s-1)
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TABLE 4.22
Rate Constants of the Decomposition of ROOH (k1) and R1C(OH)(OOR)R2 (k2) and Equilibrium Constants K of

Hydroxyalkyl Peroxide Formation from ROOH and Ketone

Hydroperoxide Ketone Solvent T (K) ki1 (s
-1) or ki2 (s

-1) or K (L mol-1) Ref.

1,1-Dimethylethyl-, Me3COOH
O

O

O

O

O

O

C6H5Cl 383−400 ki1= 3.6 × 1012 exp(−138.1/RT)

ki2= 3.6 × 109 exp(−108.8/RT)

K= 6.9 × 10−7 exp (46.0/RT)

1,1-Dimethylethyl-, Me3COOH CCl4 295−313 K= 7.61 × 10−3 exp (10.5/RT) [129]

EtMe2COOH EtC(O)Me Isooctane 343 ki2 K = 1.3 × 10−7 [130]

1-Methyl-1-phenylethyl-, Me2PhCOOH C6H5Cl 393 ki1 = 2.1 × 10−6

ki2 = 5.7 × 10−6, K = 1.0

[131]

1-Methyl-1-phenylethyl-, Me2PhCOOH CCl4 295−313 K= 1.56 × 10−3 exp(12.5/RT) [129]

Cyclohexyl-,
O O

H

O O

O

H

C6H5Cl

C6H5Cl

C6H6

353−383 k1= 6.3 × 1011 exp(−133.9/RT)

k2= 4.0 × 104 exp(−63.6/RT)

K= 1.4 × 10−5 exp(33.0/RT) 

[132]

2-Oxocyclohexyl-, 393 ki1 = 1.2 × 10−5

ki2 = 3.0 × 107 exp(−85.3/RT)

[132]

1-Acetylethyl-, MeC(O)CH(OOH)Me MeC(O)Et 293−343 ki1= 3.4 × 1012 exp(−114.6/RT)

ki2= 1.15 × 1010 exp(96.2/RT)

K= 0.8(293K)

[133]

[128]
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TABLE 4.22
Rate Constants of the Decomposition of ROOH (k1) and R1C(OH)(OOR)R2 (k2) and Equilibrium Constants K of

Hydroxyalkyl Peroxide Formation from ROOH and Ketone—continued

2-Methyl-5-oxocyclohexyl-,

O

O O
H

O

O O
H

O

373−403 ki2 = 6.9 × 106 exp(−79.5/RT) [134]

3-Methyl-5-oxocyclohexyl-
O

373−403 ki2 = 8.9 × 105 exp(−72.4/RT) [134]

1,1-Dimethylethyl-, Me3COOH CCl4 295−313 K = 7.60 × 10−3 exp(10.5/RT) [129]

1-Tetralyl-, H O O
H CCl4/Tetralin (1:1)

CCl4/Tetralin (1:1)

K = 0.53 [129]

1-Tetralyl-, H O O
H K = 0.38 [129]

293

293

CCl41,1-Dimethylethyl-, Me3COOH 295−313 K = 1.17 × 10−2 exp(8.4/RT) [129]

Hydroperoxide Ketone Solvent T (K) Ref.

1-Methyl-2-oxocyclohexyl-,

O O

O

H

O

O

O

MeC(O)Me

MeC(O)Et

O

O O

373−403 ki2 = 1.9 × 106 exp(−76.1/RT) [134]

ki1 (s
-1) or ki2 (s

-1) or K (L mol-1)
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CCl4/Tetralin (1:1)

CCl4/Tetralin (1:1)

CCl4/Tetralin (1:1)

CCl4/Tetralin (1:1)

K = 4.07 × 10−2 exp(10.5/RT) [129]

K = 0.29 [129]

K = 0.23 exp(8.4/RT) [129]

1-Tetralyl-,
H O O

H

1-Tetralyl-,
H O O

H

1-Tetralyl-,
H O O

H

1-Tetralyl-,
H O O

H

O

O

O

O

293−313

293

293−313

293−313 K = 4.74 × 10−2 exp(9.6/RT) [129]
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The rate of tertiary hydroperoxide decomposition is equal to

v ¼ (k1[ROOH]þ 2k2[ROOH]2)(1þ k3=k4) (4:28)

The ratio k3/k4> 1, for example, k3/k4¼ 7.2+1.1 for the decay of 1,1-dimethylethyl hydro-

peroxide in benzene at 318 K [136], and k3/k4¼ 10 for MeEtCHOOH in chlorobenzene

(318 K) [137].

Secondary hydroperoxides are decomposed in oxidizing hydrocarbons in the chain reac-

tion with peroxyl radicals [138].

R1R2CHOOHþRO2
. �! ROOHþR1R2C¼¼OþHO

.

HO
. þRH �! H2OþR

.

R
. þO2 �! RO2

.

In the absence of dioxygen when hydroperoxide initiates the formation of alkyl radicals,

the following chain reaction of ROOH decomposition occurs [139].

ROOH �! RO
. þHO

.

2ROOH �! RO
. þH2OþRO2

.

RO
. þR1H �! ROHþR1.

RO2
. þR1H �! ROOHþR1.

R1. þROOH �! R1OHþRO
.

R1. þR1. �! R1R1

The chain decomposition of hydroperoxides was proved and studied for hydroperoxides

produced by the oxidation of polyesters such as dicaprilate of diethylene glycol and tetra-

valerate of erythritol [140]. The retarding action of phenolic antioxidant on the decay of

hydroperoxides was observed. The initial rate of hydroperoxide decomposition was found to

depend on the hydroperoxide concentration in accordance with the kinetic equation typical

for the induced chain decomposition.

v ¼ kd[ROOH]þ kind[ROOH]3=2 (4:29)

The kinetics of hydroperoxide decomposition obeys the following equation:

ln
[ROOH]0
[ROOH]

þ ln
[ROOH]1=2 þ kd=(kp1 þ kp2)

[ROOH]
1=2
0 þ kd=(kp1 þ kp2)

¼ kdt, (4:30)

where kp1 and kp2 are the rate constants of the following chain propagation reactions:

R
. þR1OOH �! ROHþR1O

.
(kp1)

R
. þR1R2CHOOH �! RHþR1R2C(O)þHO

.
(kp2)

RH [BuCH2C(O)OCH2]2 [BuCOOCH2]4C

kd (s�1) 2.4� 108 exp(�98.0/RT) 6.0� 108 exp(�100.0/RT)

2ekd (s�1) 4.9� 1011 exp(�131.0/RT) 2.1� 1011 exp(�132.0/RT)

kp1þ kp2 (L mol�1 s�1) 6.9� 107 exp(�33.0/RT) 2.6� 107 exp(�25.5/RT)
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The chain decomposition of hydroperoxide was proved for the hydroperoxide of dimethy-

lacetamide [141]. The rate of chain decay nn¼ kind[ROOH]0
3/2. The values of the rate constant

kind in dimethylacetamide were found to be the following [141,142]:

ROOH Me3COOH Me2PhCOOH AcN(CH3)CH2OOH

T (K) 405 405 300–405

kind (L1/2 mol�1/2 s�1) 2.0� 10�4 9.0� 10�4 8.5� 10�7 exp(�87.0/RT)

The primary and secondary alcohols induce the chain decomposition of hydroperoxides with

the participation of ketyl radicals that possess high reducing activity [143–145].

ROOH �! RO
. þHO

.

RO
. þR1CH(OH)R2 �! ROHþR1C

.
(OH)R2

R1C
.
(OH)R2 þROOH �! R1R2C(O)þH2OþRO

.
(kp)

2R1C
.
(OH)R2 �! R1C(O)R2 þR1CH(OH)R2 (kt)

The rate of chain decomposition of hydroperoxide v¼ (kp /
ffiffiffiffiffiffiffi

2kt

p
)[ROOH]n i

1/2. Dioxygen

reacts with ketyl radicals with the formation of hydroxyperoxyl radicals. The latter is

decomposed into ketone and HO2
.
. Hydroperoxyl radicals also possesses reducing activity

and induce the chain decomposition of hydroperoxide [121,143].

RO
. þR1CH(OH)R2 �! ROHþR1C

.
(OH)R2

R1C
.
(OH)R2 þO2 �! R1C(OH)(OO

.
)R2

R1C(OH)(OO
.
)R2 �! R1C(O)R2 þHO2

.

R1C(OH)(OO
.
)R2 þROOH �! R1C(O)R2 þH2OþRO

. þO2

HO2
. þROOH �! H2OþRO

. þO2

2R1C(OH)(OO
.
)R2 �! R0C(O)R2 þO2 þR0C(OH)(OOH)R2

HO2
. þHO2

. �! H2O2 þO2

The values of the rate constants of the chain propagation in chain reactions of ROOH

decomposition are collected in Table 4.23.

4.7 KINETICS OF AUTOINITIATED HYDROCARBON OXIDATION

4.7.1 INITIAL STAGE OF AUTOXIDATION

A characteristic feature of hydrocarbon autoxidation is the auto-accelerated kinetics of the

chain-chemical process. In the absence of an initiator or an initiating agent (light, radiation),

the initial rate of the chain initiation, ni0, in an oxidized organic compound, RH, is very low

[3,9,56]. During oxidation, hydroperoxide is formed and accumulates. With the increasing

concentration of ROOH, the rate of initiation increases due to the decomposition of hydro-

peroxide into radicals. Therefore the rate of chain oxidation increases in time. We observe the

positive feedback between the proceeding reaction and the reaction rate. The typical kinetic

curve of hydroperoxide formation in an oxidized hydrocarbon is presented in Figure 4.1.

The kinetic curve has a sigmoidal shape and can be intuitively divided into four stages:

(a) induction period, (b) stage of accelerated hydroperoxide formation, (c) stage of retarded

ROOH formation, and (d) stage with prevalence of ROOH decomposition after the point
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with the maximum hydroperoxide concentration. Let us compare the rates of chain initiation

by the reaction of dioxygen vi0 and hydroperoxide with the same hydrocarbon (ki(ROOHþ
RH), experimental values).

RH Me2CHEt cyclo-C6H12 Me2PhCH Tetralin

T (K) 410 403 403 403

vi0 (mol L�1 s�1) 2.20� 10�9 1.53� 10�9 4.20� 10�9 1.00� 10�8

ki[RH] (s�1) 3.48� 10�6 5.28� 10�6 2.09� 10�6 2.44� 10�5

[ROOH]¼ vi0/ki[RH] 6.32� 10�4 2.90� 10�4 2.01� 10�3 4.10� 10�4

Ref. [11,95] [10,146] [13,105] [147]

TABLE 4.23
Rate Constants of Free Radical Reactions with Hydroperoxides Calculated

by the IPM Method

Radical Hydroperoxide

E

(kJ mol21)

log A, A

(L mol21 s21)

k (400 K)

(L mol21 s21)

R. 1 R1OOH! ROH 1 R1O. [126]

C
.
H3 H2O2 36.7 9.30 3.22� 104

CH3C
.
H2 H2O2 35.4 9.30 4.77� 104

Me2C
.
H H2O2 32.8 9.30 1.04� 105

Me3C
.

H2O2 33.6 9.30 8.19� 104

PhC
.
H2 H2O2 48.6 9.30 9.01� 102

C
.
H3 Me3COOH 27.5 9.00 2.56� 105

CH3C
.
H2 Me3COOH 26.4 9.00 3.57� 105

Me2C
.
H Me3COOH 24.1 9.00 7.13� 105

Me3C
. Me3COOH 24.8 9.00 5.77� 105

PhC
.
H2 Me3COOH 37.9 9.00 1.12� 104

RCH2C.H2 1 ROOH! RCH 5 CH2 1 H2O 1 RO. [121]

CH3C
.
H2 Me3COOH 47.0 8.54 2.55� 102

Me2C
.
H Me3COOH 46.2 8.85 6.58� 102

EtMeC
.
H Me3COOH 43.4 8.40 5.38� 102

Me3C
. Me3COOH 47.4 9.00 6.46� 102

MePhC
.
H Me3COOH 64.7 8.48 1.06

EtPhC
.
H Me3COOH 62.0 8.30 1.60

RC.HOH 1 ROOH! RCHO 1 H2O 1 RO. [121]

C
.
H2OH H2O2 13.7 8.82 1.07� 107

MeC
.
HOH H2O2 12.8 8.88 1.62� 107

Me2C
.OH H2O2 11.8 8.90 2.30� 107

PhC
.
HOH H2O2 20.5 8.78 1.26� 106

MePhC
.
OH H2O2 19.4 8.79 1.82� 106

MeC
.
HOH Me3COOH 3.3 8.89 2.89� 108

Me2C
.
OH Me3COOH 2.4 8.95 4.37� 108

PhC
.
HOH Me3COOH 9.8 8.65 2.36� 107

MePhC
.
OH Me3COOH 8.8 8.67 3.33� 107

HO2
. 1 ROOH! RO. 1 H2O 1 O2 [121]

HO2
.

H2O2 47.1 8.60 2.83� 102

HO2
.

ROOH 33.2 8.30 9.24� 103
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It is seen that the initiation by the reaction of hydrocarbon with dioxygen is very slow and it is

enough to introduce the very low hydroperoxide concentration (2� 10�3�6� 10�4 mol L�1)

to succeed this value.

If radicals are produced in the reactions of unimolecular hydroperoxide decomposition

and the reaction of ROOH with hydrocarbon whose concentration at the initial stages of

oxidation is virtually constant, the production of radicals from ROOH can be regarded as a

pseudo-monomolecular process occurring at the rate ni¼ ki[ROOH]¼ (kidþ kiRH[RH]). The

unimolecular splitting of hydroperoxides occurs in solutions more slowly than the bimolecu-

lar reaction with the C��H or C��C bond of the hydrocarbon (see earlier) and consequently

kid � kiRH[RH]. Since the rate of chain oxidation, n¼ a[RH] ni
1/2 (see Equation (2.1) in

Chapter 2), and ni¼ ni0þ k3[ROOH], autoxidation occurs with the following rate [3,9,146].

n ¼ a(vi0 þ kiRH[RH] [ROOH])1=2[RH] (4:31)

When all the dioxygen consumed appears in hydroperoxide groups and the number of

decomposed hydroperoxide molecules is low, the kinetics of oxygen uptake can be described

by the following equation [3].

D[O2]

t
¼ a[RH]

ffiffiffiffiffiffi

ni0

p þ b2t, (4:32)

where a¼ kp(2kt)
�1/2 and b¼ 0.5a[RH](kiRH)1/2. At a very low value of a[RH] ni0

1/2 (this is

the case of a very low ni0), the equation takes a simple form [3].

ffiffiffiffiffiffiffiffiffiffiffiffi

D[O2]
p

¼ bt (4:33)

The validity of this equation is confirmed by a large amount of experimental data on the

oxidation of various individual hydrocarbons and hydrocarbon mixtures (see Chapter 5).

When the rate of initiation is very low the important moment of chain reaction becomes

the kinetics of the establishment of the stationary concentration of free radicals. This time is

comparable with the lifetime of the radical that reaction limits the chain propagation. The

Time

a

C
on

ce
nt

ra
tio

n

b

c

FIGURE 4.1 Typical kinetic curve of hydroperoxide formation during hydrocarbon oxidation.
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reaction of peroxyl radical limits the chain propagation in oxidized hydrocarbon. The mean

lifetime of peroxyl radical t¼ (2ktvi)
�1/2 and the less initiation rate the longer the period of

time for the process: [RO2
.
]! [RO2

.
]st¼

ffiffiffiffiffiffiffiffiffiffiffiffiffi

�i=2kt

p

. This process is described by the following

equation [3]:

[RO2
.
] ¼ [RO2

.
]st

ect � 1

ect þ 1
�

ffiffiffiffiffiffiffi

vi0

2kt

r

ect � 1

ect þ 1
(4:34)

where coefficient c¼ 2(2ktvi0)
1/2¼ t�1. The values of t and [RO2

.
]st calculated for different

rates of initiation at 2kt¼ 106 L mol�1 s�1 are presented.

vi0 (mol L21 s21) 10212 10211 10210 1029 1028 1026

t (s) 1.0� 103 3.2� 102 102 31.6 10.0 1.0

[RO2
.
]st (mol L�1) 10�9 3.2� 10�9 10�8 3.2� 10�8 10�7 10�6

It is seen that t can be 100 s and higher at vi0¼ 10�10 mol L�1 s�1 and less. When the period t

is longer than the time of reactor heating, one can take it into account and transform

Equation (4.33) into the following form:

D[O2]
1=2 ¼ b(t� t) (4:35)

If the taken hydrocarbons possess inhibiting impurities, period t includes additionally the

time of annihilation of this inhibitor.

4.7.2 AUTOXIDATION WITH BIMOLECULAR HYDROPEROXIDE DECAY

At relatively high concentrations hydroperoxide breaks down into free radicals by a bimole-

cular reaction (see earlier). The rate of initiation in oxidized hydrocarbon is equal to:

vi ¼ ki1[RH] [ROOH]þ ki2[ROOH]2 (4:36)

The oxidation rate v and [ROOH] are related in the following way [3].

v2

a2[RH]2[ROOH]
¼ ki1[RH]þ ki2[ROOH] (4:37)

This equation was used for the estimation of the rate constants ki1 and ki2 using experimental

measurements [3]. The rate of chain oxidation is the following:

d[ROOH]

dt
¼ a[RH] vi0 þ ki1[RH] [ROOH]þ ki2[ROOH]2

� �1=2
(4:38)

The kinetics of dioxygen consumption obeys the following equation when the amount of

decomposed hydroperoxide is negligible in comparison with hydroperoxide formed:

ln 1þ 2bD[O2] 1þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1þ (D[O2]b)�1

q

� �� 	

¼ gt, (4:39)

where b¼ ki2/ki1[RH] (L mol�1) and g¼ kp[RH](ki2/2kt)
1/2 (s�1). When the hydroperoxide

concentration is low and the initiation by reaction ROOH with RH predominate, i.e., ki1[RH]
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� ki2[ROOH], Equation (4.39) is transformed into Equation (4.33) (see earlier). When the

hydroperoxide concentration increases and bimolecular reaction of initiation becomes the

main route of free radical generation, the kinetics of oxidation obeys the exponential law [3].

D[ROOH] ¼ [ROOH]0 exp wt, (4:40)

where w¼ aki2
1/2 [RH]. The concentration of hydroperoxide [ROOH]1/2 at this initiation rate by

both reactions can be calculated from the values of the rate constants ki2 and ki1: [ROOH]1/2

¼ ki1[RH]/ki2. Here are a few examples.

RH Me2PhCH Ethyloleate

T (K) 378 350 328

ki1 (L mol�1 s�1) 4.63� 10�8 2.71� 10�9 6.10� 10�9

ki2 (L mol�1 s�1) 1.56� 10�6 1.38� 10�8 4.70� 10�6

[ROOH]1/2 (mol l�1) 3.0� 10�2 0.19 1.47� 10�3

Ref. [3] [93] [91]

4.7.3 INITIATION BY REACTIONS OF HYDROPEROXIDE WITH PRODUCTS OF OXIDATION

The study of the interaction of hydroperoxide with other products of hydrocarbon oxidation

showed the intensive initiation by reactions of hydroperoxide with formed alcohols, ketones,

and acids [6,134]. Consequently, with the developing of the oxidation process the variety of

reactions of initiation increases. In addition to reactions of hydroperoxide with the hydro-

carbon and the bimolecular reaction of ROOH, reactions of hydroperoxide with alcohol and

ketone formed from hydroperoxide appear. The values of rate constants (in L mol�1 s�1) of

these reactions for three oxidized hydrocarbons are given below.

RH EtMe2CH [96] cyclo-C6H12 [104,138] Me2PhCH [105]

T (K) 350 350 350

ROOHþRH 1.24� 10�9 7.09� 10�10 2.71� 10�9

ROOHþROOH 7.52� 10�8 1.38� 10�8

ROOHþROH 4.17� 10�6 8.13� 10�6

ROOHþ ketone 1.3� 10�7 (343K) 5.42� 10�6

ROOHþRC(O)OH 3.69� 10�6 1.04� 10�3

The concentrations of the products change during oxidation and, consequently, the absolute

value as well as the ratio of partial initiation rates increases. The following table provides the

example of dynamics of free radical generation in the autoxidation of 2-methylbutane at

T¼ 412 K [130].

t (s) 10.5 3 103 16.5 3 103 19.5 3 103 25.5 3 103 31.5 3 103

[ROOH] (mol L�1) 0.04 0.14 0.23 0.52 0.86

vi (ROOHþRH)

(mol L�1 s�1)

1.40� 10�7

(87%)

4.91� 10�7

(58%)

8.02� 10�7

(19%)

1.91� 10�6

(5%)

3.00� 10�6

(2%)

vi (ROOHþROOH)

(mol L�1 s�1)

2.11� 10�8

(13%)

2.59� 10�7

(30%)

6.98� 10�7

(16%)

3.57� 10�6

(9%)

9.76� 10�6

(5%)

continued
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t (s) 10.5 3 103 16.5 3 103 19.5 3 103 25.5 3 103 31.5 3 103

[ROH] (mol L�1) 0.0 0.0 0.02 0.11 0.28

vi(ROOHþROH)

(mol L�1 s�1)

0.0 0.0 2.35� 10�6

(55%)

2.93� 10�5

(76%)

1.23� 10�4

(70%)

[MeCO2H] (mol l�1) 0.0 0.003 0.008 0.03 0.19

vi(ROOHþRCO2H)

(mol L�1 s�1)

0.0 1.03� 10�7

(12%)

4.51� 10�7

(10%)

3.82� 10�6

(10%)

4.00� 10�5

(23%)

S vi (mol L�1 s�1) 1.61� 10�7 8.53� 10�7 4.30� 10�6 3.86� 10�5 1.76� 10�4

We can see that the rate of initiation increases during autoxidation from 10�7 to 10�4 mol L�1

s�1 (about 1000 times). Due to increasing concentrations of 2-methylbutyl alcohol and acetic

acid, the latter becomes a very important reactant in the reactions of free radical generation.

4.7.4 HYDROPEROXIDE AS THE INTERMEDIATE PRODUCT OF AUTOXIDATION

In the oxidized hydrocarbon, hydroperoxides break down via three routes. First, they undergo

homolytic reactions with the hydrocarbon and the products of its oxidation to form free

radicals. When the oxidation of RH is chain-like, these reactions do not decrease [ROOH].

Second, the hydroperoxides interact with the radicals R
.
, RO

.
, and RO2

.
. In this case, ROOH is

consumed by a chain mechanism. Third, hydroperoxides can heterolytically react with the

products of hydrocarbon oxidation. Let us consider two of the most typical kinetic schemes of

the hydroperoxide behavior in the oxidized hydrocarbon. The description of 17 different

schemes of chain oxidation with different mechanisms of chain termination and intermediate

product decomposition can be found in a monograph by Emanuel et al. [3].

Scheme A. This scheme is typical of the hydrocarbons, which are oxidized with the

production of secondary hydroperoxides (nonbranched paraffins, cycloparaffins, alkylaro-

matic hydrocarbons of the PhCH2R type) [3,146]. Hydroperoxide initiates free radicals by the

reaction with RH and is decomposed by reactions with peroxyl and alkoxyl radicals. The rate

of initiation by the reaction of hydrocarbon with dioxygen is negligible. Chains are termin-

ated by the reaction of two peroxyl radicals. The rates of chain initiation by the reactions of

hydroperoxide with other products are very low (for simplicity). The rate of hydroperoxide

accumulation during hydrocarbon oxidation should be equal to:

d[ROOH]

dt
¼ kp[RH]� kpROOH[ROOH]
� �

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

ki1[ROOH] [RH]

2kt

,

s

(4:41)

and for the kinetics of hydroperoxide accumulation we have the following formula [3]:

[ROOH] ¼ kp[RH]

kpROOH

� et=t � 1

et=t þ 1

� 	2

, (4:42)

where the characteristic time is t�1¼ kpROOH[RH] (ki1kp/2ktkp ROOH)1/2. The maximum con-

centration of hydroperoxide is [ROOH]max¼ kp[RH]/kp ROOH. It is proportional to hydrocar-

bon oxidation and depends on the relative reactivity of the hydrocarbon and hydroperoxide

toward peroxyl and alkoxyl radicals. The temperature dependence of [ROOH]max is deter-

mined by the difference of activation energies between the free radical reactions with RH and

ROOH. The BDE of the a-C��H bond of the hydroperoxide is lower than that of the C��H

bond of the hydrocarbon and, consequently, EpROOH < Ep. Hence [ROOH]max increases with
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temperature. For example, the values of [ROOH]max in oxidized cyclohexane were found to

be the following [146]:

T (K) 428 418 408 398

t (s)� 10�3 7.2 10.8 23.4 36.0

[ROOH]max (mol L�1) 0.115 0.076 0.093 0.034

When oxidation occurs for a long period of time, the hydrocarbon is consumed and this

influences on the concentration of hydroperoxide and the rate of hydrocarbon oxidation. The

exact solution for the description of hydrocarbon consumption during oxidation can be found

by the common integration of two differential equations: one for hydrocarbon consumption

and another for hydroperoxide accumulation. The approximation for the time of oxidation

t> tmax, where tmax is the moment when [ROOH]¼ [ROOH]max gives the following equation

[3,56]:

[RH]0
[RH]

¼ kp

kp ROOH

ln (et=t þ 1)� ln 2� 0:5t=t
h i

þ 1

� 	2

(4:43)

Scheme B. Oxidation occurs as a chain reaction in scheme A. However, hydroperoxide

formed is decomposed not by the reaction with free radicals but by a first-order molecular

reaction with the rate constant km [3,56]. This scheme is valid for the oxidation of hydrocar-

bons where tertiary C��H bonds are attacked. For km � ki1[RH] the maximum [ROOH] is

attained at the hydroperoxide concentration when the rate of the formation of ROOH

becomes equal to the rate of ROOH decay: a[RH](ki1[ROOH][RH])1/2¼ km[ROOH]; there-

fore, [ROOH]max¼ a2kil km
�2 [RH]3. The kinetics of ROOH formation and RH consumption

are described by the following equations [3].

[ROOH] ¼
k2

pki1[RH]3

2ktk2
m

1� e�0:5 kmt

 �

(4:44)

[RH]�3=2 � [RH]
�3=2
0 ¼

3 k2
pki1

4ktkm

tþ 2 k�1
m e�0:5 kmt � 1
� �
 �

(4:45)

The rate constant is an effective characteristic of the heterolytic decomposition of hydroper-

oxide. Its value can depend on the concentration of acid, for example, and increase during

oxidation.

4.7.5 SELF-INHIBITION OF HYDROCARBON OXIDATION

In the later stages, the oxidation of hydrocarbons is often self-inhibited due to the accumu-

lation of such oxidation products that retard chain oxidation. Each hydrocarbon has the

individual peculiarities of oxidation including the mechanism of self-inhibition. A few of such

main peculiarities will be mentioned here [3,56].

1. Acids are the final products of all hydrocarbon oxidations. They catalyze the hetero-

lytic decomposition of hydroperoxides. The sharp decrease in the hydroperoxide

concentration in oxidizing the hydrocarbon is observed as soon as acids are formed

in the oxidized hydrocarbon. Consequently, the rate of initiation and the rate of
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oxidation decrease with an increase in the concentration of acids in oxidizing the

hydrocarbon. The most probable mechanism of acid-catalyzed decay of hydroperoxide

includes the following stages for the secondary and tertiary hydroperoxides:

ROOHþHA ROOHþ2 þA�

R1R2CHOOHþ2 þH2O �! R1R2C(O)þH2OþH3O
þ

R1R2R3COOHþ2 þH2O �! R2R3C(O)þH3O
þR1OH

Any oxygen-containing product of the hydrocarbon oxidation can act as an acceptor of

a proton.

2. When alkylaromatic hydrocarbon is oxidized, acids catalyze the decomposition of

hydroperoxide with production of phenolic compounds [57,58].

PhR2COOH þHA PhR2COOHþ2 þA�

PhR2COOHþ2 þH2O �! PhOHþR2C(O)þH3O
þ

Phenols are antioxidants (see Chapter 12) and terminate chains retarding oxidation.

3. In addition, phenols are formed by the reaction of hydroxyl radical addition to the

aromatic ring of oxidized alkylaromatic hydrocarbon [56].

HO• +
H

OH

H

OH
+ RO2

•
ROOH + OH•

•

The generation of hydroxyl radicals occurs by the reactions:

ROOH �! RO
. þHO

.

RO2
. þR1R2CHOOH �! ROOHþR1R2C(O)þHO

.

HO2
. þHOOH �! H2OþHO

. þO2

4. Acids catalyze the hydrolysis of hydroperoxides with hydrogen peroxide formation.

H2OþROOH �! ROHþH2O2

The latter generates hydroperoxyl radicals possessing the reducing activity. Hydroper-

oxyl radicals reduce hydroperoxide and accelerate chain termination by the reactions:

HO2
. þROOH �! RO

. þH2OþO2

RO2
. þHO2

. �! ROOHþO2

HO2
. þHO2

. �! HOOHþO2

In addition, hydroperoxyl radicals become the active chain termination agents in the

presence of ions and salts of transition metals (see Chapter 17).

5. Hydrocarbon oxidation in the presence of intermediate products proceeds as a chain

reaction of co-oxidation of hydrocarbon with intermediate products of oxidation. The
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accumulation of various intermediates in the oxidized RH leads to the appearance of

alternative radicals (peroxyls and others). The accumulation of radicals that are less

reactive than RO2
.
diminishes the total activity of the radicals and the effective value of

parameter a¼ kp(2kt)
�1/2. The important peculiarity of a few types of radicals with

different activities in chain propagation is that more active radicals cannot more than

twice accelerate the reaction and less active can decrease the rate principally to zero

[148,149].

The accumulation of hydroxyl-containing products, such as hydroperoxides, alcohols, acids,

and water, also reduce the total activity of peroxyl radicals due to the hydrogen bonding with

RO2
.

[150]. When acting together, these factors cause self-inhibition of autoxidation at

conversion levels of 40–50% [3].
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5 Co-Oxidation of Hydrocarbons

5.1 THEORY OF HYDROCARBON CO-OXIDATION

The chain mechanism is complicated when two hydrocarbons are oxidized simultaneously.

Russell and Williamson [1,2] performed the first experiments on the co-oxidation of

hydrocarbons with ethers. The theory of these reactions is close to that for the reaction

of free radical copolymerization [3] and was developed by several researchers [4–9]. When

one hydrocarbon R1H is oxidized in the liquid phase at a sufficiently high dioxygen

pressure chain propagation is limited only by one reaction, namely, R1OO
.þR1H. For

the co-oxidation of two hydrocarbons R1H and R2H, four propagation reactions are import-

ant, viz,

R1OO
. þR1H �! R1OOHþR

.

1 (kp11)

R1OO
. þR2H �! R1OOHþR

.

2 (kp12)

R2OO
. þR2H �! R2OOHþR

.

2 (kp22)

R2OO
. þR1H �! R2OOHþR

.

1 (kp21)

In addition to cross-propagation reactions, one cross-termination reaction is introduced in

addition to two self-termination reactions, viz,

R1OO
. þR1OO

. �! Termination (kt11)

R1OO
. þR2OO

. �! Termination (kt12)

R2OO
. þR2OO

. �! Termination (kt22)

When the kinetic chain length is high, the rate of total oxygen consumption is

dD[O2]

dt
¼ (r1[R

1H]2 þ 2[R1H] [R2H]þ r2[R
2H]2)

ffiffiffiffi

vi
p

(r2
1d2

1[R
1H]2 þ fr1r2d1d2[R1H] [R2H]þ r2

2d2
2[R

2H]2)1=2
(5:1)

where

r1 ¼
kp11

kp12

; r2 ¼
kp22

kp21

; d1 ¼
ffiffiffiffiffiffiffiffiffiffi

2kt11

p

kp11

; d2 ¼
ffiffiffiffiffiffiffiffiffiffi

2kt22

p

kp22

and f ¼ kt12
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

kt11kt22

p :

Figure 5.1 illustrates the effect of hexamethylbenzene that produces a secondary peroxyl

radical on the oxidation of cumene [9].

The linear dependence of dioxygen consumption on the composition of a hydrocarbon

mixture is observed when
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r1

d1

d2

þ fr2

d2

d1

¼ 2 or fr1

d1

d2

þ r2

d2

d1

¼ 2: (5:2)

The linear co-oxidation dependence was observed for the following pairs of hydrocarbons

(333 K, initiator AIBN): tetralin–ethylbenzene, phenylcyclopentane–ethylbenzene, phenyl-

cyclohexane–ethylbenzene, tetralin–phenylcyclohexane, cyclohexene–2-butene, 2,3-dimethyl,

and cyclohexene–pinane [8].

Carrying out a number of co-oxidation experiments with various hydrocarbon mixtures,

one compares the results of experiment with that of computer simulations and step by step

estimates of the parameters r1, r2, d1, d2, and f. This technique is an effective qualitative

method for estimating these coefficients. This technique is described in monographs and

papers [5–9].

Along with dioxygen consumption, the rate of hydrocarbon can be measured during co-

oxidation. At long chains and high dioxygen pressure this rate is equal to [6]:

�d[R1H]

dt
¼ (r1[R

1H]þ [R2H])[R1H]
ffiffiffiffi

vi
p

(r2
1d2

1[R
1H]2 þ fr1r2d1d2[R1H] [R2H]þ r2

2d2
2[R

2H]2)1=2
(5:3)

This rate is measured experimentally and can be used for the estimation of the parameters of

co-oxidation. When the concentration of R1H is low and approaches zero, the ratio is

vR1H

[R1H]
¼ 1

r2d2

þ r1[R
1H]

r2d2[R2H]
� fr1d1[R

1H]

2r2
2d2

2[R
2H]

( )

ffiffiffiffi

vi

p
(5:4)

from the measured consumption of two hydrocarbons, the values of r1 and r2, the ratios

of the propagation coefficients as defined earlier, may be determined. At low conversions

20 40 60 80 1000.0
0.0

1.0

2.0

3.0

4.0
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v 
�

 1
05  (

m
ol

 L
−1
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−1

)

FIGURE 5.1 Co-oxidation of cumene with hexamethylbenzene: dependence of oxidation rate on cumene

concentration (vol. %) (T¼ 348 K, [AIBN]¼ 0.04mol L�1 pO2¼ 1 atm. [46] ).
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and long chains, the ratio of concentrations of two peroxyl radicals remains virtually

constant.

kp21[R
2O2

.
] [R1H] ¼ kp12[R

1O2
.
] [R2H] (5:5)

As a result we obtained the following equation:

D[R1H]

D[R2H]
¼ (r1[R

1H]=[R2H])þ 1

(r2[R2H]=[R1H])þ 1
(5:6)

Equation (5.6) may be simplified as follows (Fineman and Ross [10]):

r � 1

R
¼ r1 �

r

R2
r2, (5:7)

where R¼ [R1H]/[R2H] and r¼D[R1H]/D[R2H]. Thus, the plot of the left-hand side of

Equation (5.4) versus r/R2 gives r2 as the negative slope and r1 as the intercept.

The values of r1 and r2 are measures of the relative reactivity of two hydrocarbons toward

each peroxyl radical. Thus, if both the self-propagation rate constants (kp11 and kp22) are

known, the corresponding cross-propagation rate constants (kp12 and kp21) can be deter-

mined. The differences in r1 and 1/r2 are the results of the differences in the structure of two

peroxyl radicals and the quantity r1r2¼ (kp11� kp22)/(kp12� kp21) is a measure of the differ-

ences in selectivity. Studying the co-oxidation for a series of hydrocarbons with one standard

hydrocarbon, it is possible to determine the reactivity of the series RiH toward the peroxyl

radical of this standard. Once r1, r2, d1, and d2 are determined, then it is possible to determine

coefficient f by substituting into Equation (5.1). Table 5.1 summarizes the values obtained

in the co-oxidation of various hydrocarbons and Table 5.2 summarizes the values obtained in

the co-oxidation of monomers.

5.2 HYDROCARBON OXIDATION WITH HYDROPEROXIDE

Peroxyl radicals react very rapidly with hydroperoxide. This peculiarity of the system:

R1HþROOHþO2 was used by Howard et al. [21] to determine the following method for

the measurement of the rate constants of the reaction of one peroxyl radical with several

hydrocarbons. Hydroperoxide (ROOH) is introduced into the oxidized hydrocarbon RiH in

such a concentration (0.2–1.0 mol L�1) that it is sufficient for the rapid exchange of all peroxyl

and alkoxyl radicals by reactions with ROOH into RO2
.
radicals.

RiOO
. þR1OOH �! R1O

.

2 þRiOOH

RiO
. þR1OOH �! R1O

.

2 þRiOH

R1O
. þR1OOH �! R1O

.

2 þR1OH

The rate of the initiated chain oxidation of RiH under such conditions is determined only by

two reactions:

R1O
.

2 þRiH �! R1OOHþRi. (kp1i)

R1O
.

2 þR1O
.

2 �! Molecular products (2kt11)
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TABLE 5.1
The Parameters r1, r2, and f of Hydrocarbon Co-Oxidation

R1H R2H T (K) r1 r2 f Ref.

PhMe2CH PhCH3

PhCH3

333 3.0 0.2 0.8 [11]

PhMe2CH 348 2.60 0.21 1.0 [12]

PhMe2CH 348 1.12 0.65 0.8 [12]

PhMe2CH 348 1.5 0.52 0.93 [12]

PhMe2CH 333 2.10 1.0 2.1 [11]

PhMe2CH 348 1.24 0.72 1.0 [12]

PhMe2CH

PhMe2CH

PhMe2CH

PhMe2CH

PhMe2CH

PhMe2CH

PhMe2CH

PhMe2CH

PhMe2CH

PhMe2CH

PhMe2CH

PhMe2CH

PhMe2CH

PhMe2CH

PhMe2CH

PhMe2CH

PhMe2CH

PhMe2CH

PhMe2CH

333 2.2 0.8 1.1 [11]

348 0.63 1.24 0.9 [12]

348 0.32 2.12 0.9 [12]

348 0.112 3.42 0.8 [12]

348 0.087 8.83 1.0 [12]

PhCH2Me

PhCH2Me

PhCH2Me

PhCH2Me

PhCH2Me

PhCH2Me

333 0.5 0.8 1.3 [13]

333 0.44 0.97 0.73 [14]

333 1.3 1.0 1.2 [11]

341 0.56 1.0 1.3 [15]

348 0.59 1.0 1.2 [15]

353 0.49 0.98 0.79 [14]

PhCH2Et 333 2.8 0.4 1.2 [11]

PhCH2Et 348 1.4 0.72 1.0 [16]

PhCH2Pr 333 1.9 0.9 1.2 [11]

PhCH2CHMe2 348 3.5 0.1 1.0

PhCHEtMe 348 2.0 0.30 0.8

PhCHEtMe 333 1.15 0.03 − [2]

PhCH2CHEtMe 348 2.3 0.50 4.6

PhCH2CMe3 348 6.8 0.12 2.1

[16]

[16]

[16]

[16]

PhMe2CH Ph2CH2 348 0.42 2.2 1.4 [15]
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TABLE 5.1
The Parameters r1, r2, and f of Hydrocarbon Co-Oxidation—continued

PhMe2CH

PhMe2CH

PhMe2CH

PhMe2CH

PhMe2CH

PhMe2CH

PhMe2CH

PhMe2CH

PhMe2CH

PhMe2CH

PhMe2CH

PhMe2CH

PhMe2CH

PhMe2CH

PhMe2CH

Ph2CHMe 348 0.18 2.8 8.3 [17]

333 0.1 4.0 − [13]

333 0.55 0.75 0.75 [18]

333 0.35 0.75 0.75 [18]

363 0.04 16.0 6 [19]

0.13 4.6 − 3 [7]

353 0.21 5.0 4.3 [20]

329 0.18 4.5 4.8 [21]

[21]303 0.11 8.3 5.9

N 348 3.2 0.053 1.6 [22]

N 348 3.0 0.17 1.6 [22]

N 348 4.0 0.09 1.3 [22]

N 348 0.63 0.46 1.2 [22]

N 348 0.17 0.69 0.64 [22]

N 348 0.30 0.45 0.8 [22]

377 3.0 0.1 0.9 [11]

377 1.6 1.0 0.6 [11]

PhCH2Pr 377 0.5 1.8 1.1 [11]

377 1.0 1.6 0.6 [11]

R1H R2H T (K) r1 r2 Ref.f

continued
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TABLE 5.1
The Parameters r1, r2, and f of Hydrocarbon Co-Oxidation—continued

PhCH2Me PhCH3 348 2.2 0.2 3.0 [23]

PhCH2Me 333 0.5 1.2 1.0 [11]

PhCH2Me PhCH2Et 333 1.0 0.8 1.0 [11]

PhCH2Me PhCH2Pr 377

377

0.8 1.2 1.2 [11]

PhCH2Me PhCHEtMe 1.6 0.6 1.0 [11]

PhCH2Me PhCHEtMe 348 0.58 1.14 1.0 [21]

PhCH2Me PhCH2CHMe2 348

348

348

2.5 0.35 1.0 [24]

PhCH2Me PhCH2CMe3 4.9 0.54 1.8 [24]

PhCH2Me Ph(CH2)2Bu 1.8 0.62 1.4 [24]

PhCH2Me 333 0.8 1.25 0.9 [11]

PhCH2Me Ph2CH2 348

348

348

348

348

348

333

0.31 1.2 2.5 [23]

PhCH2Me PhCHMePr 0.7 0.7 2.0 [24]

PhCH2Me 0.38 0.9 1.8 [24]

Ph2CH2 PhCH3 6.3 0.10 3.0 [17]

Ph2CHCH3 PhCH3 5.2 0.07 3.6 [17]

Ph2CHCH3 Ph2CH2 1.3 0.51 3.2 [23]

PhCH3 2.2 0.4 1.0 [11]

PhCHEtMe PhCH2Pr 377 0.8 2.0 1.1 [11]

333

333

333

333

333

333

333

333

6.5 0.15 1.0 [11]

PhCH2Et 6.7 0.1 1.0 [11]

4.6 0.15 0.6 [11]

4.3 0.15 1.4 [11]

PhCHEtMe 4.0 0.25 0.9 [11]

PhCH2Pr 3.5 0.15 1.4 [11]

3.1 0.15 0.6 [11]

PhCH2Me 3.0 0.2 0.8 [11]

R1H R2H T (K) r1 r2 Ref.f
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This rate is equal (at v � vi) to

v ¼ kp1i(2kt11)
�1=2[RiH]v

1=2
i : (5:8)

If the values of 2kt11 and vi are known, one can easily calculate the rate constant kp1i. Such

measurements were performed for several hydrocarbons [5]. The comparison of the values of

kp1i(2kt11)
�1/2 measured by the co-oxidation and oxidation of hydrocarbons with hydroper-

oxides are given in Refs. [5,9]. The dependence of the initiated oxidation rate on the added

concentration of hydroperoxide [R1OOH] is described by the equation [5]:

v ¼ (kp1i[R
iH]þ kexc[ROOH])� v

1=2
i � F�1=2, (5:9)

where F is the function of the hydroperoxide and hydrocarbon concentrations:

F ¼ 2kt1i þ 4kt1i

kexc[R
1OOH]

kp1i[R1H]
þ 2kt11

kexc[R
1OOH]

kp1i[RiH]

� �2

: (5:10)

Equation (5.10) can be used for the additional estimation of the values of the rate constants

2kt1i (cross-termination) and kexc (exchange between RiO2
.
and R1OOH) from experimental

measurements. The values of kexc are given in Table 5.3.

5.3 CO-OXIDATION OF HYDROCARBONS AND ALCOHOLS WITH
SELECTIVE INHIBITOR

Chain propagation in oxidizing alcohols is performed by hydroperoxyl and alkylhydroxyper-

oxyl radicals. These radicals, unlike alkyl peroxyl radicals, exhibit a dual character: they can

bring about oxidation and reduction. Thus hydroperoxyl radicals react not only with radicals

but also with such oxidizing agents as quinones and transition metal ions (see Chapter 16).

The kinetics of the oxidation of isopropyl alcohol in the presence of benzoquinone was

studied [37]. In an alcohol undergoing oxidation, quinone brings about chain termination

by the reaction with hydroxyperoxyl and hydroxyalkyl radicals, as can be seen from the

dependence of the rate of oxidation on pO2 in the presence of quinone. At pO2¼ 760 Torr and

T¼ 344 K, 86% of chain termination takes place by the reaction HOO
.þ quinone and 14% by

the reaction R
.þ quinone. The rate constant of this reaction is kQ¼ 3.2� 103 L mol�1 s�1,

TABLE 5.1
The Parameters r1, r2, and f of Hydrocarbon Co-Oxidation—continued

333

333

2.6 0.1 0.6 [11]

1.8 0.4 1.1 [11]

R1H R2H T (K) r1 r2 Ref.f
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TABLE 5.2
The Parameters r1 and r2 of the Monomer and Hydrocarbon Co-Oxidation

Monomer 1 (R1H) Monomer 2 (R2H) T (K) r1 r2 r1 � r2 Ref.

PhMe2CH

PhMe2CH

PhMe2CH

PhMe2CH

PhCH=CH2 303 0.1 13 1.3 [25]

PhCH=CH2 303 0.05 20 1.0 [7]

PhMeC=CH2 303 0.1 9.3 0.93 [26]

CH2=CHCH=CH2 303 0.03 23 0.69 [7]

CH2=CHCH=CH2 303 0.22 3.5 0.77 [7]

PhCH=CH2 PhMe2CH 333 20.5 0.053 1.09 [7]

PhCH=CH2 PhMe2CH 333 13 0.1 1.3 [25]

PhCH=CH2 PhMe2CH 333 6.5 0.2 1.3 [2]

PhCH=CH2

PhCH=CH2

PhCH=CH2

PhCH=CH2

PhCH=CH2

PhCH=CH2

PhCH=CH2

PhCH=CH2

PhCH=CH2

PhCH=CH2

PhCH=CH2

PhCH=CH2

PhCH=CH2

PhCH=CH2

PhCH=CH2

333 16 0.044 0.70 [19]

333 4.6 0.13 0.60 [7]

303 2.3 0.43 0.99 [7]

303 2.7 0.49 1.32 [20]

333 4.2 0.85 3.6 [25]

333 2.8 1.2 3.4 [2]

CH2=CHCH=CH2 303 0.45 2.2 0.99 [7]

O
323 0.38 2.10 0.8 [27]

O
323 0.55 1.2 0.66 [1]

323 0.71 1.51 1.1 [27]

Br
323 0.88 0.97 0.85 [27]

Cl
323 0.89 0.98 0.87 [27]

F
323 0.88 0.92 0.81 [27]

I
323 0.705 0.995 0.70 [27]

N 323 1.10 0.50 0.55 [27]
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and the ratio kQ(RO2
.þQ)/kp¼ 1.0� 104. As in the case of aromatic amines, for quinone

f¼ 23, that is, quinone is regenerated by the following reactions:

QþHOO
. �! .

QHþO2

.
QHþHOO

. �! QþHOOH

QþR2C(OH)OO
. �! .

QHþO2 þR2C(O)
.
QHþR2C(OH)OO

. �! QþR2C(OH)OOH

Thus, quinone is a selective inhibitor, reacting selectively with the hydroxyperoxyl and

hydroxyalkyl radicals of alcohol, and this has become the basis of a new method for

measuring the rate constants of the reactions of peroxyl radicals with alcohols — the method

of co-oxidation of hydrocarbon and alcohol in the presence of a selective inhibitor [38].

Alcohol and hydrocarbon (or any organic compound), the oxidation of which does not

involve the production of hydroxyalkylperoxyl or hydroperoxyl radicals, are oxidized

together in the presence of an initiator and quinone. Quinone is added in concentrations at

which almost all chains are terminated by the reaction of quinone with the hydroxyalkylper-

oxyl radicals, that is, practically independent of the quinone concentration [38]. The partial

pressure of dioxygen is sufficiently high for the reaction of the alkyl radicals with quinone to

occur very slowly. Under these conditions, the oxidation of alcohol (HRiOH) with hydrocar-

bon (RH) involves the following reactions:

TABLE 5.2
The Parameters r1 and r2 of the Monomer and Hydrocarbon

Co-Oxidation—continued

NO
O 323 1.24 0.32 0.40 [27]

N
O

O

323 1.20 0.42 0.50 [27]

N
O

O

323 1.5 0.22 0.33 [1]

PhMeC=CH2 323 0.48 2.1 1.0 [28]

PhMeC=CH2 323 0.9 1.2 1.1 [1]

MeOC(O)MeC=CH2 323 9.2 0.09 0.83 [27]

CH2=CMeCMe=CH2 323 0.37 2.75 1.02 [27]

303 1.3 0.85 1.1 [2]

MeOC(O)MeC=CH2 288 15 0.041 0.62 [28]

PhCH=CH2 303 1.2 0.9 1.1 [2]

PhCH=CH2

PhCH=CH2

PhCH=CH2

PhCH=CH2

PhCH=CH2

PhCH=CH2

PhCH=CH2

PhMeC=CH2

PhMeC=CH2

PhMeC=CH2

O N
O

O

323 2.3 0.17 0.39 [1]

Monomer 1 (R1H) Monomer 2 (R2H) T (K) r1 r2 r1 � r2 Ref.
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TABLE 5.3
The Rate Constants of Peroxyl Radical Exchange Reaction with Hydroperoxides

RO2
• R1OOH T (K) kexc (L mol-1s-1) Ref.

EtMeCOOH 294 4.85 � 102 [29]

O OH

O OH

353 2.0 [30]

353 9.8 [31]

Ph3COOH 294 7.00 � 102

7.40 � 102

6.00 � 102

1.10 � 103

3.00 � 102

[29]

O
OH 190 11.2 [29]

O
OH 294 [29]

O
OH 200 12 [29]

EtOCH(OOH)Me 303 66 [32]

O
OH 303 [21]

O
OH 329 [21]

O
OH 329 [33]

O

O OH

O OH

303 38 [34]

O

303 47 [34]

EtOCH2Me 303 66 [34]

Me3COO•

Me3COO•

Me3COO•

Me3COO•

Me3COO•

Me3COO•

EtMe2COO•

PhMe2COO•

PhMe2COO•

PhMe2COO•

PhMe2COO•

PhMe2COO•

PhMe2COO•

PhMe2COO•

PhMe2COO•
O

OD 303 12 [21]
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I �! r
.

ki

r
. þRH �! rHþR

.
Fast

R
. þO2 �! RO

.

2 Fast

RO
.

2 þRH �! ROOHþR
.

kp

RO
.

2 þHRiOH �! ROOHþR
.

i OH kpi

Ri
.
OHþO2 �! Ri(OH)OO

.
Fast

Ri(OH)OO
. þQ �! Ri¼¼OþO2 þ .

QH kQ

RO
.

2 þ
.
QH �! ROOHþQ Fast

Under stationary conditions for long chains and at sufficiently high quinone concentrations

when 2kQ[Q] � (2ktv i)
1/2

kpi[HRiOH] [RO
.

2 ] ¼ 2kQ[Q] [Ri(OH)OO
.
]

vi ¼ 2kQ[Q] [Ri(OH)OO
.
]

v ¼ kp[RH]vi

2kpi[HRiOH]

(5:11)

By measuring the oxidation rate v for different ratios [RH]/[HRiOH], it is possible to find the

ratio kp/kpi and calculate kpi when kp is known. The results of co-oxidation of different

alcohols with cyclohexene are given below (T¼ 333 K, pO2¼ 1 atm, initiator AIBN [38] ).

TABLE 5.3
The Rate Constants of Peroxyl Radical Exchange Reaction with

Hydroperoxides—continued

333 [34]

293 [35]

303 [21]

329 [21]

O
O

•

O
O

•

O
O

•

O
O

•

~CH2CHPh(OO•)

~CH2CHPh(OO•)

333 [36]

Me3COOH

Me3COOH

PhMe2COOH

PhMe2COOH

Me3COOH

PhMe2COOD 303

5.30 � 102

4.80 � 102

2.50 � 103

2.80 � 103

6.45 � 102

1.40 � 102 [21]

RO2
• R1OOH T (K) kexc (L mol-1s-1) Ref.
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HRjOH MeOH EtOH BuOH Me2CHOH

H

OH PhCH2OH

kpi (L mol−1 s−1) 0.3 (313 K) 1.9 1.2 2.0 2.5 5.6

This method was used for the estimation of kp in oxidized polyatomic alcohols [39].

5.4 CROSS-DISPROPORTIONATION OF PEROXYL RADICALS

The mechanisms of chain termination by disproportionation of secondary and tertiary

peroxyl radicals are sufficiently different (see Chapter 2). Secondary RO2
.
disproportionate

by reaction [4–6]

2R1R2CHOO
. �! R1R2C(O)þO2 þR1R2CHOH

Tertiary peroxyl radicals recombine by consecutive reactions [4–6].

2RO
.

2 ROOOOR

ROOOOR �! [RO
. þO2 þRO

.
]

[RO
. þO2 þRO

.
] �! 2RO

. þO2

[RO
. þO2 þRO

.
] �! ROORþO2

The values of 2kt for secondary peroxyl radicals lies in the range 106–108 L mol�1 s�1 and that

of tertiary peroxyl radicals are sufficiently less, i.e., in the range of 103�105 L mol�1 s�1.

Cross-termination by the reaction of tert-RO2
.þ sec-RO2

.
predominantly occurs according to

the mechanism of disproportionation of secondary peroxyl radicals.

R1R2CHOO
. þR1R2R3COO

. �! R1R2C(O)þO2 þR1R2R3COH

The importance of the cross-termination reaction on the rate of oxygen consumption was

observed by Russell [19,40]. The different propagation rate constants (kp11/kp21 and kp22/kp12)

do not vary significantly for alkylperoxyl radicals. However, the rate of two self-termination

reactions can vary by as much as 104. Thus, as the composition of the mixture is varied from

100% of one hydrocarbon to 100% of the other, the importance of various termination

reactions changes accordingly. The effect of cross-terminations is most dramatic when

coefficient f�2. Small amounts of hydrocarbon, which has the high self-termination rate

coefficient, can drastically reduce the rate of oxidation of hydrocarbon, which has a very low

termination rate constant. Figure 5.1 illustrates the effect of hexamethylbenzene that pro-

duces secondary peroxyl radicals on the oxidation of cumene. The latter can terminate more

rapidly than cumyl peroxyl radical (see Chapter 2). In all the cases, small amounts of the

hydrocarbon with oxidized CH2 group reduce the rate of oxidation of cumene. In the case of

hydrocarbons that are oxidized more rapidly than cumene, a distinct minimum rate is

observed upon addition of a few percent of these compounds. The rate constants of such

disproportionation are close to those of the secondary peroxyl radicals. Hence coefficients

f¼ kt12(kt11kt22)
�1/2 are much higher than unity when R1O2

.
is the secondary and R2O2

.
is the

tertiary peroxyl radical (see Table 5.4). When both peroxyl radicals (R1O2
.
and R2O2

.
) are

secondary or tertiary, coefficients f are close to unity. The values of the rate constants of

peroxyl radicals of cross-termination are given in Table 5.4.
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TABLE 5.4
Rate Constants of the Cross-Disproportionation of Two Different Peroxyl Radicals

(Experimental Data)

R1O2
• R2O2

• Solvent T (K) k (L mol-1 s-1) Ref.

H2O 293 1.8 � 106 [41]

C6H5Cl 330 1.0 � 107 [42]

C6H6 295 2.4 � 108 [43]

RH 303 4.9 � 107 [44]

R1H/R2H

R1H/R2H

R1H/R2H

R1H/R2H

R1H/R2H

R1H/R2H

R1H/R2H

R1H/R2H

R1H/R2H

R1H/R2H

R1H/R2H

R1H/R2H

R1H/R2H

R1H/R2H

R1H/R2H

333 2.9 � 106 [45]

348 5.7 � 106 [46]

350 1.2 � 106 [47]

348 2.8 � 106 [46]

348 1.5 � 106 [46]

348 9.0 � 104 [48]

348 2.7 � 106 [46]

333 3.3 � 106 [11]

348 8.8 � 104 [46]

348 5.8 � 106 [46]

348 4.1 � 107 [46]

348 1.3 � 108 [46]

363 8.4 � 106 [19]

353 6.2 � 106 [20]

CH3OO•

CH3OO•

CH3OO•

BuCH2OO•

PhMe2COO•

PhMe2COO•

Me2CH(CH2)4CMe2OO•

PhMe2COO•

PhMe2COO•

PhMe2COO•

PhMe2COO•

PhMe2COO•

PhMe2COO•

PhMe2COO•

Ph2MeCOO•

Ph2MeCOO•

PhMe2COO•

PhMe2COO•

PhMe2COO•

Me3COO•

PhMe2COO•

Me3COOCMe2CH2OO•

MePrCHOO•

PrCH(OO•)OBu

PhCH2OO•

MePhCHOO•

Ph2CHOO•

PhMeCHOO•

O O
•

O O
•

O O
•

EtMePhCOO•

Ph2MeCOO•

Ph2CHOO•

PhCH2OO•

O
O

•

O
O

•

O O
• 348 9.0 � 104 [49]

continued
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TABLE 5.4
Rate Constants of the Cross-Disproportionation of Two Different Peroxyl Radicals

(Experimental Data)—continued

R1H/R2H

R1H/R2H

R1H/R2H

R1H/R2H

R1H/R2H

R1H/R2H

R1H/R2H

R1H/R2H

R1H/R2H

R1H/R2H

R1H/R2H

R1H/R2H

R1H/R2H

R1H/R2H

R1H/R2H

R1H/R2H

R1H/R2H

R1H/R2H

R1H/R2H

R1H/R2H

333 [50]

348 [46]

348 [46]

348 [46]

348 [46]

348 [51]

348 [51]

348 [51]

348 [51]

348 [24]

348 [46]

348 [46]

338 [52]

348 [46]

348 [46]

333 [45]

333 [45]

333 [45]

333 [45]

PhMeC(OH)OO•

PhMe2COO•

PhMe2COO•

PhMe2COO•

PhMe2COO•

PhMe2COO•

PhMe2COO•

PhMe2COO•

PhMe2COO•

PhMeCHOO•

PhMeCHOO•

Ph2CHOO•

PhMeCHOO•

Ph2CHOO•

PhMeCHOO•

PhMe2COO•

Me2CHOMe2COO•

O

O O
•

O

O O
•

O
O

•

O
O

•

EtPhCHOO•

Ph(CMe3)CHOO•

O
O

•

PhMe(CH2)4CHOO•

PhC(O)OCH(OO•)Pr

MeC(O)OCH(OO•)Ph

PhCH(OO•)OBu

N
O O

•

EtMePhCOO•

PhCH2OO•

PhMeC(OH)OO•

~CH2PhCHOO•

PhCH2OO•

PhCH(OH)OO•

Me2CHOMe2COO•

O
O

•

O
O

•

O
O

•

O

O O
• 333

1.4 �107

1.8 �106

3.9 �106

8.1 �105

6.9 �106

5.0 �106

1.5 �107

8.2 �106

3.9 �106

1.9 �106

2.9 �108

2.9 �107

3.6 �108

3.1 �108

2.8 �107

1.8 �105

2.0 �105

1.0 �107

1.2 �107

1.1 �107 [8]

R1O2
• R2O2

• Solvent Ref.

R1H/R2H 333 [8]
O

O
• PrCH(OO•)OBu 8.2 �106

T (K) k (L mol-1 s-1)
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5.5 CROSS-PROPAGATION REACTIONS OF PEROXYL RADICALS

The methods of co-oxidation and oxidation of hydrocarbon (RiH) in the presence of hydro-

peroxide (ROOH) opened the way to measure the rate constants of the same peroxyl radical

with different hydrocarbons. Both the methods give close results [5,9]. The activity of

different secondary peroxyl radicals is very close. It is seen from comparison of rate constants

of prim-RO2
.
and sec-RO2

.
reactions with cumene at 348 K [9].

RO2
• PhCH2O2

•

N

O

O
•

O
•

N
O O

O
•

N Ph2CHO2
•

k (L mol−1 s−1) 11 10 5.7 4.1 10.5

Howard and Ingold [54] observed the same tendency in reactions of primary and secondary

peroxyl radicals with several hydrocarbons. The following table gives the values of rate

constants (L mol�1 s�1) at 303 K.

Hydrocarbon PrCH2O2
• EtMeCHO2

• O

O
•

O
O

•

Ph2CHO2
•

0.55 0.5 0.5 0.6

0.5

6.4 4.2 6.3 6.5

0.45 0.40 −

PhMeCH2

Me2PhCH

310 140

0.5

4.5

−
160 240 330

TABLE 5.4
Rate Constants of the Cross-Disproportionation of Two Different Peroxyl Radicals

(Experimental Data)—continued

R1H/R2H

R1H/R2H

R1H/R2H

R1H/R2H

R1H/R2H

323 [53]

323 [53]

323 [53]

323 [53]

~CH2PhCHOO•

~CH2PhCHOO•

~CH2PhCHOO•

~CH2PhMeCOO•

~CH2PhMeCOO•

~CH2CH(CN)OO•

~CH2CMe(OO•)CO2Me

~CH2CH(OO•)CO2Me

~CH2CMe(OO•)CO2Me

~CH2CH(OO•)CO2Me 323

4.8 �107

2.5 �106

1.5 �106

2.7 �105

6.9 �104 [53]

R1O2
• R2O2

•
Solvent T (K) k (L mol-1s-1) Ref.
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The reactivity of tertiary peroxyl radicals of different structures is very close, as it was

evidenced by measuremets of Howard and Ingold [55,56]. The rate constants (L mol�1 s�1)

of four tertiary peroxyl radicals with a few alkylaromatic hydrocarbons (T¼ 303 K) are

presented below.

Me3COO• Me3CCMe2OO• EtMePhCOO• Me2PhCOO•Hydrocarbon

PhCH3

PhMeCH2

Me2PhCH

0.05

0.20

2.0

0.22

0.04

0.32

2.0

0.14

0.05

0.22

1.3

0.15

0.034

0.21

1.65

0.18

The activity of secondary and tertiary peroxyl radicals is different due to different BDEs of

the forming O��H bond: D(O��H)¼ 365.5 kJ mol�1 for secondary hydroperoxide and

D(O��H)¼ 358.6 kJmol�1 for tertiary hydroperoxide [57]. The comparison of the rate con-

stants of secondary and tertiary RO2
.
reactions with different hydrocarbons is given below

(rate constants are given in L mol�1 s�1 at 348 K) [9].

Hydrocarbon PhCH3 PhCH2Me Ph2CH2 PhCH2Et PhMe2CH PhEtMeCH

PhMeCHO2

.
2.2 4.9 15.9 4.5 5.1 4.3

PhMe2CO2

.
0.55 2.4 3.4 1.03 1.44 0.72

The mean value of the ratio kp(sec-RO2
.
)/kp(tert-RO2

.
)¼ 4.5+1.0 [57].

The reactivity of the hydrocarbons with the C��H bond in reactions with peroxyl radicals

depends, first of all, on the strength of the attacked bond. The problem of reactivity of the

substrates in free radical reactions will be discussed in Chapter 7. In this chapter, the empirical

data are given. The rate constants of the reactions RiO2
.þRjH are collected in Table 5.5.

Pritzkow and Suprun [58] recently performed the detailed study of reactivity of alkanes and

cycloalkanes toward the cumylperoxyl radical. According to these data, the relative reactivity

(RR) of CH3 and CH2 groups in alkane is the following (RR¼ ratio of rate constants of the

cumylperoxyl radical with one C��H bond of the chosen group and tertiary C��H bond of

cumene at 373 K).

Position 1 2 3 4

Group CH3 CH2 CH2 CH2

Nonane 0.0016 0.015 0.012 0.010

Decane 0.0014 0.014 0.011 0.009

Dodecane 0.0015 0.013 0.010 0.008

Tetradecane 0.0009 0.011 0.009 0.007

The reactivity of the C��H bond of cycloalkane depends on the ring size and the alkyl

substituent.
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TABLE 5.5
Rate Constants of the Cross-Propagation in Co-Oxidation of Hydrocarbons

RH RO2
•

T (K)

E
(kJ mol-1)

log A, A
(L mol-1 s-1)

k (350 K)

(L mol-1 s-1) Ref.

EtMe2CH Me3COO• 303 7.3 � 10−3 [59]

Me(CH2)4Me PhMe2COO• 404 41.7 [60]

Me(CH2)4Me Me3COO• 303 3.6 � 10−3 [59]

Me2PrCH Me3COO• 303 7.86 � 10−3 [59]

Me2CHCHMe2 Me3COO•

Me3COO•

Me3COO•

Me3COO•

Me3COO•

Me3COO•

Me3COO•

Me3COO•

Me3COO•

Me3COO•

Me3COO•

Me3COO•

Me3COO•

Me3COO•

Me3COO•

Me3COO•

303 1.86 � 10−2 [59]

Me3CCHMe2 303−353 55.2 7.50 0.18 [59]

Me(CH2)7Me PhMe2COO• 383 8.72 � 10−2 [61]

Me(CH2)11Me 313 8.6 � 10−4 [62]

Me(CH2)14Me 303−343 74.5 10.50 0.24 [62]

303−353 70.1 9.80 0.22 [59]

313 6.5 � 10−4 [62]

353 0.17 [31]

303 81.6 11.48 0.20 [59]

303 2.58 � 10−2 [59]

303 1.32 � 10−2 [59]

CH2=CHCH3 393 0.90 [63]

CH2=CHCH2Pr 393 4.8 [63]

Me2C=CMe2 393 35.0 [63]

CH2=CH(CH2)5Me 283−333 47.7 7.40 1.91 [62]

CH2=CPhCH3 393 4.0 [63]

273−303 49.0 9.30 97.1 [62]

HOO• 303 3.4 � 102 [64]

PhCH3

PhCH3

PhCH3

PhCH3

BuOO• 303 0.10 [54]

Me3COO• 303 5.0 � 10−2 [55]

Me3CCH2 303 0.40 [55]

C(OO•)Me2

MeEtPhCOO• 303 5.0 � 10−2 [55]

Me3COO• 283−343 46.0 6.90 1.08 [62]

PhMe2COO• 393−408 45.6 6.34 0.34 [65]

continued
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TABLE 5.5
Rate Constants of the Cross-Propagation in Co-Oxidation of Hydrocarbons—continued

O

O PhMe2COO• 303−393

PhCH2Me

PhCH2Me

BuOO• 303 0.55 [20]

[65]0.116.9553.1

Me3COO• 303 0.20 [55]

PhCH2Me Me3CCH2C(O2
•)Me2 303 0.32 [55]

PhCH2Me PhMeEtCOO• 303 0.22 [55]

PhCHMe2 Me3COO• 303 0.22 [55]

PhCHMe2 Me3CCH2

C(OO•)Me2

303 0.14 [55]

PhCHMe2 PhMeEtCOO• 303 0.15 [55]

PhCHMe2 Ph2MeCOO• 303 0.18 [55]

PhCHMe2 Me3COO• 303−333

PhCHMe2 BuOO• 303 0.45 [54]

[66]2.908.7055.2

51.5 9.20 32.7 [62]Me3COO•

Me3COO•

293−333

303 2.0 [55]

Me3CCH2

C(OO•)Me2

303 2.0 [55]

PhMeEtCOO• 303 1.3 [55]

HOO• 303 9.0 � 102 [64]

Me3COO• 333 11.0 [67]

BuOO• 303 0.64 [54]

PhMe2COO• 348 14.6 [68]

PhMe2COO•

PhMe2COO•

348 73.5 [68]

348 1.17 � 102 [68]

BuOO• 303 3.10 � 102 [54]

RH RO2
•

T (K)

E
(kJ mol-1)

log A, A
(L mol-1 s-1)

k (350 K)

(L mol-1 s-1) Ref.
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Ring Size 6 7 8 9 10 11 12

RR of CH2 0.032 0.045 0.038 0.029 0.028 0.011

RR of CHMe 0.102 0.261 0.258 0.115

RR of CHEt 0.072 0.122 0.148 0.128

The reactivity of equatorial and axial C��H bonds in dimethylcyclohaxanes appeared to be

sufficiently different [58]. Tertiary C��H bonds in the equatorial position react more readily

with peroxyl radicals than similar bonds in the axial position. For example, in cis-1,2-

dimethylcyclohexane RR (equatorial C��H)¼ 0.39 and RR (axial C��H)¼ 0.064; in trans-

1,3-dimethylcyclohexane RR (axial C��H)¼ 0.150 and RR (equatorial C��H)¼ 0.328, in cis-

decalin RR (axial C��H)¼ 0.056 and RR (equatorial C��H)¼ 0.468.

The reactivity of CH3, CH2, and CH groups in alkylaromatic compounds increases from

the CH3 to CH group. However, the difference in reactivity is not so high as in aliphatic

compounds. A few examples are given below [58].

RR(CH3) 0.13 0.08 0.13 0.13

RR(CH2) 0.75

− −

− − −

−

0.23

RR(CH) 0.93 1.50 1.00

Hydrocarbon

Opeida [46] compared the values of the rate constants of peroxyl radical reactions with

hydrocarbons with the BDE of the oxidized hydrocarbon, electron affinity of peroxyl radical,

EA(RO2
.
) ionization potential of hydrocarbon (IRH), and steric hindrance of a-substituent

R(VR). They had drawn out the following empirical equation:

log kp(348K) ¼ aþ b�D(R��H)þ c� (IRH � EA(RO
.

2 ))þ d � VR, (5:12)

where a¼ 23.03, b¼�0.0807, c¼ 31.48, and d¼�0.962. The results of the calculation are

close to experimental values of rate constants. The values of the rate constants of peroxyl

radicals RiO2
.
with hydrocarbons RjH are presented in Table 5.5.

5.6 HIGH REACTIVITY OF HALOIDALKYLPEROXYL RADICALS

The study of co-oxidation of hydrocarbons and haloidalkanes proved the extremely high

activity of peroxyl radicals possessing a few chlorine substituents in the a-position (CCl3OO
.
,

CCl3CCl2OO
.
etc.). This is the result of exothermicity of the reactions

RCCl2OO
. þRH �! RCCl2OOHþR

.

due to the formation of the strong O��H bond in the forming haloidalkyl hydroper-

oxide [69].
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ROOH MeOOH CF3OOH CCl3OOH CCl3CCl2OOH CF2ClOOH

D (kJ mol�1) 365.5 418.0 407.2 413.1 415.4

The results of the study of co-oxidation of different hydrocarbons with CCl3CCl2H and

CHCl2CHCl2 are presented in Table 5.6.

5.7 CO-OXIDATION OF HYDROCARBON AND ITS OXIDATION
INTERMEDIATES

In the initial period the oxidation of hydrocarbon RH proceeds as a chain reaction with one

limiting step of chain propagation, namely reaction RO2
.þRH. The rate of the reaction is

determined only by the activity and the concentration of peroxyl radicals. As soon as the

oxidation products (hydroperoxide, alcohol, ketone, etc.) accumulate, the peroxyl radicals

react with these products. As a result, the peroxyl radicals formed from RH (RO2
.
) are

replaced by other free radicals. Thus, the oxidation of hydrocarbon in the presence of

produced and oxidized intermediates is performed in co-oxidation with complex composition

of free radicals propagating the chain [4]. A few examples are given below.

1. Reaction of peroxyl radical with secondary hydroperoxide produces very active

hydroxyl radical. The latter attacks immediately the hydrocarbon molecule.

RO
.

2 þR1R2CHOOH �! ROOHþR1R2C(O)þHO
.

HO
. þRH �! H2OþR

.

2. The alkylhydroxyperoxyl and hydroperoxyl radicals formed from alcohol possess a

reducing activity and attack hydroperoxide with the formation of the alkoxyl radical.

This radical is very active and propagates the chain reacting with hydrocarbon.

RO
.

2 þR1R2CHOH �! ROOHþR1R2C
.
(OH)

R1R2C
.
(OH)þO2 �! R1R2C(OH)OO

.

R1R2C(OH)OO
. þROOH �! R1R2C(O)þH2OþO2 þRO

.

R1R2C(OH)OO
. �! R1R2C(O)þHOO

.

HOO
. þROOH �! H2OþO2 þRO

.

RO
. þRH �! ROHþR

.

3. Aldehyde produces the acylperoxyl radical as given by the following reactions:

RO
.

2 þR1CH(O) �! ROOHþR1C
.
(O)

R1C
.
(O)þO2 �! R1C(O)OO

.

R1C(O)OO
. þRH �! R1C(O)OOHþR

.

The acylperoxyl radical is extremely active due to the high dissociation energy of O��H

bond (DO��H¼ 418 kJmol�1 inbenzaldehyde [73]) andaccelerates the chainpropagation.

4. The addition of hydroxyl radicals to benzene ring of alkylaromatic hydrocarbon gives

phenolic compounds. Phenols retard oxidation, terminating the chains (see Part II).
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TABLE 5.6
Rate Constants of Haloidalkylperoxyl Radicals Reactions with

Hydrocarbons (348 K, Solvent is Oxidized Hydrocarbon)

Hydrocarbon

kp (C2Cl5OO•)

(L mol-1 s-1)

kp (Cl2CHCCl2OO•)

(L mol-1 s-1) Ref.

Me(CH2)6Me 2.30 �103 1.78 �103 [70]

CH3(CH2)7CH3 2.48 �103 2.22 �103 [70]

CH3(CH2)8CH3 3.11 �103 2.54 �103 [70]

CH3(CH2)9CH3 3.23 �103 2.95 �103 [70]

CH3(CH2)10CH3 3.81 �103 2.83 �103 [70]

CH3(CH2)12CH3 3.39 �103 3.33 �103 [70]

CH3(CH2)14CH3 4.06 �103 5.18 �103 [70]

CH3(CH2)18CH3 5.55 �103 5.83 �103 [70]

2.20 �103 1.40 �103 [71]

D

D
D

D

D

D D D

D D

D

D

6.30 �102 [71]

PhCH3 2.60 �102 2.10 �102 [72]

PhCD3 1.20 �102 [72]

7.10 �102 5.20 �102 [72]

2.10 �103 1.20 �103 [72]

4.10 �103 2.60 �103 [72]

8.80 �103 6.30 �103 [72]

1.20 �104 1.10 �104 [72]

PhCH2Me 8.20 �102 7.30 �102 [72]

1.66 �103 [72]

O 6.2 �102 [72]

N
O

O 2.3 �102 [72]

continued
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HO• +

+ ROO•
OH + ROOH

HO

H H

•

HO

H H

•

The composition of the intermediates changes during the oxidation and with it the

composition of radicals participating in chain propagation. This affects the rate of hydrocar-

bon oxidation. The theory of this phenomenon was developed by Denisov [74–78] and

described in a monograph [4]. The experimental evidences of change in free radical activity

were provided by the studies of the oxidation kinetics of decane [79], cyclohexane (see Figure

5.2), and cyclododecanone [80]. For example, the relative change of activity of radicals

propagating the chain in oxidized cyclohexane was as much as 2.5 times (383 K, pO2¼ 6 atm

atm [81]).

TABLE 5.6
Rate Constants of Haloidalkylperoxyl Radicals Reactions with

Hydrocarbons (348 K, Solvent is Oxidized Hydrocarbon)—continued

PhCHMe2 1.3 � 103 9.7 � 102 [72]

PhCMe3 2.7 � 102 2.4 � 102 [72]

5.9 � 103 7.2 � 103 [72]

4.5 � 103 4.3 � 103 [72]

Hydrocarbon

kp (C2Cl5OO•)

(L mol-1 s-1)

kp (Cl2CHCCl2OO•)

(L mol-1 s-1) Ref.

Time (min)

[C
yc

lo
he
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] 
m
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/2
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FIGURE 5.2 Cyclohexane oxidation: the kinetic curve of cyclohexanone formation (1) and relative

change in the ratio kp(2kt)
�1/2 (2) during the oxidation (T¼ 428K, pO2¼ 5.4 atm. [81]).
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The kinetic analysis proves that formation of very active radical from intermediate

product can increase the reaction rate not more than twice. However, the formation of

inactive radical can principally stop the chain reaction [77]. Besides the rate, the change

of composition of chain propagating radicals can influence the rate of formation and decay of

intermediates in the oxidized hydrocarbon. In its turn, the concentrations of intermediates

(alcohols, ketones, aldehydes, etc.) influence autoinitiation and the rate of autoxidation of the

hydrocarbon (see Chapter 4).

5.8 CATALYSIS BY NITROXYL RADICALS IN HYDROCARBON OXIDATION

Catalysis by nitroxyl radicals in hydrocarbon oxidation was discovered and studied recently

[82–89]. The introduction of N-hydroxyphthalimide into oxidized alkylaromatic hydrocarbon

was found to accelerate the oxidation. The formation of the stable phthalimide-N-oxyl (PINO)

radical was evidenced by the EPR method [90]. The following kinetic scheme was put forward

to explain the accelerating effect of PINO on the chain oxidation of hydrocarbons [82–84].

NOH

O

O

NO•

O

O

RH

R• RO2
•

ROOH

The introduction of hydroxylamine into oxidizing hydrocarbon adds the new cycle of chain

propagation reactions to the traditional R
.! RO2

.! R
.
cycle. This scheme is similar to that

of hydrocarbon oxidation with the addition of another hydroperoxide (see earlier).

The free radical equilibrium between PINO and hydroxylamines and phenols with known

BDE of the O��H bonds was used for to estimate the BDE of the O��H bond of PINO and

other hydroxylamines [90]. The values of BDE (kJ mol�1) are given below.

N

O

O H

Ph

Ph

N

O
H

Ph

Ph

295.4 297.5

328.4 331.4

NO

O

O

H

368.6

304.6

N

O H

Ph

N

Ph

N

O H

O

N

O
H

O

N

O H

Ph

Ph

291.6

335.6

N

O
H

O

O2N NO2

Denisov / Oxidation and Antioxidants in Organic Chemistry and Biology DK1162_c005 Final Proof page 207 23.2.2005 9:02am

© 2005 by Taylor & Francis Group.



TABLE 5.7
Rate Constants and Kinetic Isotope Effects of PINO Reaction with

Hydrocarbons (T 5 298 K)

Hydrocarbon Solvent k (L mol-1 s-1) kH/kD Ref.

AcOH

AcOH

AcOH

AcOH

AcOH

AcOH
AcOH

AcOH

AcOH

AcOH

AcOH
AcOH
AcOH

AcOH

AcOH

AcOH

AcOH

AcOH

AcOH

2.32 � 10−2 24.0 [91]

C6H6 + 10%MeCN

C6H6 + 10%MeCN

C6H6 + 10%MeCN

C6H6 + 10%MeCN

0.56 [90]

PhCH3

PhCH3

0.62 27.1 [91]

1.14 [90]

PhCH2Me

PhCH2Me

5.36 21.6 [91]

4.48 8.7 [90]

PhMe2CH 26.6 [91]

PhMe2CH 3.25 [90]

Ph2CH2 13.3 [91]

Ph3CH 1.17 � 102 [91]
4.29 [91]

40.6 13.3 [91]

5.02 � 103 [91]

C6H6 + 10%MeCN

C6H6 + 10%MeCN

9.4 � 10−2 [90]

PhCH2OH 11.3 [91]

PhCH2OH 28.3 [90]

PhCHO 21.2 [91]

Ph2CHOH 57.5 [91]

OO

2.66 � 10−2 [91]

2.99 [92]

3.06 [92]

5.95 24.8 [92]

O

H

12.4 [92]

O

O   H

0.113 [92]

O

O   H

0.20 [92]
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The kinetic scheme of a hydrocarbon RH oxidation catalyzed by PINO in the presence of

initiator I includes the following elementary steps [90]:

I �! r
.
���!RH

R
.

R
. þO2 �! RO

.

2 fast

RO
.

2 þRH �! ROOHþR
.

kp

RO
.

2 þRO
.

2 �! Products 2kt

RO
.

2 þ PINOH �! ROOHþ PINO
.

kPINO1

PINO
. þRH �! R

. þ PINOH kPINO2

In accordance with this scheme, the oxidation rate is equal to [90]:

v ¼ {kp[RH]þ kPINO1[PINOH]}v
1=2
i (2kt)

�1=2 (5:12)

The accelerating effect of PINO appears to be the result of the following two peculiarities:

1. PINO does not participate in chain termination. So, the introduction of PINO in

oxidized hydrocarbon decreases the steady-state concentration of peroxyl radicals

and consequently the rate of chain termination.

2. PINO possesses a high reactivity in the reaction with the C��H bond of the hydrocar-

bon. Hence, the substitution of peroxyl radicals to nitroxyl radicals accelerates the

chain reaction of oxidation. The accumulation of hydroperoxide in the oxidized hydro-

carbon should decrease the oxidation rate because of the equilibrium reaction.

PINO
. þROOH PINOHþRO

.

2

The rate constants of the reaction of PINO
.
with hydrocarbons and alcohols, and the values

of kH/kD are given in Table 5.7. A very high kinetic isotope effect is seen in this reaction.
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6 Reactivity of the Hydrocarbons
in Reactions with Peroxyl,
Alkoxyl, and Alkyl Radicals

6.1 SEMIEMPIRICAL MODEL OF RADICAL REACTION AS AN INTERSECTION
OF TWO PARABOLIC POTENTIAL CURVES

6.1.1 INTRODUCTION

Several empirical correlations are known for rate constants and activation energies of bimo-

lecular radical reactions [1–4]. Evans and Polyany [5] were the first to derive the linear

correlation between the activation energy and the enthalpy of reaction of RiX with Na.

Later Semenov [1] generalized this empirical equation for different free radical reactions in

the following form:

Ei ¼ A0 þ a0DHi, (6:1)

Linear correlations proposed by Hammett [6] and Taft [7] in the form

log (ki=k0) ¼ rs (6:2)

are widely used in physical organic chemistry (s is the Hammett or Taft constant and r is the

coefficient of the chosen reaction series). Since the pre-exponential factor A is constant for

one free radical reaction series (for example, ROO
.þMeCH2C6H4Y), Equation (6.2) can be

transformed into the form close to Polyany–Semenov equation [1]:

Ei ¼ E0 þ 2:303RTrs (6:3)

Nonlinear hyperbolic dependence between the activation energy and the enthalpy of reaction

was proposed by Rudakov [8]:

E(E � DH) ¼ E2
0 (6:4)

E0 ¼ pXpY (6:5)

The parameters pX and pY are empirical coefficients of the reaction

X
. þHY �! XHþY

.

A very effective instrument for the analysis of the reactivity of the reactants is the

intersecting parabolas model (IPM). This model was used in analysis of the activation
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energies for a wide variety of radical abstraction reactions [4,9–12]. By using IPM, it became

possible to create the empirical hierarchical system for diverse radical abstraction reactions

(individual reaction–group of reactions–class of reactions–type of reactions). The parameters

for groups and classes paves way for the separation of physical factors that influence the

height of the activation barrier of the reaction. The creation of a hierarchical system of

reactions made it possible to identify, at an empirical level, the physical characteristics of

the reactants that determine the height of the activation barrier.

6.1.2 INTERSECTING PARABOLAS MODEL (IPM)

In the IPM model the radical abstraction reaction, for example,

RO2
. þRiH �! ROOHþRi

.

in which a hydrogen atom is transferred from the initial (RiH) to the final (ROOH) molecule,

is assumed to be resulting from the intersection of two potential curves [9–12]. One of these

curves describes the potential energy Ui(r) of the vibration of the H atom along the dissoci-

ating bond in the initial molecule (RiH) as the function of vibration amplitude r. The other

curve Uf (r) describes the potential energy of the vibration of the same atom along the forming

bond in the reaction product ROOH. The stretching vibrations of the H atom in the C��H

bond of the attacked RH, and O��H bond of the formed ROOH, are regarded as harmonic

and described by the parabolic law

U(r)1=2 ¼ br (6:6)

The following parameters are used to characterize the elementary step in the parabolic model

(see Figure 6.1).

R−H
H−OOR

re

E

Ee
∆H

∆He

FIGURE 6.1 Parabolic model of the reaction RO2
.þRH in coordinates: potential energy versus

amplitude of vibration of the reacting bonds (for symbols, see text).
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1. The enthalpy of reaction DHe, which includes the difference between the zero-point

energies of the broken and generated bonds,

DHe ¼ Di �Df þ 0:5hL(ni � nf ), (6:7)

where Di and Df are the dissociation energies of the cleaved (i) and the generated (f)

bonds, ni and nf are the stretching vibrational frequencies of these bonds, h is the Planck

constant, and L is the Avogadro’s number.

2. The activation energy Ee is related to the experimentally determined Arrhenius activa-

tion energy E by the relation:

Ee ¼ E þ 0:5(hLni � RT), (6:8)

3. The coefficients bi and bf describe the dependence of the potential energy on the atomic

vibration amplitude along the initial (i) and final (f) valence bonds. There is a parabolic

relationship between the potential energy and the vibrational amplitude:

Ui ¼ b2
i r

2 and Uf ¼ b2
f (re � r)2 (6:9)

The quantity 2b2 is the force constant of the corresponding bond with b¼pn(2m)1/2,

where m is the reduced mass of atoms forming the bond.

4. The distance re characterizes the displacement of the abstracted atom in the elementary

step. The main equations of IPM are given in Chapter 4.

All known free radical bimolecular reactions can be divided into the following five types:

1. Atom abstraction by a radical or an atom from a molecule

R1O. þRH �! R1OHþR.

2. Atom transfer from a radical to a molecule

R2C
.(OH)þO2 �! R2C(O)þHOO.

3. Free radical substitution

R. þR1OOH �! ROHþR1O.

4. Free radical addition and

ROO. þ CH2¼¼CHX �! ROOCH2CHX

5. Direct atom substitution reaction.

D. þHOH �! DOHþH.

The force constants of the stretching vibrations of the bonds (2p2 n2 m) of each type (C��H,

O��H, etc.) and the energies of the zero vibrations of these bonds (0.5hLni and 0.5hLnf) are

nearly identical for the entire class of isotypical compounds. These important factors make it

possible to classify radical abstraction reactions in terms of the type of reacting bonds [11]. A

pair of coefficients, bi and bf, or the coefficient a and b corresponds to each class of such

reactions. In the calculation of the activation energy Ee from E and conversely, the zero-point

vibrational energy of the ruptured bond also becomes important (see Equation (6.8)). The

values of a, b, 0.5hLni, and 0.5hLnf for the radical abstraction reactions of compounds in

different classes are listed in Table 6.1.

Knowing these parameters, it is easy to find the analogous characteristics of the reverse

reactions. For a reverse reaction to which the index f corresponds, we have af¼a�1, bf¼ b/a,

and 0.5hLnf¼ 0.5hLni/a.
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The class of radical abstraction reactions may include a single reaction (for example,

H
.þHCl), one group of reactions (for example, H

.þRH), or several such groups (for example,

the class of reactions RiOO
.þRjH). All the reactions belonging to one group inside one class

are characterized by a single parameter re or bre. The quantities bre, calculated on the basis of

parabolic model for reactions ROO
.þHR1 involving only aliphatic hydrocarbons having

different structures, are very close; the average value of bre for reaction ROO
.þHR1 is

equal to 13.62+0.39 (kJ mol�1)1/2 [13]. The quantity A calculated for each of the reacting

C��H bond is 108 L mol�1s�1 for the liquid phase and 2� 107 L mol�1 s�1 for the gas phase.

Knowing the parameter bre, it is possible to calculate an important characteristic of the

reactivity of each group of reactions, such as the activation energy for a thermally neutral

reaction Ee0, which is written as:

ffiffiffiffiffiffiffi

Ee0

p

¼ bre

1þ a
(6:10)

The activation energies Ee0 may differ significantly for reactions of the same class. The values

of the IPM parameters for different groups of reactions of R
.
, RO

.
, and ROO

.
are collected in

Table 6.2.

The classification of radical reactions carried out in this way makes it possible to observe

empirically (on the basis of the parameter bre) the structural differences between the reactants

within one class, to compare the classes and groups of reactions in terms of reactivity (in

terms of the parameter bre or Ee0), and to identify the physical and structural factors

determining the reactivities of groups and classes of reactants.

6.1.3 CALCULATION OF THE ACTIVATION ENERGY

The activation energy for any individual reaction within the limits of the given group of

reactions may be calculated correctly from the parameter bre. Within the framework of the

parabolic model, the quantity Ee was calculated by one of the following equations [4,11]:

(1) for a¼ 1,

ffiffiffiffiffi

Ee

p

¼ bre

2
þ DHe

2bre

(6:11)

TABLE 6.1
Kinetic Parameters of Different Classes of Free Radical Abstraction Reactions (R. 1 RH,

RO.
1 RH, ROO.

1 RH [4,11,12])

Reaction a b (kJ mol21)1/2 0.5hLni (kJ mol21) 0.5 hL(ni 2nf) (kJ mol21) (r#/re)0

R
.þHR 1.00 3.743� 1011 17.4 0.0 0.500

R
.þHOR 1.256 4.701� 1011 21.7 4.3 0.443

R.þHOOR 1.229 4.600� 1011 21.2 3.8 0.448

RO
.þRH 0.796 3.743� 1011 17.4 �4.3 0.443

RO
.þHOR 1.000 4.701� 1011 21.7 0.0 0.500

RO.þHOOR 0.978 4.600� 1011 21.2 �0.5 0.505

RO2
.þHR 0.814 3.743� 1011 17.4 �3.8 0.449

RO2
.þHOR 1.022 4.701� 1011 21.7 0.5 0.494

RO2
.þHOOR 1.00 4.600� 1011 21.2 0.0 0.500
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(2) for a 6¼ 1,

ffiffiffiffiffi

Ee

p

¼ bre

1� a2
1� a

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1� 1� a2

(bre)
2

DHe

s

( )

(6:12)

(3) for DHe(1�a2)� (bre)
2,

ffiffiffiffiffi

Ee

p

¼ bre

1þ a
þ aDHe

2bre

(6:13)

Equations (6.11)–(6.13) are valid for the reactions of radical abstraction with enthalpy

varying inside the limits: DHe min < DHe < DHe max [11,15]. For example, for reactions of the

class ROO
.þR1H, DHe min¼ 117.3 kJ mol�1 and DHe max¼ 76.3 kJ mol�1 [11]. For highly

endothermic reactions with DHe>DHe max, the activation energy is E¼DHþ 0.5RT, while for

exothermic reactions with DHe < DHe min, it is close to 0.5RT. The limiting values of enthalpies

of reaction DHe max and DHe max are related to the parameters bre and a in the following way:

DHe max ¼ (bre)
2 � 2abre(0:5hLnf )

1=2 þ 0:5(a2 � 1)hLnf (6:14)

DHe min ¼ �(bre=a)2 þ 2a�2bre(0:5 hLni)
1=2 þ 0:5(1� a�2)hLni (6:15)

TABLE 6.2
Parameters of the IPM Method for the Reactions of H-Atom Abstraction. R1H is Aliphatic

Hydrocarbon, R2H is Olefin, and R3H is Alkylaromatic Hydrocarbon [4,11,13,14]

Reaction

bre

(kJ mol21)1/2

Ee0

(kJ mol21)

2DHe min

(kJ mol21)

DHe max

(kJ mol21)

A

(L mol21 s21)

R1.þR1H 17.30 74.8 155.0 155.0 1.0� 109

R1.þR2H 18.60 86.5 190.8 190.8 1.0� 108

R1.þR3H 17.80 79.2 168.3 168.3 1.0� 108

R2.þR2H 19.25 92.6 190.8 190.8 1.0� 108

R2.þR3H 18.45 85.1 210.0 210.0 1.0� 108

R3.þR3H 18.05 81.4 186.5 186.5 1.0� 108

RO
.þR1H 13.10 53.2 108.5 66.6 1.0� 109

RO
.þR2H 14.14 62.0 139.4 87.1 1.0� 108

RO
.þR3H 13.50 56.5 120.0 74.2 1.0� 108

RO2
.þR1H 13.61 56.3 117.2 76.1 1.0� 108

RO2
.þR2H 15.20 70.2 166.4 110.1 1.0� 107

RO2
.þR3H 14.32 62.3 138.0 90.6 1.0� 107

R1.þH��OR 16.46 53.2 66.6 108.5 1.0� 108

R2.þH��OR 17.76 62.0 87.1 139.4 1.0� 108

R3.þH��OR 16.96 56.5 74.2 120.0 1.0� 108

R1.þH��OOR 16.73 56.3 76.1 117.2 1.0� 107

R2.þH��OOR 18.67 70.2 110.1 166.4 1.0� 107

R3.þH��OOR 17.59 62.3 90.6 138.0 1.0� 107

RO
.þH��OR 13.62 46.4 61.3 61.3 1.0� 109

RO
.þH��OOR 14.13 51.0 73.7 70.1 1.0� 109

RO2
.þH��OR 14.45 51.1 70.1 73.7 1.0� 109

RO2
.þH��OOR 13.13 43.1 51.5 51.5 1.0� 108
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As can be seen from Equations (6.14) and (6.15), for the wider range of variation of DHe in

which bre¼ const, the greater the parameter bre. This illustrated by Figure 6.2.

Another important peculiarity of reactions with high values of jDHej is the dependence of

the pre-exponential factor A on the reaction enthalpy [11,15]. This factor A¼ const for all

reactions of one group with DHe in the limits: DHe min < DHe < DHe max. Outside these limits,

the factor A varies with varying DHe. For exothermic reactions with high values of jDHej,
ffiffiffiffiffiffi

A

A0

s

¼ 1þ 1:3�
ffiffiffiffiffiffiffiffiffiffiffiffi

DHej j
p

�
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

DHe minj j
p

� �

, (6:16)

and for endothermic reactions with high values of DHe,

ffiffiffiffiffiffi

A

A0

s

¼ 1þ 1:3�
ffiffiffiffiffiffiffiffiffi

DHe

p

�
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

DHe max

p

� �

: (6:17)

where A0¼A for reactions inside the limits: DHe min < DHe < DHe max, DHe max/min¼DHe max

for endothermic reactions, and jDHe minj for exothermic reactions (see Figure 6.3).

The algorithm for rate constant calculation has the following form:

DH E A Rate Constant

DHe < DHe min E¼ 0.5RT Equation (6.16) k¼AF(DHe) e�1/2

DHe min<DHe<DHe max Equations (6.11)–(6.13) A¼ const k¼A exp(�E/RT)

DHe>DHe max E¼DHþ 0.5RT Eqn 6.17 k¼A e�1/2F(DHe) exp(�DH/RT)
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FIGURE 6.2 Dependence of the activation energy on the reaction enthalpy for reactions: RO2
.þR2H

(1), RO2
.þR1H (2), RO2

.þROOH (3) calculated by the IPM method (see Equations [6.11] and [6.12]).
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The results of the calculation of the activation energies and the rate constants of peroxyl,

alkoxyl, and alkyl radicals with alkanes and cycloalkanes are presented in Table 6.3–Table 6.5.

6.2 FACTORS INFLUENCING THE ACTIVATION ENERGY

6.2.1 REACTION ENTHALPY

A clear-cut dependence of the activation energy on the heat (enthalpy) of the reaction, which

is equal, in turn, to the difference between the dissociation energies of the ruptured (Di) and

the formed (Df) bonds, was established for a great variety of radical abstraction reactions

[1,2,16]. In parabolic model, the values of Dei and Def, incorporating the zero-point energy of

the bond vibrations, are examined. The enthalpy of reaction DHe, therefore, also includes the

difference between these energies (see Equation [6.7]).

As noted above, all radical abstraction reactions can be divided into groups and the

activation energy Ee0 for a thermally neutral reaction can be calculated for each group (see

Equation [6.11]). This opens up the possibility of calculating of the enthalpy contribution

(DEH) to the activation energy for the given (ith) reaction and a thermally neutral reaction

characterized by the quantity Ee0 [4,11]:

DEH ¼ Ee � Ee0 (6:18)

As an example, Table 6.6 presents the values of DEH for the reactions of peroxyl radicals with

aliphatic hydrocarbons. It follows from the table that the slope of this dependence dE/dH for

these groups of reactions changes from zero to unity with the increasing reaction enthalpy (see

Figure 6.2).

In terms of the parabolic model, it is possible to obtain simple and physically clear

equations for the estimation of DEH as a function of a, bre, and DHe. The following simple

0

(2)

(1)

0

E
1/2
e

(0.5hvL)1/2

A1/2

∆He∆He, max∆He, min

FIGURE 6.3 Dependence of the activation energy Ee
1/2 (1) and the pre-exponencial factor A1/2 (2) on the

reaction enthalpy DHe according to the IPM.
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expressions follow from the combination of Equations (6.11)–(6.13), and (6.18) for the

reactions of one group with DHe inside the interval DHe min < DHe < DHe max:

(1) for a¼ 1,

DEH ¼ 0:5DHe þ 0:25(bre)
�2DH2

e , (6:19)

TABLE 6.3
Rate Constants and Activation Energies of Ethylmethylperoxyl Radical Reactions with C��H

Bonds of Organic Compounds (See Equations (6.7), (6.8), (6.12), and Parameters in Table

6.1 and Table 6.2)

RH n DHe (kJ mol-1) E (kJ mol-1) A (L mol-1 s-1) k (300 K) (L mol-1 s-1)

EtMeCH−H 4 43.7 61.9 4.0 � 108 6.68 � 10−3

Me3C−H 1 30.7 54.9 1.0 � 108 2.73 � 10−2

8 49.2 65.0 8.0 � 108 3.92 � 10−3

1 39.1 59.4 1.0 � 109 4.58 � 10−2

1 26.2 52.6 1.0 � 108 6.89 � 10−2

H
H

H

H

H
2 18.3 48.7 2.0 � 108 0.67

CH2=CHCH2−H 3 −1.3 53.4 3.0 � 107 1.49 � 10−2

CH2=CHCH−HMe 2 −19.5 45.6 2.0 � 107 0.23

CH2=CHC−HMe2 1 −29.7 41.5 1.0 � 107 0.61

Z-MeCH=CHCH−HMe 2 −25.3 43.2 2.0 � 107 0.60

Me2C=CHCH−HMe 2 −37.3 38.5 2.0 � 107 4.01

Me2C=CMeC−HMe2 1 −46.5 35.0 1.0 � 107 8.09

CH2=CHMeC−HCH=CH2 1 −62.1 29.4 1.0 � 107 76.1

4 −27.8 42.2 4.0 � 108 17.9

4 −38.4 38.0 4.0 � 108 95.1

H

H

H
H

H
H 4 −56.7 31.3 4.0 � 108 1.43 � 103

MeC≡CC−HMe2 1 −39.9 37.5 1.0 � 107 3.0

PhCH3 3 5.7 44.9 3.0 � 107 0.46

PhMeCH−H 2 −5.2 40.0 2.0 � 107 2.17

PhMe2C−H 1 −14.6 35.9 1.0 � 107 5.61

4 −23.7 32.1 4.0 � 108 1.03 � 103H H

H H 4 −47.3 22.9 4.0 � 108 4.12 � 104

PhMeCHOO−H 1 0.0 23.1 1.0 � 108 9.51 � 103
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for a 6¼ 1,

(1� a2)DEH ¼ 2a(bre)
2 � a2DHe � 2a(bre)

2[1� (1� a2)(bre)
�2DHe]

1=2 (6:20)

for DHe (1�a2)� (bre)
2,

DEH ¼ a(1þ a)�1DHe þ 0:25a(bre)
�2DH2

e (6:21)

TABLE 6.4
Rate Constants and Activation Energies of 1-Methyl-1-Phenylethoxyl Radical (Me2PhCO.)

Reactions with C��H Bonds of Organic Compounds (See Equations (6.7), (6.8), (6.12), and

Parameters in Tables 6.1 and 6.2)

RH n DHe (kJ mol-1) E (kJ mol-1) A (L mol-1 s-1) k (300 K) (L mol-1 s-1)

EtMeCH−H 4 −31.6 24.1 4.0 � 109 2.53 � 105

Me3C−H 1 −44.6 19.4 1.0 � 109 4.13 � 105

H

H
8 −26.1 26.2 8.0 � 109 2.19 � 105

H

H

1 −36.2 22.4 10 � 1010 1.25 � 106

H

1 −49.1 17.9 1.0 � 109 7.65 � 105

2 −57.0 15.3 2.0 � 109 4.35 � 106

CH2=CHCH2−H 3 −76.6 17.3 3.0 � 108 2.92 � 105

CH2=CHCH−HMe 2 −94.8 12.0 2.0 � 108 1.62 � 106

CH2=CHC−HMe2 1 −105.0 9.3 1.0 � 108 2.42 � 106

Z-MeCH=CHCH−HMe 2 −100.6 10.4 2.0 � 108 3.05 � 106

Me2C=CHCH−HMe 2 −112.6 7.3 2.0 � 108 1.05 � 107

Me2C=CMeC−HMe2 1 −121.8 5.1 1.0 � 108 1.28 � 107

CH2=CHCMe−HCH=CH2 1 −137.4 1.6 1.0 � 108 5.20 � 107

H

H

4 −103.1 9.8 4.0 � 108 7.95 � 107

H

H 4 −113.7 7.1 4.0 � 109 2.35 � 108

H

H 4 −132.0 2.8 4.0 � 109 1.30 � 109

MeC CC−≡ HMe2 1 −115.2 6.7 1.0 � 108 6.81 � 106

PhMeCH−H 2 −80.5 11.1 2.0 � 108 2.26 � 106

PhMe2C−H 1 −89.9 8.6 1.0 � 108 3.23 � 106

H H

H H

4 −99.0 6.2 4.0 � 109 3.36 � 108

4 −122.6 1.0 4.0 � 109 2.68 � 109

PhMeCHOO−H 1 −78.0 1.2 1.7 � 109 1.05 � 109
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It is seen from Equations (6.19)–(6.21) that for low absolute values of jDHej, the increment

DEH is directly proportional to DHe, which agrees with the Polany–Semenov equation

(Equation [6.1]). The slope of the linear plot of DEH as a function of DHe depends on a,

i.e., on the force constants of the reacting bonds. The ratio DEH/DHe¼a (1þa)�1 at low

jDHej may serve as a parameter of the sensitivity of the activation energy to DHe for low

TABLE 6.5
Activation Energies of Alkyl Radical Reactions with the C��H Bonds of Organic Compunds

R1.
1 RiH! R1H 1 Ri

. Calculated by the IPM Method (See Equations (6.7), (6.8), (6.11), and

Parameters in Tables 6.1 and 6.2)

RiH

E (kJ mol-1)

EtMeCH−H

Me3C−H

H

H

H

H

H

CH2=CHCH2−H

CH2=CHCH−HMe

CH2=CHC−HMe2

Z-MeCH=CHCH−HMe

Me2C=CHCH−HMe

Me2C=CMeC−HMe2

CH2=CHCMe−HCH=CH2

H

H

H

H

H

H

MeC=CC−HMe2

PhMeCH−H

PhMe2C−H

H H

C•H3 MeC•H2 Me2C•H Me3C•

45.8 54.3 59.2 65.4 50.9 67.7

40.1 48.1 52.8 58.7 44.9 70.0

48.4 57.0 62.0 68.3 53.5 70.7

43.8 52.1 56.9 63.0 48.8 65.3

38.1 46.1 50.7 56.5 42.9 58.7

34.8 42.5 47.0 52.6 39.5 54.8

38.1 46.0 49.8 55.1 42.6 57.2

31.2 38.1 42.1 47.1 35.3 49.0

27.5 34.1 38.0 42.8 31.5 44.7

29.0 35.8 39.7 44.7 33.1 46.6

24.8 31.2 35.0 39.7 28.7 41.5

21.7 27.9 31.5 36.1 25.4 37.9

16.7 22.5 25.9 30.2 20.2 31.9

28.2 34.8 38.7 43.6 32.2 45.5

24.4 30.8 34.6 39.3 28.3 41.1

18.4 24.3 27.8 32.2 22.0 33.9

23.9 30.3 34.0 38.7 27.8 40.5

29.7 36.9 41.0 46.2 34.0 48.2

26.2 33.0 37.0 42.1 30.3 44.0

22.9 29.5 33.4 38.3 26.9 40.1
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values of DHe. For reactions of different classes, the coefficient a varies in the range from

0.6 to 1.7 (see Table 6.1) and the coefficient a(1þa)�1, therefore, varies from 0.38 to 0.63.

For reactions of radicals R
.
, RO

.
, and RO2

.
with C��H bonds, the values of a(1þa)�1 are

given here:

TABLE 6.6
Contribution of Enthalpy to the Activation Energy of Secondary Peroxyl Radical Reactions

with the C��H Bonds of Hydrocarbons Calculated by the IPM Method (See Equations (6.7),

(6.8), (6.12), (6.20), and Parameters in Tables 6.1 and 6.2)

RH DH (kJ mol-1) E (kJ mol-1) DEH (kJ mol-1) dE/dDH

EtMeCH−H 47.5 61.9 21.8 0.53

Me3C−H 34.5 54.9 14.8 0.51

H

H

53.0 65.0 24.9 0.54

H

H

42.9 59.4 19.3 0.52

H H 38.4 57.0 16.9 0.51

H

30.0 52.6 12.5 0.50

22.1 48.7 8.6 0.48

CH2=CHCH−HMe −15.7 45.6 −8.4 0.42

CH2=CHC−HMe2 −25.9 41.5 −12.5 0.41

Z-MeCH=CHCH−HMe −21.5 43.2 −10.8 0.41

Me2C=CHCH−HMe −33.5 38.5 −15.5 0.39

Me2C=CMeC−HMe2 −42.7 35.0 −19.0 0.38

CH2=CHMeC−HCH=CH2 −58.3 29.4 −24.6 0.36

H

H

−24.0 42.2 −11.8 0.41

H

H −34.6 38.0 −16.0 0.39

H

H −52.9 31.3 −22.7 0.37

MeC≡CC−HMe2 −36.1 37.5 −16.5 0.39

PhCH3 9.5 47.5 5.2 0.46

PhMeCH−H −1.4 41.6 −0.7 0.44

PhMe2C−H −10.8 36.4 −5.9 0.43

H H −19.9 36.0 −6.3 0.41

H H −43.5 27.0 −15.3 0.37
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Reaction R. 1 RH RO. 1 RH RO2
. 1 RH RO2

. 1 ROOH

a(1þa)�1 0.50 0.47 0.45 0.50

The activation energy increases with an increase in DHe and diminishes with an increase in

jDHej for DHe < 0. On the other hand, according to the law of conservation of energy, E� 0

for exothermic reactions and E � DH for endothermic reactions. It follows from the law of

conservation of energy and Equations (6.11)–(6.13) that the parameter bre for one group of

reactions is constant, while DHe varies in the range DHe min < DHe < DHe max. For very

exothermic reactions with DHe < DHe min, the slope dE/dH is close to zero, and for very

endothermic reactions with DHe>DHe max, the slope dE/dH is close to unity. Inside the limits

DHe min < DHe < DHe max, on the slope

dEH

dHe

� a

1þ a
þ aDHe

(bre)
2

(6:22)

dE/dH depends on the enthalpy of the reaction.

Since the coefficient a’ in Polany–Semenov equation (1) represents the ratio

DE/(DH2�DH1) for the chosen group of reactions, it follows from Equation (6.26) that

coefficient a’ is given by

a0 � a

1þ a
þ a2(DHe2 � DHe1)

4(bre)
2

(6:23)

For not very high values of the reaction enthalpies a’�a(1þa)�1 (see Equation [6.23] ). In

the general case inside interval DHe min < DHe < DHe max, the coefficient a’ is the following

function of the reaction enthalpy values [11] (see Figure 6.2):

a0 ¼ (bre)
2

DHe2 � DHe1

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1� (1� a2)DHe1

(bre)
2

s

�
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1� (1� a2)DHe2

(bre)
2

s

( )

(6:24)

It is follows from Equations (6.23) and (6.24) that the coefficient a’ in the Polany–Semenov

equation depends not only on parameters bre and a but also on the incidental factor such as

the range of variation of enthalpies of the selected series of reactions. The same situation is

observed for coefficient r in the Hammett and Taft equations (see Equation [6.2]) [11].

6.2.2 FORCE CONSTANTS OF THE REACTING BONDS

Another important characteristic of radical abstraction reactions is the force constants of the

ruptured and the generated bonds. The dependence of the activation energy for the reactions

of the type R
.þR1X! RXþR1.

, where X¼H, Cl, Br, or I, on the coefficients bi and bf was

demonstrated experimentally [17]. It was found that parameter re¼ const in these reactions,

while the square root of the activation energy for a thermally neutral reaction is directly

proportional to the force constant of the ruptured bond. The smaller the force constant of the

C��X bond, the lower the Ee0, and the relationship Ee0
1/2 to b(1þa)�1 is linear (see Figure

6.4). The same result was also obtained for the reactions of hydrogen atoms with RCl, RBr,

and RI [17].
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These results confirm the important role of the force constant of the reacting bonds in the

formation of the activation barrier. The activation energies Ee0 for the R
.þRX reactions can

easily be estimated from the empirical formulas [17] (units are given in brackets):

E
1=2
e0 [kJ mol�1]1=2 ¼ 4:80� 10�11 (b[kJ1=2mol�1=2m�1](1þ a)�1[r(C��X)[m]] (6:25)

6.2.3 TRIPLET REPULSION IN THE TRANSITION STATE

The hydrogen atom migrates from Y to X in the X
.þHY reaction. The transition state of this

reaction can be regarded conventionally as a labile formation containing the X � � � H � � � Y
pseudobond. The characteristics of this bond may influence the activation energy. This

influence was evidenced with the aid of the parabolic model [4,11,18] since the model

makes possible the conversion of the activation energy for an individual reaction into the

activation energy for a thermally neutral reaction (see Equation [6.11]) and also to take into

account the influence of the force constants of the X��H and Y��H bonds on Ee0. When the

hydrogen abstraction reactions are compared in relation to different classes of compounds, it

is useful to employ the parameter re, in which the influence of DHe, bi, and bf on the activation

energy for the reaction has already been taken into account.

In the X � � � H � � � Y transition state, the X � � � Y pseudobond is formed by three electrons.

According to the Pauli principle, one molecular orbital can be occupied by only two electrons

with opposite spins. Two molecular orbitals therefore participate in the transition state: the

bonding orbital of the X��Y bond, in which two electrons are accommodated, and its

nonbonding orbital containing the third electron. The higher the energy of the nonbonding

orbital DT the stronger the X��Y bond; its value is described by the Sato formula [19]:

DT ¼ De{ exp (�brD�1=2
e )þ 0:5 exp(�2brD�1=2

e )}, (6:26)

where De and DT are the energies of the bonding and nonbonding X��Y orbitals, respect-

ively, 2b2 is the force constant, and r is the amplitude of the vibration of this bond. In the

1.4 1.6 1.8 2.01.2
5
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9

(1)
(2)
(3)
(4)

10−11b(1+a)−1 (kJ1/2 mol−1/2 m−1)

E
1/

2
 e

0 
(k

J 
m
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−1
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FIGURE 6.4 Correlation of the activation energy of the thermoneutral reaction with the coefficient

b(1þa)�1 for the reaction R
.þRX (X¼H, Cl, Br, I) on the basis of the IPM (1) and the model of

intersecting Morse curves (2), and for the reaction H
.þRX (R¼Cl, Br, I) on the basis of the IPM (3)

and the model of intersecting Morse curves (4) [11].
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given case, r¼ rXH
.þ rYH�rXYþ re. The involvement of the nonbonding orbital of the X��Y

bond in the formation of the activation barrier has come to be referred to as triplet repulsion

[20]. This effect constitutes the basis of three semiempirical methods for the calculation of the

activation energies for radical substitution reactions: the ‘‘bond energy–bond order’’ (BEBO)

method [20], the ‘‘bond energy–bond length’’ (BEBL) method [21], and the Zavitsas method

[22]. In all these methods the activation energy corresponds to the maximum on the ‘‘potential

energy–bond order’’ (BEBO) curves or the ‘‘potential energy–bond length’’ (BEBL, Zavitsas

method) curves while the potential energy curve represents a superposition of two Morse

curves corresponding to the Y��H and X��H reacting bonds and the curve for the nonbond-

ing orbital of the X��Y bond (Equation [6.26]).

The role of triplet repulsion in radical abstraction can clearly be traced on comparing

reactions in which the energies of the X��Y bonds differ significantly. The values of Ee0 and re
for a series of radical abstraction reactions found by the parabolic method as well as the

energies De of the X��Y bond are presented below.

X . . . H . . . Y Ee0 (kJ mol21) re (m) De (kJ mol21)

R � � � H � � � R 74.8 4.622� 1011 381

H2N � � � H � � � NH2 81.3 4.188� 1011 285

RO2 � � � H � � � OAr 45.6 2.895� 1011 ~0

RO2 � � � H � � � OAr 45.3 2.885� 1011 ~0

HOO � � � H � � � OOH 44.3 2.894� 1011 80

RO2 � � � H � � � O2R 43.1 2.854� 1011 88

ArO � � � H � � � OAr 41.8 2.772� 1011 ~0

The difference between the reactions with a high energy of the X��Y (C��C and C��N)

bond for which Ee0 ~ 75–80 kJ mol�1 and the reactions with a very low energy of this bond

(O��O) for which Ee0 ~ 42–46 kJ mol�1 can be clearly traced. Within the limits of the error of

measurement, the parameter re for the last four reactions is constant: re¼ (2.86+0.05)�
10�11 m. This value is characteristic of reactions with zero triplet repulsion in the transition

state. On substituting this quantity in Equation (6.10), we obtain the following equation

for the estimation of the contribution of triplet repulsion DET to the activation energy

Ee0[11]:

DET (kJ mol�1) ¼ (bbf )
2(bþ bf )

�2[(re[m])2 � 8:18� 10�22] (6:27)

For reactions of the R
.þRH class, this contribution is 39.6 kJ mol�1, i.e., a considerable

proportion of the activation energy Ee0¼ 76 kJ mol�1 is due precisely to the triplet repulsion

in the transition state. The following empirical dependence of the re parameter on the

De(X��Y) has been established [17,18]:

1022D(re[m])2 ¼ 13:7� [De(X��Y)=De(H��H)] (6:28)

6.2.4 ELECTRON AFFINITY OF ATOMS OF REACTION CENTER

Another important characteristic of the X��Y bond is its polarity induced by the different

electron affinities of the atoms or the radicals X and Y. The greater the difference, the greater

the polarity of the bond, its strength, and its dipole moment. According to Pauling [23], the
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polarity of the X��Y bond is be characterized by the extent to which its strength differs from

half the sum of the bond dissociation energies of the XX and YY molecules by virtue of the

different electronegativities of the atoms X and Y [23]:

DEA(XY) ¼ DXY � 0:5(DXX þDYY) (6:29)

The question arises whether the polarity of the X��Y bond affects the X
.þYH abstraction

reactions. We shall compare two reactions: H
.þH2 and Cl

.þH2 [24]:

Reaction Ee0 (kJ mol21) re (m) DXY (kJ mol21)

H
.þH2 58.2 3.69� 1011 436.0

Cl
.þH2 36.7 3.04� 1011 431.6

Evidently, the dissociation energies of the H��H and Cl��H bonds are very close and the

triplet repulsion in the transition states of these reactions is, therefore, almost identical.

Nevertheless, the quantities Ee0 and re in these two reactions differ very considerably.

The reason for this is that the H��H bond is nonpolar, while the Cl��H bond is polarized

its DEA¼ 92.3 kJ mol�1 (Equation [6.29]). As in the HCl molecule, in the transition state

there is evidently a strong attraction between Cl and H, which in fact induces a decrease

in re and Ee0. If the Cl
.þH2 reaction was characterized by the same parameter

re¼ 3.69� 10�11 m as the H
.þH2 reaction, an activation energy of Ee0¼ 56.5 kJ mol�1

would be obtained for that reaction. The difference between the observed and expected

activation energies (DEEA¼ 36.7�56.5¼�19.8 kJ mol�1) must be attributed to the influence

of the unequal electronegativities of the hydrogen and the chlorine atoms on Ee0 in the

Cl
.þH2 reaction.

The R
.þRH and RO

.þRH reactions may serve as another example [18]:

Reaction Ee0 (kJ mol21) re (m) De(X��Y) (kJ mol21)

R
.þRH 74.8 4.622� 1011 381

RO
.þRH 53.2 2.787� 1011 372

ROO
.þRH 56.3 2.959� 1011 295

In this case, the similarity of the R��R and RO��R bond dissociation energies also leads to

the similarity of the triplet repulsion energies in the R � � � H � � � R and RO � � � H � � � R

transition states. However, in these reactions also, the quantities Ee0 and re differ appreciably.

The polarity of the O��C bond in the RO
.þHR reaction is manifested here. On substituting

the dissociation energies D(CH3��CH3), D(CH3O��OCH3), and D(CH3��OCH3) in Equa-

tion (6.29), we obtain DEA¼ 80 kJ mol�1. The calculation of the contribution of the electro-

negativities of the O and C atoms to the activation energy for the RO
.þRH reaction yields

DEEA¼�26.1 kJ mol�1, which should be regarded as very considerable bearing in mind that

Ee0¼ 53.2 kJ mol�1. The empirical correlation between the re parameter and difference in

electron affinities of X and Y atoms has the following form [17,18]:

1022(Dre[m])2 ¼ �22:4� {DEA(X��Y)=De(H��H)} (6:30)
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6.2.5 RADII OF ATOMS OF REACTION CENTER

When the fragments X and Y approach one another in the X . . . H . . . Y transition state, their

outer electron shells begin to repel one another. It is to be expected that the repulsion will be

stronger when the radii of the atoms X and Y is larger. The examples presented in Table 6.7

confirm this conclusion.

An evident parallel variation of the increment in re and in the bond length rXY is observed.

On the other hand, the influence of the strengths of the X��Y bonds on the activation

energies in these reactions were taken into account. The electronegativities of C and Si, Ge,

Sn atoms are close. The empirical dependence of the parameter re (in m) on DXY and rXY in

the interaction of radicals carrying a free valence on the C and O atoms with the C��H,

Si��H, Sn��H, Ge��H, and P��H bonds is presented on Figure 6.5.

The common dependence of the parameter re on BDE, electron affinity, and length of

X��Y bond has the following form [11,26]:

1022(re[m])2 ¼ 13:7(DXY=DHH)� 22:4(DEA=DHH)þ 9:4(rXY=rHH)� 12:4 (6:31)

This formula makes possible the estimation of the contribution of each factor, i.e., triplet

repulsion DET, electronegativity, DEEA, and repulsion of the electron shells of the X and Y

atoms DER in the TS, to the activation barrier Ee0 for each class of radical abstraction

reactions. Since Ee0
1/2¼ bre (1þa)�1, it follows that, by employing the corresponding

increments from Equation (6.31), it is possible to calculate the contribution of a particular

factor. Table 6.8 presents the results of such calculation for 17 classes of radical abstraction

reactions.

It is seen from the data presented in Table 6.8 that the triplet repulsion DET makes an

important contribution to the activation energy Ee0. The difference between the electronega-

tivities of the fragments X and Y lowers the activation energy. When the discrepancy between

the electron affinities is large, this decrease may be very considerable. For example,

TABLE 6.7
Comparison of re Parameters for the Reactions R3EH 1 X! R3E.

1 XH with BDE

and Length of the E��H Bonds of the Reactants Calculated by the IPM Method

[25,26]

Reactant re (m) r (E��X) (m) De(E��X) (kJ mol21) re
2 3 1022213.7 De (E��X)

De (H��H) (m2)

X. 5 H.

CH4 3.87� 10�11 1.091� 10�10 457.4 1.42

SiH4 4.09� 10�11 1.480� 10�10 408.0 4.64

PH3 4.09� 10�11 1.420� 10�10 364.9 5.91

SeH2 4.06� 10�11 1.470� 10�10 348.0 6.14

GeH4 4.28� 10�11 1.525� 10�10 380.4 7.04

X. 5 R.

R3CH 4.62� 10�11 1.536� 10�10 384.2 9.96

R2PH 4.16� 10�11 1.858� 10�10 306.6 8.22

R3SiH 4.77� 10�11 1.870� 10�10 381.3 11.45

R3GeH 4.93� 10�11 1.945� 10�10 350.4 10.92

R3SnH 5.07� 10�11 2.144� 10�10 300.2 16.81

Denisov / Oxidation and Antioxidants in Organic Chemistry and Biology DK1162_c006 Final Proof page 228 23.2.2005 9:04am

© 2005 by Taylor & Francis Group.



DEEA¼�45 kJ mol�1 for the HO
.þ SiH4 reaction and DEEA¼�43 kJ mol�1 in the reaction

of hydrogen atom with water. The repulsion of the electron orbitals of the atoms forming the

reaction center DER plays an important role in all the radical abstraction reactions. In the

interaction of radicals with molecules the contribution of this repulsion ranges from 25 to

46 kJ mol�1. In reactions of molecules with hydrogen atoms the contribution is naturally

smaller, varying from 8 to 16 kJ mol�1.
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FIGURE 6.5 Correlation of the parameter re
2 on the length of the bond E��X for the abstraction

reactions X
.þHERn: black points for reactions with X

.¼H
.
and white points for reactions with X

.¼R
.

and E¼C, P, Si, Se, Ge, and Sn [26].

TABLE 6.8
The Contributions of Triplet Repulsion (DET), the Electron Affinity of the Fragments X and Y

(DEEA), and the Repulsion of the Atoms Forming the X��Y Bond (DER) to the Activation

Energy Ee0 for the X.
1 HY Reaction [11,25]

Reaction b(1 1 a)21 (kJ mol21)1/2 re (m) DET (kJ mol21) DEEA (kJ mol21) DER (kJ mol21)

R
.þHR 1.87� 1011 4.62� 10�11 41 0 34

R.þH2NR 2.05� 1011 3.84� 10�11 45 �8 32

R
.þHOOR 2.06� 1011 3.80� 10�11 37 �7 29

R
.þHSiR’3 1.60� 1011 4.78� 10�11 30 �3 27

R
. þHSR 2.13� 1011 4.09� 10�11 44 0 46

HO
.þHR 2.09� 1011 3.67� 10�11 53 �22 30

HO
.þ SiH4 1.79� 1011 3.30� 10�11 55 �45 28

RO
.þHR 2.08� 1011 3.55� 10�11 49 �20 30

RO
.þHSiR’3 1.74� 1011 3.68� 10�11 45 �34 26

RO2
.þHR 2.06� 1011 3.80� 10�11 37 �7 29

RO2
.þHOOR 2.30� 1011 2.85� 10�11 15 0 28

R3Si
. þHSiR’3 1.38� 1011 4.97� 10�11 18 0 27

H
.þHR 1.96� 1011 3.76� 10�11 53 �8 10

H
.þNH3 2.11� 1011 3.45� 10�11 63 �21 9

H.þH2O 2.20� 1011 3.91� 10�11 76 �43 8

H
.þ SiH4 1.69� 1011 4.09� 10�11 34 �2 15

H
.þH2S 1.88� 1011 3.60� 10�11 42 �5 16
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6.2.6 INFLUENCE OF ADJACENT P-BONDS

An aromatic ring and a double or triple bond in the a-position relative to the C��H bond

weaken this bond by virtue of the delocalization of the unpaired electron in its interaction

with the p-bond. The weakening of the C��H bond is very considerable: for example,

D(C��H) is 422 kJ mol�1 in ethane [27], 368 kJ mol�1 in the methyl group of propene [27]

(DD¼ 54 kJ mol�1), and 375 kJ mol�1 in the methyl group of toluene [27] (DD¼ 47 kJ mol�1).

Such decrease in the strength of the C��H bond diminishes the enthalpy of the radical

abstraction reaction and, hence, its activation energy. This effect is illustrated below for the

reactions of the ethylperoxyl radical with hydrocarbons:

Hydrocarbon C2H6 CH3CH¼¼CH2 C6H5CH3

DH (kJ mol�1) 56.5 2.5 9.5

E (kJ mol�1) 61.9 53.4 44.9

A comparative analysis of the kinetics of the reactions of atoms and radicals with paraffinic

(R1H), olefinic (R2H), and aromatic alkyl-substituted (R3H) hydrocarbons within the frame-

work of the parabolic model permitted a new important conclusion. It was found that the

p-C��C bond occupying the a-position relative to the attacked C��H bond increases the

activation energy for thermally neutral reaction [11]. The corresponding results are presented

in Table 6.9.

Evidently, the activation energy for a thermally neutral reaction with participation of a

hydrogen atom or a radical (alkyl, alkoxyl, etc.) is higher in these cases where there is a

p-bond or an aromatic ring adjacent to the attacked C��H bond. This effect is a property of

the structures themselves, and the p-bond exerts a dual effect on the reaction center. On the

one hand, by weakening the C��H bond the p-bond in the a-position lowers the enthalpy

TABLE 6.9
Influence of the Adjacent p-Bond on the Activation Energy of

Hydrogen Atom Abstruction Reaction [13,18,24,28,29]

R. RH bre (kJ mol21)1/2 Ee0 (kJ mol21) DEp (kJ mol21)

H
.

R1H 14.49 57.9 0.0

H. R2H 15.58 66.9 9.0

H
.

R3H 15.34 64.9 7.0

R
.

R1H 17.23 74.2 0.0

R. R2H 18.86 88.9 14.7

R
.

R3H 18.11 82.0 7.8

RO
.

R1H 13.37 55.2 0.0

RO
.

R2H 14.41 64.1 8.9

RO
.

R3H 14.16 61.9 6.7

ROO
.

R1H 14.23 61.5 0.0

ROO
.

R2H 15.68 74.7 13.2

ROO
.

R3H 14.74 66.0 4.5

AmO
.

R1H 13.72 58.0 0.0

AmO
.

R2H 15.66 75.5 17.5

AmO. R3H 14.42 64.0 6.0
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and, hence, the activation energy of the reaction. On the other hand, by interacting with

electrons of the reacting bonds, the p-orbital increases the strength of the C��Y bond in the

Y
.þHR reaction, which increases the energy of the nonbonding C��Y orbital and intensifies

triplet repulsion.

6.2.7 POLAR EFFECT

The extensive literature was devoted to polar effects in chemical reactions. The IPM permits

a fresh approach to this important problem. The introduction of a functional group into a

hydrocarbon molecule alters the dissociation energy of the neighboring C��H bonds, which is

indicated by the examples presented below:

Compound Me2CH��H MeCH��H(OH) CH3C��H(O) EtOCH��HMe

D (kJ mol�1) 412 400 338 399

The change in the C��H bond strength affects the enthalpies and through them the

activation energies for radical abstraction reactions. If a molecule is attacked by a nonpolar

radical (hydrogen atom, alkyl radical), then the influence of the polar group on the activation

energy is confined to a change in DH. This was confirmed by the data on the reactions of the

methyl radical with the C��H bonds of hydrocarbons and their derivatives (alcohols, ethers,

etc.), which are characterized by the virtually identical parameter bre¼ 17.30 (kJ mol�1)1/2

[11]. Thus, a polar group (OH, OR, etc.) influences only the enthalpy of the reaction and not

the energy of the transition state of the type C � � � H � � � C and H � � � H � � � C.

A different picture is observed when a polar radical reacts with a C��H bond of a polar

molecule. For example, the reaction of an oxygen atom with the methane C��H bond is

characterized by the activation energy of thermoneutral reaction Ee0¼ 54.6 kJ mol�1 and

parameter bre¼ 13.11 (kJ mol�1)1/2 while the reaction with the methanol C��H bond is

characterized by Ee0¼ 50 kJ mol�1 and parameter bre¼ 12.55 (kJ mol�1)1/2 [30]. For these

values of bre, the difference between the activation energies is 4.6 kJ mol�1. The decrease in the

activation energy can be explained by the fact that the polar O��H group in the O � � � H � � �
C��OH transition state interacts with the O � � � H � � � C polar reaction center.

The IPM model makes possible the isolation from the overall effect of the substituent its

contribution to E due to polar interaction. In the calculation, the values of DH and the

activation energy for a thermally neutral reaction of the given group (reaction series) are used,

because the activation energy can be represented by the sum Ee¼Ee0þDEH (see above),

where the second term takes into account only the influence of enthalpy. The polar inter-

action in the transition state may be inferred by comparing the values of Ee0 in various

reactions of the same radical involving a nonpolar hydrocarbon and the corresponding polar

molecule. The contribution of the polar interaction to the activation energy (DEm) can be

estimated from the formula [4,11,30]:

DEm ¼ [(bre)
2
m � (bre)

2
RH](1þ a)�2, (6:32)

where the parameters (bre)m and (bre)RH refer to reactions involving polar compound YH and

reference hydrocarbon RH, respectively. The results of the calculation of the energy DEm

(in kJ mol�1) for the X
.þHY gas-phase reactions are presented below:

Denisov / Oxidation and Antioxidants in Organic Chemistry and Biology DK1162_c006 Final Proof page 231 23.2.2005 9:04am

© 2005 by Taylor & Francis Group.



X./HY CH3OH CH2(O) RCH(O) CH3C(O)CH3 (CH3)2O

O 4.6 �4.6 �7.9 �9.4 �5.1

HO
.

2.4 1.8 1.5 �11.4 2.8

CH3O
. �6.0 0 �12.2 — —

(CH3)3CO
.

— �4.2 �3.1 �17.8 —

Extensive data concerning the influence of the polar groups on the activation energies

for abstraction reactions were obtained by analyzing the experimental data on reactions

involving alkoxyl and peroxyl radicals in the liquid phase. These data are discussed in

Chapters 7–9.

Another effect called multidipole interaction is manifested in the reactions of the polar

radicals with polyfunctional compounds [31]. The unequal reactivities of the same group, for

example, R2CH(OH), in compounds with one or several functional groups forms the basis

for this effect. The corresponding kinetic data were analyzed within the framework of the

parabolic model. The multidipole interaction is manifested, in particular, in the reactions of

the peroxyl radicals RO2
.
, containing functional groups, with oxygen-containing compounds

YH (see Chapter 9). The magnitude of this effect in the transition state may be inferred from

the change in the activation energy for a thermally neutral reaction on passing from a

monofunctional compound YH to a polyfunctional compound ZH.

DDEm ¼ [(bre)
2
ZH � (bre)

2
YH](1þ a)�2 (6:33)

For the steric effect in reactions of peroxyl radicals, see Chapter 12.

6.2.8 INFLUENCE OF SOLVATION

Another important effect observed when reactions take place in the liquid phase is associated

with the solvation of the reactants. Theoretical comparison showed that the collision fre-

quencies of the species in the gas and liquid phases are different, which is due to the difference

between the free volumes. In the gas phase, the free volume is virtually equal to the volume

occupied by the gas species (Vf�V), while in the liquid phase, it is much smaller than the

volume of the liquid species (Vf�V). Since the motion and collision of the species occur in

the free volume, the collision frequency in the liquid is higher than in the gas by the amount

(V/Vf)
1/3 [32,33]. The activation energies for the reactions of radicals and atoms with hydro-

carbon C��H bonds in the gas and the liquid phases are virtually identical, and that in the

liquid is independent of the solvent polarity. This also applies to the parameter bre, which can

be seen from the following examples referring to the interaction of the hydroxyl radical with

hydrocarbons [30]:

RH C2H6 C3H8

bre (kJ mol�1)1/2 (gas) 13.74 13.52

bre (kJ mol�1)1/2 (H2O) 13.48 13.40

A different picture is observed when a polar molecule is attacked by a polar radical (HO
.
,

RO
.
, RO2

.
). The reaction in a polar solvent is slower than in a nonpolar hydrocarbon solution
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or in the gas phase. From the change in the parameter bre, it is possible to estimate the extent

to which the activation energy increases as a result of the solvation of the polar reactants [30]:

DEsol ¼ [(bre)
2
l � (bre)

2
g]� (1þ a)�2, (6:34)

The subscripts l and g in Equation (6.38) refer to the liquid and gas phases, respectively. The

results of the comparison are presented in Table 6.10. If the HO
.þYH reaction takes place in

an aqueous solution and not in the gas phase, the parameter bre and hence the activation

energy increase. This is associated with the solvation of the reactants and the need to

overcome the solvation shell by the reacting component in order to effect the elementary

step. The contribution of DEsol is particularly large in the reaction of the hydroxyl radical

with aldehydes.

When a radical or atom attacks a polar O��H or N��H bond, the reactant Y forms a

hydrogen bond of the type O��H � � � Y or N��H � � � Y in polar solvents. The hydrogen bond

shields the reactant and slows down the reaction regardless of of the type of radical (polar or

nonpolar) attacking it (see Chapters 12 and 13).

6.3 GEOMETRY OF THE TRANSITION STATE OF RADICAL ABSTRACTION
REACTION

The IPM model of the bimolecular reaction introduces geometric parameters re and r 6¼

connected with such empirical characteristics of reaction as DH and E (see Equations

[6.10] and [6.13]). The quantum-chemical calculation by the functional density method gave

the following configuration of the transition state for the reaction EtOO
.þEtH:

r(C � � � H)¼ 1.470� 10�10 m, r(O � � � H)¼ 1.115� 10�10 m, and w(CHO)¼ 1768, which is

very close to 1808 [34]. These quantum-chemical parameters are compared with C � � � H,

O � � � H, and C � � � O distances, which were calculated by the IPM method [34].

TABLE 6.10
Contributions of the Solvation Effect DEsol to the Activation Energies

for Radical Abstraction Reactions [30]

RH (bre)gas (kJ mol21)1/2 (bre)liquid (kJ mol21)1/2 DEsol (kJ mol21)

Radical: HO., Solvent: H2O

CH3OH 13.91 14.26 3.1

CH3CH2OH 13.48 14.01 4.6

(CH3)2CHOH 13.31 14.12 7.1

(CH3)3COH 13.39 14.13 6.5

CH3OCH3 13.95 14.70 6.8

(C2H5)2O 13.47 14.33 7.6

CH2O 13.84 14.98 10.4

CH3CHO 13.81 14.99 10.8

CH3COCH3 13.81 14.50 6.3

CH3COOCH3 14.38 14.97 5.5

Radical: (CH3)3CO., Solvent: CH3COCH3

CH3COCH3 12.67 13.17 7.2
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Distance (m) In Molecule In TS Dr Difference (%)

C��H 1.092� 10�10 1.336� 10�10 (IPM) 0.244� 10�10 22

C��H 1.092� 10�10 1.470� 10�10 (DFT*) 0.378� 10�10 35

O��H 0.970� 10�10 1.090� 10�10 (IPM) 0.120� 10�10 12

O��H 0.970� 10�10 1.115� 10�10 (DFT*) 0.145� 10�10 15

C��H��O 2.062� 10�10 2.426� 10�10 (IPM) 0.364� 10�10 18

C��H��O 2.062� 10�10 2.585� 10�10 (DFT*) 0.523� 10�10 25

*Density functional theory.

It is seen from this comparison that the geometrical parameters obtained by the IPM and by

the density functional theory (DFT) methods are close. It is enough to multiply re by 1.44

to obtain the same C � � � H � � � O distance for the TS calculated by the DFT method. The

following parametric equations were proposed for the estimation of the C��H, O��H, and

C��O distances in the reaction center of TS for reactions ROO
.þRH in the IPM method

[34,35].

r(C��O)� 1010[m] ¼ 2:06þ 3:85� 10�2
ffiffiffiffiffi

Ee

p

þ 0:814
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

Ee � DHe

p

� �

(6:35)

r(C��H)� 1010[m] ¼ 1:09þ 3:85� 10�2
ffiffiffiffiffi

Ee

p

(6:36)

r(O��H)� 1010[m] ¼ 0:97þ 3:13� 10�2
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

Ee � DHe

p

(6:37)

The results of calculations of the geometric parameters by the IPM method for RO2
.
reactions

with several hydrocarbons are presented in Table 6.11.

When the peroxyl radical reacts with the C��H bond of a polar molecule, for example

alcohol, the polar interaction of the hydroxyl group influences the activation energy (see

earlier) and the geometry of the transition state [34]. The parameters of the transition state of

reaction EtOO
.þMeCH2OH calculated by the DFT method are the following [35]:

Parameter r (C��H) (m) r (O��H) (m) w(C��H��O) (o) E (kJ mol21)

Value 1.373� 10�10 1.20� 10�10 160 52.7

The straight line distance calculated from these data is r(C��O)¼ 2.547� 10�10 m and sum of

r(C��H)þ r(O��H)¼ 2.579� 10�10 m. Thus, the difference in interatomic distances r(C��O)

in reactions RO2
.þEtH and RO2

.þEtOH is equal to Dr¼ 2.579�2.547¼ 0.032� 10�10 m.

The calculation of parameter re for reactions ROO
.þRH and ROO

.þEtOH shows that the

decrease in the activation energy (DEm¼Ee0(RO2
.þRH)�Ee0(RO2

.þEtOH)¼ 4 kJ mol�1

[35]). As a result, the interaction between the polar hydroxyl group and the reaction center of

the transition state of the reaction EtOO
.þEtOH transforms the linear configuration of atoms

O � � � H � � � C of the reaction RO2
.þRH into angle configuration with w(C��H��O) <1808.

This leads to a decrease in the activation energy. Such a change in geometry was associated with

a change in the activation energy and provided a pathway to estimate the geometric parameters

from experimental data (DH, E) of the reaction in the scope of IPM. The equation for the

estimation of the O��H��C angle in TS of reaction RO2
.þRmH (RmH is polar molecule with

the attacked C��H bond) is the following [35]:
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cos (p � w) ¼ rm(C��O)2 � r(C��H)2 � r(O��H)2

2r(C��H)� r(O��H)
, (6:38)

where rm(C��O) is the C��O distance in the reaction center of reaction RO2
.þRmH, and

r(C��H) and r(O��H) are subsequent distances in the reaction center of the reaction

TABLE 6.11
Geometric Parameters of Transition State Calculated for Radical Abstraction Reactions

sec-RO2
. 1 RH by Equations (6.11), (6.35)–(6.37) [35]

RH
DHe

(kJ/mol-1)

Ee

(kJ/mol-1) r(C-H) (m) r(O-H) (m) r(C-O) (m)

MeCH2−H 52.7 83.4

EtMeCH−H 43.7 78.1

Me3C−H 30.7 71.1

H

H

49.2 81.2

H

H

39.1 75.6

H H 34.6 73.2

H

26.2 68.8

18.3 64.9

CH2=CHCH2−H −1.3 69.6

CH2=CHCH−HMe −19.5 61.8

CH2=CHC−HMe2 −29.7 57.7

Z-MeCH=CHCH−HMe −25.3 59.4

Me2C=CHCH−HMe −37.3 54.7

Me2C=CMeC−HMe2 −46.5 51.2

CH2=CHCMe−HCH=CH2 −62.1 45.6

H

H

−27.8 58.4

H

H −38.4 54.2

H

H −56.7 47.5

MeC≡CC−HMe2 −39.9 53.7

PhMeCH−H −5.2 60.0

PhMe2C−H −14.6 56.0

H H −23.7 52.2

H H −47.3 43.2

1.442 � 10−10

1.432 � 10−10

1.416 � 10−10

1.439 � 10−10

1.426 � 10−10

1.421 � 10−10

1.411 � 10−10

1.402 � 10−10

1.413 � 10−10

1.394 � 10−10

1.384 � 10−10

1.388 � 10−10

1.377 � 10−10

1.367 � 10−10

1.352 � 10−10

1.386 � 10−10

1.375 � 10−10

1.357 � 10−10

1.374 � 10−10

1.390 � 10−10

1.380 � 10−10

1.370 � 10−10

1.345 � 10−10

1.143 � 10−10

1.154 � 10−10

1.169 � 10−10

1.147 � 10−10

1.159 � 10−10

1.165 � 10−10

1.174 � 10−10

1.184 � 10−10

1.234 � 10−10

1.252 � 10−10

1.263 � 10−10

1.258 � 10−10

1.270 � 10−10

1.279 � 10−10

1.294 � 10−10

1.261 � 10−10

1.271 � 10−10

1.290 � 10−10

1.273 � 10−10

1.223 � 10−10

1.233 � 10−10

1.243 � 10−10

1.268 � 10−10

2.585 � 10−10

2.586 � 10−10

2.585 � 10−10

2.586 � 10−10

2.585 � 10−10

2.586 � 10−10

2.585 � 10−10

2.586 � 10−10

2.647 � 10−10

2.646 � 10−10

2.647 � 10−10

2.646 � 10−10

2.647 � 10−10

2.646 � 10−10

2.647 � 10−10

2.647 � 10−10

2.646 � 10−10

2.647 � 10−10

2.647 � 10−10

2.613 � 10−10

2.613 � 10−10

2.613 � 10−10

2.613 � 10−10
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RO2
.þRH. For examples of the calculation of the geometric characteristics of the reactions

RO2
.þRmH, see Chapter 7.

6.4 INTRAMOLECULAR HYDROGEN TRANSFER REACTIONS IN PEROXYL,
ALKOXYL, AND ALKYL RADICALS

6.4.1 PEROXYL RADICALS

In addition to hydrogen abstraction by peroxyl radical from another molecule, the reaction of

intramolecular hydrogen transfer occurs in peroxyl radicals in oxidized hydrocarbons (see

Chapter 2).

O H
O•

O H
O

R RR R

O H
O•

R R

O
O

R R

H
•

•

These reactions are very important in the oxidation of carbon-chain polymers (see Chapter

19). The available experimental data on the rates of such reactions are summarized in Table

2.9. The parameters for intramolecular hydrogen transfer in peroxyl radicals calculated by the

IPM are presented in Table 6.12.

They were used for the calculation of the activation energies for isomerization of several

peroxyl radicals. Peroxyl radical isomerization involving the formation of a six-membered

activated complex is energetically more favorable: the activation energy of a thermally neutral

reaction Ee is 53.2 kJ mol�1. For the seven-membered transition state, the Ee0 value (54.8 kJ

mol�1) is slightly higher. The calculated bre parameter for the six-membered transition state

(13.23 (kJ mol�1)1/2) is close to the bre value (13.62 (kJ mol�1)1/2) for the transition state of the

bimolecular H atom abstraction from the aliphatic C��H bond by the peroxyl radical.

Therefore, the kinetic parameters for isomerization are close to those for bimolecular

H-atom abstraction by the peroxyl radical. This allows the estimation of the kinetic param-

eters for peroxyl radical isomerization. Relevant results of calculation via Eqns. (6.7, 6.8,

6.12) are presented in Table 6.13. The data in this table show that the activation energy for

peroxyl radical isomerization ranges from 18 to 64 kJ mol�1, whereas the rate constant

k(350 K) varies from 1.5 to 3.8� 106 s�1.

6.4.2 ALKOXYL RADICALS

Alkoxyl radicals are very active and rapidly enter into bimolecular reaction (see Chapter 2).

Moreover, alkoxyl radicals with sufficiently long alkyl substituents react with intramolecular

hydrogen atom transfer, for example [37]:

H
O•

H
O

H
O•

R

O

R

H

•

•
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Therefore, the chain chlorination of hydrocarbons with alkyl hypochlorite results in the

formation of chlorine-containing alcohols because of the faster bimolecular reaction com-

pared to isomerization [37].

RC
.
H(CH2)2Me2COHþR1OC1 �! RCHCl(CH2)2Me2COHþR1O

.

TABLE 6.12
IPM Characteristics of Intramolecular Hydrogen Abstraction Reactions [36]

Radical

bre

(kJ mol21)1/2

Ee0

(kJ mol21)

re

(m)

AC��H

(s21)

Ee0 (bimol.)

(kJ mol21)

R. ! R1. (6-Membered Transition State)

RC
.
H(CH2)3(C��H)HY 14.63 53.5 3.91� 10�11 1.0� 1010 74.8

RC
.
H(CH2)3(C��H)HPh 15.13 57.2 4.04� 10�11 1.0� 109 79.2

RC
.
H(CH2)3(C��H)HCH¼¼CH2 15.93 63.4 4.26� 10�11 1.0� 109 86.5

R. ! R1. (5-Membered Transition State)

RC
.
H(CH2)2(C��H)HY 16.17 65.4 4.32� 10�11 3.5� 1010 74.8

RC
.
H(CH2)2(C��H)HPh 16.67 69.5 4.45� 10�11 3.5� 109 79.2

RC
.
H(CH2)2(C��H)HCH¼¼CH2 17.47 76.3 4.67� 10�11 3.5� 109 86.5

Ph
.
CMe2CH2��H 14.98 59.3 4.00� 10�11 3.5� 109 75.3

R. ! R1. (7-Membered Transition State)

RC
.
H(CH2)4(C��H)HY 15.90 63.2 4.25� 10�11 2.8� 109 74.8

RC
.
H(CH2)4(C��H)HPh 16.40 67.2 4.38� 10�11 2.8� 108 79.2

RC
.
H(CH2)4(C��H)HCH¼¼CH2 17.20 74.0 4.59� 10�11 2.8� 108 86.5

RO. ! R1. (6-Membered Transition State)

Me2C(O
.
)(CH2)2(C��H)HR 13.13 53.4 3.51� 10�11 2.0� 109 53.2

Me2C(O
.
)(CH2)2(C��H)HPh 13.53 56.8 3.61� 10�11 2.0� 108 56.5

Me2C(O
.
)(CH2)2(C��H)HCH¼¼CH2 14.17 62.2 3.79� 10�11 2.0� 108 62.0

RO2
. ! R1. (6-Membered Transition State)

RCH(OO.)Y(C��H)HR 13.23 53.2 3.53� 10�11 2.0� 109 56.3

RCH(OO
.
)Y(C��H)HPh 14.38 62.8 3.84� 10�11 2.0� 108 62.3

RCH(OO
.
)Y(C��H)HCH¼¼CH2 14.82 66.7 3.96� 10�11 2.0� 108 70.2

RO2
. ! R1. (7-Membered Transition State)

RCH(OO
.
)YCH2(C��H)HR 13.43 54.8 3.59� 10�11 5.6� 108 56.3

RCH(OO
.
)YCH2(C��H)HPh 14.58 64.6 3.90� 10�11 5.6� 107 62.3

RCH(OO.)YCH2(C��H)HCH¼¼CH2 15.02 68.6 4.01� 10�11 5.6� 107 70.2

R1.! RO2
. (6-Membered Transition State)

RCH(OO��H)YC
.
HR 16.25 53.2 3.53� 10�11 2.0� 108 56.3

RCH(OO��H)YC
.
HPh 17.67 62.9 3.84� 10�11 2.0� 108 62.3

RCH(OO��H)YC
.
HCH¼¼CH2 18.21 66.8 3.96� 10�11 2.0� 108 70.2

R1.! RO2
. (7-Membered Transition State)

RCH(OO��H)YCH2C
.
HR 16.50 54.8 3.59� 10�11 5.6� 107 56.3

RCH(OO��H)YCH2C
.
HPh 17.91 64.6 3.89� 10�11 5.6� 107 62.3

RCH(OO��H)YCH2C
.
HCH¼¼CH2 18.45 68.6 4.01� 10�11 5.6� 107 70.2

Denisov / Oxidation and Antioxidants in Organic Chemistry and Biology DK1162_c006 Final Proof page 237 23.2.2005 9:04am

© 2005 by Taylor & Francis Group.



The IPM parameters for hydrogen transfer atom in alkoxyl radicals are presented in Table

6.12. Isomerization proceeds via the formation of a six-membered activated complex, and the

activation energy for the thermally neutral isomerization of alkoxyl radicals is equal to 53.4 kJ

mol�1. These parameters were used for the calculation of the activation energies for isomer-

ization of several alkoxyl radicals via Eqns. (6.7, 6.8, 6.12) (see Table 6.14). The activation

energies for the bimolecular reaction of hydrogen atom (H-atom) abstraction by the alkoxyl

radical and intramolecular isomerization are virtually the same.

6.4.3 ALKYL RADICALS

Alkyl radical isomerization is accompanied by a free-valence transfer from one carbon atom

to another

H H

H

R R

H

•

•

•

•

It occurs during the chain cracking and radiolysis of hydrocarbons [38], radical polymeriza-

tion and oligomerization of monomers [39], thermal and thermooxidative destruction of

polymers (see Chapter 19) and hydrocarbon oxidation at low dioxygen pressure.

TABLE 6.13
Enthalpies, Activation Energies, and Rate Constants of Intramolecular Hydrogen Atom

Transfer in Peroxyl Radicals Calculated by the IPM Method [36], (DEm is Increment of

Polar Interaction in the Transition State)

Radical RO2
.

DH

(kJ mol21)

DEm
(kJ mol21)

E

(kJ mol21)

k (350 K)

(s21)

E (bimol.)*

(kJ mol21)

MeCH2(OO
.
)CMe2CH2��H 56.5 0 64.3 1.5 67.2

MeCH(OO
.
)CH2(C��H)HMe 46.5 0 58.7 7.0 61.6

Me2C(OO
.
)CH2(C��H)Me2 41.4 0 55.9 9.2 58.9

MeCH(OO
.
)NH(C��H)HMe 13.1 0 41.6 2.5� 103 44.7

MeCH(OO
.
)NMe(C��H)HMe 1.6 0 36.3 1.5� 104 39.4

Me2C(OO
.
)NH(C��H)Me2 �1.6 0 34.9 1.2� 104 38.0

Me2C(OO.)NMe(C��H)Me2 �13.1 0 30.0 6.6� 104 33.1

CH(OH)(OO
.
)CH2(C��H)HOH 25.8 �2.2 45.5 6.4� 102 48.6

MeC(OH)(OO
.
)CH2(C��H)MeOH 19.9 �2.2 42.6 8.7� 102 45.7

CH2(OO
.
)C(O)(C��H)H2 44.5 �15.4 42.2 3.1� 103 45.1

MeCH(OO
.
)C(O)(C��H)HMe 32.3 �15.4 35.7 1.9� 104 38.7

Me2C(OO
.
)C(O)(C��H)Me2 34.1 �15.7 36.3 7.7� 103 39.3

C(O)(OO
.
)CH2(C��H)(O) �20.5 �8.8 18.3 3.8� 106 21.3

PhCH(OO
.
)CH2(C��H)HPh �1.4 0 44.6 8.7� 101 44.1

PhC(OO
.
)CH2(C��H)MePh �3.9 0 43.5 6.3� 101 43.0

CH2¼¼CHCH(OO
.
)CH2(C��H)HCH¼¼CH2 �15.7 0 42.4 1.9� 102 45.9

CH2¼¼CHC(OO
.
)MeCH2(C��H)MeCH¼¼CH2 �19.0 0 41.2 1.5� 102 44.5

*calculated via Eqns. (6.7, 6.8, 6.12)
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The reaction of butyl radical isomerization

H H

H H

•

•

•

•

was analyzed by DFT method and was compared with reaction of H-atom abstraction from

ethane by ethyl radical [36]. The activation energies of both reactions had very close values.

The geometric parameters of these two reactions are given here.

Reaction r (C��H) (m) u(C��H#��C) (deg) u(C��C��H#) (deg) E (kJ mol21)

Et
.þEtH 1.353� 10�10 180 107.8 62.5

Bu
.! Bu

.
1.377� 10�10 132.5 94.9 65.8

It appeared very surprising that the geometries of the compared reactions are different but

their activation energies are practically the same.

The experimental data on free radical isomerization reactions with H-atom abstraction

were analyzed by the IPM method [36]. The kinetic parameters of isomerization were

compared with those of the intermolecular H-atom abstraction (see Chapter 2). The results

TABLE 6.14
Enthalpies, Activation Energies, and Rate Constants of Intramolecular H-Atom Abstraction

in Alkoxyl Radicals Calculated by the IPM Method [36]

Radical RO.

Di

(kJ mol21)

DHe

(kJ mol21)

E

(kJ mol21)

k (350 K)

(s21)

E (bimol.)*

(kJ mol21)

Me2C(O
.
)(CH2)2(C��H)H2 422.0 �19.5 29.3 2.5� 105 29.1

Me2C(O.)(CH2)2(C��H)HMe 412.0 �29.5 25.4 6.4� 105 25.2

Me2C(O
.
)(CH2)2(C��H)Me2 400.0 �41.5 21.1 1.4� 106 20.8

Me2C(O
.
)CH2NH(C��H)HMe 378.6 �62.9 14.0 3.3� 107 13.7

Me2C(O.)CH2NMe(C��H)HMe 367.1 �74.4 10.5 1.1� 108 10.3

Me2C(O
.
)CH2NH(C��H)Me2 357.0 �84.5 7.7 1.4� 108 7.5

Me2C(O
.
)CH2NMe(C��H)Me2 345.5 �96.0 4.7 4.0� 108 4.5

Me2C(O
.
)(CH2)2(C��H)HOH 397.4 �44.1 20.1 3.9� 106 19.9

Me2C(O
.
)(CH2)2(C��H)MeOH 391.5 �50.0 18.1 3.9� 106 17.9

Me2C(O
.
)CH2C(O)(C��H)H2 410.0 �31.5 24.7 1.2� 106 24.5

Me2C(O
.
)CH2C(O)(C��H)HMe 397.8 �43.7 20.3 3.8� 106 20.1

Me2C(O
.
)CH2C(O)(C��H)Me2 392.7 �48.8 18.5 3.4� 106 18.3

Me2C(O
.
)(CH2)2(C��H)(O) 385.6 �55.9 16.2 7.7� 106 15.9

Me2C(O
.
)(CH2)2(C��H)HPh 368.7 �72.8 14.0 3.3� 106 13.7

Me2C(O.)(CH2)2(C��H)MePh 354.7 �86.8 9.9 6.6� 106 9.7

Me2C(O
.
)(CH2)2(C��H)HCH¼¼CH2 349.8 �91.7 13.4 4.0� 106 13.2

Me2C(O
.
)(CH2)2(C��H)MeCH¼¼CH2 339.6 �101.9 10.6 5.2� 106 10.4

*calculated via Eqns. (6.7, 6.8, 6.12)
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of this analysis and their comparison are given in Table 6.15. It is seen from the activation

energy of the thermoneutral reactions that the six-membered activated complex is the most

favored intermediate for the isomerization of alkyl radicals. Obviously, this configuration is

the best for the intramolecular radical isomerization involving H-atom abstraction. The effect

of the cycle size on the activation energy was estimated for intramolecular H-atom abstrac-

tion in alkyl radicals. A comparison of the DEe values with the cycle strain energy in cyclo-

CnH2n suggests their similarity.

Transition State

C
H

C
H

H
H

R
CH2

H H

R
CH2

H

Ee (kJ mol−1)

∆Ee (kJ mol−1)

57.1

9.7

E (ring strength) (kJ mol−1)

59.4

11.9

26.4

46.6

0.0

0.0 26.8

• • •

The intramolecular hydrogen atom transfer occurs with lower activation energies in com-

parison with the intermolecular transfer (see the values of Ee for both types of reactions in

Table 6.11). The values of the activation energies of intramolecular radical H-atom abstrac-

tion calculated by the IPM method are given in Table 6.15.

TABLE 6.15
Enthalpies, Activation Energies, and Rate Constants of Intramolecular H-Atom Abstraction

in Alkyl Radicals Calculated by IPM Method [36]

Radical R.

DH

(kJ mol21)

E

(kJ mol21)

k (350 K)

(s21)

E (bimol.)*

(kJ mol21)

C
.
H2(CH2)3(C��H)HMe �10.0 32.6 2.72� 105 54.0

MeC.H(CH2)3(C��H)HMe 0 37.5 5.06� 104 58.9

MeC
.
H(CH2)3(C��H)Me2 �12.0 31.7 1.86� 104 53.0

MeC
.
H(CH2)2NH(C��H)HMe �33.4 22.1 1.01� 107 43.2

MeC.H(CH2)2NMe(C��H)HMe �44.9 17.4 5.06� 107 38.2

Me2C
.
(CH2)2NH(C��H)Me2 �43.0 18.2 1.92� 107 39.0

Me2C
.
(CH2)2NMe(C��H)Me2 �54.5 13.7 9.02� 107 34.2

MeC
.
H(CH2)3(C��H)HOH �14.6 30.5 5.61� 105 51.8

MeC
.
H(CH2)3(C��H)MeOH �20.5 27.7 7.35� 105 49.0

MeC
.
H(CH2)2C(O)(C��H)H2 �2.0 36.5 1.07� 105 57.9

MeC
.
H(CH2)2C(O)(C��H)HMe �14.2 30.6 5.42� 105 52.0

MeC
.
H(CH2)2C(O)(C��H)Me2 �19.3 28.3 5.98� 105 49.6

MeC
.
H(CH2)3(C��H)(O) �26.4 25.1 1.79� 106 46.3

MeC
.
H(CH2)3(C��H)HPh �43.3 21.6 1.19� 106 43.1

Me2C
.(CH2)3(C��H)MePh �45.3 20.8 7.87� 105 42.3

Me2C
.
(CH2)3(C��H)HCH¼¼CH2 �50.2 24.8 4.98� 105 47.3

Me2C
.
(CH2)3(C��H)MeCH¼¼CH2 �60.4 20.8 8.87� 105 43.0

*calculated via Eqns. (6.7, 6.8, 6.12)
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6.5 FREE RADICAL ADDITION REACTIONS

6.5.1 ENTHALPY OF FREE RADICAL ADDITION

The radical addition reactions, for example

ROO
. þ CH2¼¼CHY �! ROOCH2C

.
HY

involve the rupture of the C��C p-bond and the formation of the C��O s-bond. A p-bond

is normally stronger than a s-bond; hence, radical addition is an exothermic reaction.

The values of enthalpies of the addition of ethyl peroxyl radical to different olefins are

given below [40]:

CH2¼¼CXY; X, Y H, H H, Me H, Et Me, Me H, Ph Me, Ph Ph, Ph

�DH (kJ mol�1) 42 39 40 42 86 82 90

The stabilization energy of the formed radical is a very important factor (compare the DH

values for the addition to olefins and styrenes).

All the addition reactions are accompanied by a decrease in entropy (two species are

combined to give one species). Therefore, for addition reactions, jDGj< jDHj and, when the

temperature is sufficiently high, exothermic addition is reversible because DG¼DH�TDS

[41]. For example, the addition reaction of the HOO
.
radical to ethylene proceeds with the

following values: DH¼�63 kJ mol�1, DS¼�134 J mol�1 K�1, and DG¼�23 kJ mol�1 at

298 K. Free radical addition can be considered reversible if the equilibrium concentration of

the X
.
radicals is commensurable with the concentration of the XCH2C

.
HY radicals formed,

i.e., if the [X
.
]/[XCH2C

.
HY] ratio in the equilibrium state is not less than 0.05. When

[CH2¼¼CHY]¼ 10 mol L�1 and T¼ 300 K, this condition results in the inequality K � 200

(K is the equilibrium constant). In turn, �RT ln K¼�DG; therefore, DG ��RT

ln 200¼�13 kJ mol�1>�23. For the addition reactions of peroxyl radicals, DG��23 kJ

mol�1, and the addition proceeds as an irreversible reaction. Naturally, as the temperature

rises, the boundary value of K increases in absolute magnitude.

6.5.2 PARABOLIC MODEL OF RADICAL ADDITION REACTION

Within the framework of the parabolic model, the radical addition

ROO
. þ CH2¼¼CHY �! ROOCH2C

.
HY

is represented as a result of an intersection of two potential curves, each of them describing

the potential energy of the stretching vibrations of atoms as a parabolic function of the

amplitudes of vibrations of atoms in the outgoing (C¼¼C) and incoming (C��O) bonds

[40–50]. In terms of the IPM, the radical addition can be characterized by the same param-

eters as the reaction of free radical abstraction (see earlier): reaction enthalpy DHe, activation

energy Ee, coefficient b of the attacked p-bond, coefficient a, zero-point vibrational energy of

the attacked p-bond, and parameter re. Equations (6.7)–(6.15) are valid for the addition

reactions as well. The physical, thermodynamic, and kinetic parameters for 15 classes of

reactions involving the addition of atoms and radicals to carbon–carbon and carbon–oxygen

multiple bonds are listed in Table 6.16.
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The parabolic model makes possible the development of an empirical hierarchy of

addition reactions. All known addition reactions are divided a priori into classes in accord-

ance with the atomic structure of the reaction center in the transition state. Each class is

characterized by a pair of force constants of the outgoing and incoming bonds or by the

parameters b¼ bi and a¼ bi/bf (see above). Groups of reactions are distinguished in each

class. Each group is characterized by the parameter re¼ const or bre¼ const, which is con-

firmed by the analysis of a large array of experimental results. Each group of reactions can be

described additionally by the energy of the thermally neutral reaction Ee0 (see Equation

[6.10]) and by the threshold value DHemin, for which E¼ 0.5RT provided that DHe < DHe min

(see Equation (6.15)). The kinetic parameters for various groups of addition reactions are

listed in Table 6.17.

The values of DHe, activation energies E, and the rate constants of the addition of peroxyl

and alkoxyl radicals to olefins calculated by Equations (6.7), (6.8), and (6.12) are presented in

Table 6.18 and Table 6.19. The contribution of enthalpy to the activation energy DEH can be

estimated as the difference DEe0¼Ee�Ee0. As an example, Table 6.20 presents the results of

this comparison for three groups of addition reactions. When reactions are highly exothermic,

the contribution of enthalpy to the activation energy is fairly high; it varies from �44 to

�99 kJ mol�1, i.e., the activation energy amounts to 40–50% of DH.

6.5.3 TRIPLET REPULSION IN RADICAL ADDITION REACTIONS

The activation energy of radical abstraction is influenced by the so-called triplet repulsion in

the transition state. This influence is manifested by the fact that the stronger the X��R bond

towards which the hydrogen atom moves in the thermally neutral reaction X
.þRH, the

higher the activation energy of this reaction. The triplet repulsion is due to the fact that three

electrons cannot be accommodated in the bonding orbital of X��C; therefore, one electron

TABLE 6.16
Parameters of Various Classes of the Addition of Atoms and Radicals to Multiple Bonds

Used in the Parabolic Model [40–45]

Reaction a b ((kJ mol21)1/2 m21)

0.5hLv

(kJ mol21)

0.5hL(ni2nf)

(kJ mol21) A (L mol21 s21)

H
.þCH2¼¼CHR 1.440 5.389� 1011 9.9 �7.5 10� 1010

H.þCH��CR 1.847 6.912� 1011 12.7 �4.7 40� 1010

H
.þO¼¼CR1R2 1.600 5.991� 1011 10.3 �11.4 10� 1010

D
.þCH2¼¼CHR 1.461 5.389� 1011 9.9 �2.7 10� 1010

Cl.þCH2¼¼CHR 1.591 5.389� 1011 9.9 4.8 9� 1010

Br
.þCH2¼¼CHR 1.844 5.389� 1011 9.9 5.8 5� 1010

R
.þCH2¼¼CHR 1.202 5.389� 1011 9.9 1.7 0.1� 1010

R
.þCH��CR 1.542 6.912� 1011 12.7 3.8 0.1� 1010

R
.þO��CR1R2 1.570 5.991� 1011 10.3 3.7 0.05� 1010

N
.
H2þCH2¼¼CHR 1.410 5.389� 1011 9.9 3.1 0.008� 1010

RO
.þCH2¼¼CHR 1.413 5.389� 1011 9.9 3.3 0.05� 1010

RO2
.þCH2¼¼CHR 1.737 5.389� 1011 9.9 4.6 0.1� 1010

R3Si
.þCH2¼¼CHR 2.012 5.389� 1011 9.9 4.1 0.1� 1010

R3Si
.þO¼¼CR1R2 2.518 5.991� 1011 10.3 7.0 0.08� 1010

PhS.þCH2¼¼CHR 2.282 5.389� 1011 9.9 6.3 0.07� 1010
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occupies the nonbonding X��C orbital. Meanwhile, the stronger the X��C bond, the higher

the energy of the nonbonding orbital and the higher the activation energy of abstraction.

How do matters stand with radical addition? A comparison of Ee0 and re with the energy

of dissociation of the resulting bond De showed that this influence certainly does exist [41–46].

The parameters Ee0 and re are juxtaposed with the dissociation energy of the bond formed

De(X��C) in Table 6.21. For reactions of one class, namely, X
.þCH2¼¼CHY, the linear

correlation Ee0¼ const� [De(X��C)]2 holds; const¼ 5.95� 10�4 mol kJ�1. The following lin-

ear correlation was found to be fulfilled for the reactions of all the 13 classes considered (see

Figure 6.6):

re(m) ¼ (0:98� 10�13[m mol kJ�1] )�De(X��C) (6:39)

This correlation should be regarded as an empirical proof of the fact that the nonbonding

orbital of the bond formed actually does participate in the generation of the activation energy

of addition. The stronger this bond, the higher the energy of the nonbonding orbital and the

higher the activation energy. Empirical correlation (6.39) can be used to estimate roughly the

activation energies of diverse addition reactions.

6.5.4 INFLUENCE OF THE NEIGHBORING P-BONDS ON THE ACTIVATION ENERGY

OF RADICAL ADDITION

Radical abstraction reactions that involve molecules with p-bonds in the vicinity of the

reaction center are characterized by higher Ee0 values than the corresponding reactions

TABLE 6.17
Kinetic Parameters Ee0, b(1 1 a)2 1, re, (r #/re)0, and 2DHe min Calculated from Equations

(9.10) and (9.12) for the Addition Reactions of Various Subclasses [40–45]

Y. Ee0 (kJ mol21) b(1 1 a)21 (kJ1/2 mol21/2 m21) re (m) (r #/re)0 2DHe min (kJ mol21)

Y. 1 CH2¼¼CHX! YCH2C.HX

H
.

101.6 2.21� 1011 4.56� 10�11 0.41 211.9

D
.

99.6 2.19� 1011 4.56� 10�11 0.41 204.9

Cl
.

50.5 1.86� 1011 3.82� 10�11 0.39 82.9

Br
.

31.2 1.69� 1011 3.30� 10�11 0.35 37.9

C
.
H3 82.6 2.45� 1011 3.71� 10�11 0.45 194.4

C6H5
.

105.3 2.45� 1011 4.19� 10�11 0.45 252.0

N
.
H2 61.0 2.24� 1011 3.49� 10�11 0.41 226.0

RO
.

65.2 2.23� 1011 3.62� 10�11 0.41 119.0

RO2
.

90.5 1.97� 1011 4.83� 10�11 0.36 150.4

R3Si
.

76.6 1.78� 1011 4.92� 10�11 0.33 117.5

PhS
.

31.4 1.64� 1011 3.42� 10�11 0.30 34.7

Y. 1 HC��CX! YCH¼¼C.X

H
.

125.1 2.43� 1011 4.60� 10�11 0.35 229.3

C
.
H3 97.7 2.72� 1011 3.63� 10�11 0.39 184.7

Y. 1 O¼¼CR1R2

H
.

102.9 2.30� 1011 4.41� 10�11 0.38 149.7

C
.
H3 72.9 2.33� 1011 3.66� 10�11 0.39 112.2

R3Si
.

114.5 1.70� 1011 6.29� 10�11 0.28 176.8
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involving similar hydrocarbons without these bonds. This is due to triplet repulsion. In these

reactions, the three electrons of the reaction center interact with the neighboring p-electrons;

as a consequence, the energy of the nonbonding orbital in the transition state increases and

hence the activation energy also increases. Do neighboring p bonds influence the Ee0 values of

radical addition? In order to answer this question, let us compare the parameters bre and Ee0

for the addition of the hydrogen atom to the monomers CH2¼¼CHY and monomers with

double bonds in the a-position relative to the attacked double bond. If the monomer contains

an aromatic ring or a double bond in the a-position, the activation energy of a thermally

neutral reaction increases; if there are two aromatic rings in the a-position, Ee0 increases to

even a greater extent (Table 6.22). The difference between Ee0(p) and Ee0(CH2¼¼CHY) can be

used to evaluate the contribution of this factor to the activation barrier [41]:

DE(p) ¼ Ee0(p)� Ee0(CH2¼¼CHY) (6:40)

TABLE 6.18
Enthalpies (DHe), Activation Energies (E ), Pre-Exponential Factors (A), and Rate Constants

(k) of Methylethylperoxyl Radical Addition to Olefins Calculated by the IPM Method (See

Equations (6.7), (6.8), (6.12), and Tables 6.15 and 6.16)

CH2¼¼CHY 2DHe (kJ mol21) E (kJ mol21) A (L mol21 s21) k(300 K) (L mol21 s21)

CH2¼¼CH2 37.1 59.2 2.0� 109 9.83� 10�2

CH2¼¼CHMe 34.7 60.6 1.0� 109 2.80� 10�2

CH2¼¼CHEt 35.2 60.3 1.0� 109 3.15� 10�2

CH2¼¼CMe2 36.9 59.3 1.0� 109 4.70� 10�2

E-MeCH¼¼CHMe 34.2 60.9 2.0� 109 5.00� 10�2

Z-MeCH¼¼CHMe 37.6 58.9 2.0� 109 0.11

CH2¼¼CHCl 42.9 55.8 1.0� 109 0.19

CH2¼¼CCl2 55.9 48.5 1.0� 109 3.55

CH2¼¼CHF 38.9 58.2 1.0� 109 7.47� 10�2

CH2¼¼CHOAc 43.4 55.6 1.0� 109 0.21

CH2¼¼CHOEt 35.1 60.4 1.0� 109 3.08� 10�2

CH2¼¼CMeOMe 47.6 53.2 1.0� 109 0.55

CH2¼¼CMeOAc 55.6 48.7 1.0� 109 3.32

CH2¼¼CHC(O)OMe 40.6 57.2 1.0� 109 0.11

CH2¼¼CMeC(O)OMe 66.9 42.6 1.0� 109 39.0

E-MeCH¼¼CHC(O)OH 66.2 42.9 1.0� 109 33.6

Z-MeCH¼¼CHC(O)OH 70.4 40.7 1.0� 109 82.1

CH2¼¼CHCH2OAc 40.9 57.0 1.0� 109 0.12

CH2¼¼CHC(O)OCH2Ph 43.4 55.6 1.0� 109 0.21

CH2¼¼CHCN 68.3 41.8 1.0� 109 52.6

CH2¼¼CMeCN 65.6 43.3 1.0� 109 29.5

CH2¼¼CHCH¼¼CH2 83.8 44.1 2.0� 109 42.9

MeCH¼¼CHCH¼¼CHMe 75.3 48.5 2.0� 109 7.13

CH2¼¼CMeCMe¼¼CH2 87.8 42.0 2.0� 109 98.0

CH2¼¼CHPh 81.6 42.9 1.0� 109 34.0

CH2¼¼CMePh 77.6 45.0 1.0� 109 14.7

HC��CH 43.0 78.0 4.0� 109 1.04� 10�4

MeC��CH 43.9 77.5 2.0� 109 6.54� 10�5

MeC��CMe 32.6 84.8 4.0� 109 6.82� 10�6
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Triplet repulsion also manifests itself in the reactions in question; for example, in the reaction

R
. þ CH2¼¼CHCH¼¼CH2 �! RCH2C

.
HCH¼¼CH2

a multicenter multielectron R � � � C � � � C � � � C � � � C bond is formed in the transition state; this

increases the strength of the bond, and, hence, enhances the triplet repulsion and its contri-

bution to the activation energy. It can be seen from the data in Table 6.22 that this

contribution can reach 20 kJ mol�1. The increase in the dissociation energy De(X��C) caused

by this electron delocalization can be estimated using relation (6.40).

The observed difference in the parameters is due most likely to the electron delocalization in

the aromatic ring and, hence, to the increase in the triplet repulsion. The difference between the

Ee0 values for the reactions considered amounts to 13 kJmol�1. With allowance for the

examples considered above, Equation (6.39) can be extended and written in the following form:

re(m) ¼ (0:98� 10�13[m mol kJ
�1

] )� [De(X��C)þ DE(p)]: (6:41)

TABLE 6.19
Enthalpies (DHe), Activation Energies (E ), Pre-Exponential Factors (A), and Rate Constants

(k) of Dimethylethoxyl Radical Addition to Olefins Calculated by the IPM Method (See

Equations (6.7), (6.8), (6.12), and Tables 6.15 and 6.16)

CH2¼¼CHY 2DHe (kJ mol21) E (kJ mol21) A (L mol21 s21) k(300 K) (L mol21 s21)

CH2¼¼CH2 85.8 13.7 1.0� 109 4.17� 106

CH2¼¼CHMe 83.4 14.6 5.0� 108 1.44� 106

CH2¼¼CHEt 83.9 14.4 5.0� 108 1.55� 106

CH2¼¼CMe2 85.6 13.8 5.0� 108 2.02� 106

E-MeCH¼¼CHMe 82.9 14.8 1.0� 109 2.65� 106

Z-MeCH¼¼CHMe 86.3 13.5 1.0� 109 4.50� 106

CH2¼¼CHCl 91.6 11.5 5.0� 108 5.00� 106

CH2¼¼CCl2 104.6 6.9 5.0� 108 3.10� 107

CH2¼¼CHF 87.6 13.0 5.0� 108 2.75� 106

CH2¼¼CHOAc 92.1 11.3 5.0� 108 5.39� 106

CH2¼¼CHOEt 83.8 14.4 5.0� 108 1.53� 106

CH2¼¼CMeOMe 96.3 9.8 5.0� 108 9.90� 106

CH2¼¼CMeOAc 104.3 7.0 5.0� 108 2.98� 107

CH2¼¼CHC(O)OMe 89.3 12.3 5.0� 108 3.55� 106

CH2¼¼CMeC(O)OMe 115.6 3.5 5.0� 108 1.24� 108

E-MeCH¼¼CHC(O)OH 114.9 3.7 5.0� 108 1.14� 108

Z-MeCH¼¼CHC(O)OH 119.1 2.4 5.0� 108 1.87� 108

CH2¼¼CHCH2OAc 89.6 12.2 5.0� 108 3.71� 106

CH2¼¼CHC(O)OCH2Ph 92.1 11.3 5.0� 108 5.39� 106

CH2¼¼CHCN 117.0 3.1 5.0� 108 1.47� 108

CH2¼¼CMeCN 114.3 3.9 5.0� 108 1.06� 108

CH2¼¼CHCH¼¼CH2 132.5 8.5 1.0� 109 3.38� 107

MeCH¼¼CHCH¼¼CHMe 124.0 11.2 1.0� 109 1.10� 107

CH2¼¼CMeCMe¼¼CH2 136.5 7.2 1.0� 109 5.57� 107

CH2¼¼CHPh 130.3 7.3 5.0� 108 2.67� 107

CH2¼¼CMePh 126.3 8.6 5.0� 108 1.61� 107

HC��CH 91.7 26.9 2.0� 109 4.09� 104

MeC��CH 92.6 26.5 1.0� 109 2.44� 104

MeC��CMe 81.3 32.1 2.0� 109 5.08� 103
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6.5.5 ROLE OF THE RADIUS OF THE ATOM BEARING A FREE VALENCE

The greater the radius of the atom carrying the free valence, the higher the Ee0 for radical

abstraction. Does the radius of the atom that attacks the double bond influence the activation

energy of addition reactions? This question was answered by the analysis of the experimental

data on the addition of triethylsilyl and phenylthiyl radicals to alkenes [49]. Since the strength

of the C��X (De) bond formed influences the parameter re (see Equation (6.39)), the charac-

teristic to be compared for the addition of various radicals to alkenes is the re/De ratio (Table

6.23). The lengths r(C��X) of the bonds formed upon the addition of radicals, such as C
.
H3,

N
.
H2, and RO

.
to the C¼¼C bond and upon the addition of C

.
H3 to the C¼¼O bond are close;

therefore, the ratio re/De¼ const. However, in the case of addition of PhS
.
and R3Si

.
to the

C¼¼C bond, the re/De ratio is much greater and a linear correlation is observed between re/De

and r(C��X). The correlation has the following form (see Figure 6.7):

re ¼ (8:81� 10�4[mol kJ�1] )� [r(X��C)� 0:42 (� 10�10m)](De[kJ mol�1] ) (6:42)

Thus, the radius of the atom carrying the free valence has a substantial influence on the

activation barrier to the addition reaction: the greater the radius of this atom, the higher the

activation energy. Apparently, this effect is due to the repulsion in the transition state, which

is due to the interaction between the electron shells of the attacked double bond and the atom

that attacks this bond.

TABLE 6.20
Contribution DEH of the Reaction Enthalpy DH to the Activation

Energy E of Radical Addition Reaction (See Equation [6.20])

R Y 2DH (kJ mol21) Ee (kJ mol21) 2DEH (kJ mol21)

H. 1 CH2¼¼CRY �! CH3C.RY

H H 162.1 22.5 79.1

H Me 165.3 21.0 80.6

Me Me 173.3 18.0 83.6

H Cl 179.5 19.8 81.8

H Ph 204.1 19.2 93.0

Ph Ph 213.3 19.0 98.7

C.H3 1 CH2¼¼CRY �! CH3CH2C.RY

H H 98.5 39.0 43.6

H Me 96.1 36.9 45.7

Me Me 98.3 35.7 46.9

H Cl 104.3 33.6 49.0

H Ph 143.3 26.6 63.4

Ph Ph 154.0 24.5 69.3

ROO. 1 CH2¼¼CRY �! ROOCH2C.RY

H H 32.5 67.9 22.6

H Me 30.1 69.3 21.2

Me Me 32.3 68.0 22.5

H Cl 38.3 64.5 26.0

H Ph 77.0 51.6 47.4

Denisov / Oxidation and Antioxidants in Organic Chemistry and Biology DK1162_c006 Final Proof page 246 23.2.2005 9:04am

© 2005 by Taylor & Francis Group.



6.5.6 INTERACTION OF POLAR GROUPS

The polar effect involved in radical addition has been repeatedly discussed in the scientific

literature. The parabolic model opens up new prospects for the correct estimation of the polar

effect (see Section 6.2.7). It permits one to determine the contribution of this effect to the

activation energy using experimental data. This contribution (DEm) is estimated by choosing a

reference reaction that involves the same reaction center but in which one or both reactants

TABLE 6.21
Parameters of Various Classes of Radical Addition (Ee0, re) and Strengths of the Formed

Bonds [42–46]

Reaction Ee0 (kJ mol21) re (m) De(X��C) (kJ mol21) (re/De(X��C)) (m mol kJ21)

H
.þCH2¼¼CHR 101.6 4.563� 10–11 439 1.04� 10–13

D
.þCH2¼¼CHR 99.6 4.557� 10–11 439 1.04� 10–13

Cl.þCH2¼¼CHR 50.5 3.427� 10–11 357 0.96� 10–13

Br
.þCH2¼¼CHR 31.2 2.949� 10–11 299 0.99� 10–13

H
.þHC��CR 125.2 4.608� 10–11 462 1.00� 10–13

H.þO¼¼CR1R2 102.9 4.402� 10–11 459 0.96� 10–13

C
.
H3þCH2¼¼CHR 82.6 3.713� 10–11 378 0.98� 10–13

Me2C
.
HþCH2¼¼CHR 78.3 3.617� 10–11 372 0.97� 10–13

Me3C
.þCH2¼¼CHR 68.3 3.377� 10–11 360 0.94� 10–13

C6H5
.þCH2¼¼CHR 105.3 4.194� 10–11 436 0.96� 10–13

N
.
H2þCH2¼¼CHR 62.1 3.530� 10–11 360 0.98� 10–13

RO
.þCH2¼¼CHR 65.2 3.617� 10–11 359 1.01� 10–13

R
.þO¼¼CR1R2 68.1 3.540� 10–11 365 0.97� 10–13
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FIGURE 6.6 Correlation of the parameter re with the BDE of the formed bond upon atom and radical

addition to C¼¼C and C¼¼O multiple bonds: (1) atomþC¼¼C, (2) radicalþC¼¼C or C��C [47].
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are nonpolar. The reference reaction is characterized by the parameter bre and the reaction

with two polar reactants is characterized by the parameter (bre)m The component of the

activation energy caused by polar interaction (DEm) is calculated from the equation [11]:

DEm ¼ [(bre)
2
m � (bre)

2](1þ a)�2 (6:43)

Table 6.24 presents the results of the calculation of DEm for the reactions of six polar radicals

with a number of polar monomers. It can be seen that the polar interaction in the transition

states for the addition can either decrease (DEm < 0) or, in other cases, increase (DEm> 0) the

activation energy. The DEm values vary from þ19.5 to �23 kJmol�1, i.e., they can be rather

large.

The excellent semiempirical description of the polar effect in radical addition reactions

was proposed recently by Fischer and Radom [54]. According to the quantum-chemical

treatment of addition reaction, the four lowest doublet configurations of the three-center–

three-electron system influence the energy of the transition state. These are the reactant

ground-state configuration with a singlet electron pair on the alkene (R
.þC¼¼C), the excited

reactant configuration with the triplet electron pair (R
.þC¼¼C3), and two polar charge

TABLE 6.22
Influence of a p-Bond Adjacent to the Reaction Center on the Activation Energy of the

Radical Addition to Alkenes [40–48]

Reaction bre (kJ mol21)1/2 Ee0 (kJ mol21) DEp (kJ mol21) DDe(p) (kJ mol21)

H
.þCH2¼¼CHR 24.59 101.6 0 0

H
.þCH2¼¼CHPh 25.85 112.2 10.6 24.1

H.þCH2¼¼CPh2 26.47 117.7 16.1 36.0

H
.þ 1,3-cyclo-C6H8 26.47 117.7 16.1 36.0

H
.þCH2¼¼CHCN 25.45 108.8 7.2 16.4

C.H3þCH2¼¼CHR 20.01 82.6 0 0

C
.
H3þCH2¼¼CHPh 20.82 89.4 6.8 15.5

C
.
H3þCH2¼¼CMePh 20.67 88.7 6.1 12.6

C
.
H3þCH2¼¼CPh2 21.33 94.4 11.8 25.2

C
.
H3þCH2¼¼CHCH¼¼CH2 20.88 89.9 7.3 16.6

C
.
H3þMeCH¼¼CHCH¼¼CHMe 21.15 92.2 9.6 21.8

C
.
H3þCH2¼¼CMeCMe¼¼CH2 21.03 91.2 8.6 19.5

C
.
H3þ 1,3-cyclo-C6H8 22.27 102.3 19.7 43.2

C
.
H3þ 1,4-cyclo-C6H8 22.23 101.9 19.3 42.5

N
.
H2þCH2¼¼CHR 18.82 61.0 0 0

N.H2þ (E)-CH2¼¼CHCH¼¼CH2 20.52 72.5 10.4 23.7

RO
.þCH2¼¼CHR 19.49 61.8 0 0

RO
.þCH2¼¼CHPh 21.09 76.4 14.6 30.6

RO2
.þCH2¼¼CHR 26.04 90.5 0 0

RO2
.þCH2¼¼CHPh 27.23 99.0 8.5 22.8

RO2
.þCH2¼¼CPh2 28.04 105.0 14.5 38.3

R3Si
.þCH2¼¼CHR 26.46 76.6 0 0

R3Si
.þCH2¼¼CHPh 28.52 89.0 12.4 27.9

R3Si
.þO¼¼CR1R2 37.62 114.5 0 0

R3Si
.þO¼¼CMePh 39.74 127.6 13.1 22.5

R3Si
.þO¼¼CPh2 40.02 129.3 14.8 25.5
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transfer configurations (RþþC¼¼C and R�þC¼¼C). The polar effects are expected to

increase with decreasing energy of either of the charge transfer configurations, namely

EI(R)�EEA(C¼¼C) or EI(C¼¼C)�EEA(R) of the reactants, where EI is the potential of

ionization and EEA is the electron affinity. The following equation was proposed for the

calculation of the activation energy of radical addition reactions:

E [kJ mol�1] ¼ 50 [kJ mol�1]þ 0:22FnFe (6:44)

where factor Fn depends on EI(R)�EEA(C¼¼C) and factor Fe depends on EI(C¼¼C)�EEA(R).

The results of this calculation are in good agreement with the experimental measurements

[54].

The multidipole interaction in a bimolecular reaction arises if one or both reactants

contain several polar groups [31]. The multidipole effect shows itself as a deviation of the

rate constant for the addition of a polar radical to a polyfunctional compound (calculated in

TABLE 6.23
Strengths (De) and Lengths (r (C��X) or r (O��X)) of the Bonds Formed Upon the Addition of

X. Radicals to C¼¼C or C¼¼O Double Bonds [41–43,49]

X De (kJ mol21) r (C��X) (or r (O��X))(m) re (m) (re/De) 3 1011 (m mol kJ21)

X. 1 CH2¼¼CHY �! XCH2C.HY

C
.
H3 378 1.52� 10–10 3.71� 10–11 0.98

N
.
H2 360 1.47� 10–10 3.53� 10–11 0.98

RO
.

359 1.43� 10–10 3.62� 10–11 1.01

RS
.

284 1.79� 10–10 3.41� 10–11 1.20

R3Si
.

378 1.89� 10–10 4.91� 10–11 1.30

X. 1 O¼¼CR1R2 �! XOC.R1R2

C
.
H3 365 1.43� 10–10 3.54� 10–11 0.97

R3Si
.

487 1.64� 10–10 6.28� 10–11 1.20

1,4 1,5 1,6 1,7 1,8 1,9

1,0

1,1

1,2
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FIGURE 6.7 Correlation between the ratio of parameters re/De and the length r(X��C) of the incoming

bond for the addition to C¼¼C bond of the radicals: R
.
, NH2

.
, RO

.
, RS

.
, and R3Si

.
[49].
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relation to one reaction center) from the rate constant for the addition to a monofunctional

compound. The multidipole effect was discovered for the radical abstraction of a hydrogen

atom from polyfunctional esters induced by peroxyl radicals. Later, this effect has also been

found in the addition of peroxyl radicals to the double bonds of polyatomic unsaturated

esters. Table 6.25 summarizes the results of calculations of the contribution of the multidipole

effect to the activation energy performed using the relation (6.38). A monofunctional ester of

the corresponding structure served as the reference compound. It can be seen that the role of

the multidipole interaction in these reactions is fairly low: the contribution of the interaction

of several polar groups DDEm varies from 0.8 to 2.3 kJ mol�1.

6.5.7 STERIC HINDRANCE

The addition of trialkylsilyl radicals to 1,2-disubstituted ethylene derivatives is subject to a

steric effect [49]. This shows itself in the greater Ee0 value for Et3Si
.
addition to RCH¼¼CHR

compared with that for the addition of the same radical to CH2¼¼CHR. The contribution of

TABLE 6.24
Contribution of the Polar Effect DEm to the Activation Energy of the Addition of Polar

Radicals to Polar Monomers CH2¼¼CRY (Calculated from the Data of Several Studies

[40,51–53])

DEm (kJ mol21)

X, Y Me2(HO)C. Me2(CN)C. Me3COC(O)C.H2 sec-RO2
. tert-RO2

. HO2
.

H, EtO �1.9 �4.9 13.2

Me, MeO �6.5 �9.4 10.1

H, AcO �15.1 �11.2 17.5 9.5 7.3 11.5

Me, AcO �16.4 �4.3 19.5

Me, Cl �8.2 �4.4 10.8

Cl, Cl �10.2 �3.8 13.4

H, C(O)OMe �20.1 �1.4 13.1 �0.3 �2.0

Me, C(O)OMe �3.4 �5.2 �6.4 �4.7

H, CN �23.2 �0.9 13.8 �9.0 �10.8 �7.9

TABLE 6.25
Multidipole Effect DDEm in the Addition of Cumylperoxyl Radicals to the Unsaturated

Polyatomic Esters [55] (n is the Number of Reacting Double Bonds in the Ester Molecule)

Ester

k (323 K)

(L mol21 s21)

k (323 K)/n

(L mol21 s21)

DDEm
(kJ mol21)

CH2¼¼CHC(O)OMe 0.50 0.50 0

(CH2¼¼CHC(O)OCH2)2CMe2 0.76 0.38 0.8

(CH2¼¼CHC(O)OCH2)2CHOC(O)CH¼¼CH2 1.05 0.35 1.0

(CH2¼¼CHC(O)OCH2)4C 1.28 0.32 1.2

CH2¼¼CMeC(O)OMe 1.79 1.79 0

(CH2¼¼CMeC(O)OCH2)2CHOC(O)MeC¼¼CH2 3.93 1.31 0.9

(CH2¼¼CMeC(O)OCH2)4C 3.08 0.77 2.3
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steric repulsion to the activation energy can be characterized by the increment DES

(DES¼Ee0�Ee01):

Alkene bre (kJ mol21)1/2 Ee0 (kJ mol21) DES (kJ mol21)

CH2¼¼CHR 26.46 76.6 0.0

RCH¼¼CHR 27.54 83.0 6.4

No effect of this type is manifested for the addition of alkyl radicals to the same alkenes.

Evidently, the steric effect involved in the addition of trialkylsilyl radicals to 1,2-disubstituted

ethylene derivatives is due to the repulsion between the carbon and silicon atom, caused by

the large size of the silicon atom in the reaction center of the transition state.

The addition of tris-(1,1-dimethylethyl)phenoxyl radical to styrene can serve as an ex-

ample of reaction subject to the steric effect. This reaction is characterized by bre¼ 23.89

(kJ mol�1)1/2, whereas the addition of the 1,1-dimethylethoxyl radical to styrene (a reaction

with a similar structure of the reaction center) has the parameter bre¼ 21.09 (kJ mol�1)1/2.

The difference between these values is matched by the difference between the activation

energies of the corresponding thermally neutral reactions, Ee0¼ 21.6 kJ mol�1; this can be

regarded as a rough estimate of the energy of additional repulsion in the transition state of the

reacting system. This repulsion in the transition state is brought about by two 1,1-dimethyl-

ethyl groups of the phenoxyl radical.

6.6 FREE RADICAL SUBSTITUTION AND HYDROGEN ATOM TRANSFER
REACTIONS

6.6.1 FREE RADICAL SUBSTITUTION REACTIONS

Along with free radical atom abstraction reactions, reactions of radical substitution are

known where a free radical attacks the weak Y��Y bond and abstracts radical Y [56]:

R
. þYY �! RYþY

.

These substitution reactions were discovered by Nozaki and Bartlett [57,58] in their study of

benzoyl peroxide decomposition in different solvents. When benzoyl peroxide is decomposed,

the formed benzoyloxyl radical attacks the solvent (RH), and the formed alkyl radical (R
.
)

induces the chain decomposition of the peroxide (see Chapter 3).

PhC(O)OOC(O)Ph �! PhCO2
. þ PhCO2

.

PhCO2
. þRH �! PhC(O)OHþR

.

R
. þ PhC(O)OOC(O)Ph �! ROC(O)Phþ PhCO2

.

Hydrogen atoms also react with the O��O bond of any peroxide, for example with hydrogen

peroxide [59–61]:

H
. þH2O2 �! H2OþHO

.

This reaction is very exothermic and, therefore, very fast.
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The decomposition of peroxides in the presence of stannum hydride is accompanied by the

chain decomposition of peroxide [56]. Chain propagation occurs by the substitution reaction.

ROOR �! RO
. þRO

.

RO
. þ Bu3SnH �! ROHþ Bu3Sn

.

Bu3Sn
. þROOR �! Bu3SnORþRO

.

The rate constants of these reactions are collected in Table 6.26.

Experimental data on the substitution reactions of free radicals with peroxides were

analyzed by the IPM method [64]. The calculated parameters are collected in Table 6.27.

The activation energies and the rate constants of radical substitution reactions calculated by

the IPM method are presented in Table 6.28.

The studied free radicals have the following activation energy values in a thermoneutral

reaction [64]: R3Sn
.
(Ee0¼ 75 kJ mol�1), H

.
(Ee0¼ 94 kJ mol�1), and R

.
(Ee0¼ 120 kJ mol�1).

The comparison of Ee0 with electronegativity (EA) of the atoms in the reaction center of the

reaction proved the following empirical dependence [64]:

bre[kJ mol�1]1=2 ¼ 25:63� 6:89� 10�2(DEA [kJ mol�1] ) (6:45)

that is, the more the difference in electron affinity of R (H, R1, R3Sn
.
), the lower the

activation energy of the thermoneutral reaction.

TABLE 6.26
Rate Constants of Free Radical Substitution Reactions of Hydrogen Atom, Alkyl, and Stannyl

Radicals with Peroxides: R.
1 R1OOR1 �! ROR1 1 R1O.

Reaction Solvent T (K) k (L mol21 s21) Ref.

H
.þH2O2 Water 298 2.35� 107 [59]

H
.þH2O2 Water 298 2.44� 107 [60]

H.þH2O2 Water 298 2.93� 107 [61]

C
.
H3þ [PhC(O)O]2 Acetic acid 353 1.93� 103 [57]

MeC
.
H2þ [PhC(O)O]2 Ethyliodide 353 6.81� 102 [57]

cyclo-C6H11
. Cyclohexane 353 3.32� 103 [57]

PhC
.
H2þ [PhC(O)O]2 Toluene 353 4.50� 102 [57]

PhMeC
.
Hþ [PhC(O)O]2 Ethylbenzene 353 1.27� 103 [57]

PhMe2C
.þ [PhC(O)O]2 Cumene 353 1.17� 103 [57]

PhCMe2C
.
H2þ [PhC(O)O]2 2-Methyl-2-phenylpropane 353 1.36� 103 [57]

C
.
H3þ [PhC(O)O]2 p-Xylene 353 9.81� 102 [57]

Ph3C
.þ [PhC(O)O]2 Benzene 298 1.2 [62]

(4-MeOC6H4)2PhC
.þ [PhC(O)O]2 Benzene 298 0.2 [62]

(4-MeC6H4)2PhC
.þ [PhC(O)O]2 Benzene 298 0.4 [62]

(3-MeC6H4)2PhC
.þ [PhC(O)O]2 Benzene 298 0.7 [62]

(3-MeOC6H4)2PhC.þ [PhC(O)O]2 Benzene 298 1.5 [62]

(4-FC6H4)2PhC
.þ [PhC(O)O]2 Benzene 298 2.3 [62]

(4-ClC6H4)2PhC
.þ [PhC(O)O]2 Benzene 298 5.9 [62]

(3-ClC6H4)2PhC
.þ [PhC(O)O]2 Benzene 298 15.0 [62]

Bu3Sn
.þEtOOEt Benzene 283 2.5� 104 [63]

Bu3Sn
.þAcOOAc Benzene 283 7.0� 104 [63]

Bu3Sn
.þAcOOCMe3 Benzene 283 4.0� 104 [63]

Bu3Sn
.þPhC(O)OOCMe3 Benzene 283 1.4� 105 [63]
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TABLE 6.27
Kinetic Parameters of Free Radical Substitution Reactions: R.

1 YY ! RY 1 Y. [64]

Radical a

bre

(kJ mol21)1/2

Ee0

(kJ mol21)

0.5hL(ni2nf)

(kJ mol21)

0.5hLn

(kJ mol21)

A

(L mol21 s21)

YY 5 ROOH

H
.

0.682 16.06 91.2 �16.7 5.1 1.0� 10�10

R
.

0.889 18.85 99.6 �1.1 5.1 1.0� 10�9

R3Sn
.

0.651 12.90 61.0 �0.9 5.1 1.0� 10�9

YY 5 ROOR

H
.

0.689 17.84 111.6 �16.6 5.1 2.0� 10�10

R
.

0.826 20.23 122.7 �1.6 5.1 2.0� 10�9

R3Sn
.

0.651 14.27 74.7 �0.9 5.1 2.0� 10�9

TABLE 6.28
Enthalpies, Activation Energies, and Rate Constants of the Substitution Reactions

R. 1 R1OOH ! ROH 1 R1O. in Hydrocarbon Solution Calculated by the IPM Method

(See Table 6.27 and Equations (6.7), (6.8), and (6.12)

Reaction 2DH (kJ mol21) E (kJ mol21) A (L mol21 s21) k (350 K) (L mol21 s21)

C
.
H3þH2O2 173.1 31.8 1.0� 109 1.79� 104

C
.
H3þMe3COOH 205.5 23.6 5.0� 108 1.50� 105

C
.
H3þMe3COOCMe3 183.5 51.4 1.0� 109 21.3

C
.
H3þMeC(O)OOC(O)Me 217.9 42.1 2.0� 109 1.04� 103

C
.
H3þPhC(O)OOC(O)Ph 242.7 36.0 2.0� 109 8.48� 103

MeC
.
H2þH2O2 178.1 30.4 1.0� 109 2.90� 104

MeC
.
H2þMe3COOH 210.5 22.5 5.0� 108 2.19� 105

MeC
.
H2þMe3COOCMe3 190.3 49.5 1.0� 109 41.0

MeC.H2þMeC(O)OOC(O)Me 234.3 38.0 2.0� 109 4.26� 103

MeC
.
H2þPhC(O)OOC(O)Ph 249.5 34.4 2.0� 109 1.47� 104

Me2C
.
HþH2O2 188.1 27.8 1.0� 109 7.10� 104

Me2C
.
HþMe3COOH 220.5 20.2 5.0� 108 4.83� 105

Me2C
.
HþMe3COOCMe3 198.6 47.2 1.0� 109 90.3

Me2C
.
HþMeC(O)OOC(O)Me 232.9 38.4 2.0� 109 3.72� 103

Me2C
.
HþPhC(O)OOC(O)Ph 257.8 32.5 2.0� 109 2.82� 104

Me3C
.þH2O2 185.1 28.6 1.0� 109 5.39� 104

Me3C
.þMe3COOH 207.5 23.2 5.0� 108 1.72� 105

Me3C
.þMe3COOCMe3 165.1 58.8 1.0� 109 1.68

Me3C
.þMeC(O)OOC(O)Me 208.6 44.5 2.0� 109 4.57� 102

Me3C
.þPhC(O)OOC(O)Ph 233.8 38.1 2.0� 109 4.13� 103

PhC
.
H2þH2O2 132.1 43.7 1.0� 109 3.01� 102

PhC.H2þMe3COOH 164.5 34.1 5.0� 108 4.07� 103

PhC
.
H2þMeC(O)OOC(O)Me 177.8 53.0 2.0� 109 24.6

PhC
.
H2þPhC(O)OOC(O)Ph 202.6 46.1 2.0� 109 2.64� 102
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6.6.2 REACTION OF PEROXIDES WITH KETYL RADICALS

The ketyl radicals (R1R2C
.
OH) have a weak O��H bond and are very active reducing agents.

They react as donors of hydrogen atoms with carbonyl compounds, dioxygen, and free

radicals.

R1R2C
.
OHþO2 �! R1R2C¼¼OþHO2

.

R1R2C
.
OHþROO

. �! R1R2C¼¼OþROOH

Ketyl radicals reduce peroxides with the splitting of the O��O bond [57,65–67].

R1R2C
.
OHþROOH �! R1R2C¼¼OþH2OþRO

.

Ketyl radicals react with hydrogen peroxide to form water and the hydroxyl radical.

R1R2C
.
OHþH2O2 �! R1R2C¼¼OþH2OþHO

.

Bartlett and Nozaki [65] discovered the chain reaction of benzoyl peroxide decomposition in

the presence of alcohols where the chain propagating step is the reaction of the ketyl radical

with peroxide.

R1R2C
.
OHþ PhC(O)OOC(O)Ph �! R1R2C¼¼Oþ PhCOOHþ PhCO2

.

The rate constants of these reactions are given in Table 6.29. These reactions are very

exothermic and occur with high rate constants (7–14� 105 L mol�1 s�1).

The experimental data on the reactions of ketyl radicals with hydrogen and benzoyl

peroxides were analyzed within the framework of IPM [68]. The elementary step was treated

as a reaction with the dissociation of the O��H bond of the ketyl radical and formation of the

same bond in acid (from acyl peroxide), alcohol (from alkyl peroxide), and water (from

hydrogen peroxide). The hydroperoxyl radical also possesses the reducing activity and reacts

with hydrogen peroxide by the reaction

HO2
. þH2O2 �! O2 þH2OþHO

.

The parameters calculated for these reactions are collected in Table 6.30.

TABLE 6.29
Rate Constants of Reducing Reactions of Ketyl Radicals with Peroxides

Reaction Solvent T (K) k (L mol21 s21) Ref.

H2C
.
OHþH2O2! H2C(O)þH2OþHO

.
Water 298 1.75� 105 [67]

MeC
.
HOHþH2O2 !MeCH(O)þH2OþHO

.
Water 298 2.80� 105 [67]

Me2C
.
OHþH2O2 ! Me2C(O)þH2OþHO

.
Water 298 2.30� 105 [67]

Me2CHC
.
HOHþH2O2 !Me2CHCH(O)þH2OþHO

.
Water 298 2.20� 105 [67]

H2C
.
OHþ [PhC(O)O]2 ! H2C(O)þPhCO2HþPhC(O)O

.
Methanol 353 3.84� 105 [65]

MeC
.
HOHþ [PhC(O)O]2 ! MeCH(O)þPhCO2HþPhC(O)O

.
Ethanol 353 1.38� 106 [65]

Me2C
.
OHþ [PhC(O)O]2! Me2C(O)þPhCO2HþPhC(O)O

.
2-Propanol 353 8.82� 106 [65]

PrC
.
HOHþ [PhC(O)O]2 ! PrCH(O)þPhCO2HþPhC(O)O

.
Butanol 353 7.12� 105 [65]
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The comparison of the values of Ee0 for reactions of ketyl radicals with peroxides with

those for reactions R1R2C
.
OHþR2C(O) show that the reaction of the ketyl radical with

peroxide occurs with sufficiently higher Ee0 (see Table 6.30). Obviously, this is the result of

strong additional repulsion in the nonlinear polyatomic transition state of the ketyl radical

reaction with peroxide

O H O
R

O R

compared to the linear transition state: ��O � � �H � � � O � � � of the ketyl radical reaction with a

carbonyl compound. The increase in the activation energy due to the additional repulsion in the

transition state of the ketyl radical reaction with hydrogen peroxide is 104.6�41.5¼ 63.1 kJ

mol�1 and 78.8 kJ mol�1 for the reaction of the ketyl radical with peroxide (ROOR). The

activation energies and the rate constants of the reactions of different ketyl radicals and HO2
.

with peroxides calculated by the IPM method are presented in Table 6.31.

The alkyl radicals possess reducing activity as well. In the disproportionation reaction,

one alkyl radical reacts as an acceptor and another as a donor of the hydrogen atom. This is

the reason for the reducing action of alkyl radicals in reactions with peroxides.

RCH2C
.
H2 þR1OOR1 �! RCH¼¼CH2 þR1OHþR1O

.

The activation energies and the rate constants of such reactions were calculated by the IPM

method [68] (see Table 6.32). The parameters used for calculations are given in Table 6.29.

As we have seen earlier, alkyl radicals react with peroxides in two different ways: substitu-

tion and reduction. The comparison of both these reactions is presented in Table 6.33. It is seen

TABLE 6.30
Kinetic Parameters of Reduction of Peroxides by Ketyl and Alkyl Radicals [68]

Reaction a bre (kJ mol21)1/2 Ee0 (kJ mol21) A (L mol21 s21)

R1R2C.OHþH2O2 1.000 21.24 112.8 2.0� 109

R1R2C
.
OHþROOR 1.000 21.51 115.7 2.0� 109

RC
.
HCH3þH2O2 0.778 20.70 135.7 2.0� 109

RC
.
HCH3þROOR 0.796 20.90 135.4 2.0� 109

RC
.
HCH3þROOH 0.778 20.70 135.7 1.0� 109

RCH¼¼CHC
.
HCH3þH2O2 0.778 22.16 155.3 2.0� 109

RCH¼¼CHC
.
HCH3

.þROOR 0.796 22.36 155.0 2.0� 109

RCH¼¼CHC
.
HCH3

.þROOH 0.778 22.16 155.3 1.0� 109

PhC
.
HCH3þH2O2 0.778 21.18 141.9 2.0� 109

PhC
.
HCH3þROOR 0.796 21.40 142.0 2.0� 109

PhC.HCH3þROOH 0.778 21.18 141.9 1.0� 109

HOC6H4O
.þH2O2 0.982 21.24 112.3 1.0� 108

HOC6H4O
.þROOR 0.992 21.51 126.4 1.0� 108

HOC6H4O
.þROOH 0.982 21.00 112.3 5.0� 107

HO2
.þH2O2 0.969 21.24 116.4 1.0� 108

HO2
.þROOR 0.978 21.51 118.3 1.0� 108

HO2
.þROOH 0.969 21.24 116.4 5.0� 107
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that the alkyl radicals (primary and secondary) react with hydrogen peroxide, hydroperoxide,

and dibenzoyl peroxide more rapidly (100 to 1000 times) as substituting rather than reducing

agents.

Ketyl radicals are more active reducing agents than alkyl radicals. It is seen from the

comparison of the rate constants and the activation energies for reactions of ketyl and alkyl

radicals with hydrogen peroxide [68].

Radical k (350 K) (L mol21 s21) E (kJ mol21) 2DH (kJ mol21) Ee0 (kJ mol21)

MeC
.
HOH 1.4� 107 11.8 185.6 104.6

EtMeC
.
H 3.7 54.1 147.0 125.5

TABLE 6.31
Enthalpies, Activation Energies, and Rate Constants of the Reduction of Peroxides by Ketyl,

Semiquinone, and Hydroperoxyl Radicals Calculated by the IPM Model [68]

Reaction

2DH

(kJ mol21)

E

(kJ mol21)

log A, A

(L mol21 s21)

k (350 K)

(L mol21 s21)

MeC
.
HOHþH2O2 178.5 20.7 8.78 4.91� 105

MeC.HOHþMe3COOH 210.9 11.5 8.62 8.01� 106

MeC
.
HOHþEtOOEt 173.9 24.6 8.72 1.12� 105

MeC
.
HOHþMe3COOCMe3 178.7 23.1 8.75 2.01� 105

MeC.HOHþPhC(O)OOC(O)Ph 180.1 22.6 8.76 7.44� 105

Me2C
.
OHþH2O2 182.6 19.5 8.79 7.58� 105

Me2C
.
OHþMe3COOH 215.0 10.4 8.63 1.20� 107

Me2C
.
OHþEtOOEt 178.0 23.3 8.75 1.87� 105

Me2C
.
OHþMe3COOCMe3 182.8 21.8 8.66 2.55� 105

Me2C
.
OHþPhC(O)OOC(O)Ph 184.2 21.4 8.76 3.68� 105

PhC
.
HOHþH2O2 150.4 29.6 8.70 1.92� 104

PhC
.
HOHþMe3COOH 182.8 19.4 8.50 4.02� 105

PhC
.
HOHþEtOOEt 145.8 33.8 8.66 4.13� 103

PhC
.
HOHþMe3COOCMe3 150.6 32.1 8.67 7.57� 103

PhC.HOHþPhC(O)OOC(O)Ph 152.0 31.6 8.68 9.20� 103

PhMeC
.
OHþH2O2 152.9 28.8 8.70 2.52� 104

PhMeC
.
OHþMe3COOH 185.3 18.7 8.51 5.24� 105

PhMeC
.
OHþEtOOEt 148.3 32.9 8.67 5.75� 103

PhMeC
.
OHþMe3COOCMe3 153.1 31.3 8.62 8.89� 103

PhMeC
.
OHþ [PhC(O)O]2 154.5 30.8 8.69 1.24� 104

4-HOC6H4O
.þH2O2 56.8 68.1 7.21 1.13� 10�3

4-HOC6H4O
.þMe3COOH 89.2 54.7 6.96 6.26� 10�2

4-HOC6H4O
.þEtOOEt 52.2 71.8 7.21 3.13� 10�4

4-HOC6H4O
.þMe3COOCMe3 57.0 69.7 7.21 6.56� 10�4

4-HOC6H4O
.þ [PhC(O)O]2 58.4 69.0 7.21 8.13� 10�4

HO2
.þH2O2 63.1 67.4 7.22 1.43� 10�3

HO2
.þMe3COOH 95.5 54.2 6.97 7.60� 10�2

HO2
.þEtOOEt 58.5 71.1 7.21 3.90� 10�4

HO2
.þPhC(O)OOC(O)Ph 64.7 68.5 7.22 9.93� 10�4
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There are two reasons for such a great difference:

1. The reaction of the ketyl radical is more exothermic (�186 versus �147 kJ mol�1).

2. The triplet repulsion is greater for the reaction of the alkyl radical (Ee0¼ 125 kJ

mol�1) compared with that of the ketyl radical (Ee0¼ 105 kJ mol�1).
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7 Oxidation of Alcohols
and Ethers

7.1 OXIDATION OF ALCOHOLS

7.1.1 INTRODUCTION

The hydroxyl group of alcohol weakens the a-C��H bond. Therefore, free radicals attack

preferentially the a-C��H bonds of the secondary and primary alcohols. The values of bond

dissociation energy (BDE) of C��H bonds in alcohols are presented in Table 7.1. The BDE

values of C��H bonds of the parent hydrocarbons are also presented. It is seen from

comparison that the hydroxyl group weakens BDE of the C��H bond by 23.4 kJ mol�1 for

aliphatic alcohols and by 8.0 kJ mol�1 for allyl and benzyl alcohols.

Alcohols are polar compounds. They have dipole moment and this influences their

reactivity in reactions with polar peroxyl radicals (see later). The values of the dipole

moments m for selected alcohols are given below [6].

Alcohol MeOH EtOH Me2CHOH PhCH2OH CH2¼¼CHCH2OH

m (Debye) 1.70 1.69 1.58 1.71 1.60

Alcohols having a hydroxyl group form hydrogen bonds with polar compounds such as

hydroperoxides, ketones, etc. This causes some peculiarities of the oxidation kinetics of

alcohols. On the other hand, alcohols are weak acids and dissociate as acids in polar alcoholic

media. Protonated alcohol molecules induce several heterolytic and homolytic reactions

complicating the mechanism of oxidation and composition of the products. The hydroxyl

group of the alkyl radical formed from alcohol complicates the mechanism of alcohol

oxidation also. One of the peculiarities of alcohol oxidation is the production of hydrogen

peroxide as a primary intermediate, and another is a high reducing activity of peroxyl radicals

formed from oxidized alcohols. The chemistry and kinetics of alcohol oxidation are discussed

in detail in monographs [7–10].

7.1.2 CHAIN MECHANISM OF ALCOHOL OXIDATION

Alcohols, like hydrocarbons, are oxidized by the chain mechanism. The composition of the

molecular products of oxidation indicates that oxidation involves first the alcohol group and

the neighboring C��H bond. This bond is broken more readily than the C��H bond of the

corresponding hydrocarbon, since the unpaired electron of the formed hydroxyalkyl radical

interacts with the p electrons of the oxygen atom.
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TABLE 7.1
Bond Dissociation Energies of a-C��H Bonds in Alcohols [1–5]

Alcohol Bond D (kJ mol-1) D (R-H) (kJ mol-1)

Methanol HOCH2−H 411.0 440.0

Ethanol Me(HO)CH−H 399.8 422.0

Propanol Et(HO)CH−H 399.5 422.0

Butanol Pr(HO)CH−H 397.0 422.0

Pentanol Bu(HO)CH−H 397.0 422.0

Ethanol, 1-methyl- Me2(HO)C−H 390.5 412.0

Propanol, 2,2-dimethyl- Me3C(HO)CH−H 395.2 422.0

Ethanol, 1,1-dimethyl- Me2(HO)CCH2−H 417.4 422.0

Cyclohexanol H

OH

388.4 408.8

Cyclopentenol H OH 330.7 342.5

Cyclohexenol H

OH

329.7 341.5

Ethylenglicol HOCH2(HO)CH−H 401.5 422.0

1,3-Butanediol HOCH2CH2(HO)MeC−H 387.7 412.0

1,4-Butanediol HOCH2(CH2)2(HO)CH−H 404.2 422.0

2,3-Butanediol MeCH(OH)C−H(OH)Me 383.1 412.0

Allyl alcohol CH2=CH(HO)CH−H 360.0 368.0

2-Propen-1-ol, 2-methyl- CH2=CMeCH−H(OH) 349.9 357.9

2-Buten-2-ol, 2-methyl- CH2=CMeC−HMe(OH) 339.2 347.2

Z-2-Buten-1-ol Z-MeCH=CHCH−H(OH) 347.8 355.8

E-2-Buten-1-ol E-MeCH=CHCH−H(OH) 348.8 356.8

2-Buten-1-ol, 2-methyl- MeCH=CMeCH−H(OH) 344.4 354.4

2-Buten-1-ol, 2,3-dimethyl- Me2C=CMeCH−H(OH) 342.2 350.2

Z-3-Penten-2-ol Z-MeCH=CHC−HMe(OH) 336.0 344.0

E-3-Penten-2-ol E-MeCH=CHC−HMe(OH) 338.2 346.2

3-Penten-2-ol, 4-methyl- Me2C=CHC−HMe(OH) 324.0 332.0

3-Penten-2-ol, 3-methyl- MeCH=CMeC−HMe(OH) 325.2 333.2

2-Propin-1-ol CH≡CCH−H(OH) 351.8 359.8

3-Butin-2-ol CH≡CC−HMe(OH) 338.8 346.8

2-Butin-1-ol MeC≡CCH−H(OH) 346.7 354.7

3-Butin-2-ol MeC≡CC−HMe(OH) 333.8 341.8

Benzyl alcohol Ph(HO)CH−H 366.9 375.0

α-Phenylethanol PhMeC(OH)−H 356.0 364.1

Butanol, 1-phenyl- PhPrC(OH)−H 360.6 368.7

Diphenylmethanol Ph2C−H(OH) 348.7 356.8
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7.1.2.1 Kinetics of Oxidation

The regular features of the initiated oxidation of alcohols are similar to those of the oxidation

of hydrocarbons (see Chapter 2). The rate of oxidation of the alcohol (RH(OH)) in the

presence of an initiator (I) is given by the expression [8,9]:

n ¼ k
1=2
i kp(2kt)

�1=2[RH(OH)] [O2]
0[I]1=2, (7:1)

where kp is the rate constant of chain propagation via the reaction of the peroxyl radical with

the C��H bond of alcohol and kt is the rate constant of chain termination by the reaction of

disproportionation of two peroxyl radicals. This equation is applicable under the following

conditions: (i) Dioxygen pressure pO2 must be sufficiently high, so that [R
.
(OH)]

� [R(OH)O2
.
], and the chain termination reactions HOR

.þHOR
.
and HOR

.þR(OH)O2
.

do not play a significant role compared with the reaction R(OH)O2
. þR(OH)O2

.
. (ii) The

rate of radical formation from hydrogen peroxide produced in the course of the reaction must

be very low compared with ki[I]. (iii) The chains of oxidation should be long. The values of the

ratio kp(2kt)
�1/2 for the oxidation of different alcohols are listed in Table 7.2.

7.1.2.2 Reactions of Ketyl Radicals with Dioxygen

Practically one reaction of alkyl radicals with dioxygen is known, namely addition reaction

(see Chapter 2). Ketyl radicals having a free valence on the carbon atom add dioxygen also.

However, they possess high reducing activity and easily react with dioxygen by the abstrac-

tion reaction.

R1R2C
.
OHþO2 �! R1R2C(OO

.
)OH

R1R2C
.
OHþO2 �! R1R2C(O)þHO2

.

The addition reaction prevails in solutions at moderate temperatures and abstraction reaction

occurs in the gas phase at elevated temperatures. The rate constants of both reactions are

collected in Table 7.3.

7.1.2.3 Reactions of Alkylhydroxyperoxyl and Hydroperoxyl Radicals

The reaction of hydrogen atom abstraction by the alkylhydroxyperoxyl radical from alcohol

limits chain propagation in oxidized alcohol [8,9].

R1R2C(OO
.ÞOHþR1R2CH(OH) �! R1R2C(OOH)OHþR1R2C

.
(OH)

TABLE 7.1
Bond Dissociation Energies of a-C��H Bonds in Alcohols [1–5]—continued

1-Indanol

1-Tetralol

H OH

H OH

351.3

337.5

359.4

345.6

Alcohol Bond D (kJ mol-1) D(R−H) (kJ mol-1)
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TABLE 7.2
Values of kp (2k t)

�1=2 for Oxidation of Alcohols

Alcohol T (K) pO2 (Pa) kp(2kt)
-1/2 (L mol-1 s-1)1/2 Ref.

CH3OH

CH3OH

354−418 (4.0−8.0) � 105 6.0 � 104 exp(−57.3/RT) [11]

348 1.01 � 105 2.3 � 10−5 [12]

CH3CH2OH

CH3CH2OH

348 1.01 � 105 3.3 � 10−5 [8]

418 1.01 � 106 3.8 � 10−3 [11]

Me2CHOH

Me2CHOH

Me2CHOH

Me2CHOH

353 (0.13−1.01) � 105 1.2 � 10−3 [8]

359−411 (2.0−2.9) � 105 3.0 � 104 exp(−50.2/RT) [13]

293 1.01 � 105 7.9 � 10−5 [14]

418 1.01 � 106 1.8 � 10−2 [11]

EtMeCHOH 338−348 1.01 � 105 1.0 � 105 exp(−54.4/RT) [15]

Me2CHCH2MeCHOH 333 1.01 � 105 2.46 � 10−4 [16]

MeCH(OH)CMe3 357−377 1.01 � 105 5.0 � 104 exp(−52.7/RT) [15]

Me(CH2)8CH2OH 353−403 1.01 � 105 2.10 � 104 exp(−51.2/RT) [17]

Me(CH2)5CH(OH)Me 339−401 1.01 � 105 2.14 � 104 exp(−49.9/RT) [17]

HOCH2CH2CH2CH2OH 353−403 1.01 � 105 1.58 � 104 exp(−38.2/RT) [17]

MeCH(OH)CH(OH)Me 403 1.01 � 105 3.41 � 10−3 [17]

HOCH2CH2CH(OH)Me 403 1.01 � 105 3.23 � 10−3 [17]

H

OH

353 (0.13−1.01) � 105 1.6 � 10−3 [8]

H

OH

323−348 (0.27−1.07) � 105 7.6 � 103 exp(−45.2/RT) [18]

H

OH

338−384 (0.40−1.27) � 105 7.5 � 103 exp(−46.0/RT) [19]

H

OH

363−393 1.01 � 105 5.1 � 103 exp(−43.1/RT) [20]

H

OH

323−348 1.01 � 105 4.0 � 103 exp(−43.9/RT) [21]

H

OH

353−373 1.01 � 105 2.1 � 104 exp(−50.2/RT) [22]

H

OH

323−373 1.01 � 105 2.1 � 108 exp(−77.8/RT) [21]

H

OH

353−373 1.01 � 105 1.8 � 104 exp(−50.2/RT) [22]

H

OH

333−348 1.01 � 105 2.3 � 105 exp(−54.3/RT) [21]

H

OH

353−373 1.01 � 105 9.3 � 104 exp(−53.5/RT) [22]

H

OH

323−348 1.01 � 105 1.3 � 104 exp(−46.0/RT) [21]
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The analysis of alcohol reactivities in reactions with the peroxyl radicals will be discussed

later. The values of the rate constants of chain propagation in oxidized alcohols are collected

in Table 7.4.

In addition to the abstraction reaction, alkylhydroxyperoxyl radicals are decomposed into

carbonyl compound and hydroperoxyl radical.

R1R2C(OO
.
)OH �! R1R2C(O)þHO2

.

The rate constant of their decomposition depends on the peroxyl radical structure and

temperature (see Table 7.5).

As a result, two different peroxyl radicals take part in chain propagation in oxidized

alcohol, namely, alkylhydroxyperoxyl and hydroperoxyl radicals.

CHOH CHOH

COH COHC(OOH)OH

HO2

H2O2
•

C(OO)OH
• •

•

The reactivities of both the radicals are apparently very close due to very the close BDE of the

OH bonds in the formed hydroperoxides.

TABLE 7.2
Values of kp (2k t)

�1=2 for Oxidation of Alcohols—continued

H

OH

1.01�105 2.7 � 104 exp(−51.0/RT) [22]

H

OH

1.01�105 7.6 � 103 exp(−37.7/RT) [15]

H

OH

1.01�105 9.70 � 10−2 [16]

OH

1.01�105 3.7 � 104 exp(−56.1/RT) [22]

PhCH2OH

PhCH2OH

PhCH2OH

1.01�105 3.47 � 102 exp(−38.6/RT) [23]

1.01�105 8.50 � 10−4 [24]

1.01�105 4.70 � 10−3 [25]

Cl

OH

1.01�105 2.0 � 10−3 [26]

MePhCHOH 1.01�105 1.15 � 104 exp(−43.9/RT) [15]

MePhCHOH

MePhCHOH

1.01�105 1.46 � 102 exp(−37.4/RT) [23]

353−373

328−348

333

353−373

323−343

303

348

348

338−368

338−368

333 1.01�105 1.40 � 10−4 [16]

Alcohol T (K) pO2 (Pa) kp (2kt)
-1/2 (L mol-1 s-1)1/2 Ref.

Denisov / Oxidation and Antioxidants in Organic Chemistry and Biology DK1162_c007 Final Proof page 265 23.2.2005 9:06am

© 2005 by Taylor & Francis Group.



Hydroperoxide

365.5 369.0 370.7 362.1

sec-ROOH HOOH R1R2C(OOH)OH

OO-H

OH

DOO−H (kJ mol−1)

[45] [6] [46] [47]Ref.

Let us compare the ratio of radicals in oxidized 2-propanol and cyclohexanol at different

temperatures when oxidation occurs with long chains and chain initiation and termination do

not influence the stationary state concentration of radicals. The values of the rate constants of

the reactions of peroxyl radicals (kp) with alcohol and decomposition of the alkylhydroxy-

peroxyl radical (kd ) are taken from Table 7.4 and Table 7.5.

TABLE 7.3
Rate Constants of Ketyl Radical Reactions with Dioxygen

Radical Solvent T (K)

k

(L mol21 s21) Ref.

Addition Reaction

C
.
H2OH H2O, pH¼ 7 298 4.9� 109 [27]

C
.
H2OH H2O, pH¼ 10.7 298 4.2� 109 [28]

MeC
.
HOH H2O, pH¼ 7 298 4.6� 109 [27]

EtC
.
HOH H2O, pH¼ 7 298 4.7� 109 [27]

Me2C
.OH H2O, pH¼ 7 298 4.2� 109 [27]

Me2C
.
OH H2O, pH¼ 5.6 298 3.5� 109 [29]

Me2C
.
OH H2O, pH¼ 0.3 298 4.5� 109 [30]

Me2C
.
OH Me2CHOH 298 3.9� 109 [31]

Me2CHC
.
HOH H2O, pH¼ 7 298 3.4� 109 [27]

C
.
H(OH)2 H2O, pH¼ 5.7 298 7.7� 108 [32]

C
.
H(OH)2 H2O, pH¼ 3.5 294 4.5� 109 [33]

C
.
H(OH)2 H2O 293 3.5� 109 [34]

HOCH2C
.
HOH H2O, pH¼ 7 298 3.2� 109 [27]

HOCH2CHOHC.HOH H2O, pH¼ 7 298 3.3� 109 [27]

HOC
.
HCO2

� H2O, pH¼ 7 298 1.8� 109 [27]

HOC
.
HCH(NH2)CO2

� H2O, pH¼ 7 298 2.4� 109 [27]

Reaction of Hydrogen Atom Abstraction

C
.
H2OH Gas phase 200–300 5.48� 109 [35]

MeC
.
HOH Gas phase 298 1.15� 1010 [36]

EtC
.
HOH Gas phase 296 1.57� 1010 [37]

Me2C
.OH Gas phase 296 2.23� 1010 [37]
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T (K) 300 350 400 450

2-Propanol kd (s�1 ) 956 1.87� 104 1.74� 105 9.83� 105

kp[HROH] (s�1) 23.8 4.22� 102 3.65� 103 1.95� 104

[HO2

.
]/[HR(OH)O2

.
] 40.2 44.3 47.7 50.4

Cyclohexanol

kd (s�1) 0.88 14.6 119 616

kp[HROH] (s�1) 1.15 23.6 227 1.32� 103

[HO2

.
]/[HR(OH)O2

.
] 0.76 0.62 0.52 0.47

A different situation in the oxidation of these two alcohols is seen. The hydroperoxyl radical

is the main chain propagating species in oxidized 2-propanol; the portion of alkylhydroxy-

peroxyl radicals in this reaction is less than 2.5%. In oxidized cyclohexanol, on the contrary,

the stationary state concentrations of both radicals are close and both of them take important

part in chain propagation.

In the presence of specially added hydrogen peroxide, the stationary concentration of

hydroperoxyl radicals increases due to the exchange reaction.

R1R2C(OO
.
)OHþH2O2 �! R1R2C(OOH)OHþHO2

.

This reaction can be used as a kinetic test to determine which radicals predominate in an

alcohol oxidized under given conditions. If hydroxyperoxide radicals predominate, the

TABLE 7.4
Rate Constants of Chain Termination and Propagation in Oxidized Alcohols

Alcohol T (K) 2kt (L mol-1 s-1) kp (L mol-1 s-1) Ref.

CH3OH 3.7�109 3.65 � 109 exp(−57.3/RT) [11,38]

MeCH2OH 3.3�109 2.00 � 109 exp(−51.1/RT) [8,38]

Me2CHOH 1.1�109 1.00 � 109 exp(−50.2/RT) [13,39]

PhCH2OH 9.91�1012 exp(−29.2/RT) 1.04 � 109 exp(−54.3/RT) [23]

PhCH2OH 3.2�107 4.8 [24]

MePhCHOH 8.98�1012 exp(−31.3/RT) 4.61 � 108 exp(−52.0/RT) [23]

MePhCHOH 5.0�109 10.0 [16]

H

OH

5.60�108 exp(−15.1/RT) 1.80 � 108 exp(−52.7/RT) [18]

H

OH

3.16 � 108 exp(−54.0/RT) [39]

H

OH

1.8�107 [40]

OH

H

354−418

348

359−411

323−343

303

323−343

333

323−348

328−387

403

328−387 7.90 � 108 exp(−74.0/RT) [41]
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addition of hydrogen peroxide should influence the kinetics of the reaction by displacing the

equilibrium. In fact, the addition of H2O2 is reflected in the kinetics of the inhibited oxidation

of cyclohexanol [48]. In the presence of bases (Na2HPO4), however, no difference is observed

in the initiated oxidation of cyclohexanol with or without the addition of H2O2 [49]. Conse-

quently, the decomposition of alkylhydroxyperoxyl radicals can be accelerated by acids and

bases and may be changed during oxidation. Thus, depending on the conditions of the

oxidation of alcohol, the chain develops through either hydroxyperoxide or hydroperoxide

radicals.

Another factor complicating the situation in composition of peroxyl radicals propagating

chain oxidation of alcohol is the production of carbonyl compounds due to alcohol oxidation.

As a result of alcohol oxidation, ketones are formed from the secondary alcohol oxidation

and aldehydes from the primary alcohols [8,9]. Hydroperoxide radicals are added to carbonyl

compounds with the formation of alkylhydroxyperoxyl radical. This addition is reversible.

HO2
. þR1R2C(O) R1R2C(OO

.
)OH

TABLE 7.5
Rate Constants of Alkylhydroxy Peroxyl Radical Decomposition

Peroxyl Radical Products T (K) k (s-1) Ref.

HOCH2OO• CH2O + HOO• 295 10 [42]

MeCH(OO•)OH MeCHO + HOO• 295 52 [42]

CH(OO•)(OH)CH2OH CH(O)CH2OH + HOO• 295 1.9 �102 [43]

Me2C(OO•)OH Me2CO + HOO• 295 6.7 �102 [42]

OO
•

OH

cyclo-C6H10O + HOO• 328 4.5 [41]

OO
•

OH

cyclo-C6H10O + HOO• 357 16.0 [41]

OO
•

OH

cyclo-C6H10O + HOO• 387 100 [41]

OO
•

OH

cyclo-C12H22O + HOO• 387 5.15 �104 [41]

CH(OO•)(OH)(CHOH)2CH2OH CH(O)(CHOH)2CH2OH + HOO• 295 1.9 �102 [43]

CH(OO•)(OH)(CHOH)3CH2OH CH(O)(CHOH)3CH2OH + HOO• 295 2.2 �102 [43]

CH(OO•)(OH)(CHOH)4CH2OH CH(O)(CHOH)4CH2OH + HOO• 295 2.1 �102 [43]

(CO2
−)2C(OH)O2

• (CO2
−)2C(O) + HOO• 293 1.1 �104 [44]
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According to the Benson estimations [46], this equilibrium in the case of acetone has the

following thermodynamic functions: DH¼�51.9 kJ mol�1, DS¼�161.1 J mol�1 K�1, and

DG¼�3.8 kJ mol�1 (350 K). The calculated ratios of the equilibrium concentrations of two

kinds of peroxyl radicals at T¼ 350 K and different acetone concentrations are presented

below.

[Me2CO] (mol L21) 0.0 0.2 0.5 1.0 2.0

[HR(OH)O2
.]/[HO2

.] 0.023 0.042 0.105 0.21 0.42

Beginning from an acetone concentration of 1 mol L�1, the influence of this equilibrium on

the peroxyl radicals composition becomes important.

7.1.2.4 Chain Termination in Oxidized Alcohols

In addition to two peroxyl radicals, HO2
.

and R1R2C(OH)OO
.
, participating in chain

propagation in the oxidized alcohols, there are three reactions that are guilty of chain

termination in the oxidized alcohols. The most probable reaction between them is dispropor-

tionation.

HO2
. þHO2

. �! HOOHþO2

HO2
. þR1R2C(OO

.
)OH �! HOOHþR1R2C(O)þO2

R1R2C(OO
.
)OH þR1R2C(OO

.
)OH �! R1R2C(OOH)OHþO2 þR1R2C(O)

The rate constant kt measured experimentally at high dioxygen pressures characterizes the

rates of of all the three reactions. The rate constants 2kt are close to diffusion-controlled

reactions (see Table 7.4).

In addition to disproportionation, another mechanism of the alkylhyroxyperoxyl radical

chain termination is recombination [38,39].

HOO
. þHOO

. �! HOOOOH

R1R2C(OO
.
)OH þHOO

. �! R1R2C(OOOOH)OH

The reaction between two peroxyl radicals gives a labile compound, which Stockhausen and

coworkers [38,39] regard as a hydrotetroxide. The formed tetroxides are very unstable and

their decomposition results in the formation of active free radicals.

HOOOOH �! HO
. þHO3

.

R1R2C(OOOOH)OH �! HO
. þR1R2C(OOO

.
)OH

HO3
. �! HO

. þO2

R1R2C(OOO
.
)OH �! R1R2C(O

.
)OH þO2

So, these reactions cannot lead to effective chain termination in oxidized alcohol. The

decomposition of tetroxides depends on pH and apparently proceeds homolytically as well

as heterolytically in an aqueous solution. The values of the rate constants (s�1) of tetroxide

decomposition at room temperature in water at different pH values are given below [38,39].
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Alcohol CH3OH C2H5OH Me2CHOH

pH¼ 4 13 22 140

pH¼ 10 4.6 5.3 5.3

The decomposition of hydroxyhydrotetroxide is slower in an alkaline medium than in an

acidic medium.

7.1.3 CO-OXIDATION OF ALCOHOLS AND HYDROCARBONS

The theory of chain co-oxidation of binary mixtures of organic compounds was described in

Chapter 5. The experimental study of co-oxidation of alcohols (HRiOH) and hydrocarbon

R1H opens the way to measure the rate constants of one chosen peroxyl radical R1OO
.
with

several alcohols HRiOH and on the reverse, the chosen alcohol HR1OH with several peroxyl

radicals RiOO
.
. The parameters of co-oxidation of alcohols and hydrocarbons are collected in

Table 7.6. The absolute values of peroxyl radical reactions with alcohols were calculated from

these data using the values of kp from Table 2.8 (see Table 7.7).

What is the main factor that influences the reactivity of alcohols in reactions with one

peroxyl radical? Let us compare the rate constants of reaction of R1O2
.þHRiOH

(R1H¼ cyclohexene, T¼ 333 K) with the strength of the a-C��H bond.

Alcohol CH3OH MeCH2OH Me2CHOH PhCH2OH

DC��H (kJ mol�1) 411 400 390 367

kH (L mol�1 s�1) 0.35 0.95 1.00 2.80

It is seen that the weaker the attacked a-C��H bond the higher the partial rate constant.

Therefore, the strength of the bond of alcohol attacked by the peroxyl radical is a very

important factor of alcohol reactivity. It is seen from the data in Table 7.7 that peroxyl

radicals of different structures react with the same alcohol with different rate constants.

The comparison of the rate constants of reactions RiOO
.þHR1OH with the strength

of the formed O��H bond in hydroperoxide shows the higher the BDE of the O��H

bond in RiOOH the more rapidly peroxyl radical RiOO
.

reacts with cyclohexanol

(T¼ 348 K [52]).

Radical

358.6 365.5 411.6 413.1

Me2PhCOO• O
O•

CHCl2CCl2OO• CCl3CCl2OO•

DO−H (kJ mol−1)

0.68 5.25 1000 2600kp12 (L mol−1 s−1)

Chain propagation in oxidized alcohols proceeds with the participation of a mixture of HO2
.

and R(OH)O2
.
radicals. Using the data of Table 7.4 and Table 7.7 we can compare the activity

of the HO2
.
/HORO2

.
mixture and alkylperoxyl radicals toward the same alcohol (R1OO

.
is

the peroxyl radical of cyclohexene, T¼ 333 K).
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Alcohol CH3OH MeCH2OH Me2CHOH PhCH2OH

k(R1OO
.
) (L mol�1 s�1) 0.35 0.95 1.00 2.80

k(HOO./HOROO.) (L mol�1 s�1) 3.75 19.3 13.36 3.16

TABLE 7.6
The Parameters r1, r2 and f of Hydrocarbon Co-Oxidation with Alcohols

R1H R2H T (K) r1 r2 f Ref.

CH3OH 313 [50]

CH3CH2OH 333 [50]

PrCH2OH 333 [50]

Me2CHOH 333 [50]

Me(CH2)14Me

Me(CH2)14Me

Me(CH2)8CH2OH 403 [17]

Me(CH2)5CH(OH)Me 403 [17]

H

OH

333 [50]

Me2PhCH H

OH

333 0.4 − [51]

Me(CH2)14Me

Me(CH2)14Me

MeCH(OH)CH2CH2OH 403 [17]

EtC(CH2OH)3 403 [17]

PhCH2OH

PhCH2OH

PhCH2OH

PhCH2OH

PhCH2OH

333 [50]

MePhCH2 348 2.3 0.7 [26]

Ph2CH2 348 8.0 0.7 [26]

PhCH2CH2Ph 348 5.7 1.6 [26]

Me2PhCH

Me2PhCH

348 12 13 [26]

Cl

OH

348 2.2 6.5 [26]

H H MePhCHOH 333 0.59 1.45 [51]

MePhCHOH PrCH2OH 333 0.34 1.44 [51]

MePhCHOH H

OH

333

10.0

4.4

6.8

4.0

2.8

4.5

3.2

0.2

2.2

12.0

1.4

0.8

0.26

0.27

0.50

0.97

0.25

1.1

1.8 0.43 0.7 [51]
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We observe the sufficiently higher activity of HO2
.
/HORO2

.
radicals in their reactions with

alcohols than that of R1OO
.
. The next section will be devoted to detailed analysis of alcohol

reactivity in reactions with peroxyl radicals.

TABLE 7.7
The Rate Constants of Peroxyl Radical Reaction with Alcohols

Alcohol Peroxyl Radical T (K) k (L mol-1 s-1) Ref.

CH3OH
OO

• 313 3.01 �108 exp(−53.9/RT) [50]

MeCH2OH
OO

• 333 2.00 �108 exp(−51.1/RT) [50]

Me2CHOH
OO

• 333 1.00 �108 exp(−49.1/RT) [50]

Me(CH2)2CH2OH
OO

• 333 2.00 �108 exp(−52.4/RT) [50]

MeCH(OH)CH2CH2OH Me(CH2)13CH(OO•)Me 403 1.00 �108 exp(−47.8/RT) [17]

EtC(CH2OH)3 Me(CH2)13CH(OO•)Me 403 6.00 �108 exp(−48.2/RT) [17]

PhCH2OH
OO

• 333 2.00 �107 exp(−41.8/RT) [50]

PhCH2OH MePhCHOO• 348 2.00 �107 exp(−44.4/RT) [26]

PhCH2OH Ph2CHOO• 348 2.00 �107 exp(−46.1/RT) [26]

PhCH2OH Me2PhCOO• 348 2.00 �107 exp(−47.7/RT) [26]

MePhCHOH OO
• 333 1.00 �107 exp(−41.2/RT) [51]

H

OH
OO

• 333 1.00 �108 exp(−48.5/RT) [50]

H

OH

Me2PhCOO• 333 1.00 �108 exp(−54.4/RT) [51]

H

OH

CCl3CCl2OO• 348 1.00 �108 exp(−30.7/RT) [52]

H

OH

CHCl2CCl2OO• 348 1.00 �108 exp(−33.3/RT) [52]

OH Me2PhCOO•

Me2PhCOO•

Me2PhCOO•

Me2PhCOO•

Me2PhCOO•

348 30.8 [26]

O
OH 348 25.9 [26]

Br
OH 348 21.6 [26]

OH
Cl 348 8.90 [26]

OH
N

O

O

348 18.8 [26]
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7.1.4 REACTIVITY OF ALCOHOLS IN REACTION WITH PEROXYL RADICALS

As described earlier, the reaction enthalpy is a very important factor that influences the

reactivity of alcohol in free radical abstraction reactions. The IPM model helps to estimate

the increment of activation energy DEH which characterizes the influence of enthalpy on

the activation energy (see Equation [6.20] in Chapter 6). The parameters bre and values DEH

for reactions of different peroxyl radicals with alcohols are given in Table 7.8. The mean value

TABLE 7.8
Kinetic Parameters of Peroxyl Radicals Reactions with Alcohols Calculated by the IPM

Reaction T (K)

k (333 K)

(L mol-1 s-1)

E
(kJ mol-1)

bre

(kJ mol-1)1/2
DEm

(kJ mol-1) Ref.

MeOH + HO2
• 333 3.75 50.35 12.47 −9.15 [20,21]

MeOH + 
O

333 1.05 53.87 12.68 −7.50 [22]

EtOH + HO2
• 333 19.3 44.69 12.52 −8.76 [3,21]

EtOH + 
O

333 1.93 51.07 13.11 −4.11 [22]

Me2CHOH + HO2
• 333 13.36 43.80 13.02 −4.89 [23,24]

Me2CHOH + 
O

333 1.99 49.06 13.46 −1.32 [22]

O
H

+ HO2
• 

+ HO2
• 

333 0.97 51.05 14.03 3.44 [25]

O
H 333 1.07 50.78 14.00 3.16 [24]

O
H

+
O

O
•

O
•

O
•

O
•

333 2.47 48.47 13.51 −0.88 [22]

O
H

+ CCl3CCl2OO• 

348 2500 30.64 13.60 −0.19 [26]

O
H

+ CHCl2CCl2OO•

348 1000 33.29 13.85 1.91 [26]

O
H

+ MePhCHOO•

333 0.29 54.39 13.82 1.62 [26]

CH2OHCH2OH +

MeCH(OO•)(CH2)13Me

403 28.1 55.15 13.48 −1.14 [17]

CH2OH(CH2)2CH2OH +

MeCH(OO•)(CH2)13Me

403 30.4 54.89 13.27 −2.88 [17]

CH2OHCH2CHOHMe +

MeCH(OO•)(CH2)13Me

403 36.0 49.68 13.67 0.40 [17]

Me2C(CH2OH)2 + 

MeCH(OO•)(CH2)13Me

403 964 43.31 11.68 −14.89 [17]

EtC(CH2OH)3 + 

MeCH(OO•)(CH2)13Me

403 296 48.63 12.44 −9.35 [17]

Me(CHOH)2OPr +

MeCH(OO•)(CH2)13Me

403 56 50.52 14.03 3.48 [17]
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of the DEH/DH ratio is 0.52+ 0.13. Along with reaction enthalpy, the activation energy of

the reaction of peroxyl radical with the C��H bond of alcohol depends on the force

constants of the reacting bonds (parameter bC��H¼ 3.473� 1011 kJ1/2 mol�1/2 m�1 and

bO��H¼ 4.600� 1011 kJ1/2 mol�1/2 m�1), triplet repulsion in the TS, difference in the electron

affinity of C and O atoms in the TS, radii of C and O atoms, and p-C��C bonds in the

vicinity of the reaction center (see Chapter 6).

In addition to these factors, a new one, namely the interaction of the polar O��H group

with the polar C � � � H � � � O��O reaction center of the TS, appears to be important [53].

The contribution of polar interaction DEm to the activation energy can be estimated by

IPM in Equation (6.32) (Chapter 6) or as difference: DEm¼Ee0(R
1O2

.þHROH)

�Ee0(R
1O2

.þR1H). Polar interaction in the reaction of peroxyl radicals with alcohols

change the activation energy value of thermoneutral reaction (see Table 7.8). The values of

DEm vary from �15 to þ3 kJ mol�1 and most of them are negative. This means that the polar

interaction, as a rule, decreases the energy of the TS.

The quantum-chemical calculation of the activation energies of reactions: EtOO
.þEtH

and EtOO
.þEtOH by the DFT method supports this result [54]. For the reaction of EtOO

.

with ethane, the calculated E value is 82 kJ mol�1, DH¼ 76 kJ mol�1, and Ee0¼ 56 kJ mol�1.

For the reaction of EtOO
.

with ethanol E¼ 52.7. The structure of TS is presented in

Figure 7.1.

The polar interaction of the hydroxyl and the peroxyl groups in the TS changes the

geometry of the reaction center. This center has virtually a linear configuration in the reaction

EtOO
.þEtH [54]: atoms C � � �H � � �O are situated practically on the straight line

(w(CHO)¼ 1768). The polar interaction of the O��H and O��O bonds in the TS of the

reaction EtOO
.þEtH transforms the geometry of the reaction center decreasing w(CHO)

from 1768 to 1608 [54]. The IPM method gives simple equations for the calculation of angle

w(OCHO) for such reactions using experimental values of the activation energy and the

enthalpy of reaction (Equations [6.35]–[6.38] in Chapter 6). The results of calculation of the

r(C��H) and r(O��H) distances and w(CHO) angle in the reaction center for reactions

R1OO
.þHROH and HOO

.þHROH are presented in Table 7.9.

1.522

1.497
1.474

100.0

1.977

159.7

1.373

1.206

1.500

1.402

C

C

O

C

C

O

O H

H

FIGURE 7.1 Geometry of transition state of abstraction reaction EtO2
. þ MeCH2OH calculated by

DFT method [54].
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TABLE 7.9
Kinetic and Geometric Parameters of TS of Peroxyl Radicals Reactions with Alcohols

Calculated by the IPM Method (Equations [6.35–6.38]) [54]

Reaction

DHe

(kJ mol-1)

Ee

(kJ mol-1)

r(C-H) �

1010(m)

r(O-H) �

1010(m)

r(C-O) �

1010(m) j�

AC−H � 108 (L mol-1 s-1)
MeOH + HO2

• 38.2 66.4 1.404

MeOH + 
O

O
• 41.7 69.9 1.412

EtOH + HO2
• 27.0 60.7 1.390

EtOH +
O

O
• 30.5 67.1 1.405

Me2CHOH + HO2
• 17.7 59.8 1.388

Me2CHOH +
O

O
• 21.2 65.1 1.401

O
H

+ HO2
•

+ HO2
•

15.6 67.1 1.405

O
H 15.6 66.8 1.405

O
H

+ 
O

O
• 19.1 64.5 1.399

O
H

+ CCl3CCl2OO•

−22.6 46.6 1.353

O
H

+ CHCl2CCl2OO•

−21.2 49.2 1.360

O
H

+ Me2PhCHOO•

26.0 70.4 1.413

CH2OHCH2OH +
   MeCH(OO•)(CH2)13Me

32.2 70.9 1.414

CH2OH(CH2)2CH2OH +
   MeCH(OO•)(CH2)13Me

34.9 70.6 1.413

CH2OHCH2CHOHMe +
   MeCH(OO•)(CH2)13Me 

18.4 65.4 1.401

Me2C(CH2OH)2 +
   MeCH(OO•)(CH2)13Me 

34.9 59.0 1.386

EtC(CH2OH)3 +
   MeCH(OO•)(CH2)13Me 

34.9 64.3 1.399

Me(CHOH)2OPr +
   MeCH(OO•)(CH2)13Me

13.8 66.2 1.403

1.180

1.172

1.194

1.179

1.196

1.183

1.195

1.194

1.185

1.231

1.233

1.179

1.170

1.171

1.185

1.198

1.185

1.197

2.540

2.548

2.542

2.565

2.561

2.578

2.600

2.599

2.580

2.583

2.593

2.592

2.579

2.570

2.586

2.509

2.538

2.600

158

161

159

166

165

172

180.0

180.0

174

177

180

180

173

168

180

152

158

180

continued
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A good linear dependence between cos[1808�w(CHO)] and DEm is observed (Figure 7.2).

It has the following analytical expression:

cos [180� � w(CHO)] ¼ 1þ 8:14� 10�3 � DEm (7:2)

An additional polar interaction called multidipole interaction is observed in reactions of peroxyl

radicals with polyatomic alcohols [55]. A few polar O��H groups interact with the polar

reaction center C � � �H � � �O in such systems. A few examples of such interaction are given

here [17]. Multidipole interaction sufficiently changes the thermoneutral activation energy of

the reaction HOO
.þ alcohol [54] and can be characterized by increment DDEm.

Alcohol Ee0 (kJ mol21) Alcohol Ee0 (kJ mol21) DDEm (kJ mol21)

HOCH2CH2OH 55.2 MeCH2OH 47.6 7.6

HOCH2(CH2)2CH2OH 53.5 MeCH2OH 47.6 5.9

MeCHOHCH2CH2OH 56.8 Me2CHOH 51.4 5.4

Me2C(CH2OH)2 41.4 MeCH2OH 47.6 �6.2

EtC(CH2OH)3 47.0 MeCH2OH 47.6 �0.6

MeC(CH2OH)2OPr 59.8 MeCH2OH 47.6 12.2

TABLE 7.9
Kinetic and Geometric Parameters of TS of Peroxyl Radicals Reactions with Alcohols

Calculated by the IPM Method (Equation [6.35–6.38]) [54]—continued

O

O

O

OH
H

H + 

MeCH(OO•)(CH2)13Me

13.8 1.383 164

PhCH2OH + HO2
• −5.9 1.386 174

PhCH2OH +
O

O
• −2.4 1.382 167

PhCH2OH + Me2PhCOO• 4.5 1.397 173

PhMeCHOH +

−16.8 1.382 180PhMeCHOH + HO2
•

−13.3 1.381 180

PhCH2OH + MePhCHOO• −2.4 1.389 172

PhCH2OH + Ph2CHOO• −2.4

57.9

59.3

57.7

63.7

57.4

57.2

60.4

62.1 1.393

1.178

1.225

1.229

1.214

1.239

1.233

1.222

1.221

2.561

2.609

2.595

2.608

2.621

2.614

2.607

2.615 180

A
C−H � 108 (L mol-1 s-1)

A
C-H � 107 (L mol-1 s-1)

Reaction

DHe

(kJ mol-1)

Ee

(kJ mol-1)

r(C-H) �

1010(m)

r(O-H) �

1010(m)

r(C-O) �

1010(m) j�

OO•
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Polar solvents have no effect on the rate constant of the reaction RO2
.þRH [56]. This means

that the solvation energies of the peroxyl radical RO2
.
and TS RO2 � � � HR are very close.

A different situation was observed for the reaction of cumylperoxyl radical with benzyl

alcohol (see Table 7.10). The rate constant of this reaction is twice in polar dimethylsulfoxide

(«¼ 33.6) than that in cumene («¼ 2.25). It was observed that the very important

property of the solvent is basicity (B), that is, affinity to proton. A linear correlation

TABLE 7.10
Comparison of Solvent in Fluence on Rate Constants and Activation Energy of Cumylperoxyl

Radical with Cumene and Benzyl Alcohol [56]

Solvent «
k (348 K) (L mol21 s21) E (kJ mol21) k (348 K) (L mol21 s21) E (kJ mol21)

Me2PhCH PhCH2OH

Cumene 2.25 1.1 36.5 11.4 13.5

Chlorobenzene 3.48 1.1 27.8 10.4 16.1

Bromobenzene 3.44 1.2 32.3 10.3 10.9

Acetophenone 10.93 1.2 41.3 10.4 9.3

Benzonitrile 6.71 1.4 36.6 11.2 19.4

Dimethylsulfoxide 33.6 1.4 33.8 21.6 13.5

Pyridine 5.8 1.0 34.7 25.8 19.1

−14−12−10−8−6−4−20
0.00

0.02

0.04

1−
co

s(
18

0�
−j

)

0.06

0.08

0.10

0.12

0.14

−∆Em

FIGURE 7.2 The dependence of 1–cos(180�w) on DEm for reactions of peroxyl radicals with alcohols.
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between the rate constant of the cumylperoxyl reaction with benzyl alcohol and basicity B was

found [56].

ln k ¼ 6:54� 12450

RT
þ 7:71� 10�3exp(449=T)B (7:3)

7.1.5 CHAIN GENERATION IN AUTOXIDATION OF ALCOHOLS

7.1.5.1 Chain Generation by Reaction with Dioxygen

In alcohol undergoing oxidation in the absence of initiators, free radicals are formed by

bimolecular and trimolecular reactions of alcohol with dioxygen [8,9]:

HROHþO2 �! HOR
. þHOO

.

2HROHþO2 �! HOR
. þH2O2 þR

.

The enthalpy of the bimolecular reaction is DH¼D(H��ROH)� 220�DDH (solvation

reactants and products). It may be assumed that the heats of dissolution in the alcoholic

medium are the same for HROH and HOR
.
, and that the enthalpies of dissolution are �34 kJ

mol�1 for HO2
.
, �16 kJ mol�1 for O2, and �54 kJ mol�1 for H2O2 (as in H2O). Thus DH ¼¼

D(H��ROH)� 238 kJ mol�1 for the bimolecular reaction and DH¼ 2D(H��ROH)� 608 kJ

mol�1 for the trimolecular reaction. One can expect that TS of the trimolecular reaction is

more polar and more solvated than that of the bimolecular reaction. So, the trimolecular

reaction can predominate in the oxidation of many alcohols.

The mechanism of chain initiation in cyclohexanol by the reaction with dioxygen was

studied by the inhibitor method [57]. It was established that

vi0 ¼ ki[HROH]2[O2] (7:4)

that is, chain initiation takes place by the trimolecular reaction with the rate constant k¼ 8.3

exp(�66.9/RT) L2 mol�2 s�1. The pre-exponential factor seems to be very low (10 compared

with 103–105 for tetralin, see Chapter 2). If we suppose E¼DH¼ 170 kJ mol�1 so we obtain

the following expression for the trimolecular rate constant: ki¼ 2.4� 1014 exp(�170/RT) L2

mol�2 s�1. It is very probable that the trimolecular reaction proceeds through the preliminary

association of two alcohol molecules via hydrogen bond.

7.1.5.2 Decomposition of Hydrogen Peroxide into Free Radicals

In the absence of an initiator, alcohols are oxidized with self-acceleration [7–9]. As in the

oxidation of hydrocarbons, the increase in the reaction rate is due to the formation of

peroxides initiating the chains. The kinetics of radical formation from peroxides was studied

for the oxidation of isopropyl alcohol [58] and cyclohexanol [59,60].

In the oxidation of isopropyl alcohol, the kinetics of formation of hydrogen peroxide for

[H2O2]¼ 0.7 mol L�1 is described by the equation [58]

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

[H2O2]
p

[HROH]
¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

[H2O2]0
p

[HROH]0
þ kp

ffiffiffiffi

ki

p
ffiffiffiffiffiffiffi

2kt

p � t (7:5)

This equation agrees with the chain mechanism for the oxidation of the 2-propanol, under the

condition that H2O2 is the only source of radicals and the rate of initiation is vi¼ ki[H2O2].
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The experimental results were used to estimate the value of effective unimolecular rate

constant ki [58]. The latter was found to be equal to ki¼ 1.1� 107 exp(�96.2/RT) s�1.

The formation of radicals from hydrogen peroxide in cyclohexanol was measured by the

free radical acceptor method [60]; the effective rate constant of initiation was found to be

equal to ki¼ 9.0� 106 exp(�90.3/RT) s�1. For the first-order decomposition of H2O2 in an

alcohol medium, the following reactions were discussed.

Reaction DH (kJ mol21)

HOOH �! HO
.þ .

OH 215

HOOHþH��OCHMe2 �! HO
.þH2OþMe2CHO

.
150

HOOHþH��C(OH)Me2 �! HO
.þH2OþMe2C

.
OH 107

Since for an endothermic reaction the activation energy E � DH, all such reactions cannot

explain the experimental value of the activation energy (see Chapter 4). The following

mechanism seems to be the most probable now. Hydrogen peroxide is protonized in a polar

alcohol solution. Protonization of H2O2 intensifies its oxidizing reactivity. Protonized hydro-

gen peroxide reacts with alcohol with free radical formation.

ROHþROH RO� þROH2
þ

HOOHþROH2
þ HOOH2

þ þROH

HOOH2
þ þROH �! HO

. þH3O
þ þRO

.

The phenomenon of acid catalysis of peroxide homolytic splitting will be discussed in

Chapter 10.

In addition to hydroperoxide decomposition by the reaction of the first-order bimolecular

decomposition was observed in cyclohexanol at [H2O2]> 1M [60]. The bimolecular radical

generation occurs with the rate constant ki¼ 6.8� 108 exp(�121.7/RT) L mol�1 s�1. The

following mechanism was suggested as the most probable.

HOOHþHOOH HOO(H) � � � HOOH

HOO(H) � � � HOOH �! HO
. þH2OþHOO

.

The enthalpy of this reaction (DH¼ 86 kJ mol�1) is in good agreement with the experimental

activation energy (E¼ 122 kJ mol�1).

7.1.5.3 Chain Generation by Reaction of Hydrogen Peroxide with Carbonyl Compound

Oxidation of alcohol produces hydrogen peroxide and carbonyl compound simultaneously

(aldehyde and ketone from primary and secondary alcohols, respectively). Carbonyl com-

pound is formed as a result of alkylhydroxyperoxyl radical decomposition

R1R2C(OO
.
)OH �! R1R2C(O)þHO2

.

and from hydroxyhydroperoxide via reversible decomposition

R1R2C(OH)OOH R1R2C(O)þHOOH
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During the early period of oxidation, this equilibrium is shifted to the right due to the very

low concentration of carbonyl compound. The concentration of carbonyl compound is

increasing during oxidation and in parallel the concentration of hydroxyperoxide increases.

The thermodynamic parameters of this equilibrium are the following for formaldehyde and

acetone in the gas phase [46].

DH (kJ mol21) DS (J mol21 K) DG (350 K) (kJ mol21) K (300 K) (L mol21) K (350 K) (L mol21)

H2C(O) 1 HOOH H2C(OH)OOH

�67.9 �133.4 �21.2 7.15� 104 1.46� 103

Me2C(O) 1 HOOH Me2C(OH)OOH

�53.6 �157.8 1.6 12.3 0.57

One can see that the equilibrium is shifted to the right in the case of formaldehyde and it is

nearly 50/50 for acetone (350 K).

Ketones play an important role in the decomposition of peroxides to form radicals in

alcohols undergoing oxidation. The formed hydroxyhydroperoxide decomposes to form

radicals more rapidly than hydrogen peroxide. With an increase in the ketone concentration,

there is an increase in the proportion of peroxide in the form of hydroxyhydroperoxide, with

the corresponding increase in the rate of formation of radicals. This was proved by the

acceptor radical method in the cyclohexanol–cyclohexanone–hydrogen peroxide system

[59]. The equilibrium constant was found to be K¼ 0.10 L mol�1 (373 K), 0.11 L mol�1

(383 K), and 0.12 L mol�1 (393 K). The rate constant of free radical generation results in

the formation of cyclohexylhydroxy hydroperoxide decomposition and was found to be

ki¼ 2.2� 104 exp(�67.8/RT) s�1 [59].

In isopropyl alcohol hydrogen peroxide and acetone evidently form the hydroxyhydro-

peroxide, which decomposes rapidly to form radicals. The rate of initiation is

ni0 ¼ kiK [H2O2] [Me2C(O)], (7:6)

and kiK¼ 1.2� 10�6 L mol�1 s�1 at 391 K [58]. The decomposition of peroxides ArCH(O-

H)OOH occurs with the following rate constants [61].

O

F

O

F

F F

FF

ArCH(O) T (K) E (kJ mol-1) log A, A (s-1) k1 (s-1) (333K)

333−348PhCH(O)

323−343

353−373

122.5

129.2

160.0

14.06

15.43

18.26

7.00 � 10−6

1.46 � 10−5

1.54 � 10−7
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7.2 OXIDATION OF ETHERS

7.2.1 INTRODUCTION

The oxidation of ethers by dioxygen is very similar to hydrocarbon oxidation. The following

three peculiarities of ethers can be mentioned since they influence the mechanism of their

oxidation by dioxygen.

1. The BDE of the a-C��H bonds of ethers R1R2CHOCHR1R2 are weaker in compari-

son with the C��H bonds of the parent hydrocarbons [2]. When a-C��H of ether is

cleaved, the formed a-alkoxyalkyl radical is stabilized by the interaction of an unpaired

electron with p-electrons of the oxygen atom. Therefore, the attack of the peroxyl

radical on the ether molecule occurs more rapidly than on hydrocarbon. Most of the

ethers are easily oxidized by dioxygen at moderate temperatures. Table 7.11 contains a

list of BDEs of ethers, as well as BDEs of hydrocarbons, and values of enthalpies of

peroxyl radical abstraction with ether.

2. A molecule of linear alkyl ether possesses a very convenient geometry for intramolecu-

lar hydrogen atom abstraction by the peroxyl radical. Therefore, chain propagation is

performed by two ways in oxidized ethers: intermolecular and intramolecular. As a

result, two peroxides as primary intermediates are formed from ether due to oxidation,

namely, hydroperoxide and dihydroperoxide [62].

RCHOCHR

OOH

OOH
RCHOCHR

OOH
R•CHOCHR

OOH

RCH2OCHR

OOH

RCH2OCHR
O2

OO•

OO•

RH

R•

R•

RH

3. Ethers are polar compounds. A molecule of ether possesess a dipole moment. m

(Debye) values of a few ethers are given below [6].

MeOMe Z-MeOEt EtOEt PrOPr [Me2CH]2O O H

H O

O

H H

1.30 1.17 1.15 1.21 1.13 1.75 2.06

The polar media influences the reaction of peroxyl radicals with ether as on the reaction of

two polar reagents [10] and on chain generation by the reaction of ether with dioxygen as

reaction with the polar TS.

The mechanism and kinetics of ether oxidation are discussed in monographs [7–10]. The

valuable information about the chemistry of ether oxidation is given in Ref. [8]. The photo-

and radiation-induced oxidation of ethers are described.
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TABLE 7.11
Energies of a-C��H Bonds Dissociation in Ethers and Enthalpies of Secondary

Alkylperoxyl Radical Reactions with Ethers [2]

Ether Bond D (kJ mol-1) DH (kJ mol-1)

Methane, oxybis- MeOCH2−H 411.9 46.4

Ethane, oxybis- EtOMeCH−H 399.5 34.0

Propane, 2,2�-oxybis- Me2CHOMe2C−H 390.8 25.3

Butane, 1,1�-oxybis- BuOPrCH−H 392.2 26.7

Cyclohexane, methoxy- H

OCH3

399.6 34.1

1-Propene, 3,3�-oxybis- [CH2=CH(CH−H)]2O 360.0 −5.5

1-Propene-2-methyl, 3,3�-oxybis- [CH2=CMeCH−H]2O 349.9 −15.6

1-Butene-2-methyl, 3,3�-oxybis- [CH2=CMe(C−H)Me]2O 339.2 −26.3

1-Propene-2-ethyl, 3,3�-oxybis- [CH2=CEtCH−H]2O 359.7 −5.8

Z-2-Butene, 1,1�-oxybis- (Z-MeCH=CHCH−H)2O 347.8 −17.7

E-2-Butene, 1,1�-oxybis- (E-MeCH=CHCH−H)2O 348.8 −16.7

2-Butene-2-methyl, 1,1�-oxybis- [MeCH=CMeCH−H]2O 344.4 −21.1

1-Propine, 3,3�-oxybis- [CH≡CCH−H]2O 351.8 −13.7

1-Butine, 3,3�-oxybis- [CH≡CC−HMe]2O 338.8 −26.7

2-Butine, 4,4�-oxybis- [MeC≡CCH−H]2O 346.7 −18.8

2-Pentine, 4,4�-oxybis- [MeC≡CC−HMe]2O 333.8 −31.7

Anisole PhOCH2−H 385.0 19.5

Methane, phenylmethoxy- PhCH−HOMe 359.0 −6.5

Benzene, bis-1,1�-[oxybis(methylene)] [Ph(C−H)H]2O 359.0 −6.5

Methane, diphenylmethoxy- Ph2(C−H)OMe 354.1 −11.4

1,1-Dimethoxyethane (MeO)2MeC−H 387.2 21.7

Diethoxymethane (EtO)2CH−H 390.1 24.6

Dipropoxymethane (PrO)2CH−H 391.8 26.3

Dibutoxymethane (BuO)2MeC−H 390.2 24.7

Dimethoxyphenylmethane PhC−H(OMe)2 353.9 −11.6

Oxirane, 2-methyl- O

H

376.0 10.5

Furane

O
H

408.0 42.5

Tetrahydrofurane O H

H

391.6 26.1

Tetrahydrofurane, 2-methyl- O

H

384.1 18.6

Tetrahydrofurane, 2,5-dimethyl- O

H

387.5 22.0

1,3-Dioxalane, 2-methyl-

O

O

H

377.1 11.6

1,3-Dioxalane, 4,4-dimethyl-

O

O H

H

394.8 29.3

1,3-Dioxalane, 2-methyl-2-propyl-

O

O
H

H

381.7 16.2
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7.2.2 CHAIN OXIDATION OF ETHERS

Like hydrocarbons, ethers are oxidized by dioxygen via the chain mechanism. The mechanism

of ether oxidation with initiator I includes the following elementary steps [8,9]:

I �! r
.

r
. þR1OCH2R �! rHþR1OC

.
HR

R1OC
.
HRþO2 �! R1OCH(OO

.
)R

R1OCH(OO
.
)RþR1OCH2R �! R1OCH(OOH)RþR1OC

.
HR kp

TABLE 7.11
Energies of a-C��H Bonds Dissociation in Ethers and Enthalpies of Secondary

Alkylperoxyl Radical Reactions with Ethers [2]—continued

γ-Pyrane, tetrahydro- 401.7 36.2

γ-Pyrane, tetrahydro-2,2-dimethyl-4-oxo- 389.6 24.1

Dioxane 405.4 39.9

1,3-Dioxane 390.8 25.3

1,3-Dioxane, 2,4-dimethyl- 373.0 7.5

1,3-Dioxane, 2-propyl- 377.7 12.2

1,3-Dioxane, 2-propyl-5,5-dimethyl- 365.7 0.2

1,3-Dioxane, 2-methylethyl-4,
   4-dimethyl-

382.0 16.5

Spiro[5.5]undecane, 2,5-dioxa- 396.2 30.7

1,3-Dioxepane 393.5 28.0

1,3-Dioxepane, 2-methylethyl-

O

H H

O

O H
H

O

O H

H

O
O

H H

O

O

H

O

O

H

O

O

H

O

O

H

O

O
H

H

OO

H H

O

O H 378.2 12.7

Ether Bond D (kJ mol-1) DH (kJ mol-1)
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RCH(OO
.
)OCH2R �! RCH(OOH)OC

.
HR kp

0

RCH(OOH)OC
.
HRþO2 �! RCH(OOH)OCH(OO

.
)R

RCH(OOH)OCH(OO
.
)RþRiH �! RCH(OOH)OCH(OOH)RþRi

.

2RCH(OO
.
)OCH2R �! RCH(OH)OCH2R þRC(O)OCH2RþO2 kt

The rate of initiated ether oxidation at high dioxygen pressures obeys the equation [8,9]:

n ¼ (kp[RCH2OCH2R]þ kp
0)(2kt)

�1=2[O2]
0n

1=2
i (7:7)

The values of rate constant ratio kp(2kt)
�1/2 are collected in Table 7.12, and absolute rate

constants kp and 2kt are given in Table 7.13.

Intramolecular hydrogen atom abstraction occurs rapidly in oxidized ethers. The rate

constants of intramolecular hydrogen atom abstraction have the following values.

Reaction T (K) kp
0(s21) Ref.

PhCH(OO
.
)OCH2Ph �! Ph(CH(OOH)OC

.
HPh 303 86 [62]

PhCH(OO
.
)OCH2Ph �! Ph(CH(OOH)OC

.
HPh 323 110 [69]

PhCH(OOH)OCH(OO
.
)Ph �! PhCH(O)OCH(OOH)PhþHO

.
323 9.5 [69]

Let us compare the competition of intermolecular and intramolecular chain propagations in

oxidized dibenzyl ether. The rate constant kp(RO2
.þRH)¼ 95 L mol�1s�1 (T¼ 303 K, Table

7.13), ether concentration [PhCH2OCH2Ph]¼ 5.26 mol L�1, kp
0(RO2

. ! R
.
)¼ 86 (s�1), and

ratio kp[PhCH2OCH2Ph]/kp
0 ¼ 5.8. The ratio of the formed dihydroperoxide to monohydro-

peroxide was estimated as 0.35 for the oxidation of diisopropyl ether (T¼ 303 K) and 0.60 for

oxidation of the dibenzyl ether (T¼ 303 K) [8].

Chain generation by the reaction of diacetals of different structures with dioxygen was

studied by the method of free radical acceptors. Free radical generation was found to occur

with the rate constant [68]

vi ¼ ki0[(RO)2CHR1]2[O2] (7:8)

This shows that the free radical generation proceeds via the trimolecular reaction

(see Chapter 2).

(RO)2CHR1 þO2 þ (RO)2CHR1 �! (RO)2C
.
R1 þH2O2 þ (RO)2C

.
R1

The preference of the trimolecular reaction over bimolecular RHþO2 is the result of weak

C��H bond in diacetals and a polar media (see Chapter 4). The last factor is important for the

energy of formation of very polar TS of the trimolecular reaction. The rate constants of

trimolecular reactions are presented in Table 7.14.

The autoxidation of ethers occurs with self-acceleration as autoxidation of hydrocarbons.

The kinetics of such reactions was discussed earlier (see Chapter 2). The autoacceleration of

ether oxidation occurs by the initiating activity of the formed hydroperoxide. The rate

constants of initiation formed by hydroperoxides were estimated from the parabolic kinetic
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TABLE 7.12
The Values of kp(2kt)

21/2 for Oxidation of Ethers

Ether T (K) kp(2kt)
-1/2  (L mol-1 s-1)1/2 Ref.

Me2CHOCHMe2 3.7 � 10−3 [63]

Me2CHOCHMe2 1.4 � 10−3 [64]

Me2CHOCHMe2 1.41 � 10−3 [16]

PrCH2OCH2Pr 1.0 � 10−4 [63]

PrCH2OCH2Pr 1.0 � 10−3 [64]

PrCH2OCH2Pr 6.7 � 10−4 [16]

Me2CHOCMe3 1.0 � 10−3 [63]

H

OCH3

1.6 � 103 exp(−41.0/RT) [18]

PhCH2OCH2Ph 8.5 � 102 exp(−28.4/RT) [65]

PhCH2OCH2Ph 1.1 � 104 exp(−37.7/RT) [65]

PhCH2OCH2Ph 2.3 � 103 exp(−33.5/RT) [66]

PhCH2OCH2Ph 7.1 � 10−3 [63]

PhCH2OCH2Ph 1.18 � 10−2 [65]

PhCH2OCH2Ph 1.33 � 10−2 [16]

PhMeCHOCHMePh 3.0 � 10−2 [63]

PhMeCHOCHMePh 2.0 � 10−3 [16]

PhCH2OPh 3 � 10−4 [63]

PhCH2OPh 1.48 � 10−4 [67]

PhCH2OCMe3 2.75 � 10−3 [63]

O 3.98 � 104 exp(−47.8/RT) [68]

CH2(OMe)2 1.0 � 10−4 [68]

CH2(OEt)2 8.91 � 103 exp(−45.6/RT) [68]

CH2(OCH2Et)2 7.41 � 103 exp(−46.0/RT) [68]

CH2(OCH2Pr)2 1.02 � 104 exp(−46.0/RT) [68]

CH2(OCH2CHMe2)2 1.23 � 104 exp(−47.0/RT) [68]

MeCH(OMe)2 3.30 � 10−4 [68]

MeCH(OCH2Me)2 5.75 � 102 exp(−35.0/RT) [68]

MeCH(OCH2Et)2 2.09 � 104 exp(−45.6/RT) [68]

MeCH(OCH2Pr)2 2.95 � 104 exp(−46.0/RT) [68]

MeCH(OCH2CHMe2)2 2.63 � 103 exp(−41.0/RT) [68]

O H

H

7.8 � 10−4 [63]

O

H

2.25 � 10−2 [63]

O

O H

H

303

333

333

303

343

333

303

323−354

273−303

308−338

303

333

333

303

333

303

303

303

303−343

303

303−343

303−343

303−343

303−343

303−343

303−343

303−343

303−343

303−343

303

303

303−343 2.01 � 103 exp(−32.7/RT) [68]

continued
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TABLE 7.12
The Values of kp(2kt)

21/2 for Oxidation of Ethers—continued

1.02 � 10−2 [68]

4.00 � 103 exp(−30.6/RT) [68]

3.16 � 102 exp(−35.2/RT) [68]

7.8 � 10−4 [63]

7.2 � 10−5 [63]

1.58 � 102 exp(−32.7/RT) [68]

3.1 � 103 exp(−40.6/RT) [68]

1.26 � 103 exp(−35.6/RT) [68]

2.5 � 102 exp(−31.4/RT) [68]

1.3 � 104 exp(−43.3/RT) [68]

1.58 � 102 exp(−33.9/RT) [68]

3.98 � 102 exp(−34.8/RT) [68]

2.51 � 102 exp(−35.6/RT) [68]

3.48 � 102 exp(−31.8/RT) [68]

1.26 � 103 exp(−36.9/RT) [68]

5.01 � 103 exp(−41.5/RT) [68]

3.16 � 103 exp(−27.2/RT) [68]

O

O H

H

O

O

H

O

O

H

O

H H

O

O H

H

O

O H

H

O

O H

H

O

O

H

O

O

H

O

O H

H

O

O

H

O

O

H

O

O H

H

O

O

H

O

O H

H

O

O

H

O

O

H

O

O
H

H

303

303−343

303−343

303

303

303−343

323−368

303−343

323−368

323−368

303−343

303−343

303−343

323−368

303−343

303−343

303−343

303−343 6.31 � 103 exp(−45.3/RT) [68]

Ether T (K) kp(2kt)
-1/2 (L mol-1 s-1)1/2 Ref.
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curves of dioxygen consumption of autoxidized ethers [68]. The measured rate constants are

given in Table 7.15.

7.2.3 CO-OXIDATION OF ETHERS AND HYDROCARBONS

The theory of chain co-oxidation of two reactants R1H and R2H was described earlier in

Chapter 5. The results of the study of ether co-oxidation with hydrocarbons and ether (1)

þ ether (2) are collected in Table 7.16.

These data appeared to be very useful for the estimation of the relative O�H bond

dissociation energies in hydroperoxides formed from peroxyl radicals of oxidized ethers. All

reactions of the type RO2
.þRH (RH is hydrocarbon) are reactions of the same class (see

Chapter 6). All these reactions are divided into three groups: RO2
.þR1H (alkane, parameter

bre¼ 13.62 (kJ mol�1)1/2, RO2
.þR2H (olefin, bre¼ 15.21 (kJ mol�1)1/2, and RO2

.þR3H

(akylaromatic hydrocarbon), bre¼ 14.32 (kJ mol�1)1/2 [71]. Only one factor, namely reaction

enthalpy, determines the activation energy of the reaction inside one group of reactions. Also,

TABLE 7.12
The values of kp(2kt)

21/2 for Oxidation of Ethers—continued

1.26 � 103 exp(−38.1/RT) [68]

1.26 � 103 exp(−38.1/RT) [68]

3.16 � 103 exp(−37.3/RT) [68]

3.0 � 102 exp(−30.5/RT) [68]

5.1 � 103 exp(−42.7/RT) [68]

6.31 � 102 exp(−34.3/RT) [68]

4.25 � 10−2 [63]

4.8 � 103 exp(−42.3/RT) [68]

O

OH

O

OPh H

H

O

O

H

Ph

O

O

H

O

OH

O

O

O

O H

H

O

H H

O

O H

H

O

O

O
H

H

303−343

303−343

303−343

323−368

323−368

303−343

303

323−368

303−343 6.31 � 102 exp(−35.2/RT) [68]

Ether T (K) kp(2kt)
-1/2 (L mol-1 s-1)1/2 Ref.
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TABLE 7.13
Rate Constants of Chain Propagation and Termination in Oxidized Ethers

Ether T (K) kp(L mol-1 s-1) 2kt (L mol-1 s-1) Ref.

MeCH2OCH2Me 303 5.0 � 108 exp(−3.2/RT) [63,64]

Me2CHOCHMe 303−343

303−343

303−343

303−343

303−343

303−343

303−343

303−343

2.0 � 108 exp(−50.3/RT) 2.0 � 1010 exp(−24.1RT) [63]

PrCH2OCH2Pr 303−343 4.4 � 108 exp(−49.7/RT) 5.0 � 108 exp(−3.2/RT) [63]

Me2CHOCMe3 303−333 1.0 � 108 exp(−50.4/RT) 2.0 � 1010 exp(−32.9/RT) [63]

PrCH2OCH2Ph 1.9 � 107 exp(−29.7/RT) 5.0 � 108 exp(−2.6/RT) [63,65]

PhCH2OPh 2.0 � 107 exp(−41.4/RT) 5.0 � 108 exp(−7.6/RT) [63]

PhCH2OCMe 2.0 � 107 exp(−35.6/RT) 5.0 � 108 exp(−7.3/RT) [63]

EtOCH2OEt 303 0.9 5.0 � 107 [68]
O H

H

4 � 108 exp(−46.2/RT) 5.0 � 108 exp(−7.0/RT) [63]

O

H

2 � 108 exp(−44.2/RT) 2.0 � 1010 exp(−32.7/RT) [63]

O

H H 4.0 � 108 exp(−46.7/RT) 5.0 � 108 exp(−8.0/RT) [63]

O

O H

H

8.0 � 108 exp(−53.3/RT) 5.0 � 108 exp(−5.8/RT) [63]

O

O H

H

303−343 5.0 � 107 exp(−41.5/RT) 1.7 � 109 exp(−20.1/RT) [68]

O

O H

H

303−343 5.0 � 107 exp(−42.3/RT) 5.7 � 108 exp(−9.2/RT) [68]

O

O

H

H
303−343 4.0 � 107 exp(−41.5/RT) 8.0 � 108 exp(−9.6/RT) [68]

O

O

H

303 1.4 2.4 � 106 [68]

O

O

H

303−343 1.7 � 107 exp(−44.4/RT) 4.0 � 109 exp(−19.3/RT) [68]

O

O

H

303−343 1.6 � 107 exp(−40.2/RT) 1.7 � 109 exp(−17.2/RT) [68]

O

O

H

303 34.3 3.5 � 107 [68]

O

O

H
H

343 2.3 1.1 � 107 [68]

O

OH
303−343 7.0 � 105 exp(−36.9/RT) 1.0 � 108 exp(−17.2/RT) [68]

O

O

H

303 0.59 2.0 � 107 [68]
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TABLE 7.14
Rate Constants of Radical Generation by Trimolecular Reaction of Dioxygen with

Ethers [68]

Ether T (K) ki (L
2 mol-2 s-1) E (kJ mol-1) log A, A (L2 mol-2 s-1)

(BuO)2CH2 393 1.4 � 10−8 67.0 1.00

(BuO)2CHMe2 373 1.7 � 10−8 88.0 4.00

O

O

H

393 1.6 � 10−8 74.6 2.6

O

O H

H

393 1.2 � 10−8 59.9 0.50

O

O

H

Ph
373 7.9 � 10−8 72.9 2.80

O

O

H

393 5.8 � 10−7 84.6 5.1

TABLE 7.15
Effective Rate Constants of Hydroperoxide Decomposition in Solution of Subsequent

Either [68]

Hydroperoxide T (K) kd ((s
-1) s-1) E (kJ mol-1) log A, A ((s-1) s-1)

(EtO)2CHOOH 343 85.0 6.5

(BuO)2CHOOH 343 83.4 6.1

[Me2CHCH2O]2CHOOH 343 79.0 5.4

(EtO)2CMeOOH 343 117.7 12.8

(BuO)2CMeOOH 343 97.6 9.2

O

O OOH

H

373 81.1 5.6

O

O OOH

H

343 115.6 10.8

O

O OOH
343 123.6 11.2

O

OOOH
373 114.0 10.1

O OOH

H

373

3.60 �10−7

2.51 �10−7

2.34 �107

7.52 �10−6

2.17 �10−6

1.75 �10−6

1.57 �10−7

2.38 �10−8

1.37 �10−6

1.96 �10−6
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the pre-exponential factor A is the same for all reactions of the same group. Therefore, one

can estimate the difference in DD¼Di(Ri��H)�D1(R1��H) using the experimental ratio of

rate constants of one peroxyl radical with different hydrocarbons RiH of the same group. If

the rate constants of reactions of different peroxyl radicals with the same hydrocarbon are

TABLE 7.16
Parameters of Co-Oxidation of Ethers and Hydrocarbons

Ether Hydrocarbon T (K) r1 r2 f Ref.

PrCH2OCH2Pr 333 0.41 3.2 1.3 [69]

PrCH2OCH2Pr Me2PhCH 333 2.3 0.17 0.21 [69]

Me2CHOCHMe2 333 0.72 4.3 0.14 [69]

Me2CHOCHMe2
H H 333 0.67 2.2 0.40 [69]

Me2CHOCHMe2 Me2PhCH 333 2.20 0.11 0.55 [69]

Me2CHOCHMe2 PrCH2OCH2Pr 333 1.60 0.65 1.70 [69]

Me2CHOCHMe2 Me2PhCOCPhMe2 333 0.61 0.84 2.10 [69]

PrCH2OCH2Me PhCH=CH2 333 0.20 3.8 [67]

PrCH2OCH2Me Me2PhCH 333 2.10 0.10 [67]

PrCH2OCH2Me H H 333 0.48 0.88 [67]

PhCH2OCH2Ph Me2PhCH 348 54.0 0.16 3.0 [70]

PhCH2OCH2Ph MePhCH2 348 20.0 0.15 2.8 [70]

PhCH2OCH2Ph PhCH3 348 20.0 0.03 0.9 [70]

PhCH2OCH2Ph

CH2−H

CH2−H

348 68.0 0.04 3.9 [70]

PhCH2OCH2Ph 348 52.0 0.07 0.9 [70]

Me2PhCOCPhMe2 333 0.10 5.0 1.10 [69]

Me2PhCOCPhMe2 Me2PhCH 333 9.5 0.5 0.87 [69]

O H

H

333 0.32 2.7 1.30 [69]

O H

H

H H 333 1.20 5.8 0.5 [69]

O H

H

Me2PhCH 333 5.80 0.11 0.07 [69]

O H

H O H

333 1.60 0.56 0.80 [69]

O H

PhCH=CH2 333 1.50 0.20 [69]

PhCH2OCH2Ph Me2PhCOCPhMe2 333 4.30 0.45 0.30 [69]
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measured, one can calculate the difference DEi¼Ei(RiO2
.þR1H)�E1(R1O2

.þR1H) and

DD¼Di(RiOO��H)�D1(R1OO��H) using ratio of rate constants. When hydrocarbon

R1H is chosen with the known BDE of the O��H bond of the formed hydroperoxide

R1OOH, one can estimate the BDE of the O��H bond of studied RiOOH. This method

was used to estimate the BDE of a few hydroperoxides [47,72]. When ether is the first

component of co-oxidation (R1H) and hydrocarbon is the second (R2H), the parameter

r1¼ kp11/kp12 and, therefore, one can calculate the absolute value kp12 as ratio: kp12¼ kp11/

r1. The difference of activation energies between the reactions R2O2
.þR2H and R1O2

.þR2H

was calculated according to the equation:

DE ¼ Ep12 � Ep22 ¼ RT ln (kp22=kp12) (7:9)

The difference of reaction enthalpies is DDH¼DHp22�DHp12¼D(R2��H)� D(R2OO��H)

�D(R2��H)þD(R1OO��H)¼D(R2OO��H)�D(R1OO��H)¼DD. This difference DD is

connected with DE by the following equation within the scope of IPM [71,72]:

DD ¼ 2brea
�1

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

Ee1 þ DE
p

�
ffiffiffiffiffiffiffi

Ee1

p

n o

þ a�2 � 1
� �

DE (7:10)

where parameters a and bre are characteristics of the chosen group of reactions and

Ee1¼Ep22þ 17.4� 0.5 RT kJ mol�1 (see Chapter 6). The results of calculation of DD for

the studied reactions (see Table 7.16 and Table 2.8) are presented in Table 7.17.

The following BDEs of the O��H bonds can be recommended for hydroperoxides formed

from ethers.

ROOH RCH(OOH)OR R2C(OOH)OR PhCH(OOH)OR O

OOH

D(O−H) (kJ mol−1) 367.3 358.4 ± 1.9 374.8 ± 0.4 367.6

Along with tertiary hydroperoxide of ether, the BDE of the O��H bonds of alkoxy

hydroperoxides are higher than that of similar hydrocarbons. Very valuable data

were obtained in experiments on ether oxidation (RiH) in the presence of hydroperoxide

(R1OOH). Peroxyl radicals of oxidized ether exchange very rapidly to peroxyl

radicals of added hydroperoxide ROOH and only RO2
.

reacts with ether (see

Chapter 5). The rate constants of alkylperoxyl radicals with several ethers are presented in

Table 7.18. The reactivity of ethers in reactions with peroxyl radicals will be analyzed in next

section.

7.2.4 REACTIVITY OF ETHERS IN REACTIONS WITH PEROXYL RADICALS

The reaction enthalpy is known as a very important factor that determines the reactivity of

reactants in free radical abstraction reactions [71]. The IPM method helps to calculate the

increment of DEH that enthalpy determines in the activation energy of the individual reaction.

This increment can be estimated within the scope of IPM through the comparison of

activation energy Ee of the chosen reaction and activation energy of the thermoneutral

reaction Ee0 (see Equation [6.18] in Chapter 6). This increment was calculated for several

reactions of different peroxyl radicals with ethers (Table 7.19).
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TABLE 7.17
Calculation of O��H Bond Dissociation Energies in Ether Hydroperoxides from Kinetic

Data (See Table 2.8 and Table 7.16)

R1H R2H

kp12

(L mol-1 s-1)

kp22

(L mol-1 s-1)

DE
(kJ mol-1)

DD
(kJ mol-1)

D(R1OO-H)

kJ mol-1)

PrCH2OCH2Pr 17.1

(333 K)

(333 K)

7.30 2.35 5.8 371.9

PrCH2OCH2Pr Me2PhCH 2.87 1.47 1.85 4.6 363.2

PrCH2OCH2Me Me2PhCH 4.90

(333 K)

1.47 3.33 8.2 366.8

Me2CHOCHMe2 3.58

(333 K)

7.30 −1.97 −45.5 360.0

Me2CHOCHMe2
H H 3.85

(333 K)

13.60 −3.50 −8.7 356.8

O H

H

H H 18.83

(333 K)

13.60 0.89 2.1 367.6

PhCH2OCH2Ph Me2PhCH 21.1

(348 K)

2.79 5.85 14.2 372.8

PhCH2OCH2Ph MePhCH2 22.5

(348 K)

4.33 4.76 11.2 376.7

TABLE 7.18
Rate Constants of Peroxyl Radical Reactions with Ethers

Ether RO2
• T (K) k (L mol-1 s-1) Ref.

PrCH2OCH2Pr Me3COO•

Me3COO•

Me3COO•

Me3COO•

Me3COO•

Me3COO•

Me3COO•

Me3COO•

303 6.4 � 10−2 [62]

Me2CHOCMe3 303 2.0 � 10−2 [62]

Me2CHOCHMe2 303 0.11 [62]

O

H H 303 2.4 � 10−2 [62]

PhCH2OCH2Ph 303 1.3 [62]

Me2PhCOCPhMe2 303 8.4 � 10−2 [62]

PhCH2OPh 303 0.20 [62]

O H

H

303 0.34 [62]
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TABLE 7.18
Rate Constants of Peroxyl Radical Reactions with Ethers—continued

Me2PhCOO• 303−343 2.5 � 106
 exp(−38.0/RT) [68]

Me2PhCOO• 303−343 3.2 � 106
 exp(−40.0/RT) [68]

Me2PhCOO• 303−343 1.6 � 106 exp(−38.0/RT) [68]

O

O
H

H

O

O H

H

O

O H

H

O

O

H

Me2PhCOO• 303−343 7.4 � 106 exp(−44.0/RT) [68]

Ether RO2
• T (K) k (L mol-1 s-1) Ref.

PhCH2OCH2Ph EtOCH(OO•)Me 303 36.0 [62]

O H

H

EtOCH(OO•)Me 303 4.50 [62]

O H

H O

303 4.40 [62]

PhCH2OCH2Ph

O

303 25.7 [62]

O H

H

303 3.0 [62]

PhCH2OCH2Ph OO
•

OO
•

OO
•

OO
•

303 19.0 [62]

PhCH2OCMe3 Me3COO•

Me3COO•

303 1.10 [62]

O

H

303 0.80 [62]

(EtO)2CH2 Me2PhCOO•

Me2PhCOO•

Me2PhCOO•

Me2PhCOO•

Me2PhCOO•

Me2PhCOO•

Me2PhCOO•

Me2PhCOO•

343 1.2 [68]

(BuO)2CH2 343 1.5 [68]

(EtO)2CHMe 343 3.4 [68]

(BuO)2CHMe 343 3.7 [68]

O

O H

H

303−343 1.3 � 107 exp(−37.0/RT) [68]

O

O

H

303−343 6.3 � 106 exp(−41.0/RT) [68]

O

O H

H

303−343 1.6 � 106 exp(−37.0/RT) [68]

O

O

H

303−343 2.5 � 105 exp(−35.0/RT) [68]
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TABLE 7.19
Reaction Enthalpy and Polar Interaction as Factors that Influence on Activation Energy of

Reaction RO2
.

1 Ether (Equation [6.32])

Ether ROO•

DHe DEH DEm

(kJ mol-1) (kJ mol-1) (kJ mol-1) (kJ mol-1) (kJ mol-1)

Ee Ee0

(PrCH2)2O

(PrCH2)2O

Me3COO• 29.8 72.8 58.5 14.3 2.1

PrCH(OO•)OCHPr 17.1 65.5 57.5 8.0 1.1

(Me2CH)2

(Me2CH)2

Me3COO• 28.4 74.0 60.4 13.6 4.0

Me2C(OO•)OCHMe2 15.7 66.3 59.0 7.3 2.6

(PhCH2)2O

(PhCH2)2O

Me3COO• −3.4 59.4 60.9 −1.5 1.4

EtOCH(OO•)Me −16.1 51.1 58.0 −6.9 −4.3

O H

H

Me3COO• 28.5 68.6 54.9 13.7 −1.5

O H

H O

OO
•

OO
•

OO
•

20.2 62.2 52.6 9.6 −3.8

O H

H

EtOCH(OO•)Me 16.5 62.1 54.4 7.7 −2.0

O

H H Me3COO• 39.3 75.3 55.9 19.4 −0.5

O

H H

O

30.3 62.7 47.9 14.8 −8.5

(BuO)2CH2 29.4 69.3 55.1 14.2 −1.3

(EtO)2CHMe 24.8 65.8 54.0 11.8 −2.4

(BuO)2CHMe 24.8 64.8 52.9 11.9 −3.5

O

O H

H

29.2 66.8 52.7 14.1 −3.7

O

O H

H O

O 20.2 61.4 51.8 9.6 −4.6

O

O H

H

28.8 66.8 52.9 13.9 −3.5

O

O

H

10.6 68.1 63.2 4.9 6.8

O

O
H

H

28.8 66.5 52.66 13.9 −3.8

O

O H

H

Me2PhCOO•

Me2PhCOO•

Me2PhCOO•

Me2PhCOO•

Me2PhCOO•

Me2PhCOO•

Me2PhCOO•

Me2PhCOO•

31.1 68.0 52.9 15.1 −3.5
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TABLE 7.20
Geometrical Parameters of Transition State of Peroxyl Radical Reactions with Ethers

(Equations [6.35]–[6.38])

Ether ROO•
DHe

(kJ mol-1)

Ee

(kJ mol-1)

DEm
(kJ mol-1)

r(C-H) �

1010 (m)

r(O-H) �

1010 (m)

(PrCH2)2O

(PrCH2)2O

Me3COO• 37.1 72.8 −1.8 1.414 1.170 171

PrCH(OO•)OCHPr 28.4 65.5 −4.6 1.400 1.183 165

(Me2CH)2

(Me2CH)2

Me3COO• 28.4 74.0 4.0 1.412 1.172 180

Me2C(OO•)OCHMe2 28.6 66.3 −3.9 1.412 1.172 166

(PhCH2)2O

(PhCH2)2O

Me3COO• −3.4 59.4 −1.4 1.390 1.221 172

EtOCH(OO•)Me −12.1 51.1 0.0 1.377 1.234 180

O H

H

Me3COO• 29.2 68.6 −1.8 1.412 1.172 171

O H

H O

OO
•

OO
•

OO
•

20.5 62.2 −3.9 1.402 1.182 166

O H

H

EtOCH(OO•)Me 20.5 62.1 −4.2 1.403 1.180 166

O

H H Me3COO• 39.3 75.3 −0.5 1.425 1.159 175

O

H H

O

34.4 62.7 −10.8 1.419 1.165 157

(BuO)2CH2 27.7 69.3 −0.4 1.424 1.182 176

(EtO)2CHMe 24.8 65.8 −2.4 1.408 1.176 169

(BuO)2CHMe 24.8 64.8 −3.4 1.408 1.178 167

O

O H

H

28.8 66.8 −3.5 1.424 1.182 167

O

O H

H O

O 20.1 61.4 −4.5 1.414 1.176 165

O

O H

H

Me2PhCOO•

Me2PhCOO•

Me2PhCOO•

Me2PhCOO•

Me2PhCOO•

28.8 66.8 −3.0 1.412 1.170 168

O

O

H

Me2PhCOO• 25.1 68.1 −0.2 1.391 1.193 177

O

O
H

H

Me2PhCOO• 28.8 66.5 −3.3 1.411 1.170 167

O

O H

H

Me2PhCOO• 31.1 68.0 −3.4 1.415 1.169 167

j�
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Another important factor, which was noticed in reactions of peroxyl radicals with alco-

hols, is the polar factor. The polar reaction center O��O � � � H � � � C of the TS interacts with

the adjacent polar alkoxy group of ether (see dipole moments of ether in Section 7.2.1). This

interaction influences the activation energy of the reaction. The contribution of polar inter-

action to the activation energy was calculated by the IPM method (Chapter 6, Equation

[6.43]). The values of this contribution DEm are presented in Table 7.19. There are positive and

negative values of DEm. They vary from 4 to �8 kJ mol�1. The increment of DEm is negative

for reactions of benzyl ether, acetals, and cyclic ethers with the attacked >CH2 group. Vice

versa, reactions of cyclic ethers with attacked the tertiary C��H bond have in most cases

positive DEm. The values DHe and Ee calculated from experimental data can be used for the

evaluation of the geometric parameters of the TS, namely distances O � � � H, C � � � H, and

angle w(CHO). These values were calculated by the IPM method (Chapter 6, Equations

[6.35]–[6.38]) and are presented in Table 7.20. The angle w(CHO) in TS varies from 1808
to 1578.

In addition to the enthalpy and polar interaction, the following factors influence the

activation energy of these reactions: triplet repulsion, electron affinity of atoms C and O in

the TS, radii of C and O atoms, and p-bonds in the vicinity of the reaction center. These

factors were discussed in Chapter 6 in application to the reaction of peroxyl radicals with

hydrocarbons.
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8 Oxidation of Carbonyl
Compounds and
Decarboxylation of Acids

8.1 OXIDATION OF ALDEHYDES

8.1.1 INTRODUCTION

Aldehydes are oxidized very rapidly at moderate temperatures including room temperature.

This is the result of the common action of the following three factors:

1. Chain propagation in an oxidized aldehyde is limited by the reaction of the acylperoxyl

radical with the aldehyde. The dissociation energy of the O��H bond of the formed

peracid is sufficiently higher than that of the alkyl hydroperoxide. For example,

in hydroperoxide PhMeCHOOH, DO��H¼ 365.5 kJ mol�1 and in benzoic peracid

PhC(O)OOH, DO��H¼ 403.9 kJ mol�1 [1]. Therefore, acylperoxyl radicals are more

active in chain propagation reactions compared to alkylperoxyl radicals.

2. Carbonyl group of the aldehyde decreases the BDE of the adjacent C��H bond. This is

due to the stabilization of the formed acyl radical, resulting from the interaction of

the formed free valence with p-electrons of the carbonyl group. For example,

DC��H¼ 422 kJ mol�1 in ethane and DC��H¼ 373.8 kJ mol�1 in acetaldehyde. The

values of DC��H in aldehydes of different structures are presented in . In

addition, the values of the enthalpies of acylperoxyl radical reactions w

were calculated (DO��H¼ 387.1 kJ mol�1 in RC(O)OO�H).

3. Carbonyl groups are very polar due to the high difference in the electro

C and O atoms connected by the easily polarized p-bond. Aldehydes hav

of dipole moment (m) [3].

Aldehyde CH2(O) MeCH(O) CH2¼¼CHCH(O) EtCH(O) P

m (Debye) 2.33 2.75 3.12 2.52

The polar carbonyl group interacts with the polar transition state of the reaction

peroxyl radical and the C��H bond of the aldehyde. This interaction lowers t

energy of this reaction (see Section 8.1.4). As a result, all the three factors, vi

RC(O)OO��H bond formed, the weak C��H bond of the oxidized aldehyde, a

interaction in the transition state, contribute to lowering the activation energy o

RC(O)OO
.þRCH(O) and increasing the rate constant of the chain propagation

Section 8.1.4).
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Another peculiarity of the aldehyde oxidation is connected with the chemistry of the

primary molecular product of oxidation, acyl peracid. The formed peracid interacts with the

aldehydes to form peroxide with the structure RC(O)OOCH(OH)R [4,5]. This peroxide is

unstable and decomposes into acids and free radicals.

RC(O)OOCH(OH)R �! 2RC(O)OH

RC(O)OOCH(OH)R �! RCO2
. þRCH(OH)O

.

Therefore, aldehyde autoxidation produces an efficient autoinitiator.

Peracids react heterolytically with olefins with the formation of epoxides by the Prilezhaev

reaction. So, the co-oxidation of aldehydes with olefins has technological importance. Per-

acids react with ketones with formation of lactones. These reactions will be discussed in

Section 8.2. The oxidation of aldehydes are discussed in monographs [4 –8].

8.1.2 CHAIN MECHANISM OF ALDEHYDE OXIDATION

Aldehydes are oxidized by dioxygen by the chain mechanism in reactions brought about in

different ways: initiated, thermal, photochemical, and induced by radiation as well as in the

presence of transition metal compounds [4–8]. Oxidation chains are usually very long: from

200 to 50,000 units [4]. Acyl radicals add dioxygen very rapidly with a rate constant of 108–109

L mol�1 s�1 [4]. Therefore, the initiated chain oxidation of aldehyde includes the following

elementary steps at high dioxygen pressures [4–7]:

TABLE 8.1
The Values of the C��H Bond Dissociation Energies in Aldehydes DC��H and Enthalpies DH

of the Reaction of Acylperoxyl Radical (RC(O)OO.) with Aldehydes [2]

Aldehyde Bond DC��H (kJ mol21) DH (kJ mol21)

Formaldehyde H(O)C��H 377.8 �9.2

Acetaldehyde Me(O)C��H 373.8 �13.2

Acetaldehyde H��CH2CH(O) 394.3 7.3

Propanal Et(O)C��H 372.0 �15.0

Butanal Pr(O)C��H 371.2 �15.8

Pentanal Bu(O)C��H 372.0 �15.0

Propanal, 2-methyl- Me2CH(C��H)(O) 364.5 �22.5

Butanal, 3-methyl- Me2CHCH2(C��H)(O) 362.6 �24.4

Butanal, 2-methyl- MeCH2CH(CH3)(C��H)(O) 360.8 �26.2

Propanal, 2,2-dimethyl- Me3C(C��H)(O) 375.1 �11.9

Furfurol O
H

O

387.5 0.5

Propenal CH2¼¼CHC��H(O) 339.4 �47.6

Benzaldehyde PhC��H(O) 348.0 �39.0

Propanal, 2-methyl-2-phenyl- PhMe2CC��H(O) 362.9 �24.1

Arabinose CH2OH(CHOH)3C��H(O) 369.8 �17.2

Glucose CH2OH(CHOH)4C��H(O) 371.4 �15.6

D-Ribose CH2OH(CHOH)3C��H(O) 370.0 �17.0

Glyoxylic acid (C��H)(O)C(O)OH 375.3 �11.7
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I �! r
.

2ekd

r
. þRC(O)H �! rHþRC

.
(O) Fast

RC
.
(O)þO2 �! RC(O)OO

.
Fast

RC(O)OO
. þRC(O)H �! RC(O)OOHþRC

.
(O) kp

2 RC(O)OO
. �! Products 2kt

According to this scheme, the rate of absorption of dioxygen is given by

v ¼ kp(2kt)
�1=2[RCHO] [O2]

0v
1=2
i (8:1)

The values of kp(2kt)
�1/2 for various aldehydes obtained from experiments on the initiated

oxidation of aldehydes are given in Table 8.2.

The chain unit in the thermal and photochemical oxidation of aldehydes by molecular

dioxygen consists of two consecutive reactions: addition of dioxygen to the acyl radical and

abstraction reaction of the acylperoxyl radical with aldehyde. Experiments confirmed that

the primary product of the oxidation of aldehyde is the corresponding peroxyacid. Thus,

in the oxidation of n-heptaldehyde [10,16,17], acetaldehyde [4,18], benzaldehyde [13,14,18],

p-tolualdehyde [19], and other aldehydes, up to 90–95% of the corresponding peroxyacid were

detected in the initial stages. In the oxidation of acetaldehyde in acetic acid [20], chain

propagation includes not only the reactions of RC
.
(O) with O2 and RC(O)OO

.
with

RC(O)H, but also the exchange of radicals with solvent molecules (R¼CH3).

TABLE 8.2
The Values kp (2kt)

�1=2 for Chain Oxidation of Aldehydes

Aldehyde Solvent T (K) kp(2kt)
-1/2 (L mol-1 s-1)1/2 Ref.

MeC(O)H Chlorobenzene

Chlorobenzene

273 [9]

Me(CH2)5C(O)H 273 [9]

Me(CH2)5C(O)H Decane 276 [10]

Me(CH2)6C(O)H Chlorobenzene 273 [9]

Me(CH2)8C(O)H Decane 275−318 [11]

Me2CHC(O)H Chlorobenzene 283−303 [12]

Me3CC(O)H Chlorobenzene 273 [9]

O

H

Chlorobenzene 273 [9]

PhC(O)H Benzaldehyde 278−293 [13]

PhC(O)H Chlorobenzene 273 [9]

PhC(O)H Decane 278 [13]

PhC(O)H o-Dichlorobenzene 316 [14]

O

H

Chlorobenzene 333−363

0.26

0.39

0.10

0.47

3.44 � 102 exp(−17.6/RT )

9.7 exp(−15.9/RT )

0.96

0.44

3.46 � 105 exp(−7.5/RT )

0.29

0.13

0.29

2.4 � 104 exp(−15.9/RT ) [15]
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RC(O)OO
. þRC(O)OH �! RC(O)OOHþRC(O)O

.

RC(O)O
. �! R

. þ CO2

R
. þO2 �! ROO

.

ROO
. þRC(O)OO

. �! Products

The rate constants of chain propagation are presented in Table 8.3.

The recombination of acyl peroxide radicals leads to the formation of the corresponding

peroxide and the liberation of a dioxygen molecule. In the case of the photooxidation of

acetaldehyde and propionaldehyde in the gaseous phase [22,23], it was established using 18O

that dioxygen was liberated during the recombination of the peroxide radicals and it was

formed from oxygen atoms of both radicals. The mechanism of recombination of these

radicals was studied in more detail by Ingold, who proposed the following scheme [24]:

RC(O)OO
. þRC(O)OO

. �! RC(O)OOOOC(O)R

RC(O)OOOOC(O)R �! [RC(O)O
. þRC(O)O

.
]þO2

[RC(O)O
. þRC(O)O

.
] �! RC(O)OOC(O)R

[RC(O)O
. þRC(O)O

.
] �! 2RC(O)O

.

[RC(O)O
. þRC(O)O

.
] �! [R

. þR
.
]þ 2CO2

[R
. þR

.
] �! RR

[R
. þR

.
] �! R

. þR
.

The rate constants of chain termination by disproportionation of two acylperoxyl radicals are

collected in Table 8.4.

In thermal oxidation, chain initiation takes place by the reaction of the aldehyde with

dioxygen. Two reactions of chain generation in autoxidized aldehydes, namely, bimolecular

and trimolecular, were proved [25].

TABLE 8.3
Rate Constants for Chain Propagation in the Oxidation of Aldehydes

Aldehyde Solvent T (K) kp (L mol-1 s-1) Ref.

MeC(O)H Chlorobenzene

Chlorobenzene

Chlorobenzene

Chlorobenzene

Chlorobenzene

Chlorobenzene

273 2.7 � 102 [9]

Me(CH2)5C(O)H 273 3.1 � 102 [9]

Me(CH2)6C(O)H 273 3.9 � 102 [9]

Me(CH2)8C(O)H Decane

Decane

Decane

Decane

278 2.7 � 102

Me(CH2)8C(O)H 283−299 1.4 � 106 exp(−17.6/RT )

Me3CC(O)H 273 2.5 � 102 [9]
O

H

273 1.1 � 102 [9]

PhC(O)H o-Dichlorobenzene 316 1.78 � 102 exp(−4.2/RT ) [14]

PhC(O)H 278 1.91 � 102

PhC(O)H 283−299 4.8 � 104 exp(−7.5/RT ) [11,13]

[11,13]

[11,13]

[11,13]

PhC(O)H 303 33.02 [1]
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RC(O)HþO2 �! RC
.
(O) þHO2

.

RC(O)HþO2 þRC(O)H �! RC
.
(O) þH2O2 þRC

.
(O)

The trimolecular reaction predominates in oxidized aldehydes with the lowest BDE of the

C��H bond: benzaldehyde (348 kJ mol�1) and nonsaturated aldehydes. This is in agreement

with the estimation of the reaction enthalpy (see Chapter 4). For benzaldehyde,

DH(PhC(O)HþO2)¼ 348� 220¼ 148 kJ mol�1 and DH(2PhC(O)HþO2)¼ 2� 348� 570

¼ 126 kJ mol�1. For acrolein, DH(RC(O)HþO2)¼ 339� 220¼ 119 kJ mol�1 and DH

(2 RC(O)HþO2)¼ 2� 339� 570¼ 108 kJ mol�1. Thus, the experimental data are in good

agreement with the enthalpies of these two endothermic reactions. The values of the rate

constants of these reactions calculated from the initial rates of the oxidation of aldehydes for

the known values of kp(2kt)
�1/2 are given in Table 8.5. The details of photochemical and

radiation-induced oxidation of aldehydes are available elsewhere [4 –8].

8.1.3 CO-OXIDATION OF ALDEHYDES WITH HYDROCARBONS, ALCOHOLS, AND ALDEHYDES

Aldehydes do not co-oxidize alkanes due to a huge difference in the reactivity of these two

classes of organic compounds. Alkanes are almost inert to oxidation at room temperature and

can be treated as inert solvents toward oxidized aldehydes [35]. Olefins and alkylaromatic

hydrocarbons are co-oxidized with aldehydes. The addition of alkylaromatic hydrocarbon

(R2H) to benzaldehyde (R1H) retards the rate of the initiated oxidation [36–39]. The rate of

co-oxidation obeys the equation [37]:

kp12[R
2H]

ffiffiffiffiffiffiffiffiffiffiffiffiffi

2kt11vi

p ¼ v0

v
� v

v0

(8:2)

(R1H is aldehyde, R2H is alkylaromatic hydrocarbon.)

TABLE 8.4
Rate Constants for Chain Termination in the Oxidation of Aldehydes by the Reaction

2RC(O)OO. ! Products

Aldehyde Solvent T (K) 2kt (L mol-1 s-1) Ref.

MeC(O)H Chlorobenzene

Chlorobenzene

Chlorobenzene

Chlorobenzene

Chlorobenzene

Chlorobenzene

Chlorobenzene

273 1.04 � 108 [9]

Me(CH2)5C(O)H 273 5.4 � 107 [9]

Me(CH2)8C(O)H 273 6.9 � 107 [9]

Me(CH2)8C(O)H 278 3.4 � 107 [13]

Me(CH2)8C(O)H 278 7.5 � 106 [11]

Me2CHC(O)H 283−303 9.5 � 107 exp(−17.1/RT ) [12]

Me3CC(O)H 273 6.6 � 106 [9]

O

H

273 6.8 � 106 [9]

PhC(O)H o-Dichlorobenzene 313 4.0 � 108 [14]

PhC(O)H Decane

Decane

Decane

278 2.1 � 108 [11,13]

PhC(O)H 303 1.25 � 109 [21]
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The ratio of the rate constants kp12(2kt11)
�1/2 calculated from experimental data was

found to be the following (at 313 K):

R2H PhCH3 Me2PhCH

kp12(2kt11)
−1/2

   (L mol−1 s−1)1/2

0.24 0.27 4.3 5.6 58 130

Alcohols retard the oxidation of aldehydes. The parameters of aldehyde co-oxidation with

cycloolefins, alcohols, and aldehydes are collected in Table 8.6.

The values of r1 can be used for the estimation of the BDE of O��H bonds in peracids

formed from acylperoxyl radicals. The method of DO��H calculation was described previously

(see Chapter 7, Equation [7.9] and Equation [7.10]). The values of kp12 and the calculated

values of DE and DD are given here (R2H¼ 1,4-cyclohexadiene, T¼ 273 K, R2OO
.¼HO2

.
,

kp11¼ 376 L mol�1 s�1) [9].

TABLE 8.5
Rate Constants and Activation Energies of Reactions RC(O)H 1 O2 ! Free Radicals and

2RC(O)H 1 O2! Free Radicals

RH Solvent T (K) k (L mol21 s21) Ref.

RC(O)H 1 O2 ! RC.(O) 1 HOO.

PrC(O)H Chlorobenzene 283–303 4.0� 104 exp(�117/RT) [26]

Me2CHC(O)H Chlorobenzene 283–303 1.3� 108 exp(�92/RT) [27]

Me(CH2)8C(O)H Decane 278–299 3.2� 105 exp(�65/RT) [11]

CH2¼¼CHC(O)H Benzene 413 6.3� 10�2 [28]

MeCH¼¼CHC(O)H Chlorobenzene 288–308 1.3� 1015 exp(�124/RT) [29]

CH2¼¼CEtC(O)H Chlorobenzene 288–308 2.5� 1013 exp(�96.0/RT) [30]

CH2¼¼CBuC(O)H Chlorobenzene 288–308 1.0� 1010 exp(�94/RT) [31]

MeCH¼¼CHC(O)H Chlorobenzene 273–298 7.9� 1013 exp(�119/RT) [31]

2RC(O)H 1 O2 ! RC.(O) 1 HOOH 1 RC.(O), (k (L2 mol22 s21))

PhCHO Acetic acid 303 1.1� 10�4 [32]

PhCHO Carbon tetrachloride 300 5.4� 10�5 [33]

MeCH¼¼CHC(O)H Decane 278–298 4.4� 1013 exp(�105/RT) [34]

CH2¼¼C(CH3)C(O)H Chlorobenzene 288–308 1.3� 108 exp(�88/RT) [29]

R1OO• PhCO3
• Bu(CH2)3CO3

• Bu(CH2)4CO3
• Me3CCO3

•

O

O•
2

kp12 (L mol−1s−1) 7.1 � 104 4.8 � 103 6.1 � 103 1.2 � 103

∆E (kJ mol−1)

∆D (kJ mol−1)

12.0 5.8 6.3 2.6

34.9 17.4 18.8 7.9

1.2 � 103

2.6

7.9
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The difference of BDE, DD¼D(R1OO��H)�D(HOO��H)¼D(R1OO��H)� 369.0 kJ

mol�1. The values of DD¼ 17.4 and 18.8 kJ mol�1 are very close and the mean value of DD

for RC(O)OO��H bond is 18.1 kJ mol�1. The following DO��H can be recommended for

peracids:

TABLE 8.6
Parameters of Aldehydes Co-oxidation with Hydrocarbons, Alcohols, and Aldehydes

R1H R2H T (K) r1 r2 Ref.

BuC(O)H 243         2.94 0.14 [40]

C6H13C(O)H 273         0.64 1.65 [9]

C7H15C(O)H 273         0.64 1.65 [9]

O

H

273         0.95 0.44 [9]

Me3CC(O)H 273         2.15 0.36 [9]

PhC(O)H 273         0.17 4.75 [9]

PhC(O)H Me2CHOH 273

273

5.00 0.067 [41]

PhC(O)H PhCH2OH

PhCH2OH

PhC(O)H

PhC(O)H

0.80 0.43 [41]

PhC(O)H 0.20 − [42]

C6H13C(O)H 273 10.0 0.10 [9]

C9H19C(O)H 273 8.60 0.20 [13]

Cl
O

H

PhC(O)H 303

303

0.28 10.70 [43]

O
O

H

PhC(O)H 303 2.22 1.00 [43]

O

H

Cl PhC(O)H 303 0.38 1.95 [43]

Cl
O

H

Me2CHOH 303 0.28 1.87 [43]

Cl
O

H

PhC(O)H 303 0.54 1.62 [43]

Cl
O

H

303 0.33 2.20 [43]

Cl
O

H

303         0.24 2.15 [43]

Cl
O

H

303         0.15 2.36 [43]

Cl
O

H

O

H

O

H

O
O

H
O

H
NC

303         1.15 0.46 [43]
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Bond PhC(O)OO-H RC(O)OO-H Me3CC(O)OOH-H

O

H

D(O−H) (kJ mol−1) 403.9 387.0 377.0 377.0

These BDEs are higher than that for alkyl hydroperoxides (see Chapter 2) and this is the main

reason for the extremely high reactivity of peroxyl radicals formed from aldehydes. The

absolute rate constants of the reactions of different peroxyl radicals with aldehydes are

collected in Table 8.7.

There are two channels of the reaction of acylperoxyl radicals with olefins: hydrogen atom

abstraction and addition to the double bond with epoxide formation [5,35]:

PhC(O)OO•  +   RCH2CH�CH2 PhC(O)OOH   +   RC•HCH�CH2

PhC(O)OO•  +   RCH2CH�CH2 PhC(O)OOCH2C
•HCH2R

PhC(O)OOCH2C
•HCH2R PhC(O)O•   +

O
R

Both these reactions occur rapidly. The kinetics and the products of co-oxidation of alde-

hydes and olefins were studied by Emanuel and coworkers [47–49]. The values of the rate

constants of the addition of acylperoxyl radical to olefins are presented in Table 8.8. The

experimental data on aldehyde co-oxidation are discussed in monographs [4 –6].

8.1.4 REACTIVITY OF ALDEHYDES IN REACTIONS WITH PEROXYL RADICALS

The important role of reaction enthalpy in the free radical abstraction reactions is well known

and was discussed in Chapters 6 and 7. The BDE of the O��H bonds of alkyl hydroperoxides

depends slightly on the structure of the alkyl radical: DO��H¼ 365.5 kJ mol�1 for all primary

and secondary hydroperoxides and DO��H¼ 358.6 kJ mol�1 for tertiary hydroperoxides (see

Chapter 2). Therefore, the enthalpy of the reaction RiOO
.þRjH depends on the BDE of the

attacked C��H bond of the hydrocarbon. But a different situation is encountered during

oxidation and co-oxidation of aldehydes. As proved earlier, the BDE of peracids formed from

acylperoxyl radicals is much higher than the BDE of the O��H bond of alkyl hydroperoxides

and depends on the structure of the acyl substituent. Therefore, the BDEs of both the

attacked C��H and O��H of the formed peracid are important factors that influence the

chain propagation reaction. This is demonstrated in Table 8.9 where the calculated values of

the enthalpy of the reaction RiO2
.þRjH for different RjHs including aldehydes and different

peroxyl radicals are presented. One can see that the value DH(RO2
.þRH) is much lower in

the reactions of the same compound with acylperoxyl radicals.

Another factor that influences the reactivity of two polar reactants, acylperoxyl radical

with aldehyde, is the polar interaction of carbonyl group with reaction center in the transition

state. Aldehydes are polar compounds, their dipole moments are higher than 2.5 Debye (see

Section 8.1.1). The dipole moment of the acylperoxyl radical is about 4 Debye (m¼ 3.87

Debye for PhC(O)OO
.
according to the quantum-chemical calculation [54]). Due to this, one

can expect a strong polar effect in the reaction of peroxyl radicals with aldehydes. The IPM

helps to evaluate the increment DEm in the activation energy Ee of the chosen reaction using

experimental data [1]. The results of DEm calculation are presented in Table 8.10.
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The values of DEm are negative and varies from �1.6 to �11 kJ mol�1. The reaction center

C � � �H � � �O for the reaction of the peroxyl radical with the C��H bond of the hydrocarbon has

a nearly linear geometry (see Chapter 2). The polar interaction changes the geometry of the TS

(see Chapter 7). The geometric parameters for the reactions of peroxyl radicals with aldehydes

TABLE 8.7
Rate Constants for Reaction of Different Peroxyl Radicals with Aldehydes

Aldehyde Peroxyl Radical T (K) k (L mol-1 s-1) Ref.

CH3C(O)H Me3CO2
•

Me3CO2
•

Me3CO2
•

Me3CO2
•

Me3CO2
•

213−263 1.7 � 104 exp(−18.2/RT ) [44]

EtC(O)H 213−263 3.0 � 103 exp(−15.1/RT ) [44]

PrC(O)H 213−263 1.1 � 103 exp(−12.5/RT ) [44]

Me(CH2)5C(O)H HO2
•

HO2
•

273 50 [45]

Me2CHC(O)H 213−263 1.5 � 103 exp(−12.7/RT ) [44]

Me3CC(O)H 273 2.3 � 103 [45]

PhC(O)H 213−263 1.6 � 105 exp(−26.0/RT ) [44]

PhC(O)H Me2PhCO2
•

Me2PhCO2
•

Me2PhCO2
•

Me2PhCO2
•

Me2PhCO2
•

Me2PhCO2
•

Me2PhCO2
•

Me2PhCO2
•

348 68 [46]

O
O

H

Me3CO2
• 213−263 1.5 � 103 exp(−15.4/RT ) [44]

O
O

H

348 1.1 � 103 [46]

O

H

O

O

348 32 [46]

O

H
Br

348 55 [46]

Cl
O

H

Me3CO2
• 213−263 1.0 � 103 exp(−15.9/RT ) [44]

O

H
F

348 66.4 [46]

O

H
O2N

O2N

348 51.3 [46]

O

H

348 41.9 [46]

O

H

Cl

Cl

348 10.4 [46]

MeCH=CHC(O)H Me3CO2
•

Me3CO2
•

213−263 6.0 � 103 exp(−16.7/RT ) [44]

CH2=CHC(O)H 213−263 1.9 � 103 exp(−15.9/RT ) [44]
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were calculated using Equations (6.35) – (6.37) of the IPM. The results of the calculation of

interatomic distances r(C��H), r(O��H), and angle w(C��H��O) for the reactions

RiO2
.þRCH(O) are presented in Table 8.10. The angle w(C��H��O) of the TS is less than

1808 and changes from 1728 to 1608. So, polar interaction sufficiently changes the activation

energy as well as geometry of the TS in the reaction of the peroxyl radical with the aldehyde. It is

seen that polar interaction has strong influence and changes in angle w varies from 1808 to 1608.

8.2 CHEMISTRY OF PERACIDS

Peracids were isolated as the primary products of the oxidation of aldehydes [5]. Peracid

reacts with aldehyde with the formation of an intermediate hydroxyoxoperoxide [4,5].

RC(O)OOHþRC(O)H �! RCH(OH)OOC(O)R

The structure of the formed peroxide as hydroxyoxoperoxide was proved by NMR spectros-

copy for peroxyacetic and peroxybutyric acids [55]. On the basis of IR spectra, it was sugested

TABLE 8.8
Rate Constants of Addition of Acylperoxyl Radical to Olefins with Epoxide Formation

Olefin RC(O)OO• T (K) k (L mol-1 s-1) Ref.

CH2=CH2 MeC(O)OO• 393 5.0 � 103 [50]

CH2=CHMe MeC(O)OO• 393 6.4 � 103 [50]

CH2=CHEt MeC(O)OO• 393 1.1 � 104 [46]

Z-MeCH=CHMe MeC(O)OO• 393 7.5 � 104 [51]

E-MeCH=CHMe MeC(O)OO• 393 1.2 � 105 [51]

Z-MeCH=CHEt MeC(O)OO• 393 1.4 � 105 [50]

E-MeCH=CHEt MeC(O)OO• 393 1.4 � 105 [50]

CH2=CMe2 MeC(O)OO• 393 9.2 � 104 [46]

CH2=CMeEt MeC(O)OO• 393 1.5 � 105 [50]

Me2C=CHMe MeC(O)OO• 393 8.4 � 105 [50]

CH2=CHCHMe2 MeC(O)OO• 393 1.3 � 104 [50]

CH2=CHBu MeC(O)OO• 393 2.2 � 104 [50]

CH2=CHBu 

CH2=CHBu 

PhC(O)OO• 343 3.2 � 103 [52]

PhC(O)OO• 293 1.2 � 103 [53]

MeCH=CHPr PhC(O)OO• 293 1.3 � 103 [53]

MeCH=CH(CH2)4Me PhC(O)OO• 293 1.3 � 103 [53]

CH2=CH(CH2)5Me PhC(O)OO• 293 2.1 � 103 [53]

CH2=CH(CH2)5Me PhC(O)OO• 343 4.5 � 102 [52]

PhC(O)OO• 293 2.8 � 103 [53]

PhC(O)OO• 293 1.8 � 105 [45]
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that the peroxide formed from heptanoic peracid and heptaldehyde exists in three isomeric

forms: free, with intramolecular and intermolecular hydrogen bonds [56].

R
O O

O

O
R

H

O
O

O
HO

R

R

R
O O

O

R
O

H +

H

O
R

R
O O

O

R
O

H O

H
R

TABLE 8.9
Enthalpies of Reactions of Different Peroxyl Radicals with Hydrocarbons and

Aldehydes (See Tables 6.3 and 8.1 for BDE Values)

R-H Me3COO• Me2CHOO• Me3C(O)OO• RC(O)OO• PhC(O)OO•

EtMeCH−H 54.4 47.5 36.0 26.0 9.0

Me3C−H 41.4 34.5 23.0 13.0 −4.0

CH2=CH(CH−H)Me −9.2 −16.1 −27.3 −37.6 −54.3

−17.1 −24.0 −35.5 −45.5 −62.5

MePhCH−H 5.5 −1.4 −12.9 −22.9 −39.9

Me2PhC−H −3.9 −10.8 −22.3 −32.3 −49.3

−9.0 −15.9 −27.4 −37.4 −54.4

−36.6 −43.5 −55.0 −65.0 −82.0

MeC(O)−H 15.2 8.3 −3.2 −13.2 −30.2

PrC(O)−H 12.6 5.7 −5.8 −15.7 −32.8

PhC(O)−H −10.6 −17.5 −29.0 −39.0 −56.0

PhCH2C(O)−H 3.4 −3.5 −15.0 −25.0 −42.0

O

H

−12.8 −19.7 −31.2 −41.2 −58.2

O

H
Cl

−6.3 −13.2 −24.7 −34.7 −51.7

O

H
O2N

−18.2 −25.1 −36.6 −46.6 −63.4
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The interaction of peracid and aldehyde was found to be reversible [4].

RC(O)OOHþRC(O)H RC(O)OOCH(OH)R

The equilibrium constants for the reaction of acetaldehyde with peracetic acid are:

K¼ 6.7 mol L�1 (acetic acid, 298 K [20]) and K¼ 6.25� 10�4 exp(23.0/RT ) mol�1 L (toluene,

253–303 K [57]). Hydroxyoxoperoxide decomposes with acetic acid formation [4,5].

RC(O)OOCH(OH)R �! 2RC(O)OH

The thermal decomposition of peracetic acid in an aqueous solution produces acetic acid,

CO2, and dioxygen [4]. The detailed data on the chemistry and the kinetics of peracids decay

are presented elsewhere [4–7].

Perbenzoic acid reacts with benzaldehyde by the bimolecular reaction to form benzoic

acid as the main product.

PhC(O)OOHþ PhC(O)H �! 2PhC(O)OH

The rate of the reaction was found to be equal:

v ¼ k[PhC(O)OOH] [PhC(O)H]: (8:3)

TABLE 8.10
Geometric Parameters of the TS and Increments DEm of Polar Ineractions for Peroxyl

Radical Reactions with Aldehydes (Equations [6.32], [6.35]–[6.38])

Aldehyde Peroxyl Radical

DHe

(kJ mol-1)

DEm
(kJ mol-1) r (O-H) (m)r (C-H) (m) j(CHO)�

CH3C(O)H

CH3C(O)H

Me3CO2
•

Me3CO2
•

Me3CO2
•

MeC(O)O2
•

EtC(O)H

PrC(O)H

Me(CH2)5C(O)H

Me(CH2)5C(O)H

HO2
•

Me(CH2)5C(O)O2
•

Me3CC(O)H Me3CC(O)O2
•

O

H

O

O O
•

PhC(O)H Me3CO2
•

PhC(O)H Me2PhCO2
•

PhC(O)H PhC(O)O2
•

MeCH=CHC(O)H Me3CO2
•

CH2=CHC(O)H Me3CO2
•

11.4

−17.1

2.6

8.8

−1.6

−19.7

−5.7

−8.8

−14.4

−14.4

−59.7

−23.0

−23.0

−7.5

−3.7

−5.8

−5.7

−6.5

−2.9

−8.3

−5.1

−4.4

−5.7

−1.6

−10.7

−8.9

1.373 � 10−10

1.349 � 10−10

1.375 � 10−10

1.375 � 10−10

1.360 � 10−10

1.348 � 10−10

1.350 � 10−10

1.341 � 10−10

1.378 � 10−10

1.378 � 10−10

1.330 � 10−10

1.389 � 10−10

1.389 � 10−10

1.211 � 10−10

1.235 � 10−10

1.209 � 10−10

1.209 � 10−10

1.224 � 10−10

1.236 � 10−10

1.234 � 10−10

1.243 � 10−10

1.233 � 10−10

1.233 � 10−10

1.281 � 10−10

1.257 � 10−10

1.257 � 10−10

161

167

163

163

162

168

160

164

166

165

172

160

161
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The rate constant of the reaction depends on the solvent: k¼ 2.0� 10�4 L mol�1 s�1 (benzene,

303 K [58]), k¼ 7.18� 104 exp(�46.0/RT )¼ 6.2� 10�4 L mol�1 s�1 (acetic acid, 298K [59]),

k¼ 2.2� 103 exp(�41.8/RT )¼ 3.0� 10�4 L mol�1 s�1 (o-dichlorobenzene, 313 K [14]). In

addition to benzoic acid, phenol was found to be produced by the reaction of benzoic acid

with benzaldehyde [60,61]. Acids accelerate the reaction of perbenzoic acid with benzaldehyde.

The study of benzaldehyde and cyclohaxanone co-oxidation showed the formation of

e-caprolactone as the main product of cyclohexanone oxidation [5]. Cyclohexanone was

found not to react practically with peroxyl radicals under mild conditions. The oxidation of

benzaldehyde produces perbenzoic acid. The latter oxidizes the benzaldehyde to benzoic acid

and cyclohexanone to e-caprolactone.

PhC(O)OOH + PhC(O)H 2PhC(O)OH (k1)

(k2)O

OOH

+ O
O

OH
+

O

O

The last reaction occurs much rapidly: k1¼ 2.17� 103 exp(�41.8/RT) L mol�1 s�1 and

k2¼ 1.78� 104 exp(�41.8/RT) L mol�1 s�1 [5].

8.3 OXIDATION OF KETONES

8.3.1 CHAIN MECHANISM OF KETONE OXIDATION

Ketones, like hydrocarbons and other organic compounds, are oxidized by dioxygen via the

chain mechanism [4,62]. The carbonyl group weakens the adjacent C��H bond. Therefore, a

peroxyl radical attacks the a-C��H bond as this bond is the most reactive in a ketone. The

pecularities of ketone oxidation are the same as aldehyde oxidation.

1. Ketones are more reactive than aliphatic hydrocarbons due to the influence of the

carbonyl group on the BDE of the adjacent C��H bond (see Table 8.11).

2. The formed hydroperoxide reacts with the carbonyl group. This interaction influ-

ences the kinetics of the oxidation of ketones due to the fast splitting of the formed

peroxide to free radicals.

3. Ketone and the formed a-ketoperoxyl radical are polar molecules. Hence the polar

effect influences the reactivity of the ketones and the peroxyl radicals. Polar solvents

also influence the reactions of peroxyl radicals with ketones as well as other free

radical reactions.

The kinetic scheme of the oxidation of ketones RCH2C(O)R1 is similar to that for hydrocar-

bons, aldehydes, etc. It includes the presence of initiator I and a high concentration of the

dioxygen (>10�5 mol L�1). Oxidation procceds by the following elementary steps [4,62]:

I �! r
.

r
. þRCH2C(O)R1 �! RHþRC

.
HC(O)R1

O2 þRC
.
HC(O)R1 �! RCH(OO

.
)C(O)R1

RCH(OO
.
)C(O)R1 þRCH2C(O)R1 �! RCH(OOH)C(O)R1 þRC

.
HC(O)R1

2RCH(OO
.
)C(O)R1 �! RCH(OH)C(O)R1 þO2 þRC(O)C(O)R1
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The values of the kp(2kt)
�1/2 ratio are given in the Table 8.12. The absolute values of kp and

2kt are collected in Table 8.13.

Chain generation in autoxidized ketones proceeds via the bimolecular reaction [4]. The

BDE of the a-C��H bonds of the alkyl and benzyl ketones are higher than 330 kJ mol�1 and,

therefore, the bimolecular reaction should prevail as the main reaction of radical generation

(see Chapter 4).

RCH2C(O)R1 þO2 �! RC
.
HC(O)R1

Chain generation by the reaction with dioxygen was studied for cyclohexanone by the

acceptor radical method and was proved to proceed through the bimolecular reaction with

the rate

vi ¼ ki[RCH2C(O)R1] [O2] (8:4)

TABLE 8.11
The Values of C��H bond Dissociation Energies in Ketones [1,2] and Enthalpies DH

of Reactions: sec-RO2
.

1 R1CH2C(O)R2 �! sec-ROOH 1 R1C.HC(O)R2

Ketone Bond

DC-H

(kJ mol-1)

DH
(kJ mol-1)

Acetone MeC(O)CH2−H 411.8 46.3

2-Butanone MeC(O)(Me)CH−H 397.2 31.7

2-Butanone, 3-methyl- MeC(O)C−HMe2 387.6 22.1

2-Pentanone MeC(O)CH−HEt 394.6 29.1

3-Pentanone EtC(O)CH−HMe 396.5 31.0

4-Heptanone PrC(O)CH−HEt 394.6 29.1

3-Pentanone, 2,4-dimethyl- Me2CHC(O)Me2C−H 387.5 22.0

5-Nonanone BuC(O)CH−HPr 395.8 30.3

Diacetyl CH3COCOCH2−H 411.8 46.3

2,4-Pentanedione MeC(O)CH−HC(O)Me 399.1 33.6

Ethylacetoacetate MeCOCH−HCOEt 396.5 31.0

Cyclopentanone
H

H

O 401.2 35.7

Cyclohexanone

O

H H 394.1 28.6

Acetophenone PhC(O)CH2−H 402.8 37.3

Ethylphenyl ketone PhC(O)(Me)CH−H 394.4 28.9

1-Methylethylphenylketone PhC(O)Me2C−H 385.3 19.8

Dibenzyl ketone PhCH2C(O)(Ph)CH−H 353.6 −11.9

1-Penten-4-one CH2=CHCH−HC(O)CH3 346.6 −18.9
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and rate constant ki¼ 1.05� 109 exp(�109.6[kJ mol�1]/RT )¼ 5.2� 10�6 L mol�1 s�1 at

400 K [71].

Co-oxidation was studied for cumene–2-heptylcyclohexanone pair [72] in different solv-

ents (see Table 8.14). The parameters of co-oxidation (r1, r2, F) vary slightly from one solvent

to another.

As mentioned above, the parameters of co-oxidation can be used for the estimation

of the BDE of the O��H bond formed in the chain propagation reaction. The ratio

TABLE 8.12
The Values of Ratio kp(2kt)

21/2 for Ketone Oxidation

Ketone T (K) kp(2kt)
21/2 (L1/2 mol21/2 s21/2) kp(2kt)

21/2, (343 K) (L1/2 mol21/2 s21/2) Ref.

Propanone-2 368–493 7.5� 106 exp(�64.8/RT ) 1.02� 10�3 [63]

Butanone-2 308–348 27.5 exp(�31.8/RT) 3.95� 10�4 [64]

Pentanone-2 323–363 1.5� 102 exp(�37.7/RT ) 2.72� 10�4 [65]

Pentanone-3 343 5.45� 10�4 5.45� 10�4 [66]

Butanone-2, 3-methyl- 313–353 2.8� 102 exp(�31.8/RT ) 4.02� 10�3 [65]

Heptanone-4 343 4.52� 10�4 4.52� 10�4 [66]

Nonanone-5 343 6.63� 10�4 6.63� 10�4 [66]

Decanone-2 343 4.40� 10�4 4.40� 10�4 [66]

Decanone-3 333–353 7.6� 102 exp(�41.0/RT ) 4.34� 10�4 [66]

Decanone-5 343 4.16� 10�4 4.16� 10�4 [66]

Undecanone-6 343 4.56� 10�4 4.56� 10�4 [66]

Tetradecanone-8 343 4.00� 10�4 4.00� 10�4 [66]

Cyclohexanone 328–353 4.6� 103 exp(�46.9/RT ) 3.32� 10�4 [67]

2-Methylcyclohexanone 333–353 6.7� 105 exp(�57.7/RT ) 1.09� 10�3 [68]

3-Methylcyclohexanone 338–358 6.5� 104 exp(�54.0/RT ) 3.88� 10�4 [68]

4-Methylcyclohexanone 338–358 7.2� 103 exp(�46.9/RT ) 5.19� 10�4 [68]

TABLE 8.13
The Absolute Values of kp and 2kt for Ketone Oxidation

Ketone T (K) kp (L mol-1 s-1) 2kt (L mol-1 s-1) Ref.

CH3C(O)CH3 368−393 4.0 � 10−9 exp(−68.2/RT) [63]

MeC(O)CH2Me 308−348 1.3 � 10−5 exp(−35.2/RT) 2.27 � 107 exp(−3.4/RT ) [64]

MeC(O)CH2Et 323−363 4.0 � 10−5 exp(−41.0/RT) 7.11 � 106 exp(−4.6/RT ) [65]

EtCH2C(O)(CH2)6Me 333−353 3.4 � 10−6 exp(−44.4/RT) 2.00 � 107 exp(−6.8/RT ) [66]

MeC(O)CHMe2 313−353 5.7 � 10−4 exp(−30.1/RT) 3.00 � 107 exp(−6.7/RT ) [65]

O
328−353 2.4 � 10−7 exp(−43.5/RT) 2.70 � 107 exp(−6.7/RT ) [67]

PhC(O)CH2Ph 333−363 1.6 � 10−6 exp(−30.5/RT) [69]

PhC(O)CH2Ph 348 12 [70]

PhCH2C(O)CH2Ph 348 10 [70]

PhCH2C(O)CH2Ph 303 3.28 3.6 � 107 [21]
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kp22/kp21¼ 0.4 (333 K) for the co-oxidation of cumene with cyclohexanone and, hence,

kp21¼ 9.0 L mol�1 s�1 (for the value of kp22, see Table 8.13). The rate constant kp11¼ 1.72 L

mol�1 s�1 (see Table 2.8) the difference DE¼E11 – E21¼ 4.6 kJ mol�1, DD¼ 11.2 kJ mol�1,

and D(O��H)¼ 369.8 kJ mol�1 for a-ketohydroperoxide of cyclohexanone.

This means that the carbonyl group increases the strength of O��H bond of the adjacent

hydroperoxyl group. Therefore, the following BDEs for the secondary and tertiary O��H

groups of a-ketohydro peroxides can be recommended.

Hydroperoxide RCH(OO��H)C(O)R1 R1R2C(OO��H)C(O)R3

D (kJ mol�1) 369.8 363.0

8.3.2 REACTIVITY OF KETONES IN REACTIONS WITH PEROXYL RADICALS

Like for aldehydes, two factors are important for the reactivity of ketones in reactions

with peroxyl radicals: reaction enthalpy and polar interaction. The enthalpy of the reaction

of the peroxyl radical with ketone is DH¼DC��H�DO��H. The BDE of the a-C��H bonds of

ketones are lower than those of the C��H bonds of the hydrocarbons (see Table 8.11) and the

BDEs of the O��H bonds in a-ketohydroperoxides are marginally higher than those of

alkylhydroperoxides. Therefore, the enthalpies of RO2
.þRH reactions are lower than those

of parent hydrocarbons (Table 8.15).

The polar effect plays an important role in reactions involving polar molecules and

radicals [1,73–76]. In this case, the energy of the transition state is governed not only by the

enthalpy of reaction, but also by the interaction of two polar fragments, the carbonyl and

peroxyl groups. In addition to polar effect, the carbonyl group having p-orbitals increases the

triplet repulsion due to the interaction of p-electrons with electrons of the transition state.

This effect is observed in free radical reactions with olefins and alkylaromatic hydrocarbons

(see Chapter 6). The IPM model allows one to estimate the common influence of both these

factors, i.e., polar interaction and triplet repulsion on activation energy. This estimation is

performed by the comparison of the activation energy of the two thermoneutral reactions (see

Chapter 6). One of the thermoneutral reactions is the reaction of the peroxyl radical with

polar ketone YH, and another is the reaction of RO2
.
with hydrocarbon RH, which has no

polar effect. The comparison of the two Ee0 or parameters (bre)RH and (bre)YH helps to

estimate the increment DEm¼ (Ee0)YH� (Ee0)RH (Chapter 6, Equation [6.32]). The values of

TABLE 8.14
Parameters of Cumene Co-Oxidation with 2-Heptylcyclohexanone

(348 K) [72]

Solvent r1 r2 f

Cumene 0.7 2.1 0.5

Benzene 1.3 2.8 0.7

Acetophenone 0.8 1.6 1.1

Acetonitrile 1.4 2.0 0.8

1,1-Dimethylethanol 0.5 1.2 1.0

Nitrobenzene 0.7 1.7 0.5

Pyridine 0.6 1.6 0.7

Acetic acid 0.3 2.0 0.4
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DEm are collected in Table 8.15. It is seen that DEm is negative and varies from �9 to �19 kJ

mol�1.

Peroxyl radicals are known to react with olefins by an addition reaction (see Chapter 2).

The same reaction was proposed for compounds with carbonyl groups (ketones, esters [77]).

RO2
. þR1C(O)R2 �! R1C(OOR)(O

.
)R2

Such reactions were analyzed recently by Borisov and Denisov [78]. These reactions appeared

to be very endothermic. The enthalpies of these reactions (kJ mol�1) for a series of additions

of HO2
.
and MeO2

.
to carbonyl compounds are given below:

RC(O)R1 MeC(O)H Me2C(O) PhC(O)H PhC(O)Me

HO2
.

40.3 41.4 47.0 48.0

CH3O2
.

44.1 48.8 51.0 52.0

All these reactions are endothermic and, in addition, occur with a loss of entropy. Back

unimolecular reactions are exothermic and occur with an increase in entropy. So, the role of

such reactions should be negligible due to high activation energy and very fast back reaction.

The values of the rate constants for addition reactions CH3O2
.þ carbonyl compound, calcu-

lated by the IPM method are presented in the following table:

RC(O)R1 MeC(O)H Me2C(O) PhC(O)H PhC(O)Me

k (298K)(L mol�1 s�1) 2� 10�13 5� 10�13 2� 10�14 2� 10�14

The rates of these reactions are a few orders magnitude less (1010� 1012) than the rates of

chain termination. So, they are negligible for the fate of free radical transformation in the

oxidized ketones.

TABLE 8.15
Geometric Parameters of the TS and Increments DEm for Peroxyl Radical Reactions with

Ketones (Equations [6.32], [6.35]–[6.38])

Ketone

MeC(O)CH2Me

MeC(O)CH2Et

MeC(O)CHMe2

O

PhC(O)CH2Ph

PhCH2C(O)CH2Ph

PhCH2C(O)CH2Ph

19.7

19.7

17.9

20.3

−9.1

−9.1

−9.1

65.8

68.4

61.1

61.1

53.8

60.2

57.1

−13.8

−11.1

−17.5

−18.9

−12.5

−14.3

−9.2

1.426 � 10−10

1.431 � 10−10

1.417 � 10−10

1.427 � 10−10

1.386 � 10−10

1.386 � 10−10

1.386 � 10−10

1.219 � 10−10

1.214 � 10−10

1.228 � 10−10

1.218 � 10−10

1.259 � 10−10

1.259 � 10−10

1.259 � 10−10

155

158

152

151

157

155

160

DHe

(kJ mol-1)

DEm
(kJ mol-1)

Ee0
(kJ mol-1) r (O-H) (m)r (C-H) (m) j�
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The polar interaction changes the geometry of the transition state of the reaction

RO2
.þRH. Atoms C, H, O of the reaction center O � � �H � � �C of this reaction are in a straight

line for the reaction of the peroxyl radical with a hydrocarbon. The reaction center O � � �H � � �C
has an angular geometry in the reaction of the polar peroxyl radical with a polar molecule of the

ketone. The interatomic distances rC��H and rO��H and angles w(CHO) for peroxyl radical

reactions with ketones calculated by the IPM method [79,80] are given in Table 8.15.

Since the reactants (RO2
.
, ketone) and the transition state have a polar character, they are

solvated in a polar solvent. Hence polar solvents influence the rate constants of the chain

propagation and termination reactions. This problem was studied for reactions of oxidized

butanone-2 by Zaikov [81–86]. It was observed that kp slightly varies from one solvent to

another. On the contrary, kt changes more than ten times from one solvent to another. The

solvent influences the activation energy and pre-exponential factor of these two reactions (see

Table 8.16).

The dependence of the rate constants (kp and kt) on the dielectric constant « is described

by the Kirkwood equation [87]:

ln k ¼ ln ko �
L

RT

«� 1

2«þ 1

mRH
2

rRH
3
þ

mRO2

2

rRO2
3
� m2

6¼
r3 6¼

� �

(8:5)

This relationship proves that the influence of solvents (decane, benzene, acetic acid,

p-dichlorobenzene) on the rate constant is due to the nonspecific solvation of the reactants

and the transition state. The values of the dipole moments of the TS calculated from

experimenntal data within the scope of Equation (18.2) have the following values [87]:

Solvent PhH MeCOOH C10H22 CCl4 p-ClC6H4Cl

mp
6¼ (Debye) 8.1 8.4 8.0 8.0 8.1

mt
6¼ (Debye) 11.1 11.4 11.5 11.3 12.5

The dependencies of kp and kt on « were found to obey the following equations [87]:

log [kp(323 K) (L mol�1 s�1)] ¼ 1:55þ 2:1
«� 1

2«þ 1
(8:6)

TABLE 8.16
Solvent Influence on the Values of kp and kt of Butanone-2 Oxidation [87]

Solvent

kp (313 K)

(L mol21 s21)

Ep

(kJ mol21)

log A, A

(L mol21 s21)

2kt (313 K)

(L mol21 s21)

Et

(kJ mol21)

log A, A

(L mol21 s21)

Decane 9.0 5.00� 104

Benzene 5.7 57.3 8.38 7.50� 104 11.3 6.78

Carbon,

tetrachloride

24.0 (333K) 1.30� 105 (333K)

Chlorobenzene 11.5 43.1 6.25 1.16� 105 12.5 7.14

p-Dichloro

benzene

27.6 (333K) 9.10� 104 (333 K)

Acetic acid 12.3 40.2 5.80 7.20� 104 12.1 7.85

Butanone-2 17.0 35.1 5.10 1.58� 106 6.7 7.30
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log [(2kt)(323K) (L mol�1s�1)] ¼ 3:18þ 6:2
«� 1

2«þ 1
(8:7)

In addition to nonspecific solvation, a specific solvation of the polar reactants through the

formation of intermolecular complexes exists. Peroxyl radicals produce complexes through

hydrogen bonding with hydroxyl-containing molecules, such as water and alcohols. The

decrease in the peroxyl radical activity due to hydrogen bonding was observed in the

experiments of the oxidation of acetone with addition of water [88]. A volume of 6% (vol)

of water added lowers the ratio kp(2kt)
�1/2 of acetone oxidation fivefold (393 K [88]).

The dependence of the ratio v/vi
1/2 on water concentration is described by the following

equation [88]:

v
ffiffiffiffi

vi
p ¼ 1þ aK [H2O]

1þ K [H2O]

kp[RH]
ffiffiffiffiffiffiffi

2kt

p (8:8)

where a¼ kp
’/kp and K is the equilibrium constant. This effect was described by the following

kinetic scheme.

RO2
. þH2O ROO

. � � � H2O (K)

RO2
. þRH �! ROOHþR

.
(kp)

RO2
. � � � H2OþRH �! ROOHþH2OþR

.
(k0p)

RO2
. þRO2

. �! ROHþR0(O)þO2 (2kt)

The parameters a and K were found to be a¼ 0.8, K¼ 4L mol�1.

Similar results on the influence of hydrogen bonding on chain propagation and chain

termination were obtained in the study of butanone-2 oxidation [83,89,90]. In addition to

reactions discussed above, chain termination by the following reactions were added.

RO2
. � � � H2OþRO2

. �! Mol: products (2k0t)

RO2
. � � � H2OþRO2

. � � � H2O �! Mol: products (2k0t)

The results of the interpretation of experimental data within the scope of this scheme are

collected in Table 8.17. Hydrogen bonding decreases the value of kp by 20 times and 2kt by 18

times. For additional data on this problem, see the monograph by Emanuel et al. [87].

8.3.3 INTERACTION OF KETONES WITH HYDROPEROXIDES

Ketones react with hydroperoxides with formation a series of labile peroxides. This addition is

performed reversibily across the carbonyl group of the ketone with the formation of a new

peroxide.

ROOHþR1C(O)R2 R1C(OH)(OOR)R2

The formed hydroxyperoxide decomposes into free radicals much more rapidly than alkyl

hydroperoxide [91]. So, the equilibrium addition of the hydroperoxide to the ketone increases

the rate of formation of radicals. This effect was first observed for cyclohexanone and

1,1-dimethylethyl hydroperoxide [91]. In this system, the rate of radical formation increases

with the ketone concentration. The mechanism of radical formation is described by the

following kinetic scheme:
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ROOH �! RO
. þHO

.
(ki1)

ROOHþR1C(O)R2 R1C(OH)(OOR)R2 (K)

R1C(OH)(OOR)R2 �! R1C(OH)(O
.
)R2 þRO

.
(ki2)

and the rate of radical generation is given by the equation

ni ¼ 2ek1[ROOH]þ 2ek2[R
1C(OH)(OOR)R2]

¼ (2ek1 þ 2ek2K[R1C(O)R2])[ROOH](1þ K [R1COR2])�1 (8:9)

The values of k1, k2 and K are collected in Table 8.18.

8.3.4 CHEMISTRY OF KETONE OXIDATION

The first intermediate product of ketone oxidation is a-ketohydroperoxide. All other

molecular products are formed by decay and reactions of this hydroperoxide and its adduct

with ketone. Among these products, aldehydes, diketones, a-hydroxyketones, acids, esters,

and CO2 were observed. The information about the products of the oxidation of ketones by

dioxygen are available in monographs [4,7].

The important problem for the oxidation of ketones and hydrocarbons is the mechanism

of acid formation [4,7]. Langenbeck and Pritzkow proposed the following a-mechanism of

acid formation [96]:

RC(O)CH2R
1 �! RC(O)CH(OOH)R1 �! RC(O)OHþR1C(O)H

R1C(O)H �! R1C(O)OH

According to this mechanism as the single mechanism of C��C bond splitting, the ratio [Cn�x

acid]/[Cxacid] should be equal to unity. But the experimental data on the composition of acids

TABLE 8.17
The Influence of Hydrogen Bonding on Reactions of Peroxyl Radicals with Butanone-2 [87]

Reaction k (333 K) (L mol21 s21) E (kJ mol21) log A, A (L mol21 s21)

MeCH(OO.)C(O)MeþMeCH2C(O)Me 0.39 35.1 5.10

MeCH(OO
. � � � H2O)C(O)MeþMeCH2C(O)Me 2.02� 10�2 69.0 9.11

MeCH(OO
. � � � HOCMe3)C(O)Meþ

MeCH2C(O)Me

0.10 59.8 8.32

MeCH(OO
. � � � HOMe)C(O)Meþ

MeCH2C(O)Me

6.7� 10�2

MeCH(OO
.
)C(O)MeþH2O

() MeCH(OO
. � � � H2O)C(O)Me

1.07 (L mol�1) �20 �3.12

MeCH(OO
.
)C(O)MeþHOCMe3

() MeCH(OO
.
HOCMe3)C(O)Me

0.64 �20.5 �3.58

2 MeCH(OO.)C(O)Me! Mol. products 1.80� 106 6.7 7.30

2 MeCH(OO
. � � � H2O)C(O)Me! Mol. products 7.0� 104 19.2 7.86

2 MeCH(OO
. � � � HOCMe3)C(O)Me!Mol.

products

7.0� 104 13.0 7.06

2 MeCH(OO
. � � � HOMe)C(O)Me !

Mol. products

7.0� 104

Denisov / Oxidation and Antioxidants in Organic Chemistry and Biology DK1162_c008 Final Proof page 318 2.2.2005 5:26pm

© 2005 by Taylor & Francis Group.



TABLE 8.18
Rate Constants of Decomposition of ROOH(k1) and R1C(OH)(OOR)R2 (k2) and Equilibrium

Constant K of Hydroxyalkyl Peroxide Formation from ROOH and Ketone

O
295−313 K = 1.56 � 10−3 exp(12.5/RT)

O O
H

O
353−383 k1 = 6.3 � 10−11 exp(−133.9/RT)

k2 = 4.0 � 10−4 exp(−63.6/RT)
K = 1.4 � 10−5 exp(33.0/RT)

[94]

O

O

O
H

O
393 k1 = 1.2 � 10−5

k1 = 3.4 � 10−12 exp(−114.6/RT)
k2 = 1.15 � 10−10 exp(96.2/RT)
K = 0.8 (293 K)

k2 = 3.0 � 107 exp(−85.3/RT)

[94]

MeC(O)CH(OOH)Me MeC(O)Et C6H6 293−343 [95]

O

O O
H

O O

373−403 k2 = 1.9 � 106 exp(−76.1/RT) [4]

O

O O
H

O O

373−403 k2 = 6.9 � 106 exp(−79.5/RT) [4]

O

O O
H

O O
373−403 k2 = 8.9 � 105 exp(−72.4/RT) [4]

Me3COOH

Me3COOH

O
CCl4

CCl4

295−313 K = 7.60 � 10−3 exp(10.5/RT) [92]

O

295−313 K = 1.17 � 10−2 exp(8.4/RT) [92]

H O O
H

O O
H

O O
H

O O
H

O O
H

O O
H

MeC(O)Me CCl4/
   Tetralin (1:1)

CCl4/
   Tetralin (1:1)

CCl4/
   Tetralin (1:1)

CCl4/
   Tetralin (1:1)

CCl4/
   Tetralin (1:1)

CCl4/
   Tetralin (1:1)

293 K = 0.53 [92]

H Me(CO)Et 293 K = 0.38 [92]

H
O

293−313 K = 4.07 � 10−2 exp(10.5/RT) [92]

H

O

293 K = 0.29 [92]

H

O

293−313 K = 0.23 exp(8.4/RT) [92]

H
O

293−313 K = 4.74 � 10−2 exp(9.6/RT) [92]

ROOH Ketone Solvent T (K) k1 (s
-1) or k2 (s

-1) or K (L mol-1) Ref.

Me3COOH 
O

PhCl 383−400 k1 = 3.6 � 1012 exp(−138.1/RT)
k2 = 3.6 � 109 exp(−108.8/RT)
K = 6.9 � 10−7 exp(46.0/RT)

[91]

Me3COOH 
O

CCl4

CCl4

295−313 K = 7.61 � 10−3 exp(10.5/RT) [92]

[92]

Me2PhCOOH

Me2PhCOOH

O
PhCl

PhCl

PhCl

393 k1 = 2.1 � 10−6

k2 = 5.7 � 10−6, K = 1.0
[93]
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formed from oxidized hydrocarbons and ketones gave different ratios. It was firmly found that

the ratio [Cn�x acid]/[Cxacid]> 1 at x< 0.5n [97–100]. For example, C2:C4¼ 2.52 for hexane

oxidation [98], C2:C4¼ 2.61 for hexanone-2 oxidation [100], C2:C5¼ 2.35 for nonanone-2

oxidation [100], C5:C6¼ 1.30 for 5-decanone oxidation [101]. This discrepancy means that

other mechanisms of acid formation with parallel formation of CO2 exist in addition to the

a-mechanism. The most probable seems to be the following mechanism. The a-ketoperoxyl

radical formed from dialkyl ketone attacks the weak a-C��H bond of the same molecule.

RCH(OO
.
)C(O)CH2R �! RCH(OOH)C(O)C

.
HR

The peroxyl radical formed from this alkyl radical attacks the a-C��H bond, which is weak

due to the dual influence of the adjacent oxo and hydroperoxy groups.

O O

R

OH
O O•

R

RCH(OOH)C(O)CH(OO•)R

O O

R

OH
O O•

R

O O

R

OH
O OH
R

O O

R

OH
O OH
R

RC•(O) + RCH(OOH)C(O)OH

O

O

R

OHR

ORC(O)C(O)CH(OOH)R

O

O

R

OHR

O RC(O)OH + RCH(O) + CO

RCH(OOH)C(O)C•HR  +  O2 RCH(OOH)C(O)CH(OO•)R

RCH(OOH)COOH RC(O)H + H2O + CO2

RO2
•  +  CO RO•  +  CO2

Or 

RCH(OOH)C(O)CH(OO•)R RC•(OOH)C(O)CH(OOH)R

RC•(OOH)C(O)CH(OOH)R RC(O)C(O)CH(OOH)R + HO•

•

•

The last reaction occurs rapidly. Cumylperoxyl radicals react with carbon oxide in the liquid

phase with the rate constant k¼ 6.8� 105 exp(�41.8/RT )¼ 0.19 L mol�1 s�1) (T¼ 333 K)

[102].

8.4 OXIDATIVE DECARBOXYLATION OF CARBOXYLIC ACIDS

8.4.1 ATTACK OF PEROXYL RADICALS ON C��H BONDS

The carboxyl group has influence on the BDE of the a-C��H bond. These bonds are weaker

than that of hydrocarbons. The values of the BDE of a-C��H bonds of carboxylic acids are
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given in Table 8.19. It is seen from comparison of the BDE in acids and hydrocarbons (see DD

values) that the BDE of the carboxylic group (DC��H) decreases to 8–12 kJ mol�1.

Peroxyl radicals attack all groups of acid Me(CH2)nCOOH and preferencially the a-CH2

group. The more the number of CH2 groups in carboxylic acid, the higher is the rate constant

(see Table 8.20).

The attack of peroxyl radicals on b-CH2 groups produces the same functional groups

(hydroperoxyl, hydroxy, oxo) as in the case of subsequent hydrocarbon oxidation. The

oxidation of unsaturated acids proceeds similarly to the oxidation of olefins [4,7].

8.4.2 OXIDATIVE DECARBOXYLATION OF ACIDS

Carboxylic acids are thermally stable. Decarboxylation of carboxylic acids is observed at

600 K and higher in the absence of dioxygen [4]. At the same time, the decarboxylation of

fatty acids in oxidized cumene was observed at 350 K [71]. The study of CO2 production from

oxidized acetic, butanoic, isobutanoic, pentanoic, and stearic acids labeled with 14C in the

TABLE 8.19
The Values of a-C��H bond Dissociation Energy in Acids (DC��H) and Enthalpies (DH) of

Secondary Alkylperoxyl Radical (R1R2CHOO.) Reaction with Acids [2]

Propanoic acid, 1-methyl- HOOC(Me)2C−H 22.8 388.3

Butanoic acid EtCH−HCOOH 33.2 398.7

Propanoic acid, 2,2-dimethyl- Me2CH2−HCCOOH 49.7 415.2

Pentanoic acid PrCH−HCOOH 33.9 399.4

Hexanoic acid BuCH−HCOOH 31.6 397.1

Cyclobutanecarboxylic acid H COOH 33.5 399.0

Cyclohexanecarboxylic acid H

COOH

22.7 388.2

Benzenacetic acid Ph(COOH)CH−H 1.5 367.0

Glycolic acid HOOC(HO)CH−H 32.3 397.8

Propionic acid, 1-hydroxy- MeC−H(OH)COOH 20.5 386.0

Aceticacid, cloro- HOOCClCH−H 33.4 398.9

Propanoic acid, 2,2-dimethyl- Me2(COOH)CCH2−H 40.6 415.1

1,4-Butanedioic acid HOOCCH−HCH2COOH 32.3 397.8

1,4-Butanedioic acid, 2,3-
    dihydroxy-

HOOCC−H(OH)CH(OH)COOH 27.2 392.7

Cyclohexene,1-carboxylic acid
COOH

H H

4.5 370.0

Acid Bond DH (kJ mol-1) DC-H (kJ mol-1)

Formic acid C−H(O)OH 27.2 392.7

Acetic acid HOOCCH2−H 48.6 414.1

Propanoic acid HOOC(Me)CH−H 33.4 398.9
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carboxyl group showed that a portion of CO2 was formed from the labeled carboxyl group

and another part from carbons of the acid ‘‘tail’’ [4]. The decarboxylation of deuterated acid

RC(O)OD due to oxidation occurs more slowly than that of nondeuterated acid. The kinetic

isotope effect was found to vary from 2 to 4 (co-oxidation of acids with cumene, 408 K,

[acid]¼ 0.1 mol L�1][103].

Acid MeCOOH PrCOOH BuCOOH Me(CH2)8COOH Me(CH2)16CO2H

kH/kD 4.2(383 K) 2.1 2.1 2.2 2.3

The kinetic study of the decarboxylation of aliphatic acids in co-oxidation with cumene

showed the following two chemical channels of CO2 production [104].

RO2 + RCH2C(O)OH

RCHC(O)OH

RCH2C(O)O RCH2

RCHC(O)OH

OOH

+ CO2

RCH2C(O)OH

RO2

RCHC(O)OH

RCH2C(O)O RCH2 + CO2

RCHC(O)OH

OOHO2, RH
CO2 + H2O + RCHO

•

• • •

RO2
• •

• •

•

TABLE 8.20
Rate Constants of Cumylperoxyl Radical Reaction with Mono- and Dicarboxylic Acids

[104,105]

Acid E (kJ mol21) log A, A (L mol21 s21) k (398 K) (L mol21 s21) k (CH2)(398 K) (L mol21 s21)

Acetic 67.8 8.35 0.28

Propanoic 63.2 7.85 0.36 0.12

Butanoic 61.9 7.83 0.49 0.13

Pentanoic 63.2 8.10 0.62 0.13

Heptanoic 63.2 8.24 0.87 0.12

Decanoic 63.6 8.51 1.45 0.16

Isobutiric 56.1 7.28 0.81

Pentanedioic 47.7 6.44 1.51

Heptanedioic 46.0 6.34 2.00 0.24

Octanedioic 47.7 6.67 2.57 0.35

Nonanedioic 47.7 6.73 2.95 0.36

Decanedioic 47.7 6.78 3.31 0.36
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1. The attack of the cumylperoxyl radical (CuOO
.
) on the O��H group of the mono-

meric acid.

2 RC(O)OH
O

HO
CR

H O
C

O
R

RC(O)OH   +   CuOO• CuOOH  +  RCO2
• (kpCOOH)

RCO2
• R•  +  CO2 Fast

The decomposition of carboxyl radical occurs very rapidly, and CO2 is formed with

a constant rate in the initiated co-oxidation of cumene and acid [104].

2. Cumylperoxyl radical attacks the a-CH2 group of the carboxylic acid with the

formation of a labile hydroperoxide. The concentration of this hydroperoxide

increases during oxidation till it reaches a stationary concentration [RCH(OOH)-

COOH]st¼ kp12[RCH2COOH][CuOO
.
]/kd. This reaction produces CO2 with

acceleration during some period of time equal to the time of increasing the

a-carboxyhydroperoxide concentration.

CuOO
. þRCH2COOH �! CuOOH þRC

.
HCOOH (kp12)

RC
.
HCOOHþO2 �! RCH(OO

.
)COOH F

RCH(OO
.
)COOHþ CuH �! RCH(OOH)COOHþ Cu

.
(kp21)

RCH(OOH)COOH �! RC(O)HþH2Oþ CO2 (kd)

The values of the rate constants of all the three key reactions, kpCHOH(CuOO
.þRC(O)OH),

kp12(CuOO
.þRCH2COOH), and the rate of decomposition of the formed hydroperoxide (kd)

are presented in Table 8.21.

The decarboxylation via the peroxyl radical reaction with the carboxylic group was the

main channel of CO2 production (78–82%). The attack of the peroxyl radical on the CH2

group adds 18–22% of CO2. However, in the case of isobutyric acid with a weak tertiary

C��H bond, the attack on the C��H bond appeared to be the main reaction of decarbox-

ylation.

Dicarboxylic acids form very strong intramolecular hydrogen bonds.

O

HO
C

H O
C

O

(CH2)n

COOH

COOH
n(H2C)

As a result, the carboxyl groups are blocked, and the peroxyl radicals react only with the

C��H bonds of the dicarboxylic acid. The results of the experimental study of acid

decarboxylation in reactions with cumylperoxyl radicals are presented below (393 K, [acid]

¼ 0.8 mol L�1, cumene [CuOOH]¼ 0.1 mol L�1 [106]).
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Heptanedioic Acid Nonanedioic Acid Decanedioic Acid

kp12 (L mol�1 s�1) 0.25 0.44 0.58

kd (s�1) 6.7� 10�4 6.4� 10�4 6.7� 10�4

The decarboxylation of decanedioic acid was studied in co-oxidation with cyclohexanol [106].

This reaction was seen to proceed through the attack of radicals (HO2
.

and cyclohexyl–

hydroxyperoxyl radical), see Chapter 7) on the C��H bonds of the acid and decomposition

of the formed hydroperoxide. It was found that kp12¼ 3.8� 104 exp(�50.2/RT ) L mol�1 s�1

and kd¼ 1.4� 1015 exp(�108.8/RT ) s�1. The quasistationary concentration of the intermedi-

ate hydroperoxide decomposing with the formation of CO2 was estimated to be as small as

3.4� 10�3 mol L�1(393 K, cyclohexanol, vi¼ 4� 10�6 mol L�1 s�1.

Oxalic acid does not form intramolecular hydrogen bonds. The decarboxylation of oxalic

acid occurs by the direct reaction of the peroxyl radical with the carboxylic group. The rate

constants of the peroxyl radicals of the oxidized cyclohexanol in co-oxidation with oxalic acid

was found to be kp12¼ 7.4� 107 exp(�60.2/RT ) L mol�1 s�1 in cyclohexanol at 348–368 K

[106].
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9 Oxidation of Amines,
Amides, and Esters

9.1 OXIDATION OF ALIPHATIC AMINES

9.1.1 INTRODUCTION

Aromatic amines are known as to be efficient inhibitors of hydrocarbon and polymer

oxidation (see Chapters 15 and 19). Aliphatic amines are oxidized by dioxygen via the

chain mechanism under mild conditions [1,2]. Peroxyl and hydroperoxyl radicals participate

as chain propagating species in the chain oxidation of amines. The weakest C��H bonds in

aliphatic amines are adjacent to the amine group. The bond dissociation energy (BDE) of

C��H and N��H bonds of amines are collected in Table 9.1. One can see that the BDE of the

N��H bond of the NH2 group is higher than the BDE of the a-C��H bond in the amine

molecule. For example, DN��H¼ 418.4 kJmol�1 and DC��H¼ 400 kJ mol�1 in methaneamine.

However, the BDE of N��H bond of dialkylamine is lower than that of the C��H bond of

the a-CH2 group. For example, DN��H¼ 382.8 kJ mol�1 and DC��H¼ 389.0 kJ mol�1 in

N-ethylethaneamine.

The BDE of the a-C��H bond in alkylamines depends on alkyl substituents at the N and

C atoms of the amine. The more the number of alkyl substituents, lower the BDE of the

a-C��H and N��H bonds. The values of DD¼DC��H(CH3NH2)�DC��H (amine) (kJ mol�1)

are given below.

Group ��NH2 ��NHR ��NR2

CH3�� 0.0 11.0 23.4

RCH2�� 10.4 15.4 20.5

R2CH�� 20.5 25.0 30.0

The comparison of the BDE of hydrocarbons and amines proves the strong effect of the

amino group on the BDE of the a-C��H bond. This is the result of the strong interaction of

the a-C atom free valence of the aminoalkyl substituent with the p-electron pair of nitrogen

atom. The energy of such interaction demonstrates the difference in the BDE of the a-C��H

bond in hydrocarbons and amines (DD¼DC��H(RCH3)�DC��H (RNH2)).

R CH3�� MeCH2�� Me2CH��

DD (kJmol�1) 22.0 22.4 20.5
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TABLE 9.1
Bond Dissociation Energies of C��H and N��H Bonds in Amines [3,4]

Amine Bond D (kJ mol-1)

C-H Bonds
Methanamine H2NCH2−H 400.0

Methanamine, N-methyl- MeNHCH2−H 389.0

Methanamine, N,N-dimethyl- Me2NCH2−H 376.6

Ethanamine Me(NH2)CH−H 389.6

Ethanamine, N-ethyl- (EtNH)MeCH−H 384.6

Ethanamine, N-diethyl- (Et2N)MeCH−H 379.5

2-Propanamine Me2(NH2)C−H 379.5

2-Propanamine, N-2-propyl- (Me2CHNH)Me2C−H 375.0

2-Propanamine, N,N-di-2-propyl- (Me2CH)2NMe2C−H 370.0

Cyclohexanamine H

NH2

395.9

Cyclohexanamine, N-methyl- H

N
H

388.0

Cyclohexanamine, N,N-dimethyl- H

N

381.0

Cyclohexanamine, N-cyclohexyl- H

N
H

387.3

Piperidine

NH

H H 385.6

2-Propen-1-amin, N,N-di-2-propenyl- CH2=CH(CH−H)N(CH2CH=CH2)2 345.6

Benzenamin, N,N-di-2-propenyl- CH2=CH(CH−H)NPh(CH2CH=CH2) 339.3

Benzenmethanamin Ph(NH2)CH−H 368.0

Benzenmethanamin, N,N-dimethyl- Me2NPhCH−H 370.8

Benzenmethanamin, N,N-dibenzyl- (PhCH2)2NPhCH−H 372.8

Benzenamin, N,N-dimethyl- PhNMeCH2−H 383.7

Benzenamin, N,N-diethyl- PhEtNCH−HMe 383.2

Benzenamin, N-methyl-N-phenyl- Ph2NCH2−H 379.5

Morpholin, N-phenyl-

O N

H H 361.0

N-H Bonds
Ammonia H2N−H 449.4

Hydrazine (H2N)NH−H 366.1

Methylamine CH3NH−H 418.4

Ethylamine CH3CH2NH−H 418.4

Methylamine, N-methyl- (CH3)2N−H 382.8

Ethylamine, N-ethyl- (CH3CH2)2N−H 382.8
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The substitution of the methyl group by the amino group decreases the BDE of the

a-C��H bond to 21.6+ 0.8 kJmol�1. As a result, peroxyl radicals attack preferentially

the a-C��H bonds of the oxidized amines.

Amines possess a pair of p-electrons on the nitrogen atom. The nitrogen atom has a low

electron affinity in comparison with oxygen. Therefore, amine can be the electron donor

reactant in a charge-transfer complex (CTC) in association with oxygen-containing molecules

and radicals. It will be shown that the formation of CTC complexes of amines with peroxyl

radicals is important in the low-temperature oxidation of amines.

The a-aminoalkylperoxyl radicals RCH(OO
.
)NHR possess a dual reactivity: oxidative

(due to the peroxyl group) and reducing (due to the amino group) [5]. As a result, many

antioxidants terminate the chains of oxidized amines by the mechanisms of cyclic chain

termination (see Chapter 16).

9.1.2 CHAIN MECHANISM OF ALKYLAMINE OXIDATION

Amines and hydrocarbons are oxidized by dioxygen by the chain mechanism [1,2]. Their

oxidation is initiated by radical initiators. In the presence of a sufficient concentration of

dissolved dioxygen ([O2]> 10�4 mol L�1), the rate of initiated oxidation does not depend on

the dioxygen pressure [2]. The lengths of chains (n) are high. For example, at T¼ 323 K and

initiation rate vi¼ 10�8 mol L�1 s�1 in the liquid phase at pO2¼ 1 atm the chain length is given

below [2]:

Amine Bu2NH BuNMe2 Et3N (PhCH2)3N PhNMe2

n 53 1090 3000 1250 1930

Similarly alcohols and amines are oxidized with chain propagation via two kinds of peroxyl

radicals, namely aminoalkyl peroxyl and hydroperoxyl according the following scheme:

RCHNHR

OO
•

R
•
CHNHR + O2

RCH=NR + H
•
O2

RH

RCHNHR + R
•

OOH

The kinetic scheme of amine oxidation includes the following steps [1,2]:

I �! r
.

r
. þRCH2NHR1 �! rHþRC

.
HNHR1

RC
.
HNHR1 þO2 �! RCH(OO

.
)NHR1

RCH(OO
.
)NHR1 þRCH2NHR1 �! RCH(OOH)NHR1 þRC

.
HNHR1

RCH(OO
.
)NHR1 �! RCH¼¼NRþHO2

.

HO2
. þRCH2NHR1 �! H2O2 þRC

.
HNHR1

2RCH(OO
.
)NHR1 �! RCH(OH)NHR1 þO2 þRC(O)NHR1

RCH(OO
.
)NHR1 þHO2

. �! RCH(OOH)NHR1 þO2

2HO2
. �! HOOHþO2
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In accordance with this scheme, the rate of initiated amine oxidation (v) obeys the following

kinetic equation [1,2]:

v ¼ kp(2kt)
�1=2[RCH2NHR1] [O2]

0v
1=2
i (9:1)

The values of kp(2kt)
�1/2, kp, and 2kt are collected in Table 9.2.

Since two different peroxyl radicals, namely, HO2
.
and a-aminoalkyl peroxyl, take part in

chain propagation and termination, the values of kp and kt rate constants are effective. They

depend on the ratio of the concentrations of these two peroxyl radicals. The decay of

TABLE 9.2
The Values of Ratio and Rate Constants of Chain Propagation and Termination for

Oxidation of Amines kp(2kt)
21/2

Amine

kp/(2kt)-1/2

(L mol-1 s-1)1/2
kp/(328 K)

(L mol-1 s-1)

2kt/(323 K)

(L mol-1 s-1) Ref.

(PrCH2)2NH 1.58 � 105 exp(−51.0/RT) 4.5 2.9 � 107 [6,7]

[6,7]

PrCH2NMe2 1.10 � 102 exp(−23.8/RT) 46.0 9.0 � 106 [8]

Me2NCH2CH2NMe2 3.55 � 102 exp(−25.1/RT) 2.45 � 102 6.3 � 107 [9]

(MeCH2)3N 31.6 � exp(−17.8/RT) 2.80 � 102 4.4 � 107 [10]

H

NH2

2.57 � 104 exp(−49.4/RT) 1.6 1.8 � 107

H

N
H

4.27 � 104 exp(−45.2/RT) 8.7 1.8 � 107 [2]

H

N
H

2.29 � 103 exp(−30.8/RT) 54.0 5.0 � 106 [11]

H

N

1.05 � 103 exp(−27.5/RT) 80.0 4.5 � 106 [10]

O
N

3.63 � 103 exp(−31.0/RT) 7.69 5.0 � 108 [2]

EtC(O)OCH2CH2NMe2 6.17 � 102 exp(−28.8/RT) 40.0 9.0 � 106 [8]

PhNMe2 25.1 � exp(−16.7/RT) 7.76 � 102 2.4 � 108 [12]

PhNMe2 65.2 � exp(−21.0/RT) [12]

N N

40.0 � exp(−15.4/RT) [13]

PhCH2NH2 5.25 � 104 exp(−46.5/RT) 23 2.6 � 108 [14]

PhCH2NHMe 3.09 � 104 exp(−45.3/RT) 22 2.0 � 108 [2]

PhCCH2NMe2 1.86 � 102 exp(−24.0/RT) 3.48 � 102 2.0 � 108 [2]

(PhCH2)3N 20.4 � exp(−17.0/RT) 5.15 � 102 2.0 � 108 [2]
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a-aminoperoxyl radicals was not studied. The decay of aminocarboxy (anion) methylperoxyl

radical

NH2CH(OO
.
)CO�2 �! HN¼¼CHCO�2 þHO2

.

occurs very rapidly in water. The rate constant of this reaction is kd¼ 1.5� 105 s�1 at

T¼ 293 K [15]. If the decay of the aminoalkylperoxyl radical would occur so rapidly in an

amine solution, the main chain propagating intermediate would be the hydroperoxyl radical.

However, one can expect in this case the close values of rate constants of chain termination in

different oxidized amines. It is not so as we see from Table 9.2. The values of 2kt vary from

5� 106 to 5� 108 s�1. Since HO2
.
radicals disproportionate very rapidly with the diffusion-

limited rate constant [16], one can suppose that HO2
.
is the main chain propagating species in

amines with values of 2kt� 108 s�1 (see Table 9.2).

The mechanism of HO2
.

formation from peroxyl radicals of primary and secondary

amines is clear (see the kinetic scheme). The problem of HO2
.

formation in oxidized

tertiary amines is not yet solved. The analysis of peroxides formed during amine oxidation

using catalase, Ti(IV) and by water extraction gave controversial results [17]. The formed

hydroperoxide appeared to be labile and is hydrolyzed with H2O2 formation. The analysis of

hydroperoxides formed in co-oxidation of cumene and 2-propaneamine, N-bis(ethyl methyl)

showed the formation of two peroxides, namely H2O2 and (Me2CH)2NC(OOH)Me2 [16].

There is no doubt that the two peroxyl radicals are acting: HO2
.
and a-aminoalkylperoxyl.

The difficulty is to find experimentally the real proportion between them in oxidized amine

and to clarify the way of hydroperoxyl radical formation.

The study of co-oxidation of both hydrocarbons and amines proved the strong retarding

effect of aliphatic amines on hydrocarbon oxidation [18]. The rate of hydrocarbon oxidation

was found to drop with an increase in the amine concentration. The rate of oxidation v

depends on the amine concentration in accordance with equation [19]:

vi

v
� vi

v0

¼ 2kp12[R2H]

kp11[R1H]
(9:2)

where ni is the initiation rate, n0 is the rate of hydrocarbon oxidation without amine, kp11 and

kp12 are rate constants of the R1OO
.
reaction with hydrocarbon (R1H) and amine (R2H). It

was found that the cumylperoxyl radical reacts with ethaneamine, N-diethyl with the rate

constant kp12¼ 135 L mol�1 s�1 at T¼ 333 K [20].

This rate constant helps to estimate the BDE of the O��H bond formed in aminoalkylper-

oxyl radical in the reaction with the hydrocarbon C��H bond (see Chapter 7). The rate constant

kp22¼ 336 Lmol�1 s�1 (seeTable 9.2).The ratioof two rate constantskp12/kp22 helps to calculate

the difference in activation energies of these two reactions (Me2PhCOO
.
and Et2NCH(OO

.
)Me

with Et3N): DE¼�RT ln(kp12/kp22)¼ 2.5 kJ mol�1. Using Equation (7.10) we estimate

DDO��H¼ 5.5 kJ mol�1. Since DO��H(Me2PhCOO��H)¼ 358.6 kJ mol�1 (see Chapter 2), one

can calculate DO��H(Et2NCH(OO��H)Me)¼ 358.6þ 5.5¼ 364.1 kJ mol�1. For the tertiary

aminoperoxyl radical we can suppose the same difference DD¼ 6.9 kJ mol�1 as for alkylperoxyl

radicals andproposeDO��H¼ 364.1� 6.9¼ 357.2 kJmol�1. Both these values should be treated

as approximate due to complex peroxyl radical composition in oxidized amines. The values of

the rate constants of different peroxyl radicals with amines are collected in Table 9.3.

9.1.3 REACTIVITY OF AMINES IN REACTION WITH PEROXYL RADICALS

The reactions of peroxyl radicals with the C��H bond of amine belong to one class of

abstraction reactions, namely, RO2
.þRH (see the IPM model in Chapters 4 and 6). The
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TABLE 9.3
Rate Constants of Peroxyl Radical Reactions with Amines

Amine Peroxyl Radical T (K) Solvent k (L mol-1s-1) Ref.

Et2NH 220−263 C7H16

C7H16

C7H16

C7H16

C7H16

C7H16/

   MeCO2Et

C7H16/

   MeCO2Et

C7H16/

   MeCO2Et

C7H16/

   MeCO2Et

3.39 � 102 exp(−11.1/RT) [21]

Et3N

Et3N

220−263 1.74 � 103 exp(−15.0/RT) [21]

303 Et2MeCH 23.0 [22]

EtMe2N Me2NCH(OO•)Me 303−323 EtMe2N 1.86 � 106 exp(−28.8/RT) [8]

Pr2NH 220−263 5.75 � 102 exp(−11.8/RT) [21]

EtMeCHNH2 220−263 1.20 � 103 exp(−15.9/RT) [21]

BuMe2N Me2NCH(OO•)Pr 303−323 BuMe2N 3.31 � 105 exp(−23.3/RT) [8]

Bu2NH

Bu2NH

Bu2NH

Bu2NH

Bu2NH

Bu2NH

Bu2NH

Bu2NH

Bu2NH

Bu2NH

Bu2NH

Bu2NH

Bu2NH

Bu2NH

Bu2NH

Bu2NH

Bu2NH

Bu2NH

Me3COO•

Me3COO•

Me3COO•

Me3COO•

Me3COO•

Me3COO•

220−263 2.19 � 103 exp(−14.1/RT) [21]

Me3COMe2COO• 187−263 1.17 � 107 exp(−7.2/RT) [23]

Me2PhCOO• 187−263 1.26 � 104 exp(−4.9/RT) [23]

Me3COO• 187−263 3.89 � 103 exp(−4.4/RT) [23]

OO
• 187−263 3.80 � 103 exp(−4.3/RT) [23]

241 PhCH3 1.68 [24]

241 PhCl [24]1.20

241 ClCH2CH2Cl [24]1.20

241 CCl3H 0.64 [24]

241 BuOBu 3.24 [24]

241 MeCOOEt 1.12 [24]

241 MeCOMe 2.64 [24]

241 BuOH 1.24 [24]

241 BuCOOH 0.80 [24]

Me3COO•

Me3COO•

Me3COO•

Me3COO•

Me3COO•

Me3COO•

Me3COO•

Me3COO•

Me3COO•

Me3COO•

241 CH3NO2 0.56 [24]

Et2N(CHOO•)Me 313 Bu2NH 4.7 [11]

N

OO
• 318 Bu2NH 3.0 [11]

Ph(NMe2)CHOO• 318 Bu2NH 21.0 [11]

Bu3N 220−263 C7H16

C7H16

C7H16

C7H16

1.26 � 103 exp(−15.0/RT) [21]

BuCH2NH2 Me3COO•

Me3COO•

220−263 81.3 exp(−11.5/RT) [21]

Me(CH2)6NH2 Me3COO• 220−263 5.37 � 102
 exp(−15.0/RT) [21]

HO(CH2)2NEt2 Me2PhCOO• 333 Me2PhCH 1.00 � 102 [11]

H

NH2

Me3COO• 209−263 2.0 � 103 exp(−16.3/RT) [24]
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parameters of this class are the following [26]: a¼ 0.814, b¼ 3.743� 1011 (kJ mol�1)1/2,

0.5hLni¼ 17.4 kJ mol�1, and 0.5hL(ni� nf)¼�3.8 kJ mol�1. This class is divided into groups.

Each group has its individual parameter bre. The analysis of peroxyl radical reactions with

aliphatic amines [4] gave the value of bre¼ 13.95 (kJ mol�1)1/2. This value differs from that for

the reaction of the peroxyl radical with the C��H bond of the aliphatic hydrocarbon (R1H)

and lies between bre for reactions RO2
.þR1H (bre¼ 13.62 (kJ mol�1)1/2) and RO2

.þR3H

(R3H is alkylaromatic hydrocarbon RCH2Ph, bre¼ 14.32 (kJ mol�1)1/2). This consequence of

bre, bre(RO2
.þR1H)< bre(RO2

.þ amine) < bre(RO2
.þR3H), can be interpreted as the result

of different triplet repulsions in TS of these groups of reactions (see Chapter 4). In the TS of

the reaction RO2
.þR3H p-electrons of aromatic ring interact with three electrons of TS. This

interaction via triplet repulsion increases the energy of the TS O � � � H � � � C and increases the

activation energy of the thermoneutral reaction Ee0. This is the reason why the activation

energy of the thermoneutral reaction Ee0(RO2
.þ amine)>Ee0(RO2

.þR1H). The values of bre
(kJ mol�1)1/2 and Ee0 (kJ mol�1) for four groups of reactions RO2

.þRiH [4,26] are as follows:

RiH R1H RCH2NHR1 RCH2Ph RCH2CH 5 CH2

bre (kJ mol�1)1/2 13.62 13.95 14.32 15.21

Ee0(kJ mol�1) 56.4 59.1 62.3 70.3

We see that the triplet repulsion in the case of aliphatic amines increases Ee0 to 2.7 kJ mol�1. It

is less than that of alkylaromatic hydrocarbons where DEe0¼ 5.9 kJ mol�1. So, one can

conclude that the pair of p-electrons of nitrogen interacts with TS not so strongly as

p-electrons of the aromatic ring.

TABLE 9.3
Rate Constants of Peroxyl Radical Reactions with Amines—continued

N

H H

H

Me2PhCOO• 348 Me2PhCH 2.90 � 102 [25]

N

H H

H

Me3COO•

Me3COO•

220−263 C7H16

C7H16

2.24 � 103 exp(−14.9/RT) [21]

NO

H H

H

220−263 5.89 � 102 exp(−14.3/RT) [21]

NO

H H

H

Me2PhCOO• 348 Me2PhCH 66.0 [25]

MePhNH MePhNCH2OO• 313 MePhNH 1.2 � 102 [11]

PhCH2NH2 Me3COO• 220−263 C7H16 3.63 � 103 exp(−15.4/RT) [21]

PhCH2NHMe Ph(NMe2)CHOO• 318 PhCH2NHMe 29.0 [11]

Amine Peroxyl Radical T (K) Solvent k (L mol-1 s-1) Ref.

N

H H

H N

OO
• 323

N

H H

H

7.5 [11]
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There are not so many data on peroxyl radical reactions with amines. Therefore, the

values of activation energy and rate constants of reactions of HO2
.
radical with series of

amines were calculated using the IPM model (see Chapter 4). The following parameters were

used for calculation [4,26].

Amine Aliphatic Benzylic Allylic

bre (kJ mol�1)1/2 13.95 14.65 15.54

Ee0 (kJ mol�1) 59.1 65.2 73.4

AC�H (L mol�1 s�1) 1� 108 1� 107 1� 107

The results of calculation as well as the values of DEH, which illustrate the contribution of the

enthalpy into the activation energy, are presented in Table 9.4.

The sufficiently higher values of bre (bre¼ 14.82 (kJ mol�1)1/2 and Ee0 (Ee0¼ 66.7 kJ

mol�1) were estimated from the experimental rate constants of the reaction of the 1,1-

dimethylethyl peroxyl radical with N-diethylethaneamine. This reaction was studied by

Tavadyan et al. [21] using EPR method at low temperatures (210–260 K). This discrepancy

in Ee0 values for reactions of one group is the result of a great difference in the temperature of

the experiment (210–260 K [21] and 330–380 K for other experiments).

It is most likely that this difference of the Ee0 values is caused by the CTC formation due

to the donor–acceptor interactions between peroxyl oxygen with a free valence and amine

nitrogen of the type

RO2
. þNR3 RO2

.
(d� ) � � � NR3(dþ )

At low temperature, this equilibrium shifts to the right, and only a small fraction of free

peroxyl radicals participate in the reaction, whereas at a high temperature the equilibrium is

shifted to the left, and the fraction of bound radicals is small. If we assume that at 210–260 K

almost all RO2
.
radicals are bound in complexes with amines, then it can be shown that the

difference of low- and high-temperature Ee0 values is close to the enthalpy of this donor–

acceptor interaction in the CTC complex: DEe0 ffi DHDA¼ 66.7� 59.1¼ 7.6 kJ mol�1.

9.2 OXIDATION OF AMIDES

9.2.1 INTRODUCTION

Aliphatic amides possess more strong a-C��H bonds in comparison with amines. This is the

result of the carbonyl group influence on the stabilization of the formed a-amidoalkyl radical

formed from amide in the reaction with the peroxyl radical. This influence is not so strong as

that of the amine group. The values of the a-C��H bond in a few amides were estimated

recently by the IPM method [4] and are given here.

Amide AcNHCH��HMe AcNHC��HMe2 AcMeNCH2��H

DC�H (kJ mol�1) 399.2 395.5 386.9

Amine EtNHCH��HMe Me2CHNHC��HMe2 Me2NCH2��H

DC�H (kJ mol�1) 384.6 375.0 376.6

DD (kJ mol�1) 14.6 20.5 10.3
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The values of BDE of the weakest C��H bonds in amides, we considered, are by 10–20 kJ

mol�1 higher than those in the corresponding amines. Naturally, this difference influences the

oxidation of amides.

Amides have carbonyl group and nitrogen atom. Both these groups can form hydrogen

bonds with O��H and N��H-containing compounds. Therefore, hydroperoxides form asso-

ciates with amides via hydrogen bonding. This association influences the kinetics of the

oxidation of amides and decay of hydroperoxides.

TABLE 9.4
Activation Energies, Rate Constants, and Contribution Enthalpy in Activation Energy for

Peroxyl Radical Reactions with Amines, Calculated by IPM Method (See Chapter 6)

Amine

DHe

(kJ mol-1)

DEH

(kJ mol-1)

E
(kJ mol-1)

log A, A
(L mol-1 s-1)

k (350 K)

(L mol-1 s-1)

H2NCH2−H 27.2 56.0 8.48 1.33 12.9

MeNHCH2−H 16.2 50.6 8.78 16.9 7.5

Me2NCH2−H 3.8 44.9 8.95 1.77 � 102 1.8

Me(NH2)CH−H 16.8 50.9 8.30 5.07 7.8

EtNHMeCH−H 11.8 48.5 8.60 23.1 5.4

Et2NMeCH−H 6.7 46.2 8.78 76.8 3.1

(Me2CH)2NMe2C−H −2.8 41.9 8.48 1.69 � 102 −1.2

H

N

−4.2 41.3 8.00 68.6 −1.8

N

H H

H

12.8 49.0 8.60 19.4 5.9

MePhNCH2−H −14.4 36.8 8.78 1.94 � 103 −6.3

NO

H H −24.2 32.8 8.60 5.07 � 103 −10.3

Ph(NH2)CH−H −4.8 47.1 7.30 1.87 −2.1

Me2NPhCH−H −2.0 48.3 7.30 1.24 −0.9

(PhCH2)2NPhCH−H 0.0 49.2 7.78 2.74 0.0

PhNMeCH2−H 10.9 48.1 8.78 40.0 5.0

PhEtNMeCH−H 10.4 47.9 8.30 14.2 4.8

Ph2NCH2−H 6.7 46.2 8.48 38.2 3.1

CH2=CH(CH−H)N

(CH2CH=CH2)2

−27.2 45.7 7.78 9.1 −11.7

CH2=CH(CH−H)NPh

(CH2CH=CH2)

−33.5 43.1 7.48 11.2 −14.3

Me2C=NMeCH−H −18.8 49.2 7.30 0.91 −8.2

MeN=CMeCH−HMe −22.2 47.8 7.30 1.47 −9.6
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Amides possess high dipole moments m due to the presence of the amide group. Some

values are given below.

Amide AcNH2 HC(O)NHMe HC(O)NMe2

m (Debye) 3.76 3.83 3.82

As a result, polar reactants and polar TS are solvated in the amide medium.

9.2.2 CHAIN MECHANISM OF AMIDE OXIDATION

Amides, as amines and hydrocarbons, are oxidized by dioxygen according to the chain

mechanism [1]. The initiated oxidation of amides proceeds according to the classical scheme

of chain oxidation of organic compounds [2].

I �! R
.

r
. þRC(O)NHCH2R

1 �! rHþRC(O)NHC
.
HR1

RC(O)NHC
.
HR1 þO2 �! RC(O)NHCH(OO

.
)R1

RC(O)NHCH(OO
.
)R1þRC(O)NHCH2R

1 �! RC(O)NHCH(OOH)R1 þRC(O)NHC
.
HR

2RC(O)NHCH(OO
.
)R1 �! RC(O)NHCH(OH)R1 þO2

þRC(O)NHC(O)R1

In contrast to aminoperoxyl radicals, amidoperoxyl radicals do not decompose with the

formation of HO2
.
radicals [2]. According to this scheme the rate of amides oxidation obeys

the following equation (at [O2]> 10�4 mol L�1):

v ¼ kp(2kt)
�1=2[RC(O)NHCH2R

1] [O2]
0v
�1=2
i (9:3)

The value of ratio kp(2kt)
�1/2 are collected in Table 9.5.

The absolute values of kp and 2kt were estimated for a few amides. They are collected in

Table 9.6.

9.2.3 DECOMPOSITION OF HYDROPEROXIDES

Hydroperoxides formed due to the oxidation of amides are decomposed into free radicals and

accelerate oxidation. Hydroperoxides form hydrogen bonds with amides. The enthalpies,

entropies, and equilibrium constants of hydrogen bonding are presented in Table 9.7.

Depending on amide and hydroperoxide, the equilibrium constants at room temperature

vary from 0.1 to 20 L mol�1. The enthalpy of hydrogen bond hydroperoxide and amide is

around 20 to 24 kJ mol�1. Three types of hydrogen bonds are formed: ROOH � � � O¼C<,

ROOH � � � N<, and NH � � � O(H)OR.

Apparently, hydrogen bonding is a preliminary stage of free radical generation through

hydroperoxide decomposition. This is in agreement with the kinetic equation for hydroper-

oxides decomposition to free radicals [33]:

vi ¼ ki[ROOH] [AcNHR] (9:4)
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TABLE 9.5
The Values of kp(2kt)

21/2 for Initiated Oxidation of Amides

Amide T (K)

kp(2kt)
-1/2 (357 K)

(L mol-1 s-1) E (kJ mol-1)

log A, A
(L mol-1 s-1) Ref.

AcNMe2 323−363 2.0 � 10−3 46.0 4.04 [27]

AcNEt2 328−363 3.3 � 10−3 31.0 2.05 [2]

AcNHCHMe2 333−393 4.0 � 10−4 54.4 4.56 [27]

AcNHBu 323−396 9.0 � 10−4 50.2 4.30 [27]

EtC(O)NHPr 323−393 1.7 � 10−3 54.4 (5.20) [2]

AcNHEt 357 2.1 � 10−3 [2]

PrC(O)NH(CH2)7Me 323−393 1.7 � 10−3 55.0 (5.27) [28]

NH

O 364 1.6 � 10−3 [29]

N

O

H

323−393 1.1 � 10−3 55.5 (5.18) [2]

TABLE 9.6
Rate Constants kp and 2kt for Chain Oxidation of Amides

Amide T (K)

k (353 K)

(L mol-1 s-1) E (kJ mol-1)

log A, A
(L mol-1 s-1) Ref.

kp

AcNHCHMe2 333−393 0.98 54.4 8.04 [27]

AcNHBu 323−396 3.81 50.0 7.98 [27]

AcNMe2 308−328 20.1 46.0 8.11 [27]

AcNEt2 323−396 20.5 31.0 5.90 [2]

NH

O 364 11.8 [29]

NH

O 364 9.8 [29]

2kt
AcNHCHMe2 353 8.7 � 106 [27]

AcNMe2 353 1.4 � 108 [27]

AcNHBu 353 2.3 � 107 [27]

AcNEt2 353 5.0 � 107 [2]

NH

O 364 5.6 � 107 [29]

NH

O 364 6.6 � 107 [29]

© 2005 by Taylor & Francis Group.



The rate constants of homolytic decomposition of the two hydroperoxides in butylacetamide

media are given in Table 9.8.

Quite another equation was established for the initiation rate for hydroperoxide decom-

position in dimethylacetamide [34]:

ni ¼ ki[ROOH] [AcNMe2]
�1 (9:5)

The formation of two forms of bonding between hydroperoxide and amide was proposed [34].

ROOHþAcNMe2 X K1

X �! Free radicals ki

XþAcNMe2 Y K2

The rate of initiation is

ni ¼ ki[X] � kiK
�1
2 [ROOH] [AcNMe2]

�1 (9:6)

TABLE 9.7
Equilibrium Constants, Enthalpies, and Entropies of Hydrogen Bonding of Hydroperoxides

with Amides [30–32]

Amide Hydroperoxide Solvent T (K)

2DH

(kJ mol21)

2DS

(J mol21 K)

K (298 K)

(L mol21)

AcNMe2 Me3COOH CCl4 294–341 22.6 51.1 19.6

AcNMe2 Me2PhCOOH CCl4 294–350 20.9 49.8 11.5

AcNBu Me3COOH CCl4 292–341 23.9 55.7 19.0

AcNBu Me2PhCOOH CCl4 294–337 20.5 49.0 10.8

AcNHCHMe2 Me3COOH CCl4 294–332 14.7 43.5 2.02

AcNHCHMe2 Me2PhCOOH CCl4 294–332 21.3 55.6 6.75

Me2NC(O)H Me3COOH Me2NCOH 288–343 22.0 93.1 9.84�10�2

TABLE 9.8
Rate Constants of Free Radical Generation by Hydroperoxides in Amides

Amide Hydroperoxide

T

(K)

E

(kJ mol21)

log A, A

(L mol21 s21)

ki (350 K)

(L mol21 s21) Ref.

vi 5 ki[ROOH][AcNHR], A and ki (L mol21 s21)

AcNHBu Me3COOH 354–396 70.5 3.34 6.58� 10�8 [2]

AcNHBu Me2PhCOOH 353–397 126.0 10.27 2.92� 10�9 [2]

AcNHCHMe2 Me3COOH 363–398 39.0 2.30 3.02� 10�4 [34]

AcNHCHMe2 Me2PhCOOH 375–402 105.8 7.69 7.68� 10�9 [34]

vi 5 ki[ROOH][AcNMe2]21, A and ki (mol L21 s21)

AcNMe2 Me3COOH 325–363 60.7 4.22 1.45� 10�5 [34]

AcNMe2 AcNMeCH2OOH 357–388 158.0 16.70 1.32� 10�7 [35]
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at K2>K1 and K1> 1, K2> 1. The mechanism of initiation remains unclear. Probably, it

includes the electron transfer from nitrogen of the amide group to hydroperoxide.

ROOHþAcNMe2 �! RO
. þHO� þAcNMeþ�2

Along with homolytic decomposition, hydroperoxides are decomposed in an acetamide

solution by the chain mechanism under the action of formed free radicals [33,35].

RO
. þAcNHCH2R �! ROHþAcNHC

.
HR

ROOHþAcNHC
.
HR �! RO

. þAcNHCH(OH)R

2 AcNHC
.
HR �! Molecular products

The chain length varies from 5 to 50 (see Table 9.9). The kinetic equation for the rate of chain

decomposition of hydroperoxide has the following forms:

v ¼ kind[ROOH]3=2[AcNMe2]
�1=2 (9:7)

v ¼ kind[ROOH]1=2 (9:8)

9.3 OXIDATION OF ESTERS

9.3.1 INTRODUCTION

A molecule of aliphatic ester possesses two substituents around the ester group ��C(O)O��,

namely, alcohol and acid residues. Ester group decreases the BDE of a-C��H bonds in both

substituents: alcoholic and acidic. Therefore, an ester molecule has two different types of

weak C��H bonds that are attacked by peroxyl radicals: a-C��H bonds of the alcohol

substituent ��CH2OC(O)R and the a-C��H bonds of the acid substituent ��CH2C(O)OR.

The values of BDE of these types of C��H bonds are close but not the same. The values of

BDE of the C��H bonds are collected in Table 9.10.

The BDEs of a-C��H bonds of alcoholic and acidic substituents are compared with those

of ethers and acids. Both types of BDE of C��H bonds are lower than those of the

hydrocarbons.

TABLE 9.9
Chain Lenth n, Probability of Radical Pair to Escape the Cage e and Rate

Constant of Induced Chain Decomposition kind at 405 K [33–36]

Amide ROOH kind (L1/2 mol21/2 s21/2) n e (%)

AcNHBu Me3COOH 1.66� 10�5

AcNHBu Me2PhCOOH 2.4� 10�5 6 100

AcNHCHMe2 Me3COOH 2.8� 10�5

AcNHCHMe2 Me2PhCOOH 3.5� 10�5

AcNMe2 Me3COOH 2.0� 10�4 5 36

AcNMe2 Me2PhCOOH 9.0� 10�4 50 34

AcNMe2 AcNMeCH2OOH 5.0� 10�4 6 18
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R CH3 OR’ OC(O)R’ C(O)OH C(O)OR’

RCH2��H 422.0 411.9 404.0 414.1 403.9

RCH��HMe 412.0 399.5 399.5 398.9 394.9

RC��HMe2 400.0 390.8 392.3 388.3 —

CH2¼¼CHCH��HR 349.8 339.2 348.3 — —

Ester group is polar and possesses a high dipole moment m [38].

Ester HC(O)OMe HC(O)OEt MeC(O)OMe MeC(O)OEt PhC(O)OEt

m (Debye) 1.77 1.98 1.72 1.78 2.00

Therefore, the polar group influences the reactivity of ester in reactions with peroxyl radicals

(see later). Due to the polar groups, the effect of multidipole interaction was observed in

reactions of polyesters with RO2
.
, O2, and ROOH (see Section 9.3.4). Ester as a polar media

solvates the polar TS and influences the reactivity of polar reagents.

The ability of esters to form hydrogen bonds with polar reactants is especially important

for the reactions of peroxyl radicals with antioxidants such as phenols and amines. Amines

form hydrogen bonds with ester groups. The hydrogen bonding lowers the activity of

antioxidants as acceptors of peroxyl radicals (see Chapters 14 and 15).

TABLE 9.10
Dissociation Energies of C��H Bonds in Esters [37]

Ester Bond D (kJ mol21)

Alcoholic Group

Acetic acid, methyl ester MeC(O)OCH2��H 404.0

Acetic acid, ethyl ester MeC(O)OCH��HMe 399.5

Pentanoic acid, methylethyl ester BuCOOC��HMe2 387.9

Acetic acid, methylethyl ester MeC(O)OC��HMe2 392.3

Acetic acid, 3-propenyl ester MeC(O)O(CH��H)CH¼¼CH2 348.3

Acetic acid, benzyl ester MeC(O)O(CH��H)Ph 359.0

Oxalic acid, dimethyl ester MeOC(O)C(O)OCH2��H 403.9

Oxalic acid, diethyl ester EtOC(O)C(O)CH��HMe 396.2

Oxalic acid, bis(1-methylethyl) ester Me2CHOC(O)C(O)OC��HMe2 396.2

Acidic Group

Butanoic acid, methyl ester EtCH��HCOOMe 394.9

Malonic acid, dimethyl ester [MeOC(O)]2CH��H 390.4

1,1-Dimethylpropanoic acid, 1,1-dimethylester Me3CC(O)OCMe2CH2��H 415.0

1,3-Dipropanoic acid, dimethyl ester MeOC(O)CH��HC(O)OMe 391.7

1,4-Dibutanoic acid, dimethyl ester MeOC(O)CH��HCH2C(O)OMe 404.8

Acetic acid, anhydride MeC(O)OC(O)CH2��H 406.0

Denisov / Oxidation and Antioxidants in Organic Chemistry and Biology DK1162_c009 Final Proof page 342 2.2.2005 5:40pm

© 2005 by Taylor & Francis Group.



9.3.2 CHAIN MECHANISM OF ESTER OXIDATION

Aliphatic esters are oxidized by dioxygen through the chain mechanism similar to the

mechanism of hydrocarbon oxidation. In the presence of initiator I at such dioxygen pressure

when [O2]> 10�4 mol L�1 in an ester solution, ester AcOCH2R oxidation includes the follow-

ing elementary steps [39,40].

I �! r
.

ki

r
. þAcOCH2R �! rHþAcOC

.
HR Rapidly

AcOC
.
HRþO2 �! AcOCH(OO

.
)R Rapidly

AcOCH(OO
.
)RþAcOCH2R �! AcOCH(OOH)RþAcOC

.
HR kp

2AcOCH(OO
.
)R �! AcOCH(OH)RþO2 þAcOC(O)R 2kt

In accordance with this scheme, the rate of ester oxidation was found to obey the equation:

v ¼ kp(2kt)
�1=2[AcOCH2R] [O2]

0v
�1=2
i (9:9)

The values of rate constants ratio kp(2kt)
�1/2 are given in Table 9.11.

The nonsaturated esters with p-C¼¼C bonds and without activated a-C��H bonds (esters

of acrylic acid (CH2¼¼CHCOOR) and esters of vinyl alcohols (RC(O)OCH¼¼CH2)) are

oxidized by the chain mechanism with chain propagation via the addition of peroxyl radicals

to the double bond. Oligomeric peroxides are formed as primary products of this chain

reaction. The kinetic scheme includes the following steps in the presence of initiator I and

at pO2 sufficient to support [O2]> 10�4 mol L�1 in the liquid phase [49].

I �! r
.

r
. þ CH2¼¼CHCOOR �! rCH2C

.
HCOOR Rapidly

RCH2C
.
HCOORþO2 �! rCH2CH(OO

.
)COOR Rapidly

RCH2CH(OO
.
)COORþ

CH2¼¼CHCOOR �! RCH2CH(COOR)OOCH2C
.
HCOOR kp

2RCH2CH(OO
.
)COOR �! RCH2CH(OH)COORþO2

þ RCH2C(O)COOR 2kt

As in the case of the oxidation of saturated esters, the rate of chain copolymerization

monomer and dioxygen obeys the equation similar to that for aliphatic ester oxidation.

The values of kp for abstraction and addition reactions of peroxyl radicals were measured

by different methods and are presented in Table 9.12.

The oxidation of nonsaturated esters with double bonds far away from the ester group

occurs like the oxidation of olefins (see Chapter 2). Esters like methyl oleate have weak bonds

near the double bond. The peroxyl radical attacks these bonds, and the oxidation reaction

occurs far from the ester group. The ester group influences the oxidation rate through its

solvent properties.

Disproportionation of ester peroxyl radicals occurs very rapidly. Apparently, the ester

group influences the rate constant of this reaction by increasing it. The rate constants of chain

termination in oxidized esters are collected in Table 9.13.

Denisov / Oxidation and Antioxidants in Organic Chemistry and Biology DK1162_c009 Final Proof page 343 2.2.2005 5:40pm

© 2005 by Taylor & Francis Group.



TABLE 9.11
The Values of kp(2kt)

21/2 for Ester Oxidation

Ester T (K) E (kJ mol21)

log A, A

(L mol21 s21)

kp (2kt)
21/2 (348 K)

(L mol21 s21)1/2 Ref.

Acetic acid, butyl ester 353–368 36.0 1.94 3.44� 10�4 [41]

Acetic acid, pentyl ester 353–368 38.5 2.35 3.73� 10�4 [41]

Acetic acid, decyl ester 353–368 40.2 2.89 7.18� 10�4 [41]

Acetic acid, benzyl ester 348 7.8� 10�4 [42]

Acetic acid, benzyl ester 393–413 47.0 4.52 2.92� 10�3 [43]

Acetic acid, 1-cyclohexenyl ester 333–363 30.5 2.63 1.13� 10�2 [44]

Acetic acid, 3-cyclohexenyl ester 333–363 19.6 3.95 10.2 [44]

Butyric acid, benzyl ester 348 6.0� 10�4 [42]

Phenylacetic acid, propyl ester 348 4.1� 10�4 [42]

Oleic acid, methyl ester 333–373 45.2 4.64 7.17� 10�3 [45]

Linoleic acid, methyl ester 333–373 23.8 2.20 4.24� 10�2 [45]

Linolenic acid, methyl ester 333–373 33.5 4.11 0.12 [45]

Adipic acid, methyl ester 418–443 54.4 4.22 1.13� 10�4 [46]

Adipic acid, ethyl ester 418–443 51.5 4.10 2.34� 10�4 [46]

Adipic acid, diethyl ester 418–443 92.5 9.38 3.13� 10�5 [46]

Adipic acid, dipropyl ester 418–443 97.1 9.91 2.16� 10�5 [46]

Adipic acid, (methylethyl)ester 418–443 43.9 5.36 5.90� 10�2 [46]

Adipic acid,

bis(methylethyl)ester

418–443 66.1 9.45 0.34 [46]

Adipic acid,

bis(2-methylpropyl)ester

418–443 70.7 9.94 0.21 [46]

Diethyleneglicol, dihexanoic ester 383–413 54.0 4.27 1.46� 10�4 [47]

Pentaeritritol, tetrapentanoic ester 383–423 50.2 3.90 2.32� 10�4 [47]

Pentanoic acid, ethyl ester 385–409 49.6 3.63 1.54� 10�4 [43]

Ethyleneglicol, dihexanoic ester 413–470 65.9 6.20 2.03� 10�4 [43]

1,10-Didecanoic acid,

bis(2-ethylhexyl) ester

413–470 59.3 5.29 2.45� 10�4 [43]

1,6-Dihexanoic acid,

bis(2-ethylhexyl) ester

413–470 39.6 2.63 4.85� 10�4 [43]

Phtalic acid, bis(2-ethylhexyl) ester 413–470 28.5 0.85 3.82� 10�4 [44]

Formic acid, cholesterol ester 348 6.35� 10�3 [48]

Acetic acid, cholesterol ester 348 4.45� 10�3 [48]

Propanoic acid, cholesterol ester 348 3.40� 10�3 [48]

Butanoic acid, cholesterol ester 338–371 29.8 2.41 7.60� 10�3 [48]

Hexanoic acid, cholesterol ester 338–371 34.8 3.12 7.90� 10�3 [48]

Nonanoic acid, cholesterol ester 338–371 62.6 7.24 5.20� 10�3 [48]

Dodecanoic acid,

cholesterol ester

338–371 31.6 2.60 7.00� 10�3 [48]

Oleic acid, cholesterol ester 308–348 31.8 3.16 2.32� 10�2 [48]

Cinnamic acid,

cholesterol ester

308–348 34.0 3.28 1.48� 10�2 [48]

p-Methoxybenzoic acid,

cholesterol ester

348 3.57� 10�3 [48]

Pentanoic acid, cholesterol ester 348 6.09� 10�3 [48]]

Octadecanoic acid,

cholesterol ester

348 7.80� 10�3 [48]

Benzoic acid, cholesterol ester 348 7.20� 10�3 [48]
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The chain generation by the reaction with dioxygen was studied for esters of different

structures. Four mechanisms of free radical formation were evidenced.

1. The bimolecular reaction with hydrogen atom abstraction by dioxygen from the

weakest C��H bond. Ester as a polar medium accelerates this reaction due to solvation

of the polar TS.

RC(O)OCH2R
1 þO2 �! RC(O)OC

.
HR1 þHO2

.

2. The bimolecular addition of dioxygen to the double bond of nonsaturated ester. This

reaction seems to be preceded by CTC formation.

O2 þ CH2¼¼CHCOOR O2d(� ) � � � d(þ )CH2¼¼CHCOOR

O2 � � �CH2¼¼CHCOOR �! .
OOCH2C

.
HCOOR

3. The trimolecular reaction of dioxygen with the weakest C��H bonds of two nonsatu-

rated esters.

2RCH¼¼CHCH2CH¼¼CHR1 þO2 �! 2RCH¼¼CHC
.
HCH¼¼CHR1 þH2O2

TABLE 9.12
Rate Constants of Chain Propagation kp in Oxidized Esters

Ester T (K)

E

(kJ mol21)

log Ap, Ap

(L mol21 s21)

kp(348 K)

(L mol21 s21) Ref.

Hydrogen Atom Abstraction

Acetic acid, benzyl ester 393–413 59.3 10.30 25.1 [43]

Pentanoic acid, ethyl ester 385–409 55.7 9.40 10.9 [43]

Benzoic acid, ethyl ester 373–403 96.2 13.65 0.16 [50]

Benzoic acid, benzyl ester 373–403 57.8 9.75 11.9 [50]

2-Methylpropionic acid, methyl ester 328–353 87.9 13.11 0.82 [51]

Phenylacetic acid, 2-dimethylethyl ester 373–403 41.9 7.15 7.26 [49]

Dodecanoic acid, cholesterol ester 338–371 39.4 7.12 16.1 [52]

Ethyleneglicol, dihexanoic ester 413–470 73.0 12.00 11.0 [43]

Diethyleneglicol, dihexanoic ester 383–413 60.9 10.20 11.5 [43]

Pentaeritritol, tetrapentanoic ester 383–413 67.7 10.60 2.74 [43]

Didecanoic acid, bis(2-ethylhexyl) ester 413–470 73.0 11.50 3.49 [43]

Dihexanoic acid, bis(2-ethylhexyl) ester 413–470 53.3 8.80 6.31 [43]

Phtalic acid, bis(2-ethylhexyl) ester 413–470 42.2 7.10 5.83 [43]

Addition

Acetic acid, vinyl ester 323 2.80 [53]

Acrylic acid, methyl ester 323 1.70 [53]

Acrylic acid, butyl ester 323 1.40 [54]

Methacrylic acid, methyl ester 303–323 53.5 8.92 7.76 [54]

Methacrylic acid, butyl ester 303–323 45.6 7.80 9.03 [54]

Methacrylic acid, 2-methylpropyl ester 323 2.40 [54]

3-Methylbutenoic acid, methyl ester 303 0.20 [55]
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4. The trimolecular reaction of dioxygen with double bonds of two molecules of non-

saturated esters. As in the case of a similar bimolecular reaction, this reaction seems to

be preceded by CTC formation.

O2þCH2¼¼CHCO2R O2d(� ) � � � d(þ )CH2¼¼CHCO2R

CH2¼¼CHCO2RþO2CH2¼¼CHCO2R CH2¼¼CHCO2R � � � O2 � � �CH2¼¼CHCO2R

CH2¼¼CHCO2R � � � O2 � � � CH2¼¼CHCO2R �! RO2CC
.
HCH2OOCH2C

.
HCO2R

The rate constants of these reactions are collected in Table 9.14. Detailed information about

these reactions are given in Chapter 4.

The accumulation of hydroperoxide accelerates the ester oxidation. As in hydrocarbon

oxidation, this acceleration is the result of hydroperoxide decomposition into free radicals.

The most probable is the bimolecular reaction of hydroperoxide with the weakest C��H bond

of saturated ester (see Chapter 4).

R1OOHþRC(O)OCH2R �! R1O
. þH2OþRC(O)OC

.
HR

TABLE 9.13
Rate Constants of Disproportionation of Ester Peroxyl Radical

Ester T (K)

Et

(kJ mol21)

log (2At), At

(L mol21 s21)

2kt (348 K)

(L mol21 s21) Ref.

Acetic acid, methyl ester 293 2.8� 108 [56]

Acetic acid, ethyl ester 293 3.4� 108 [56]

Acetic acid, propyl ester 293 6.7� 107 [56]

Acetic acid, methylethyl ester 293 1.6� 108 [56]

Acetic acid, butyl ester 293 7.6� 106 [56]

Acetic acid, 1,1-dimethylethyl ester 293 4.1� 108 [56]

Acetic acid, pentyl ester 293 1.3� 107 [56]

Acetic acid, benzyl ester 393–413 24.6 11.50 6.42� 107 [43]

Pentanoic acid, ethyl ester 385–409 18.2 11.50 5.86� 108 [43]

Dodecanoic acid, cholesterol ester 281–308 15.70 9.04 4.82� 106 [52]

Dodecanoic acid, cholestanol ester 282–319 14.20 8.27 1.38� 106 [52]

Ethyleneglicol, dihexanoic ester 383–413 14.2 11.50 2.34� 109 [43]

Diethyleneglicol, dihexanoic ester 383–413 14.2 11.00 7.39� 108 [43]

Pentaeritritol, tetrapentanoic ester 383–413 27.4 12.40 1.94� 108 [43]

Didecanoic acid,

bis(2-ethylhexyl) ester

383–413 27.4 12.40 1.94� 108 [43]

Dihexanoic acid,

bis(2-ethylhexyl) ester

383–413 27.4 12.40 1.94� 108 [43]

Phtalic acid, bis(2-ethylhexyl) ester 383–413 27.4 12.40 1.94� 108 [43]

Vinyl acetate 303 4.9� 107 [55]

Acrylic acid, methyl ester 303 1.7� 107 [55]

Methyl acrylate 303–323 19.3 9.32 1.6� 107 [54]

Isopropenyl acetate 303 1.6� 106 [55]

Butyl acrylate 323 9.0� 106 [54]

Isobutyl methacrylate 303–323 18.4 9.41 4.45� 106 [54]

Butyl methacrylate 303–323 10.9 8.34 5.06� 106 [56]
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TABLE 9.14
Rate Constants of Free Radical Generation by Reaction of Esters with Dioxygen

Ester Solvent T (K)

E

(kJ mol21)

log A,

(L mol21 s21)

k (450 K)

(L mol21 s21) Ref.

RC(O)OCH2R 1 O2 ! RC(O)OC.HR 1 HO2
.

EtC(O)O(CH��H)Me Propionic acid,

methyl ester

343–363 133.8 13.81 1.91� 10�2 [57]

Ph(CH��H)OC(O)Ph Benzene, 1,2-dichloro- 373–403 96.5 5.90 5.00� 10�6 [58]

Ph(CH��H)OCH2Ph Chlorobenzene 398 7.80� 10�9 [59]

Ph(CH��H)OCH2Ph Dibenzyl ether 398 3.7� 10�9 [59]

Ph(CH��H)OCH2Ph Benzene, 1,2-dichloro- 398 9.50� 10�9 [59]

Ph(CH��H)OCH2Ph Nitrobenzene 398 4.1� 10�8 [59]

Ph(CH��H)OCH2Ph Benzene, 1,2-dichloro- 403 2.86� 10�8 [60]

Ph(CH��H)OCH2Ph Nitrobenzene 413 1.15� 10�7 [60]

MeOC(O)(CH2)8

(CH��H)C(O)OMe

Chlorobenzene 413–443 164.3 13.90 6.74� 10�6 [61]

EtOC(O)(CH2)8C(O)O

(CH��H)Me

Chlorobenzene 413–443 141.7 11.72 1.87� 10�5 [61]

EtOC(O)(CH2)8C(O)O

(CH��H)Me

Chlorobenzene 413 4.90� 10�7 [62]

C2D5OC(O)(CH2)8C(O)O

(CD��D)CD3

Chlorobenzene 413 9.00� 10�8 [62]

EtOC(O)(CH2)8C(O)O

(CH��H)Me

Chlorobenzene 433 2.30� 10�6 [62]

C2D5OC(O)(CH2)8C(O)O

(CD��D)CD3

Chlorobenzene 433 3.00� 10�7 [62]

Me2CHOC(O)(CH2)8C(O)

O C��HMe2

Chlorobenzene 413–443 145.1 12.00 1.44� 10�5 [62]

EtC(O)O(CH��H)Me Chlorobenzene 343–363 134.0 13.80 1.76� 10�2 [61]

(Me(CH��H)C(O)OCH2)4C Pentaerythritol

tetrapropionate

423 3.4� 10�6 [63]

(CH3C(O)O(CH��H))4C Pentaerythritol

tetraacetate

423 9.4� 10�7 [63]

(Me(CH��H)C(O)OCH2)3

CEt

1,2,3-Propane-triol-

2-ethyl tripropionate

423 5.2� 10�7 [63]

(Me(CH��H)C(O)OCH2)2

CMe2

1,3-Propanediol-2,

2-dimethyl

tripropionate

423 2.2� 10�7 [63]

CH2¼¼CHC(O)OR 1 O2! .OOCH2C.HC(O)OR

BuOC(O)CH¼¼CH2 Chlorobenzene 343–363 88.6 6.04 6.57� 10�8 [49]

BuOC(O)(Me)C¼¼CH2 Chlorobenzene 342–363 91.5 6.72 1.16� 10�7 [49]

BuOC(O)(Me)C¼¼CH2 Chlorobenzene 363 3.4� 10�7 [49]

BuOC(O)(Me)C¼¼CH2 N,N-Dimethyl-

formamide

363 8.1� 10�7 [49]

Me3COCOCH¼¼CH2 Chlorobenzene 353 7.1� 10�8 [49]

MeOCO(Me)C¼¼CH2 Chlorobenzene 353 1.3� 10�7 [49]

MeOCO(Et)C¼¼CH2 Chlorobenzene 353 1.2� 10�7 [49]

MeCH¼¼CHC(O)OEt Chlorobenzene 363 5.1� 10�8 [49]

NH2COCH¼¼CH2 Chlorobenzene 353 1.5� 10�6 [49]

continued
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Another probable reaction of homolytic decomposition of ester hydroperoxide is the intra-

molecular interaction of the hydroperoxide group with the carbonyl group of ester with the

formation of labile hydroxyperoxide succeeded the splitting of the weak O��O bond (see

decomposition of hydroperoxides in oxidized ketones in Chapter 8).

RC(O)OCH(OOH)R�

O O

OR

HO

H

R�

O O

OR

HO

H

R�
RC(O)O• + RC(O)H + HO•

In oxidized nonsaturated esters the chain generation proceeds via the reaction of formed

hydroperoxides with the double bond of ester (see Chapter 4).

R1OOHþ CH2 ¼ CHC(O)OR �! R1O
. þHOCH2C

.
HC(O)OR

The rate constants of these reactions are collected in Table 9.15.

The decay of ester hydroperoxides was found to occur more rapidly than free radical

generation. The probability e for the radical pair formed from hydroperoxide to escape from

TABLE 9.14
Rate Constants of Free Radical Generation by Reaction of Esters with

Dioxygen—continued

Ester Solvent T (K)

E

(kJ mol21)

log A,

(L mol21 s21)

k (450 k)

(L mol21 s21) Ref.

CH2¼¼CHCOOCH2

C(OCOEt)3

Chlorobenzene 363 1.40� 10�8 [64]

(CH2¼¼CHC(O)OCH2)4C Chlorobenzene 363 1.10� 10�8 [64]

(CH2¼¼C(Me)C(O)OCH2)4C Chlorobenzene 343–393 180.6 18.20 1.77� 10�9 [65]

2 RH 1 O2 ! R. 1 H2O2 1 R.

C8H17CH¼¼CH(CH��H)

(CH2)6 C(O)OMe

Chlorobenzene 313–333 142.0 12.30 5.71� 10�7 * [45]

Bu(CH2CH¼¼CH)2(CH��H)

(CH2)7C(O)OMe

Chlorobenzene 313–333 93.0 6.30 1.43� 10�6 * [45]

Et(CH¼¼CHCH��H)3(CH2)6

C(O)OMe

Chlorobenzene 313–333 76.5 3.80 6.46� 10�7 * [45]

Cholesteryl pelargonate Chlorobenzene 364–388 73.0 5.43 7.89� 10�5 [66]

2 CH2 5 CHC(O)OR 1 O2! RO(O)CC.HCH2OOCH2C.HC(O)OR

BuOC(O)MeC¼¼CH2 N,N-Dimethyl-

formamide

363 6.0� 10�8 * [49]

MeCH¼¼CHC(O)OEt Chlorobenzene 363 4.2� 10�7 * [49]

*k is expressed in L2 mol�2 s�1.
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the cage was measured for two hydroperoxides [43]. The results are presented in the following

table.

Ester
T (K)

423 443 463

(Me(CH2)4COOCH2CH2)2O 0.12 0.15 0.23

C(CH2OC(O)Bu)4 0.018 0.042 0.046

9.3.3 REACTIVITY OF ESTERS IN REACTIONS WITH PEROXYL RADICALS

Chain propagation proceeds in ester oxidation via the reaction of the ester peroxyl radical

with weakest C��H bond of the ester. Is the activity of the ester peroxyl radical same as alkyl

peroxyl radical? Let us compare the rate constants of two different peroxyl radicals reactions

with the same ester group, namely, RCH2C(O)OCH2R.

Ester Peroxyl Radical k (348 K) (L mol21 s21)

PrCH2C(O)OCH2Me PrCH2C(O)OCH(OO
.
)Me 10.9

MeCH2C(O)OCH2Me Me2PhCOO
.

2.2

We see that the ester peroxyl radical is nearly five times more active than the cumyl peroxyl

radical. Two reasons are possible for such a difference:difference in the BDE of the formed

O��H bond and polar influence of the ester group on the polar transition state. One can

suppose that the BDE of the formed O��H bond in ester hydroperoxide is more than that of

TABLE 9.15
Rate Constants of Ester Hydroperoxides Decomposition into Free Radicals

Ester T (K) E, (kJ mol21) log A, (L mol–1 s–1) ki(400 K) Ref.

RC(O)OCH(OOH)R! Free radicals, A, ki (s21)

Acetic acid, benzyl ester 393–413 65.4 3.94 2.51� 10�5 [43]

Pentanoic acid, ethyl ester 385–409 95.3 6.86 2.60� 10�6 [43]

Pentaeritritol, tetrapentanoic ester 413–492 122.1 10.08 1.37� 10�6 [43]

Diethyleneglicol, dihexanoic ester 413–470 129.5 11.52 4.07� 10�6 [43]

Dihexanoic acid, bis(2-ethylhexyl) ester 413–470 94.4 7.12 6.20� 10�6 [43]

Phtalic acid, bis(2-ethylhexyl) ester 413–470 132.4 11.84 3.55� 10�6 [43]

Didecanoic acid, bis(2-ethylhexyl) ester 413–470 70.2 4.10 8.57� 10�6 [43]

Me2PhCOOH 1 CH2¼¼CHC(O)OR! HOCH2C.HC(O)OR 1 Me2PhCO.

(A, ki (L mol21 s21))

Acrylic acid, methyl ester 313–343 82.6 5.88 1.24� 10�5 [67]

Acrylic acid, butyl ester 323 2.70� 10�8 [67]

Methacrylic acid, methyl ester 313–343 78.2 5.01 6.28� 10�6 [67]

Methacrylic acid, butyl ester 323 1.90� 10�8 [67]

2-Methylacrylic acid, methyl ester 323 3.20� 10�8 [67]
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the cumyl hydroperoxide as it is in peroxyl radicals of carbonyl compounds (see Chapter 8).

We can estimate BDE of this O��H bond using the ratio of rate constants of two peroxyl

radicals with the same hydrocarbon. The hydrocarbon molecule has no polar group. There-

fore, the difference in reaction enthalpies can be the reason for this difference in activation

energies and rate constants of these two reactions. Data on cumene (R1H) co-oxidation with

benzylic esters ( (R2H), T¼ 348 K, [68]) helps to perform such estimation (for DD calculation,

refer to Equation [7.10]).

Ester (R2H) r2 kp21 kp21/kp11 DE DD

AcOCH2Ph 0.55 45.6 16.3 8.1 19.4

EtC(O)OCH2Ph 0.90 27.9 10.0 6.7 16.1

The values of DD are close and the mean value is DD¼ 17.8+ 1.6 kJmol�1. As a result, we

obtain the value for DO��H of secondary ester hydroperoxide D¼ 358.6þ 17.8¼
376.4 kJ mol�1. The difference in DO��H of the secondary and tertiary alkyl hydroperoxides

is equal to 6.9 kJ mol�1 [79]. Supposing the same difference for the secondary and tertiary

ester hydroperoxides we estimate for the last DO��H¼ 376.4� 6.9¼ 369.5 kJ mol�1. The

experimental data on reactions of 1,1-dimethylethylperoxyl and cumyl peroxyl radicals with

esters are collected in Table 9.16.

The role and influence of polar interaction in reactions of alkyl peroxyl radicals with esters

can be studied within the scope of the IPM (see Chapter 7). The increment of polar interaction

in activation energy of peroxyl radical with polar compound can be calculated from param-

eters bre (Equation (6.33)). The results of the calculation of DEm are presented in Table 9.17.

We see that the polar effect is strong in reactions of peroxyl radicals with monoesters.

It lowers the activation energy of the reaction of the peroxyl radical in most cases. This

means that the geometryof atomsC � � �H � � �Oof theTS is nonlinear.The geometric parameters

of the TS of peroxyl radical reactions with C��H bonds of esters are presented in Table 9.18.

The study of the attack of the 1,1-dimethylethyl radical on different C��H bonds of

acetylcyclohexyl ester gave the following interesting picture of reactivity (333 K [73]).

Position a b g d

nC��H 1 4 4 2

kC��H (L mol�1 s�1) 1.89� 10�2 3.3� 10�4 8.0� 10�4 3.7� 10�3

The most remote d-C��H bonds appeared to have the same reactivity as that of cyclohexane

(kC��H¼ 3.7� 10�3 (333 K)). The C��H bonds of a- and b-positions lose their reactivity under

the polar influence of the ester group. So, one can conclude that the electric field effect is a very

important factor for the reactivity in reactions of RO2
.
with such polar compounds as esters.

9.3.4 EFFECT OF MULTIDIPOLE INTERACTION IN REACTIONS OF POLYFUNCTIONAL ESTERS

When a molecule consists of a few similar fragments n, the rate constant of the reactant

reaction with this molecule can be expressed as the product of the partial rate constants kj:

k¼ n� kj. This was proved many times for free radical reactions for groups of reactants where

both reactants or one of them are nonpolar. For example, the rate constants of peroxyl

radical reactions with nonbranched aliphatic hydrocarbons Me(CH2)nMe can be presented in
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TABLE 9.16
Rate Constants for Peroxyl Radical Reactions with Esters

Ester Peroxyl Radical T (K) E (kJ mol-1)

log A, A
(L mol-1 s-1) 

k (333 K)

(L mol-1 s-1) Ref.

Hydrogen Abstraction
BuC(O)OCH2Me 404 1.04 [43]

BuC(O)OCH2Me 398−404 60.0 8.30 0.077 [69]

Me2CHC(O)OCMe3 358−388 67.8 9.06 0.027 [70]

AcOCH2Ph 303 0.08 [71]

AcOCH2Ph 348 0.37 [68]

BuC(O)OCH2Ph 348 0.20 [68]

Me3CC(O)OCH2Ph 333 0.29 [50]

PhC(O)OCH3 403−423 68.8 8.50 5.1 � 10−3 [72]

PhC(O)OCH2Me 413−433 63.9 8.30 0.019 [72]

PhC(O)OCD2Me 413−433 66.3 8.30 8.0 � 10−3 [72]

H

O
O 333 0.082 [73]

PhC(O)OCH2Ph 303−333 50.4 7.30 0.25 [50]

O

O
PhCl

333 0.24 [50]

O

O
Ph

333 0.26 [50]

PhCH2C(O)OCH2Ph 333 0.46 [50]

CH3OC(O)C(O)OCH3 348−373 23.0 3.93 2.12 [74]

MeOC(O)CH2C(O)OMe 383−418 66.9 9.53 0.11 [74]

MeOC(O)(CH2)2C(O)OMe 403−418 78.2 10.62 0.022 [74]

MeOC(O)(CH2)3C(O)OMe 403−418 69.0 9.59 0.059 [74]

EtOC(O)(CH2)3C(O)OEt 398−418 69.0 9.57 0.056 [75]

Me3CO2
•

Me3CO2
•

Me3CO2
•

Me3CO2
•

Me3CO2
•

Me3CO2
•

Me3CO2
•

Me2PhCO2
•

Me2PhCO2
•

Me2PhCO2
•

Me2PhCO2
•

Me2PhCO2
•

Me2PhCO2
•

Me2PhCO2
•

Me2PhCO2
•

Me2PhCO2
•

Me2PhCO2
•

Me2PhCO2
•

Me2PhCO2
•

Me2PhCO2
•

PrOC(O)(CH2)3C(O)OPr 398−418 57.3 8.15 [75]

BuOC(O)(CH2)3C(O)OBu 398−418 55.6 8.00 [75]

Me3COC(O)(CH2)2C(O)OCMe3 408−418 72.8 9.65 [76]

MeOC(O)(CH2)4C(O)OMe 413 [74]

MeOC(O)(CH2)4C(O)OCMe3 413−433 74.9 8.60 [75]

EtOC(O)(CH2)4C(O)OCMe3 413−433 72.4 8.28 [75]

Me2CHOC(O)(CH2)4COOCMe3 413−433 69.9 7.97 [75]

Me3COC(O)(CH2)4C(O)OCMe3 413−433 69.9 8.15 [70]

MeOC(O)(CH2)5C(O)OMe 403−418 66.9 9.40 [74]

MeOC(O)(CH2)7C(O)OMe 403−418 59.4 8.50 [74]

MeOC(O)(CH2)8C(O)OH 403−418 66.9 9.15 [74]

MeOC(O)(CH2)8C(O)OMe 403−418 57.3 8.28 [74]

Me2PhCO2
•

Me2PhCO2
•

Me2PhCO2
•

Me2PhCO2
•

Me2PhCO2
•

Me2PhCO2
•

Me2PhCO2
•

Me2PhCO2
•

Me2PhCO2
•

Me2PhCO2
•

Me2PhCO2
•

Me2PhCO2
•

0.14

0.18

0.017

7.57

7.13 � 10−4

8.36 � 10−4

1.01 � 10−3

1.52 � 10−3

0.028

0.15

0.045

0.19

continued
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the form: k¼ n� kCH2
þ 2 kCH3 [80]. The problem appears when both reactants are polar. Is

the principle of partial rate constants valid in these reactions? Can the molecular rate constant

be presented as the sum or the product of the partial rate constants? This problem was

checked at first in experiments on rate constant measurements of peroxyl radical reactions

with polyatomic esters and dicarboxylic acids [39,43,44,78]. These results gave impetus to

TABLE 9.16
Rate Constants for Peroxyl Radical Reactions with Esters—continued

Ester Peroxyl Radical T (K) E (kJ mol-1)

log A, A
(L mol-1 s-1)

k (333 K)

(L mol-1 s-1) Ref.

[Me(CH2)4C(O)OCH2CH2]2O 383−413 97.8 13.23 [77]

C(CH2OC(O)Bu)4 393−413 100.5 13.65 [77]

C(CH2OAc)4 404 [43]

C(CH2OC(O)Et)4 404 [43]

C(CH2OC(O)(CH2)8Me)4 404 [43]

EtC(CH2OC(O)Et)3 404 [43]

Me2C(CH2OC(O)Et)2 404 [43]

Me2PhCO2
•

Me2PhCO2
•

Me2PhCO2
•

Me2PhCO2
•

Me2PhCO2
•

Me2PhCO2
•

Me2PhCO2
•

[Me(CH2)6C(O)OCH2]2 404

7.76 � 10−3

7.74 � 10−3

1.92

3.24

20.9

1.52

0.70

6.89 [43]Me2PhCO2
•

CH2=CHOC(O)Me 

CH2=CHOC(O)Me 

CH2=CHOC(O)Me 

CH2=CHC(O)Me 

CH2=CHC(O)Me 

CH2=CHC(O)Me 

CH2=CHC(O)Me 

Me2PhCO2
•

Me2PhCO2
•

Me2PhCO2
•

Me2PhCO2
•

Me2PhCO2
•

Me2PhCO2
•

323 0.20 [53]

Me3CO2
•

Me3CO2
•

Me3CO2
•

Me3CO2
•

323 0.10 [53]

HO2
•

HO2
•

HO2
•

HO2
•

323 6.8 [53]

323 0.50 [53]

323 0.40 [53]

~CH2CH(O2
•)Ph

~CH2CH(O2
•)Ph

~CH2CH(O2
•)

   C(O)Me

323 9.8 [53]

323 3.4 [53]

CH2=CMeC(O)OMe

CH2=CMeC(O)OMe

CH2=CMeC(O)OMe

CH2=CMeC(O)OMe

CH2=CMeC(O)OMe

323 1.8 [53]

323 1.1 [53]

323 40 [53]

323 12 [53]

~CH2CMe(O2
•)

  C(O)OMe
303−323 53.5 8.92 3.4 [54]

Me2C=CHOC(O)Me 303 1.0 � 102 [55]

E- MeCH=CHC(O)OMe 323 13 [53]

E- MeCH=CHC(O)OEt 323 14 [53]

[(CH2=CHCO2CH2]2CMe2 323 0.76 [78]

[CH2=CHC(O)OCH2]4C 323 1.3 [78]

[CH2=CMeC(O)OCH2]4C 323 3.1 [78]

Addition
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formulate the conception of multidipole interaction in TS of reactions of the polar reactant

with the polyfunctional molecule [81,82]. A series of reactions was studied later where the

effect of multidipole interaction was identified.

Let us consider a polyfunctional molecule as a community of interacting dipoles mi. Due

to the rotation of groups, each dipole can change orientation but this possibility is restricted

due to a fixed length of the bonds and constant valence angles in the molecule. The distance

between two chosen dipole groups i and j is supposed to be longer than the length of each

group. The potential of interaction of these two dipoles Uij in this simple electrostatic model

of the polyfunctional molecule is given by

Uij ¼
mimj

«r3
ij

�2 cos qi cos qj þ sin qi sin qj cos wi � wj

� �� �

(9:10)

TABLE 9.17
Reactions of Peroxyl Radicals with Esters: Contribution of Enthalpy and Polar Interaction

into Activation Energy (Equations [6.21] and [6.32])

Ester RO2
.

DHe

(kJ mol21)

Ee

(kJ mol21)

Ee0

(kJ mol21)

DEH

(kJ mol21)

DEm

(kJ mol21)

BuCOOCH2Me Me2PhCO2
.

37.1 78.7 60.6 18.1 4.2

Me2CHCOOMe Me2C(OO.)COOMe 2.7 69.9 68.7 1.2 12.3

Me2CHCOOCMe3 Me2PhCO2
.

25.1 77.0 65.1 11.9 9.5

AcOCH2Ph Me3CO2
. �3.4 70.5 72.0 �1.5 9.7

AcOCH2Ph Me2PhCO2
. �3.4 74.2 75.7 �1.5 12.9

AcOCH2Ph AcOCH(OO
.
)Ph �21.2 62.0 71.1 �9.1 8.8

PhCOOCH2Me PhCOOCH(OO
.
)Me 16.7 76.6 68.8 7.8 12.4

PhCOOCH2Me Me2PhCO2
.

37.1 79.9 61.8 18.1 5.4

PhCH2COOCMe3 PhCH(OO
.
)COOCMe3 �13.2 65.6 71.4 �5.8 9.1

PhCOOCH2Ph PhCOOCH(OO
.
)Ph �21.2 64.1 73.2 �9.1 10.9

PhCOOCH2Ph Me3CO2
. �3.4 72.9 74.4 �1.5 10.6

TABLE 9.18
Geometric Parameters of Peroxyl Radical Reaction with Esters (Equations [6.35]–[6.38])

Ester ROO.

DHe

(kJ mol21)

Ee

(kJ mol21)

DEm

(kJ mol21)

r (C��H) 3

1010 m

r (O��H) 3

1010 m

BuCOOCH2Me Me2PhCO2
. 37.1 78.7 4.2 1.431 1.172

Me2CHCOOCMe3 Me2PhCO2
.

25.1 77.0 9.5 1.428 1.195

AcOCH2Ph Me3CO2
. �3.4 70.5 9.5 1.413 1.239

AcOCH2Ph Me2PhCO2
. �3.4 74.2 12.9 1.422 1.246

AcOCH2Ph AcOCH(OO
.
)Ph �21.2 62.0 8.8 1.393 1.255

PhCOOCH2Me Me2PhCO2
.

37.1 79.9 5.4 1.434 1.162

PhCOOCH2Ph PhCOOCH(OO
.
)Ph �21.2 64.1 10.9 1.398 1.259

PhCOOCH2Ph Me3CO2
. �3.4 72.9 10.6 1.419 1.243
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TABLE 9.19
Effect of Multidipole Interaction in Reactions of Polyesters and Polyatomic Alcohols

Ester, Alcohol T (K)

knm

(L mol21 s21) knm/nkm

DGnm
#

(kJ mol21) Ref.

Me2PhCO2
. 1 Ester (Abstraction)

Me3CCH2OC(O)Bu 404 1.0 1.0 0.0 [83]

Me2C[CH2OC(O)Et]2 404 3.0 1.5 �1.4 [83]

EtC[CH2OC(O)Et]3 404 6.3 2.1 �2.5 [83]

C(CH2OC(O)Et)4 404 13.6 3.4 �4.1 [83]

Me(CH2)13CH(OO.)Me 1 Alcohol (Abstraction)

RCH2OH 403 32.3 1.0 0.0 [84]

RCH(OH)R 403 41.9 1.0 0.0 [84]

HOCH2CH2OH 403 15.0 0.23 4.9 [84]

HOCH2CH2CH(OH)Me 403 16.8 0.23 4.9 [84]

HOCH2CH2CH2CH2OH 403 22.4 0.30 4.0 [84]

Me2C(CH2OH)2 403 662.0 10.25 �7.8 [84]

Et2C(CH2OH)3 403 181.0 1.86 �2.1 [84]

R(O)COCH2CH2OCH2CH(OO.)OC(O)R 1 Alcohol (Abstraction)

RCH2OH 403 20.4 1.0 0.0 [84]

RCH(OH)R 403 21.0 1.0 0.0 [84]

HOCH2CH2OH 403 14.3 0.34 3.6 [84]

HOCH2CH2CH(OH)Me 403 15.6 0.37 3.3 [84]

HOCH2CH2CH2CH2OH 403 26.7 0.63 1.5 [84]

Me2C(CH2OH)2 403 121 2.97 �3.7 [84]

Et2C(CH2OH)3 403 118 1.92 �2.2 [84]

Me2PhCO2
. 1 Ester (Addition)

CH2¼¼CHCOOMe 323 0.50 1.0 0.0 [85]

Me2C(OC(O)CH¼¼CHMe)2 323 0.76 0.76 0.7 [85]

EtC(OC(O)CH¼¼CHMe)3 323 1.05 0.70 1.0 [85]

C(CH2OCOCH¼¼CHMe)4 323 1.28 0.64 1.2 [85]

MeCH¼¼CMeCOOMe 323 1.79 1.0 0.0 [85]

EtC(OC(O)CMe¼¼CHMe)3 323 3.93 0.77 0.8 [85]

C(CH2OCOCH¼¼CHMe)4 323 3.08 0.45 2.3 [85]

RO2
. 1 2,4,6–tri-tret.butylphenol (Abstraction)

~CH2CH(OO
.
)C(O)OMe 343 8.1 1.0 0.0 [86]

~CH2CH(OO.)C(O)OC(OCO

CH¼¼CH2)3

343 1.9 0.23 4.1 [86]

~CH2CMe(OO
.
)C(O)OMe 343 3.8 1.0 0.0 [86]

~CH2CMe(OO
.
)C(O)OC(OCO

CMe¼¼CH2)3

343 1.1 2.9 �2.5 [86]

O2 1 Ester (Addition)

CH2¼¼CMeCOOBu 473 7.6� 10�7 1.0 0.0 [87]

C(CH2OCOCH¼¼CH2)4 473 2.9� 10�7 0.09 7.1 [87]

Me2PhCOOH 1 Ester (Addition)

CH2¼¼CHCOOMe 343 1.75� 10�7 1.0 0.0 [88]

EtC(OC(O)CMe¼¼CHMe)3 343 1.83� 10�7 0.35 3.0 [88]

C(CH2OCOCH¼¼CHMe)4 343 9.6� 10�8 0.14 5.6 [88]
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where qi is the angle between the dipole axis and the line connected the centers of two dipoles

and wi is angle between two axes of interacting dipoles i and j. The potential energy of all the

interacting dipoles can be presented as the sum of partial Uij energies:

Uij ¼
X

n

i

X

n

j

Uij (9:11)

The energy of this electrostatic interaction in molecules with four polar groups with mi¼ 2

Debye can vary from �25 toþ 25 kJmol�1 [81]. When the polar free radical attacks this

molecule the formed transition state can be regarded as amultidipole system of nþ 1 interacting

dipoles with the potential energy Unþ1. So, the multidipole interaction in TS and reactant

introduces the increment DEm¼Unþ1�Un into the activation energy. This increment can be

negative or positive. In addition to the energy of a molecule and TS, the multidipole interaction

changes the entropy of each system (reactant and TS). So, it would be correct to compare the

difference in the partial rate constants with the change in the activation Gibbs potential:

DDGnm
# ¼ DGnm

# � DGm
# ¼ �RT ln (knm=km), (9:12)

where symbols m and nm designate the monofunctional and polyfunctional reactants. The

quantum-chemical interpretation of multidipole interaction in TS of peroxyl radical in

addition reactions are discussed by Machtin [53]. The compensation effect follows from the

conception of multidipole interaction [81]. This effect was observed experimentally and can be

illustrated by the results on the polyesters reaction with cumyl peroxyl radicals [77].

Ester PrC(O)OEt [EtOC(O)CH2]2 [BuCH2COO(CH2)2]2O (BuCOOCH2)4C

DGnm
# (kJmol�1) 0.0 4.8 6.6 10.0

Em (kJmol�1) 37.0 69.0 98.0 100.0

DSnm
# (J mol�1 K�1) 0.0 71.0 127.0 135.0

DEm/DSnm
# (K) 0.0 451 480 467

One can see that the higher the activation energy, the higher the entropy of activation. A good

linear dependence is observed between the relative increase in the activation energy and

entropy of activation related to multidipole interaction (as demonstrate values of last stroke).

The effect of multidipole interaction was observed and studied for a series of different

reactions of polyatomic esters and alcohols with peroxyl radicals, hydroperoxides, and

dioxygen. The results of rate constants measurements and estimation of DGnm
# are collected

in Table 9.19.

We see that the effect of multidipole interaction plays an important role in all reactions

of abstraction and addition of polar reactants. This interaction can increase or decrease the

activation energy of the reaction. However, the multidipole interaction does not influence

the reactions of nonpolar trichloromethyl radicals with mono- and polyatomic esters due to

the nonpolar character of the attacking radical [89].
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10 Catalysis in Liquid-Phase
Hydrocarbon Oxidation

10.1 CATALYSIS BY TRANSITION METAL IONS AND COMPLEXES IN
HYDROCARBON OXIDATION BY DIOXYGEN

10.1.1 INTRODUCTION

Transition metal ions react with other ions, radicals, and molecules in electron transfer

reactions. Such reactions often occur very rapidly. Redox catalysis is based on this capability

of transition metal ions to serve as efficient mediators in electron transfer reactions. This type

of catalysis found a wide application for accelerating the liquid-phase oxidation of hydrocar-

bons and aldehydes. Since a free radical is always formed in the reaction of an ion with a

molecule during electron transfer, these redox systems became efficient generators of free

radicals. These reactions are used for the initiation of reactions of radical polymerization and

oxidation. The oscillating regime of the process is often observed in these systems. Redox

reactions play a very important role in living organisms where they form the basis for

enzymatic processes of respiration, nitrogen fixation, and removal of products harmful for

the organism.

The primary product of the oxidation of organic compounds is hydroperoxide, which is

known as an effective electron acceptor. Hydroperoxides are decomposed catalytically by

transition metal salts and complexes with the generation of free radicals via the following

cycle of reactions [1–6]:

Mn+

Mn+1

ROOH

RO• + HOROOH

H + RO2
•

During this process, the metal catalyst transforms the slow self-accelerated oxidation into the

fast accelerated chain process. One can lower the temperature of oxidation and decrease

undesirable side reactions and products.

The transition metal salts and complexes in the lower valence state react rapidly with

peroxyl radicals [5].

Mnþ þROO
. �! Mnþ1 þROO�

This leads to chain termination in the absence of hydroperoxide. There are experimental

examples when the introduction of transition metal salt does not accelerate oxidation but
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generates an induction period [4,5]. When hydrocarbon oxidation with the metal catalyst is

developed, the transition metal ions react with hydroperoxide, peroxyl radicals, other prod-

ucts of oxidation, and participate in reactions of chain generation and propagation [6,7]. The

catalyst influences the rate and the composition of products of oxidation [6–9]. Since the

activity of the catalyst depends on the composition of ligands of the catalyst, a feedback exists

between the accumulation of oxidation products and activity of the feedback metal catalyst

[4,8,9].

10.1.2 CATALYTIC DECOMPOSITION OF HYDROGEN PEROXIDE BY FERROUS IONS

The catalysis of hydrogen peroxide decomposition by iron ions occupies a special place in

redox catalysis. This was precisely the reaction for which the concept of redox cyclic reactions

as the basis for this type of catalysis was formulated [10–13]. The detailed study of the steps of

this process provided a series of valuable data on the mechanism of redox catalysis [14–17].

The catalytic decomposition of H2O2 is an important reaction in the system of processes that

occur in the organism [18–22].

The thermodynamic functions (DH, DS, DG(298 K)) of hydrogen peroxide reactions

with transition metal ions in aqueous solutions are presented in Table 10.1. We see

that DG(298 K) has negative values for reactions of hydroxyl radical generation with Cu1þ,

Cr2þ, and Fe2þ ions and for reactions of hydroperoxyl radical generation with Ce4þ, Co3þ,

and Mn3þ.

The catalytic decomposition of hydrogen peroxide under the action of the Fe2þ/Fe3þ ions

includes the following steps (H2O, T¼ 298 K, acidic medium) [14–17]:

Fe2þ þH2O2 �! Fe3þ þHO
.

k ¼ 50 L mol�1 s�1

HO
. þ Fe2þ �! HO� þ Fe3þ k ¼ 3:0� 108 L mol�1 s�1

HO
. þH2O2 �! H2OþHO2

.
k ¼ 4:5� 107 L mol�1 s�1

HO2
. þ Fe3þ �! Fe2þ þO2 þHþ k ¼ 3:3� 105 L mol�1 s�1

HO2
. þ Fe2þ �! HO�2 þ Fe3þ k ¼ 7:2� 105 L mol�1 s�1

TABLE 10.1
Enthalpies, Entropies, and Gibb’s Energies of Transition Metal Ion Oxidation–Reduction

Reactions with Hydrogen Peroxide in Aqueous Solution (T 5 298 K) [23]

Reaction DG (kJ mol21) DH (kJ mol21) DS (J mol21 K21)

Ce3þþH2O2þHþ¼Ce4þþHO
.þH2O 88.8 32.4 �189

Co2þþH2O2þHþ¼Co3þþHO
.þH2O 108.0 48.0 �201

Cr2þþH2O2þHþ¼Cr3þþHO
.þH2O �37.0 �88.5 �173

CuþþH2O2þHþ¼Cu2þþHO
.þH2O �62.4 �171.4 �366

Fe2þþH2O2þHþ¼Fe3þþHO
.þH2O �2.8 �41.2 �129

Mn2þþH2O2þHþ¼ Mn3þþHO
.þH2O 71.5 49.1 �75

Ce4þþH2O2¼Ce3þþHO2
.þHþ �23.2 59.7 278

Co3þþH2O2¼Co2þþHO2
.þHþ �42.4 44.1 290

Cu2þþH2O2¼CuþþHO2
. þHþ 128.0 180.6 176.5

Fe3þþH2O2¼Fe2þþHO2
.þHþ 68.4 133.3 218

Mn3þþH2O2¼Mn2þþHO2
.þHþ �5.9 43.0 164
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The first step, which is the slowest, limits the process and, hence, the rate of H2O2 decom-

position is

v ¼ k[H2O2] [Fe2þ] (10:1)

and the rate constant k depends on the pH of the medium. The stoichiometric ratio of the

consumed H2O2 and Fe2þ depends on the ratio of the reactant concentrations [16]:

D[H2O2]=D[Fe
2þ

] ¼ 0:5þ const� [H2O2]=[Fe
2þ

] (10:2)

The transfer of an electron from Fe2þ to hydrogen peroxide is intraspheric, preceded by the

incorporation of H2O2 into the internal coordination sphere of the Feaq
2þ ion.

H2O2 þ Fe2þ(H2O)6 Fe2þ(H2O)5(H2O2)þH2O K

Fe2þ(H2O)5(H2O2) �! Fe3þ(H2O)5(OH�)þHO
.

k

K ¼ 1:8� 10�2 L mol�1, k ¼ 2:8� 103 s�1, and kK ¼ 50 L mol�1 s�1 [17]:

The reaction is accelerated with an increase in the pH of the solution. This is caused first by

the hydrolysis of the Fe(H2O2)
2þ

Fe2þ(H2O2)(H2O)5 Fe2þ(H2O2)(H2O)4(OH�)þHþ

and the faster electron transfer in this complex. Two variants are accepted in the literature,

namely, one-electron transfer

Fe2þ(H2O2)(OH�) �! Fe3þ(OH�)2 þHO
.

and two-electron transfer to form the ferryl ion

Fe2þ(H2O2)(OH�) �! FeO2þ(OH�)þH2O

Then the ferryl ion either reacts with water to form the hydroxyl radical, or oxidizes another

Fe2þ ion [14,16].

FeO2þ(OH�)þH2O �! FeO3þ(OH�)2 þHO
.

FeO2þ(OH�)þ Fe2þ þHþ �! 2Fe3þ(OH�)þH2O

Thus, two routes of transformation are possible for the Fe2þ(H2O2) complex: one-electron

transfer to form the hydroxyl radical and two-electron transfer to form the ferryl ion. It is

difficult to prove experimentally the formation of the ferryl ions because they are very

reactive, so that this route of interaction of H2O2 with Fe2þ remains hypothetical to a great

extent. Another change in the mechanism of H2O2 decomposition with increasing pH is

related to the acidic dissociation of HO2
.
(pKa¼ 4.4)

HO2
.

O2
�. þHþ K

The O2
�.

superoxide ion possesses a low electron affinity (42 kJ/mol in vacuum) and is an

active reducing agent. Therefore, it rapidly reacts, in particular, with Fe3þ.
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O�.

2 þ Fe3þ �! O2 þ Fe2þ

The values of the rate constants for the reactions of transition metal ions with hydrogen

peroxide in an aqueous solution are presented in Table 10.2.

The oxidation of organic compounds by Fenton reagent is associated, as it is clear now,

with the generation of hydroxyl radicals. For example, the oxidation of tartaric acid includes

the following reactions as key steps [16]:

TABLE 10.2
Rate Constants of Transition Metal Ion Reactions with Hydrogen Peroxide in

Aqueous Solutions

Ion Conditions T (K) E (kJ mol21) log A, A (L mol21 s21)

k (298 K)

(L mol21 s21) Ref.

Ce4þ 298 8.61� 105 [24]

Ce4þ 0.8N H2SO4 298 1.00� 106 [25]

Cuþ pH¼ 2.3 298 39.2 10.0 1.35� 103 [26]

Cu(I) k¼ 1; Cl� 298 49.0 [27]

Cu(Dipy)2 pH¼ 5.0 298 8.51� 102 [28]

Fe2þ 285–308 42.3 9.25 68.5 [13]

Fe2þ 1.35M HClO4 273–298 39.3 8.65 57.7 [29]

Fe2þ 298 50.0 [30]

Fe2þ 0.8N H2SO4 291 41.7 [31]

Fe2þ 0.8N H2SO4 298 64.6 [31]

Fe2þ 1.0N H2SO4 293 61.7 [32]

Fe2þ 0.5N H2SO4 298 60.3 [33]

Fe2þ 0.5–0.8N H2SO4 288–314 35.4 8.02 65.3 [34]

Fe2þ 0.01–1.0N HClO4 273–313 39.5 8.72 62.6 [35]

Fe2þ 0.8N H2SO4 273–313 40.8 8.98 67.4 [35]

Fe2þ 0.001–1.0N HClO4 273–318 30.5 7.14 62.2 [36]

Fe2þ 298 53.0 [37]

Fe2þ 298 58.0 [38]

Fe2þ 298 66.0 [39]

Fe2þ 298 49.5 [40]

Fe2þ 298 73.0 [41]

Fe2þ 298 76.0 [42]

FeF2 273–318 58.6 12.4 1.34� 102 [36]

FeClþ 283–318 35.1 8.08 84.6 [36]

FeBrþ 273–298 40.2 8.95 80.1 [36]

FePF6
þ 273–298 42.7 11.0 3.28� 103 [36]

Fe(Dipy)2þ 290 2.29� 102 [43]

Fe(II)(DTPA) 298 1.37� 103 [22]

MnO4
� 0.1N H2SO4 291 3.02� 103 [24]

Mn3þ 298 7.24� 104 [44]

MnOH2þ 298 3.16� 104 [44]

Ti3þ 298 5.00� 102 [24]

U(IV) 2M HClO4 275–307 52.3 11.0 67.6 [45]

© 2005 by Taylor & Francis Group.



Fe2þ þH2O2 �! Fe(OH)2þ þHO
.

HO
. þHOOCCHOHCHOHCOOH �! HOOCC

.
(OH)CHOHCOOHþH2O

HOOCC
.
(OH)CHOHCOOHþ Fe3þ �! HOOCC(O)CHOHCOOHþ Fe2þ þHþ

which in combination form a cycle. Other organic compounds are oxidized similarly.

10.1.3 CATALYSIS BY TRANSITION METAL IONS AND COMPLEXES IN LIQUID-PHASE OXIDATION

OF HYDROCARBONS AND ALDEHYDES BY DIOXYGEN

Salts of transition metals are widely used in technological processes for the preparation of

various oxygen-containing compounds from hydrocarbon raw materials. The principal mech-

anism of acceleration of RH oxidation by dioxygen in the presence of salts of heavy metals

was discovered by Bawn [46–49] for benzaldehyde oxidation (see Chapter 1). Benzaldehyde

was oxidized with dioxygen in a solution of acetic acid, with cobalt acetate as the catalyst. The

oxidation rate was found to be [50]:

v ¼ k[PhCHO]3=2[Co3þ]1=2[O2]
0 (10:3)

The rate of radical generation was measured by the inhibitor method and turned out to be

[46–50]

vi ¼ ki[PhCHO] [Co3þ],

ki ¼ 3:0� 109 exp (�61:9=RT) L mol�1 s�1
(10:4)

The reaction rate of Co3þ with benzaldehyde was measured in independent experiments from

the consumption of Co3þ in the absence of oxygen. The rate constant of this bimolecular

reaction was found to coincide with ki. Thus, in this process the limiting step of initiation is

the reduction of Co3þ by aldehydes, and the complete cycle of initiation reactions includes the

reactions [50,51]:

RC(O)OOHH + RC•O Co2+

Co3+ RCO2
• + HORCH(O)

and the formation of perbenzoic acid proceeds via the chain reaction including the steps

PhC
.
(O)þO2 �! PhC(O)OO

.

PhC(O)OO
. þ PhCH(O) �! PhC(O)OOHþ PhC

.
(O)

2PhC(O)OO
. �! PhC(O)OOC(O)Ph:

Catalysis is demonstrated by the process that the radicals are generated by the oxidized form

of the catalyst in the reaction with aldehyde, and the reduced form of the catalyst is rapidly

oxidized by perbenzoic acid formed in the chain reaction. Data on the catalytic oxidation of

aldehydes of different structures are found in Refs. [50,51].

Alkylaromatic hydrocarbons, such as tetralin, ethylbenzene, and cumene, are oxidized in

a solution of acetic acid in the presence of cobalt acetate by a different mechanism. In these
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systems, after rather a short acceleration period, a constant oxidation rate v ~ [RH]2 is

established: it is independent of either the catalyst concentration or the partial pressure of

oxygen [4–9]. The stationary concentration of hydroperoxide [ROOH]st ~ ([RH]/[Co2þ])2

corresponds to the constant oxidation rate. In a nitrogen atmosphere the hydroperoxide

decomposes with the rate

v ¼ kd[ROOH] [Co(OAc)2], (10:5)

These results agree with the following scheme of RH catalytic chain oxidation [5]:

R
. þO2 �! ROO

.
Rapidly

ROO
. þRH �! ROOHþR

.
kp

2ROO
. �! ROORþO2 2kt

ROOHþ Co2þ ROOH:Co2þ K

ROOH:Co2þ þ Co2þ �! RO
. þ Co3þ þHO

. þ Co2þ kI

ROOHþ Co3þ �! ROO
. þ Co2þ þHþ Rapidly

RO
. þRH �! ROHþR

.
Rapidly

The reaction of Co2þ with ROOH limits initiation. In the quasistationary regime, the rate

constants of formation and decomposition of hydroperoxide given by the following equations:

kp[RH] [RO2
.
] ¼ kiK [ROOH] [Co2þ]2, (10:6)

[RO2
.
] ¼ {kiK [ROOH] [Co2þ]2=2kt}

1=2 (10:7)

[ROOH]st ¼ k2
p[RH]2=2ktkiK [Co2þ]2, (10:8)

vst ¼ (k2
p=2kt)[RH]2, (10:9)

where [ROOH]st is the stationary hydroperoxide concentration, and vis is the stationary rate

of catalytic oxidation of hydrocarbon. The dependence of the oxidation rate v on the catalyst

concentration looks somewhat paradoxical: the reaction is catalyzed by the cobalt ions but

the reaction rate is independent of their concentration. This is due to the fact that initiation

occurs by the reaction of hydroperoxide with the catalyst but the process is limited in the

quasistationary regime by the rate of chain oxidation of hydrocarbon. In essence, the catalyst

transforms the chain process into a nonchain process due to the high initiation rate.

As in the case with catalytic decomposition of hydrogen peroxide, radical generation by

the reaction of metal ions with hydroperoxide consists of several steps. In an aqueous

solution, first ROOH is substituted in the internal coordination sphere of the ion followed

by the transfer of an electron from the ion to ROOH accompanied by the subsequent cleavage

of hydroperoxide to RO
.
and OH�, for example,

ROOHþ Fe2þ(H2O)6 Fe2þ(H2O)5(ROOH)þH2O K

Fe2þ(H2O)5(ROOH) �! Fe3þ(H2O)5(OH�)þRO
.

k

Fe3þ(H2O)5(OH�)þH2O HO� þ Fe3þ(H2O)6

The total rate constant kexp¼ kK weakly depends on the hydrocarbon residue, which is seen

from the data collected in Table 10.3. However, the ligand environment, as well as the solvent,

has a substantial effect on the k value [4–9].
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TABLE 10.3
Rate Constants of the Reaction of Transition Metal Ions and Complexes with

Hydroperoxides

ROOH Solvent
log A, A

(L mol-1 s-1)
k (298 K)

(L mol-1 s-1) Ref.

9.91 2.49�10−5

6.10�10−3

2.19�10−2

6.04�10−2

9.36�10−4

2.79�10−2

2.16�10−2

1.0�10−2

[52]

[53]

[54]

[55]

[55]
[5]

[56]

[57]

[58]

[59]

[58]

[58]

[59]

[60]

[61]

[62]

[63]

Me3COOH

Me3COOH

Me3COOH

Me3COOH
Me2PhCOOH

Me2PhCOOH

Me2PhCOOH

8.38 0.38

10.5
7.58

3.86

7.21 1.78

O O
H 7.93 3.70

H O O
H 6.17

O O
H 0.01

MeC(O)OOH 12.38

H O O
H 2.88

MePhCHOOH 9.92

H O O
H

Co2+

Co[O(O)CCHEtBu]2

Co(EDTA)2-

Co[O(O)C(CH2)14Me]2

Co(II)Phthalocyanine

Co[O(O)C(CH2)16CH3]2

Co[O(O)C(CH2)16Me]3

Co(O(O)CMe)2

Cu[O(O)C(CH2)16CH3]2

Cu[O(O)C(CH2)7CH=CH(CH2)7Me]2

Fe2+

Me3COOH

Me3COOH

8.31 13.3

E
(kJ mol-1)

82.8

50.2

50.2

39.3

39.7

42.0

79.5

66.1

41.0

38.6 7.97 16.0

T (K)

313

293

333

293
318

364−389

323−393

303−342

323

298

303−342
323

343−363

330

273−298
273−298

Me3COOH

CH3C(O)OH

CH3C(O)OH

PhCl

PhCl
PhCl

n-C9H20

n-C9H20

cyclo-C6H12

cyclo-C6H12

cyclo-C6H12

PhCl

Tetralin

MePhCH2

Tetralin

H2O, pH�1.0

H2O

CH3C(O)OH/H2O 308

continued
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In acetic acid, the reaction of cobalt ions with ROOH proceeds via two channels: through

the mono- and binuclear cobalt complexes.

ROOHþ Co2þ ROOH�Co2þ K1

ROOH�Co2þ �! RO
. þHOCo2þ ki1

ROOH�Co2þ þ Co2þ Co2þ:ROOH�Co
2þ

K2

Co2þ:ROOH�Co2þ �! RO
. þHOCo2þ þ Co

2þ
ki2

Due to this,

v ¼ (ki1K1[Co(II)]þ ki2K2[Co(II)]2)[ROOH] (10:10)

and for (CH3)3COOH, ki1K1¼ 2.2� 10�2 L mol�1 s�1 and ki2K2¼ 0.62 L2 mol�2 s�1 at 333 K

in acetic acid [9]. Similarly, in the case of the CoII complex with ethylenediamine tetraacetate

in the mixture AcOH : H2O¼ 1 : 1 at 308 K, ki1¼ 7.2� 10�5 L mol�1 s�1 and ki2¼ 6.1� 10�3

L2 mol�2 s�1 [9]. The intermediate complex formation between cumyl hydroperoxide and

TABLE 10.3
Rate Constants of the Reaction of Transition Metal Ions and Complexes with

Hydroperoxides—continued

Me2PhCOOH

Me2PhCOOH

Me2PhCOOH

Me2PhCOOH

Me2PhCOOH

H2O

H2O

H2O

H2O

273−298 37.9 8.55 80.7

D2O 273−298 45.3 8.97 10.7

273−298 50.2 10.03 17.0

273−298 46.4 9.59 28.6

273−298 41.6 8.49 15.8

C OOH
H2O; pH = 1.2 273−298 32.2 7.00 22.5

CH C OOH
H2O; pH = 4.2 284−299 45.2 9.60 47.6

C C OOH
H2O; pH = 4.2 273−288 41.4 9.255 99.6

O2N C OOH
H2O; pH = 4.2 273−298 54.8 10.90 19.7

C OOH
H2O; pH = 4.2 273−289 46.0 9.80 54.6

OOH H2O; pH = 4.2 273−298 45.2 9.38 28.7

Mn[O(O)C(CH2)16CH3]2

n-C8H17CH(OOH)Me 353−377n-C10H22 75.3 11.45 1.78�10−2

[64]

[64]

[65]

[66]

[63]

[63]

[67]

[67]

[68]

[68]

[68]

[69]

ROOH Solvent
log A, A

(L mol-1 s-1)
k (298 K)

(L mol-1 s-1) Ref.
E

(kJ mol-1)T (K)

[63]Me3COOH 298 14.0H2O, pH�2.0
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Co(II) in a chelate complex (A) was studied and observed by the NMR method [70]. The band

of a proton of hydroxyl group absorption was observed to change the frequency of absorp-

tion and the height of the peak after addition of the solvent (CCl4þCH2Cl2) to complex

A. The calculated values of the equilibrium constant appeared to be very close to those

estimated from the kinetic data. The values of the equilibrium constants are given:

Co(II)þMe2PhCOOH , Complex at T¼ 318 K and rate constants (kd) of this complex

decay to free radicals [71].

N

Co
O

N

O

OO

N

Co
O

N

O

OO

N

Co
O

N

O

OO

O O

N

Co
O

N

O

OO

O O N

Co
O

N

O

OO

N

Co
O

N

O

Catalyst (Complex A)

K (L mol−1) 28.9 15.0 10.0

kd (s
−1) 4.4 � 10−2

2.0 � 1012 1.7 � 1014 3.4 � 1014

3.5 � 10−2 5.0 � 10−2

Ed (kJ mol−1) 83.7 77.8 77.4

Ad (s
−1)

K (L mol−1) 12.0 7.5 1.7

kd (s
−1) 0.25

2.5 � 107 4.1 � 1013 3.0 � 109

4.1 � 10−2 0.10

Ed (kJ mol−1) 50.6 92.0 64.8

Ad (s
−1)

Catalyst (Complex A)

In the case of cobalt ions, the inverse reaction of CoIII reduction with hydroperoxide occurs

also rather rapidly (see Table 10.3). The efficiency of redox catalysis is especially pronounced

if we compare the rates of thermal homolysis of hydroperoxide with the rates of its decom-

position in the presence of ions, for example, cobalt decomposes 1,1-dimethylethyl hydroper-

oxide in a chlorobenzene solution with the rate constant kd¼ 3.6� 1012 exp(�138.0/

RT)¼ 9.0� 10�13 s�1 (293 K). The catalytic decay of hydroperoxide with the concentration

[Co2þ]¼ 10�4 M occurs with the effective rate constant keff¼ ki1K1[Co2þ]¼ 2.2� 10�6 s�1;

thus, the specific decomposition rates differ by six orders of magnitude, and this difference

can be increased by increasing the catalyst concentration. The kinetic difference between

the homolysis of the O��O bond and redox decomposition of ROOH is reasoned by the
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difference in the thermodynamic routes of decomposition in these cases. The homolysis of

ROOH at the O��O bond requires the energy expenditure equal to the strength of this bond

(130–150 kJ mol�1). The redox cycle

Mn+

Mn+1

ROOH

RO• + HO−ROOH

RO2
• + H+

requires an energy expenditure (per ROOH molecule) of only DH¼½(DO��OþDO��H�
DHO��H)¼ 10 kJmol�1. This results in the great difference in the rates of the catalytic and

the noncatalytic decompositions of hydroperoxide.

In real systems (hydrocarbon–O2–catalyst), various oxidation products, such as alcohols,

aldehydes, ketones, bifunctional compounds, are formed in the course of oxidation. Many of

them readily react with ion-oxidants in oxidative reactions. Therefore, radicals are generated

via several routes in the developed oxidative process, and the ratio of rates of these processes

changes with the development of the process [5]. The products of hydrocarbon oxidation

interact with the catalyst and change the ligand sphere around the transition metal ion. This

phenomenon was studied for the decomposition of sec-decyl hydroperoxide to free radicals

catalyzed by cupric stearate in the presence of alcohol, ketone, and carbon acid [70–74]. The

addition of all these compounds was found to lower the effective rate constant of catalytic

hydroperoxide decomposition. The experimental data are in agreement with the following

scheme of the parallel equilibrium reactions with the formation of Cu-hydroperoxide com-

plexes with a lower activity.

CuSt2 þ 2ROOH CuSt2�2ROOH K1

CuSt2 þROH CuSt2�ROH KII

CuSt2 þ 2ROOH þROH CuSt2�2ROOH�ROH KIII

CuSt2�2ROOH �! Decay kd1

CuSt2�2ROOH�ROH �! Decay kd2

The products of oxidation (alcohol, ketone, acid) lower the concentration of active complexes

and, in addition, form complexes with a mixed ligand sphere with lower catalytic activity

(kd1> kd2). The values of equilibrium constants KII (L mol�1) measured spectrophotometri-

cally in a decane solution for cupric stearateþ product are given below [70].

Product 2-Decanol 2-Decanone RC(O)OH

333K 6.7 6.2 87

343K 5.0 4.8 63

353K 4.0 3.8 55

10.1.4 COMPETITION BETWEEN HOMOLYTIC AND HETEROLYTIC CATALYTIC DECOMPOSITIONS

OF HYDROPEROXIDES

According to the Haber–Weiss scheme [11], in the framework of which we considered the

catalytic decomposition of ROOH, all ROOH molecules decompose under the action of ions
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only to free radicals, i.e., one-electron redox decomposition occurs. Both the rates of catalytic

decomposition of ROOH (from the consumption of ROOH) and the rate of generation of free

radicals (from the consumption of the acceptor of free radicals or initiation rate of the chain

process of RH oxidation or CH2¼¼CHX polymerization [53]) were measured for a series of

systems (ROOH–catalyst–solvent). The comparison of these two processes showed that there

are many systems, indeed, where the rate of ROOH decomposition and radical generation

virtually coincide (see Table 10.4).

However, there are known systems in which vi� vd (see data with Ni, Mo, and V salts).

The decrease in vi compared to vd can be explained by the cage effect. However, the cage effect

of a pair of radicals in low-viscosity liquids are characterized by the ratios vi/vd� 0.4–0.8, so

that the vi/vd ratios lower than 20% do not agree with the cage effect [80]. In addition, at the

cage effect the difference Ei�Ed¼ED, and the activation energy of diffusion of a particle in

the solvent ED is 5 to 10 kJ mol�1. In experiments with these systems (ROOHþmetal

complex), the difference Ei�Ed often exhibits a very high value of 40–70 kJ mol�1. This

indicates the parallel occurrence of two different catalytic reactions: homolytic catalysis to

form radicals and heterolytic catalysis to form molecular products. Thus, the general scheme

of transformations of hydroperoxide in the coordination sphere of the metal includes two

routes [80]:

Mnþ þROOH �! Mnþ1 þRO
. þOH�

Mnþ þROOH �! Mnþ þMolecular products

The cage effect is a component of this scheme. It takes place when the RO
.
radical rapidly

(within the time of the cage existence) reacts with the metal ion in the oxidized state.

TABLE 10.4
The Yield of Free Radical Generation (e) in Reactions of Hydroperoxide Decomposition

Catalyzed by Transition Metal Complexes

Catalyst ROOH Solvent T (K) e Ref.

Vanadyl, bis-acetylacetonate cyclo-C6H11OOH cyclo-C6H12 403 0.08 [75]

Vanadyl, bis-acetylacetonate cyclo-C6H11OOH cyclo-C6H12 333 0.20 [75]

Vanadyl, bis-acetylacetonate Me2PhCOOH cyclo-C6H12 333 0.50 [76]

Chromium(III), tris-acetylacetonate cyclo-C6H11OOH cyclo-C6H12 393 0.08 [75]

Manganese, acetate Me3COOH n-C10H22 393 0.017 [77]

Manganese, stearate sec-C10H11OOH n-C10H22 413 0.04 [77]

Cobalt(II), stearate Me2PhCOOH PhCl 323 0.36 [78]

Cobalt(II), stearate Me2PhCOOH n-C10H22 323 0.38 [78]

Cobalt(II), stearate Me3COOH C6H6 323 1.00 [78]

Cobalt(II), stearate sec-C10H11OOH n-C10H22 323 1.00 [78]

Cobalt(II), bis-acetylacetonate Me2PhCOOH PhCl 318 0.82 [78]

Cobalt(II), bis-acetylacetonate sec-C10H11OOH n-C10H22 318 1.00 [78]

Nickel(II), bis-acetylacetonate sec-C10H11OOH PhCl 363 0.02 [78]

Nickel(II), bis-acetylacetonate MePhCHOOH PhCl 363 0.04 [78]

Nickel(II), stearate MePhCHOOH PhCH2CH3 393 0.012 [78]

Copper(II), stearate sec-C10H11OOH n-C10H22 353 0.016 [79]

Molibdenum dioxide, bis-acetylacetonate cyclo-C6H11OOH cyclo-C6H12 403 0.017 [79]
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The question about the competition between the homolytic and heterolytic catalytic

decompositions of ROOH is strongly associated with the products of this decomposition.

This can be exemplified by cyclohexyl hydroperoxide, whose decomposition affords cyclo-

hexanol and cyclohexanone [5,6]. When decomposition is catalyzed by cobalt salts, cyclohex-

anol prevails among the products ([alcohol]:[ketone]> 1) because only homolysis of ROOH

occurs under the action of the cobalt ions to form RO
.

and RO2
.
: the first of them are

mainly transformed into alcohol (in the reactions with RH and Co2þ), and the second radicals

are transformed into alcohol and ketone (ratio 1:1) due to the disproportionation (see Chapter

2). Heterolytic decomposition predominates in catalysis by chromium stearate (see above), and

ketone prevails among the decomposition products (ratio [ketone]:[alcohol]¼ 6 in the catalytic

oxidation of cyclohexane at 393 K [81]). These ions, which can exist in more than two different

oxidation states (chromium, vanadium, molybdenum), are prone to the heterolytic decompos-

ition of ROOH, and this seems to be mutually related.

10.1.5 REACTIONS OF TRANSITION METALS WITH FREE RADICALS

Peroxyl radicals with a strong oxidative effect along with ROOH are continuously generated

in oxidized organic compounds. They rapidly react with ion-reducing agents such as transi-

tion metal cations. Hydroxyl radicals react with transition metal ions in an aqueous solution

extremely rapidly. Alkyl radicals are oxidized by transition metal ions in the higher valence

state. The rate constants of these reactions are collected in Table 10.5.

Under the conditions where the chain oxidation process occurs, this reaction results in

chain termination. In the presence of ROOH with which the ions react to form radicals, this

reaction is disguised. However, in the systems where hydroperoxide is absent and the initiat-

ing function of the catalyst is not manifested, the latter has a retarding effect on the process. It

was often observed that the introduction of cobalt, manganese, or copper salts into the initial

hydrocarbon did not accelerate the process but on the contrary, resulted in the induction

period and elongated it [4–6]. The induction period is caused by chain termination in the

reaction of RO2
.
with Mnnþ, and cessation of retardation is due to the formation of ROOH,

which interacts with the catalyst and thus transforms it from the inhibitor into the component

of the initiating system.

Some peroxyl radicals (HO2
.
, >C(OH)OO

.
, >C(NHR)OO

.
) can either oxidize or reduce,

for example

HO2
. þ Cu1þ �! HO�2 þ Cu2þ

HO2
. þ Cu2þ �! O2 þ Cu1þ þH

þ

In systems where such radicals appear (alcohols, amines, some unsaturated compounds),

variable-valence metal ions manifest themselves as catalysts for chain termination (see Refs.

[150,151] and Chapter 16).

The reaction of ions with peroxyl radicals appears also in the composition of the oxidation

products, especially at the early stages of oxidation. For example, the only primary oxidation

product of cyclohexane autoxidation is hydroperoxide: the other products, in particular,

alcohol and ketone, appear later as the decomposition products of hydroperoxide. In the

presence of stearates of metals such as cobalt, iron, and manganese, all three products

(ROOH, ROH, and ketone) appear immediately with the beginning of oxidation, and in

the initial period (when ROOH decomposition is insignificant) they are formed in parallel

with a constant rate [5,6]. The ratio of the rates of their formation is determined by the

catalyst. The reason for this behavior is evidently related to the fast reaction of RO2
.
with the
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TABLE 10.5
Rate Constants of Free Radical Reactions with Transition Metal Ions and Complexes

Ion Solvent T (K) k (L mol−1 s−1) Ref.

HO•

Cerium(IV) ion Water, pH = 0.4 298 2.7 � 106 [82]

Cerium(III) ion Water 298 3.0 � 108 [83]

Cerium(III) ion Water 296 2.2 � 108 [84]

Cerium(III) ion Water 296 3.5 � 108 [85]

Cobalt(III) ion Water 298 8.0 � 105 [86]

Cobalt(III), pentacyanonitrate Water 298 1.2 � 108 [87]

Cobalt(III), pentaamminenitride Water 298 1.8 � 109 [88]

Cobalt(III), tris-acetylacetonate Water 298 4.9 � 109 [89]

Copper(I) ion Water 298 2.0 � 1010 [90]

Copper(II) ion Water 298 3.5 � 108 [91]

Copper(II) ion Water, pH = 7 296 3.5 � 108 [92]

Cromium(II) ion Water, pH = 1.0 298 4.8 � 109 [93]

Cromium(III) ion Water, pH < 7 298 3.1 � 108 [94]

Cromium(III), pentacyanonitrosyl  Water 298 7.9 � 109 [95]

Europium(II) ion Water 298 1.1 � 109 [91]

Iron(II) ion Water, pH = 1.0 298 3.0 � 108 [96]

Iron(II) ion Water, pH = 1.0 298 3.2 � 108 [97]

Iron(II) ion Water, pH = 2.1 296 2.5 � 108 [87]

Iron(II) ion Water, pH = 2.0 296 2.6 � 108 [98]

Iron(II) ion Water, pH = 0.4 296 2.7 � 108 [99]

Iron(II) ion Water, pH = 0 288 3.3 � 108 [100]

Iron(II) ion Water, pH = 3.0 298 4.3 � 108 [101]

Iron(II) ion Water, pH = 7.0 298 3.2 � 108 [102]

Iron(II) ion Water, pH = 1.0 298 2.3 � 108 [103]

Iron(II) ion Water, pH = 4.5−6.2 298 3.5 � 108 [104]

Iron(II) ion Water 298 1.0 � 109 [105]

Iron(III) ion Water 298 7.9 � 107 [85]

Ferrocyanide ion Water, pH = 2.5−10.5 296 2.1 � 109 [106]

Ferrocyanide ion Water, pH = 7.0 296 1.7 � 1010 [107]

Ferrocyanide ion Water, pH = 10.7 296 8.1 � 109 [108]

Ferrocyanide ion Water, pH = 9.0 296 7.5 � 109 [109]

Ferrocyanide ion Water, pH = 3−10 296 1.1 � 1010 [110]

Ferrocyanide ion Water 298 1.1 � 1010 [91]

Manganese(II) ion Water, pH = 7.0 298 >1.4 � 108 [96]

Manganese(II) ion Water, pH = 3.9−6.7 298 3.0 � 107 [91]

continued
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TABLE 10.5
Rate Constants of Free Radical Reactions with Transition Metal Ions and

Complexes—continued

Ion Solvent T (K) k (L mol−1 s−1) Ref.

Tallium(I) ion Water, pH = 7.0 296 7.6 � 109 [110]

Tallium(I) ion Water, pH = 1.0 296 8.9 � 109 [113]

HO2
•

Cerium(III) ion Water, pH = 0.4 298 2.1 � 105 [114]

Cerium(IV) ion Water, pH = 0.4 298 2.7 � 106 [82]

Copper(I) ion Water, pH = 2.3 298 2.3 � 109 [115]

Copper(I) ion Water 296 4.3 � 109 [116]

Copper(II) ion Water, pH = 2.3 296 1.5 � 107 [117]

Copper(II) ion Water, pH = 2.3 298 1.1 � 108 [116]

Copper(II) ion Water, pH = 0.8−2 298 1.0 � 108 [118]

Ferrocyanide ion Water, pH = 0.5−4.4 298 3.0 � 104 [119]

Ferrocyanide ion HFe(CN)63− Water, pH = 0.5−4.4 298 1.4 � 105 [119]

Ferrocyanide ion H2Fe(CN)62− Water, pH = 0.5−4.4 298 1.0 � 104 [119]

Iron(II) ion Water,0.5 M H2SO4 296 7.2 � 105 [32]

Iron(II) ion Water, pH = 1.0 298 1.2 � 106 [120]

Iron(II) ion Water 298 1.5 � 106 [121]

Iron(II) ion Water 298 1.2 � 106 [122]

Iron(II) ion Water, pH = 0.0−2.1 298 2.1 � 106 [123]

Iron(III) ion Water, pH = 1.5 298 2.0 � 104 [124]

Iron(III) ion Water, pH = 2.05 298 3.3 � 105 [35]

Iron(III) ion Water, pH = 2.7 298 3.1 � 105 [35]

Iron(III) ion Water, pH = 1.0 298 4.0 � 105 [35]

Iron(III) ion Water, pH = 2.1 298 1.2 � 105 [125]

Iron(III) ion Water, pH = 2.0 298 1.3 � 105 [126]

Iron(III) ion Water, pH = 2.7 298 3.6 � 105 [126]

Iron(III) ion Water 298 7.3 � 105 [127]

Manganese(II) ion Water, pH = 3−9 298 1.1 � 108 [128]

Manganese(II) ion Water, pH = 2.7−3.4 298 6.0 � 106 [129]

Manganese(II) formiate Water, pH = 2.2−3.0 298 6.0 � 106 [129]

Tallium(II) ion Water, pH = 1.0 298 2.5 � 109 [130]

cyclo-C6H11OO•

Cobalt(II), Cyclohexane 303 2.7 � 104 [58]

Cobalt(II), Cyclohexane 342 9.3 � 104 [58]

Silver(I) ion Water 298 1.2 � 1010 [111]

Stannum(II) ion Water, pH = 1.0 296 2.0 � 109 [112]
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TABLE 10.5
Rate Constants of Free Radical Reactions with Transition Metal Ions and

Complexes—continued

Ion Solvent T (K) k (L mol−1 s−1) Ref.

Manganese(II) Cyclohexane 303 9.9 � 102 [58]

Manganese(II) Cyclohexane 342 6.5 � 103 [58]

Manganese(III) Cyclohexane 303 1.8 � 103 [58]

Manganese(III) Cyclohexane 342 2.2 � 104 [58]

MePhCHOO•

Cobalt(II), ethylenediamine tetraacetate Acetic acid/Ethylbenzene 333 3.8 � 105 [131]

Cobalt(II), bis-8-quinolinolate Acetic acid/Ethylbenzene 333 9.0 � 107 [131]

Copper(II), bis-8-quinolinolate Acetic acid/Ethylbenzene 333 7.9 � 105 [131]

Ferrocene Aceticacid/Ethylbenzene 333 2.4 � 105 [132]

Ferrocene, ethyl- Acetic acid/Ethylbenzene 333 1.8 � 105 [132]

Ferrocene, phenyl- Acetic acid/Ethylbenzene 333 8.3 � 104 [132]

Ferrocene, acetyl- Aceticacid/Ethylbenzene 333 3.3 � 104 [132]

Ferrocene, cyano- Acetic acid/Ethylbenzene 333 4.0 � 103 [132]

Ferrocene, carbonic acid Acetic acid/Ethylbenzene 333 1.2 � 104 [132]

Manganese, bis-8-quinolinolate Acetic acid/Ethylbenzene 333 4.2 � 105 [133]

Manganese(II), ethylenediamine tetraacetate Acetic acid/Ethylbenzene 333 1.0 � 106 [133]

Nickel(II), bis-8-quinolinolate Acetic acid/Ethylbenzene 333 2.2 � 105 [133]

Me2(CN)COO•

Manganese(II), steatrate Chlorobenzene 333 2.0 � 105 [133]

Manganese(II), steatrate Chlorobenzene

Chlorobenzene

Chlorobenzene

Chlorobenzene

353 3.0 � 105 [133]

Cobalt(II), bis-acetylacetonate 347 2.3 � 104 [133]

~CH2C(OO•)HPh
Cobalt(II), bis-acetylacetonate 328 1.8 � 104 [134]

Cobalt(II), bis-acetylacetonate 353 4.9 � 104 [134]

Iron(II) ion Water 298 1.7 � 106 [135]

C•H3

Copper(II), acetate Acetonitrile/Aceticacid (2/3) 298 1.5 � 106 [136]

Me2C•H
Copper(II) ion Acetonitrile/Acetic acid (2/3) 298 5.0 � 106 [137]

Cyclohexane

Cyclohexane

Cyclohexane

Cyclohexane

Cobalt(III), 303 2.0 � 104 [58]

Cobalt(III), 342 1.0 � 105 [58]

Copper(II), 303 8.6 � 102 [58]

Copper(II), 342 1.0 � 104 [58]

continued
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TABLE 10.5
Rate Constants of Free Radical Reactions with Transition Metal Ions and

Complexes—continued

CH2=CH(CH2)3C•H2

Copper(II), acetate Acetonitrile/Aceticacid (2/3) 298 1.5 � 106 [137]

PhCH2C•H2

Copper(II) ion Acetonitrile/Acetic acid (2/3) 298 1.6 � 106 [137]

Copper(II), dipyridyl- Acetonitrile/Acetic acid (2/3) 298 1.4 � 107 [137]

C•H2OH
Iron(III) ion Water 298 1.0 � 108 [138]

Iron(III) ion Water 298 8.0 � 107 [139]

Copper(II) ion Water, pH = 2−5 298 1.6 � 108 [139]

C•H2CH2OH
Copper(II) ion Water, pH = 4.5 298 1.9 � 107 [139]

Copper(II) ion Water, pH = 2 298 2.2 � 107 [139]

Iron(II) ion Water 298 1.0 � 106 [105]

MeC•HOH
Copper(II) ion Water, pH = 2−5 298 9.4 � 107 [139]

Copper(II) ion Water 298 2.7 � 108 [139]

Copper(II) ion Water 298 3.8 � 108 [139]

Iron(III) ion Water 298 6.0 � 108 [105]

Me2C•OH
Copper(II) ion Water, pH = 2−5 298 5.2 � 107 [139]

Iron(II) ion Water 298 2.9 � 106 [140]

Iron(III) ion Water, pH = 1 298 4.5 � 108 [135]

Iron(III) ion Water, pH = 1 298 1.8 � 108 [138]

Iron(III) ion Water 298 5.8 � 108 [139]

C•H2Me2COH
Copper(II) ion Water, pH = 4.5 298 2.7 � 106 [139]

Copper(II) ion Water, pH = 3.0 298 3.2 � 106 [139]

~CH2C•HCONH2
Titan(III) ion Water, 0.8 N H2SO4 298 6.0 � 102 [141]

Titan(III) ion D2O, 0.8 N H2SO4 298 8.1 � 102 [141]

PrC•H2

Copper(II) ion Acetonitrile/Acetic acid (2/3) 298 3.1 � 106 [137]

Copper(II), dipyridyl- Acetonitrile/Acetic acid (2/3) 298 1.7 � 107 [137]

Me3CC•H2

Copper(II) ion Acetonitrile/Acetic acid (2/3) 298 4.5 � 105 [137]

Copper(II), dipyridyl- Acetonitrile/Acetic acid (2/3) 298 2.5 � 104 [137]

Ion Solvent T (K) k (L mol−1 s−1) Ref.
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TABLE 10.5
Rate Constants of Free Radical Reactions with Transition Metal Ions and

Complexes—continued

Hydroxoiron(III) ion Water 298 2.1 � 104 [141]

Chloroiron(III) ion Water 298 8.1 � 104 [141]

Dichloroiron(III) ion Water 298 1.7 � 104 [141]

Trichloroiron(III) ion Water 298 1.0 � 106 [141]

Bromoiron(III) ion Water 298 1.7 � 106 [141]

Azidoiron(III) ion Water 298 1.5 � 106 [141]

Rodanidoiron(III) ion Water 298 1.3 � 107 [141]

Iron(III), tris-dipyridyl- Water 298 8.1 � 104 [141]

Iron(III), tris-ortho-phenantrolin- Water 298 3.1 � 105 [141]

Iron(III), tris-(5-methyl-ortho-

phenantrolin)-

Water 298 2.6 � 105 [141]

Iron(III), tris-(5-phenyl-ortho- Water 298 5.1 � 105 [141]

phenantrolin)-

Iron(III), tris-(5-chloro-ortho-

phenantrolin)-

Water

Water

298 2.3 � 105 [141]

Ferricyanide ion 298 8.5 � 105 [141]

Copper(II) ion Water, 1 N HClO4 298 1.2 � 105 [143]

Copper(II) ion D2O, 1 N HClO4 298 1.4 � 103 [143]

Hydroxocerium(IV) ion Water, pH = 0−1 298 3.3 � 103 [143]

Europium(II) ion Water, 0.8 N 298 8.4 � 104 [143]

Tallium(III) ion Water, 0.1 N HClO4 298 21.0 [143]

p-MeOC6H4CH2C•H2
Copper(II) ion Acetonitrile/Aceticacid (2/3) 298 2.1 � 104 [137]

Copper(II), dipyridyl- Acetonitrile/Aceticacid (2/3) 298 3.0 � 106 [137]

~CH2C•MeCONH2

Iron(III) ion 298 53.1 [144]

Hydroxoiron(III) ion 298 1.7 � 103 [144]

Iron(III) methacrylamidyl- Water

Water

Water

298 6.1 � 103 [144]

Vanadyl(IV) ion Water, 0.8 N H2SO4 298 1.1 � 103 [141]

Vanadium(II) ion Water, 0.8 N H2SO4 298 1.1 � 105 [141]

Cromium(III) ion Water, 0.8 N H2SO4 298 2.8 � 105 [141]

Iron(III) ion Water, pH = 1 298 2.0 � 103 [142]

Iron(III) ion Water, pH 298 2.0 � 103 [143]

Iron(III) ion D2O, pH = 0 298 1.9 � 103 [143]

Hydroxoiron(III) ion Water 298 1.1 � 104 [142]

Ion Solvent T (K) k (L mol−1 s−1) Ref.

continued
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catalyst. Thus, the reaction of peroxyl radicals with variable-valence ions manifests itself in

the kinetics as well (the induction period appears under certain conditions), and alcohol and

ketone are formed in parallel with ROOH from RO2
.
among the oxidation products.

The variety of functions of the catalyst is pronounced, in particular, in the technological

catalytic oxidation of n-paraffins to aliphatic acids [5]. This technology consists of several

stages among which the central place is occupied by oxidation. It is conducted at 380–420 K in

a series of reactors, with a mixture of salts of aliphatic acids of Kþ and Mn2þ or Naþ and

Mn2þ as the catalyst. The alkaline metal salt stabilizes (makes it more soluble and stable) the

manganese salt [152]. Studies have revealed the multifunctional role of the catalyst (manga-

nese ions) (Mn) [152–154].

First, they (Mn2þ and Mn3þ) react with the formed hydroperoxide and decompose it to

generate radicals and thus initiate the chain oxidation process.

Second, the isomerization of RO2
.

of the following type vigorously occurs in oxidized

paraffin (without a catalyst]:

RCH(OO
.
)CH2CH2 �! RCH(OOH)CH2C

.
HR

due to which polyfunctional compounds are formed and, finally, acid–containing functional

groups (oxy acids, keto acids, etc.). This is very unfavorable for obtaining the target product

TABLE 10.5
Rate Constants of Free Radical Reactions with Transition Metal Ions and

Complexes—continued

Dichlorocopper(II) ion Formamide, N,N-dimethyl- 333 7.8 � 105 [148]

N  O•O

Iron(II) ion Water, 0.1 N HCl ; 0.4 M NaCl 298 5.9 � 105 [149]

Iron(II) ion Water, 0.05 N HCl;
  0.45 M NaCl

298 1.7 � 105 [149]

~CH2C•HCN
Ferricyanide ion Water 298 6.8 � 106 [145]

Trichloroiron(III) ion Formamide, N,N-dimethyl- 298 6.4 � 103 [146]

Trichloroiron(III) ion Formamide, N,N-dimethyl- 298 8.1 � 103 [147]

~CH2C•MeCN
Trichloroiron(III) ion Formamide, N,N-dimethyl- 298 6.2 � 102 [146]

~CH2C•HPh
Trichloroiron(III) ion Formamide, N,N-dimethyl- 298 5.4 � 104 [146]

~CH2C•MeCOOMe

Ion Solvent T (K) k (L mol−1 s−1) Ref.
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(aliphatic acids). In the presence of the catalysts, the reaction of Mn2þ with the peroxyl

radical successfully competes with the former reaction

RO2
. þMn2þ �! ROO� þMn

3þ

due to which the fraction of bifunctional compounds decreases and the yield of aliphatic acids

increases.

Third, the Mn3þ ions formed in the reactions of Mn2þ with ROOH and RO2
.
successfully

react rather rapidly and oxidize the carbonyl compounds

RCH2C(O)CH2R RCH2C(OH)¼¼CHR

RCH2C(OH)¼¼CHRþMn3þ �! RCH2C(O)C
.
HRþMn2þ þHþ

RCH2C(O)C
.
HRþO2 �! RCH2C(O)CH(OO

.
)R

Two carboxylic acids are the final products of this ketone oxidation. As a result, the content

of ketones in the system decreases, and the yield of aliphatic acids increases.

Fourth, the accumulation of alcohols in the systems sharply retards the developed process,

that is, results in the so-called limiting depth of oxidation [154]. The hydroxyperoxyl radical is

formed by the attack of RO2
.
at the alcohol group. The Mn2þ and Mn3þ ions react with these

radicals resulting in catalytic chain termination. As alcohol is accumulated, the fraction of

hydroperoxyl radicals increases among all peroxyl radicals, and in parallel the rate of chain

termination in the reaction of the ions with these radicals increases. The chain process ceases

when the termination rate becomes higher than the rate of radical generation involving

manganese ions. Thus, there are some limits on the oxidation process (depth, rate) when

variable-valence metals used as catalysts.

10.1.6 REACTIONS OF TRANSITION METAL IONS WITH DIOXYGEN

Dioxygen oxidizes transition metal ions in the lower valence state generating the hydroxyper-

oxyl radicals or superoxide ions [155,156]. The thermodynamic characteristics of these

reactions are presented in Table 10.6. It is seen that all cited reactions are endothermic,

except for the reaction of the cuprous ion with O2. The reaction of the ferrous ion with

dioxygen has a sufficiently low enthalpy (28 kJ mol�1).

The vast majority of the studies in this field relate to the oxidation of iron ions

by molecular oxygen. The oxidation of Fe2þ is first-order with respect to dioxygen and,

TABLE 10.6
Enthalpies, Entropies, and Gibb’s Energies of the Oxidation–Reduction Reactions of the

Transition Metal Ions with Dioxygen in Aqueous Solution (T 5 298 K) [23]

Reaction DG (kJ mol21) DH (kJ mol21) DS ( J mol21 K21)

Ce3þþO2þHþ¼Ce4þþHO2
. 170.8 101.9 �231

Co2þþO2þHþ¼Co3þþHO2
.

190.0 117.5 �243

CuþþO2þHþ¼Cu2þþHO2
.

19.6 �19.0 �130

Fe2þþO2þHþ¼Fe3þþHO2
. 79.2 28.3 �171

Mn2þþO2þHþ¼Mn3þþ HO2
.

153.5 118.6 �117
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depending on conditions, first- or second-order with respect to Fe2þ. The limiting step

includes the transfer of an electron from Fe2þ to dioxygen. The postulated reaction mechan-

ism is the following [157]:

Feaq
2þ þO2 FeO2

2þ

FeO2
2þ �! Fe3þ þO2

.�(limiting stage)

O2
.� þ Fe2þ �! O2

2� þ Fe3þ

O2
2� þ 2Hþ H2O2

H2O2 þ Fe2þ �! Fe3þ þHO� þHO
.

HO
. þ Fe2þ �! HO� þ Fe3þ

The second order with respect to Fe2þ is explained by the formation of a binuclear complex

and its faster oxidation:

FeO2
2þ þ Fe2þ Fe2þO2Fe2þ

Fe2þO2Fe2þ �! Fe3þ þ FeO2
þ (limiting step)

FeO2
þ �! Fe3þ þO2

2�

With increasing hydrogen-ion concentration, the rate of Fe2þ oxidation decreases; this is

related to the hydrolysis of Fe2þ:

Feaq
2þ FeOHþ þHþ

and a faster oxidation of FeOHþ. However, in concentrated hydrochloric acid, an increase in

the oxidation rate is observed as the acid concentration increases. This is explained by the

formation and rapid oxidation of Fe2þ�HCl complexes [155]:

Feaq
2þ þHCl Fe2þClH

Fe2þClHþO2 �! FeCl2þ þHO2
.

Tin(II) was found to be oxidized by dioxygen via the chain branching mechanism [156–162].

The oxidation rate is v¼ k[O2]
2 in organic solvents and v¼ k[Sn(II)]1/2[O2]

1/2 in aqueous

solutions. The reaction, under certain conditions, has an induction period. Free radical

acceptors retard this reaction. The following kinetic scheme was proposed for tin(II) oxida-

tion by dioxygen.

Sn(II)þO2 �! Sn(III)þHO2
.

Sn(III)þO2 �! Sn(IV)þHO2
.

Sn(II)þHO2
. �! Sn(III)þH2O2

Sn(II)þHO2
. �! Sn(IV)þHO

.

Sn(II)þH2O2 �! Sn(III)þHO
.

Sn(II)þH2O2 �! Sn(IV)þH2O

Sn(II)þHO
. �! Sn(III)

Sn(III)þ Sn(III) �! Sn(II)þ Sn(IV)
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The very active unstable tin(III) ion is supposed to play an important role in this chain

mechanism of tin(II) oxidation. Cyclohexane, introduced in the system Sn(II)þ dioxygen, is

oxidized to cyclohexanol as the result of the coupled oxidation of tin and RH. Hydroxyl

radicals, which are very strong hydrogen atom acceptors, attack cyclohexane (RH) with the

formation of cyclohexyl radicals that participate in the following transformations:

R
. þO2 �! RO2

.

RO2
. þ Sn(II) �! Sn(III)þROOH

RO2
. þ Sn(II) �! Sn(IV)þRO

.

ROOHþ Sn(II) �! Sn(III)þRO
.

ROOHþ Sn(II) �! Sn(IV)þROH

RO
. þRH �! ROHþR

.

RO
. þ Sn(II) �! ROHþ Sn(III)

Sn(III)þ Sn(III) �! Sn(II)þ Sn(IV)

Very fast reactions of RO2
.

and ROOH with tin(II) and the fast reaction of RO
.

with

cyclohexane result in the formation of cyclohexanol as the main oxidation product.

The preliminary formation of metal–dioxygen complex was postulated in the mechanisms

discussed earlier. However, a series of metal complexes were synthesized that form stable

complexes with dioxygen. These complexes were studied as individual compounds. A few of

them are given in Table 10.7.

Cobalt catalysis of chain generation was found in the system styrene–dioxygen–acetyla-

cetonate cobalt(II) [169]. Free radicals are generated in this system with the rate

v ¼ k1[CH2¼¼CHPh] [O2]þ k2[CH2¼¼CHPh] [Co(II)] [O2] (10:11)

The first term on the right-hand side denotes the rate of dioxygen reaction with styrene (see

Chapter 4) and the second term is the rate of catalytic free radical generation via the reaction

of styrene with dioxygen catalyzed by cobaltous stearate or cobaltous acetylacetonate. The

rate constants were found to be k1¼ 7.45� 10�6 L mol�1 s�1, k2¼ 6.30� 10�2 L2 mol�2 s�1

(cobaltous acetylacetonate), and k2¼ 0.31 L2 mol�2 s�2 (cobaltous stearate) (T¼ 388 K,

solvent¼PhCl [169]). The mechanism with intermediate complex formation was proposed.

Co(II)þO2 Co(II)�O2

Co(II)�O2 þ CH2¼¼CHPh �! Co(II)þ .
OOCH2C

.
HPh

Oxidation of ethylbenzene catalyzed by the Cu(II) complex with o-phenanthroline was found

to occur with the rate depending on the dioxygen concentration [170].

v2 ¼ aþ b [O2] (10:12)

Since the rate of chain oxidation of hydrocarbon is v ~ vi
1/2 and does not depend on [O2] (see

Chapter 2), the catalyst initiates the chains via two parallel reactions: by the reaction with

ROOH and by the reaction with dioxygen. The following mechanism was proposed:

Cu(II)(o-phen)2 þO2 Cu(II)(o-phen)2�O2

Cu(II)(o-phen)2�O2 þRH �! Cu(II)(o-phen)2 þHO2
. þR

.
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The measurement of the chain generation rate vi0 in oxidized ethylbenzene with bis(acetyla-

cetonate) nickel showed that vi0 is sufficiently higher in the presence of the catalyst than in the

noncatalyzed reaction (T¼ 393 K, [171]).

Ni(acac)2 (mol L21) 0.0 3.0� 10�3 2.0� 10�2

vi0 (mol L21 s21) 1.5� 10�9 4.0� 10�7 9.0� 10�6

The activation of dioxygen by the nickel complex and the generation of radicals by the

reaction of the Ni(II).O2 complex with ethylbenzene were proposed. Examples of reactions

TABLE 10.7
Chelate Complexes that form Complexes with Dioxygen

Complex Me/O2 Absorbtion O2 Ref.

N
Co
O

N

O 2 [163]

N

Co

O

N

O

N
H

1 [163]

O NH

O
H2
N

Co

O

O
2 [164]

Ir
Cl PPh3

OC PPh3

1 [165]

Ir
I PPh3

OC PPh3

1 [166]

Ru
Cl PPh3

OC PPh3

NO 1 [167]

Ni−N≡C
C≡N

C≡N

1 [168]

Pd−N≡C
C≡N

C≡N

1

Reversible

Reversible

Reversible

Reversible

Irreversible

Irreversible

Irreversible

Irreversible

Irreversible

[168]

Pt−N≡C
C≡N

C≡N

1 [168]
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of metal–dioxygen complexes with phenols and aromatic amines with the production of

phenoxyl and aminyl radicals are known [172–174].

The kinetic parameters characterizing the oxidation of transition metal ions by dioxygen

are collected in Table 10.8.

TABLE 10.8
Rate Constants of Oxidation of Transition Metal Ions by Dioxygen

Equation of the

Reaction Rate Conditions T (K)

E

(kJ mol21)

log A, A

(L mol21 s21)

k (298 K)

(L mol21 s21) Ref.

Co(L-histidine)

k[Co(II)][O2]

(L mol�1 s�1)

pH¼ 8–11,

k¼ 0 to 1 M

298 20.9 7.22 3.60� 103 [175]

Co(D-Histidine)2

k[Co(II)][O2]

(L mol�1 s�1)

pH 8–11,

k¼ 0 to 1 M

298 20.9 7.08 2.61� 103 [175]

[Co(Glycylglycine)2(OH)2]22

k[Co(II)][O2]

(L mol�1 s�1)

H2O 298 1.0� 103 [176]

Cu1

k[Cuþ][O2]

(L mol�1 s�1)

HCl 298 1.0� 103 [177]

CuCl2
2

k[CuCl2
�][O2]

(L mol�1 s�1)

1 M HClþKCl 298 2.51� 102 [177]

Cu(NH3)2
1

k[Cu(I)][NH3][O2]

(L2 mol�2 s�1)

k¼ 1 298 1.62� 104 [178]

Cu(Imidazole)2

k[Cu(I)][imidazole] [O2]

(L2 mol�2 s�1)

k¼ 1 298 6.61� 103 [178]

Cu(dipy)2
1

k[Cu(Dipy)2
þ][O2]

(L mol�1 s�1)

pH¼ 5.0 298 6.46� 103 [179]

Fe21 ion

k[Fe2þ][H2PO4
�] 2pO2

(L2 mol�2 atm�1 s�1)

pH¼ 2–3 293–303 83.7 11.55 7.57� 10�4 [180]

k[Fe2þ]2 pO2

(L mol�1 atm�1 s�1)

[FeSO4]¼ 0.5 M 333 6.17� 10�5 [155]

k[Fe2þ]2pO2

(L mol�1 atm�1 s�1)

[FeSO4]¼ 1M 293–333 68.2 6.38 2.66� 10�6 [155]

k[Fe2þ]2 pO2

(L mol�1 atm�1 s�1)

[FeSO4]¼ 1M,

[H2SO4]¼ 1 M

293–333 61.9 5.14 1.95� 10�6 [155]

continued
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10.1.7 CATALYTIC OXIDATION OF KETONES

Ketones are resistant to oxidation by dioxygen in aqueous solutions at T¼ 300–350 K.

Transition metal ions and complexes catalyze their oxidation under mild conditions. The

detailed kinetic study of butanone-2 oxidation catalyzed by ferric, cupric, and manganese

complexes proved the important role of ketone enolization and one-electron transfer reac-

tions with metal ions in the catalytic oxidation of ketones [190–194].

Ferric ions catalyze the oxidation of butanone-2 in aqueous solutions [190]. Only two

oxidation products, acetic acid and actaldehyde, are formed. The rate of butanone-2 oxida-

tion linearly increases with increasing ketone concentration, does not depend on the dioxygen

concentration, beginning from pO2¼ 58 kPa, goes through a maximum with a change in pH,

and does not depend on the ionic strength of the solution (in interval of 0.2–1.4 mol L�1,

333 K). Anions, such as Cl�, F�, H2PO4
�, AcO�, and SO4

�2, lower the activity of ferric ions

[190]. The rate of enolization was measured and appeared to be less than or equal to the rate

of ketone oxidation. The kinetics of the reaction of ferric ions with butanone-2 in an aqueous

solution under anaerobic condition was studied. The following mechanism of oxidation was

put forward [190]. Ketone is oxidized by FeOH2þ ions in the enolic form. As a result of

oxidation, free alkyl radicals are formed, which initiate the polymerization of added methyl-

methacrylate.

TABLE 10.8
Rate Constants of Oxidation of Transition Metal Ions by Dioxygen—continued

Equation of the

Reaction Rate Conditions T (K)

E

(kJ mol21)

log A, A

(L mol21 s21)

k (298 K)

(L mol21 s21) Ref.

k[Fe2þ]2 pO2

(L mol�1 atm �1 s�1)

[FeCl2]¼ 0.5 M 333 8.71� 10�6 [155]

k[Fe2þ]2 pO2

(L mol�1 atm�1 s�1)

[FeCl2]¼ 1 M 293–333 56.5 4.01 1.28� 10�6 [155]

k[Fe2þ]2 pO2

(L mol�1 atm�1 s�1)

[FeCl2]¼ 1 M,

[HCl]¼ 2 M

293–333 61.5 5.39 4.07� 10�6 [155]

k [Fe2þ][O2] (L mol�1 s�1) Fe(NH4)2 (SO4)2,

pH¼ 0.76–1.34

293 4.79� 10�3 [181]

k[Fe2þ][O2] (Lmol�1 s�1) [HCl]¼ 8 M 272–308 61.1 10.41 0.50 [182]

k[Fe2þ]2pO2

(L mol�1 atm�1 s�1)

[HClO4]¼ 0.51M 298–313 72.8 6.36 3.98� 10�7 [183]

k[Fe2þ]2 [H2P2O7
2�] [O2]

(L2 mol�2 s�1)

HClO4, pH¼ 2–3 303 5.13 [184]

k[Fe2þ] pO2(atm�1 s�1) [H2SO4]¼ 1 N 413–453 2.08 1.76� 10�8 [185]

k[Fe2þ] pO2 (atm�1 s�1) [H2SO4]¼ 0.5 M 303 3.80� 10�6 [186]

k[Fe2þ] pO2

(L mol�1 atm�1 s�1)

CH3OH 303 1.20� 10�3 [187]

Ti31

k[Ti3þ] pO2 (atm�1 s�1) [HCl]¼ 1 M 293–323 71.1 8.08 4.14� 10�5 [188]

V31

k([V3þ] pO2/[H
þ])

(mol L�1 atm�1 s�1)

[HClO4]¼ 1.6–8.3 298 84.1 7.91 1.47� 10�7 [189]
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MeC(O)CH2MeþH3O
þ MeC(OH)¼¼CHMeþH3O

þ K1

MeC(OH)¼¼CHMeþ FeOH2þ MeC(OFeOHþ)¼¼CHMeþHþ K2

MeC(OFeOHþ)¼¼CHMe �! MeC(O)C
.
HMeþ FeOHþ k3

MeC(O)C
.
HMeþ Fe3þ þH2O �! MeC(O)CH(OH)Me þ Fe2þ þHþ Fast

The equation for the reaction rate has the following form:

[Ketone]

v
¼ 1

k1[H3O
þ]
þ 1

[FeOH2þ]

1

K1k2

þ [H3O
þ]

K1K2k3

� �

(10:13)

The experimental data are in agreement with this equation. In the presence of dioxygen,

the alkyl radicals formed from enol rapidly react with dioxygen and thus the formed

peroxyl radicals react with Fe2þ with the formation of hydroperoxide. The formed hydroper-

oxide is decomposed catalytically to molecular products (AcOH and AcH) as well as to free

radicals. The free radicals initiate the chain reaction resulting in the increase of the oxidation

rate.

The oxidation of butanone-2, catalyzed by complexes of pyridine with cupric salts,

appeared to be similar in its main features [191]. Butanone-2 catalytically oxidizes to acetic

acid and acetaldehyde. The reaction proceeds through the enolization of ketone. Pyridine

catalyzes the enolization of ketone. Enole is oxidized by complexes of Cu(II) with pyridine.

The complexes Cu(II).Pyn with n¼ 2,3 are the most reactive. Similar results were provided by

the study of butanone-2 catalytic oxidation with o-phenanthroline complexes, where Fe(III)

and Mn(II) were used as catalysts [192–194].

10.2 COBALT BROMIDE CATALYSIS

Cobalt bromide is used as a catalyst in the technology of production of arylcarboxylic acids

by the oxidation of methylaromatic hydrocarbons (toluene, p-xylene, o-xylene, polymethyl-

benzenes). A cobalt bromide catalyst is a mixture of cobaltous and bromide salts in the

presence of which hydrocarbons are oxidized with dioxygen. Acetic acid or a mixture of

carboxylic acids serves as the solvent. The catalyst was discovered as early as in the 1950s, and

the mechanism of catalysis was studied by many researchers [195–214].

It was shown in the previous section that hydrocarbon oxidation catalyzed by cobalt salts

occurs under the quasistationary conditions with the rate proportional to the square of the

hydrocarbon concentration and independent of the catalyst (Equation [10.9]). This limit with

respect to the rate is caused by the fact that at the fast catalytic decomposition of the formed

hydroperoxide, the process is limited by the reaction of RO2
.
with RH. The introduction of

the bromide ions into the system makes it possible to surmount this limit because these ions

create a new additional route of hydrocarbon oxidation. In the reactions with ROOH and

RO2
.
, the Co2þ ions are oxidized into Co3þ, which in the reaction with ROOH are reduced to

Co2þ and do not participate in initiation.

RO2
. þ Co2þ þAcOH ROOHþ Co3þ þAcO�

However, in the presence of the bromide ions, the Co3þ ions are reduced to Co2þ, and the Br
.

atoms that are formed participate in chain propagation, which is very important for acceler-

ating the reaction.
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Co3þ þ Br� CoBr2þ

CoBr2þ �! Co2þ þ Br
.

Br
. þRH �! HBrþR

.

These reactions result in an additional route of chain propagation, which allows one to exceed

the rate limit due to the mechanism of action of only variable-valence ions. In fact, the initial

rate of RH transformation in the presence of the cobalt bromide catalyst is determined by

the rate of two reactions, namely, RO2
.
with RH (kp) and RO2

.
with Co2þ (kp’), followed

by the reactions of Co3þ with Br� and Br
.

with RH. The general scheme proposed by

Zakharov includes the following steps (written in the simplified form) [206]:

R
. þO2 �! RO2

.

RO2
. þRH �! ROOHþR

.
kp

RO2
. þ Co2þ þAcOH �! ROOHþ Co3þ þAcO

�
kp
0

ROOHþ Co2þ �! RO
. þ Co3þ þOH�

RO
. þRH �! ROHþR

.
Fast

Co2þ þ Br� CoBrþ K

RO2
. þ CoBrþ þAcOH �! ROOHþ CoBr2þ þAcO

�
kp
00

Co3þ þ Br� �! Co2þ þ Br
.

Br
. þRH �! BrHþR

.

RO2
. þRO2

. �! Molecular products 2kt

The two reactions proposed above limit this process under the conditions of fast ROOH

decomposition, so that the oxidation rate of RH is

v ¼ (kp[RH]þ kp
0[Co2þ]þ K kp

00[Co2þ] [Br�])=2kt (10:14)

This expression is valid for oxidation with the excess of bromide ions over cobalt ions (the

conditions of fast oxidation of Co3þ). The experimental data agree with this dependence. The

kp, kp’, and Kkp’’ values for three hydrocarbons (343 K, acetic acid) are presented below [206]

Hydrocarbon kp (L mol21 s21) kp
0 (L mol21 s21) Kkp

00 (L mol21 s21)

Toluene 1.6 6.1� 102 2.1� 103

o-Xylene 5.5 3.2� 102 2.0� 103

m-Xylene 4.0 6.6� 102 2.2� 103

p-Xylene 4.5 7.2� 102 2.3� 103

Diphenylmethane 19.7 6.0� 102 1.8� 103

Ethylbenzene 5.4 1.9� 102 9.0� 102

It is seen that kp
00 � kp, and the dependence of the reaction rate on the catalyst concentration

makes it possible to increase the rate by increasing the catalyst (Co(II) and Br�) concentra-

tion.

Still higher oxidation rates are achieved when hydrocarbons are oxidized in the presence

of the catalytic system including the Co, Mn, and Br� ions. The Mn–Br binary system is less
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efficient than the cobalt bromide catalyst. Synergism of the mutual catalytic effect of the Co

and Mn ions is due to the fact that the Co2þ ions rapidly decompose hydroperoxide, and

bivalent manganese ions very rapidly react with peroxyl radicals, so that in the presence of

Mn2þ the chain is more efficiently propagated in the reactions [204]

RO2
. þMn2þ þAcOH �! ROOHþMn3þ þAcO

�

Mn3þ þ Br� �! Mn2þ þ Br
.

Br
. þRH �! HBrþR

.

R
. þO2 �! RO2

.

The peroxyl radical of ethylbenzene reacts with Mn2þ in acetic acid with the rate constant

k¼ 9.7� 104 L mol�1 s�1 (347 K) [204], which is by approximately two orders of magnitude

higher than that with the Co2þ ions.

As alkylaromatic hydrocarbon (toluene, p-xylene, etc.) is oxidized, aldehydes appear;

radicals and peracids formed from them play an important role. First, aldehydes react rapidly

with the Co3þ and Mn3þ ions, which intensifies oxidation. Second, acylperoxyl radicals

formed from aldehydes are very reactive and rapidly react with the initial hydrocarbon.

Third, aldehydes form an adduct with primary hydroperoxide, which decomposes to form

aldehyde and acid.

ArCH2OOHþArCH(O) ArCH2OOCH(OH)Ar

ArCH2OOCH(OH)Ar �! ArCH(O)þArC(O)OHþH2

This creates the possibility of transforming hydroperoxide into aldehydes omitting the stage

of alcohol.

Generalizing the known data and established experimental peculiarities of the action of

the cobalt bromide catalyst, we have to emphasize the following advantages of cobalt

bromide catalysis:

1. This catalyst makes the increase in the oxidation rate of alkylaromatic hydrocarbons

possible due to the intense participation of the catalyst itself (Co2þ, Co3þ, Br�, and Br
.
)

in chain propagation.

2. It provides the fast transformation of intermediate products (hydroperoxide, alde-

hydes) into the final product, viz., acid.

3. Finally, it makes possible the oxidation of hydrocarbon to a significant depth, and

when the RH molecule contains several methyl groups, the catalyst allows all these

groups to be transformed into carboxyls. This last specific feature is insufficiently

studied so far. Perhaps, it is associated with the following specific features of oxidation

of alkylaromatic hydrocarbons. The thermal decomposition of formed hydroperoxide

affords hydroxyl radicals, which give phenols after their addition at the aromatic ring

ArHþHO
. �! Ar

.
H(OH)

Ar
.
H(OH) þO2 �! ArOHþHO2

.

In addition, alkylaromatic hydroperoxide ArCH2OOH under the action of acid is

heterolytically transformed into phenol and formaldehyde. Phenols are accumulated

and retard the oxidation process at early stages when the amount of methylcarboxylic

acids (intermediate products) is low and they have no time to be oxidized further. In the
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presence of the catalyst, during the intense generation of RO2
.
and Co3þ, phenols are

rapidly oxidized and do not retard the process, which makes the complete oxidation of

all methyl groups in the hydrocarbon molecule to carboxyl groups possible.

10.3 OSCILLATING OXIDATION REACTIONS

The rate of the chemical process usually changes with time smoothly: decreases with the

consumption of reactants or increases and passes through a maximum in autocatalytic

processes. According to this, the concentration of the reaction products smoothly changes

in time, and the kinetic curves have only one maximum or minimum, if any. However,

systems were discovered in which the concentration of intermediate products oscillates, i.e.,

periodically passes through a maximum and a minimum. The amplitude of oscillations of

the product concentration can decrease, increase, or remain unchanged for a long time.

This regime was first observed in the decomposition of hydrogen peroxide catalyzed by iodine

[215]. Hydrocarbon oxidation in the gas phase is accompanied by the appearance of

cold flame, which often flashes periodically (Townend, 1933, propane oxidation [216]).

Belousov [217] was first to observe the oscillation of concentrations of ion-oxidants (Ce4þ

and Ce3þ) for the oxidation of malonic acid catalyzed by cerium ions. Later Zhabotinsky

[218] showed that the oscillation regime is retained if malonic acid is replaced by another

substrate with the activated CH2 group and cerium ions are replaced by manganese ions.

He proposed the mechanism explaining this phenomenon. The more detailed and quantita-

tively substantiated mechanism of this reaction was proposed and proved in the literature

[219–223].

The main processes occurring in this system are the following [219]: bromate oxidizes

trivalent cerium to tetravalent cerium; Ce4þ oxidizes bromomalonic acid, and is reduced to

Ce3þ. The bromide ion, which inhibits the reaction, is isolated from the oxidation products of

bromomalonic acid. During the reaction, the concentration of the Ce4þ ions (and Ce3þ)

oscillates several times, passing through a maximum and a minimum. The shape of the

peaks of concentrations and the frequency depend on the reaction conditions. The auto-

oscillation character of the kinetics of the cerium ions disappears if Ce4þ or Br� are continu-

ously introduced with a low rate into the reaction mixture. The autooscillation regime of the

reaction takes place only in a certain interval of concentrations of the reactants: [malonic

acid]¼ 0.013–0.50 M; [KBrO3]¼ 0.013–0.063; [Ce3þ]þ [Ce4þ]¼ 10�4–10�2; [H2SO4]¼ 0.5–

2.4; [KBr] in traces (2� 10�5). The oscillation regime begins after some time after mixing of

the reactants; however, if a mixture of Ce3þ and Ce4þ corresponding to the established regime

is introduced, autooscillations begin immediately. The period of vibrations ranges from 5 to

500 s depending on the conditions. The following data are known concerning the mechanism

of particular stages. Hydroxybromomalonic acid (ROH) is brominated by BrOH and Br2,

and the formed dibromomalonic acid decomposes to form the bromide ion, which inhibits

the oxidation of Ce3þ with bromate. The autooscillation regime is observed in the BrO3–

cerium ions–reducing agent systems where the reducing agent is oxaloacetic, acetonedicar-

boxylic, citric, or malic acids; acetoacetic ester, and acetylacetone (all compounds contain the

b-diketone group and are readily brominated in the enolic form).

The oscillation regime is observed in the oxidation of the iodide ions by the BrO3
� ions.

The kinetics of this reaction and its mechanism were studied in detail by Citri and Epstein

[223]. The process was studied in a jet reactor. The oscillating regime is observed when the

concentration of iodide ions changes in an interval of 5� 10�7 to 4� 10�2 M (bromate was

introduced in excess with respect to the iodide ions). The example of the oscillating kinetic

curve can be seen in Figure 10.1.
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The process occurs in two stages. The first stage is completed by the oxidation of I� to I2
and proceeds according to the stoichiometric equation

6I� þ 6Hþ þ BrO�3 ¼ 3I2 þ 3H2Oþ Br�

with the rate (T¼ 298 K)

v (mol L�1 s�1) ¼ 45 (L3 mol�3 s�1)[I�] [BrO3
�] [H3O

þ
] (10:15)

The second stage is described by the stoichiometric equation

I2 þ 2BrO3
� ¼ Br2 þ 2IO3

�

It proceeds autocatalytically: first I2 is transformed into BrI, which then is slowly trans-

formed into Br2 and IO3
�. In the oscillation regime the concentration of Br� changes from

minimum to its maximum by almost ten times, and the oscillation period is about 90 s

(T¼ 298 K, [BrO3
�]¼ 5� 10�3 mol L�1, [I�]¼ 2.5� 10�3 mol L�1, [H3O

þ]¼ 1.5 mol L�1).
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FIGURE 10.1 Kinetics of changing the light absorption by I2 (l ¼ 460 nm), concentration of Br�,

and potential of the Pt electrode in the system where the oscillating reaction of BrO3
� with I� occurs

([BrO3
�]0 ¼ 5 � 10�3 mol L�1, [I�]0 ¼ 2.5 � 10�3 mol L�1, [Hþ] ¼ 1.5mol L�1, T ¼ 298 K [223]).
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The process includes the following stages (the rate constant is measured at T¼ 298 K, water is

the solvent):

Reaction k (298 K)

BrO3
�þ I�þ2 H3O

þ .�! HBrO2þHOIþ 2 H2O 45 L3 mol�3 s�1

HBrO2þHOI .�! HIO2þHOBr 109 L mol�1 s�1

I�þHOIþH3O
þ .�! I2þ 2 H2O 3.1� 1012 L2 mol�2 s�1

I2þ 2 H2O .�! I�þHOIþH3O
þ 22.0 L2 mol�2 s�1

BrO3
�þHOIþH3O

þ .�! HBrO2þHIO2þH2O 8.0� 102 L2 mol�2 s�1

BrO3
�þHIO2 .�! IO3

�þHBrO2 1.6� 10�4 L mol�1 s�1

HOBrþ I2 .�! HOIþ IBr 8.0� 10�7 L mol�1 s�1

HOIþ IBr .�! HOBrþ I2 1.0� 10�2 L mol�1 s�1

IBrþ 2 H2O .�! HOIþBr�þH3O
þ 30 s�1

HOIþBr�þH3O
þ .�! IBrþ 2 H2O 1.0� 10�8 L2 mol�2 s�1

Br�þHbrO2 .�! HOBrþBrO� 2.0� 10�6 L mol�1 s�1

HOBrþBr�þH3O
þ .�! Br2þ 2 H2O 8.0� 10�9 L2 mol�2 s�1

Br2þ 2 H2O .�! HOBrþBr�þH3O
þ 1.1� 10�2 s�1

Br�þ 2 H3O
þþBrO3

� .�! HBrO2þHOBrþ 2 H2O 2.1 L3 mol�3 s�1

HBrO2þHOBrþ 2 H2O .�! BrO3
�þBr�þ 2 H3O

þ 1.0� 10�4 L mol�1 s�1

Br�þHIO2þH3O
þ .�! HOIþHOBrþH2O 6.0� 10�5 L2 mol�2 s�1

HOIþHOBrþH2O .�! Br�þHIO2þH3O
þ 2.0� 10�8 L mol�1 s�1

HIO2þHOBr .�! IO2
�þBr�þ 2 H3O

þ 2.2� 10�8 L mol�1 s�1

BrO3
�þ IBrþ 2 H2O .�! IO3

�þBr�þHOBrþH3O
þ 0.8 L mol�1 s�1

The system of differential equations, which describes the process on the basis of all stages

presented above, agree well with experiment and reproduces the oscillation regime of the

process [223].

One of the simplest schemes, which describes the autooscillation regime, was considered

by Lotka [224].

AþX �! 2X k1

XþY �! 2Y k2

Y �! Z k3

The quasistationary state (if the system has achieved this state) would have the form

[X]st¼ k3/k2 and [Y]st¼ k1[A]0/k2, where [A]¼ [A]0 in the course of the whole process. To

describe the behavior of the system near the quasistationary state, the following variables are

introduced:

j ¼ [X]st � [X] and h ¼ [Y]st � [Y]

Changes in j and h are described by the equations

dj=dt ¼ �k2h(j þ [X]st) � �k2h[X]st (10:16)

dh=dt ¼ �k2j(hþ [Y]st) � �k2j[Y]st (10:17)

whose solution has the form c1 exp(�l1t)þ c2 exp(�l2t), where l1 and l2 are the roots of the

equation l2¼ k2
2[X]st,[Y]st, i.e., l¼+ ik2([X]st[Y]st)

1/2.
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The imaginary roots imply that [X] and [Y] undergo oscillation changes but never become

equal to [X]st and [Y]st and at [A]¼ [A]0 they remain unattainable. It can be shown that the

system in the coordinates [X ]�[Y ] executes the cyclic motion around zero (zero has the

coordinates [X ]¼ [X ]st, [Y ]¼ [Y ]st).

10.4 ACID CATALYSIS IN LIQUID-PHASE OXIDATION OF HYDROCARBONS
AND ALCOHOLS

Acids are well known as efficient catalysts of various heterolytic reactions (hydrolysis,

esterification, enolyzation, etc. [225,226]). They catalyze the heterolytic decay of hydroper-

oxides formed during oxidation. For example, they catalyze the decomposition of cumyl

hydroperoxide into phenol and acetone (important technological reaction) [5].

Me2PhCOOH �! Me2C(O)þ PhOH

In addition to heterolysis of hydroperoxides, strong mineral acids were found to catalyze

the homolytic splitting of hydrogen peroxide and hydroperoxides into free radicals. This new

catalytic ability of acids was found in the kinetic study of isopropanol oxidation [227,228].

Mineral acids (AH), such as H2SO4, HClO4, HCl, and HNO3, were found to accelerate the

chain oxidation of 2-propanol due to catalysis of hydrogen peroxide decomposition with free

radical generation. The initiation rate was found to be proportional to the product

[H2O2]
2� [AH]. Electroconductivity studies proved the participation of hydrogen ions in

free radical initiation.

The decay of 1,1-dimethylethyl hydroperoxide into free radicals under action of mineral

acids was also established [229]. The similar kinetic equation was observed in this system and

the rate of initiation was found to be propotional to the electroconductivity of the solution.

The following mechanism of free radical generation was proposed [229].

Me3COOH þHA Me3COOHþ2 þA�

Me3COOH þMe3COOHþ2 �! Me3CO
. þH3O

þ þMe3CO2
.

The homolytic decomposition of hydroperoxides was proved to be catalyzed by Bronsted

as well as Lewis acids (for example, BF3, AlCl3, SbCl5) [230]. Experimental data on acid

catalysis of the homolytic decomposition of hydroperoxides are collected in Table 10.9.

Earlier (see Chapter 4) a great discrepancy was noticed between the calculated rate

constants for the reactions

ROOHþHOR1 �! RO
. þH2OþR1O

.

ROOHþHOC(O)R1 �! RO
. þH2OþR1CO2

.

and their experimental values for chain generation by the interaction of hydroperoxides with

alcohols and acids [ki (calculated) � k (experimental)]. The probable explanation for such a

great difference lies in the participation of the more active protonated form of hydroperoxide

in free radical generation. For example, the reaction

H3O
þ
2 þH2O �! H2O2 þH3O

þ

occurs with the enthalpy DH¼ 10 kJ mol�1. Alcohols and carbon acids formed in hydrocar-

bon oxidation can be donors of a proton.
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10.5 CATALYTIC EPOXIDATION OF OLEFINS BY HYDROPEROXIDES

Olefin epoxidation by alkyl hydroperoxides catalyzed by transition metal compounds occu-

pies an important place among modern catalytic oxidation reactions. This process occurs

according to the following stoichiometric equation:

ROOH + RCH=CHR ROH   +
OR R

H H

The catalysts of this process are vanadium, molybdenum, tungsten, niobium, chromium,

and titanium compounds. The yield of oxide calculated per olefin is close to 100% and that

per hydroperoxide reaches 85–95%, and the yield depends on the catalyst, temperature,

solvent, and depth of conversion [234]. The following compounds were used and studied as

catalysts of epoxidation: Ti(OR)4, VO-acetylacetonate, MoO3, Mo(CO)6, MoCl5, Mo-

naphthenate, H2MoO4, Na2MoO3þNa2PMo12O10, MoO2-acetylacetonate, WO3, W(CO)6,

H2WO4 [234].

The reaction of olefin epoxidation by peracids was discovered by Prilezhaev [235]. The

first observation concerning catalytic olefin epoxidation was made in 1950 by Hawkins [236].

He discovered oxide formation from cyclohexene and 1-octane during the decomposition of

cumyl hydroperoxide in the medium of these hydrocarbons in the presence of vanadium

pentaoxide. From 1963 to 1965, the Halcon Co. developed and patented the process of

preparation of propylene oxide and styrene from propylene and ethylbenzene in which

the key stage is the catalytic epoxidation of propylene by ethylbenzene hydroperoxide

[237,238]. In 1965, Indictor and Brill [239] published studies on the epoxidation of several

olefins by 1,1-dimethylethyl hydroperoxide catalyzed by acetylacetonates of several metals.

They observed the high yield of oxide (close to 100% with respect to hydroperoxide) for

catalysis by molybdenum, vanadium, and chromium acetylacetonates. The low yield of

oxide (15–28%) was observed in the case of catalysis by manganese, cobalt, iron, and

copper acetylacetonates. The further studies showed that molybdenum, vanadium, and

TABLE 10.9
Acid Catalysis of the Homolytic Decomposition of Hydroperoxides (Experimental Data)

ROOH Acid Solvent T (K)

E

(kJ mol21)

log A, A

(L2 mol22 s21)

k (350 K)

(L2 mol22 s21) Ref.

vi 5 ki [ROOH]2[Acid]

H2O2 H2SO4 Me2CHOH 333–348 108.8 14.93 4.93� 10�2 [231]

H2O2 HClO4 Me2CHOH 333–348 102.1 14.01 5.92� 10�2 [228]

H2O2 HClO4 Me2CHOH 333–348 113.0 15.52 4.53� 10�2 [231]

Me3COOH HClO4 Me2CHOH 333–348 117.1 15.60 1.33� 10�2 [229]

Me3COOH SbCl5 MeCN 313–343 73.2 11.27 2.21 [232]

vi 5 ki [ROOH][Acid]

log A, A

(L mol21 s21)

k (350 K)

(L mol21 s21)

Me3COOH BF3 Me2CHOH 343 0.10 [230]

Me3COOH AlCl3 Me2CHOH 343 3.6� 10�2 [230]

Me3COOH SbCl5 Me2CHOH 343 1.0� 10�3 [230]

Me3COOH LiCl MeCN/CH2¼¼CHPh 343–353 77.4 11.75 1.58 [233]
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tungsten compounds are the most efficient as catalysts for epoxidation. Atoms and ions

of these metals possess vacant orbitals and easily form complexes due to the interaction

with electron pairs of other molecules, in particular, with olefins and hydroperoxides.

The epoxidation of the double bond by hydroperoxide with these catalysts is heterolytic.

It is not accompanied by the formation of free radicals (the initiating effect of this reaction

on oxidation is absent, inhibitors do not influence catalytic epoxidation). The catalyst

forms a complex with hydroperoxide, and this complex epoxidizes olefin. Therefore,

the initial epoxidation period is described by the seemingly simple kinetic scheme

(Cat¼ catalyst)

CatþROOH Cat�ROOH K

Cat�ROOHþOlefin �! CatþROHþ Epoxide k

The dependence of the epoxidation rate on the concentrations of olefin and hydroperoxide is

described by the Michaelis–Menten equation

v ¼ kK [Cat] [ROOH] [Olefin] (10:18)

The catalyst is preliminarily oxidized to the state of the highest valence (vanadium to

V5þ; molybdenum to Mo6þ). Only the complex of hydroperoxide with the metal in its

highest valence state is catalytically active. Alcohol formed upon epoxidation is complexedwith

the catalyst. As a result, competitive inhibition appears, and the effective reaction rate con-

stant, i.e., v/[olefin][ROOH], decreases in the course of the process due to the accumulation of

alcohol. Water, which acts by the same mechanism, is still more efficient inhibitor. Several

hypothetical variants were proposed for the detailed mechanism of epoxidation.

1. The simplest mechanism includes stages of catalyst oxidation to its highest valence

state, the formation of a complex with ROOH, and the reaction (bimolecular) of this

complex with olefin [240].

VO2 þROOH �! V5þ þRO
.

V5þ þROOH V5þ:ROOH

V5+.ROOH + R�CH=CHR� ROV4+  +

H
OR�

R�

H

H

R�

R�

+

V5+.ROH +
O

H

H
ROV4+  +

R�

R�
H
O

H

H
+

The first two stages (oxidation of VIV to VV and complex formation) were proved but

the third stage predicting the heterolysis of the O��O bond with the addition of OHþ at

the double bond is speculative. Heterolysis of this type is doubtful because of the very

high energy of the heterolytic cleavage of RO��OH to RO� and OHþ.

2. From the energetics point of view, the epoxidation act should occur more easily (with a

lower activation energy) in the coordination sphere of the metal when the cleavage of

one bond is simultaneously compensated by the formation of another bond. For

example, Gould proposed the following (schematic) mechanism for olefin epoxidation

on molybdenum complexes [240]:
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O
H
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Mo6+

O
O

R

H
+ Mo6+

O
O

H

R

This scheme differs from the previous one with respect to the heterolysis of the

O��O bond, which occurs in the internal coordination sphere of the complex and is

compensated by the formation of the C��O bond.

3. The complex in which olefin is bound by the donor–acceptor bond to the oxygen atom

of hydroperoxide and exists in the secondary coordination sphere is also considered in

the literature [241].

4. Proofs were obtained that the Mo¼¼O group as a proton acceptor participates in

epoxidation. In this connection, the following scheme taking into account this circum-

stance was proposed [242]:

O

O
H

R

Mo6+

Mo6+

Mo6+

Mo6+

O

O
H

R

+

−

O

O
H

R

+

−

O
O

H

R

O

Mo
O

O

H

R

+
O

Mo
O

O

H

R

OH

Mo
O

R

O
+

O

Mo
O

O

H

R

+

O

Mo
O

O

H

R

Mo +
O

OR

HO

The formation of molybdenum complexes with diols (formed by olefin oxidation) was

proved for the use of the molybdenum catalysts. Therefore, the participation of these

complexes in the developed epoxidation reaction was assumed [242].
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All schemes presented are similar and conventional to a great extent. It is characteristic that

the epoxidation catalysis also results in the heterolytic decomposition of hydroperoxides (see

Section 10.1.4) during which heterolysis of the O��O bond also occurs. Thus, there are no

serious doubts that it occurs in the internal coordination sphere of the metal catalyst.

However, its specific mechanism and the structure of the unstable catalyst complexes that

formed are unclear. The activation energy of epoxidation is lower than that of the catalytic

decomposition of hydroperoxides; therefore, the yield of oxide per consumed hydroperoxide

decreases with the increase in temperature.

Sajus et al. [243,244] synthesized the peroxo complex of molybdenum(VI) and studied its

reaction with a series of olefins. This peroxo complex MoO5 was proved to react with olefins

with epoxide formation. The selectivity of the reaction increases with a decrease in the

complex concentration. It was found to be as much as 95% at epoxidation of cyclohexene

by MoO3 in a concentration 0.06 mol L�1 at 288 K in dichloroethylene [244]. The rate of the

reaction was found to be

v ¼ kK [MoO3] [Olefin](1þ K [Olefin])�1 (10:19)

This scheme is in accordance with the consecutive two-stage reaction with the first equilib-

rium stage.

MoO3 þOlefin , MoO3�Olefin K

MoO3�Olefin �! MoO2 þ Epoxide k

The reaction proceeds as pseudomonomolecular reaction with a rate k1 at the constant olefin

concetration. The values of k1 for epoxidation of olefins in dichloroethylene solutions at

288 K and an olefin concentration of 1.96 mol L�1 is given below [244].

Olefin CH2=CHC6H13 CH2=CHPh Me2C=CHCMe3 MeCH=CHC5H11

k1 (s
−1)

Olefin CH2=CEtMe Me2C=CHMe Me2C=CMe2

4.9 � 10−5 7.3 � 10−5 1.02 � 10−4 2.11 � 10−4

k1 (s
−1) 2.76 � 10−4 2.78 � 10−4 6.65 � 10−4 9.5 � 10−4
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It seems very probable that the epoxidation reaction proceeds through a two-stage mechan-

ism. Hydroperoxide oxidizes the catalyst to peroxo complex and the this complex performs

epoxidation of olefins.

The following two processes find technological application:

1. The production of styrene and propylene epoxide from ethylbenzene (Halcon process)

that includes the following three technological stages [234].

PhCH2CH3 þO2 �! PhCH(OOH)CH3

PhCH(OOH)CH3 þ CH2¼¼CHCH3 �! PhCH(OH)CH3 þ
PhCH(OH)CH3 �! H2Oþ CH2¼¼CHPh

O

2. The production of 2-methylpropylene and propylene epoxide from methylpropane with

the following technological stages [234].

Me3CHþO2 �! Me3COOH

Me3COOHþ CH2¼¼CHCH3 �! Me3COH þ O

Me3COH �! H2Oþ CH2¼¼C(CH3)2

10.6 CATALYTIC OXIDATION OF OLEFINS TO ALDEHYDES

10.6.1 CATALYSIS BY PALLADIUM SALTS

The oxidation of ethylene to acetaldehyde by dioxygen catalyzed by palladium and cupric

salts found important technological application. The systematic study of this process was

started by Smidt [245] and Moiseev [246]. The process includes the following stoichiometric

stages [247,248]:

CH2=CH2

MeCHO Pd(0)

Pd(II)

Cu(II)

Cu(I)

H2O

1/2O2

C2H4 + ½O2 CH3CH(O)

The reaction occurs rapidly in an aqueous solution at mild temperatures (290–350 K) with a

high yield of acetaldehyde and evolution of 220 kJ mol�1 of heat. Other olefins can be

oxidized to subsequent aldehyde or ketone (see Table 10.10).

The di-m-tetrachloro-bis(ethylene)dipalladium complex rapidly reacts with alcohol

(MeOH, EtOH, Me2CHOH, PhCH2OH) with formation of diacetal [247].

(C2H4PdCl2)2 þ 4ROH �! 2Pdþ 4HClþ 2CH3CH(OR)2

This reaction is transformed into the catalytic process in the presence of cuprous chloride and

dioxygen [247,248]. The same complex was found to be oxidized by acetic acid with sodium

acetate to vinyl acetate [247,249].

(C2H4PdCl2)2 þ 4AcONa �! 2Pdþ CH2¼¼CHOAcþ 4NaClþAcOH
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10.6.2 KINETICS AND MECHANISM OF REACTION

Olefins and palladium ions PdCl4
2� form the following two types of complexes in an aqueous

solution [247].

C2H4 þ PdCl4
2� C2H4PdCl3

� þ Cl� K1

C2H4 þ PdCl4
2� þH2O C2H4PdCl2OH2 þ 2Cl� K2

The equilibrium constants have the following values (water, T¼ 293K, ionic force is 4 g ion

L�1[250])

Olefin Ethylene Propylene 1-Butene

K1 15.2 7.9 12.4

K2 (mol L�1) 4.3 4.6 3.4

The kinetic study of the reaction of ethylene with PdCl4
2� proved that this reaction is

bimolecular and empirical rate constant kexp depends on the concentration of acid (H3O
þ)

and the chloride anion [251].

v ¼ kexp[PdCl4
2�] [C2H4] (10:20)

kexp ¼ k[H3O
þ]�1[Cl�]�2 (10:21)

The following many-stage mechanism was proposed for this reaction [252].

TABLE 10.10
Products of the Catalytic Oxidation (PdCl2 1 CuCl2 1 O2) of Olefins in Water [247]

Olefin T (K) Product Yield (%)

CH2=CH2 293 MeCH(O) 85

CH2=CHMe 293 MeC(O)Me 90

CH2=CHEt 293 EtC(O)Me 80

CH2=CHPr 293 PrC(O)Me 81

CH2=CHBu 303 BuC(O)Me 75

CH2=CHCH2CH=CH2 293 EtCH=CHCH(O) 91

303
O

65

PhCH=CH2 323 PhC(O)Me 57

CH2=CHCOOH 323 MeCH(O) 50

MeCH=CMeCOOH 323 MeC(O)Me 75

CH2=CMeCOOH 313 EtCH(O) 61

CH2=CHCH2OH 298 CH2=CHCH(O) 75

CH2=CHCN 303

300

300

600

1200

1800

900

1800

10800

11160

3600

3600

300

1800 CNCH2CH(O) 88

Time of Reaction (s)
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C2H4 þ PdCl4
2� C2H4PdCl3

� þ Cl�

C2H4PdCl3
� þH2O C2H4PdCl2OH2 þ Cl�

C2H4PdCl2OH2 þH2O C2H4PdCl2OH� þH3O
þ

C2H4PdCl2OH� þH2O H2OCl2Pd���CH2CH2OH

H2OCl2Pd���CH2CH2OH �! Cl� þ PdCl�(solid)þMeCH(O)þH3O
þ

The last stage is supposed to be limiting. However, the limiting stage can be the trans-

formation of the p-complex into the s-complex of ethylene with palladium (preliminary

stage). The rate constant k (water, T¼ 298 K, ion force¼ 3 g ion L�1) has the following

values [246].

Olefin Ethylene Propylene 1-Butene

k (mol2 L�2 s�1) 1.13� 10�3 3.60� 10�4 5.30� 10�4

The transformation of the p-complex into the s-complex is supposed to be intramolecular.

10.7 HETEROGENEOUS CATALYSIS IN LIQUID-PHASE OXIDATION

10.7.1 INTRODUCTION

Heterogeneous catalysis is widely used in technology for gas-phase oxidation of hydrocarbons

to alcohols, aldehydes, epoxides, anhydrides, etc. Homogeneous catalysis predominates in the

liquid-phase oxidation technology. Nevertheless, a series of experimental studies was devoted

in the 1970s to 1990s to heterogeneous catalysis. The main objects of study were metal oxides

and metals as catalysts.

The obvious technological advantage of a heterogeneous catalyst is that it can be easily

separated from reactants and products. However, the serious physical problem is diffusion of

reactants to active centers on the surface of the catalyst and back diffusion of the formed

intermediate and final products from the surface into the solution. This duffusion occurs

much more slowly in the liquid phase compared to the gas phase. The problem of effectiveness

of the heterogeneous catalyst in comparison with the homogeneous catalyst is closely con-

nected with the problem of diffusion and sorption on the surface in the liquid phase.

The following four types of heterogeneous catalysis in the liquid-phase oxidation of

organic compounds were observed.

1. Catalyst accelerates the decomposition of hydroperoxide to free radicals on the surface.

The free radicals then diffuse into the reactant bulk and initiate the chain oxidation of

the oxidized substance.

2. Catalyst absorbs dissolved dioxygen. Sorbed dioxygen reacts with the oxidized sub-

stance with production of free radicals. The free radicals diffuse into solution and

initiate the chain oxidation of hydrocarbon or other substances.

3. Heterogeneous substance inhibits the oxidation of the oxidized substance. The mech-

anisms of oxidation retardation will be discussed in Chapter 20.

4. Dioxygen and oxidized substances react on the surface of the catalyst only. The pure

heterogeneous reaction occurs only after diffusion of reactants to the catalytic surface

and back diffusion of products from the surface into the solution. A combination of a

few mechanisms of such types are possible.
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10.7.2 DECOMPOSITION OF HYDROPEROXIDES ON CATALYST SURFACE

Hock and Kropf [253] studied cumene oxidation catalyzed by PbO2. They proposed that

PbO2 decomposed cumyl hydroperoxide (ROOH) into free radicals (RO
.
, RO2

.
). The

free radicals started the chain oxidation of cumene in the liquid phase. Lead dioxide intro-

duced into cumene was found to be reduced to lead oxide. The reduction product lead

oxide was found to possess catalytic activity. The following tentative mechanism was pro-

posed.

ROOHþ PbO2 �! RO2
. þOPbOH

ROOHþHOPbO �! RO
. þH2Oþ PbO

ROOHþ PbO �! RO2
. þ PbOH

ROOHþ PbOH �! RO
. þH2Oþ PbO

The increase in the amount of catalyst introduced in oxidized cumene (353 K) increases the

oxidation rate, decreases the amount of the formed hydroperoxide, and increases the yield of

the products of hydroperoxide decomposition: methylphenyl ethanol and acetophenone.

Similar mechanism was proposed for catalysis by copper phthalocyanine in cumene oxidation

[254].

The generation of free radicals in the catalyzed oxidation of hydroperoxides was observed

[255,256]:

1. By the free radical acceptor method in the decomposition of cumyl hydroperoxide

catalyzed by Fe2O3 (343 K, 0.25 g cm�3 Fe2O3, ionol as acceptor of free radicals [257])

2. By the CL method in the oxidation catalyzed by Fe2O3 decomposition of cumyl

hydroperoxide [258]

3. By the EPR method in oxidized cumene with metal oxides (MnO2, Co2O3, CuO, and

NiO [259]); there were fixed cumylperoxyl radicals.

The following metal oxides were found to accelerate cumene oxidation and cumyl hydroper-

oxide decomposition : MnO2, Fe2O3, Co2O3, Ni2O3, NiO [260]. However, a few heteroge-

neous catalysts that catalyze the decomposition of cumyl hydroperoxide but inhibit oxidation

were found (TiO2, V2O5, WO3, and MoO3). These catalysts were assumed to catalyze the

heterolytic decomposition of cumyl hydroperoxide with phenol formation. The formed

phenol terminates the chains reacting with peroxyl radicals. Metal borides and carbides

were found to have the catalytic activity in 2-methyl propane liquid-phase oxidation

[261,262]. The kinetic scheme of hydroperoxide (ROOH) homolytic decomposition on the

surface of catalyst (S) is supposed to be similar to ROOH decomposition under the action of

transition metal ions.

ROOH

ROOH

S

SOH ROOH

RO2
•
  +  H2O

S

SH ROOH

RO•  +  H2O

RO2
•

RO•
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Depending on the electron affinity of the catalyst, one of these two routes predominates. The

dependence of the hydroperoxide decomposition rate on [ROOH] is in agreement with the

conception of preliminary equilibrium sorption of hydroperoxide on the catalyst surface

(Me2PhCOOH, AgO, 16 m2 L�1, 343K) [263]). The equilibrium constant was estimated to be

K¼ 7mol L�1, and effective rate constant of described ROOH decomposition is

kis¼ 70 s�1[263].

The activity of the surface of AgO as a catalyst of hydroperoxide decomposition depends

on the gas preliminarily absorbed on the catalyst surface. The preliminary absorption of H2,

NH3, and CO activates the catalyst. However, the absorption of O2 and CO2, on the contrary,

lowers the catalyst activity of AgO (343 K, solvent¼PhCl, ROOH¼Me2PhCOOH,

[ROOH]0¼ 4.4� 10�1 mol L�1, [AgO]¼ 20 g L�1 [264]).

Absorbed Gas Ar H2 NH3 CO O2 CO2

v0
ROOH (�105 mol L�1 s�1) 6.7 21.6 12.5 12.6 4.1 0.1

The physical properties of the catalyst surface were found to change during the reaction (for

detailed information, see Ref. [255]).

10.7.3 ACTIVATION OF DIOXYGEN

Free radicals were found to be generated on the catalyst surface in hydrocarbon oxidation in

the absence of hydroperoxide. The activation of absorbed dioxygen was supposed to be the

source of radicals [255]. The catalytic action of the silver surface on cumene oxidation was

supposed to be the result of activation of sorbed dioxygen [265].

AgþO2 Ag:O2

Ag:O2 �! Agþ:O�:2

Agþ:O�:2 þRH �! AgOOH þR
.

R
. þO2 �! RO2

.

AgOOHþRH �! AgOþH2OþR
.

Dioxygen activation was observed in oxidized cumene by such catalysts as NiO and

Bi2O3. These catalysts do not decompose hydroperoxide but accelerate cumene oxidation

[255]. The formation of alkyl radicals was fixed by the free radical acceptor method

with tetramethylpyparidineoxyl in ethylbenzene with AgO only in the presence of dioxygen

[266]. The same active centers of the catalyst can be active toward O2 and ROOH as

absorbents. Such competing scheme of heterogeneous catalyst action was discussed in

the literature [267]. Dioxygen retards the catalytic decay of hydroperoxide on the surface

of such catalysts as NiO, Cr2O3, and AgO, as well as phthalocyanine metal complexes

[268,269].

The activation of hydrocarbons on the catalyst surface was also discussed in the literature

[255]. There are no clear experimental evidences of this activation with free radical generation

[270]. However, examples of dimer (RR) formation as a result of oxidation of RH on the

surface of MnO2 are known [270].
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10.7.4 CRITICAL PHENOMENA IN HETEROGENEOUS CATALYSIS

The heterogeneous catalyst accelerates hydrocarbon oxidation. The rate of oxidation in-

creases with increasing concentration of the catalyst. However, this increase in the oxidation

rate with the catalyst concentration is not unlimited. The oxidation rate reaches a maximum

value and does not increase thereafter. Moreover, the cessation of the reaction was observed

and very often at a very small increase in the catalyst concentration. Such phenomenon was

named critical phenomenon. The basis of critical phenomenon lies in the chain mechanism of

oxidation and the dual ability of the catalyst surface to initiate and terminate chains.

Numerous observations and studies of critical phenomenon in catalytic liquid-phase oxida-

tions were performed [271–283]. Here are a few examples.

RH Cumene Tetraline Cumene Cyclohexene

Catalyst Co2O3, MnO NiO MnO2 MnO2

Ref. [275] [259] [259] [280]

RH Cyclohexene Ethylbenzene Hexadecane Ethylbenzene

Catalyst Mo, Cr/Al2O3 Cu3[Fe(CN)6]2 Cu/CuO MnO2, Co2O3

Ref. [286] [278] [277] [279]

Critical phenomenon results from a series of peculiarites of chain catalytic liquid-phase

oxidations:

1. Catalytic surface is active toward hydroperoxide and decomposes it to free radicals.

The free radicals initiate the chain oxidation of RH in the liquid phase.

2. Hydroperoxide is produced in the chain reaction with bimolecular chain termination.

The rate of ROOH formation is proportional to (initiation rate)1/2 and the shorter the

chain length higher the initiation rate. With increasing concentration of the catalyst this

situation is encountered when the reaction occurs with n ¼ 1.

3. Catalyst reacts with peroxyl radicals. So, an increase in the catalyst concentration

increases the rate of chain reaction proportional to [catalyst]1/2 and at the same time

it increases the chain termination proportional to the catalyst concentration. Therefore

the retardation or cessation of the chain reaction is observed at a high concentration of

the catalyst. This is called critical phenomenon.

4. In addition, two kinds of active centers are supposed on the catalyst surface: S1

(reaction with ROOH) and S2 (reaction with RO2
.
). The following kinetic scheme

was proposed for the explanation of the critical phenomenon [274].

R
. þO2 �! RO2

.
Fast

RO2
. þRH �! ROOHþR

.
kp

ROOHþ S1 �! RO
. þ S1 kic

ROOHþ S1 �! Mol: Productsþ S1 kmc

2RO2
. �! ROHþO2 þKetone 2kt

RO2
. þ S2 �! Mol: Productsþ S2 ktc
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In such a system, two regimes of hydrocarbon oxidation exist. When [S] < [S]cr, the reaction

occurs with acceleration. When [S]> [S]cr, the reaction occurs with the stationary rate, and

higher the amount of the catalyst lower the rate. The critical catalyst concentration

[S]cr ¼
kpkic[RH]

(kmc=kic)(kic þ kim)ktc

(10:22)

The [S]cr value depends on the nature of the catalyst, its surface area per unit of weight, the

ratio of the rates of hydroperoxide decomposition into free radicals and molecular products,

hydrocarbon and dioxygen concentrations, the method of catalyst preparation, and the

chemical treatment of the surface.

10.7.5 SELECTIVITY OF CATALYTIC OXIDATION

High selectivity of hydrocarbon oxidation to hydroperoxide can be performed with the

heterogenous catalyst, which possesses

(a) High activity of hydroperoxide decomposition into free radicals

(b) Low activity in hydroperoxide decay into molecular products (kmc/kic ! 0),

especially to phenols from alkylaryl hydroperoxide

(c) Very low activity in chain termination (S2/S1 ! 0).

Empically found catalysts with high selectivity are known. The results on ethylbenzene

oxidation to hydroperoxide with the Ag catalyst with different modifications of the surface

(346 K, [catalyst]¼ 15 g L�1, pO2¼ 105 Pa [255]) are given below.

Catalyst Modification Yield ROOH Conversion

Ag2O 20% 1.3%

Ag2O Me2PhCOONa 81% 0.5%

Ag/Al2O3 20% 2.5%

Ag/Al2O3 PhC(O)MeþMe2PhCOH 77% 1.8%

Ag/Al2O3 0.2% Ca 54.5 0.6

Ag/Al2O3 0.2% CaþPhC(O)MeþMe2PhCOH 96.0 0.6

10.8 OXIDATION IN BASIC SOLUTIONS

The catalysis of hydrocarbon liquid-phase autoxidation by transition metals is the result of

the substitution of the slow bimolecular reaction (E� 100 kJ mol�1, see Chapter 4)

ROOHþROOH �! RO
. þH2OþRO2

.

by the acceleration of the two reactions with rapid electron transfer from hydroperoxide to

transition metal ion with activation energy E� 30–40 kJ mol�1 (see Table 10.2).

Catalysis by strong bases in the oxidation of organic compounds in aprotonic solvents,

principally, is similar. The slow reaction of chain propagation of the type RO2
.þRH
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(E0¼ 40 kJ mol�1 at DH¼ 0) is substituted by a few consecutive fast reactions with electron

transfer. Russel [284–291] studied a few reactions of oxidation of alkylaromatic hydrocarbons

in the presence of strong bases. He proved the chain mechanisms of these reactions. One of

them includes a few stages with addition of dioxygen to carbanion. Another includes the

electron transfer from carbanion to dioxygen.

Diphenylmethane reacts with dioxygen in the presence of potassium 1,1-dimethylethoxide

in various solvents (dimethylformamide [DMF], hexamethylphosphoramide [HMPA], pyri-

dine) to produce nearly 100% yields of benzophenone [284]. The adduct of benzophenone with

dimethylsulfoxide (DMSO) [1,1-diphenyl-2-(methylsulfinyl)ethanol] is formed as the final

product of the reaction. The stoichiometry of the reaction and the initial rate depends on the

solvent (conditions: 300 K, [Ph2CH2]¼ 0.1 mol L�1, [Me3COK]¼ 0.2 mol L�1, pO2¼ 97 kPa).

Solvent C5H5N DMF/Me3COH DMSO/Me3COH HMPA

4:1 (v/v) 4:1 (v/v)

D[O2]/D[Ph2CH2] 1.4 1.0 2.7 2.7

v0 (mol L�1 s�1) 2.5� 10�3 6.2� 10�3 1.7� 10�2 4.8� 10�2

The first stage of the reaction is deprotonation of diphenylmethane. This stage is limiting. The

formation of benzophenone includes the following stages [284]:

Ph2CH2 þMe3CO� �! Ph2CH� þMe3COH

Ph2CH� þO2 �! Ph2CHOO�

Ph2CHOO� �! Ph2C(O)þOH�

Ph2CHOO� þMe3CO� �! Ph2C(OO�)� þMe3COH

Ph2C(OO�)� þO2 �! Ph2C(OO�)2

Ph2C(OO�)2 þ 2Me3COH �! Ph2C(O)þO2 þ 2Me3CO�

The rate of the reaction is limited by the first stage and is given by (298 K, DMSO/

Me3COK¼ 4:1 [284]):

v (mol L�1 s�1) ¼ 1:42� 10�3(L mol�1s�1)[Ph2CH2] [Me3COK] (10:23)

On the contrary, the oxidation of fluorene in a basic solution is not limited by the deprotona-

tion of hydrocarbon [284]. This is in agreement with the oxidation of fluorene and 9,9-

dideuterofluorene at the same rate in DMSO and 1,1-dimethylethanol solution. The stoichi-

ometry of fluorene oxidation is close to unity (except oxidation in HMPA) and the main

product of the reaction is fluorenone. The stoichiometry and the initial rate of the reaction

depends on the solvent (conditions: 300 K, [fluorene]¼ 0.1 mol L�1, [Me3COK]¼ 0.2 mol

L�1, pO2¼ 97 kPa).

Solvent Me3COH DMF/Me3COH (4:1) HMPA/Me3COH HMPA

D[O2]/D[RH] 1.09 1.16 1.22 2.5

v (mol L�1 s�1) 5.8� 10�4 4.5� 10�2 4.8� 10�2 6.2� 10�2
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The reaction proceeds as a chain process involving the peroxyl radical and superoxide ion

[284].

Ar2CH2 þ B� �! Ar2CH� þ BH

Ar2CH� þO2 �! Ar2C
.
HþO2

�.

Ar2C
.
HþO2 �! Ar2CHOO

.

A2CH� þAr2CHOO
. �! Ar2C

.
HþAr2CHOO�

Ar2CHOO� þ BH �! Ar2CHOOHþ B�

Ar2CHOOHþ B� �! Ar2C(O)þ BHþHO�

Ar2C
.
HþO2

�. �! Ar2CHOO� þO2

This reaction was found to be accelerated by the addition of electron acceptors such as

nitrobenzene and m-trifluoromethylnitrobenzene. These electron acceptors accelerate the

electron transfer from the carbanion to dioxygen.

Ar2CH� þ PhNO2 �! Ar2C
.
Hþ PhNO2

�.

PhNO2
�. þO2 �! PhNO2 þO2

�.

The increase in the electron acceptor concentration in a solution transforms the reaction of

fluorene oxidation into regime when the first stage (deprotonation of fluorene) limits the

chain process. For the oxidation of other alkylaromatic hydrocarbons, see Refs. [292–304].

The reaction of benzhydrol with dioxygen in a basic solution (Me3COK) results in the

formation of benzophenone and potassium superoxide KO2 [288]. The stoichiometry of oxida-

tion depends on the Me3COK/Ph2CHOH ratio and increases from 0.73 at [Me3COK]/

[Ph2CHOH]¼ 1 to 1.45 at [Me3COK]/[Ph2CHOH]¼ 4 (solvent Me3COH, T¼ 300 K,

[Ph2CHOH]¼ 0.12 mol L�1, pO2¼ 98 kPa). The formation of the ketyl radical-anion was

fixed by the EPR method [284]. The reaction was supposed to proceed in two stages. The

first one:

Ph2CHOHþ B� Ph2CHO� þ BH

Ph2CHO� þ B� Ph2C(O�)� þ BH

Ph2C(O�)� þO2 �! Ph2C(O)þO2
2�

The second stage:

K2O2 þO2 2KO2

The oxidation of alcohols in a basic solution catalyzed by Cu(II) o-phenanthroline

complexes has been recently studied by Sakharov and Skibida [305–309]. The copper–phe-

nanthroline complex is stable in a basic solution and appears to be a very efficient catalyst for

the oxidation of alcohols to carbonyl compounds. The reaction rate increases with an increase

in the partial pressure of dioxygen. The solvent dramatically influences the reaction rate

(conditions: 348 K, [MeOH]¼ 20%vol, [Cu��(o��phm)]¼ 0.01 mol L�1).

Solvent H2O MeOH C6H6 MeCN HC(O)NMe2

v (mol L�1 s�1) 1.0� 10�6 7.0� 10�6 5.1� 10�5 4.0� 10�4 7.0� 10�4
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The authors proposed the one-step oxidation of alcohol in the ligand sphere of the

Cu(II)�(o-phen)2 complex [309].

R2CHOHþ B� R2CHO� þ B

N N

N N
CuR2CHO−   + Complex I

N N

N N
CuR2CHO−  + Complex (I)

Complex(I)þO2 Complex(II)

Complex(II) �! R2C(O)þHO2
� þ Cu(I)

R2CHO
N N

N N
Cu O2

N N

N N
Cu +    R2C(O)   +   HO2

−

However, consecutive multistage oxidation seems to be the most probable. It can include, for

example, the stages:

R2CHO��Cu(II) �! R2C(O)þHþ þ Cu(I)

Cu(I)þO2 �! Cu(II)þO2
�.

2O2
�. �! O2 þO2

2�

BHþO2
2��! B� þHO2

�

The disproportionation of the superoxide ion occurs very rapidly, and the formed hydrogen

peroxide is promptly decomposed in a basic solution.
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11 Oxidation of Hydrocarbons
in Microheterogeneous
Systems

11.1 EMULSION OXIDATION OF HYDROCARBONS

Emulsion oxidation of alkylaromatic compounds appeared to be more efficient for the

production of hydroperoxides. The first paper devoted to emulsion oxidation of cumene

appeared in 1950 [1]. The kinetics of emulsion oxidation of cumene was intensely studied by

Kucher et al. [2–16]. Autoxidation of cumene in the bulk and emulsion occurs with an

induction period and autoacceleration. The simple addition of water inhibits the reaction

[6]. However, the addition of an aqueous solution of Na2CO3 or NaOH in combination with

vigorous agitation of this system accelerates the oxidation process [1–17]. The addition of an

aqueous phase accelerates the oxidation and withdrawal of water retards it [6]. The addition

of surfactants such as salts of fatty acids accelerates the oxidation of cumene in emulsion [3].

The higher the surfactant concentration the faster the cumene autoxidation in emulsion [17].

The rates of cumene emulsion oxidation after an induction period are given below (T¼ 353 K,

[RH]:[H2O]¼ 2:3 (v/v), pO2¼ 98 kPa [17] ).

System v 3 105 (mol L21 s21)

Cumene (pure) 0.45

CumeneþH2O2 1.50

Cumeneþ 0.1N Na2CO3 2.40

Cumeneþ 0.1N Na2CO3þ 0.001% C15H31COOH 2.80

Cumeneþ 0.1N Na2CO3þ 0.01% C15H31COOH 2.90

Cumeneþ 0.1N Na2CO3þ 0.2% C15H31COOH 3.30

Cumeneþ 0.1N Na2CO3þ 1% C15H31COOH 4.30

Cumeneþ 0.1N Na2CO3þ 4% C15H31COOH 9.60

The optimal pH of an aqueous phase was found to be about pH¼ 10 with 0.1 N Na2CO3.

Oxidation of cumene occurs more slowly in H2O (pH¼ 7) and in 0.1 N NaOH (pH¼ 13). The

experiments on emulsion oxidation of cumene with the addition of salts of various fatty acids

Me(CH2)nCOONa (n¼ 2–16) showed that the optimal number of methylene groups of the

fatty acid tail is equal to 14 (T¼ 348 K, [H2O]:[RH]¼ 1:1 (v/v), pO2¼ 98 kPa) [18]. The

addition of a polar solvent to the system RH–H2O–surfactant substance (sodium laurate)

accelerates the emulsion oxidation of cumene (T¼ 348K, [H2O]:[RH]¼ 1:1 (v/v), pO2¼
98 kPa, [RH]:[solvent]¼ 4:1) [18].
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Solvent MeCN PhCl PhH CCl4 C8H18

v� 105 (mol L�1 s�1) 2.53 1.40 1.25 0.93 0.87

The emulsion oxidation of cumene proceeds via the chain mechanism. Inhibitors (phenols)

retard the oxidation [11], and initiators accelerate the oxidation [17]. Cobaltous stearate

accelerates the emulsion oxidation of cumene (T¼ 363 K, [RH]:[H2O]¼ 1:1 (v/v), 0.1 N

Na2CO3 [4]). The oxidation of cumene starts without an induction period. The accelerating

action of St2Co on cumene oxidation is sufficiently stronger for homogeneous oxidation.

Ozone accelerates the homogeneous cumene oxidation, however, it does not virtually influ-

ence emulsion oxidation [4]. The increase in the dioxygen partial pressure higher than 1 kPa

does not influence homogeneous cumene oxidation (see Chapter 2). On the contrary, the rate

of emulsion oxidation of cumene is accelerated by an increase in pO2 from 100 to 1000 kPa

(T¼ 353–393 K, [RH]:[H2O]¼ 3:1 (v/v), 0.1 N Na2CO3 [10]). The action of the hydrogen

peroxide on the emulsion oxidation of cumene is interesting and unusual [8]. Hydrogen

peroxide introduced in the very beginning of cumene oxidation accelerates oxidation very

weakly. However, the introduction of 0.015 mol L�1 of hydrogen peroxide the moment when

the formed hydroperoxide achieved its maximal concentration gives impetus to the new

hydroperoxide formation, and its new concentration maximum appears to be sufficiently

high (see Figure 11.1, T¼ 358 K, [H2O]:[RH]¼ 3:1 (v/v), 0.1 N Na2CO3 [8]).

The effect of jumping of the maximal hydroperoxide concentration after the introduction

of hydrogen peroxide is caused by the following processes. The cumyl hydroperoxide formed

during the cumene oxidation is hydrolyzed slowly to produce phenol. The concentration of

phenol increases in time and phenol retards the oxidation. The concentration of hydroper-

oxide achieves its maximum when the rate of cumene oxidation inhibited by phenol becomes

equal to the rate of hydroperoxide decomposition. The lower the rate of oxidation the higher

the phenol concentration. Hydrogen peroxide efficiently oxidizes phenol, which was shown in

special experiments [8]. Therefore, the introduction of hydrogen peroxide accelerates cumene

oxidation and increases the yield of hydroperoxide.

The experiments on emulsion cumene oxidation with AIBN as initiator proved that

oxidation proceeds via the chain mechanism inside hydrocarbon drops [17]. The presence of

an aqueous phase and surfactants compounds does not change the rate constants of chain

propagation and termination: the ratio (kp(2kt)
�1/2¼ const in homogeneous and emulsion

oxidation (see Chapter 2). Experiments on emulsion cumene oxidation with cumyl hydroper-

oxide as the single initiator evidenced that the main reason for acceleration of emulsion

oxidation versus homogeneous oxidation is the rapid decomposition of hydroperoxide on the

surface of the hydrocarbon and water drops. Therefore, the increase in the aqueous phase and

introduction of surfactants accelerate cumene oxidation.

The kinetic study of cumyl hydroperoxide decomposition in emulsion showed that (a)

hydroperoxide decomposes in emulsion by 2.5 times more rapidly than in cumene (368 K,

[RH]:[H2O]¼ 2:3 (v/v), 0.1 N Na2CO3) and (b) the yield of radicals from the cage in emulsion

is higher and close to unity [19]. The activation energy of ROOH decomposition in cumene is

Ed¼ 105 kJ mol�1 and in emulsion it is lower and equals Ed¼ 74 kJ mol�1 [17].

Hence, the peculiarities of emulsion oxidation of alkylaromatic hydrocarbons can be

formulated as follows.

1. Oxidation as a chain reaction occurs inside the hydrocarbon drop. Dioxygen should

diffuse first in an aqueous phase and, second, inside the hydrocarbon drop through the

dense layer of the polar surface of the drop. Therefore, the dioxygen partial pressure

should be higher in emulsion than in homogeneous oxidation.
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2. The decomposition of hydroperoxides occurs preferentially in the surface layer of water

and hydrocarbon. The larger the surface per unit volume of hydrocarbon the faster the

decomposition of hydroperoxide. Therefore, the increase in an aqueous phase acceler-

ates hydrocarbon oxidation. The optimal RH:H2O ratio was found to be nearly 1:1

(v/v) [19], if the calculation of the reaction rate per unit volume of the whole mixture is

done. The introduction of surfactants that creates the smaller drops of hydrocarbons

increases the surface and, therefore, accelerates the oxidation.

3. Phenol formed in the system due to acid-catalyzed decomposition of hydroperoxide

retards the cumene oxidation. The aqueous phase withdraws phenol from the hydro-

carbon phase. This is the reason why the emulsion oxidation of cumene helps to

increase the yield of hydroperoxide. The addition of hydrogen peroxide into the system

helps to increase the yield of hydroperoxide.

11.2 HYDROCARBON OXIDATION IN MICROHETEROGENEOUS SYSTEMS

Hydrocarbon oxidation produces polar oxygen-containing compounds. These compounds

tend to associate in nonpolar hydrocarbon and form some aggregates. The formation of such

a microheterogeneous polar system can influence the rate and mechanism of oxidation [20].

The study of hydrocarbon oxidation in the systems with reversed micelles has its special
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FIGURE 11.1 The kinetic curves of cumyl hydroperoxide formation in emulsion oxidation of cumene [8]

at T¼ 358K, H2O:RH¼ 3:1 (v/v) 1 N Na2CO3 with input of 0.015mol L�1 H2O2 in the moments

designated by arrows (curve 1), after 8 h (curve 2), and after 4 h (curve 3).
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interest for the membrane mimetic chemistry [21]. Kasaikina et al. [21–28] have studied the

peculiarities of hydrocarbon oxidation in microheterogeneous systems during the last few

years [21–28]. They were faced with all possible variants of micelle influence on hydrocarbon

oxidation: acceleration, retardation, and neutral behavior (see Table 11.1).

The solubility of water is extremely low in hydrocarbons. For example, as low as 0.7% of

water form the separate phase in decane (T¼ 298 K) [22]. The surfactants create a small water

micelle in hydrocarbon. For example, sodium bis-2-ethylhexyl sulfosuccinate (AOT) in the

ratio H2O:AOT¼ 20 creates stable micelles in decane with the diameter d¼ 85� 10�10 m

(room temperature) [22]. The radii of a micelle r depends on the ratio H2O:AOT; the

dependence has the following form [29]:

r� 1010(m) ¼ 11þ 1:5
[H2O]

[AOT]
(11:1)

It is seen from Table 11.1 that surfactant cetyltrimethylammonium bromide (CTAB,

RNþMe3Br�) exerts a positive catalytic effect on ethylbenzene autoxidation. The kinetic

study of this phenomenon [21,27] showed that the acceleration was caused by the additional

reaction of hydroperoxide with the bromide ion of CTAB to form free radicals [30].

R1Me3N
þBr� þROOH �! R1NþMe3 þOH� þ Br

. þRO
.

The active alkoxyl radicals formed by this reaction start new chains. Apparently, the hydro-

peroxide group penetrates in the polar layer of the micelle and reacts with the bromide anion.

The formed hydroxyl ion remains in the aqueous phase, and the MePhCHO
.
radical diffuses

into the hydrocarbon phase and reacts with ethylbenzene. The inverse emulsion of CTAB

accelerates the decay of hydroperoxide MePhCHOOH. The decomposition of hydroperoxide

occurs with the rate constant ki¼ 7.2� 1011 exp(�91.0/RT) L mol�1 s�1 (T¼ 323–353 K,

CTAB, ethylbenzene [28]). The decay of hydroperoxide occurs more rapidly in an O2 atmos-

phere, than in an N2 atmosphere.

The influence of CTAB micelles on dodecane oxidation is opposite: it retards the oxida-

tion of dodecane [24]. The study of the decomposition of hydroperoxide evidenced that

TABLE 11.1
Influence of Reverse Micelles and Surfactant (SA) on the Hydrocarbon Autoxidation

Hydrocarbon Solvent T (K) SA SA (mmol L21) Influence Ref.

Limonene Decane/limonene 333 AOT 0.92 þ [22]

b-Carotene C10H24 333 AOT 10 0 [21]

Dodecane C12H26 413 AOT 20 0 [24]

Dodecane C12H26 413 SDS 20 � [24]

Dodecane C12H26 413 CTAB 20 � [24]

Ethylbenzene MePhCH2 393 AOT 20 0 [21]

Ethylbenzene MePhCH2 393 CTAB 10 þ [21]

Ethylbenzene MePhCH2 393 SDS 10 � [21]

Ethylbenzene MePhCH2 393 AOT 20 0 [26]

Ethylbenzene MePhCH2 393 SDS 10 � [26]

Ethylbenzene MePhCH2 393 AOT 20 0 [27]

Ethylbenzene MePhCH2 393 SDS 10 � [27]

Ethylbenzene MePhCH2 393 CTAB 10 þ [27]
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CTAB micelles accelerate its decay. However, this decay of hydroperoxide occurs preferen-

tially due to the formation of the molecular product with an extremely low e value (see

Chapter 3). This difference depends on the hydroperoxide structure.

The reverse emulsion stabilized by sodium dodecylsulfate (SDS, ROSO3
� Naþ) retards

the autoxidation of dodecane [24] and ethylbenzene [21,26,27]. The basis for this influence lies

in the catalytic decomposition of hydroperoxides via the heterolytic mechanism. The decay of

hydroperoxides under the action of SDS reverse micelles produces olefins with a yield of 24%

(T¼ 413 K, 0.02 mol L�1 SDS, dodecane, [ROOH]0¼ 0.08 mol L�1) [27]. The thermal decay

gives olefins in negligible amounts. The decay of hydroperoxides apparently occurs in the

ionic layer of a micelle. Probably, it proceeds via the reaction of nucleophilic substitution in

the polar layer of a micelle.

R1OSO3
� þROOH R1OSO3RþHO2

�

R1OSO3R �! R1OSO3Hþ olefin

R1OSO3HþH2O R1OSO3
� þH3O

þ

The formed hydrogen peroxide decomposes rapidly.

The reverse micelles stabilized by SDS retard the autoxidation of ethylbenzene [27]. It was

proved that the SDS micelles catalyze hydroperoxide decomposition without the formation of

free radicals. The introduction of cyclohexanol and cyclohexanone in the system decreases the

rate of hydroperoxide decay (ethylbenzene, 363 K, [SDS]¼ 10�3 mol L�1, [cyclohexa-

nol]¼ 0.03 mol L�1, and [cyclohexanone]¼ 0.01 mol L�1 [27]). Such an effect proves that

the decay of MePhCHOOH proceeds in the layer of polar molecules surrounding the micelle.

The addition of alcohol or ketone lowers the hydroperoxide concentration in such a layer

and, therefore, retards hydroperoxide decomposition. The surfactant AOT apparently creates

such a layer around water moleculesthat is very thick and creates difficulties for the penetra-

tion of hydroperoxide molecules close to polar water. The phenomenology of micellar

catalysis is close to that of heterogeneous catalysis and inhibition (see Chapters 10 and 20).
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12 Sulfoxidation of
Hydrocarbons

12.1 INTRODUCTION

The sulfoxidation of aliphatic hydrocarbons is the easiest method for the synthesis of

alkylsulfonic acids. Their sodium salts are widely used as surfactive reactants in technology

and housekeeping. Platz and Schimmelschmidt [1] were the first to invent this synthetic

method. Normal paraffins (C14–C18) are used for the industrial production of alkylsulfonic

acids [2–4]. Olefins and alkylaromatic hydrocarbons do not produce sulfonic acids under the

action of sulfur dioxide and dioxygen and retard the sulfoxidation of alkanes [5–9].

The reaction occurs according to the stoichiometric equation

RHþ SO2 þ 0:5O2 ¼ RSO3H

Sulfoxidation is usually carried out at an atmospheric pressure and the ratio of gaseous

reactants SO2:O2¼ 2:1 [1–5]. The temperature of sulfoxidation depends upon the source of

initiation. When the reaction is initiated by the UV light or g-radiation [5,8–11], ozone [12–

14], and dichlorine [5], it occurs at room temperature. Sulfoxidation initiated by peroxides or

azo-compounds [13,15] occurs at elevated temperatures (320–360 K).

The main products of sulfoxidation of alkanes are alkylsulfonic acids, sulfuric acid, and

alkylpolysulfonic acids. The primary unstable product of alkane sulfoxidation is alkylsulfonic

peracid (RSO2OOH). Graf [3] isolated cyclohexyl sulfonic peracid as the product of cyclo-

hexane sulfoxidation. Secondary sulfonic acids are formed preferentially from the normal

alkane sulfoxidation [16,17]. Sulfuric acid is formed in parallel with sulfonic acid in the ratio

[H2SO4]:[RSO3H]� 0.5 [2]. The yield of H2SO4 decreases and that of polysulfonic acids

increases with the depth of the reaction [2]. The sulfoxidation of alkanes proceeds at room

temperature via the chain mechanism with short chains. For example, heptane is sulfoxidized

at T¼ 303 K and SO2:O2¼ 2:1 with n¼ 9.0 [18]. The rate of chain reaction v is proportional to

the initiation rate vi (vt ~ [radical]), i.e., the chains are terminated linearly [18–22]. The yield of

sulfonic acids increases with an increase in pSO2. The increase of pO2 increases the rate of

sulfoxidation at low pO2 and decreases at high pO2 [13,19,21,23]. The temperature depend-

ence of the sulfoxidation rate has a maximum. The sulfoxidation of alkanes initiated photo-

chemically occurs with the maximum rate at T¼ 305–333 K [3]. The sulfoxidation is an

exothermic reaction. The heat of decane sulfoxidation is equal to 470 kJ mol�1 [15]. For

example, the sulfoxidation of decane at T¼ 323 K and [SO2]¼ 2.6 mol L�1 occurs with the

following rates at various pO2:

[O2] 3 102 (mol L21) 1.06 1.8 2.7 4.4 5.8 7.3

v 3 105 (mol L21 s21) 8.2 9.5 8.6 5.7 4.4 3.6
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12.2 CHAIN MECHANISM OF SULFOXIDATION

The kinetics of chain sulfoxidation of decane was studied in detail by Komissarov and Saitova

[13,21–24]. The reaction was initiated by AIBN and dicyclohexyl-peroxidicarbonate DCHP,

T¼ 343 K, p(SO2þO2)¼ 97 kPa, and CCl4 was used as the solvent. The rate of sulfoxidation

was measured volumetrically and found to grow linearly with an increase in the decane

concentration for [RH] � 2mol L�1 and be independent of [RH] for [RH] � 2mol L�1 in

two sets of experiments: (i). T¼ 343 K, [AIBN]¼ 2.5� 10�2 mol L�1, pSO2¼ 32 kPa,

pO2¼ 32 kPa, v1¼ 4.8� 10�6 mol L�1 s�1 and (ii). T¼ 343 K, [AIBN]¼ 2.5� 10�2 mol

L�1, pSO2¼ 32 kPa, pO2¼ 5.1 kPa, v1¼ 2.9� 10�6 mol L�1 s�1. The dependence of sulfox-

idation on pSO2 was found to be nonlinear and that on pO2 is a curve with an extreme vmax.

The results of three sets of experiments (T¼ 343 K, pSO2¼ 32 kPa [13]) are given below.

Initiator [I] (mol L21) [RH] (mol L21) vmax 3 106 (mol L21 s21)

AIBN 2.5� 10�2 2.6 8.75

AIBN 1.6� 10�2 5.2 6.10

DCHP 1.0� 10�3 5.2 2.90

The empirical dependence of the sulfoxidation rate (v) on pO2 at [RH]> 2 (mol L�1) obeys the

following equation [13]:

2vipO2

v
¼ Aþ B

(pO2)
2

pSO2

(12:1)

Experiments on decane sulfoxidation with the variable glass surface showed that the chains

were partly terminated on the surface [13]. The results of the experiments (decane, T¼ 343 K,

[DCHP]¼ 1.0� 10�3 mol L�1, v¼ 5.5� 10�7 mol L�1 s�1 [13]) are given below.

S (cm2 L21) 55 98 140

v (mol L21 s21) 5.8� 10�6 4.7� 10�6 3.4� 10�6

n 11.6 9.4 6.8

The very important factor for the efficient sulfoxidation of alkanes is the partial pressure of

sulfur dioxide. The study of alkanes sulfoxidation under SO2 pressures higher than 1 atm

proves that an optimal temperature exists for alkane sulfoxidation. The data (vmax) on

different alkane sulfoxidation are listed below [25]. The reaction rate v was the maximal

rate measured in the experiment.

T (K) 313 323 333 343 353

Decane, pO2 5 530 kPa, pSO2 5 675 kPa, vi 5 5.0 3 1027 mol L21 s21

vmax (mol L�1 s�1) 1.6� 10�3 3.3� 10�3 4.9� 10�3 3.2� 10�3 9.0� 10�4

Tetradecane, pO2 5 750 kPa, pSO2 5 745 kPa, vi 5 5.0 3 1027 mol L21 s21

vmax (mol L�1 s�1) 1.3� 10�3 2.9� 10�3 3.6� 10�3 3.1� 10�3 8.0� 10�4

Paraffin C14–C19, pO2 5 857 kPa, pSO2 5 1810 kPa, vi 5 1.0 3 1026 mol L21 s21

vmax (mol L�1 s�1) 8.0� 10�4 3.1� 10�3 5.9� 10�3 1.9� 10�3 9.0� 10�4
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Water retards the sulfoxidation of alkanes [25]. The results of experiments on decane sulfox-

idation with addition of water (T¼ 333 K, pO2¼ 980 kPa, [SO2]0¼ 6.2 mol L�1, ni0¼ 5.0�
10�7 mol L�1 s�1) are given in the following table. The rate of sulfoxidation was observed to

increase in time due to the accumulation of alkylsulfonic peracid and, hence, n0 � nmax.

H2O (mol L21) 0.002 0.02 0.06 0.10 1.0

v0 (mol L21 s21) 1.0� 10�4 1.7� 10�5 6.0� 10�4 6.0� 10�4 6.0� 10�4

vmax (mol L21 s21) 7.0� 10�3 4.8� 10�3 2.4� 10�3 1.8� 10�3 ~0

Sulfoxidation is accompanied by CL [23,25,26]. Two different sources of CL were found: the

first source disappears within 20–40 min, the second source is seen during the whole time of

the experiment and is proportional to vi.

The sulfoxidation of alkanes occurs with heat evolution. This is the basis for rate of

oscillation of rapid sulfoxidation at a relatively high pressure when the feedback arises

between reaction rate, diffusion of reactants into liquid phase, and heat evolution [27].

The mechanism of alkane sulfoxidation includes the following elementary steps [13,21–

24]: initiation, three steps of chain propagation, and a few steps of chain termination.

I �! r
. �!RH

R
.

ki

R
. þ SO2 �! RSO2

.
kp1

RSO2
. �! R

. þ SO2 k0p1

RSO2
. þO2 �! RSO2OO

.
kp2

RSO2OO
. þRH �! RSO2OOHþR

.
kp3

R
. þO2 �! RO2

.
kt1

RO2
. þRO2

. �! ROHþO2 þR0¼¼O Fast

RSO2
. þRSO2

. �! Products kt2

RO2
. þRSO2

. �! Products kt13

The chain mechanism of RH sulfoxidation has several peculiarities.

1. The chain propagation proceeds via three consecutive steps. Hence, the different

regimes of sulfoxidation are possible when the first or second propagation step limits

the chain reaction. The third step proceeds extremely rapidly due to the high activity of

alkylsufonylperoxyl radicals.

2. The alkylsulfonylperoxyl radical has a high reactivity in comparison with the alkylper-

oxyl radical. Therefore, the reaction of the alkyl radical with dioxygen breaks the chain

in sulfoxidation. Since dioxygen participates in reactions of chain propagation via the

reaction RSO2
.þO2 and chain termination through the reaction R

.þO2, the depend-

ence of the sulfoxidation rate on pO2 has a maximum (sea earlier).

3. The C��S bond in the sulfonyl radical RSO2
.
is weak and therefore the reaction of the

alkyl radical with the sulfonyl radical is reversible. The decay of the sulfonyl radical is

an endothermic reaction. This peculiarity explains the existence of the optimal tem-

perature for sulfoxidation. The increase in temperature lowers the steady-state concen-

tration of sulfonyl radicals and, therefore, increases the chain termination by the

reaction of the alkyl radical with dioxygen.
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When the hydrocarbon concentration is high enough for the reaction of the sulfonyl-

peroxyl radical with hydrocarbon not to limit the chain propagation, the following equa-

tion describes the dependence of the initial rate v of initiated (vi) chain sulfoxidation of

alkane [25]:

vi

v
¼ 2kt1v

k2
p2[O2]

2
þ

k0p1 þ kp2[O2]
� �

kt1

kp1kp2[SO2]
(12:2)

This equation was found to be in good agreement with experimental data [13,21–23,25] and

helps to estimate the rate constants of a few stages from the kinetic data.

12.3 ELEMENTARY STEPS OF SULFOXIDATION

The comprehensive study of the elementary steps of chain sulfoxidation was performed by

Komissarov and coworkers [21–27]. The addition of sulfur dioxide to the alkyl radical occurs

very rapidly. The rate constant of the reaction

+
O

S
O •S

O

O

•

was calculated from the kinetic data on cyclohexylsulfonyl chloride chain decomposition and

found to be k¼ 1.0� 108 L mol�1 s�1 (cyclohexane, T¼ 333 K) [28,29]. The rate of this

reaction is close to that controlled by the diffusion of reactants.

The addition of dioxygen to sulfonyl radicals occurs very rapidly and is also limited by the

diffusion of reactants in the solvent. The rate constant of the reaction

S
•S

O

O

+ O2

O

O

O
O•

measured by flash photolysis technique in cyclohexane at different temperatures (T¼ 293–

323 K) was found to be equal to k¼ 2.0� 109 exp(�19.2/RT)¼ 9.1� 105 L mol�1 s�1 (300 K)

[15,30].

The sulfonyl radical is unstable and dissociates via C��S bond back to the alkyl radical

and sulfur dioxide. The rate constant of this reaction for the cyclohexylsulfonyl radical was

calculated from the kinetic data on the chain decomposition of cyclohexylsulfonyl chloride

[2]. This decay of cyclohexylsulfonyl chloride initiated by DCHP occurs according to the

following chain mechanism [29,31]:

I �! r
. �!RH

R
.

R
. þRSO2Cl �! RClþRSO2

.

RSO2
. �! R

. þ SO2 kp

R
. þ SO2 �! RSO2

.

RSO2
. þRSO2

. �! Products 2kt

The rate of this chain reaction v, measured by SO2 evolution, was found to obey the equation
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v ¼ kp
ffiffiffiffiffiffiffi

2kt

p ffiffiffiffi

vi

p
(12:3)

The ratio of the rate constants kp(2kt)
�1/2 can be calculated from experiments with different

ni and then the value of kp was estimated (for measurement of 2kt, see later). These

experiments gave kp¼ 9.1� 1012 exp(�62.0/RT)¼ 146 s�1 (300 K) [28]. The activation energy

of this reaction seems to be close to the BDE of the C��S bond in the cyclohexylsulfonyl

radical. The values of decay rate constants of various alkylsulfonyl radicals are listed in

Table 12.1.

The rate constant of RS
.
O2 decay increases in the order: prim-R< sec-R< tert-R. The

combination of sulfonyl radicals occurs rapidly and is limited by the rate of diffusion of these

radicals in most cases (see Table 12.2).

The cross-recombination of alkyl and alkylsulfonyl radicals was studied by the pulse

photolysis technique in several special experiments on cyclohexylsulfonyl chloride photolysis

[25,37]. The value k¼ 6.0� 1011 exp(�14.6/RT)¼ 1.7� 109 (300 K) L mol�1 s�1 was found

for the reaction:

S
•S

O

O

+
O

OH

•

The reaction of the peroxyl radical with the sulfonyl radical was studied by pulse photolysis

technique [38]. Both radicals were generated photochemically by a light pulse (l¼ 270–

380 nm) in the system: DBP–cyclo-C6H11SO2Cl–cyclo-C6H12(RH)–air (T¼ 293 K). The reac-

tions of free radical formation were the following:

TABLE 12.1
Rate Constant of Decay of Alkylsulfonyl Radicals [25,32]

RS•O2 Solvent
E

(kJ mol-1) log A, A (s-1)
k (s-1) 

T (343 K)

CH3S
•O2 Gas phase

Gas phase

94.0 13.00 4.8 � 10−2

EtS•O2 83.0 14.40 58

Me2CHS•O2 C13H28

C13H28

C13H28

C13H28

C13H28

C13H28

42.0 10.20 6.4 � 103

Me2CHCH2S
•O2 35.8 8.50 1.1 � 103

EtMeCHS•O2 51.9 11.50 3.9 � 103

Me(CH2)4CHMeS•O2 56.6 12.20 3.8 � 103

Me(CH2)6CHMeS•O2 53.6 11.20 1.1 � 103

•
S

•
S

•
S

O

O

51.0 11.20 3.2 � 103

O

O

PhCH3 39.2 9.3 2.1 � 103

O

O

2.7 � 103
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TABLE 12.2
Rate Constants of Recombination of Alkylsulfonyl Radicals

RS•O2 Solvent T (K)

E
(kJ mol-1)

log A, A
(L mol-1 s-1)

k (355K)

(L mol-1 s-1) Ref.

MeS•O2 163 1.0 � 109 [33]

MeS•O2 223 4.5 � 109 [34]

EtS•O2 223 4.5 � 109 [34]

EtMeCHS•O2 C13H28 276−311 19.6 13.0 1.3 � 109 [25]

Me2CHCH2S
•O2 C13H28 282−322 23.1 13.6 1.6 � 109 [25]

BuCH2S
•O2 C6H14 243−283 6.5 10.8 7.0 � 109 [25]

BuCH2S
•O2 C13H28 277−314 13.6 11.6 4.0 � 109 [25]

Me(CH2)4CHS•O2Me C6H14 274−312 7.0 10.8 5.9 � 109 [25]

Me(CH2)4CHS•O2Me C13H28 277−311 18.0 12.4 5.6 � 109 [25]

Me(CH2)6CHS•O2Me C6H14 281−313 10.7 11.2 4.2 � 109 [25]

Me(CH2)6CHS•O2Me C13H28 283−320 22.0 12.5 1.8 � 109 [25]

Me(CH2)7CHS•O2Me C6H14 280−311 16.7 12.0 3.5 � 109 [25]

Me(CH2)7CHS•O2Me C13H28 281−313 18.3 11.8 1.3 � 109 [25]

•
S

•
S

•
S

•
S

•
S

•
S

•
S

•
S

•
S

•
S

O

O

355 1.4 � 109 [25]

O

O

350 1.2 � 109 [35]

O

O

282−313 20.0 12.6 4.5 � 109 [29]

O

O

285−317 17.6 12.4 6.5 � 109 [29]

O

O

C6H14 275−314 5.7 10.6 5.8 � 109 [29]

O

O

C7H16 274−313 12.0 11.6 6.8 � 109 [29]

O

O

C10H22 274−318 16.2 12.2 6.5 � 109 [29]

O

O

C12H24 274−308 11.0 11.2 3.8 � 109 [29]

O

O

C13H28 276−313 14.9 11.9 5.6 � 109 [29]

O

O

PhCH3 256−305 6.6 10.8 6.7 � 109 [29]

PhS•O2 223 4.5 � 109 [34]
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Me3COOCMe3 þ hv �! 2Me3CO
.

Me3CO
. þRH �! Me3COHþR

.

R
. þO2 �! RO2

.

R
. þRSO2Cl �! RClþRS

.
O2

The peroxyl and sulfonyl radicals absorb light in different regions of UV and visible light:

lmax(RO2
.
)¼ 260 nm and lmax(RS

.
O2)¼ 360 nm. Such concentrations of the reactants were

chosen to create the ratio of initial concentrations of radicals [RO2
.
]0�[RS

.
O2]0. Therefore,

the kinetics of sulfonyl radicals decay obeys the first-order equation:

� d[RS.O2]

dt
¼ kobs[RS

.
O2] (12:4)

where kobs ffi k[RO2
.
]0.

The same experiments were performed in tridecane (T¼ 293 K). The following rate

constants were calculated from the experimental data [25]:

•S

•O

•S

O

O

+
H

O

O

O

+ C13H27O
•
2

Reaction Rate Constant (293 K)

1.5 � 108 L mol−1 s−1

3.0 � 108 L mol−1 s−1

We see that such reactions occur very rapidly. One can expect that the peroxyl radical formed

in sulfoxidation by the reaction R
.þO2 then reacts with RO2

.
and RS

.
O2 as well.

TABLE 12.2
Rate Constants of Recombination of Alkylsulfonyl Radicals—continued

RS•O2 Solvent T (K)

E
(kJ mol-1)

log A, A
(L mol-1 s-1)

k (355K)

(L mol-1 s-1) Ref.

PhS•O2 CCl4

CCl4

CCl4

CCl4

296 3.4 � 108 [36]

•
S

•
S

•
S

O

O

296 5.0 � 108 [36]

•
SCl

O

O

296 4.7 � 108 [36]

Cl

O

O

296 8.0 � 107 [36]

Cl

O

O

223 4.5 � 109 [36]
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12.4 DECOMPOSITION OF ALKYLSULFONYL PERACIDS

The NMR study of RSO2OOH formed in the sulfoxidation of decane proved that these

peracids are secondary with the >CHSO2OOH groups. They exist in monomeric and dimeric

forms in hydrocarbon and CCl4 solutions [25,28]. The products of decay of sec-decylsulfonic

peracids are sec-decylsulfonic acids (100%), alcohols (75%), ketones (22%), and water (neg-

ligible amounts) [39].

The decay of decylsulfonic peracids (RSO2OOH) occurs as the first-order reaction with

kobs¼D ln[RSO4H]/t. However, the rate constant kobs depends on the initial concentration of

peracid [25]. For example (T¼ 323 K, decane, pO2¼ 98 kPa).

[RSO4H]0 (mol L21) 2.3� 10�3 1.02� 10�2 7.6� 10�2 0.22

kobs 3 104 (s21) 2.6 3.6 5.5 6.2

Dioxygen retards the decay of peracids. For example, kobs¼ 4.0� 10�6 s�1 in a dioxygen

atmosphere and kobs¼ 1.3� 10�5 s�1 in an Ar atmosphere (T¼ 345 K, decane, [RSO4H]0¼
9.0� 10�3 mol L�1 [25,39]). The decay of peracid is accompanied by the consumption of

dioxygen. The ratio of vO2
/vd> 1 and decreases with an increase in the initial peracid concen-

tration. All these facts prove that peracid decomposes with free radical formation and radicals

R
.
formed from the solvent (RH) induce the chain decomposition of peracid with alcohol

formation. The decay of peracid to free radicals involves hydrocarbon and bimolecular

peracid associates [25,28].

RSO2OOH �! RSO2O
. þHO

.

RSO2OOHþRH �! RSO2O
. þH2OþR

.

2RSO2OOH RSO2OO(H) 	 	 	 HOOSO2R

RSO2OO(H) 	 	 	 HOOSO2R �! RSO2OO
. þH2OþRSO2O

.

RSO2O
. þRH �! RSO2OHþR

.

R
. þRSO2OOH �! ROHþRSO2O

.

R
. þR

. �! RR

The additional reactions occur in the presence of dioxygen:

R
. þO2 �! RO2

.

RO2
. þRO2

. �! ROHþO2 þR0¼¼O

In addition, the peracid dimer decomposes heterolytically to molecular products.

RSO2OO(H) 	 	 	 HOOSO2R �! 2RSO2OHþO2

Therefore, the yield of free radicals e decreases with an increase in the peracid concentration

(T¼ 323 K, decane, [O2]¼ 1.7� 10�3 mol L�1 [25]).

[C10H23SO2OOH] (mol L21) 1.4� 10�3 1.3� 10�2 2.6� 10�2 6.4� 10�2

e 0.11 0.043 0.023 0.005
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Peracid reacts with sulfur dioxide [40]. The reaction proceeds as bimolecular in decane

solution.

n ¼ k[RSO2OOH] [SO2] (12:5)

The rate constant values of this reaction at different temperatures are as follows.

T (K) 285 295 303 313 323

k (L mol21 s21) 5.0� 10�4 1.6� 10�3 2.6� 10�3 7.6� 10�3 1.65� 10�2

The rate constant is k¼ 5.0� 109 exp(�70.7/RT)¼ 2.45� 10�3 L mol�1 s�1 (300 K).

Water accelerates this reaction and acids retard it. The study of the reaction of peracid

with SO2 by stop-flow technique [40] showed the following empirical equation for the reaction

rate:

v ¼ k[RSO2OOH] [SO2] [H2O]3[H2SO4]
�1 (12:6)

The reaction proceeds according to the stoichiometric equation:

RSO2OOHþ SO2 þH2O ¼ RSO2OHþH2SO4

The following consequences of the equilibrium reactions were supposed as predecessors of the

final step of S(IV) oxidation by protonated peracid [25].

SO2 þH2O �! H2SO3

H2SO3 þH2O HOSO�2 þH3O
þ

RSO2OOHþH3O
þ RSO2OOHþ2 þH2O

RSO2OOHþ2 þHOSO�2 �! H2SO4 þRSO3H

12.5 OXIDATION BY ALKYLSULFONIC PERACIDS

12.5.1 OXIDATION OF AROMATIC HYDROCARBONS

Alkylsulfonic acids are active oxidative agents like other organic peracids. Several oxidative

reactions of sec-decylsulfonic peracid were studied by Safiullin et al. [41]. Peracid was found

to oxidize benzene to phenol as the first intermediate product. The formed sulfonic acid

accelerates the reaction. Oxidation occurs according to the stoichiometric equation

RSO2OOHþ C6H6 ¼ RSO3Hþ C6H5OH

with the rate

v ¼ (k1 þ k2[RSO2OH])[RSO2OOH] [C6H6] (12:7)

and rate constants k1¼ 3.3� 10�6 L mol�1 s�1, k2¼ 1.9� 10�2 L2 mol�2 s�1 at T¼ 295 K [41].

The Arrhenius form of k1 is equal to k1¼ 1.48� 108 exp(�76.5/RT) L mol�1 s�1. The rate

constants of oxidation of the substituted benzenes are listed in Table 12.3. The values of rate

constants are correlated with Brawn’s sp
þ (T¼ 295 K) as
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log k(YC6H5) ¼ log k(C6H6)� 4:48sp
þ (12:8)

The negative value of the r-coefficient means that this reaction proceeds via the electrophilic

mechanism.

12.5.2 OXIDATION OF OLEFINS

Alkylsulfonic peracids oxidize olefins to epoxides. The formed sulfonic acid reacts with

epoxide to form diols and esters. The yields of epoxides in the reactions of oxidation of two

cycloolefins are given in Table 12.4.

The detailed kinetic study of octene-1 epoxidation by sec-decylsulfonic peracid was

performed [25,42]. The 1,2-octanediol monodecylsulfonate was identified as the main product

of the reaction. The kinetic dependence of the reaction rate (v) on the reactants concentration

obeys the equation

v ¼ k1[RSO2OOH] [C8H16]þ k2[RSO2OOH]2[C8H16] (12:9)

with the following values of the rate constants (CCl4 as solvent, T¼ 272–313 K):

k1 ¼ 5:62� 107 exp(�49:3=RT) ¼ 0:15 L mol�1 s�1(300 K),

k2 ¼ 8:13� 105 exp(�20:4=RT) ¼ 228 L2 mol�2 s�1(300 K)
:

One can expect that epoxidation occurs as electrophilic reaction. Peracid oxidizes olefin

in two forms: monomeric and dimeric. The following scheme of epoxidation was

proposed [42]:

TABLE 12.3
Rate Constants of Aromatic Compounds Oxidation by sec-Decylsulfonyl

Peracid [41]

Aromatic Compound

[ArH]0

(mol L-1)

[RSO2OOH]0

(mol L-1)

k (295 K)

(L mol-1 s-1)

7.7 � 10−3 3.3 � 10−6

1.0 � 10−3 6.2 � 10−5

1.3 � 10−2 6.1 � 10−5

1.2 � 10−3 5.5 � 10−5

6.0 � 10−3 1.2 � 10−4

1.7 � 10−3 2.8 � 10−4

9.0 � 10−4 7.2 � 10−4

7.0 � 10−4 1.3 � 10−3

9.0 � 10−4 3.2 � 10−2

PhH

PhMe

PhMe

PhEt

Me2PhCH

EtOPh

PhOH

PhCl

8.2 � 10−3

10.7

9.3

8.7

8.0

6.8

8.1

8.1

6.6

9.3 8.2 � 10−3 >3.4 � 10−6
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RSO2OOHþCH2¼¼CHR1 �! RSO2OHþ cyclo-[OCH2CHR1]

RSO2OOHþRSO2OOH RSO2OO(H) 	 	 	 HOOSO2R

RSO2OO(H) 	 	 	 HOOSO2RþCH2¼¼CHR1 �! RSO2OHþ cyclo-[OCH2CHR1]þRSO2OOH

The solvent influences the value of rate constant of these reactions [42].

Solvent CHCl3 CCl4 Et2O

k1 (L mol�1 s�1) 0.18 0.10 1.5� 10�3

k2 (L2 mol�2 s�1) 4.34� 102 1.94� 102 0.32

The reactivities of different olefins toward sec-decylsulfonic peracid (values of k1 and k2) are

listed in Table 12.5.

Linear correlation was observed between log k1 and Taft s* function [24]:

log k1 ¼ 0:76---1:20Ss
 (12:10)

TABLE 12.4
Epoxide Yields in Reactions of Olefins Oxidation by sec-Decylsulfonic

Peracid [40]

Olefin T (K)

[Olefin]0

(mol L-1)

[RSO4H]0

(mol L-1)

[Epoxide]

(mol L-1)
Epoxide
(mol %)

(in CHCl3)

(in CHCl3)

(in CHCl3)

299 9.0 � 10−3 1.16 � 10−2 5.0 � 10−3 56

299 1.8 � 10−2 4.8 � 10−2 1.4 � 10−2 78

299 5.1 � 10−2 1.0 � 10−1 4.6 � 10−2 90

*
296 2.1 � 10−3 2.3 � 10−2 1.2 � 10−3 57

*
300 2.73 � 10−2 3.82 � 10−2 1.5 � 10−2 56

*
300 3.7 � 10−2 3.9 � 10−2 1.7 � 10−2 46

*
300 2.4 � 10−2 3.1 � 10−2 1.0 � 10−2 42

*
273 2.4 � 10−2 2.5 � 10−2 9.0 � 10−3 37

*

*in CCl4 solution

296 2.7 � 10−2 3.1 � 10−2 1.4 � 10−2 52
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12.5.3 OXIDATION OF KETONES

Sulfonic peracids oxidize ketones to lactones. The yields of the oxidation products are listed in

Table 12.6.

The reaction of sec-decylsulfonic acid with cyclopentanone was studied kinetically [43].

This reaction proceeds bimolecularly with the rate constant equal to k¼ 3.98� 107

exp(�42.1/RT)¼ 1.86 L mol�1 s�1 (300 K) in CCl4 at T¼ 291–323K.

This Bayer–Villiger reaction was supposed to proceed via the intermediate formation of

the peroxyl adduct between peracid and the carbonyl group [25,43].

K

k

O + RSO2OOH
OH

OOSO2R

OH

OOSO2R

O

O + RSO2OH

TABLE 12.5
The Values of Rate Constants k1 and k2 of the Epoxidation of Different Olefins by

sec-Decylsulfonic Peracid (T 5 297 K, Equation [12.7]) [40]

Olefin Solvent

[Olefin]0

(mol L-1)

[RSO4H]0

(mol L-1)

k1 � 102

(L mol-1 s-1)

k2

(L2 mol-2 s-1)

6.3

C17H35CH=CH2 1.41 � 10−3

1.02 � 102

C6H13CH=CH2

C6H13CH=CH2

C6H13CH=CH2

1.94 � 102

4.34 � 102

0.34

CH2ClCH=CH2 0.30

CH2BrCH=CH2 0.25

HOCH2CH=CH2 8.0

CH2ClCH=CHCH2Cl 2.8

Ph2C=CH2 1.05 � 103

EtOCH2CH=CH2 33.0

MeOC(O)CH=CH2

24.5

C10H21CH=CH2

Et2O

CCl4

CCl4

CCl4

CCl4

CCl4

CCl4

CCl4

CCl4

CCl4

CCl4

CHCl3

Et2O

MeCN

Et2O

CCl4

0.33

0.010

0.010

0.10

5.0 � 10−3

0.10

0.49

9.2 � 10−2

0.10

0.10

0.10

0.10

4.90

6.0 � 10−3

0.16

1.0 � 10−3

1.8 � 10−2

1.03 � 10−4

0.21

0.12

0.18

1.4 � 10−3

7.0 � 10−3

6.6 � 10−3

5.2 � 10−2

1.1 � 10−3

0.99

3.0 � 10−2

7.0 � 10−5

0.76

8.4 � 10−2

5.4

4.5 � 10−3

1.0 � 10−3

1.1 � 10−3

1.9 � 10−2

4.5 � 10−4

6.2 � 10−3

1.0 � 10−2

1.0 � 10−2

1.0 � 10−3

9.0 � 10−4

8.0 � 10−4

1.0 � 10−3

3.0 � 10−4

6.0 � 10−3

1.0 � 10−4

1.0 � 10−2
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The observed rate constant is kobs¼ kK. Alkylsulfonic peracid was successfully used as an

efficient regioselective oxidant of the carbonyl group [25].
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13 Oxidation of Polymers

13.1 INITIATED OXIDATION OF POLYMERS

13.1.1 CAGE EFFECT IN SOLID POLYMERS

Polyolefins are semicrystalline polymers, so the low-molecular-weight substances penetrate

and diffuse only in the amorphous phase. Each pair of particles in the polymer is surrounded

by the segments of a macromolecule. The cage formed by the polymer segments is more tight

than that of the liquid. The probability e for a pair of radicals to go out of the cage is

sufficiently less in polymer than in the liquid. The study of the cage effect and molecular

mobility in plasticized polypropylene (PP) proved the important role of not only the trans-

lational diffusion but also that of the rotational diffusion in the fate of a radical pair in the

polymer cage [1–3] (see Chapter 3). The initiation rate constant is ki¼ 2ekd, where kd is the

decomposition rate constant (for the values of kd of initiators, see Chapter 3). The e values for

the most popular initiators are given in Table 13.1. They are sufficiently lower than those in

the liquid phase (see Chapter 3 and Ref. [4]).

A solid polymer principally differs from a liquid polymer by its ability to have and

maintain a form. In particular, the sample of solid polymer can be stretched. Elongation

changes the polymer structure: polymer acquires the microfibrillar structure. This influences

the form and elasticity of the polymer cage created by the segments of a macromolecule. The

elongation of macromolecules promotes an elongated (cylindric) form of the cage in the

polymer. The cage effect in PP films of different oriented elongations was studied for AIBN

decay [10]. The rate constant of decay was measured by the kinetics of dinitrogen evolution.

The rate of free radical generation was measured using EPR spectroscopic control for decay

of the stable nitroxyl radical (2,2,6,6-tetramethyl-4-oxybenzoylpiperidine-N-oxyl). The rate

constant of AIBN decay appeared to be the same as in the liquid phase: kd¼ 1.58� 1015

exp(�129/RT) s�1. The following table gives the values of e measured in the PP powder and

films of different degrees of elongation g:

g e (323 K) e (353 K) Ei 2 Ed (kJ mol21)

1 0.013 0.020 12

4 0.056 0.025 �15

8 0.031 0.031 �33

The oriented elongation of the polymer increases the packing of macromolecules and de-

creases the molecular mobility in the polymer. This was observed by the EPR spectra of the

nitroxyl radical in these films. Therefore, one can expect an increase in radical pair recom-

bination in the cage with an increase in g. However, experiment showed an opposite pattern:

the more the g, the higher the e value. These results found explanation within the scope of the
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following simple geometric model [10]. Oriented elongation of the polymer film makes the

cage to gain a cylindrical shape with rigid walls. The decomposition of AIBN produces the

pair of cyanoisopropyl radicals divided by the molecule of dinitrogen in the cage. The

cylindrical shape of the cage in combination with rigid cage walls increases the probability

of radicals to escape out of the cage. Therefore more the g, higher the e. Heating of the

polymer increases the molecular mobility of cage walls and weakens this effect. Hence, higher

the temperature, lesser the influence of elongation (g) on the cage effect, and the difference

Ei�Ed is negative in the stretched polymer. These experiments demonstrate the high import-

ance of the cage shape in a polymer matrix (for the influence of the cage shape on bimolecular

reactions, see Chapter 19).

13.1.2 MIGRATION OF FREE VALENCE IN SOLID POLYMERS

The motion of a free valence in oxidizing solid polymer is a complex process. The following

three mechanisms were discussed [11,12]:

1. The encounter of two free valences as a result only of diffusion of segments of a

macromolecule. Since the radius of segmental diffusion is limited in the real time, this

mechanism can be efficient at the high initiation rate and intense mobility of the

polymer segments. Under the conditions of polymer oxidation, this mechanism is

possible at the chain length close to unity. Some examples are given in Table 13.2.

2. The combination of segmental diffusion with the transfer of the free valence to another

segment due to the chemical reaction, for example POO
.þPH or POO

.þPOOH. The

TABLE 13.1
Probability (e) of Free Radical Escaping from the Cage into Bulk

Volume in the Decomposition of Initiators in Polymer Matrix

Polymer Initiator T (K) e Ref.

PE AIBN 343 0.006 [1]

PE AIBN 353 0.011 [1]

PE AIBN 363 0.020 [1]

IPP AIBN 333 0.016 [5]

IPP AIBN 353 0.027 [5]

IPP DBP 365 0.38 [6]

IPP AIBN 333 0.013 [2]

IPP AIBN 343 0.017 [2]

IPP AIBN 353 0.025 [2]

IPP AIBN 344 0.14 [7]

IPP AIBN 378 0.62 [7]

PBD AIBN 349 0.018 [7]

PBD AIBN 383 0.59 [7]

PMP AIBN 358 0.012 [7]

PMP AIBN 368 0.05 [7]

PS AIBN 353 0.05 [8]

APP DBP 298 0.014 [9]

APP DBP 318 0.061 [9]

APP DBP 328 0.15 [9]

PP DLP 353 0.05 [3]
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movement of the free valence occurs as the interchange of segmental diffusion with

chemical reactions [12]. The rate of the free valence transfer depends on the velocity of

segmental diffusion and the rate of chemical reactions. The decay of free radicals in

polymer in an oxygen atmosphere is accompanied by dioxygen consumption (four to

ten molecules of dioxygen per radical at room temperature) [15–20]. This mechanism

seems to be the most probable for the chain oxidation of solid polymers in the

amorphous phase. The values of the rate constants (2kt) of peroxyl radical dispropor-

tionation in solid polymers are collected in Table 13.3.

3. In the presence of low-molecular-weight additive rH sufficiently active towards peroxyl

radicals, the moving of free valence proceeds as diffusion of free radicals r
.
formed in

reactions [11,12]:

POO
. þ rH �! POOH þ r

.

This additive rH should be very reactive toward peroxyl radicals. It can be hydroper-

oxide ROOH or antioxidant InH.

13.1.3 INITIATED POLYMER OXIDATION

Polymer oxidation is similar to oxidation of low-molecular-weight analogs in the liquid

phase and has several peculiarities caused by the specificity of solid-phase free radical

reactions of macromolecules. Several monographs are devoted to this field of chemistry

[11,12,33–41].

The important characteristics of polymers oxidation were obtained as a result of the

study of their initiated oxidation. In the presence of initiator (I) which generates the chains

with the rate vi¼ ki[I], the oxidation of polymer PH occurs with the constant rate v. When

the macroradical P
.

of the oxidized polymer reacts with dioxygen very rapidly (at [O2]

TABLE 13.2
Kinetic Parameters of Free Valence Migration in Polymers [13,14]: Effective Diffusion

Coefficient D and Average Distance of Diffusion r

Polymer,

Initiation Macroradical T (K)

[P.]0 3 106 or [PO2
.]0 3 106

(mol kg21)

D 3 1018

(cm2 s21)

r 3 1010

(m)

PE, g P
.

363 8.3 2.0 50

PE, g P. 343 3.5 3.6 23

PE, g P
.

343 3.7 2.8 8

PE, g PO2
.

363 8.3 10 35

PE, g PO2
. 363 8.3 90 15

IPP, mechan. PO2
.

273 1.7 5.0 75

IPP, mechan. PO2
.

273 3.3 7.0 65

IPP, mechan. PO2
.

292 5.0 90 75

IPP, mechan. PO2
.

292 3.3 80 80

PMMA, g P
.

301 0.5 0.2 55

PMMA, g P
.

311 0.5 3.0 55

PMMA, g P
.

318 0.5 30 20

PMMA, g P
.

328 0.5 20 15

PMMA g PO2
.

251 5.0 3.0 60

PMMA, g PO2
. 273 6.7 50 55
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> 10�4 mol L�1), the chain termination proceeds mainly via reaction of peroxyl radical

disproportionation, and the oxidation rate has the following form (see Chapter 2).

v ¼ vi þ kp(2kt)
�1=2[PH]v

1=2
i (13:1)

The oxidation of PH ([PH] is the concentration of the monomer fragments (in mol kg�1))

proceeds by the chain mechanism when the initiation rate is not very high, i.e., when

2ktvi < kp
2[PH]2 (see Chapter 2). The oxidation rate for very long chains is the following:

v ¼ kp(2kt)
�1=2[PH]v

1=2
i ¼ av

1=2
i (13:2)

The important peculiarity of semicrystalline polymer oxidation is that only the amorphous

phase is oxidized [12,13,33,34,42]. Hence, the oxidation rate and the parameter a¼ vvi
�1/2

TABLE 13.3
Rate Constants of Macroperoxyradical Disproportionation in Solid Polymers

Polymer T (K)

E

(kJ mol21)

log A, A

(kg mol21 s21)

2kt (293 K)

(kg mol21 s21) Ref.

PE 293 77 16 300 [21]

PE 283–303 90 16.4 3.8 [21]

PE 364 1.0� 10�2 [15]

APP 318–336 52 11.0 75 [9]

APP 363–378 48.5 13.0 3� 104 [7]

IPP 273 3� 10�3 [22]

IPP 292 5� 10�2 [22]

IPP, [POOH]¼ 0.1* 328–390 119 21.5 4 [23]

IPP, [POOH]¼ 2.5� 10�3* 298 170 [24]

IPP, [POOH]¼ 2.5� 10�2* 298 12 [24]

IPP, [POOH]¼ 0.10* 298 5 [24]

IPP 299–320 109 20.0 7.52 [25]

IPP 299–320 110 19.3 1.0 [25]

IPP 298 2.2� 102 [26]

IPP, [POOH]¼ 0.13* 298 6 [26]

IPP 363 2.3 [27]

IPP 303 5.4� 10�3 [28]

IPP 291 7.2 [21]

IPP 323–636 103 15.7 4� 10�3 [29]

PB 373 1.9� 10�6 [30]

PS 265–283 73 14.0 16 [31]

PSþ 5% C6H6 228–283 26 7.5 870 [31]

PS 248–413 75 14 7 [32]

PIB 210–245 75 17.3 7� 103 [32]

PMMA 278–310 75 12 7� 10�2 [32]

PMMA 293 0.36 [33]

PVA 347–310 75 13 0.7 [32]

PFE 293 42 5 4� 10�3 [29]

PMP 295–313 92 18.2 107.5 [32]

* [POOH] in mol kg�1.
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should expediently be referred to the amorphous phase. This can be done by dividing

parameter a into (1�a)1/2, where a is the polymer crystallinity. Table 13.4 summarizes the

a and a values for some commercially available solid-state polymers.

Let us compare the values of ratio kp(2kt)
�1/2 (kg1/2 mol�1/2 s�1) of polymers and model

hydrocarbons (Table 2.1 and Table 13.4).

Reactant Phase E (kJ mol21) A (kg1/2 mol21/2 s21) kp(2kt)
21/2 (350 K) (kg mol–1 s21)1/2

Decane Liquid 58.3 2.5� 105 5.0� 10�4

LDPE Solid 88.0 1.0� 1010 2.1� 10�5

Pentane, 2,4-dimethyl Liquid 44.8 8.1� 103 1.7� 10�3

APP Solid 44.0 2.2� 105 2.5� 10�3

IPP Solid 57.0 3.0� 106 3.9� 10�4

PB Solid 80.0 7.2� 109 4.6� 10�4

TABLE 13.4
Values of Kinetic Parameter a 5 vvi

21/2 5 kp[PH](2kt)
21/2 for Oxidation of Solid Polymers

Polymer a (%) Initiator T (K) a (mol1/2 kg21/2 s21/2) Ref.

LDPE 65 DCP 389–402 1.0� 1010exp(�88/RT) [43]

HDPE 75 60Co 318 8.1� 10�4 [44]

HDPE 75 60Co 295 8.5� 10�4 [45]

HDPE 40 DBP 365 5.4� 10�3 [43]

IPP 0 DBP 358–378 8.5� 108 exp(�71/RT) [46]

IPP 65 DBP 349–401 3.0� 106 exp(�57/RT) [43,47]

IPP 60 AIBN 317–365 4.3� 102exp(�27/RT) [48,49]

IPP 0 DBP 344–378 1.1� 102exp(�26/RT) [7]

IPP 70 60Co 295 9.0� 10�3 [50]

IPP 70 60Co 353 1.9� 10�2 [25]

IPP 70 60Co 343 1.4� 10�2 [25]

IPP 49 DCP 383 6.3� 10�2 [51]

IPP 49 DCP 388 8.0� 10�2 [51]

IPP 50 POOH 383–413 1.2� 104 exp(�38/RT) [52]

APP 0 DBP 387 0.21 [43]

APP 0 DBPO 295–318 2.2� 105 exp(�44/RT) [9]

CEP (98/2) 60 DCP 390 2.2� 10�2 [47]

CEP (96/4) 60 DCP 382–400 2� 109 exp(�80/RT) [47]

CEP (87/13) 55 DCP 388 3.4� 10�2 [47]

CEP (65/35) 50 DBP 353–373 3� 106 exp(�58/RT) [47]

CEP (86/14) 14 60Co 318 1.5� 10�3 [44]

CEP (73/27) 5 60Co 318 1.6� 10�3 [44]

CEP (37/63) 0 60Co 318 4.4� 10�3 [44]

PB DBP 349–383 7.2� 109 exp(�80/RT) [7]

PMP DBP 358 7.8� 10�3 [7]

PMP DBP 368 1.3� 10�2 [7]

PEA DBP 358–378 7.6� 105 exp(�54/RT) [46]

PBD hv 293 9.9� 10�2 [53]

NR AIBN 353 0.64 [54]

CBDS hv 293 3.2� 10�2 [53]

PVM DBP 348–373 2.5� 108 exp(�67/RT) [55]
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It is seen from comparison that these ratios do not differ much. For 2,4-dimethylpentane and

APP, they are practically the same. We observe something like compensation here: the

retardation of chain propagation and termination in polymers makes the ratios kp(2kt)
�1/2

close in subsequent hydrocarbons and polymers.

Indeed, the comparison of the absolute rate constants of the peroxyl radical reactions (see

Table 13.5) demonstrates the great retarding effect of the solid polymer matrix on the rate of

this reaction.

The rate constants of this reaction per reacting bond are close for subsequent hydrocar-

bon and polymer in solution, however, much different in the liquid and solid phases. Two

factors are important for this difference: the rigid polymer cage (see Chapter 19) and the

additional activation of adjacent segments to change the C��C bond angles in the PO2
.þPH

elementary act. The absolute values of kp per reacting C��H bond for solid polymers are

collected in Table 13.6.

13.1.4 DIFFUSION OF DIOXYGEN IN POLYMER

The dioxygen solubility l in hydrocarbons depends on the molecular weight: the higher the

molecular weight lower the solubility. The empirical dependence has the following form

(T¼ 300 K) [12]:

TABLE 13.5
Rate Constants of Peroxyl Radicals Reactions with C��H bonds of Polymers and Model

Compounds in Liquid Phase

Oxidizing Compound Solvent Radical T (K) k (L mol-1 s-1) Ref.

Me(CH2)8Me PhCl PhMe2CO2
•

PhMe2CO2
•

388 [56]

PE PhMe2CH

PhMe2CH

388 [57]

PE Solid PO2
• 388 [58]

Me2CH(CH2)3MeCH(CH2)3
Me2CH(CH2)3MeCH(CH2)3
MeCH(CH2)3CHMe2

PhCl

PhCl

PhCl

PhCl

Me3CO2
•

Me3CO2
•

363 [59]

IPP 363 [59]

EtMe2CH EtMe2CO2
• 363 [60]

Me2CH(CH2)3MeCH(CH2)3
Me2CH(CH2)3MeCH(CH2)3
MeCH(CH2)3CHMe2

OO
• 363 [59]

IPP

IPP

OO
• 363 [59]

Solid

Solid

PO2
•

PO2
•

363 [58]

PhMe2CH PhMe2CH

PhMe2CH

PhMe2CO2
•

PhMe2CO2
•

353 [30]

PS 353 [61]

PS 353

6.3 � 10−2

0.12

1.2 � 10−3

0.58

0.98

0.35

2.1

3.3

2.6 � 10−4

4.2

0.10

0.12 [62]
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l� 108 mol L�1Pa�1 ¼ 3:0þ 11nC
�1 (13:3)

where nC is the number of carbon atoms in the hydrocarbon. This is explained by an increase

in the intermolecular interaction with an increase in the number of carbon atoms of the

hydrocarbon. The greater the forces of intermolecular interaction between the solvent mol-

ecules, the smaller the free volume and the lower the oxygen solubility. Oxygen diffuses

practically in the amorphous phase of polymer (PE, PP) [42]. Therefore, Henry’s coefficient

l for the solubility of oxygen can be represented in the form

l ¼ lam(1� a)�1 (13:4)

where lam is the solubility of O2 in the amorphous phase of the polymer, and a is a part of the

crystalline phase. The values of lam for several polymers are given below [12].

Polymer PE IPP CEP PIB

lam (298K) (� 108 mol L�1 Pa�1) 3.0 3.8 4.2 4.9

It is seen that the lam values are close to l of hydrocarbons extrapolated to nC¼1 (Equation

[13.3]). The O2 solubility in elastomers is higher than that in polyolefins [67].

Polymer NR CBDS (70/30) PS*

lam (298K) (� 108 mol L�1 Pa�1) 6.8 38 14.7

* Polystyrene.

TABLE 13.6
Rate Constants of the Reaction PO2

.1 PH Per One C��H Bond in Solid Phase

Polymer T (K)

A

(kg mol21 s21)

E

(kJ mol21)

kp (300 K)

(kg mol21 s21) Ref.

PE 230–270 2.1� 102 39 3.4� 10�5 [58]

DPE 270–300 2.4� 102 43 7.7� 10�6 [58]

APP 363–378 1.6� 107 50.5 2.5� 10�2 [7]

APP 318–336 1.7� 108 62.8 1.9� 10�3 [63]

IPP 383–413 3.0� 105 38 2.8� 10�2 [52]

IPP 317–365 9.6� 1011 87.8 4.9� 10�4 [64]

IPP 270–310 1.1� 104 53 6.4� 10�6 [58]

IPP 303 1.9� 10�5 [28]

DIPP 270–310 1.4� 104 58 1.9� 10�6 [58]

PB 363–378 1.1� 1011 75 9.5� 10�3 [7]

PS 210–293 3.5� 108 43 11 [62]

PS 210–293 1.3� 1012 88 6.1� 10�4 [62]

PMMA 250–360 1.0� 106 50 1.9� 10�3 [65]

PMP 298 1.8� 10�3 [66]
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The diffusion of oxygen in polymers at temperatures higher than Tg occurs by two to four

orders of magnitude more slowly than in standard organic solvents [67]. Diffusion of O2

occurs with the activation energies as high as 30–50 kJ mol�1 (see Table 13.7).

The compensation effect was observed between the pre-exponential factor D0 (D¼D0

exp(�ED/RT)) and activation energy of diffusion ED [12]:

log D0 (cm2 s
�1

) ¼ 3:60þ 0:033EDT�1 (13:5)

Oxygen diffuses inside the amorphous phase of amorphous–crystalline polymers. The diffu-

sion coefficient can be expressed for such polymers in the form [68]

D ¼ Dam=(A� B) (13:6)

where Dam¼D in the amorphous phase, A is the factor of geometric resistance, B is the factor

of lowering the segmental mobility in the amorphous phase near the crystalline phase.

TABLE 13.7
Diffusion Coefficients D of Dioxygen in Polymers

Polymer T (K)

D

(cm2 s21)

D 3 107 (298 K)

(cm2 s21) Ref.

LDPE 278–328 0.43 exp(�35/RT) 1.7 [68]

LDPE 0.53 exp(�37/RT) 1.7 [69]

HDEP 278–328 5.25 exp(�40.3/RT) 4.6 [68]

HDEP 298–340 2.0 exp(�38.5/RT) 5.3 [70]

PE 278–328 0.83 exp(�39/RT) 12 [68]

IPP 298–340 42 exp(�46.2/RT) 4.7 [71]

IPP 298–340 1.5 exp(�36.4/RT) 6.6 [70]

IPP 403 6� 10�6 [71]

IPP 366 7� 10�7 [72]

PS 4.8� 10�4 exp(�26/RT) 0.13 [73]

PS 0.12 exp(�34.9/RT) 1.11 [74]

NR 298–323 1.9 exp(�34.9/RT) 14 [75]

NR 298–323 0.3 exp(�29.7/RT) 18 [75]

SSR 298 17.3 17.3 [76]

PBD 298–323 0.095 exp(�27.2/RT) 16 [75,76]

PBD 0.14 exp(�28.4/RT) 16 [74]

PDMB 298–323 9.2 exp(�44.3/RT) 1.5 [75,76]

PDMB 19 exp(�46.4/RT) 1.4 [74]

CBDS 298–323 0.23 exp(�29.7/RT) 14 [71]

CBA (61/39) 298–323 42.5 exp(�48.6/RT) 1.3 [75,76]

CBA (61/39) 14 exp(�45.6/RT) 1.3 [74]

CBA (68/32) 298–323 7.5 exp(�42.2/RT) 3.0 [76]

CBA (68/32) 298–323 9.8 exp(�43/RT) 36 [75]

CBA (80/20) 298–323 4.8 exp(�34/RT) 52 [75,76]

CBA (80/20) 298–323 0.7 exp(�33.9/RT) 8.1 [74]

PEMA 298–358 0.039 exp(�31.8/RT) 1.0 [77]

PMMA 298 0.03 0.03 [78]

PVC 41 exp(�54/RT) 0.12 [79]

PMP 298 1.4� 10�6 14 [80]
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Polymer LDPE HDPE* PIB (Hydrogenated)

a 0.77 0.43 0.29

A 6.4 3.2 1.4

B 1.6 1.2 1.0

*High-density polyethylene.

The theory of diffusion in polymers as heterogeneous media was discussed in Refs. [68,74,81–

85]. The correlation between the frequency of rotation nr of the nitroxyl radical (TEMPO)

and diffusion coefficient of oxygen D (298 K) was found [86].

log vr(rad s�1) ¼ 15:2þ 0:87 log D(cm2 s�1) (13:7)

13.1.5 DIFFUSION REGIME OF POLYMER OXIDATION

Let us consider the easiest example of oxygen diffusion and reaction in polymer film having the

thickness 2l.Whenoxygenpressure is low (seeChapter 2), the rate of chainoxidation of polymer

PH is proportional to pO2 (v¼ k’p[P
.
] [O2]¼ k’p(2k’t)

�1/2vi
1/2[O2]¼ k’[O2]) and proceeds as the

reaction of the formally first order. The dependence of the oxygen concentration on the distance

x from the surface is described by the diffusion equation in the quasistationary regime.

D
d2[O2]

dx2
¼ k0[O2] (13:8)

and obeys the following formula [12]:

[O2] ¼ [O2]0
ch(x

ffiffiffiffiffiffiffiffiffi

k=D
p

)

ch(l
ffiffiffiffiffiffiffiffiffi

k=D
p

)
(13:9)

After the differentiation of this equation, one comes to the following reaction rate v(S) per

surface unit of the film:

v(S) (mol cm�2 s�1) ¼ 2D
dC

dx

� �

x¼l

¼ 2� 10�3[O2]0
ffiffiffiffiffiffiffiffi

Dk0
p

� th(l
ffiffiffiffiffiffiffiffiffiffi

k0=D
p

) (13:10)

This rate v(S) is proportional to the film thickness for thin films (l < 0:3
ffiffiffiffiffiffiffiffiffiffi

D=k0
p

) and does not

depend on l for thick films (l > 2
ffiffiffiffiffiffiffiffiffiffi

D=k0
p

). The reaction rate calculated per volume unity

(v¼ v(S)/2l) is the following:

v ¼ [O2]0l
�1

ffiffiffiffiffiffiffiffiffiffi

D=k0
p

� th(l
ffiffiffiffiffiffiffiffiffiffi

D=k0
p

) (13:11)

and is equal to k’[O2]0 for thin films and to [O2]0l
�2

ffiffiffiffiffiffiffiffiffiffi

D=k0
p

for thick films. The time t of the

statement of stationary regime is equal to [12]:

t ¼ l2

l2k0 þ p2D
(13:12)

and t� 1/k’ at k’� p2D/l2. When oxygen partial pressure is high, the oxidation rate does not

depend on pO2 (see Chapter 2) and is equal to v¼ kp(2kt)
�1/2[PH] vi

1/2¼ n1.
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Solving the equation

D
@2[O2]

@x2
¼ v1 (13:13)

we come to the equations

v(S) ¼ 2lv for l <
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

2D[O2]0=v1
p

(13:14)

v(S) ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

2D[O2]0v1
p

for l �
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

2D[O2]0=v1
p

(13:15)

Two different approaches are possible for the description of polymer oxidation in the

diffusion regime at variable pO2:

1. The first approach deals with the average oxygen concentration in the oxidized sample.

Let us suppose that the oxidation rate of polymer depends on the oxygen concentration

by the following way [12]:

v ¼ a
ffiffiffiffi

vi
p

1þ d=[O2]
, (13:16)

where [O2] is the average oxygen concentration in the powder or film of the oxidized

polymer. Oxygen penetrates into the amorphous phase of the polymer with the appar-

ent rate k (s�1). In addition to dioxygen diffusing into and out of the polymer sample,

its average rate of dissolution should depend on the difference between lpO2 and [O2] in

polymer. In the steady-state regime of diffusion and oxidation, the rates of oxygen

dissolution and consumption are equal. The following equation results from this

hypothesis [87]:

pO2

v
¼ d

l
� 1

a
ffiffiffiffi

vi

p � v
þ 1

lk
(13:17)

When diffusion of oxygen in the polymer occurs rapidly (lk � 1), we observe the

kinetic regime of polymer oxidation (see Equation [13.16]). When penetration of

oxygen into polymer is slow, the reaction rate v� klpO2.

2. Another approach lies in solving of the diffusion equation mathematically as [12]

D
@2[O2]

@x2
� a

ffiffiffiffi

vi
p

1þ d=[O2]
¼ 0 (13:18)

This equation was calculated numerically for the different values of coefficients D, a,
ffiffiffi

v
p

i, and d. The theoretical dependence was found to coincide with Equation (13.17) for

the coefficient k¼ 8D/3l2 at v/v1 � 0.5. The numerical calculation gave the following

equation for the mixed (kinetic and diffusion) regime of oxidation [87]:

pO2

vl2
¼ 1

6Dl
þ 4pO2

5al2
ffiffiffiffi

vi
p (13:19)

Experimental data on the oxidation of the IPP films with different thicknesses at

different pO2 appeared to be in good agreement with this equation (T¼ 366 K, initiator
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is dibenzoylperoxide) [72]. The following parameters characterize the mixed (kinetic and

diffusion) oxidation of IPP films: a¼ 1.3� 10�2 mol1/2 kg�1/2 s�1/2, Dl¼ 2.2� 10�9 cm2

mol kg�1 atm�1 s�1, D¼ 7.0� 10�7 cm2 s�1 at l¼ 3� 10�3 mol kg�1 atm�1.

13.1.6 ISOMERIZATION OF ALKYL AND PEROXYL RADICALS OF POLYPROPYLENE

The peculiarities of the oxidation of PP, whose molecules have alternating tertiary C��H

bonds in the b-position, are of special interest. Such branched alkanes are oxidized with the

formation of polyatomic hydroperoxides produced by the intramolecular isomerization of the

peroxyl radical [88].

O H
O•

O H
O

O O
OH

O O
OHO• OHO2 PH

•

The greater the number of adjacent tertiary C��H bonds the higher the ratio kpis/kp [12,

89–91].

Compound CH2(CHMe2)2 CH(MeCH2CHMe2)2 PP

kpis/kp (373K) (mol L�1) 40 67 80

The rise in this ratio with the increasing number of tertiary C��H bonds in the molecule is

explained by the increased probability of peroxyl radical undergoing isomerization. The

experiments indicate that oxidized PP contains mainly block hydroperoxyl groups [12,88].

Hydrocarbons with tertiary C��H bonds (for example, isobutane, isopentane, and cumene)

are oxidized in the liquid phase to stable molecular products, mainly hydroperoxides and

D[O2]¼ [ROOH]. The recombination of tertiary peroxyl radicals gives rise to small amounts

of dialkyl peroxide and alcohol (see Chapter 2).

During the oxidation of PP, the amount of oxygen consumed is greater than the amount

of the hydroperoxy groups formed. The difference could be ascribed to the decomposition of

hydroperoxy groups; however, the extrapolation of [POOH]/D[O2] to the initial conditions,

when D[O2] ! 0, shows that [POOH]/D[O2] < 1 beginning from the very onset of oxidation.

The difference 1� ([POOH]/D[O2]) exceeds l/n and, therefore, cannot be explained by the

formation of alternative products in chain termination reactions. At the same time, alterna-

tive products (that is, hydroxyl and carbonyl groups) were revealed in chain propagation

reactions by measuring the radiochemical yield of these products, G, versus intensity of

radiation, I, which appears to be related as [91]:

G ¼ aþ bI1=2 (13:20)

where a and b are the empirical characteristics of product formation in the chain termination

and propagation reactions, respectively. At T¼ 318 K, these parameters are the following.

Product D[O2] POOH POH >C¼¼O

a (molecule/100 eV) 9.0 0 6.0 4.6

b 3660 2900 360 210
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As is evident from these data, mainly hydroxyl and carbonyl groups are formed in the chain

propagation reactions.

During PP oxidation, hydroxyl groups are formed by the intramolecular isomerization of

alkyl radicals. Since PP oxidizes through an intense intramolecular chain transfer, many of

the alkyl radicals containing hydroperoxy groups in the b-position to an available bond can

undergo this reaction. An isomerization reaction has also been demonstrated for the liquid-

phase oxidation of 2,4-dimethylpentane [89]. Oxidation products contain, in addition to

hydroperoxides, oxide or diol.

O H O H
O

OH

O

OH OH
PH

H2O

O•

O•

•

At 373 K, the ratio of the rate constants is kis/kp’¼ 8� 10�5 L�1 mol, where kis and kp’ refer to

the reactions of isomerization and addition of oxygen. Isomerization competes with the

reaction of the macroradical P
.
with O2; therefore, intense hydroxylation during the oxidation

of PP may imply that isomerization in the solid phase is slower than in the liquid phase. The

experimentally measured ratio D[O2]/[ROOH] at different partial pressure of oxygen helps to

estimate the ratio kis/kp’ in the oxidized polymer. Since the kinetics of chain PP oxidation are

characterized by the rate v

v ¼ kp
0[O2][P

.
]þ kis[P

.
] ¼ vPOOH þ vPOH (13:21)

and then

D[O2]

[POOH]
¼ 1þ kis

k0plpO2

(13:22)

The following values of the kis/kp’ ratio were estimated from the experimental data.

Polymer T (K) kis/kp’ (kg mol21) Ref.

PP 365 1.6� 10�4 [92]

PP 298 2.6� 10�4 [93]

PS 463 9.1� 10�4 [94]

The g-radiation-initiated oxidation of PE at 295 K was accompanied by the formation of

both hydroperoxy (1.4� 10�2 mol kg�1) and carbonyl (1.6� 10�2 mol kg�1) groups [95]. The

most likely mechanism of their formation is through the consecutive intramolecular isomer-

ization of secondary peroxyl radicals (see Chapter 2).

O H
O•

O H
O O H

O

OH •O

O

O
O

H

+   •OH
O2

•
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For pentane, the ratio is kp’/kp¼ 1.4 L�1 mol and kp’/kp[RH]¼ 0.16 [96]. Of the three pentane

peroxyl radicals, only two have CH2 groups in the a-position. Therefore, when considering

the behavior of peroxyl radicals of PE, the ratio kp’/kp[RH] must be increased by three

times.

The reactions of intramolecular isomerization occur and are important in the oxidation of

natural and synthetic rubbers. The peroxyl radical addition to the double bond occurs very

rapidly. For example, the peroxyl radical adds to the double bond of 2-methylpropene by 25

times more rapidly than abstraction of hydrogen atom from this hydrocarbon (see Chapter 4).

Therefore, the oxidation of polymers having double bonds proceeds as a chain process with

parallel reactions of PO2
.
with double and C��H bonds including the intramolecular isomer-

ization of the type [12]:

O
O O O O O O•

O2

O•

•

The formation of peroxyl radicals with peroxide bridges are very important for the degrad-

ation of this polymer (see later).

The data described above proved that isomerization of alkyl and peroxyl radicals plays a

very important role in polymer oxidation. They influence the composition of products of

polymer oxidation including the structure of hydroperoxy groups. The competition between

reactions of alkyl radical isomerization and addition of dioxygen appeared to be very

important for the self-initiation and, hence, autoxidation of PP (see later).

13.2 AUTOXIDATION OF POLYMERS

13.2.1 CHAIN GENERATION BY DIOXYGEN

Free radical formation in oxidized organic compounds occurs through a few reactions of

oxygen: bimolecular and trimolecular reactions with the weakest C��H bond and double

bond (see Chapter 4). The study of free radical generation in polymers (PE, PP) proved that

free radicals are produced by the reaction with dioxigen. The rate of initiation was found to be

proportional to the partial pressure of oxygen [6,97]. This rate in a polymer solution is

proportional to the product [PH]� [O2]. The values of the apparent rate constants (ki0)

of free radical formation by the reaction of dioxygen (vi0¼ ki0[PH][O2]) are collected in

Table 13.8.

Such a chain generation could be expected to proceed by the reaction of polymer C��H

bonds with dioxygen. The values of ki0 per C��H bond should be close in the polymer and the

model hydrocarbon. The results of comparison at T¼ 403 K are given below [12].

Compound PE Heptane PP PP(solution) Isooctane

ki0(C��H) (L mol�1 s�1) 2.3� 10�6 2.0� 10�10 2.5� 10�6 4.4� 10�7 2.2� 10�9

The chain generation in polymers in the solid phase and solution is by several orders

magnitude higher than that in pattern hydrocarbon. Hence, other fast reactions of dioxygen

generate the chains more rapidly than that in hydrocarbons. The comparison of the ki0 values

in PE with the percentage of ash showed the correlation (T¼ 391 K, LDPE [6]).
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% Ash 0.14 0.40 0.70

ki0 (L mol21 s21) 1.4� 10�7 2.1� 10�7 7.0� 10�7

This means that the main source of free radicals are reactions of dioxygen with impurities and

residues of the technological catalyst.

13.2.2 DECOMPOSITION OF HYDROPEROXYL GROUPS

Like the oxidation of hydrocarbons, the autocatalytic oxidation of polymers is induced by

radicals produced by the decomposition of the hydroperoxyl groups. The rate constants of

POOH decomposition can be determined from the induction period of polymer-inhibited

oxidation, as well as from the kinetics of polymer autoxidation and oxygen uptake. The initial

period of polymer oxidation obeys the parabolic equation [12]

D[O2]
1=2 ¼ bt ¼ ak

1=2
i t, (13:23)

TABLE 13.8
Free Radical Generation on Reaction of Polymer with Dioxygen [6,97]

Polymer

Crystallinity

(% of ash) T (K)

ni0 3 107

(mol kg21 s21)

ki0 3 106

(L mol21 s21)

A

(L mol21 s21)

E

(kJ mol21)

LDPE 65 (0.7) 391 0.67 0.70

LDPE 65 (0.4) 391 0.20 0.21

LDPE 65 (0.14) 391 0.13 0.14

LDPE 55 (0.45) 378 0.54 0.57 2.2� 1010 117

LDPE 55 (0.45) 386 2.07 2.18 2.2� 1010 117

LDPE 55 (0.45) 388 3.60 3.80 2.2� 1010 117

LDPE 55 (0.45) 398 8.01 8.43 2.2� 1010 117

LDPE 55 (0.45) 404 12.6 13.3 2.2� 1010 117

HDPE 40 362 0.51 0.54 6.8� 1014 146

HDPE 40 367.5 1.19 1.25 6.8� 1014 146

HDPE 40 372 1.65 1.73 6.8� 1014 146

HDPE 40 377 3.94 4.14 6.8� 1014 146

HDPE 40 377 33.45 3.62 6.8 �1 014 146

IPP 65 (0.048) 387 0.10 0.12 2.3� 107 92

IPP 65 (0.4) 380 4.3 5.33 2.3� 107 92

IPP 65 (0.4) 389 8.2 10.2 2.3� 107 92

IPP 65 (0.4) 398 11.2 13.9 2.3� 10 7 92

IPP 65 (0.45) 405 20.6 25.5 2.3� 107 92

IPP* PhCl (0.4) 385 0.028 0.014 3.4� 105 98

IPP* PhCl (0.4) 389 0.47 0.023 3.4� 105 98

IPP* PhCl (0.4) 394 0.050 0.025 3.4� 105 98

IPP* PhCl (0.4) 399 0.063 0.031 3.4� 105 98

IPP* PhCl (0.4) 403 0.089 0.44 3.4� 105 98

*In chlorobenzene solution.
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or

v2 ¼ a2vi ¼ a2ki[POOH] (13:24)

where ki is the apparent rate constant of hydroperoxyl group decomposition to free radicals.

The values for ki measured by the inhibition technique and from the kinetics of oxidation are

summarized in Table 13.9.

The decomposition of the hydroperoxyl group into molecular products occurs much more

rapidly (see Table 13.10).

This is the result of cage effect. The cage of a solid polymer matrix is rigid (see earlier) and

the most part of the forming radical pairs recombine in the cage. Hence, the probability of

TABLE 13.9
Rate Constants of Polymer Hydroperoxide Groups Decay

Polymer T (K) Medium kd (s21) Ref.

HDPE 373–408 PhCl 1.1� 108 exp(�104/RT) [98]

HDPE 393–408 PhCl 1.2� 108 exp(�113/RT) [98]

LDPE 383–403 PhCl 8.5� 1015 exp(�146/RT) [99]

LDPE 373–393 PhClþ InH 1.9� 108 exp(�84/RT) [99]

HDPE 333–373 Solid phase 2.2� 108 exp(�92/RT) [100]

HDPE 373–393 Solid phase 6.2� 1017 exp(�162.5/RT) [101]

HDPE 413–443 Solid phase 2.5� 1014 exp(�146/RT) [102]

HDPE 430 Solid phase, O2 2.6� 10�3 [103]

PE 403 Solid phase 4.7� 10�4 [104]

PE 403 Solid phase, O2 5.3� 10�3 [104]

APP 385–395 PhCl 2.5� 1015 exp(�113/RT) [105]

APP 363–393 Solid phase 9.5� 1011 exp(�113/RT) [106]

APP 363–393 Solid phase 2.3� 1012 exp(�115/RT) [107]

IPP 398 PhCl 6� 10�4 [99]

IPP 392–407 C6H6 3.8� 1010 exp(�109/RT) [99]

IPP 393–413 Solid phase 7.5� 1010 exp(�109/RT) [108]

IPP 393 Solid phase (2.673.1)� 10�4 [109]

IPP 403 Solid phase (6.778.7)� 10�4 [110]

IPP 403 Solid phase 11.5� 10�4 [111]

IPP Solid phase 1.3� 1010 exp(�100/RT) [112]

IPP Solid phase 1.7� 1012 exp(�129/RT) [112]

IPP Solid phase 2.2� 1010 exp(�104/RT) [113]

IPP 403 Solid phase, O2 8.7� 10�4 [114]

IPP 398 Solid phase 1.8� 10�4 [99]

PMP Solid phase 2� 107 exp(�84/RT) [115]

PMP Solid phase 2.4� 108 exp(�96/RT) [115]

PMP 403 Solid phase 7.0� 10�4 [116]

CEP (95/5) 403 Solid phase 3.7� 10�4 [104]

CEP (76/24) 403 Solid phase 1.2� 10�4 [104]

PS 353–413 PhCl 1.2� 1021 exp(�82.5/RT) [117]

PS 463 Solid phase 6.4� 10�4 [94]

PS 463 Solid phase 6.8� 10�3 [94]

PS 453–473 Solid phase 8.1� 1013 exp(�150.7/RT) [102]

PBD 353–403 Solid phase 1.1� 103 exp(�46.5/RT) [118]

SSR 353–403 Solid phase 2.2� 107 exp(�77/RT) [118]
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radical pairs to escape cage recombination is sufficiently lower than in organic solvents (see

Chapter 3). The values of e for decay of hydroperoxyl group are given below.

Polymer T (K) e Ref.

IPP 403 0.14 [113]

403 0.019 [114]

398 0.03 [99]

PMP 403 0.04 [115]

403 0.034 [116]

The decomposition of a single hydroperoxyl group in the absolutely pure polymer can

proceed by two mechanisms: by the reaction of POOH with the C��H bond of a macromol-

ecule and by the monomolecular cleavage of the O��O bond (see Chapter 4). If the first

reaction prevails, the single POOH group of PP should break down more rapidly than those

of PE, because the latter polymer has stronger C��H bonds (the BDE difference between the

secondary and tertiary C��H bonds is as much as 22.5 kJ mol�l). The kd values of the single

TABLE 13.10
Rate Constants of Hydroperoxide Group Decomposition into Free Radicals

Measured by Kinetics of Autoxidation and by Free Radical Acceptor Method

Polymer Conditions of Oxidation T (K) ki (s21) Ref.

PE PhCl, 383K 351–403 1.6 �1014 exp(�146/RT) [99]

PE Solid phase, 363K 365 5� 10�6 [119]

IPP Me2PhCH, 383K 392–403 2.5� 1012 exp(�134/RT) [99]

IPP PhCl, 383K 365–387 2.4� 106 exp(�79/RT) [99]

IPP Solid phase, 363K 365–387 7� 107 exp(�92/RT) [119]

IPP Solid phase, 358K 322–370 3.1� 1011 exp(�119/RT) [99]

IPP Solid phase 393 4.6� 10�5 [114]

IPP Solid phase 403 8.1� 10�5 [114]

IPP Solid phase 413 1.4� 10�4 [114]

IPP Solid phase 383 1.2� 10�4 [52]

IPP Solid phase 393 2.5� 10�4 [52]

IPP Solid phase 403 3.5� 10�4 [52]

IPP Solid phase 413 6.0� 10�4 [52]

IPP Solid phase 365 1.4� 10�5 [120]

IPP Solid phase 383 2.6� 10�6 [99]

IPP Solid phase 393 8.9� 10�6 [99]

IPP Solid phase 383 2.0� 10�5 [99]

IPP Solid phase 393 4.6� 10�5 [99]

IPP Solid phase 403 6.2� 10�5 [99]

IPP Solid phase 348 1.3� 10�6 [119]

IPP Solid phase 365 5.0� 10�6 [119]

IPP Solid phase 387 2.8� 10�5 [119]

IPP Solid phase 403 6.0� 10�5 [121]

PMP Solid phase 430 1.2� 10�5 [116]

HDPE Melt 430 1.0� 10�4 [103]

Denisov / Oxidation and Antioxidants in Organic Chemistry and Biology DK1162_c013 Final Proof page 446 2.2.2005 5:44pm

© 2005 by Taylor & Francis Group.



hydroperoxyl group decay in PE and PP in solution and solid state (T¼ 398 K [99]) are given

in the following table:

Polymer LDPE in PhCl IPP in PhCl PE IPP

kd (s�1) 5.4� 10�4 1.8� 10�4 5.4� 10�4 1.8� 10�4

It is seen that the values of kd are very close. Hence, the reaction of POOH with the C��H

bond is not the main initiation reaction. If the breakdown is a monomolecular process, the

rate of O��O bond homolysis in polymer must be close to that in the gas phase.

2,2-Dimethylethyl hydroperoxide breaks down in the gas phase with a rate constant of

1.6� 1013 exp(�158/RT)¼ 5.3� 10�8 s�1 (398 K, [4]), that is, by four orders of magnitude

more slowly than in polymer. Hence, the decomposition reactions in the polymers are much

faster than the monomolecular homolysis of peroxide. Decomposition reactions may be of

three types (see Chapter 4), such as the reaction of POOH with a double bond

POOH þRCH¼¼CHR �! PO
. þHORCHC

.
HR

the reaction of POOH with the hydroxyl group

POOH þ POH �! PO
. þH2Oþ PO

.

and the reaction with the carbonyl group

POOH þR2C¼¼O �! POOCR2OH �! PO
. þ .

OCR2OH

The mechanism of POOH decomposition in PP is the subject of special discussion.

13.2.3 SPECIFICITY OF FORMATION OF THE HYDROPEROXYL GROUP AND ITS DECAY IN PP

Two different hydroperoxyl groups are formed in oxidized PP: single and adjacent [52]. This

is the result of the competition of intramolecular and intermolecular reactions of PP peroxyl

radicals (see earlier). According to Mayo’s estimation, the first occurs five times more rapidly

than the second [122]. The decomposition of PP hydroperoxyl groups depends on the

structure [12]. PP with a single hyroperoxyl group was produced by the co-oxidation of PP

(PH), with cumene (RH) where oxidation proceeds via the following chain propagation

reactions [57]:

RO2
. þ PH �! ROOHþ P

.

P
. þO2 �! PO2

.

PO2
. þRH �! POOH þR

.

R
. þO2 �! RO2

.

Due to the high reactivity of cumene, the reaction of the peroxyl macroradical with cumene

occurs more rapidly than the intramolecular reaction and the formed POOH is only from the

single hydroperoxyl groups. Such POOH decomposes with free radical formation much more

slowly than POOH produced in PP oxidation in the solution and solid state.
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T (K) E (kJ mol21) log A, A (L mol21 s21) ki (400 K) (L mol21 s21) Ref.

PP was Oxidized in Cumene at 383 K

392–403 134.0 12.40 7.93� 10�6 [99]

PP was Oxidized in Chlorobenzene at 383 K

383–431 79.0 6.38 1.16� 10�4 [99]

PP was Oxidized in Solid Phase with Benzoyl Peroxide at 363 K at pO2 5 105 Pa

365–387 92.0 7.84 6.78� 10�5 [119]

PP was Oxidized in Solid Phase with AIBN at 358 K at pO2 5 105 Pa

322–370 119.0 11.49 8.95� 10�5 [99]

The rapid decomposition of adjacent POOH groups is the result of decomposition similar to

the bimolecular decomposition of two ROOH (see Chapter 4).

O OOH
OH

O O•O•

O OH
O•

H2O +
PH

The formed biradical can form trioxide. This trioxide is unstable and rapidly decomposes

back to the biradical [4]. Then the biradical rapidly reacts with the C��H bond and forms the

peroxyl monoradical.

As noted above, the kinetics of autoxidation of PP depends on the partial pressure of

oxygen. This is the result of the mechanistic peculiarity of PP oxidation. This peculiarity lies

in competition between two reactions: the addition of oxygen to the 2-hydroperoxyalkyl

macroradical and the decomposition of this radical.

O H
O•

O H
O PH

H2O

O• OH

OH OH

O

•

The higher the concentration of O2 in the oxidized PP, the greater the yield of block

hydroperoxyl groups per oxygen molecule consumed and the proportion of block hydroper-

oxyl groups that break up more rapidly than single groups. This was proved experimentally

[99]. IPP was oxidized at different partial pressures of oxygen. Then the initiation rate

constant of the formed POOH was measured by the free radical acceptor method at

T¼ 393 K. These results demonstrate that the the dioxygen partial pressure in PP oxidation

increases with the rate constant ki.

pO2 3 105 (Pa) 0.21 1.0 10.0

ki 3 105 (s21) (T 5 393 K) 1.4 2.7 5.1

Hence, the apparent initiation rate constant of POOH in PP depends on the following

reactions: bimolecular chain propagation (kp), intramolecular chain propagation (kpis),
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isomerization of the 2-hydroperoxylalkyl macroradical (kis), and addition of dioxygen to the

alkyl macroradical, as well as on the concentration of dioxygen and cage effect (ki¼ 2ekd).

The analysis of the full kinetic scheme leads to the following equation for the apparent rate

constant of initiation by POOH groups of PP [12].

ki ¼ ki(single)� gþ (1� g)h

hþ [O2]

� �

þ ki(block)
(1� g)[O2]

hþ [O2]
(13:25)

where g¼ kp[PH](kp[PH]þ kpis)
�1 and h¼ kp[PH]/kp’ . This equation was found to agree with

experiment [99]. The hypothesis was put forward that dioxygen influences the cage effect in

solid polymers [123]. The experimental measurements proved that the partial pressure of

dioxygen does not influence the initiation rate constant of POOH in the solid phase. As an

example, the values of ki for POOH of IPP calculated from the experimental values of

dioxygen consumption rates expressed in (mol kg�1 s�1) and measured at different pO2 values

at T¼ 387 K [6] are given below:

pO2 (kPa)

[POOH] (mol kg21) 40 56 60 70 100

0.040 3.01� 10�5 3.05� 10�5

0.095 2.62� 10�5 2.83� 10�5 2.85� 10�5 2.82� 10�5

0121 2.35� 10�5 2.95� 10�5 2.95� 10�5

Similar to that of hydrocarbons, the autoxidation of PP occurs with acceleration and obeys

the following equation [12] because the decay of POOH is negligible.

ffiffiffiffiffiffiffiffiffiffiffiffi

D[O2]
p

¼ aa
ffiffiffiffi

ki

p

� t (13:26)

where a is the yield of POOH groups, a¼ (kp[PH]þ kpis) (2kt)
�1/2 and ki is the apparent rate

constant of initiation by POOH groups. As we see, two parameters depend on the concen-

tration of dioxygen, namely, the yield of hydroperoxyl groups a and the rate constant of self-

initiation ki. Besides this, the diffusion of dioxygen in the polymer bulk should also be taken

into account too (see Equation [13.19]). Taking into account all these factors we came to the

following equation for the initial step of PP autoxidation [12]:

ffiffiffiffiffiffiffiffiffiffiffiffi

D[O2]
p

¼ 1

2

a[O2]

2d þ [O2]

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

[O2]

[O2 þ q

s ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

ki(block)(1� g)[O2]

hþ [O2]

s

t, (13:27)

where a, g, and h are given earlier, d¼ kp[PH]/kp’ , and q¼ kis/kp’ . These parameters were

found to be the following for IPP oxidation at 365 K at different pO2 values: a¼ 1.6�
10�2 (mol kg�1 s�1)1/2, d¼ 2.7� 10�4 mol kg�1, g¼ 0.8, q¼ 6.0� 10�5 mol kg�1, ki(block)¼
5.0� 10�6 s�1.

13.2.4 CHAIN DECAY OF HYDROPEROXYL GROUPS OF PP

In addition to homolytic decomposition, hydroperoxyl groups of polymer are decomposed in

reactions with alkyl radicals (see Chapter 4). Such induced decomposition of POOH groups
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was found and studied in PE and PP [6,119]. Three methods of study of POOH chain

decomposition in the absence of dioxygen and in oxidized polymer were developed.

1. The kinetic study of POOH decay in an inert atmosphere in the presence of another

initiator (I). The initiator increases the concentration of macroradicals in the polymer

media. If free radicals react with hydroperoxyl groups, one observes the acceleration of

POOH decay. The rate of POOH decay in the case of induced decomposition obeys the

equation

vPOOH ¼ kd[POOH]þ kind[POOH]v
1=2
i (13:28)

The experimentally measured rate constant of POOH decay kS is given by

kS ¼ kd þ kind(kI[I]þ ki[POOH])1=2 (13:29)

The extrapolation of vPOOH to ni¼ 0 gives vd¼ kd[ROOH] and the slope DkS/DkI[I] is

equal to kind. For example, the study of benzoyl peroxide initiated decay of POOH in IPP

gave kd¼ 1.8� 10�5 s�1 and kind¼ 3.0� 10�2 kg 1/2 mol� 1/2 s �1/2 (T¼ 365 K, N2 [119]).

2. The study of POOH decay in the presence and absence of a free radical acceptor. In the

absence of an inhibitor, the decay of POOH proceeds homolytically and under the

action of radicals.

vPOOH ¼ kd[POOH]þ kind[POOH](ki[POOH])1=2 (13:30)

The addition of an acceptor decreases the rate of POOH decomposition. The increase

of added [InH] creates a tendency for kS to decrease to the kd value, i.e., kS ! kd at

[InH] ! 1. Acceptors, which do not react with hydroperoxide groups, were used;

sterically hindered phenols and stable nitroxyl radicals (TEMPO) were found to be

efficient acceptors. The ratio kind(2kt)
1/2 can be calculated from the values kS and kd

according to the formula:

kind ¼
kS � kd
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

ki[POOH]
p (13:31)

3. The value of kS can be estimated for POOH decomposition in oxidized polymer from a

comparison of POOH produced by oxidation and that analytically found in polymer:

a. from the values of [POOH]max and rate of oxidation in this moment vmax:

kS ¼
avmax

[POOH]max

(13:32)

b. from the values of D[O2] consumed and the kinetic curve of POOH produced during

oxidation:

kS ¼
aD[O2]� [POOH]
Ð

[POOH]dt
(13:33)

The results of kS, kd, and kind measurements are presented in Table 13.11.

It is seen that POOH of PP and PE are decomposed under the action of free radicals in an

inert atmosphere and in dioxygen. The induced decomposition of POOH in PP proceeds by
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the chain mechanism (n¼ 6–17). The percentage of hydroperoxyl groups decomposed by free

radicals varies from 30 to 80%.

The induced decomposition of POOH in an inert atmosphere is the result of the alkyl

macroradical reaction with POOH.

P
. þ POOH �! POHþ PO

.

PO
. þ PH �! POHþ P

.

In an oxygen atmosphere, POOH is attacked by peroxyl radicals. For the decay of the

secondary hydroperoxyl groups, the following reaction seems to be the most probable:

+PO2
• O POOH HO•+ +H C OOH

It is rather surprising that the induced decomposition of POOH of PP occurs with long chains

in a dioxygen atmosphere. The most probable reaction of tertiary hydroperoxyl groups of PP

decay is that of hydroperoxyl radicals formed from POOH (see Chapter 19):

Me Me MeMe

O O O O
+ H2O2

OHOH

PO2
. þH2O2 �! POOH þHO2

.

HO2
. þ POOH �! PO

. þH2OþO2

13.3 OXIDATIVE DEGRADATION OF MACROMOLECULES

Oxidation of polyalkenes is accompanied by the degradation of macromolecules [11,12,33–

41,122,123]. Thus, when HDPE is oxidized in chlorobenzene to a concentration of hydro-

peroxyl groups of 0.12 mol L�1 (378 K, 1 h) and 0.20 mol L�1, the mean molecular weight of

TABLE 13.11
Kinetic Parameters of Induced Decomposition of POOH in Solid Phase [119]

Atmosphere Polymer T (K)

kd 3 104

(s21)

ki 3 105

(s21)

kind 3 102

(kg1/2 mol21/2 s21/2)

N2 IPP, OOH group (adjacent) 387 1.4 2.8 13.0

N2 IPP, OOH group (adjacent) 365 0.21 0.5 4.5

O2, 105 Pa IPP, OOH group (adjacent) 387 1.4 2.8 13.6

O2, 2.6� 104 Pa IPP, OOH group (adjacent) 365 0.19 0.5 12.0

O2, 105 Pa IPP, OOH group (adjacent) 365 0.21 0.5 2.9

O2, 105 Pa IPP, OOH group (adjacent) 365 3.0

N2 IPP, OOH group (single) 387 0.10 0.21 9.6

N2 IPP, OOH group (single) 365 0.039 0.017 3.0

N2 PE 365 0.05 0.5 0.36

O2, 105 Pa PE 365 0.05 0.5 0.81

N2 PE 393 4.6 33 11.0
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polymer decreases from 35,000 to 11,000 and 4,000 (i.e., by three and nine times, respectively)

[124]. Various polymers may differ greatly in their susceptibility to oxidative destruction; at

elevated temperatures, however, the difference becomes smaller. For instance, the rates of

destruction of PIB and PS at 373 K differ by two orders of magnitude, and by only a factor of

three to four at 423 K [37].

As follows from the comparison of the rates of oxidation and destruction of linear and

branched polyalkenes, the branched form possesses more susceptible tertiary C��H bonds

and oxidizes more rapidly (but degrade more slowly) than the linear form. This was observed

for PS, PE, PP, poly(n-isopropyl styrene), polymethylene, and polymers produced by the

decomposition of diazomethane–diazoethane and diazomethane–diazobutane mixtures [125].

The number of cleavages per oxygen molecule consumed at 403 K amounts to 0.25 for PE and

to 0.04 for PP.

Investigations into the molecular weight distribution showed that C��C bond break down

randomly [126]. Thus, in the PS oxidized at 473 K, the ratio Mw/Mn initially increased from

1.06 to 1.50 (in this case, Mn decreased from 400,000 to 90,000) and remained virtually

unchanged during further oxidation. The situation was different with PE: residual oxygen

at concentrations as low as 0.3% promoted the destruction of this polymer [127]. Moreover,

anaerobic conditions at 588 K induced cross-linking processes in PE, while in the presence of

0.34% O2 the destructive processes became predominant. The decrease in Mn at 628 K under

anaerobic conditions was not accompanied by changes in the ratio Mw/Mn¼ 3. Conversely,

this ratio increased in the course of the oxidative destruction of PE.

The mechanism of oxidative destruction of alkenes is complex and has been well under-

stood for PE and PP only. Because of the formation of hydroperoxyl groups in oxidized

polymers, the decomposition of relatively unstable groups has been primarily considered to

cause polymer destruction. The two facts in favor of this suggestion are: (i) the generation of

alkoxy radicals from hydroperoxyl groups and their rapid breakdown during polymer oxi-

dation; and (ii) the formation of low-molecular-weight products at a rate proportional to the

concentration of hydroperoxyl groups [108]. Yet, some experimental data are at variance with

this assumption. Indeed, if a polymer degrades by the mechanism

POOH �! PO
. �! cleavage of C��C bond

the rate of destruction vS should be proportional to [POOH]. At the initial stage of autoxi-

dation, [POOH] ~ t2 (see Chapter 4) and, therefore, the number of chain cleavages [S] must

increase proportionally to t3. However, in the PP oxidized at 370–410K, [S] ~ t [128], which is

inconsistent with the mechanism written above.

Compelling evidence suggesting that the breakdown of hydroperoxyl groups is not related

to polymer destruction, at least in the initial period of oxidation at temperatures below 400 K,

comes from experiments on the initiated oxidation of polymers. It was found that the

destruction of polymers develops in parallel with their oxidation from the very onset of the

process, but not after a delay related to the accumulation of a sufficient amount of hydro-

peroxyl groups [129]. These experiments also demonstrated that it is free macroradicals that

undergo destruction. Oxidation of polymers gives rise to alkyl, alkoxyl, and peroxyl macro-

radicals. Which radicals undergo destruction can be decided based on the kinetics of initiated

destructive oxidation.

(1) Alkyl radicals can break down through the cleavage of C��C bonds. Since these radicals

are reactive to dioxygen, their concentration must decline with increasing pO2 and,

hence, the rate of alkyl radical destruction must decrease. Experiments show, however,

that the rate of destruction of dissolved PE at 388 K [130] and PP at 393 K [131] increases
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with pO2 to reach a saturation level. Therefore, at moderate temperatures (below

400 K), the breakdown of alkyl radicals makes almost no contribution to the oxidative

destruction of polymers. Above 500 K, the contribution may be high (see below).

(2) Alkoxyl radicals can result from the isomerization of peroxyl radicals of oxidized PP

(see above 13.1.6). If alkoxyl radicals cause polymer destruction, then, as they are

produced from alkyl radicals, their accumulation and quasistationary concentration

must decrease with increasing pO2. However, despite varying pO2, vS¼ const. in the

oxidized PE and PP and, therefore, alkoxyl radicals essentially do not contribute to

the oxidative destruction of polymers. At moderate temperatures, alkoxyl radicals

eliminate hydrogen atoms from PH more rapidly than they undergo degradation.

(3) There is ample evidence that oxidized polyalkenes degrade through a monomolecular

destruction of peroxyl macroradicals. Indeed, it was demonstrated experimentally that

vS ~ vi
1/2 and vS ~ v0 [129–132], from when vS ~ [PO2

.
]. The constant vS/v0 ratio under

varying initiation rates and partial dioxygen pressures suggests that if the PO2
.
is a

macroradical, it breaks down, but not the products of its destruction. A similar

inference was drawn by Ivanov et al. [128], who studied the destruction of autoxidized

PP and showed, by extrapolating the ratio vS/v0 to t¼ 0 (where v0¼ 0), that this ratio

depends on the temperature but not on pO2. The following mechanism of the decom-

position of a peroxyl macroradical with coordinated cleavage of three bonds has been

proposed [133].

O H
O•

+ O CH2+HO•

This reaction is very exothermic (DH��180 to �200 kJ mol�1) and, therefore, seems to be

very probable from the thermochemical point of estimation. The pre-exponential factor is

expected to be low due to the concentration of the energy on three bonds at the moment of TS

formation (see Chapter 3). To demonstrate that this reaction is responsible for the oxidative

destruction of polymers, PP and PE were oxidized in chlorobenzene with an initiator and

analyzed for the rates of oxidation, destruction (viscosimetrically), and double bond forma-

tion (by the reaction with ozone) [131]. It was found that: (i) polymer degradation and

formation of double bonds occur concurrently with oxidation; (ii) the rates of all three

processes are proportional to vi
1/2, (iii) independent of pO2, and (iv) vS¼ vdbf in PE and

vS¼ 1.6vdbf in PP (vdbf is the rate of double bond formation). Thus, the rates of destruction

and formation of double bonds, as well as the kinetic parameters of these reactions, are close,

which corroborates with the proposed mechanism of polymer destruction. Therefore, the rate

of peroxyl macromolecules degradation obeys the kinetic equation:

vS ¼ kS[PO2
.
] ¼ kS(vi=2kt)

1=2 (13:34)

The rate constant of decomposition of PE peroxyl macroradical is kS¼ 3.2� 1011 exp(�73/

RT) s�1 [131]. The values of kS calculated from experimental data are collected in Table 13.12.

The radiochemical oxidation of PS in a chloroform solution is accompanied by its

destruction and formation of products of styrene oxidation, namely, benzaldehyde and

styrene oxide [136]. The radiochemical yield of these products was equal to the radiochemical

yield of PS macromolecule cleavages. Butyagin [137] analyzed the products of decomposition

of the peroxyl radicals of PS and polyvinylcyclohexane. Alkyl macroradicals were produced

mechano- or photochemically, volatile products were evaporated in vacuum, and alkyl

radicals were converted into peroxyl radicals using labeled 18O. Peroxyl radicals were then
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eliminated by an increasing temperature, and the polymer was analyzed for low-molecular-

weight products. The decay of peroxyl macroradicals was found to occur concurrently with

the formation of isotopically labeled water, probably resulting from the destruction of

peroxyl radicals, which were from hydroxyl radicals. The decomposition of PO2
.
radicals

was accompanied by the formation of water and benzaldehyde with a total yield of 10% of the

oxygen consumed. On the other hand, the decomposition of polyvinylcyclohexane PO2
.

radicals was accompanied by the formation of water, cyclohexanone, and cyclohexene with

a total yield of 30% of the oxygen consumed. These results are consistent with the following

mechanism that is similar to the mechanism described above.

OO•

O + HO• +H

At 300 K and below, when hydroperoxides are stable, the decay of PMP peroxyl radicals gives

rise to low-molecular-weight products, namely, water, acetone, and isobutyric aldehyde. The

formation of these products can be explained by the breakdown of various peroxyl radicals

with production of hydroxyl ion and cleavage of the C��C bond.

O H
O•

CH2 O+ +

O H
O•

O

+ HO•

HO•

+

Hence, the experimental data on polymer degradation and formation of low-molecular-

weight products due to the decomposition of peroxyl macrorodicals are in good agreement

with the proposed [131] mechanism of PO2
.
degradation with the formation of a double bond

and hydroxyl ion. At high temperatures, the cleavage of alkoxyl radicals can lead to polymer

degradation also. Let us compare the rates of PO2
.
and PO

.
degradation in the process of PE

oxidation.

(A) Initial stage of oxidation at moderate temperatures when hydroperoxyl groups are

relatively stable. The rates of C��C bonds scission by decomposition of alkoxyl and peroxyl

radicals are the following:

TABLE 13.12
Kinetic Parameters of Macromolecules Degradation in Oxidized Polymers

Polymer T (K) Conditions of Oxidation (vS/v) 3 100 kS 3 103 (s21) Ref.

LDPE 378 0.36mol L�1 in PhCl 2.0 3.2 [134]

LDPE 388 0.36mol L�1 in PhCl 1.7 5.0 [134]

LDPE 398 0.36mol L�1 in PhCl 1.3 8.1 [134]

LDPE 388 0.36mol L�1 in PhCl 1.6 4.8 [132]

LDPE 388 Solid phase 1.1 [135]

IPP 393 0.12mol L�1 in PhCl 1.6 3.8 [129]

IPP 393 0.12mol L�1 in PhCl 1.3 3.1 [132]
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vS(PO2
.
) ¼ kSPO2

[PO2
.
] and [PO2

.
] ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

ki[POOH]

2kt

s

(13:35)

vS(PO
.
) ¼ kSPO[PO

.
] and [PO

.
] ¼ ki[POOH]

kSPO þ ka[PH]
(13:36)

The ratio of polymer degradation via these two reactions is:

vS PO2

vS PO

¼ kS PO2

kS PO

� kS PO þ ka[PH]
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

2ktki[POOH]
p (13:37)

The results of the calculation of this ratio for PE oxidation at T¼ 388 K are listed here. The

following values of the rate constants were considered: kS PO2
¼ 4.5� 10�3 s�1, kS PO¼ 1.9�

106 s�1, ki¼ 3.5� 10�6 s�1, 2kt¼ 1.9� 104 kg mol�1 s�1, and ka[PH]¼ 8.8� 107 s�1 [12].

[POOH] (mol kg21) 0.001 0.005 0.01 0.1 0.66

vS (PO2
.)/vS (PO.) 26.6 11.4 8.1 2.6 1.0

At elevated temperatures, the oxidation of PE occurs as a quasistationary process with the

kinetic equilibrium between the formation and decay of hydroperoxyl groups (see Chapter 4).

The ratio of the two discussed reactions of polymer degradation is:

vS PO2

vS PO

¼ kS PO2

kp[PH]
� kS

ki

1þ ka[PH]

kS PO

� �

(13:38)

The ratios of rate constants in their temperature dependence are the following: kS PO2/

kp[PH]¼ 1.2 exp(�15/RT), kS PO/ka[PH]¼ 2.8� 103 exp(�38/RT), and kS/ki¼ 50 [12].

T (K) 400 430 460 480 500

vS (PO2
.)/vS (PO.) 21 14 10 8 7

These calculations show that the degradation via decomposition of peroxyl macroradicals

prevails inside the tight range of oxidation conditions.

The degradation of alkyl radicals can participate in polymer degradation in the absence of

dioxygen or at oxidation in the diffusion regime.

The mechanism of PIP degradation appeared to be principally different. PIP has double

bonds and oxidizes through intramolecular peroxyl radical addition to the double bond with

formation of peroxide bridges.

O
O• OO

•

Mayo [138] proposed that PIP degradation occurs as a result of unstable alkoxyl radicals

formed in oxidized polymer. Tobolsky [139] cleared that the degradation rate vS in experi-

ments on PIP oxidation in a benzene solution is proportional to the initiation rate: vS ~ vi.
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He supposed that the decay proceeds as the decomposition of alkoxyl radicals formed in the

bimolecular reaction of two tertiary peroxyl radicals (see Chapter 2).

2PO2
. �! 2PO

. þO2

PO
. �! Degradation

The kinetics of PIP oxidation and degradation was studied by Pchelintsev and Denisov [54].

Films of PIP with AIBN as an initiator were oxidized at T¼ 353 K in the kinetic regime.

Oxidation proceeded by the chain mechanism with long chains. The molecular weights of the

initial and the oxidized PIP were measured osmometrically. It was stated that the oxidation

rate v ~ vi but the rate of degradation vS ~ vi. The vS/vi ratio was found to be very high and

equal to 15. This result is in good agreement with the ratio of two parallel reactions between

tertiary peroxyl radicals (see Chapter 2).

2PO2
. �! 2PO

. þO2

2PO2
. �! POOPþO2

The formed alkoxyl macroradical is very unstable and decomposes with the formation of

three carbonyl compounds.

OO O•

O +
H2

•C
O + O

The degradation of polystyrene in a chlorobenzene solution in the presence of dioxygen and

initiator also occurs with the rate vS ~ vi [140,141]. However, the vS/vi ratio was found to be

much less than unity.

Polymer, Copolymer T (K) [Polymer] (mol L21) (vS/vi) 3 102

PS 348 0.48 7.2

PS 393 0.70 7.5

Isobutylene–styrene 393 0.91 7.5

Isobutylene–p-chlorostyrene 393 0.56 6.2

Isobutylene–o-chlorostyrene 393 0.56 5.6

Isobutylene–p-methylstyrene 393 0.69 7.1

Isobutylene–o-methylstyrene 393 0.69 5.7

13.4 HETEROGENEOUS CHARACTER OF POLYMER OXIDATION

In a liquid hydrocarbon subjected to vigorous stirring, the active species, peroxyl radicals, in

particular, diffuse with the effective coefficient of diffusion Deff¼ 10�3�10�2 cm2 s�1. At a

rate of initiation of 10�6 to 10�8 mol L�1 s�1 and 2kt¼ 104–106 L mol�l s�1, the lifetime of

peroxyl radicals given by (2vikt)
�1/2 ranges from 1 to 100 s. Within its lifetime, the peroxyl

radical diffuses over the distance x¼ (2D’t)1/2 ~ 0.1–1 cm, which is commensurate with the

reactor size.

In a solid polymer, low-molecular-weight species diffuse with D ~ 10�7�10�9 cm2 s�1 [67].

Segments of a macromolecule with the free valence diffuse still more slowly (Deff� 10�9–

10�12 cm2 s�1). With the lifetime of PO2
.
of 10–100 s, the distance covered by this radical
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comprises 10�4–10�6 cm, which is 103 to 104 times less than in a liquid. It is of interest to

compare this distance with the mean size of the macromolecules. At the molecular weight

between 104 and 105 g mol�1 and a density of about 1000 kg m�3, the radius of a globular

macromolecule varies from 3� 10�9 to 9� 10�9 m, which is only ten times smaller than the

mean distance of free valence migration. Experimental data on the initiated oxidation of

ethylene–propylene copolymer agree well with these estimates [47]. In particular, it was shown

that the copolymer oxidizes at a rate, which is the sum of the rates of oxidation of particular

homopolymers. At the same time, the overall rate of the copolymer oxidation nonlinearly

depends on the propylene content, as much as the rate of the concurrent oxidation of

isooctane and decane depends on the isooctane content of the mixture [47]. Thus, because

of the slow motion of available bonds in polymers, their chain oxidation occurs in a small

volume, which is 1010 to 1013 times smaller than in the case of liquid hydrocarbons.

Another specific feature of solid polyalkenes is their heterogeneous structure representing a

mosaic of crystalline and amorphous regions. The crystalline phase of PE is rather dense

(1000 kg m�3), while the density of the amorphous phase is 850 kg m�3. In IPP, the densities

of crystalline and amorphous phases are 940 and 850 kg m�3, respectively. In the dense

crystalline regions of polymers, diffusion of oxygen is very slow. Thus, the coefficients of

diffusion of dioxygen in the crystalline phases of PE and PP are 108 times lower than in their

amorphous phases, so that oxygen molecules hardly have time to penetrate into the crystalline

regions of polymers in the course of the experiment [42]. Upon the swelling of polymers in

solvents, solvent and solute molecules can penetrate only into the amorphous phase of poly-

mers. Thus, stable phenoxyl radicals in a swelling solvent were revealed only in the amorphous

phase of polymer (this was shown by the concentration-dependent broadening of the EPR

signals of this radical). In experiments with various initiators (AIBN, bis(1,1-dimethylethyl)

peroxide, and dicumyl peroxide), the initiated oxidation of polymers was observed only in the

amorphous regions. Decker et al. [44] studied the g-radiation-initiated oxidation of PEs of

various crystallinities at 318 K and found that the parameter a (v¼ avi
1/2) grew linearly with the

parameter aam characterizing the polymer amorphism given by the equation

a (mol1=2kg�1=2s�1=2) ¼ 1:2� 10�3 þ 1:87� 10�2aam (13:39)

The oxidation of the crystalline phase occurs 15 times more slowly than the oxidation of the

amorphous phase and is likely localized in the boundary regions. The autoxidation of PE and

PP occurs at the rate, which is slower at higher crystallinity of polymers and vice versa, as

indicated by the amount of the oxygen consumed. Based on the evidence accumulated, it is

safe to say that PE and PP are oxidized in their amorphous regions [12,33,34,42,67].

The localization of solid PP oxidation has been investigated by a combination of specific

staining techniques with UV spectroscopy. The formed carbonyl groups were reacted with

2,4-dinitrophenylhydrazine to visualize localized oxidation [142–144] and the formed hydro-

peroxyl groups reacted with SO2, forming alkyl sulfates with a strong IR absorbance band

[145]. Localized regions of extensive oxidation around iron impurities were identified.

Billingham [146] assumed that the oxidation of polymer was localized around the initiator

center. This center does not diffuse, and degradation takes place in a region of high concen-

trations of oxidation products around this center. Such active centers appeared to be residues

of the catalyst used in polyolefins production [147]. When the Ziegler–Natta catalytic system

is used for polymer production, the produced polymer contains 1–20 ppm of titanium [148].

Residues of the Ziegler–Natta catalyst were found to consist of Ti(III) and small amounts

Ti(II) bounded with aluminum alkyls [148].

New experimental evidence of heterogeneity of PP film oxidation and photooxidation

were obtained using the special resolution of the CL-imaging system [148–151]. George and
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coworkers [151,152] formulated the ‘‘epidemic model’’ of heterogeneous polymer oxidation.

Three distinct populations were postulated in the amorphous phase of oxidized polymer after

some time of oxidation: (a) the unoxidized fraction pr, (b) oxidizing fraction pi, and (c)

oxidized fraction pd. Oxidation is treated as spreading of the oxidizing fraction with the

rate equal to api where a is the rate coefficient for the formation of the oxidized material from

the oxidized fraction. Oxidation can spread if the nonoxidized polymer is in the contact zone

with the rate equal to bpr(1� pr), which represents the efficient rate coefficient for spreading

and pd � pr. The solvation of coupled differential equations leads to the following formula

for the kinetics of polymer oxidation [152]:

pi ¼ p0pr exp(b� a)t (13:40)

where p0 is the initial fraction of active centers in the oxidized polymer. The CL kinetic curves

of PP oxidation were described by this equation. The values of parameters calculated from

these kinetic curves of single PP particles oxidation are listed below [152].

No. p0 3 103 a3 103 (s21) b 3 104 (s21)

1 11.6 2.2 3.6

2 23.2 1.5 3.3

3 11.3 3.2 3.8

4 0.8 9.1 5.2

5 1.8 9.6 4.0

6 0.2 12.4 5.3

A wide variation exists for the number of active centers of oxidation in polymer samples. This

reflects the statistical nature of the catalyst residues in polymer particles. On the contrary, the

spreading rate coefficient b is approximately constant for the studied samples of PP. The

coefficient a is probably sensitive to the morphology of the particles.
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Part II

Chemistry of Antioxidants
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14 Theory of Inhibition
of Chain Oxidation
of Organic Compounds

14.1 HISTORICAL INTRODUCTION

Oxidation of organic compounds is one of the efficient methods of organic synthesis in

modern petrochemical industry. On the other side, the autoxidation of organic compounds,

their mixtures, and products promotes their rapid deterioration due to the action of atmos-

pheric oxygen. Products such as rubber, polymers, hydrocarbon fuels, lubricants, organic

solvents, semiproducts, food, drags, etc. are spoiled due to oxidation by oxygen. Antioxidants

prevent the rapid development of these undesirable processes. They were the object of

intensive study during the last 40 years. The practical use of antioxidants began in the end

of the 19th century.

The early practical application of antioxidants was connected with the development of

rubber production. The rubber is easily oxidized in air, and the first antioxidants were

empirically found and used to stabilize it [1]. Empirical search for antioxidants was performed

by Moureu and Dufresse [2] during the First World War. These researchers successfully

solved the problem of acrolein stabilization by the addition of hydroquinone. They explained

the retarding action of the antioxidant in the scope of peroxide conception of Bach and Engler

(see Chapter 1). They proposed that the antioxidant rapidly reacts with the formed hypo-

thetical moloxide and in such a way prevents the autoxidation of the substrate.

It was in 1924 when Christiansen [3] put forward the conception of the chain mechanism

of oxidation and explained the action of antioxidants via chain termination by the anti-

oxidant [3]. Three years later, Backstrom and coworkers [4–6] experimentally proved the

chain mechanism of benzaldehyde oxidation (see Chapter 1) and the mechanism of anti-

oxidant (hydroquinone) action via chain termination. The systematic study of the oxidation

kinetics of esters of nonsaturated acids was performed by Bolland and ten Have [7,8]. They

observed in the kinetic experiments that substrates are oxidized by the chain mechanism with

chain propagation via the cycle of reactions (see Chapter 2).

RH

ROOH

RO2
•

R• O2

The retarding action of antioxidants (InH), such as phenols and aromatic amines, was proved

to be the result of chain termination by accepting the peroxyl radicals.
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RO2
. þ InH �! ROOHþ In

.

RO2
. þ In

. �! Products

In a number of kinetic investigations that followed, it was clarified that the phenoxyl radical

formed from phenol reacts with the peroxyl radical with the formation of quinone or

quinolide peroxide [9]. The stoichiometry of chain termination by antioxidants was studied

by Boozer et al. [10] and it was shown that the stoichiometric coefficient is f� 2. Howard and

Ingold [11] studied the reactions of peroxyl radicals with phenols (ArOH) and deuterio-

phenols (ArOD) and evidenced the existence of the kinetic isotope effect (kH/kD> 1) [11].

They proved the reaction of hydrogen atom abstraction by peroxyl radicals from such

antioxidants as phenols and aromatic amines. This agrees with the effect of hydrogen bond

formation between the antioxidant and oxygen-containing substrates (alcohols, ethers, esters,

etc) [12]. The phenomena of cyclic chain termination was discovered in experiments on

cyclohexanol oxidation with 1-naphthylamine in 1963 [13]. The interpretation of this phe-

nomenon was given in 1967 [14]. The full kinetic scheme of retarding action of phenols and

aromatic amines was developed in several excellent experimental studies during 1970–1980

(see Chapter 17). Besides peroxyl radical acceptors, alkyl radical acceptors (nitroxyl radicals,

quinones, nitrones) can also retard the oxidation of polymers [15]. Autoxidation is accelerated

by forming hydroperoxide (see Chapter 4) and can be retarded by hydroperoxide decom-

posers (S, P-containing compounds, see Chapter 18) [16]. The common action of a few

antioxidants often gives a synergistic effect which is widely used for efficient stabilization

(see Chapter 19). The history of the study of antioxidants and their applications for the

stabilization of organic substances in the years prior to the Second Word War was compre-

hensively accounted in Bailey’s monograph [1]. The chemistry and kinetics of the antioxidant

action are presented in handbooks [17–19], monographs [20–34], and reviews [35–40].

14.2 KINETIC CLASSIFICATION OF ANTIOXIDANTS

14.2.1 CLASSIFICATION

Oxidation of organic compounds occurs by the chain mechanism via alternating reactions of

alkyl and peroxyl radicals (see Chapter 2). The accumulated hydroperoxide decomposes into

radicals, thereby increasing the rate of oxidation (see Chapter 4). The oxidation of an organic

compound may be retarded by one of the following three ways:

1. Breaking the chains perpetuated by the acceptor reaction with peroxyl radicals.

2. Breaking the chains by the reaction of an acceptor with alkyl radicals.

3. If hydroperoxide is the main autoinitiator, oxidation can be retarded by the introduc-

tion of chemical compounds capable to decompose hydroperoxide without the forma-

tion of free radicals.

Polyfunctional inhibitors can exert a combined action by participating in different inhibitory

reactions. The mixture of antioxidants can act similarly. With respect to the mechanism of

action, antioxidants can be divided into the following seven groups [41].

1. Antioxidants that break chains by reactions with peroxyl radicals. These are reductive

compounds with relatively weak O��H and N��H bonds (phenols, naphthols, hydro-

quinones, aromatic amines, aminophenols, diamines), which readily react with peroxyl

radicals forming intermediate radicals of low activity.
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2. Antioxidants that break chains by reactions with alkyl radicals. These are compounds,

such as quinones, nitrones, iminoquinones, methylenequinones, stable nitroxyl rad-

icals, and nitrocompounds that readily accept alkyl radicals. Such antioxidants are

efficient at very low concentrations of dioxygen and in solid polymers.

3. Hydroperoxide decomposing antioxidants. These are compounds that react with hydro-

peroxides without forming free radicals: sulfides, phosphites, arsenites, thiophosphates,

carbamates, and some metal complexes. Reactions with hydroperoxides can be either

stoichiometric (typical of, for example, sulfides and phosphites) or catalytic (typical of

chelate metal complexes).

4. Metal-deactivating antioxidants. Transition metal compounds decompose hydroperox-

ides with the formation of free radicals, thereby increasing the rate of oxidation. Such

an enhanced oxidation can be slowed down by the addition of a compound that

interacts with metal ions to form complexes that are inactive with respect to hydroper-

oxides. Diamines, hydroxy acids, and other bifunctional compounds exemplify this

type of antioxidants.

5. Cyclic chain termination by antioxidants. Oxidation of some substances, such as alco-

hols or aliphatic amines, gives rise to peroxyl radicals of multiple (oxidative and

reductive) activity (see Chapters 7 and 9). In the systems containing such substances,

antioxidants are regenerated in the reactions of chain termination. In other words,

chain termination occurs as a catalytic cyclic process. The number of chain termination

events depends on the proportion between the rates of inhibitor consumption and

regeneration reactions. Multiple chain termination may take place, for instance, in

polymers. Inhibitors of multiple chain termination are aromatic amines, nitroxyl

radicals, and variable-valence metal compounds.

6. Inhibitors of combined action. Some antioxidants inhibit oxidation through various

reactions. For instance, anthracene and methylenequinone can react with alkyl rad-

icals, as well as with peroxyl radicals, whereas carbonates and thiophosphates can

decompose hydroperoxides and break chains through the reaction with peroxyl rad-

icals. Moreover, the same reaction center of an inhibitor (for example, the double bond

of methylenequinone) may interact with the R
.

and RO2
.

radicals. However, an

inhibitor molecule may have two and more functional groups, each of which can

undergo its own reaction. For example, the phenolic group of phenolsulfide reacts

only with the peroxyl radical, and sulfide group reacts with hydroperoxide. Further-

more, the original inhibitor and its conversion products can exert their inhibitory

action through various reactions.

7. Synergism of action of several antioxidants. When two inhibitors mutually enhance their

inhibitory effects, it is a synergistic action. If the inhibitory effects of two inhibitors are

simply added, it is additive inhibition. However, if the inhibitory effect of a mixture of

inhibitors is lower than the sum of effects of individual inhibitors, it is known as the so-

called antagonism of inhibitors. Thus, phenol and sulfide added to a hydrocarbon

inhibit its oxidation through the following mechanisms: phenol terminates chains by

reacting with the peroxyl radical, whereas sulfide slows the degenerate chain branching

by breaking down hydroperoxide.

In addition to the classification of inhibitors according to their mechanisms of the action

on oxidation, they can be classified into consumable and long-lived inhibitors. A consumable

inhibitor is irreversibly consumed in its reactions with free radicals (R
.
or RO2

.
) or hydro-

peroxide. The stoichiometric coefficient of inhibition of such inhibitors is typically equal to

one or two per inhibitory functional group. However, in some systems (for example

RH–O2–InH), an inhibitor can act cyclically so that, getting repeatedly regenerated, the
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inhibitor molecule may participate in more than one of the inhibitory events, thereby causing

multiple chain termination or the catalytic decomposition of ROOH. In this case the coeffi-

cient of inhibition is f� 2.

14.2.2 CAPACITY, STRENGTH, AND EFFICIENCY OF ANTIOXIDANTS

Inhibitors slow down oxidation by breaking chains or breaking down hydroperoxide.

The inhibitory action of an antioxidant ceases when it is completely consumed. The duration

of inhibitory effect depends on the mechanism of action of the antioxidant, the nature of

inhibitory reactions, and the occurrence of side reactions in which the inhibitor is uselessly

consumed. The action of the antioxidant in a given system can expediently be characterized in

terms of inhibitory capacity. The capacity of a chain-breaking inhibitor can be characterized

by the inhibition stoichiometric coefficient f [18].

For an antioxidant that breaks chains by the reaction with peroxyl radical according to

the reactions:

RO2
. þ InH �! ROOHþ In

.
k7

RO2
. þ In

. �! Products k8

In
. þ In

. �! Products k9

the inhibitory capacity is equal to the inhibition stoichiometric coefficient f¼ 1–2. In addition

to the mechanism of chain termination, the capacity of inhibitor depends on the side reactions

in which it is inefficiently consumed. In this case, the inhibitory capacity and the intensity of

side reactions are related inversely. For instance, if an inhibitor is oxidized by dioxygen

through a bimolecular reaction, its inhibitory capacity depends on the concentration of O2

and the rate constant of this reaction (see later).

For antioxidant S, decomposing hydroperoxide in the stoichiometric reaction

nROOHROOHþ nSS! Products

its inhibitory capacity is equal to nROOH/nS, that is, the number of hydroperoxide molecules

broken per antioxidant molecule. In the case of the catalytic decomposition of ROOH,

the inhibitory capacity is defined as the number of the catalytic cycles of decomposition

reactions.

The degree of inhibition by the antioxidant can be estimated by the ratio v0/v, where v and

v0 are the rates of oxidation in the presence and absence of the inhibitor, respectively. With

the increasing concentration of the inhibitor, the rate of oxidation tends to a nonzero value,

v1. This can be explained by the ability of the intermediate products of inhibitor conversion

or inhibitor itself to contribute to the chain propagation or initiation. Even an almost total

replacement of the inactive radical In
.
for active RO2

.
does not lead to complete inhibition,

since the In
.
radical can, to a certain extent, propagate chains. The lower the reactivity of In

.
,

the greater the extent to which it is able to slow down the oxidation, provided its concentra-

tion is sufficiently high. On the other hand, an antioxidant can participate in chain initiation

by reactions with dioxygen and hydroperoxide (see later). Therefore, the strength of

the inhibitor can be defined as its ultimate inhibitory capacity expressed through the ratio

v0/v1 where v1¼ v at [InH] ! 1.

If the radicals formed from inhibitor are inactive with respect to chain propagation, the

chain length is n ! 0 and oxidation rate is v ! v1¼ vi with increasing [InH]0. Therefore,

strong inhibitors (under given conditions) are those for which v0/v1 � n and v1 � vi. Weak

inhibitors can be defined as inhibitors, which form sufficiently active intermediate radicals
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with respect to chain propagation. For them, the ratio v0/v1< n and v1> vi so that the

weaker the inhibitor the higher the ratio vi/v1 [42].

The extent to which chain oxidation is inhibited depends on the activity and concentration

of the antioxidant. A specific activity of an antioxidant as a retarding agent should be

expressed per unit concentration of the inhibitor. If the antioxidant terminates chains,

chain self-termination by the reaction of peroxyl radical disproportionation should be

taken into account. As a result, one obtains the following expression for estimation of the

activity F of the introduced amount of the antioxidant [18]:

F ¼ v0

v
1� v2

v2
0

� �

(14:1)

The efficiency of the chosen inhibitor can be expressed by the ratio F/[In H]. This ratio does

not depend on the antioxidant concentration if the latter terminates the chains and the

intermediate radical In
.
does not propagate through the chains (see later).

14.3 MECHANISMS OF INHIBITION OF INITIATED CHAIN OXIDATION

Depending on the oxidation conditions and its reactivity, the inhibitor InH and the formed

radical In
.
can participate in various reactions determining particular mechanisms of inhib-

ited oxidation. Of the various mechanisms, one can distinguish 13 basic mechanisms, each of

which is characterized by a minimal set of elementary steps and kinetic parameters [38,43–45].

These mechanisms are described for the case of initiated chain oxidation when the initiation

rate vi¼ const, autoinitiation rate k3[ROOH]� vi, and the concentration of dissolved dioxy-

gen is sufficiently high for the efficient conversion of alkyl radicals into peroxyl radicals. The

initiated oxidation of organic compounds includes the following steps (see Chapter 2).

Initiator �! r
.

i

r
. þRH �! rHþR

.
2i

R
. þO2 �! RO2

.
1

RO2
. þRH �! ROOHþR

.
2

ROOHþRH �! RO
. þH2OþR

.
3

2R
. �! RR 4

R
. þRO2

. �! ROOR 5

RO2
. þRO2

. �! ROORþO2 6

The rate of initiated oxidation is the following:

v ¼ k2[RH] [RO2
.
] ¼ k2[RH](vi=2k6)

1=2 (14:2)

Mechanism I: Initiatory Radicals React Primarily with the Inhibitor

If the concentration of an antioxidant is such that initiatory radicals react mainly with InH,

the following reactions occur additionally in the system.

r
. þ InH �! rHþ In

.
7i

RO2
. þ In

. �! ROOIn 8

In
. þ In

. �! Products 9
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The rate of oxidation is

v ¼ k2i[RH] [ r
.
] ¼ vi(1þ fk7i[InH]=k2i[RH] )�1 (14:3)

If the initiator is a peroxide compound capable of generating very active but nonselective

alkoxyl radicals, the concentration of the inhibitor must be sufficiently high to provide the

above conditions. For instance, the ratio k7i/k2i¼ 50 (408 K) for the reaction of the tert-

butoxyl radical with ionol and cyclohexane [46]. In this case, alkoxyl radicals will react with

InH more readily than with RH, provided [InH]> 0.2 mol L�1.

Mechanism II: Inhibited Nonchain Oxidation

If virtually all the initiatory radicals react with RH, while the peroxyl radicals produced in

reaction (2i) react primarily with the inhibitor, oxidation proceeds as a straight chain reaction

(in the RH–O2–InH–I system, reactions (i), (1), (7), and (8) occur). In this case

v ¼ k7[InH] [RO2
.
] ¼ f �1vi: (14:4)

Inhibitory radicals can react not only with RO2
.
according to reaction (8), but also with one

another, according to reaction (9). The proportion between the rates of the reactions (8) and

(9) determines the stoichiometric coefficient of inhibition: f¼ 2 when v8� v9, and f¼ 1 when

v9 � v8. The value of f coefficient depends on the competition of both reactions and, in the

general case, is equal to

f ¼ 1þ (1þ k9[In
.
]=k8[RO2

.
] )�1 (14:5)

The concentrations of the inhibitor, at the level of which this type of oxidation is possible,

depend on the oxidizability of RH and reactivity of InH. In the case of oxidized cyclohexane,

for which k2[RH]¼ 34 s�1 (293 K), this type of oxidation takes place at ionol concentrations

higher than 5.5� 10�4 mol L�1, whereas in the case of ethylbenzene (k2[RH]¼ 148 s�1 at

393 K) this oxidation is observed at [InH]> 2.4� 10�3 mol L�1 [47].

Mechanism III: Inhibited Chain Oxidation

When the concentration of an inhibitor is not high, oxidation occurs as a chain process

(reactions (i), (1), (2), (7), and (8)) and, the oxidation rate is

v ¼ vi þ k2[RH] [RO2
.
] ¼ vi(1þ k2[RH]=2k7[In H] ) (14:6)

Since peroxyl radicals are also removed as a result of disproportionation, the reaction

conditions are quasi-stationary for which the equality vi¼ 2k7[InH] [RO2
.
]þ 2k6[RO2

.
]2 is

more appropriate. In this case, the rate of initiated chain oxidation of RH is equal to:

v ¼ vi þ
k2k7[RH] [InH]

2k6

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1þ 2vik6

k7
2[InH]2

s

� 1

( )

(14:7)

If v� v0¼ k2(2k6)
�1/2[RH]vi

1/2 where v0 is the rate of noninhibited chain oxidation, virtually

all the chains are broken by the inhibitor molecules and radicals. Then antioxidant is

consumed at the constant rate vIn H¼ f �1vi and induction period t¼ f [InH]0/vi. The kinetics

of oxygen consumption is now described for t < t by the expression [48]
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D[O2] ¼ vit�
k2

k7

[RH] ln (1� t=t) (14:8)

This equation helps to use the whole experimental curve for estimation of the k2/k7 ratio.

Mechanism IV: Inhibited Chain Oxidation when In
.
Propagates the Chain by Reaction with RH

If the radicals In
.
formed from an antioxidant are active toward RH, the chain termination is

limited by reactions (8) and (9) rather than by reaction (7). Inhibited oxidation also involves

the following reaction [18,23,31,32,38]:

In
. þRH �! InHþR

.
(10)

If v8� v9 and v10> vi, the rate of inhibited oxidation is described by the following equation [18]:

v ¼ k2[RH]3=2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

k10vi

fk7k8[InH]

s

(14:9)

Let us compare the equations of oxidation rate mechanisms III (Equation (14.6)) and IV

(Equation (14.9)).

Parameter vi [InH] [RH]

Mechanism III v ~ vi v ~ [InH]�1 v ~ [RH]

Mechanism IV v ~ vi
1/2 v ~ [InH]�1/2 v ~ [RH]3/2

We see that the participation of the inhibitor radical in chain propagation decreases the

reaction order of the initiation rate, i.e., initiator diminishes the dependence of the reaction

rate on the inhibitor concentration. The retardation of oxidation can be performed with the

antioxidant concentration [InH]> 2k6k10[RH]/fk7k8. The kinetics of chain oxidation obeys

the equation (for t < t):

D[O2] ¼ 2v0t 1�
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1� t=t
p

n o

, (14:10)

where the induction period t¼ f [InH]0/vi and for the uninhibited oxidation rate, see Equation

(14.2). Mahoney studied this kinetics by the oxidation of 9,10-dihydroanthracene inhibited by

several substituted phenols [23,31,32,37,38,49]. 9,10-Dihydroanthracene possesses weak

C��H bonds that are easily attacked not only by peroxyl radicals but also by phenoxyl

radicals as well (for the rate constants of reaction (10), see Chapter 15).

Mechanism V: Inhibited Chain Oxidation When In
.
Propagates the Chain by Reaction with

Hydroperoxide

If an oxidized RH substance is partially oxidized and contains hydroperoxide, then suffi-

ciently active In
.
radicals react with ROOH according to the reaction [18,23,31,32,38,50]:

In
. þROOH �! InHþRO2

.
, (�7)

which results in chain propagation. If reaction (�7) is vigorous (v�7> vi), then chains are

terminated by reaction (8) rather than by reaction (7), whereas reaction (9) is insignificant.

This affects the kinetics of inhibited oxidation, so the latter becomes like that for mechanism
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IV (see earlier). The rate of oxidation inhibited by mechanism V is described by the following

equation [23,31,32,38,50]:

v ¼ k2[RH]

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

k�7vi[ROOH]

fk7k8[InH]

s

: (14:11)

The retardation of oxidation can be performed with the antioxidant concentration

[InH]> 2k6k�7[ROOH]/fk7k8. The kinetics of chain oxidation obeys the equation (for t < t):

D[O2] ¼ 1�
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1� t=t
p

� � v2
0t2

[ROOH]0
þ 2v0t

� �

, (14:12)

where the induction period t¼ f [InH]0/vi and for the uninhibited oxidation rate v0, see

Equation (14.2).

Mechanism VI: Reaction of Inhibitor with Hydroperoxide

Antioxidants possess the reducing activity and can be oxidized by hydroperoxide formed in

the oxidizing substance [23,31,32,38,51]. This reaction produces an active radical

InHþROOH �! In
. þH2OþRO

.
(11)

This reaction is slow due to a high activation energy (see Chapter 15). However, at elevated

temperatures and sufficiently high concentrations of antioxidant and hydroperoxide, this

reaction becomes fast and, hence, can accelerate the rate of oxidation. As a result, the rate

of initiation increases: vi¼ vi0þ e11k11[ROOH] [InH] (e11 is the probability of the appearance

of active radicals in the bulk). From the other side, this reaction shortens the induction period

(t0¼ f [InH]0/vi0).

t ¼ ln (1þ 2k11t0[ROOH]0)

2k11[ROOH]0
(14:13)

The rate of oxidation and kinetics of dioxygen consumption are the following:

v ¼ k2[RH](vi þ e11k11[ROOH] [InH] )

fk7[InH]
(14:14)

and

D[O2] ¼
k2[RH]

fk7

btþ ln
2bt0

1þ 2bt0 � e�bt

� �

(14:15)

where coefficient b¼ e11k11[ROOH].

Mechanism VII: Reaction of Antioxidant with Dioxygen

Dioxygen is a weak oxidant. Nevertheless, phenols and aromatic amines interact with dioxy-

gen at elevated temperatures according to the reaction [23,31,32,38,52]

InHþO2 �! In
. þHO2

.
(12)

The rate of initiation via this reaction is vi(InHþO2)¼ e12k12[InH][O2], where the coefficient

e12 describes the effectiveness of initiation by the reaction. Normally, such reaction occurs
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slowly, however, at a sufficiently high temperature and high concentrations of antioxidant

and dioxygen, the process of inhibited oxidation is characterized by increasing vi and decreas-

ing induction period (t0¼ f [InH]0/vi0).

t ¼ ln (1þ t0e12k12[O2])

2e12k12[O2]
(14:16)

The rate of oxidation and dioxygen consumption is

v ¼ k2[RH](vi þ e12k12[O2] [InH])

fk7[InH]
(14:17)

D[O2] ¼
k2[RH]

fk7

ctþ ln
2ct0

1þ 2ct0 � e�ct

� �

(14:18)

where coefficient c¼ e12k12[O2].

Mechanism VIII: Decomposition of Quinolide Peroxides

With 2,4,6-trialkylphenols used as inhibitors, the formed phenoxyl radicals produce quinolide

peroxides by the reactions with peroxyl radicals. At sufficiently high temperatures, quino-

lide peroxides decompose giving rise to free radicals [18,31,32,53,54]:

In
. þRO2

. �! InOOR (8)

InOOR �! InO
. þRO

.
(13)

which can affect the rate of inhibited oxidation and induction period. When the temperature

and inhibitor concentrations are such that f [InH]0/vi � k13
�1, the quasi-stationary concen-

tration of quinolide peroxide is reached over a time period shorter than t0¼ f [InH]0/vi. In this

case, the induction period is shorter than usual.

t ¼ f [InH]0
vi(1þ 0:5e13)

¼ t0

1þ 0:5e13

(14:19)

The rate of oxidation and dioxygen consumption are [18,31–33,38]

v ¼ k2[RH]vi(1þ 0:5e13)

fk7[InH]
(14:20)

D[O2] ¼ vit�
k2

k7

[RH] ln(1� t=t) (14:21)

It is seen that the decomposition of quinolide peroxides shortens the induction period.

Mechanism IX: Decomposition of Phenoxyl Radicals

Phenoxyl radicals with alkoxyl substituents in the ortho- and para-positions decompose with

the formation of alkyl radicals [55].

R

R

O•O
R

R• + OO

R

R

(14)
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If the decomposition is intense (v14> vi), reaction (14) contributes to chain propagation. This

reaction shortens the induction period

t ¼ 2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

2k8[InH]0
k7k14vi

s

(14:22)

and lowers the effectiveness of chain termination.

v ¼ k2[RH]

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

k14vi

fk7k8[InH]

s

(14:23)

D[O2] ¼ 2v0t 1�
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1� t=t
p

n o

(14:24)

The decomposition of alkoxyphenoxyl radicals occurs with the activation energy and plays an

important role in the inhibited oxidation at elevated temperature.

Mechanism X: Inhibitor Reacts with RO2
.
and Radical In

.
Reacts with Dioxygen

Inhibitors such as diatomic phenols (hydroquinone, pyrocatechol), aminophenols, and aro-

matic diamines produce phenoxyl and aminyl radicals, which are efficient hydrogen donors

rapidly reacting with dioxygen [56], for example,

OO• O+ O2 O
H

+ HO2
• (15)

Reaction (15) contributes to the chain propagation. The higher rates of this reaction corres-

pond to lower inhibitory efficiencies and lower stoichiometric coefficients of inhibition. The

equations describing the induction period, oxidation rate, and kinetics of oxygen consump-

tion for this mechanism when k15[O2] [In]> vi are given here.

t ¼ 2vi

b2
ln 1þ b

ffiffiffiffiffiffiffiffiffiffiffiffiffi

[InH]0
p

vi

" #

� 1

( )

� 2
ffiffiffiffiffiffiffiffiffiffiffiffiffi

[InH]0
p

b
(14:25)

v ¼ k2b[RH]=k7
ffiffiffiffiffiffiffiffiffiffiffiffiffi

[InH]0
p

� 0:5bt
þ b

ffiffiffiffiffiffiffiffiffiffiffiffiffi

[InH]0
p

� 0:5bt
n o

(14:26)

D[O2] ¼ �
2k2[RH]

k7

ln 1� bt

2
ffiffiffiffiffiffiffiffiffiffiffiffiffi

[InH]0
p

 !

� 1

4
b2t2, (14:27)

where coefficient b¼ (k7k15[O2]vi/k8)
1/2. The induction period depends on the dioxygen con-

centration and rate constant of dioxygen reaction with the semiquinone radical.

Mechanism XI: Acceptors of Alkyl Radicals as Antioxidants

Some compounds, for example, quinones Q and nitroxyl radicals AmO
.
, inhibit oxidation by

accepting alkyl radicals [15].

R
. þQ �! RQ

.
(16)

RQ
. þR

. �! RQR Fast
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This greatly alters the kinetics of inhibited oxidation by making it dependent on pO2, since

chain termination by reaction (16) competes with reaction (1) of chain propagation. The rate

of oxidation becomes dependent on the dioxygen partial pressure. If the radical formed in the

reaction of an acceptor with the alkyl radical does not participate in chain propagation, the

following equations are valid for description of t, v, and D[O2]:

t ¼ f [Q]0=vi (14:28)

v ¼ vi þ k1[R
.
] [O2] ¼ vi(1þ k1[O2]=fk16[Q]) (14:29)

D[O2] ¼ vit�
k1

k16

[O2] ln (1� t=t) (14:30)

Acceptors of alkyl radicals showed their antioxidant activity in solid polymers where dioxy-

gen reacts relatively slowly with macroradicals (see Chapters 13 and 19).

Mechanism XII: Inhibitor Reacts with R
.
and its Radical Reacts with RH

In this case, the chain spreads through the reaction of formed RQ
.
with RH [17]. The kinetics

of oxidation is characterized by the following equations:

v ¼ k1[O2]

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

k17vi[RH]

fk16k8[Q]

s

(14:31)

D[O2] ¼ 2v0t 1�
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1� t=t
p

n o

, (14:32)

where the rate of noninhibited oxidation is v0¼ k1[O2](vi/ 2k4)
1/2 (see Chapter 2).

Mechanism XIII: Acceptor Reacts with R
.
and its Radical Reacts with ROOH

The effectiveness of the acceptor decreases with increasing hydroperoxide concentration due

to reaction (�7) (see mechanism V).

RQ
. þHOOR �! RQHþRO2

.
(�7)

This reaction does not change the induction period and accelerates inhibited oxidation only.

The equations for v and D[O2] are the following:

v ¼ k1[O2]

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

k�7vi[ROOH]

fk16k8[Q]

s

(14:33)

D[O2] ¼ 1�
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1� t=t
p

� � v2
0t2

[ROOH]0
þ 2v0t

� �

: (14:34)

The expression for noninhibited oxidation rate is given earlier.

14.3.1 CHARACTERISTICS OF ANTIOXIDANT EFFICIENCY

The introduction of an inhibitor to oxidized hydrocarbon (vi¼ const.) slows down the

chain process due to the intensification of chain termination. The inhibitory efficiency

can be characterized empirically by the ratio of the rates of chain termination with and

without inhibitor (see earlier). In the absence of the inhibitor, chains are terminated via the
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disproportionation reaction of peroxyl radicals with a rate of k6[RO2
.
]2. When an inhibitor is

present, the chains involved in the oxidized RH can be terminated either by reaction (6) or

additionally by reactions (7) and (8). Taking into account that the rates of chain initiation and

termination are equal (vi¼ fk7[InH] [RO2
.
]þ k6[RO2

.
]2), we arrive at the expression (Equation

(14.35)) for the retarding effectiveness of the inhibitor. When the inhibitor is introduced in a

sufficiently high concentration chains are terminated mainly by reactions (7) and (8) (see

scheme) and the function F takes the very simple form: F¼ v0/v. This approach allows the

comparison of inhibitors with respect to their effectiveness provided that all experimental

conditions, including the concentrations of inhibitors and the rate of initiation, are identical.

The function F is convenient for elucidating the mechanism of action of inhibitors. It can be

written in the form [41]:

F ¼ g[RH]nRH[O2]
nO2 [InH]nInH [ROOH]nROOHv

ni

i (14:35)

and the indices of powers depend on the mechanism of inhibition. Relevant parameters,

together with the overall parameter n¼ nRHþ nO2
þ nInHþ nROOHþ ni, are summarized in

Table 14.1.

Some inferences that can be deduced from this table are the following:

(i) If radicals In
.
are not involved in chain propagation and, consequently, chain termin-

ation is linear, then nInH¼ 1, ni¼�0.5, and n¼ 0.5.

(ii) If chains are terminated by only peroxyl radicals, then nO2
¼ 0; but participating in

chain termination makes nO2
6¼ 0.

(iii) If inhibitory radicals are involved in chain propagation, then nInH¼ 0.5, nInH¼ 0, and

n¼ 0.

(iv) If inhibitory radicals and hydroperoxide are involved in chain propagation

nROOH¼�0.5.

It should be noted that Table 14.1 presents the most simple variants of inhibitory mechanisms

with a minimal set of basic reactions. In practice, the dependancies of F may be more

complex. However, the function F allows the mechanism of the inhibitory action of antioxi-

TABLE 14.1
Parameters of the Efficiency of Inhibition, F 5 v0/v 2v/v0 5a[RH]n1 [O2]n2 [InH]n3

[ROOH]n4 vi
n5, for Various Inhibitory Mechanisms [41]

Mechanism Key Steps a n1 n2 n3 n4 n5 n

Linear Chain Termination on RO2
. and R.

III (2), (7) f k7(2k6)
�1/2 0 0 1 0 �1/2 1/2

X (1), (7) f k1
�1k2(2k6)

�1/2k7 1 �1 1 0 �1/2 1/2

Quadratic Chain Termination on RO2
.

IV (2), (7), (8), (10) ( f k7k8/2k6k10)
�1/2 �1/2 0 1/2 0 0 0

V (2), (7), (�7), (8) ( f k7k8/2k6k�7)
�1/2 0 0 1/2 �1/2 0 0

IX (2), (7), (8), (14) ( f k7k8/2k6k14)
1/2 0 0 1/2 0 0 1/2

Quadratic Chain Termination on R.

XI (1), (7), (8), (10) ( f k2k7k8/2k1k6k10)
1/2 1/2 �1 1/2 0 0 0

XII (1), (7), (�7), (8) ( f k2k7k8/2k1k6k�7)
1/2 1 �1 1/2 �1/2 0 0
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dant to be elucidated. The coefficient g can be considered as a quantitative characteristic of

the efficiency of a given type of inhibitor under given experimental conditions, including

temperature, solvent, and the nature of oxidized RH.

14.4 KINETICS OF AUTOXIDATION OF ORGANIC COMPOUNDS
INHIBITED BY ACCEPTORS OF PEROXYL RADICALS

As already noted (see Chapter 4), autoxidation is a degenerate branching chain reaction with

a positive feedback via hydroperoxide: the oxidation of RH produces ROOH that acts as an

initiator of oxidation. The characteristic features of inhibited autoxidation, which are pri-

marily due to this feedback, are the following [18,21,23,26,31–33]:

1. The duration of the inhibition period of a chain-breaking inhibitor of autoxidation is

proportional to its efficiency. Indeed, with an increasing rate of chain termination, the

rates of hydroperoxide formation and, hence, chain initiation decrease, which results in

the lengthening of the induction period (this problem will be considered in a more

detailed manner later). It should be noted that when initiated oxidation occurs as a

straight chain reaction, the induction period depends on the concentration of the

inhibitor, its inhibitory capacity, and the rate of initiation, but does not depend on

the inhibitor efficiency.

2. A feedback between the chain length and initiation rate results in critical phenomena,

when small changes in the concentration of the inhibitor (by 0.1–1.0%) can greatly

influence the duration of the induction period.

3. Since autoxidation is mainly initiated by hydroperoxide, it can be inhibited not only by

scavengers of peroxyl and alkyl radicals, but also by compounds reactive to hydro-

peroxide (see Chapter 12).

4. Since variable-valence metals catalyze the decomposition of ROOH into radicals, aut-

oxidation in the presence of these metals is inhibited by the respective complexing agents.

14.4.1 NONSTATIONARY KINETICS OF INHIBITED AUTOXIDATION

As shown above (see earlier) for straight chain reactions, the inhibitor is consumed at a

constant rate vi/f. Similarly, during the inhibited autoxidation of RH, the inhibitor is initially

consumed at a constant rate vi0/f, but then the rate of inhibitor consumption drastically

increases [57,58], which leads to a rapid accumulation of hydroperoxide and the enhancement

of initiation (see Figure 14.1).

This problem was first approached in the work of Denisov [59] dealing with the autoxi-

dation of hydrocarbon in the presence of an inhibitor, which was able to break chains in

reactions with peroxyl radicals, while the radicals produced failed to contribute to chain

propagation (see Chapter 5). The kinetics of inhibitor consumption and hydroperoxide

accumulation were elucidated by a computer-aided numerical solution of a set of differential

equations. In full agreement with the experiment, the induction period increased with the

efficiency of the inhibitor characterized by the ratio of rate constants [59]. An initiated

inhibited reaction (vi¼ vi0¼ const.) transforms into the autoinitiated chain reaction

(vi¼ vi0þ k3[ROOH] � vi0) if the following condition is satisfied.

k7vi0 < 5k2k3[RH] (14:36)

At a sufficiently high concentration of an efficient inhibitor the chain length is equal to 1, and

RH converts at the rate vi0 whatever the concentration of the inhibitor. The induction period
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becomes independent of k7/k2, provided it is defined as the time necessary for the oxidation of

a certain portion of RH (for example, 0.01%) [60].

The mechanisms responsible for inhibited oxidation depend on the experimental condi-

tions and particular properties of RH and antioxidant (see earlier). Let us assume that

hydroperoxide is relatively stable, so that it virtually does not decompose during the induc-

tion period (kdt� 1). Actually, this means that the rate of ROOH formation is much higher

than the rate of its decomposition, k2[RH] [RO]2
.
]� kd[ROOH]. For each of the mechanisms

of inhibited autoxidation, there is a relationship between the amounts of the inhibitor

consumed and hydroperoxide produced (see Table14.2). For example, for mechanism V

with key reactions (2), (7), (�7), and (8), we can get (by dividing the oxidation rate v into

the rate of inhibitor consumption) the following equation:

d[ROOH]

d[InH]
¼ k2[RH]

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

fk�7

k3k7k8[RH] [InH]

s

(14:37)

After integrating it, we arrive at the formula

[ROOH] ¼ 2k2[RH]

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi

fk�7

k3k7k8

s

ffiffiffiffiffiffiffiffiffiffiffiffiffi

[InH]0
p

�
ffiffiffiffiffiffiffiffiffiffiffiffi

[InH]
p

n o

(14:38)

14.4.2 QUASISTATIONARY KINETICS OF INHIBITED AUTOXIDATION

At high temperatures or in the presence of catalysts, hydroperoxide decomposes at a high

rate, so that, after t � t, inhibited oxidation becomes a quasi-stationary process with

balanced rates of ROOH formation and decomposition. In this case, kdt � 1, where kd is

the overall specific rate of ROOH decomposition with allowance made for its decomposition

[ROOH] × 10 mol L−1

20
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1
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3�

0.5

1.0

2.0

1.5

0.5

1.0

2.0

1.5

40 60 70

[InH] × 103 mol L−1

t (min)

FIGURE 14.1 Oxidation of cyclohexanone: kinetic curves of 1-naphtol decay (curves without primes)

and hydroperoxide formation (curves with primes) at T ¼ 413K (1, 1’), 403 K (2, 2’), and 393K (3, 3’).
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into radicals and molecular products. The transition from nonstationary to quasistationary

patterns of inhibited autoxidation is related to the induction period t and depends on the

nature of the inhibitor and its concentration.

This transition may exhibit a critical behavior when, at a certain concentration of

inhibitor known as the critical concentration [InH]cr, the dependence of the induction period

on [InH] drastically changes, so that dt/d[InH] at [InH]> [InH]cr becomes much higher than

dt/d[InH] at [InH] < [InH]cr. In the literature this problem has been treated only with refer-

ence to mechanisms II, III, and VIII [61–68], while all the known mechanisms of inhibited

oxidation of RH will be envisaged here (see earlier) [69]. The equations for the chain length,

critical antioxidant concentration [InH]cr, stationary concentration of hydroperoxide

[ROOH]st, and induction period are given in Table 14.3 and Table 14.4.

The theoretical analysis presented in Table 14.3 and Table 14.4 allows the following

inferences to be drawn:

1. No critical phenomenon is observed for mechanisms IV, IX, and XI, that is, free

radicals In
.
cancel out in the reactions RO2

.þ In
.
or In

.þ In
.
.

2. Linear chain termination is not, however, a necessary condition for the critical behav-

ior. Indeed, with mechanisms V and XII, chain termination is quadratic (v ~ vi
1/2), but

critical transition does take place because hydroperoxide decomposes into radicals that

contribute to chain propagation. As a result, v ~ (vi[ROOH])1/2 vi ~ [ROOH]1/2, and

v ~ [ROOH] (see Equation (14.11)) which explains the critical behavior.

3. Quasistationary (with respect to hydroperoxide) oxidation is possible for the mechan-

isms with a critical behavior (at [InH]> [InH]cr) as well as for ordinary mechanisms

(at kdt> 1).

TABLE 14.2
Equations for [ROOH] 5 F ([InH]) in the Nonstationary Regime of Inhibited Hydrocarbon

Oxidation; x 5 [InH]/[InH]0, [InH] 5 [InH]0 at t 5 0 [33,38,45]

Key Steps [ROOH] a

(2), (7) [InH]0(1� x)þ a ln 1
x

k2[RH]

k7

(2), (3), (7), (�7), (8) a 1�
ffiffiffi

x
p

ð Þ 2k2[RH]

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

fk�7[InH]0
k3k7k8

r

(2), (3), (7), (8), (10) a 1�
ffiffiffi

x
p

ð Þ2=3
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

9fk2
2k10[InH]0
k3k7k8

3

s

[RH]

(2), (3), (7), (11) b 1� xð Þ þ a ln 1
x

k2[RH]

k7

; b ¼ 2k2k11[RH] [InH]0
fk3k7

(2), (3), (7), (12) 2a
b

ln 1
x

k2[RH]

k7

; b ¼ 1þ 0:25 fk12[O2]

k3 þ k12[O2]þ 2k2k3[RH]=k7[InH]0

(2), (3), (7), (13) [InH]0(1� x)þ a ln 1
x

k2[RH]

k7

(2), (3), (8), (14) a 1�
ffiffiffi

x
p

ð Þ2=3
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

9fk2
2k14[InH]0
k3k7k8

3

s

[RH]

(2), (3), (8), (15) a 1�
ffiffiffi

x
p

ð Þ2=3
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

9fk2
2k15[O2] [InH]0

k3k7k8

3

s

[RH]
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4. When the inhibitor is able to interact with hydroperoxide (mechanism VI), the neces-

sary conditions for critical behavior are fk7 kd> 2k2e11 k11[RH] or kd> 2e11k 11[InH]n,

that is, the reaction of inhibitor with hydroperoxide must not be too fast.

5. Critical behavior is profound only if the rate of chain initiation is sufficiently low, that

is, vi0� k3[RH] [62].

14.5 TOPOLOGICAL KINETICS OF INHIBITED OXIDATION
OF HYDROCARBONS

The mechanisms by which an inhibitor adds to an oxidized hydrocarbon exerts its influence

may differ depending on the reaction conditions. If the rate constants of the elementary

reactions of RH, InH, RO2
.
, In

.
, ROOH, and O2 are known, the kinetics of the inhibited

oxidation of RH can mathematically be described for any conditions. However, such an

approach fails to answer questions how the mechanism of inhibited oxidation is related to the

structure and reactivity of InH, RH, and RO2
.
or what inhibitor appears the most efficient

under the given conditions, and so on. At the same time, these questions can easily be clarified

in terms of a topological approach whose basic ideas are the following [43–45,70–72]:

1. Inhibited oxidation of RH occurs through a relatively large number of reactions (see

Chapter 4), but the primary mechanism of inhibited oxidation is determined by a few

key reactions. For example, cumene is oxidized in the presence of p-cresol at 320–380 K

TABLE 14.3
Formulas for Kinetic Parameters of Hydrocarbon Autoxidation as Chain Reaction in

Quasistationary Regime: Chain Length n, Critical Concentration of Inhibitor [InH]cr, and

Quasistationary Concentration of Hydroperoxide [ROOH]s. The Following Symbols are

Used: b5 k3/kd and vi0 is the Rate of Free Radical Generation on Reaction of RH with

Dioxygen [33,38,45]

Key Steps n [InH]cr [ROOH]s

(2), (3), (7) (mechanism III)
k2[RH]

fk7[InH]

bk2[RH]

fk7

bwi0

k3(1� bn)

(2), (3), (7), (8), (10) (mechanism IV) b�1 —
b2k2k10[RH]3

fk3k7k8[InH]

(2), (3), (7), (�7), (8) (mechanism V)
k2k

1=2
�7 [RH]

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

fk3k7k8[InH]
p

b2k2
2k�7[RH]2

fk3k7k8

ni0[InH]cr
fk3([InH]� [InH]cr)

(2), (3), (7), (11) (mechanism VI)
k2[RH]

fk7[InH]

bk2[RH]

fk7

bwi0

(k3 þ k11[InH])(1� bn)

(2), (3), (7), (12) (mechanism VII)
k2[RH]

fk7[InH]

bk2[RH]

fk7

bn(ni0 þ k12[O2] [InH])

k3(1� bn)

(2), (3), (7), (13) (mechanism VIII)
k2[RH]

fk7[InH]

bk2[RH]

fk7

2bwi0

k3(1� 2bn)

(2), (3), (7), (14) (mechanism IX) b�1 —
k14(bk2[RH])2

fk3k7k8[InH]

(2), (3), (7), (15) (mechanism X) b�1 —
k15[O2](bk2[RH])2

fk3k7k8[InH]
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by the mechanism that includes reactions (2), (7), (�7), (8), and (10). The rates of the

reactions of In
.
with ROOH (�7) and In

.
with RH (10) are considerably lower than that

of the reaction RO2
.þ In

.
(8). If v2> vi, the key reactions of inhibited oxidation are

RO2
.þRH (2) and RO2

.þ InH (7) and the rate of the inhibited oxidation is given by

the formula (see earlier) v¼ k2[RH]vi/2k7[InH]. The efficiency of the inhibitor is char-

acterized by the ratio of the rate constants of these reactions, k7/k2. For inhibitors that

terminate chains by reacting with RO2
.
, we can distinguish nine primary inhibitory

mechanisms (see earlier).

2. The region of implementation of a particular mechanism of inhibited oxidation in the

coordinates: T—[RH]—[InH] is a combination of oxidized substances, inhibitors, and

reaction conditions for which this mechanism is appropriate.

3. This region is determined by proportions between the rates of elementary reactions. For

instance, when RH oxidation is chain-like and chains are terminated by the reaction

RO2
.
of with InH (mechanism III), the following six inequalities must be satisfied.

k2[RH] > 2k7[InH] k�7[ROOH]� k8[RO2
.
]

k10[RH]� k8[RO2
.
] vi � (k11[ROOH]þ k12[O2] [InH])

k13[lnOOR]� vik14 vik14 � k8[RO2
.
]

This multiparametric dependence can be simplified by using correlation equations,

each of which describes a particular group of inhibitors. For instance, phenols can be

divided into three groups (see Chapter 15).

TABLE 14.4
Formulas for Induction Period t of Inhibited Oxidation of Hydrocarbons in Quasistationary

Regime. Symbols are the Following: t0 5 f [InH]0vi0
21, b5 k3/kd, vi0 is the Rate of Free

Radical Generation on Reaction of RH with Dioxygen [33,38,45]

Key Steps t/t0 x

(2), (7), (8) 1� 1þ lnx

x

fk7[InH]0
bk2[RH]

(2), (7), (8), (10) 1� 1þ lnx

x

fk7k8[InH]0ni0

(bk2[RH])2k10[RH]

(2), (�7), (8) 1� 1þ ln (2� 2
ffiffiffi

x
p
þ x)

x
þ arctan(

ffiffiffi

x
p
� 1)

fk3k7k8[InH]0

(bk2[RH])2k�7

(2), (7), (11) [InH]0/[InH]cr� a ln x;

a ¼ b[RH]

f [InH]0(k
�1
2 k7 þ bk�1

3 k11(RH)]

(k7k11[InH]cr þ b)[InH]0
(k7k11[InH]0 þ b)[InH]cr

;

b ¼ k3k7 þ bk2k11[RH]

(2), (7), (12) cx�1 (2� b/a) {arctan [c (2axþ b) ]�
arctan [ c (2aþ b)]}

fk7 [InH]0/b k2 [RH];

a¼ fk7 k12 [O2][]

(2), (8), (14) 1� 1þ lnx

x

fk7k8[InH]0ni0

(bk2[RH])2k14

(2), (8), (15) 1� 1þ lnx

x

fk7k8[InH]0ni0

(bk2[RH])2k15[O2]
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(A) Phenols of this group react with peroxyl radicals, hydroperoxide, and dioxygen,

while respective phenoxyl radicals can react with RH and ROOH. Reactions of

these phenols with RO2
.
most commonly give rise to quinones; the breakdown of

phenoxyls does not produce active radicals. This group includes all phenols, except

2,6-di-tert-alkylphenols and alkoxy-substituted phenols. Phenols of this group can

inhibit oxidation by mechanisms I–VII.

(B) Phenols of this group slowly react with hydroperoxide and dioxygen. Respective

phenoxyl radicals are relatively unreactive toward RH and ROOH, but can react

with RO2
.
giving rise to peroxides and then to free radicals. For these phenols,

appropriate inhibitory mechanisms are I–III and VI–VIII.

(C) This group includes phenols with alkoxy substituents. Respective phenoxyl rad-

icals decompose with the formation of chain-propagating alkyl radicals. In add-

ition to inhibitory mechanisms determined by substituents, these phenols can

realize mechanism IX.

4. Reactions with the participation of phenols and phenoxyl radicals depend on the

strength of the phenolic O��H bond. Therefore, in each group of phenols, the activa-

tion energies of elementary reactions can be expressed through the energy of the In��H

bond (Table 14.5), while the activation energies of reactions with RH can be expressed

through the strength of the R��H bond (one should take into account that tertiary

RO2
.
is less reactive than secondary or primary RO2

.
). Thus, the effect of structural

factors accounted for the rate constants of nine reactions can be reduced to only two

parameters, D(R��H) and D(In��H).

In spite of the paucity of data on the energy of R��H and In��H bonds, the rate constants of

the reactions RO2
.þRH (2) and RO2

.þ InH (7) have been measured for a great number of

compounds (see Database [73]). This explains why these are the parameters that were taken as

the kinetic characteristics of RO2
.
, In

.
, RH, and InH (Table 14.5). The symbol ‘‘*’’ denotes

that these rate constants (k2 and k7) refer to a reaction temperature of 333 K.

14.5.1 INITIATED OXIDATION

The region of each inhibitory mechanism can be presented as a domain in the three-

dimensional space: log k2� log k7� ambient conditions (T, vi, [InH], [RH], [ROOH], and

[O2], Figure 14.2).

The boundary between two neighboring domains is characterized by a set of the k2

and k7 values and ambient conditions at which the inhibitory mechanism possesses the

features of two basic mechanisms. These boundary quantities and conditions can be de-

scribed by respective parametric expressions (Table 14.6). Since boundaries have a finite

width, rate constants change continuously between domains. Conventionally, the boundary

width is taken such that the ratio of the rate constants of the key reactions changes

across the boundary e times, which corresponds to a threefold change in the boundary

parameters.

The analysis of the expressions defining boundaries between various inhibitory mechan-

isms made it possible to distinguish three groups of parameters.

(a) Parameters determining inhibitory mechanisms and respective three-dimensional do-

mains: D(R��H), D(In��H), and T.

(b) Parameters exerting a weak influence on inhibitory mechanisms: [RH] and [InH].

These parameters enter the boundary equations as logarithms. Since log[RH] usually

changes by at most unity and log[InH] by at most two to three times, the effect of
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TABLE 14.5
Linear Relationship between E and D in Reactions of RO., RO2

., and In. with InH, RH, and

ROOH [33,38,45]

Reaction

log A, A

(L mol2l s21) E (kJ mol2l)

log k, k

(L mol2l s2l)

RO
.þRH (2’) 9.2 0.30D(R��H)� 92.5

sec-RO2
. þRH (2) 9.0 0.55D(R��H)� 144 9.0� 3000/Tþ 330/T log k2*

tert- RO2
. þRH (2) 8.2 0.55D(R��H)� 144 8.2� 3000/Tþ 330/T log k2*

Sterically Nonhindered Phenol (Ar1OH)

RO
.þ InH (7’) 11 0 16D(In��H)� 42

sec-RO2
.þ InH (7) 7.2 0.32D(In��H)� 94 7.2� 2400/Tþ (330/T)log k7*

sec-RO2
.þ In

.
(8) 8.5 0 8.5

In.þ In. (8) 8.5 0 8.5

In
.þ sec-ROOH (�7) 7.2 274� 0.68D(In��H) 7.2þ 1260/T� (710/T)log k7*

In
.þRH (10) 9.2 0.69{D(R��H)�D(In��H)}þ 6.5 9.2� 1800/T� (520/T)log k7*þ

(530/T) log k2*

InHþROOH (11) 10.0 D(In��H)� 254 10.0� 8100/Tþ (570/T) log k7*

InHþO2 (12) 9.9 D(In��H)� 218 9.9� 8700/T� (570/T)log k7*

Sterically Hindered Phenol (Ar2OH)

sec-RO2
.þ InH (7) 7.2 0.37D(In��H)� 107 7.2� 2410/Tþ (330/T)log k7*

In
.þ sec-ROOH (�7) 7.2 266� 0.63D(In��H) 7.2þ 530/T� (710/T)log k7*

Phenols of Group C (Alcoxy-Substituted)

In
. ! QþR

.
12.7 12.7� 5810/T

4 5 63
200

300

400

500

600

T
 (

K
)

IIIII

VII

VI

VIII

IV

IX

log [k7* (L mol−1 s−1)]

FIGURE 14.2 Domains of realization of various mechanisms of phenol-inhibited hydrocarbon oxida-

tion in coordinates: T versus log k7* for conditions: k2*¼ 1 (L mol�1 s�1), [RH] ¼ 10 (mol L�1), f ¼ 2,

[InH]¼ [ROOH]¼ [O2]¼ 10�3 mol L�1 (see Table 14.5).
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[RH] and [InH] on inhibitory mechanisms is relatively weaker than that of the

parameters of the first group (D(R��H), D(In��H), and T).

(c) Initiation rate, [O2], and [ROOH] may affect inhibitory mechanisms only under

certain conditions. In particular, vi influences the boundaries between mechanism

III and mechanisms V, VIII, and IX, whereas [O2] affects the domain of mechanism

VII, and [ROOH] affects the domains of mechanisms V and VI.

It is apparent that the mechanism of inhibited oxidation can be changed by varying the

reaction conditions (T, vi, [InH], etc.). The question arises whether this is possible for any RH

and InH. The formulae for the mechanism boundaries provide a clearly defined answer to this

question. For instance, the region of mechanism II is limited from the left and from the right.

By invoking equations for boundaries I–II and II–VII, we get for the upper limit of D(R��H),

(under fixed conditions)

D(R��H) < 1:15D(In��H)þ 118: (14:39)

Similarly, using the equations for boundaries II–III and II–IV, one can derive expressions for

the lower limit.

D(R��H) > 0:58D(In��H)þ 0:19T þ 91 at T < 268þ 0:26D(In��H) (14:40)

D(R��H) > 0:53D(In��H)þ 43 at T > 268þ 0:26D(In��H) (14:41)

By combining the respective equations for bis-2,6(1,1-dimethylethyl)phenols, we arrive at the

inequality describing the domain of existence of mechanism II.

D(R��H) > 0:67D(In��H)þ 145 (14:42)

In other words, mechanism II is possible only for inhibitors and hydrocarbons with D(R��H)

and D(In��H) that conform to the inequality (Equation (14.42)).

Similarly, by using equations for boundaries II–IV and IV–VII, we obtain the following

equation for region III:

TABLE 14.6
Equations (in the form T 5 A/B) for the Bounday Mechanisms of the Phenol-Inhibited

Oxidation of RH [69]

Mechanisms Boundary Equation A B

Phenols of Group A

II–III k2[RH]¼ fk7[InH] 600þ 330 (log k7*� log k2
.
) 1.8þ log([RH]/f [InH])

III–IV k8ni¼ k7k10[RH][InH] 4200þ 90 log k7
.� 530 log k2

.
7.9þ log([RH][InH]/ni)

III–V k8ni¼ k7k�7[ROOH][InH] 1140þ 380 log k7
.

5.9þ log([ROOH][InH]/ni)

III, IV–VII fk12[InH][O2]¼ ni 8700� 570 log k7
.

9.9þ log( f [InH][O2]/ni)

III–VI fk11[InH][ROOH]¼ ni 8100� 570 log k7
.

10þ log( f [InH][ROOH]/ni)

III–IX k4ni¼ k7k14[InH] 8210� 330 log k7
.

11.4þ log([InH]/ni)

Phenols of Group B

II–III k2[RH]¼ fk7[InH] 600þ 330 (log k7
.� log k2

.
) 1.8þ log([RH]/f [InH])

III–VIII k13[InH]¼ ni 7225 14þ log([InH]/ni)
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D(R��H) > 0:63D(In��H)þ 142 (14:43)

and the following equation for region IV

D(R��H) < 1:42D(In��H)þ 24 (14:44)

Thus, structural restrictions exist that make a given inhibitory mechanism hardly realizable

for all RH–InH pairs.

Assuming that k8¼ k9¼ 3� 108 L mol�1 s�1 (the key value), the diversity of the rate

constants of the reactions of phenols and phenoxyl radicals (7, �7, 10, 11, and 12) can be

reduced to only two parameters, k7 and T. This allows one to get the universal formulae for

the oxidation rate v, into which these parameters enter as functions of k2*, k7*, T, and

ambient conditions (Table 14.7). When considering this table, it should be taken into account

that mechanism VII is possible only for 2,4,6-tris-alkylphenols, while mechanism IX holds

only for o- and p-alkoxyphenols.

The chain-terminating efficiency of inhibitors can be characterized by the chain length

n¼ v/vi (more potent inhibitors provide shorter chains). From Table 14.7, the inhibitory

efficiency depends on the mechanism of oxidation of the reactants RH and InH at the

ambient conditions (T, vi, and the reactant concentrations). It can be seen from Table 14.7

that higher k7* values always correspond to lower v. Therefore, the most potent inhibitors are

those that possess maximal k7*.

Another important characteristic of inhibitors is the time of their inhibition action. If an

inhibitor is consumed only in chain termination reactions, this time is determined by the

initial concentration [InH]0, stoichiometric coefficient of inhibition f and vi. In this case, the

rate of inhibitor consumption is vInH¼ vi/f. Side reactions of InH with dioxygen and hydro-

peroxide shorten the inhibitory period and increase the rate of inhibitor consumption.

Therefore, an inhibitor is efficient when it provides a minimal chain length n and its own

loss in side reactions w is low. Assuming that an efficient inhibitor has w< 0.25, we get the

inequality 4kI2[InH][O2] < vi which can be transformed, by substituting the correlation equa-

tion from Table 14.7, into the following equation

log k7 � 15:3� {18:4� 1:81 log (vi=f [InH] [O2])}� 10�3T : (14:45)

It is apparent that the efficient inhibitor has maximal k7 and conforms to this inequality. The

optimal value for k7 is lower, higher are the reaction temperature and the concentrations of

inhibitor and dioxygen. At vi¼ 10�7 mol L�1 s�1, [InH]¼ [O2]¼ 10�7 mol L�1, and f¼ 2, the

TABLE 14.7
Parameters of Inhibited Oxidation v Expressed Through k2

. (tert-RO2
.) and k7

. (Phenols of

Group A) [69]

Mechanism log(n/mol L21 s21)

III (2, 7) 1.8� 600/Tþ (330/T) (log k2
.� log k7

.)þ log([RH]ni/f [InH])

IV (2, 7, 8, 10) 5.8� 2700/Tþ (600/T) log k2
.� (420/T) log k7

.þ 1.5 log[RH]þ (1/2) log (ni/f [InH])

IV (2, 7, 9, 10) 5.0� 1800/Tþ (520/T) log k7
.� (530/T) log k2

.þ log[RH]þ 0.5 log ni

V (2, 7, 8, �7) 4.8� 1170/Tþ (330/T) log k2
.� (520/T) log k7

.þ log[RH]þ (1/2) log([ROOH]ni/f [InH])

IX (2, 7, 8, 14) 7.5� 4700/Tþ (330/T) log k2
.� (170/T) log k7

.þ (1/2) log([RH]2ni/f [InH])
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optimal values of log k7 are equal to 8.0 (T¼ 350 K), 7.0 (T¼ 400 K), 6.0 (T¼ 450 K), and

5.0 (T¼ 500 K).

If the oxidation of the inhibitor by hydroperoxide is the main side reaction, the inequality

w < 0.25 can be transformed, by substituting the correlation equation, into the following.

log k7 � 14:2� {18:6� 1:81 log (vi=f [InH] [ROOH])}� 10�3T (14:46)

It can be seen that the elevated temperatures narrow the range of promising phenolic

inhibitors. Indeed, at vi¼ 10�7 mol L�1 s�1, [InH]¼ [ROOH]¼ 10�3 mol L�1, and f¼ 2, the

optimal values of log k7 are equal to 6.9 (T¼ 350 K), 5.8 (T¼ 400 K), 4.5 (T¼ 450 K), and

3.8 (T¼ 500 K).

Generally, an inhibitor reacts with both dioxygen and hydroperoxide. For the inhibitor to

be efficient, the overall rate of these reactions must be low. The competition between reactions

(11) and (12) depends on the temperature and concentrations of O2 and ROOH. At typical

temperatures of oxidation (350–450 K) and [ROOH] ~ 0.1[O2], the reaction of phenol with

hydroperoxide is predominant.

14.5.2 INHIBITED AUTOXIDATION

As described earlier, the mechanism of inhibited chain oxidation depends on the structural

features of RH and InH, as well as on the reaction conditions (T, vi[RH], [InH], [O2], and

[ROOH]). In this section we present data illustrating this approach with reference to the

autoxidation of hydrocarbons inhibited by sterically nonhindered phenols of group A.

When inhibited oxidation is nonstationary with respect to hydroperoxide, there is a

definite, mechanism-dependent correlation between the amounts of the inhibitor consumed

and hydroperoxide produced (see Table 14.2). The values of parameter a can be expressed

through the rate constants k2* and k7* (the symbol * denotes that these constants are

measured at 333 K) from Table 14.5.

When inhibited oxidation is quasistationary with respect to hydroperoxide, the induction

period t can be expressed through [InH]0, [RH], vi, and the rate constants of key reactions (see

Equations [8.8]–[8.14]). Parametric equations make it possible to derive simple expressions

for t. Table 14.8 summarizes expressions for log x in terms of k2* and k7*, T, f, and b¼ k3/kd.

The kinetic topology provides an opportunity of choosing an optimal inhibitor by

estimating k7 for the minimal consumption of inhibitor at efficient chain termination. This

can be illustrated with reference to oxidation by mechanism VI. Taking into account the

initiation reaction, the consumption of an inhibitor can be described by the expressions

TABLE 14.8
Formulae for Induction Period t5 t0f (x) of Hydrocarbon Oxidation

(Table 14.4) Inhibited by Phenols of Group A: Reactions are Nonstationary

with Respect to ROOH; t0 5 f [InH]0/vi0, b5 k3/kd, vi0 is the Rate of Free

Radical Generation on Reaction of RH with Dioxygen [33,38,45]

Mechanisms log(x/(L1/2 mol21/2 s21/2))

III �1.8� 600/T� (330/T) log(k2
.
/ k7

.
)þ log( f [InH]0/b[RH])

IV �11.5þ 5400/T� (1200/T) log k2
.þ (850/T) k7

.þ log( f/[InH]0vi0/b
2[RH]3)

V �9.7þ 2340/Tþ (1040/T) log k7
.� (670/T) log k2

.þ log( fk3[InH]0/b2[RH]2)

VIII �15þ 9400/T� (670/T) log k2
.þ (330/T) k7

.þ log( f/[InH]0vi0/b
2[RH]2)
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vInH ¼ vi f
�1 þ k11[InH] [ROOH]s (14:47)

ni ¼ ni0 þ (k3 þ 2e11k11[InH])[ROOH]s (14:48)

nInH ¼ ni0 f �1 þ {k3 f �1 þ k11(1þ 2e11 f �1)[InH]}[ROOH]s (14:49)

The probability of the appearance of radicals in the bulk (e11) by reaction (11) is 0.5;

therefore, 2e11¼ 1 [51]. Substituting [ROOH]s and assuming that [InH]¼ 0.5[InH]0 and

bn � 1, we get the expression

nInH ¼ ni0 f �1 þ bnni0 f �1{1þ 0:5k�1
3 k11(1þ f )[InH]0} (14:50)

which, by substituting correlation equations for k7 and k11 and differentiating with respect to

z¼ k7*, can be transformed into the following differential equation:

dnInH

dz
¼ const

570A11(1þ f )[InH]0
3k3T

z(570=T)�1 � 333

T
z�(330=T)�1

� �

(14:51)

From the condition of the minimum (dvInH/dz¼ 0), we arrive at the formula for k7* corre-

sponding to the minimal value of vInH.

log k7
� ¼ 14:2� 17:5� 10�3T þ 1:8� 10�3T log (k3=(1þ f )[InH]0) (14:52)

Table 14.9 summarizes respective formulae for k7* of optimal inhibitors as functions of T,

[InH]0, f, and k3. At ni¼ const, the k7* value of optimal inhibitor decreases with increasing

temperature. But during autoxidation, k7* and T change unidirectionally. Such an inconsist-

ency is due to an inverse relation between the efficiency of inhibitor and the temperature

dependence of ni0. The temperature-dependent rate constant k3 may also contribute to this

inconsistency, with the contribution depending on the ratio k3/(1þ f)[InH]0.

TABLE 14.9
Formulae for Finding Optimal Inhibitors among the

Phenols of Group A [69]

Mechanism log(k7/(L mol21 s21)) at T 5 333 K

Quasi-Stationary Reactions

III 14.2� 17.5� 10�3Tþ 1.8� 10�3T log[k3/(1þ f )[InH]0]

IV Maximal k7

V Maximal k7

IX 14.2� 17.5� 10�3Tþ 1.8� 10�3T log[k3/(1þ f )[InH]0]

Nonstationary Reactions

III 14.2� 17.5� 10�3Tþ 1.8� 10�3T log[k3/(1þ f )[InH]0]

IV 14.2� 17.5� 10�3Tþ 1.8� 10�3T log[k3/(1þ f )[InH]0]

V 15.2� 17.5� 10�3Tþ 1.8� 10�3T log[k3/(1þ f )[InH]0]

IX 13.6� 17.5� 10�3Tþ 1.8� 10�3T log[k3/(1þ f )[InH]0]
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15 Antioxidants Reacting with
Peroxyl Radicals

15.1 REACTION OF PHENOLS WITH PEROXYL RADICALS

Phenols rapidly react with peroxyl radicals terminating the chains by reaction [1–5]:

RO2
. þArOH �! ROOHþArO

.: (7)

Several experimental evidences of this mechanism were obtained. The rate of chain oxidation of

a substrate (RH) was proved to be proportional to [ArOH]�1 (see Chapter 14) [1–6]. The

phenoxyl radicalswere identifiedby theEPRmethodas intermediateproductsof the reaction [6]

ROO•   +   HO ROOH   +   •O

Phenols decrease the intensity of CL Ichl in oxidized hydrocarbons as a result of chain

termination by the reaction with peroxyl radicals. Since Ichl ~ [RO2
.
]2 (see Chapter 2), the

ratio (I0/I)
1/2 was found to be proportional to [ArOH] [7]. The kinetic isotope effect (kOH/kOD

� 1) proves that the peroxyl radical abstracts a hydrogen atom from the O��H bond of

phenol [2,8].

Polar solvents block the O��H bond of phenols in the reaction with peroxyl radicals due

to the formation of hydrogen bond and decrease the activity of phenols as chain terminating

agents [1,9,10].

ArOHþO¼¼CR1R2 ArOH � � � O¼¼CR1R2

The reactivity of phenols depends on several structural factors, as well as on the conditions of

oxidation (solvent, temperature). Let us discuss the main factors that determine phenol

reactivity. This analysis will be performed within the scope of IPM (see Chapter 6).

15.1.1 REACTION ENTHALPY

In the reaction of the peroxyl radical with the O��H bond of phenol is cleaved, and

hydroperoxide ROOH is formed. The reaction enthalpy DH is

DH ¼ D(ArO��H)�D(ROO��H) (15:1)
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and depends on the strength of two reacting O��H bonds.

The BDE of O��H bonds of phenols were studied intensively during the last 20 years [11–

31]. They are collected in handbooks [4,32]. Substituents in the aromatic ring have influence

on the BDE of the O��H bond of phenol. A few examples for monosubstituted phenols

YC6H4OH are given below (values of BDE are given in kJ mol�1, for PhOH

D(O��H)¼ 369 kJ mol�1 [4].

Y Ac NH2 CH3 CH3O OH Ph

o- 363.0 338.1 359.9 352.1 339.6 361.9

m- 376.5 367.2 366.7 369.8 369.1

p- 371.6 356.7 362.2 345.8 352.0 368.7

X Br Cl F CN NO2 CF3

o- 361.8 359.9 361.0 368.1 363.4

m- 369.9 372.7 373.6 366.9 385.7

p- 372.3 370.5 365.0 370.2 372.8 382.4

We see that the BDE values of monosubstituted phenols vary from 338 kJ mol�1 (Y¼ o-NH2)

to 382 kJ mol�1(Y¼ p-CF3). These values are sufficiently lower for sterically hindered

phenols (2,6-bis(1,1-dimethylethyl)-4-Y-phenols). A few examples are as follows [4].

Y H NH2 CH3 CH3O Ph PhCH2

D (kJ mol�1) 346.4 322.9 339.0 327.1 337.4 339.7

Y Cl NO NO2 SH PhS Me3C

D (kJ mol�1) 344.5 346.0 358.0 340.1 346.4 339.7

The BDE values of O��H bond of hydroperoxide depend on the substituent near the

hydroperoxide group (see Chapters 2, 7, 8, and 9). The higher the value of D(ROO��H)

the faster the exothermic reaction of the peroxyl radical with phenol. The values of DH of

reactions of different RO2
.
with several of the monosubstituted phenols (Ar1OH) and steri-

cally hindered phenols (Ar2OH) are collected in Table 15.1.

These data illustrate that the reaction enthalpy DH varies in an interval from 45 kJ mol�1

due to different BDE of hydroperoxides to 44 kJ mol�1 due to different BDE of chosen

phenols. Recently Luo [31] performed a correlation of BDE of O��H bonds of phenols

YC6H4OH with dþ(Y) Brown–Okamoto constants and arrived at the following equation:

DD ¼ D(YC6H4O��H)�D(PhO��H) ¼ �3:18þ 29:75S(s0
þ þ sm

þ þ sp
þ) (15:2)

The influence of the reaction enthalpy on the activation energy can be estimated using the

IPM method (see Chapter 6). The parameters of free radical reactions with phenols are

collected in Table 15.2. They are different for sterically nonhindered (Ar1OH) and sterically

hindered (Ar2OH) phenols. The values of coefficients a, b, and zero-point vibration energy of

the phenolic O��H bond are the following: a¼ 1.014, b¼ 4.665� 1011 (kJ mol–1)1/2 m�1, and

0.5hLn¼ 21.5 kJ mol�1 [33].
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TABLE 15.1
Enthalpies of Reactions of Various Peroxyl Radicals with Phenols. BDE of O��H Bonds of

Phenols were Taken from Ref. [32], BDE of O��H Bonds of ROOH (See Chapters 2, 7, 8, and 9)

Substituent R3CO2
. R2CHO2

. R(RO)CHO2
. AcOPhCHO2

. RC(O)O2
. PhC(O)O2

.

Substituted Phenols

C6H5OH 10.4 3.5 1.7 �7.4 �18.0 �35.0

2-Ac 4.4 �2.5 �4.3 �13.4 �24.0 �41.0

4-Ac 13.0 6.1 4.3 �4.8 �15.4 �32.4

2-NH2 �20.5 �27.4 �29.3 �38.3 �48.9 �65.9

4-NH2 �1.9 �8.8 �10.6 �19.7 �30.3 �47.3

2-OH �19.0 �25.9 �27.7 �36.8 �47.4 �64.4

4-OH �6.6 �13.5 �15.3 �24.4 �35.0 �52.0

4-COOH 13.1 6.2 4.4 �4.7 �15.3 �32.3

2-CN 9.5 2.6 0.8 �8.3 �18.9 �35.9

3-CN 15.0 8.1 6.3 �2.8 �13.4 �30.4

4-CN 11.6 4.7 2.9 �6.2 �16.8 �33.8

2-Ph 3.3 �3.6 �5.4 �14.5 �25.1 �42.1

4-Ph 10.1 3.2 1.4 �7.7 �18.3 �35.3

2-Br 3.2 �3.7 �5.5 �14.6 �25.2 �42.2

4-Br 13.7 6.8 5.0 �4.1 �14.7 �31.7

2-Me3C �4.8 �11.7 �13.5 �23.3 �33.2 �50.2

4-Me3C 1.5 �5.4 �7.2 �16.3 �26.9 �43.9

2-Cl 1.3 �5.6 �7.4 �16.5 �27.1 �44.1

4-Cl 11.9 5.0 3.2 �5.9 �16.5 �33.5

2-F 2.4 �4.5 �6.3 �15.4 �26.0 �43.0

4-F 6.4 �0.5 �2.3 �11.4 �22.0 �39.0

4-CF3 23.8 16.9 15.1 6.0 �4.6 �21.6

2-CH3O �6.5 �13.4 �15.2 �24.3 �34.9 �51.9

4-CH3O �12.8 �19.7 �21.5 �30.6 �41.2 �58.2

2-CH3 1.3 �5.6 �7.4 �16.5 �27.1 �44.1

3-CH3 8.1 1.2 �0.6 �9.7 �20.3 �37.3

4-CH3 3.6 �3.3 �5.1 �14.2 �24.8 �42.1

2-NO2 4.8 �2.1 �3.9 �13.0 �23.6 �40.6

3-NO2 8.3 1.4 �0.4 �9.5 �20.1 �37.1

4-NO2 14.2 7.3 5.5 �3.6 �14.2 �31.2

4-Substituted 2,6-bis(1,1-dimethylethyl)phenol

4-H �12.1 �19.1 �20.9 �30.0 �40.6 �57.6

4-PhCH2 �18.9 �25.8 �27.6 �36.7 �47.3 �64.3

Galvinol �29.5 �36.4 �38.2 �47.9 �57.9 �74.9

4-Cl �14.1 �21.0 �22.8 �31.9 �42.5 �59.5

4-Me3CO �27.3 �34.2 �36.0 �45.1 �55.7 �72.7

4-SH �18.5 �25.4 �27.2 �36.3 �46.9 �63.9

4-CH3O �31.5 �38.4 �40.2 �49.3 �59.9 �77.0

4-CH3 �19.6 �26.5 �28.3 �37.4 �48.0 �65.0

4-NO2 �0.6 �7.5 �9.3 �18.4 �29.0 �46.0

4-NO �12.6 �19.5 �21.3 �30.4 �41.0 �58.0

4-Ph �21.2 �28.1 �29.9 �39.0 �49.6 �66.6

4-PhS �12.2 �19.1 �20.9 �30.0 �40.6 �57.6

4-Me3C �18.9 �25.8 �27.6 �36.7 �47.3 �64.3

4-NH2 �35.7 �42.6 �44.4 �53.5 �64.1 �81.1

4-CH3O �30.6 �37.5 �39.3 �48.4 �59.0 �76.0
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The increment of DH influence on the activation energy DEH was calculated according to

Equation (6.21). The activation energy was calculated by the IPM model via Equation (15.3).

The geometrical parameters of TS of this reaction was calculated by the following equations

[4,33–35]:

E ¼ 0:4965bre þ 0:507
DH þ 0:3

bre

� �2

�21:5þ 1

2
RT (15:3)

r(O��O)� 1010(m) ¼ 1:92þ 3:09� 10�2
ffiffiffiffiffi

Ee

p

þ a
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

Ee � DHe

p

� �

(15:4)

r(ArO��H)� 1010(m) ¼ 0:955þ 3:09� 10�2
ffiffiffiffiffi

Ee

p

(15:5)

r(ROO��H)� 1010(m) ¼ 0:965þ 3:13� 10�2
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

Ee � DHe

p

(15:6)

The results of calculation are given in Table 15.3.

15.1.2 TRIPLET REPULSION IN TRANSITION STATE

The reaction enthalpy is not the single factor that influences the activation energy of this

reaction. The parameters of the peroxyl radical reaction with hydrocarbon (ethylbenzene) and

phenol (p-cresol) are compared in the following table [34].

RO2
. 1 YH, YH¼¼ PhCH2CH3 4-MeC6H4OH

k (333K) (L mol�1 s�1) 2.0 1.4� 104

DH (kJ mol�1) �8.5 �7.7

A (L mol�1 s�1) 2� 107 3� 107

E (kJ mol�1) 44.6 21.4

TABLE 15.2
Parameters of Phenols (Ar1OH) and Sterically Hindered Phenols (Ar2OH) Reactions with

Free Radicals in IPM Model [33,34]

Radical a

bre Ee0 0.5hL(n2nf) A DHe min DHe max

(kJ mol21)1/2 (kJ mol21) (kJ mol21) (L mol21 s21) (kJ mol21) (kJ mol21)

Ar1OH

R1
.

1.247 17.61 61.5 4.1 1.0� 108 86.9 136.7

R2
.

1.247 19.89 78.4 4.1 1.0� 108 128.1 198.3

R3
.

1.247 18.73 69.5 4.1 1.0� 108 106.2 165.6

RO
.

0.992 14.16 50.5 �0.2 1.0� 109 70.6 69.2

RO2
.

1.014 13.16 42.7 0.3 3.2� 107 49.1 53.6

Ar2OH

R1
.

1.246 20.58 84.0 4.1 1.0� 108 142.2 219.2

R2
.

1.246 23.17 106.4 4.1 1.0� 108 199.3 305.4

R3
.

1.246 21.82 94.34 4.1 1.0� 108 168.3 258.8

RO
.

0.992 15.84 63.2 �0.2 1.0� 109 106.0 104.2

RO2
.

1.014 14.30 50.4 0.3 3.2� 107 69.3 71.6
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TABLE 15.3
The Values of DH, E, DEH, and Geometric Parameters of Secondary Alkylperoxyl Radicals

Reactions with Phenols, Calculated by IPM Method (Equations (15.3)–(15.6))

Substituent

of Phenol

D

(kJ mol21)

DH

(kJ mol21)

E

(kJ mol21)

r (ArO��H)

3 1011 (m)

r (H��OOR)

3 1011 (m)

DEH

(kJ mol21)

Ar1OH

H 369.0 3.8 25.2 11.11 12.27 2.2

2-Ac 363.0 �2.2 22.2 11.06 12.32 �0.8

4-Ac 371.6 6.4 26.6 11.13 12.25 3.6

2-NH2 338.1 �27.1 10.8 10.86 12.52 �12.2

4-NH2 356.7 �8.5 19.2 11.01 12.37 �3.8

2-OH 339.6 �25.6 11.4 10.87 12.51 �11.6

4-OH 352.0 �13.2 16.9 10.97 12.41 �6.1

4-COOH 371.7 6.5 26.6 11.13 12.25 3.6

2-CN 368.1 2.9 24.8 11.10 12.28 1.8

3-CN 373.6 8.4 27.6 11.15 12.23 4.6

4-CN 370.2 5.0 25.8 11.12 12.26 2.8

2-Ph 361.9 �3.3 21.7 11.05 12.333 �1.3

4-Ph 368.7 3.5 25.1 11.11 12.27 2.1

2-Br 361.8 �3.4 21.6 11.05 12.33 �1.4

4-Br 372.3 7.1 27.0 11.14 12.24 4.0

2-Me3C 353.8 �11.4 17.8 10.99 12.39 �5.2

4-Me3C 360.1 5.1 20.8 11.04 12.34 �2.2

2-Cl 359.9 �5.3 20.7 11.04 12.34 �2.3

4-Cl 370.5 5.3 26.0 11.12 12.26 3.0

2-F 361.0 �4.2 21.2 11.05 12.33 �1.8

4-F 365.0 �0.2 22.9 11.08 12.30 �0.1

4-CF3 382.4 17.2 32.3 11.22 12.16 9.3

2-MeO 352.1 �13.1 17.0 10.98 12.41 �6.0

4-MeO 345.8 �19.4 14.1 10.92 12.46 �8.9

2-Me 359.9 �5.3 21.0 11.04 12.34 �2.0

3-Me 366.7 1.5 24.0 11.09 12.29 1.0

4-Me 362.2 �3.0 21.8 11.06 12.32 �1.2

2-NO2 363.4 �1.8 22.4 11.07 12.31 �0.6

3-NO2 366.9 1.7 24.2 11.09 12.29 1.2

4-NO2 372.8 7.6 27.2 11.14 12.24 4.2

Ar2OH

4-H 346.4 �18.8 22.2 11.066 12.67 �8.6

PhCH2 339.7 �25.5 19.2 11.01 12.72 �11.6

Galvinol 329.1 �36.1 15.0 10.93 12.80 �15.8

Cl 344.5 �20.7 21.3 11.05 12.68 �9.5

Me3CO 331.3 �33.9 16.0 10.95 12.78 �14.8

SH 340.1 �25.1 19.3 11.01 12.72 �11.5

MeO 327.1 �38.1 14.0 10.92 12.81 �16.8

Me 339.0 �26.2 19.0 11.01 12.72 �11.8

NO2 358.0 �7.2 28.0 11.15 12.58 �2.8

NO 346.0 �19.2 22.0 11.06 12.67 �8.8

Ph 337.4 �27.8 18.2 10.99 12.74 �12.6

PhS 346.4 �18.8 22.2 11.06 12.67 �8.6

Me3C 339.7 �25.5 19.2 11.01 12.72 �11.6

NH2 322.9 �42.3 12.2 10.89 12.84 �18.6

MeO 328.0 �37.2 14.2 10.92 12.81 �16.6
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It is apparent that these reactions are close in their enthalpies, but greatly differ in the rate

constants. The peroxyl radical reacts with p-cresol by four orders of magnitude more rapidly

than with ethylbenzene. Such a great difference in the reactivities of RH and ArOH is due to

the different activation energies of these reactions, while their pre-exponential factors are

close. This situation was analyzed within the scope of the parabolic model of transition states

(see Chapter 6 and Refs. [33–38]).

If the peroxyl radical abstracts the hydrogen atom from the YH molecule, then in

the transition state RO2
. . . . H . . . Y in accordance with the Pauli exclusion principle, two

electrons occupy the bonding orbital of the ROO��Y bond, whereas one electron occupies

the nonbonding orbital [39]. The stronger the ROO��Y bond, the higher the nonbonding

orbital energy. Consequently, the higher the TS energy and the activation energy of reaction.

This leads to a correlation between the parameter re (see Chapter 6) and the energy of

the ROO��Y bond [40–42]. The stronger ROO��Y bond also corresponds to higher energies

of thermally neutral reactions (that is, reactions with DHe¼ 0). The O��O bond in the

hypothetical compound ROO��OAr is weak and, hence, the triplet repulsion is close

to zero. The O��C bond in the compound ROO��R (for example, hydrocarbon) is relatively

strong (its energy is about 270 kJ mol�l); therefore, a strong triplet repulsion does not allow

this reaction to occur with a high rate. The contribution of the triplet repulsion to the

activation energy of the thermally neutral reaction RO2
.þRH is 37 kJ mol�l [34], which

explains why peroxyl radicals react with the O��H bonds of organic compounds with

relatively low activation energies Ee0 at DHe¼ 0 [36].

YH RH ArOH AmOH ROOH

Ee0 (kJ mol�1) 61.5 45.3 45.6 43.1

Alkoxyl radicals react with phenols extremely rapidly. The rate constants of the reactions of

tert-butoxyl radicals with some phenols in benzene are given below (Y is the p-substituent in

the phenol molecule) [43,44].

p-YC6H4OH, Y¼¼ H Br HO CN MeO

k (295K) 3.3� 108 3.0� 108 3.2� 109 9.7� 107 1.6� 107

E (kJ mol�1) 11.7 10.9 16.7

log A, A (L mol�1 s�1) 10.6 13.4 12.1

15.1.3 STERIC FACTOR

Tertiary alkyl substituents in the ortho-position to the phenolic group cause an additional

repulsion in TS and, hence, diminish the reactivity of phenols. Using values of Ee0 for Ar1OH

and sterically hindered Ar2OH, we can estimate the contribution from such a steric repulsion

DES to the activation energy E [33,34].

DES ¼ Ee0(Ar2OH)� Ee0(Ar1OH) (15:7)
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The results of such estimations are given below [34,38]:

Reaction bre (kJ mol21)1/2 Ee0 (kJ mol21) DES (kJ mol21)

RO2
.þAr1OH 13.76 45.3 0

RO2
.þAr2OH 14.40 51.8 6.5

CH3
.þAr1OH 17.38 59.8 0.0

CH3
.þAr2OH 18.92 84.2 24.4

It can be seen that the steric effect is profound in radical reactions of Ar2OH with peroxyl and

methyl radicals. It will be shown later that the steric effect exists in other free radical reactions

of Ar2OH. The DES values of the reactions of alkyl radicals with Ar2OH are considerably

higher than those for phenols reacting with oxygen-centered radicals. The steric effect can

also manifest itself in the inverse reactions of sterically hindered phenoxyl radicals Ar2O
.
with

various molecules (see later).

15.1.4 EFFECT OF HYDROGEN BONDING ON ACTIVITY OF INHIBITORS

Phenols and aromatic amines form hydrogen bonds with polar molecules Y containing

heteroatoms or p-bonds, for example, with ketones [45]:

ArOHþO¼¼CR1R2 ArOH � � � O¼¼CR1R2

Therefore, in such systems an inhibitor may occur either in the free form or as a complex held

together by hydrogen bonds. The hydrogen bonding between phenols and methylethylketone

is characterized by the following equilibrium constants KH parameters [46].

Phenol

7.5 9.3 2.9

3.0 3.6 1.3

KH (295 K) (L mol−1)

KH (333 K) (L mol−1)

OH

OH OH

As the reaction temperature increases, the equilibrium constant diminishes, since complex

formation is accompanied by heat liberation. Sterically hindered phenols form loose com-

plexes because of the impeding effect of voluminous alkyl substituents in the ortho-position.

Hydrogen bonding reduces the activity of phenols, which was first observed in the studies of

the effects of cyclohexanol and butanol on the inhibitory activity of a-naphthol in cyclohex-

ane [9]. This phenomenon was investigated in detail with reference to the oxidation of

methylethylketone [10]. The k7 values for some inhibitors of the oxidation of ethylbenzene

and methylethylketone are given below (333 K) [10,46]:
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OH
OH

OH

Phenol

4.0 � 105

7.5 � 102

2.2 � 105

1.0 � 103

4.2 � 104

5.7 � 102

k7 (PhEt) (L mol−1 s−1)

k7 (MeC(O)Et) (L mol−1 s−1)

Since inhibitor molecules in a polar solvent may exist in the free (InH) or bound (InH . . . Y)

form, and peroxyl radicals attack preferentially the free In��H bonds that are not involved in

complex formation, the decrease in k7 in such solvents is due to the decreasing concentration

of free and, hence, more reactive phenol molecules. The concentrations of phenol and the

complex are related as [InH . . . Y]¼KH[InH][Y]. An inhibitor occurring in the complex is

unlikely to react with the peroxyl radical by virtue of this reaction. Therefore, the empirical

rate constant k7emp is related to [Y] in the following way:

k7emp ¼ k7(1þ KH[Y])�1 (15:8)

The KH values derived from kinetic data are close to those obtained by IR and NMR

spectroscopies. An empirical formula for the evaluation of the hydrogen bond enthalpy and

Gibbs potential was derived [47]:

DHH(kJ mol�1) ¼ 4:96EArOHEY, (15:9)

DGH(kJ mol�1) ¼ 5:70þ 2:43CArOHCY, (15:10)

where EArOH, EY, CArOH, and CY are empirical increments. The entropy of hydrogen bonding

is about �50 J mol�1 K�1. The calculated values of DHH for several phenols and oxygen-

containing compounds are presented in Table 15.4.

Since phenol forms the hydrogen bond with any O-containing compound, it can form

hydrogen bond with the peroxyl radical too [48] and hence the reaction of the peroxyl radical

with phenol should be treated as a two-stage process:

RO2
. þArOH RO2

. � � � HOAr �! ROOHþArO
.

Peroxyl radicals are highly polar species; therefore, they can form complexes with water,

alcohols, and acids according to the following reaction (see Chapter 6 and [49]):

RO2
. þHOX RO2

. � � � HOX

Generally, hydroxyl-containing compounds form with peroxyl radical an equilibrium system

ArOHþHOX ArOH � � � O(H)X KH1

RO2
. þHOX RO2

. � � � HOX KH2

RO2
. þHOAr �! ROOHþArO

.
k7

RO2
. � � � HOXþArOH �! ROOHþArO

. þHOX k7
0
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TABLE 15.4
The Values of Gibbs Potential (2DG(298 K)) (kJ mol21) for Hydrogen Bonding ArOH . . . Y,

Calculated by Equation (15.9), for Increments see Handbook [4]

Phenol EtOH EtOEt MeC(O)Et PhCH(O) O
O

PhOH 17.0 16.1 17.4 15.9 18.2 18.4

16.2 15.4 16.6 15.2 17.4 17.5

OH

OH

16.5 15.7 17.0 15.5 17.7 17.9

OHO 16.6 15.8 17.0 15.3 17.8 17.9

OH

HO 19.8 18.8 20.4 18.5 21.4 21.6

OHBr

OHCl

OHNC

18.5 17.5 19.0 17.2 19.9 20.1

18.4 17.4 18.9 17.2 19.8 20.0

OHF 17.8 16.9 18.3 16.6 19.1 19.3

20.9 19.8 21.5 19.5 22.6 22.8

OHO2N 21.5 20.3 22.1 20.0 23.2 23.5

OH

13.5 12.9 13.8 12.7 14.3 14.4

OH
16.0 15.2 16.3 15.0 17.1 17.2

OH 17.4 16.6 17.8 16.3 18.7 18.9

OH 17.6 17.0 18.0 16.4 18.9 19.1

OH
12.7 12.2 13.0 12.0 13.5 13.6

OH

OH

9.9 9.6 10.1 9.5 10.4 10.4

8.0 7.9 8.1 7.8 8.3 8.3

OHF

F F

F F 22.6 21.3 23.2 21.0 24.4 24.7
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The complexed peroxyl radical possesses a lower activity, so that the empirical rate constant

k7emp in the presence of HOX has the following form [10]:

k7emp ¼
k7 þ k07KH2[HOX]

1þ KH1[HOX]þ KH2[HOX]
(15:11)

The experimental rates and equilibrium constants (333 K) of the peroxyl radicals of methyl-

ethylketone reacting in 1,1-dimethylethanol are given below [10].

Phenol

KH1 (L mol−1) 3.2

KH2 (L mol−1) 1.2

k7 (L mol−1 s−1) 1.4 � 105

1.7 � 104

3.6

43

3.1 � 104

1.6 � 103

3.0

15.8

3.6 � 104

3.0 � 103

1.3

11.8

9.5 � 103

3.3 � 103k�7 (L mol−1 s−1)

HO OH

OH

OH
OH

The same effect is typical of the reactions of alkoxyl radicals with phenols, that is, these

reactions are much slower in solvents capable of forming hydrogen bonds with O��H and

N��H groups [50]. MacFaul et al. [50] proposed a universal scale for correlating the reactiv-

ities of phenols and the hydrogen-bonding abilities of solvents.

Intramolecular hydrogen bond is much stronger than the intermolecular hydrogen bond.

The reactivity of such phenolic groups was studied by Pozdeeva et al. [51]. Crown phenol A

was synthesized, and the reactivity as chain terminating antioxidant in oxidized styrene

(323 K) was studied. The chain terminating activity of this crown phenol A was compared

with that of ionol.

O

O

O

O

O

O
H

OH

k7 ¼ 56 L mol�1 s�1 and k7 ¼ 1:2� 104 L mol�1 s�1:

Such a great difference (2.5 orders of magnitude) in chain terminating activity of crown

phenol and ionol demonstrates the influence of the intermolecular hydrogen bond on the

reaction of peroxyl radical with the phenolic group. The spectroscopic study shows that

99.9% phenolic groups in crown phenol are bound by the hydrogen bond. Therefore, only

a small portion of the free phenolic groups react. The thermodynamic parameters of hydro-

gen bonding in crown phenol was found to be the following: DH¼�21 kJ mol�1 and

DS¼�5.7 Jmol�1 K�1 [51].
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Another factor influencing the reactivities of polar particles is their nonspecific solvation.

Since both the individual particles, namely phenol and peroxyl radicals and their complex are

polar, rate constants must depend on the polarity of the medium, its permittivity «, in

particular. This was confirmed in experiments with mixtures of benzene and methylethyl-

ketone, which showed that k7 diminishes as the concentration of methylethylketone decreases

provided the hydrogen bonding between the benzene and methylethylketone molecules are

taken into account [10]. The dependence of log k7 on the medium permittivity « is described

by the formula

log k7 ¼ log k7(« ¼ 1)þ d
«� 1

2«þ 1
, (15:12)

which accounts for the effect of nonspecific formation. The values of rate constants of peroxyl

radicals with phenols are given in Database [52].

15.2 REACTION OF AROMATIC AMINES WITH PEROXYL RADICALS

15.2.1 DISSOCIATION ENERGIES OF N��H BONDS OF AROMATIC AMINES

Aromatic amines possess weak N��H bonds and the latter are attacked by peroxyl radicals

when amines are used as antioxidants [1–9].

RO2
. þAr2NH �! ROOHþAr2N

.
(7)

The experimental evidences for this reaction are the same as in the case of phenols (see

earlier). The BDE of N��H bonds of aromatic amines are collected in Table 15.5. They vary

for the known amines from 387 kJ mol�1 (aniline) to 331 kJ mol�1 (phenothiazine).

15.2.2 RATE CONSTANTS OF REACTION OF RO2
.

WITH AROMATIC AMINES

The experimental values of rate constants of RO2
.
reactions with aromatic amines (AmH) are

given in Database [52]. The experimental measurement of the rate constant k7 for aromatic

amines from kinetics of oxidation faced with great difficulties. These difficulties arise due to

the extremely high activity of aminyl radicals toward hydroperoxide [53–56]. The reaction

Am
. þHOOR �! AmHþRO2

.
(�7)

occurs so rapidly that an equilibrium exists between Am
.
and RO2

.
in the presence of amine

and hydroperoxide. Chain termination proceeds via the reaction of aminyl with peroxyl

radicals. As a result, reaction (�7) affects the mechanism and decreases the value of k7 rate

constant. The precise measurement of the rate constant of the reaction of RO2
.
with aromatic

amine was performed after a detailed study of the equilibrium between Am
.
and RO2

.
in the

presence of amine and hydroperoxide [55]. The parameters of free radical reactions with

aromatic amines calculated from experimental data in the IPM model [54] are presented in

Table 15.6.

According to these parameters, the activation energy of the peroxyl radical reaction with

aromatic amine can be calculated using the reaction enthalpy by the equation [54]

E ¼ {6:247þ 3:88� 10�2(DH � 1:2)}2 � 20:0þ 0:5RT (15:13)

Denisov / Oxidation and Antioxidants in Organic Chemistry and Biology DK1162_c015 Final Proof page 501 23.2.2005 9:10am

© 2005 by Taylor & Francis Group.



TABLE 15.5
Dissociation Energies of N��H Bonds of Aromatic Amines

Name Structural Formula D(N−H) (kJ mol−1) Ref.

Benzenamine, 4-bromo-N-(4-bromophenyl)-
N

H

Br Br

364.2 [53]

Benzenamine, 4-(1,1-dimethylethyl)-N-[4-(1,1-
   dimethylethyl)phenyl]- N

H 358.8 [53]

Benzenamine, N-1-[3,7-bis (1,1-
   dimethylethyl)naphthalenyl]- N

H 344.9 [54]

Benzenamine, 4-(1,1-dimethylethyl)-N-phenyl-
N

H 360.3 [53]

Benzenamine, 4-methoxy-N-4-methoxyphenyl-
N

H

O O

348.6 [53]

Benzenamine, 4-methoxy-N-phenyl-
N

H

O

355.9 [53]

Benzenamine, 4-methyl-N-(4-methylphenyl)-
N

H 357.5 [53]

Benzenamine, 4-nitro-N-phenyl-
N

H

NO2

372.9 [53]

Benzenamine, N-phenyl-, (Diphenylamine)
N

H 364.7 [53]

1,4-Benzenediamine, N,N�-bis[4-(1-methylethyl)
   phenyl]-, (p-Phenylendiamine, N,N�-di
   (4-isopropylphenyl-)

NN
H

H

333.6 [54]
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TABLE 15.5
Dissociation Energies of N��H Bonds of Aromatic Amines—continued

1,4-Benzenediamine, N,N�-di-2-naphthalenyl-,

   (p-Phenylendiamine, N,N�-di-2-naphthyl-)

346.6 [54]

1,4-Benzenediamine, N,N�-dioctyl-,

   (p-Phenylendiamine, N,N�-dioctyl-)

1,4-Benzenediamine, N,N�-diphenyl-,

   (p-Phenylendiamine, N,N�-diphenyl-)

352.9 [54]
NN

H

H

NN
H

H

NN
H

H

346.9 [54]

1,4-Benzenediamine, N-phenyl-N�-

   (1-methylethyl)-, (p-Phenylendiamine,

   N-phenyl-N�-isopropyl-) NN
H

H

340.2 [54]

9H-Carbazole, (Dibenzo[b,d ]pyrrole)

N

H

371.6 [54]

Name Structural Formula D(N−H) (kJ mol−1) Ref.

1-Naphthalenamine (1-Naphtylamine)
N

H H 374.7 [54]

2-Naphthalenamine (2-Naphtylamine)
N

H

H 379.5 [54]

1-Naphthalenamine, 4-(1,1-dimethylethyl)-

   N-[4-(1,1-dimethylethyl) phenyl]-
N

H 352.1 [54]

2-Naphthalenamine, N-2-naphthalenyl-

   (bis-2-naphtylamine) N

H 360.2 [53]

1-Naphthalenamine, N-phenyl-,

   (Phenyl-1-naphthylamine)
N

H 352.5 [54]

2-Naphthalenamine, N-phenyl-

   (Phenyl-2-naphthylamine) N

H 362.9 [53]

continued
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The geometric parameters of TS of this reaction can be calculated using the values of DHe and

Ee according to the following equations [35]:

r (N��H) [10�10(m)] ¼ 1:01þ 3:30� 10�2
ffiffiffiffiffi

Ee

p

(15:14)

r (O��H) [10�10(m)] ¼ 0:97þ 3:13� 10�2
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

Ee � DHe

p

(15:15)

The values of rate constants, activation energies, and geometric parameters of secondary alkyl

peroxyl radical reaction with several aromatic amines are presented in Table 15.7.

TABLE 15.5
Dissociation Energies of N��H Bonds of Aromatic Amines—continued

2-Naphthalenamine, N-(4-phenoxy)phenyl-

1,2,3,4-Tetrahydroquinoline, 2-spirocyclohexyl-

   4-(spirotetrahydrofuran-2)-

1,2,3,4-Tetrahydroquinoline, 2,2,4-trimethyl-

Phenothiazine

N

H

OPh

N

O

H

N

H

S

N

H

349.5

360.8

359.5

331.4

[54]

[54]

[54]

[21]

Name Structural Formula D(N−H) (kJ mol−1) Ref.

TABLE 15.6
Kinetic Parameters of Free Radical Reactions with Aromatic Amines in IPM Model [34,54]

Reaction a

b 3 10211

(kJ mol21)1/2 (m)

0.5hLn

(kJ mol21) 0.5hL (n2nf) (kJ mol21)

R
.þAmH 1.246 4.306 20.0 2.6

RO
.þAmH 0.916 4.306 20.0 �1.7

RO2
.þAmH 0.936 4.306 20.0 �1.2

Reaction bre (kJ mol21)1/2 Ee0 (kJ mol21) A (L mol21 s21) DHe min (kJ mol21) DHe max (kJ mol21)

R1
.þAmH 18.46 67.5 1.0� 109 129.7 169.3

R2
.þAmH 20.21 81.0 1.0� 109 167.3 222.2

R3
.þAmH 19.41 74.7 1.0� 109 148.7 196.1

RO
.þAmH 13.27 48.0 5.0� 1010 72.2 59.3

RO2
.þAmH 12.12 39.2 1.0� 108 46.8 39.8
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TABLE 15.7
Enthalpies, Activation Energies, Rate Constants, and Geometric Parameters of TS of

Reaction RO2
. with Aromatic Amines Calculated by Equations (15.13)–(15.15)

Amine
DH

(kJ mol-1) E (kJ mol-1)

r(N−H) � 1010

(m)

r(O−H) � 1010

(m)

k (350 K)

(L mol−1 s−1)

N
H

Br Br

−1.3 19.2 1.21 1.17 1.35 � 105

N

H −6.7 16.7 1.20 1.18 3.23 � 105

N
H −20.6 10.6 1.19 1.19 2.64 � 106

N

H −5.2 14.0 1.21 1.17 2.54 � 105

N

H

O O

−16.9 12.1 1.19 1.19 1.54 � 106

N

H

O

−9.6 15.4 1.20 1.18 5.09 � 105

N

H −8.0 16.1 1.20 1.18 3.97 � 105

N

H

NO2

7.4 23.5 1.22 1.16 3.12 � 104

N

H −0.8 19.5 1.21 1.17 1.25 � 105

NN
H

H

−31.9 6.0 1.17 1.21 2.52 � 107

NN
H

H

−18.9 11.3 1.19 1.19 4.14 � 106

NN
H

H −13.3 12.5 1.19 1.19 2.73 � 106

continued
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TABLE 15.7
Enthalpies, Activation Energies, Rate Constants, and Geometric Parameters of TS of

Reaction RO2
. with Aromatic Amines Calculated by Equations (15.13)–(15.15)—continued

NN
H

H

−18.6 11.3 1.19 1.19 4.12 � 106

NN
H

H

−25.3 8.3 1.18 1.20 1.51 � 107

N

H

6.1 22.8 1.22 1.16 3.91 � 104

N
H H 9.2 24.4 1.23 1.16 4.56 � 104

N
H

H 14 26.9 1.23 1.15 1.95 � 104

N
H −13.4 13.7 1.20 1.18 9.12 � 105

Amine
∆H

(kJ mol−1) E (kJ mol−1)

r(N−H) � 1010

(m)

r(O−H) � 1010

(m)

k (350 K)

(L mol−1 s−1)

N

H −5.3 17.3 1.21 1.17 2.58 � 105

N
H −13.0 13.8 1.21 1.17 8.72 � 105

N

H −2.6 18.6 1.21 1.17 1.67 � 105

N

H

OPh

−16.0 12.5 1.19 1.19 1.35 � 106

N

O

H

−4.7 17.6 1.21 1.17 2.35 � 105
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15.2.3 ELECTRONEGATIVITY OF ATOMS IN THE TRANSITION STATE

Let us compare the rate constants and activation energies of sec-RO2
.

with phenol and

aromatic amine with close reaction enthalpies.

RO2
•  +  YH,YH=

OH

N

H

1.4 � 104

3.0 � 107

−7.7

21.4

3.0 � 105

1.0 � 108

−8.0

16.1

k (333 K) (L mol−1 s−1)

∆H (kJ mol−1)

A (L mol−1 s−1)

E (kJ mol−1)

Both reactions have practically the same enthalpy, however, amine reacts by one order of

magnitude more rapidly than phenol. Comparison of the activation energies of the thermally

neutral reactions RO2
.þAr1OH and RO2

.þAmH also proves that the hydrogen atom can be

separated from the N��H bond still more easily than from the O��H bond, since Ee0 is 45 kJ

mol�l for the first and 38 kJ mol�l for the second reactions, respectively [54]. The strength of

the ROO��NAr2 bond is unknown but is, undoubtedly, positive and greater than that

of the ROO��OAr bond. Accordingly, the triplet repulsion in the transition state

ROO
. � � � H � � � N is greater than in the transition state ROO

. � � � H � � � OAr. Nevertheless,

Ee0(O � � � H � � � N) < Ee0(O � � � H � � � O), which is due to the fact that oxygen and nitrogen

atoms possess different electron affinities and are, therefore, attracted in the TS with a

concurrent decrease in the activation energy [40]. A similar phenomenon is typical of the

reactions of aminyl radicals with phenols and hydroperoxides (see later).

The empirical correlation equation for re as a function of the bond dissociation energy

DXY, difference in electronegativity DEAXY for the radical reaction abstraction of the type

X
. þHY �! XHþY

.

TABLE 15.7
Enthalpies, Activation Energies, Rate Constants, and Geometric Parameters of TS of

Reaction RO2
. with Aromatic Amines Calculated by Equations (15.13)–(15.15)—continued

N

H

−6.0 17.2 1.20 1.18 2.71 � 105

S

N

H −34.1 5.21 1.17 1.21 1.68 � 107

Amine
∆H

(kJ mol−1)

E
(kJ mol−1)

r(N−H) � 1010

(m)

r(O−H) � 1010

(m)

k (350 K)

(L mol−1 s−1)
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has the following form [40]:

r2
e � 1022(m) ¼ constþ 13:7(DX��Y=DH��H)� 22:4(DEAXY=DH��H) (15:16)

where DH��H is the bond strength of the hydrogen molecule. This equation allows the

contributions from each of the factors influencing the Ee0 values to be calculated. Given

below are the contributions from the orbital repulsion of the atoms X and Y (DER), triplet

repulsion (DET), and the difference in electronegativity of the atoms X and Y (DEAXY) in the

activation energies Ee0 of various reactions [34].

Reaction Ee0 (kJ mol21) DER (kJ mol21) DET (kJ mol21) DEEA (kJ mol21)

RO2
.þRH 61.5 32 37 �7

RO2
.þAr1OH 45.3 45 0 0

RO2
.þAmH 39.0 44 15 �20

It is apparent that the high reactivity of phenols is due to the absence of triplet repulsion

(DET¼ 0), whereas that of aromatic amines results from a large difference in the electro-

negativities of nitrogen and oxygen atoms (DEEA¼�20 kJ mol�1).

Amines, similar to phenols, form hydrogen bonds with polar compounds. Hydrogen

bonding decreases the amines activity in reactions with peroxyl radicals. For example,

1-naphthylamine reacts with the peroxyl radical with k7¼ 2.0� 105 L mol�1 s�1 in cyclohexane

and k7¼ 1.6� 104 L mol�1 s�1 in cyclohexanone at 347 K [9]. The values of hydrogen bonding

enthalpies of a few amines and several O-containing compounds are given in Table 15.8. These

values are calculated via Equation (15.9) using the increments suggested in Ref. [47].

One can suppose the reaction of the peroxyl radical with amine to proceed in two stages

via the preliminary equilibrium formation of a complex.

RO2
. þHNAr2 RO2

. � � � HNAr2 �! ROOHþAr2N2
.

The reaction between RO2
.
and amine can proceed through the electron transfer in the very

polar media (for example, water).

15.3 REACTIONS OF PHENOXYL AND AMINYL RADICALS WITH RO2
.

15.3.1 RECOMBINATION OF PEROXYL WITH PHENOXYL RADICALS

Mahoney and DaRooge [57] studied the kinetics of oxidation of 9,10-dihydroanthracene at

333 K in the presence of some phenols and estimated the ratio of rate constants k8/k2. From

these ratios, the rate constants k8 were calculated for several para-substituent phenols

4-YC6H4OH using k2¼ 850 L mol�1 s�1.

Substituent Y OMe Ph Me CMe3 H

k8� 10�8 (L mol�1 s�1) 7.8 3.9 2.4 1.1 1.6

It can be seen that the reaction of radical recombination occurs rapidly, rate constants are

substituent-dependent and range from 108 to 109 L mol�1 s�1. Peroxyl radicals appeared to be
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more reactive toward phenoxyl radicals with electropositive substituents. This reaction has

not been studied in depth; however, by analogy with the 2,4,6-substituted phenoxyl radicals

(see below), it can be assumed that RO2
.
adds to the benzene ring in the ortho- and para-

positions with respect to the O��H group to produce alcohol and ortho- and para-quinones.

ROO• +

ROO• +

O
H

ROO

O
H

ROO
ROH + OO

O

ROH + O

OORH

O

OORH O

O•

O•

TABLE 15.8
The Values of Gibbs Potential (2DG (298 K) ) (kJ mol21)) for Hydrogen Bonding

Ar2NH . . . Y, Calculated by Equation (15.9), Increments See in Refs. [4,47]

Amine EtOH EtOEt MeC(O)Et PhCH(O) O

PhNH2 7.8 7.6 7.9 7.6 8.0 8.0

Ph2NH 10.5 10.2 10.7 10.1 11.1 11.1

N
H

Br Br

12.7 12.1 12.9 12.0 13.4 13.5

N
H

O

9.8 9.5 10.0 9.4 10.2 10.3

N
H

O O

18.0 17.1 18.5 16.8 19.4 19.6

N
H 9.5 9.2 9.7 9.2 9.9 10.0

N

H

14.9 14.2 15.3 14.0 15.9 16.1

O

N
H 7.5 7.3 7.5 7.3 7.6 7.7

N

H 10.8 10.5 11.0 10.3 11.4 11.5
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The 2,4,6-substituted phenoxyl radicals recombine slowly and selectively react with per-

oxyl radicals, producing quinolidic peroxides [57].

ROO• + O
ROO

O•

At moderate temperatures (T < 350 K), these peroxides are stable but readily decompose at

elevated temperatures to form radicals [58–60]. Peroxyl radicals can add to phenoxyl radicals

at both para- and ortho-positions with the proportion dependent on the substituent. Thus, the

peroxyl radical adds to 2,4,6-tris(1,1-dimethylethyl)phenoxyl in the para-position by eight

times more rapidly than in the ortho-position, whereas it adds to 2-methyl-4,6-bis(1,1-

dimethylethyl)phenoxyl preferentially in the ortho-position [59]. The rate constants of the

reactions of the peroxyl radical with 2,6-bis(1,1-dimethylethyl)-4-substituted phenoxyl rad-

icals in benzene were measured in the presence of respective phenol and AIBN as a source of

1-cyano-1-methylethylperoxyl radicals [60,61]. The concentration of the formed phenoxyl

radical in these experiments peaked at [ArO
.
]max¼ (k7/k8)[ArOH]. Using this expression and

taking the known k7 values, the values of k8 for various phenoxyl radicals 4-Y-2,6-(Me3C)2-

C6H2O
.
were estimated at T¼ 353 K (see Database [52]):

Substituent Y OMe Ph CMe3 CN PhC(O) Cl

k8� 10�8 (L mol�1 s�1) 7.2 6.0 3.2 2.7 1.9 1.7

It is seen that the rate constant k8 is lower for compounds with electron-accepting substituents

than with electron-donating substituents, which implies a dependence of the rate of Ar2O
.
and

RO2
.
recombination on the electron density at the para- and ortho-positions of the benzene ring

of the phenoxyl radical. The activation energies of this reaction vary from�33 to 10 kJ mol�1;

however, the concurrent variation in the pre-exponential factor from 103 to 1010 L mol�1 s�1

causes a strong compensatory effect. It can also be seen that phenoxyl radicals readily react

with peroxyl radicals (k¼ 108�109 L mol�1 s�1), whereas the disproportionation of peroxyl

radicals is sufficiently slower (see Chapter 2). Hence, during the oxidation of hydrocarbons in

the presence of phenols when k7[ArOH]> k2[RH], the recombination reaction of ArO
.
with

RO2
.
is always faster than the reaction of disproportionation of peroxyl radicals.

The formed quinolide peroxides become unstable at elevated temperatures and decompose

into free radicals. The rate constants of decomposition for two peroxides are given below [4]:

O O
OO

OO

k=1014exp(−127.5/RT ) s−1 k=1014exp(−137.9/RT ) s−1

The full list of the data are given in handbooks [4,62].
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15.3.2 REACTION OF PEROXYL WITH AMINYL RADICALS

Aminyl radicals react with peroxyl radicals by two ways with the formation of either N��O or

C��O bonds [63]. The decomposition of the resulting unstable peroxides gives rise to the

nitroxyl radical and iminoquinone, respectively.

RO2
•

RO2
•

+ •NAr2 ROONAr2 RO• + Ar2NO•

+ N•Ph

NPh

H

ROO
NPh

NPh
H

ROO
ROH + O

In the reactions with the diphenylaminyl radical, the relative yield of nitroxyl radicals is in the

range 0.11 to 0.19 and 0.20 to 0.33 for the secondary and tertiary peroxyl radicals, respectively

[63]. The rate constant of this reaction was measured by flash photolysis with tetraphenyl-

hydrazine as a source of diphenylaminyl radicals [64]. Peroxyl radicals were generated

through the photodecay of bis(1,1-dimethylethyl) peroxide followed by the rapid reaction

of formed alkoxyl radicals with cyclohexane used as a solvent; the reaction conditions were

chosen in such a way that [RO2
.
]0> [Ph2N

.
]0. Under these conditions, aminyl radicals were

destroyed only in the reaction with peroxyl radicals and, hence, the concentration of peroxyl

radicals during the measurement of the kinetics of Ph2N
.
consumption varied insignificantly.

The rate constant of the recombination of peroxyl and diphenylamine radicals was found to

be equal to 6� 108 L mol�1 s�1 (cyclohexane, 283–303 K).

Vardanyan [65,66] discovered the phenomenon of CL in the reaction of peroxyl radicals

with the aminyl radical. In the process of liquid-phase oxidation, CL results from the

disproportionation reactions of primary and secondary peroxyl radicals, giving rise to trip-

let-excited carbonyl compounds (see Chapter 2). The addition of an inhibitor reduces the

concentration of peroxyl radicals and, hence, the rate of RO2
.
disproportionation and the

intensity of CL. As the inhibitor is consumed in the oxidized hydrocarbon the initial level of

CL is recovered. On the other hand, the addition of primary and secondary aromatic amines

to chlorobenzene containing some amounts of alcohols, esters, ethers, or water enhances the

CL by 1.5 to 7 times [66]. This effect is probably due to the reaction of peroxyl radicals with

the aminyl radical, since the addition of phenol to the reaction mixture under these conditions

must extinguish CL. Indeed, the fast exchange reaction

ArOHþAm
.

ArO
. þAmH

gives rise to ArO
.
radicals. As a result, instead of emitting light in the reaction with aminyl

radicals, peroxyl radicals react with phenoxyl radicals without CL. After the phenolic inhibi-

tor has been exhausted, light emission again increases due to the reaction of RO2
.
with Am

.
.

A significant role in the excitation of light-emitting particles is played by the polar environ-

ment, so that CL is absent in a nonpolar (for example, hydrocarbon) medium.

Nitroxyl radicals produced in the reactions of RO2
.

with aminyl radicals react with

peroxyl radicals. The latter reaction is considerably slower than the reaction of peroxyl

with aminyl radicals, which can be seen from the following data derived by flash photolysis

(the photolysis of bis(1,1-dimethylethyl)peroxide in toluene was performed in the presence of
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methylcyclohexyl hydroperoxide at 253 K [67]). The values of the rate constants of recom-

bination RO2
.þAmO

.
[67,68] are given below.

AmO•

k (L mol-1 s-1)

Solvent

Ref.

T (K)

3.4 � 103

PhMe

[67]

253

3.3 � 103

PhMe

[67]

253

1.4 � 103

PhMe

[67]

253

5.0 � 103

PhCMe3

[68]

341

N

Ph O
•

N
O

•

Ph
O

•

N

O
•

N

RO2
•

O
•

O O
•

O O
•

O O
•

O

p-Methoxydiphenylnitroxyl reacts with cumylperoxyl radicals considerably more rapidly,

with k¼ 6.0� 105 L mol�1 s�1 (ethylbenzene, 333 K, CL method [69]).

15.4 RECOMBINATION AND DISPROPORTIONATION OF PHENOXYL AND
AMINYL RADICALS

15.4.1 RECOMBINATION AND DISPROPORTIONATION OF PHENOXYL RADICALS

The intensive mechanistic studies of phenoxyl self-reactions proved a great variety of mech-

anisms and rate constants of these reactions [2,3,6]. The substituents can dramatically

influence the mechanism and kinetics of self-reactions. Due to free valence delocalization

the phenoxyl radical possesses an excess of the electron density in the ortho- and para-

positions. Mono- and disubstituted phenoxyls recombine with the formation of labile dimers

that after enolization form bisphenols [3,6].

R
2 O

RR

O

O

RR

O OHHO

R R

O•

Phenoxyl with such a structure recombines with the rate constant close to that of the

diffusionally controlled reaction. 2,4,6-Trisubstituted phenoxyls form unstable dimers. The

latter dissociate back to phenoxyls. The values of the formed bonds lie between 30 and 120 kJ

mol�1 [3]. The rate constants and equilibrium constants of dimerization for a few phenoxyls

are presented in Table 15.9.
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TABLE 15.9
Rate Constants, Equilibrium Constants, Enthalpies, and Entropies of Aroxyl Radicals

Dimerization in Hexane at T 5 293 K

Phenoxyl

kdim

(L mol-1 s-1)

Keq

(mol-1)

DH

(kJ mol-1)

DS

(J mol-1 K-1) Ref.

O
•

1.1 � 108 4.5 � 10−7 96.0 205 [70]

O
•

O

Ph

Ph

3.2 � 109 2.5 � 10−8 51.5 30 [71]

O
•

Ph

Ph 1.8 � 109 7.4 � 10−10 92.0 138 [72]

O
•

Ph

Ph

8.0 � 108 [72]

O
•

Ph

Ph

Ph

Ph

O
•

Ph

Ph

O
•

Ph

Ph

Cl

O
•

Ph

Ph

O

Ph

Ph

O
•

Ph

Ph

O

7.5 � 108

1.1 � 109

1.3 � 109

5.0 � 107

2.2 � 109

4.0 � 10−9

2.0 � 10−10

2.0 � 10−11

6.0 � 10−7

1.4 � 10−7

73.0

105.0

117.0

65.0

71.0

88

188

209

109

117

[73]

[70]

[70]

[70]

[70]
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A solvent can have influence on the structure of dimer. For example, 2,6-dimethoxyphe-

noxyl radicals recombine in a polar solvent (dimethylformamide) with the formation of C��C

dimer [74].

O
2 O

OO

O

O

OO

O OHHO

O O

O

OO

O O O O

O•

The same radicals form the C��O dimer in a nonpolar (benzene) solvent [74].

O
2

O

O

O

O

O

O

O O

OHO

O

O

O

O•

2,4,6-Trisubstituted phenoxyl radicals disproportionate if the para-substituent bears the

a-C��H bond. Two ways were proposed [3]: the direct disproportionation and the formation

of labile dimer followed by the decay.

2

R R

OH

R R

O

R R

+

O•

O
O

R R

OH

R R

O

R R

+2

R R

O•

The values of rate constants of phenoxyl radical disproportionation are given in Table 15.10.

The rapid recombination of phenoxyl radicals occurs with rate constants close to the

diffusionally controlled rate. The rate constant of diffusionally controlled reaction depends

on the viscosity (kD¼ 8RT/3000h L mol�1 s�1 and varies in organic solvents in the limits of

3� 108 to 5� 109 L mol�1 s�1).

Denisov / Oxidation and Antioxidants in Organic Chemistry and Biology DK1162_c015 Final Proof page 514 23.2.2005 9:10am

© 2005 by Taylor & Francis Group.



15.4.2 REACTIONS CONTROLLED BY ROTATIONAL DIFFUSION

Khudyakov et al. [78] faced with unusual phenomena in his study of these reactions. He found

that the rate constant of recombination is much lower (107�108 L mol�1 s�1) than kD;

however, it depends on the viscosity of the solvent. It was found for the recombination of

the following phenoxyl radical:

O•

This phenoxyl radical recombines with the rate constant k¼ 7.5� 107 L mol�1 s�1 in toluene

where its kD� 2–4� 109 L mol�1 s�1. This phenomenon was explained within the scope of

conception of bimolecular reaction as the interaction of two spheres with black spots [79–85].

Two different situations are possible for reactions that occur without an activation energy:

1. The steric factor P is high enough for the bimolecular reaction to occur when two

radicals met in the cage. This reaction is limited only by translational diffusion of

the reacting radicals and depends on the viscosity of the solvent. The rate constant

of such reaction is close to the frequency of encounters of radicals, namely, k¼s,

kD¼ 0.25� 4prABDAB¼RT/6000h where s¼ 0.25 is the spin-statistical factor, rAB is

the sum of radii of reactants A and B, and DAB is the sum of their diffusion coefficients.

2. The steric factor of the reaction is very low. As a result, both reactants can meet and

separate in the cage many times before the performance of the reaction due to a low

probability to reach the configuration geometry of the reactants. This reaction does not

depend on translational diffusion but on rotational diffusion of reacting particles. The

rate constant of this reaction is k � kD but depends on the viscosity of the solvent.

These two types of reactions without activation energies are illustrated by the following

scheme (Figure15.1).

The detailed analysis of the phenoxyl radical self-reactions are described in reviews [2–6].

TABLE 15.10
Rate Constants of Disproportionation of 4-Y-2,6-bis(1,1-dimethylethyl) Phenoxyls in

Hydrocarbon Solutions at T 5 323 K

4-Y k9 (L mol21 s21) log A, A (L mol21 s21) E (kJ mol21) Ref.

Me 8.7� 103 7.17 20.0 [75]

Et 2.4� 103 7.58 25.9 [76]

MeOCH2 1.1� 102 7.18 31.8 [76]

EtMeCH 2.9 5.22 29.4 [77]

HOCH2CH2 1.1� 103 7.27 26.4 [77]

MeOC(O)CH2CH2 7.4� 102 7.27 27.2 [76]

C18H37OC(O)CH 2CH2 1.5� 103 6.48 20.5 [76]

Me2CH 7.7 6.23 33.0 [77]

cyclo-C6H11 11.0 5.24 25.9 [77]
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15.4.3 DISPROPORTIONATION OF SEMIQUINONE RADICALS

Semiquinone radicals disproportionate with the formation of hydroquinone and quinone [2].

O•2   HO O OHO OH +

Disproportionation of sterically nonhindered semiquinone radicals occurs with diffusion rate

constants. On the other hand, sterically hindered semiquinone radicals react by several orders

of magnitude more slowly (see Table 15.11).

The semiquinone radical dissociates to a proton and semiquinone radical anion in the

polar solvent (water).

HO O• O O• +   H3O
+H2O+

Hydroxyphenoxyl radicals have the following pKa values [92]:

Radical

−1.65 −1.45 −0.77pKa

O• O• O•

OH HO

HO

Self-reactions of semiquinone radical anions proceed via electron transfer reaction [2].

15.4.4 RECOMBINATION AND DISPROPORTIONATION OF AMINYL RADICALS

Diphenylaminyl radicals recombine with the formation of either N��N or C��N bonds [93].

Ph2N
. þ Ph2N

. �! Ph2N��NPh2 (A)

(B)

(C)

2
N

H

2
N

NPh

NPh

Ph

Ph

Ph

Ph

H

N•

N•

+ Products

+ Products

FIGURE 15.1 Schemes of bimolecular reaction with high and low steric factors.
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TABLE 15.11
Rate Constants of Disproportionation of Semiquinone Radicals at 298 K

Semiquinone Radical Solvent

kdis

(L mol−1 s−1)

log A, A

(L mol−1 s−1) E (kJ mol−1) Ref.

O
•

HO
Me2CHOH 1.5 � 109 15.5 [86]

O
•

HO

Cl

Cl Cl

Cl Me2CHOH 1.7 � 108 [86]

O
•

HO

Me2CHOH 3.0 � 108

7.0 � 108

1.7 � 106

2.2 � 106

6.0 � 106

5.6 � 106

13.8 [87]

O
•

HO

13.8 [86]

O
•

HO

25.9 [87]

O
•

OH

Me2CHOH

Me2CHOH

PhMe

PhMe

PhMe

[88]0

O
•

OH [88]

O
•

OH

Cl

11.8

10.9

11.0

10.9

6.3

6.8

6.8 [88]

0

0

5.5 � 106PhMe

O
•

OH

PhPh
Ph

6.7 [88]0

continued
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The most rapid reaction is N��N-dimerization (the rates of reactions A, B, C are related as

1:0.15:0.02 [94]. Naphthylaminyl radicals recombine with the formation of N��C-dimers only

[95], probably because voluminous naphthalene rings sterically hinder N��N-dimerization.

A correlation between the rate constant of hyperfine splitting on the nitrogen atom of the

aminyl radical and the rate constant of recombination of substituted ( (YC6H4)2N
.
) diphenyl-

aminyl radicals was observed [95].

Y OMe CMe3 H Br

2k9� 106 (L mol�1 s�1) 2.3 3.4 2.7 60

aN� 10�3 (A m�1) 8.49 8.69 8.80 9.0

TABLE 15.11
Rate Constants of Disproportionation of Semiquinone Radicals at 298 K—continued

1.3 � 106PhMe

O
•

HO

6.1 [88]

O
•

OH C6H6 9.5 8.9 [89]

O
•

OH

2.3 � 108

1.4 � 108

1.2 � 108

1.2 � 109

[86]

O
•

OH

[86]

O
•

HO

10.0

0

38.9

11.0 [90]

O
•

HO

Ph

Ph

Me2CHOH

Me2CHOH

PhMe/Me2CHOH

AcOH [91]

Semiquinone Radical Solvent

kdis

(L mol−1 s−1)

log A, A

(L mol−1 s−1) E (kJ mol−1) Ref.
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The aminyl radicals of p-phenylenediarylamines readily undergo disproportionation.

N

Ph

Ph

Ph

Ph

Ph

Ph
N•

H
2 HN NH N N+

The literature data on the recombination of diphenylaminyl radicals correlate well (see Table

15.12). The rate constants of recombination of various aminyl radicals measured by flash

photolysis vary from 105 to 109 L mol�l s�1. For substituted diphenylaminyl radicals, a linear

dependence was observed between log k9 and s-Hammett [96]:

log k9 ¼ 7:24þ 1:50ns, (15:17)

where n¼ 1 or 2 is the number of para-substituents in the benzene rings.

Two aminyl radicals combine to form the N��N-dimer with the rate constant propor-

tional to the spin density on the nitrogen atom [96]. This recombination also depends on the

steric factor. Thus, diethylaminyl radicals recombine with a rate constant of 109 L mol�l s�1,

while diisopropylaminyl radicals are only able to disproportionate with a rate constant of

4.5� 105 L mol�l s�1, probably because of the voluminous isopropyl substituent [5]. The

formation of N��N-dimers is accompanied by the turn of phenyl groups toward establishing

an N��N bond. In this case, the phenyl groups lose their capacity for free rotation, which

results in an additional entropy loss in TS. The lower the electron density on the nitrogen

atom, the closer the aminyl fragments approach each other in TS. This leads to a stronger

repulsion of the phenolic rings and, hence, to a greater entropy loss.

15.5 REACTIONS OF PHENOXYL AND AMINYL RADICALS WITH
HYDROCARBONS, HYDROPEROXIDES, AND DIOXYGEN

Reactions of phenoxyl and aminyl radicals with RH and ROOH are chain propagation steps

in oxidation inhibited by phenols and amines (see Chapter 14). Both reactions become

important when their rates are close to the initiation rate (see Chapter 14). Mahoney and

DaRooge [57] studied the oxidation of 9,10-dihydroanthracene inhibited by different phenols.

He went on to estimate the values of rate constants ratio of the reaction of ArO
.
with RH and

the reaction In
.þ In

.
(reactions (9) and (10), see Chapter 14) by the kinetic study. The values

of k10 for the reaction

YC6H4O
. þRH �! YC6H4OHþR

.
(10)

are given below (RH is 9,10-dihydroanthracene, T¼ 333 K).

Y 4-Ph 4-MeO 4-CMe3 4-Me H

k10 (L mol�1 s�1) 12 37 87 99 110

A linear dependence between log k10 and the reaction enthalpy DH (T¼ 333 K) is observed.

log k10(L mol�1 s�1) ¼ �1:7� 0:56DH(kJ mol�1) (15:18)
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TABLE 15.12
Rate Constants of Recombination and Disproportionation of Aminyl Radicals

in Hydrocarbon Solutions Measured by the Flash Photolysis Technique

N
•

N
•

N
•

N
•

N
•

N
•

N
•

N
•

N
•

N
•

N
•

N
•

293 1.8 � 107 [97]

298 2.5 � 107 [93]

Br Br

298 6.0 � 107 [96]

O O

298 2.3 � 106 [96]

298 2.3 � 106 [96]

298 3.4 � 106 [96]

O

298 6.0 � 106 [96]

298 1.1 � 107 [96]

N
H 298 1.9 � 108 [96]

Aminyl Radical T (K) k (L mol−1 s−1) Ref.

N
• 298 4.5 � 108 [96]

N
• 298 2.7 � 107 [96]

N
H 298 1.6 � 109 [96]

298 6.2 � 108 [96]

298 3.8 � 108 [96]
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15.5.1 TRIPLET REPULSION

The comparison of ArO
.
reactions with RH and ROOH illustrates a great role of the triplet

repulsion in free radical abstraction reactions. The IPM method helps to clarify this import-

ant factor (see Ref. [33] and Chapter 6). The parameters of reactions of Ar1O
.
and sterically

hindered phenoxyls Ar2O
.
with hydrocarbons (R1H, R2H, and R3H) and hydroperoxides

ROOH are collected in Table 15.13.

Since the reaction enthalpy has influence on the activation energy (see earlier), we

compared the activation energies of the reactions Ar1O
.þR1H and Ar1O

.þROOH at

DHe¼ 0. The reaction Ar1O
.þR1H occurs with the activation energy of thermoneutral

reaction Ee0¼ 62.9 kJ mol�1 and E0(T¼ 0)¼ 62.9� 17.4¼ 45.5 kJ mol�1. The reaction

Ar1O
.þROOH occurs with Ee0¼ 43.3 kJ mol�1 and E0(T¼ 0)¼ 43.3� 21.5¼ 21.8 kJ

mol�1. We observed the great difference DE¼E0(R
1H)�E0(ROOH)¼ 23.7 kJ mol�1. This

difference in activation energies E0 of reactions (10) and (�7) illustrates, first of all, the

TABLE 15.12
Rate Constants of Recombination and Disproportionation of Aminyl Radicals in

Hydrocarbon Solutions Measured by the Flash Photolysis Technique—continued

N
•

N
•

N
•

N
•

N
•

N
•

298 1.1 � 105 [96]

298 2.4 � 106 [96]

NH2
H

298 4.5 � 108 [96]

N

H

298 5.4 � 108 [96]

N
H

298 4.3 � 108 [96]

N
H

298 1.2 � 109 [96]

N
•
H

208−233 1.6 � 1012 exp(−65.2/RT) [98]

Aminyl Radical T (K) k (L mol−1 s−1) Ref.
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influence of the triplet repulsion on the energy of the TS [33]. In the reaction of Ar1O
.
with

R1H, the TS has the structure O . . . H . . . C, and the hydrogen atom is moving along the

pseudobond Ar1O�R1. This bond has the BDE of about 268–280 kJ mol�1[32]. The TS of

the reaction Ar1O
.þROOH has the structure: ��O . . . H . . . OO��, and the hydrogen atom is

moving along the pseudobond O . . . OO�� that has practically the zero energy. Hence, there

is zero triplet repulsion in such TS and as a result, a sufficiently lower activation energy. When

the aroxyl radical reacts with a-C��H bonds of alkylaromatic (R3H) and olefinic (R2H)

hydrocarbons, the energy of TS increases due to the interaction of p-electrons with electrons

of TS. The values of Ee0 illustrate this influence [33,34,38].

Reaction Ar1O. 1 R1H Ar1O. 1 R2H Ar1O. 1 R3H

Ee0 (kJ mol�1) 62.9 74.3 69.5

In addition to the repulsion, the reaction enthalpy has influence on the activation energy.

Table 15.14 illustrates the increments DEH of this influence, as well as the geometrical

TABLE 15.13
Kinetic Parameters of Phenoxyl and Aminyl Radical Reactions with Hydrocarbons and

Hydroperoxides in IPM Model [4,34,38]

Reaction a

b 3 10211

(kJ mol–1)1/2 (m)

0.5hLn

(kJ mol21) 0.5hL(n2nf) (kJ mol21)

ArO
.þRH 0.802 3.743 17.4 �4.1

ArO
.þROOH 0.986 4.600 21.2 �0.3

AmO
.þRH 0.802 3.743 17.4 �4.1

AmO
.þROOH 0.986 4.600 21.2 �0.3

Am.þRH 0.866 3.743 17.4 �2.6

Am
.þROOH 1.064 4.600 21.2 1.2

Reaction bre (kJ mol21)1/2 Ee0 (kJ mol21) A (L mol21 s21)

2DHe min

(kJ mol21)

DHe max

(kJ mol21)

Ar1O
.þR1H 14.29 62.9 1.0� 109 141.8 90.2

Ar1O
.þR2H 15.95 78.3 1.0� 108 198.3 128.1

Ar1O
.þR3H 15.02 69.5 1.0� 108 165.6 106.2

Ar1O
.þROOH 13.00 43.3 3.2� 107 51.3 52.3

Ar2O
.þR1H 16.65 85.4 1.0� 109 224.7 145.7

Ar2O
.þR2H 18.58 106.3 1.0� 108 305.4 199.3

Ar2O
.þR3H 17.50 94.3 1.0� 108 258.8 168.3

Ar2O
.þROOH 14.10 51.1 3.2� 107 71.5 72.8

AmO.þR1H 14.30 63.0 1.0� 109 170.7 128.0

AmO
.þR2H 16.13 80.1 1.0� 108 222.0 167.6

AmO
.þR3H 15.20 71.1 1.0� 108 197.6 148.9

AmO
.þROOH 12.89 39.0 1.0� 107 44.5 46.1

Am
.þR3H 16.87 81.7 1.0� 108 196.1 148.7

Am
.þROOH 12.95 39.4 1.0� 107 39.8 46.8
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TABLE 15.14
Enthalpies, Activation Energies, Rate Constants, Increment DEH, and Geometrical

Parameters of TS Reactions of Phenoxyl Radicals with Cumene (Reaction 10) Calculated

by IPM Method

Phenoxyl
DH

(kJ mol−1)

E
(kJ mol−1)

k10 (400 K)

(L mol−1 s−1)

DEH

(kJ mol−1)

r(C−H) � 1010

(m)

r(O−H) � 1010

(m)

O
•

O −16.9 44.8 1.41 � 102 −7.1 1.39 1.25

O
•

N
H

H

−2.0 51.1 21.4 −0.8 1.40 1.24

O
•

O
H 2.7 53.1 15.5 1.2 1.41 1.23

O
•

N −15.5 45.4 1.19 � 102 −6.5 1.39 1.25

O
•

O

23.9 62.9 0.60 11.0 1.43 1.21

O
•

O

28.7 65.2 0.30 13.3 1.44 1.20

O
•

OH

21.2 61.6 0.89 9.7 1.43 1.21

O
• 11.3 57.0 3.58 5.1 1.42 1.22

O
• 0.9 52.3 14.6 0.4 1.41 1.23

O
• 0.0 51.9 16.4 0.0 1.41 1.23

PhO
• −14.3 45.8 −6.11.02 � 102 1.39 1.25

O
• −5.4 49.6 33.2 −2.3 1.40 1.24

O
•

Cl

Cl

−31.5 39.0 8.05 � 102 −12.9 1.38 1.26

O
•

F
−10.3 47.5 62.0 −4.4 1.40 1.24

O
•

O
8.9 55.9 5.0 4.0 1.42 1.22

continued
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parameters of TS for several reactions Ar1O
.
with R1H. Calculation was performed according

to the following equations:

E ¼ (2:80 bre)
2 1� 0:802

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1� 0:357DHe

(bre)
2

s
( )2

�17:4þ 0:5RT (15:19)

r(C��H)[10�10 m] ¼ 1:096þ 3:85� 10�2
ffiffiffiffiffi

Ee

p

(15:20)

r(O��H)[10�10 m] ¼ 0:970þ 3:09� 10�2
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

Ee � DHe

p

(15:21)

15.5.2 STERIC FACTOR

We came across the influence of the steric factor earlier when discussing the difference in the

reactivities of sterically nonhindered phenols (Ar1OH) and sterically hindered phenols

(Ar2OH) in their reactions with peroxyl radicals. The same factor, namely, the influence of

TABLE 15.14
Enthalpies, Activation Energies, Rate Constants, Increment DEH, and Geometrical

Parameters of TS Reactions of Phenoxyl Radicals with Cumene (Reaction 10) Calculated by

IPM Method—continued

O
•

X

CH2COOH 17.8 84.9 8.34 × 10−4 8.1 1.48 1.25

Ac 6.9 79.8 3.72 × 10−3 3.0 1.47 1.26

CN 2.3 77.8 6.89 × 10−3 1.0 1.46 1.27

OCMe3 23.4 87.4 3.80 × 10−4 10.6 1.48 1.25

OMe 27.6 89.4 2.09 × 10−4 12.6 1.49 1.24

Me 15.7 83.8 1.12 × 10−3 7.0 1.47 1.26

NO2 −3.3 75.3 1.44 × 10−2 −1.5 1.46 1.27

Ph 17.0 84.4 9.32 × 10−4 7.6 1.48 1.25

X

O
•

O
•

−7.5 48.7 43.5 −3.2 1.40 1.24

N
25.9 63.9 45.2 12.0 1.09 1.55

Phenoxyl
DH

(kJ mol−1)

E
(kJ mol−1)

k10 (400 K)

(L mol−1 s−1)

DEH

(kJ mol−1)

r(C−H) � 1010

(m)

r (O−H) � 1010

(m)
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two voluminous ortho–tert-alkyl groups on the reactivity of sterically hindered phenoxyls

(Ar2O
.
) appeared in the reactions of phenoxyl radicals with hydrocarbons. Let us compare the

values of Ee0 for reactions of Ar1O
.
and Ar2O

.
with RH and ROOH [33,34]. Calculation was

performed according to the following equations:

Substrate R1H R2H R3H ROOH

Ee0(Ar1O.) (kJ mol21) 61.5 78.4 69.5 42.7

Ee0(Ar2O.) (kJ mol21) 84.0 106.5 94.3 50.4

DES (kJ mol21) 22.5 28.1 24.8 7.7

We see that the increment of the steric influence DES ranges from 22 to 28 kJ mol�1 for the

Ar2O
.
reaction with the C��H bond and amounts to 8 kJ mol�1 for the reaction of Ar2O

.
with

hydroperoxide. Due to the steric effect, sterically hindered phenoxyl practically does not

participate in the chain propagation. The same effect is observed in the comparison of

diphenylaminyl and picrylhydrazyl reactions with R3H [34]: Ee0(Ph2N
.
)¼ 81.7 kJ mol�1,

Ee0(DPPH
.
)¼ 99.3 kJ mol�1, and DES¼ 17.6 kJ mol�1.

15.5.3 ELECTRON AFFINITY OF ATOMS IN THE TS

Aminyl radicals react with C��H bonds of hydrocarbons more slowly than phenoxyl radical

when compared to the activation energies of their thermoneutral reactions [33,34,38].

Reactant R1H R2H R3H ROOH

Ee0(Ar1O.) (kJ mol21) 61.5 74.8 69.5 42.7

Ee0(Am.) (kJ mol21) 73.7 88.4 81.5 39.2

DE (kJ mol21) 12.5 13.6 12.0 �3.5

The difference Ee0(Am
.þRH)�Ee0(Ar1O

.þRH)� 12.5 kJ mol�1 can be explained by the

additional steric hindrance in the reaction of the aminyl radical due to its pyramidal geometry

and additional repulsion of phenyl groups. One can expect the same effect in reactions of

phenoxyl and aminyl radicals with hydroperoxide. However, the opposite effect is observed in

this reaction, where DE is negative. The high reactivity of aminyl radicals in reaction with

hydroperoxide has the same principle as the high reactivity of RO2
.
in reaction with AmH (see

earlier). Aminyl radicals react with the O��H bond of hydroperoxide with the low activation

energy (Ee0) due to a great difference in electron affinity of N and O atoms in the TS of the

N � � � H � � � OR type [33]. The values of DH, E, and DEH and geometric parameters of TS

for some reactions of aminyl radicals with hydrocarbons and hydroperoxides are given in

Table 15.15.

The flash photolysis study of the reaction of Ph2N
.
with cumyl hydroperoxide showed the

more sophisticated mechanism of this reaction [99]. When [ROOH] is low (less than 0.01 mol

L�1), the reaction proceeds as bimolecular. The mechanism changes at the hydroperoxide

concentration greater than 0.02 mol L�1. The diphenylaminyl radical forms complex with

hydroperoxide, and the reaction proceeds through the electron transfer.
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TABLE 15.15
Enthalpies, Activation Energies, Rate Constants, Increment DEH, and Geometrical

Parameters of TS Reactions of Aminyl Radicals with Cumene (Reaction 10) Calculated

by IPM Method

PhN•H −31.9 50.9 22.5 −14.1 1.40 1.23

N
• −4.1 62.9 0.60 −1.9 1.43 1.20

N
•

O O

6.1 67.6 0.15 2.8 1.44 1.19

N
•

O

−1.2 64.2 0.40 −0.6 1.43 1.20

N
• −2.8 63.5 0.50 −1.3 1.43 1.20

Ph2N
• −10.0 60.3 1.34 −4.5 1.43 1.20

N
•

Ph

N

H

Ph −1.2 64.2 0.40 −0.6 1.43 1.20

N
•

N

Ph

5.5 67.3 0.16 2.5 1.44 1.19

−16.9 57.2 3.33 −7.6 1.42 1.21

N
•
H −20.0 55.9 4.98 −8.9 1.42 1.21

Aminyl

DH
(kJ mol−1)

E
(kJ mol−1)

k (400K)

(L mol−1 s−1)

DEH

(kJ mol−1)

r (C−H) 

� 1010 (m)

r (N−H) 

� 1010 (m)

N
•
H −24.8 53.8 9.22 −11.0 1.41 1.22

N
• Ph −2.4 63.7 0.48 −1.1 1.43 1.20

N
•

Ph
−8.2 61.1 1.05 −3.7 1.43 1.20

N

−15.1 58.0 2.63 −6.8 −1.42 1.21
O

N
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Am
. þROOH �! AmH þRO2

.
k7

Am
. þROOH AmH

.þ � � � RO2
� K

AmH
.þ � � � RO2

� �! AmHþRO2
.

k

The values of rate constants were estimated as k7¼ 1.1� 105 L mol�1 s�1, k¼ 1.0� 103 s�1,

and K¼ 42 L mol�1 (348 K).

15.5.4 REACTIONS OF PHENOXYL RADICALS WITH DIOXYGEN

The phenoxyl radical has an increased electron density in the ortho- and para-positions and

adds dioxygen similar to alkyl radicals. However, the C��OO bond is weak in this peroxyl

radical and back dissociation occurs rapidly. Therefore, the formation of quinolide peroxide

occurs in two steps, which was studied for the 2,4,6-tris(1,1-dimethylethyl)phenoxyl radical

[100,101].

+ O2 O
O•O

O•O

K

O+ O
OO

O

k

O•

O•

The phenoxyl radical is consumed with the rate

v ¼ 2kK [Ar2O
.
]2[O2] (15:22)

The coefficient kK was found to decrease with the increasing temperature, which can be

explained by the temperature-dependent equilibrium between dioxygen, phenoxyl radical,

and the formed peroxyl radical [100].

kK ¼ 3:2� 10�5 exp (114=RT) (L2 mol�2 s�1) (15:23)

The reaction between the semiquinone radical and dioxygen was found recently in the kinetic

study of styrene oxidation inhibited by hydroquinone [102].

O•HO + OO2 O + HO2
• (10)

The rate constant of this reaction is k¼ 4.7� 102 L mol�1 s�1 (styrene, T¼ 323K). This

reaction decreases the value of f coefficient for hydroquinone as inhibitor. The latter depends

on pO2 and is lower, the greater the pO2.

The chain mechanism of oxidation of N,N-diphenyl-1,4-phenylenediamine by dioxygen

was proved and studied by Varlamov and Denisova [103]. The introduction of an initiator

accelerates this reaction. The following chain mechanism was proposed [103].
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The rate constant of the aminyl radical reaction with dioxygen was estimated as

k10¼ 1.1� 106 exp(�26.3/RT) L mol�1 s�1.

15.6 DIRECT OXIDATION OF PHENOLS AND AMINES BY DIOXYGEN
AND HYDROPEROXIDES

Dioxygen is a weak hydrogen atom acceptor due to a low strength of the formed O2��H bond

(220 kJ mol�1). However, at high temperature (T> 450 K) the reaction

InHþO2 �! In
. þHO2

.
(12)

occurs with a measurable rate. The kinetics of direct oxidation of phenols and aromatic

amines by dioxygen was studied [103–108]. The comparison of the experimental and theor-

etical values of rate constants later showed that the studied reactions occur apparently by the

chain mechanism via intermediate participation of HO2
.
and HO

.
radicals.

Such reactions are endothermic, since the O��H bond of phenols and the N��H bond of

amines are considerably stronger (see Table 5.1 and Table 5.3) than the O��H bond of the

resulting HO2
.
radical (DO��H¼ 220 kJ mol�1). The activation energies of these reactions are

virtually equal to their enthalpies (E¼DHþ 0.5RT ). For highly endothermic reactions, the

pre-exponential factor A and reaction enthalpy DH change is unidirectional, since higher

reaction enthalpies correspond to higher vibrational amplitudes of breaking bonds in the TS

and larger collision cross sections of interacting particles [109]. In terms of the parabolic

model, the factor A depends on DH as

A=A0ð Þ1=2¼ 1þ 1:3 DH1=2
e � DH1=2

e max

� �

, (15:24)

where A0 is the pre-exponential factor typical of a given class of reactions (for example,

A0¼ 3.2� 107 L mol�1 s�1 for the reactions RO2
.þArOH). The limiting values of DHe max

are given here [110].

InH Ar1OH Ar2OH AmH

DHe max (kJ mol�1) 57.2 74.8 42.7
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The calculated DH,A, andk values are summarized inTable 15.16. It can be seen that, normally,

the rate constants of these reactions are low, however, at elevated temperatures (500 K and

above) the rate of antioxidant consumption by reaction (11) can noticeably increase.

Similar calculations were performed for the reactions of antioxidants with NO2, assuming

that the energy of the O��H bond of the formed ONOH is equal to 327.6 kJ mol�1 [111]. The

parameters used for calculations are summarized in Table 15.17. The calculated values of

activation energies and rate constants of the reactions of nitrogen dioxide with antioxidants

are given in handbook [4].

Ozone vigorously reacts with the double bonds of alkenes and quite rapidly with the

p-bonds of aromatic rings. Its reaction with the C��H bonds of hydrocarbons occurs

relatively slowly and is accompanied by the formation of free R
.
and HO2

.
radicals followed

by the decomposition of the unstable radical HO3
.
(see Chapter 3).

RHþO3 �! R
. þHO3

.

HO3
. �! HO

. þO2

The dissociation energy of the O��H bond of HO3
.
is 350.4 kJ mol�1 [112]. It can be anticipated

that, like peroxyl radicals, ozone reacts with inhibitors (phenols) by the reaction [113]:

O3 þArOH �! HO3
. þArO

.

with an insignificant side reaction of addition to the aromatic ring. The activation energy of

such reactions can be calculated by the following simple formula of the parabolic model

[113,114].

TABLE 15.16
Kinetic Parameters of Phenols and Amines Reactions with Hydroperoxides, Dioxygen,

Ozone, and Nitrogen Dioxide in IPM Model [4,110–114]

Reaction a

b 3 10211

(kJ mol21)1/2 m

0.5hLn

(kJ mol21) 0.5hL(n2 nf) (kJ mol21)

ArOHþO2 (O3) 1.014 4.665 21.5 0.3

ArOHþNO2 1.000 4.665 21.5 0.0

ArOHþROOH 0.982 4.665 21.5 �0.7

AmHþO2 (O3) 0.940 4.324 20.0 �1.2

AmHþNO2 0.927 4.324 20.0 �1.5

AmHþROOH 0.907 4.324 20.0 �2.2

Reaction bre (kJ mol21)1/2 Ee0 (kJ mol21) A (L mol21 s21)

2DHe min

(kJ mol21)

DHe max

(kJ mol21)

Ar1OHþO2 (O3) 13.16 45.3 6.4� 108 49.1 53.6

Ar1OHþNO2 13.54 45.8 2.0� 108 57.8 57.8

Ar1OHþROOH 20.45 107.8 1.0� 108 228.6 228.6

Ar2OHþO2 (O3) 14.30 51.8 6.4� 108 69.3 71.6

Ar2OHþNO2 14.49 52.5 2.0� 108 75.6 75.6

Ar2OHþROOH 21.60 120.2 1.0� 108 251.2 251.2

AmHþO2 (O3) 12.12 39.0 2.0� 109 46.2 39.5

AmHþNO2 11.93 38.3 2.0� 109 44.7 36.7

AmHþROOH 18.87 99.2 1.0� 108 238.8 192.5
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TABLE 15.17
Enthalpies, Pre-exponential Factors, and Rate Constants of Reaction InH 1 O2! In0 1 HO2

.

Calculated by IPM method [110]

InH D (kJ mol−1) DH (kJ mol−1) A (L mol−1 s−1) k (400) (L mol−1 s−1)

Phenols
PhOH 369.0 1.490 � 102 3.473 �  1010 1.22 � 10−9

N O

OO

O O

HH

H

356.7 1.367 � 102 2.872 � 1010 4.06 � 10−8

H

H

352.0 1.320 � 102 2.650 � 1010 1.54 � 10−7

H

H

349.8 1.298 � 102 2.549 � 1010 2.87 � 10−7

O
H

N

370.2 1.502 � 102 3.534 � 1010 8.63 � 10−10

O  H 338.3 1.183 � 102 2.036 � 1010 7.27 � 10−6

O
H 343.4 1.234 � 102 2.259 � 1010 1.74 � 10−6

O
H

Cl
370.5 1.505 � 102 2.549 � 1010 7.92 � 10−10

O
H

O
345.8 1.258 � 102 2.366 � 1010 8.87 � 10−7

O
H

O

331.4 1.114 � 102 1.745 � 1010 4.96 � 10−5

O
H 362.2 1.422 � 102 3.137 � 1010 8.49 � 10−9

O
H

354.6 1.346 � 102 2.772 � 1010 7.37 � 10−8

O
H

N
328.8 1.088 � 102 1.639 � 1010 1.02 � 10−4

HO

OH

315.9 9.590 � 102 1.147 � 1010 3.45 � 10−3

Sterically Hindered Phenols
OH 346.4 1.264 � 102 1.374 � 1010 4.30 � 10−7
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TABLE 15.17
Enthalpies, Pre-exponential Factors, and Rate Constants of Reaction InH 1 O2! In’ 1 HO2

.

Calculated by IPM method [110]—continued

InH D (kJ mol−1) DH (kJ mol−1) A (L mol−1 s−1) k (400) (L mol−1 s−1)

OHO

327.1 1.071 � 102 7.716 � 1010 7.99 � 10−5

OH

339.0 1.190 � 102 1.128 � 1010 3.27 � 10−6

OH
HO

340.9 1.209 � 102 1.190 � 1010 1.95 � 10−6

OH

Ph

Ph

O

328.0 1.080 � 102 7.968 � 1010 6.30 � 10−5

S

OHOH

PhPh

335.2 1.152 � 102 1.009 � 1010 9.16 � 10−6

S

OH

Ph

CN

345.5 1.255 � 102 1.343 � 1010 5.51 � 10−7

Amines
Ph2NH 364.7 1.447 � 102 4.606 � 1010 5.88 � 10−9

H
N

OO

348.6 1.286 � 102 3.686 � 1010 5.95 � 10−7

N
H

N

H

O

355.9 1.359 � 102 4.097 � 1010 7.37 � 10−8

357.5 1.375 � 102 4.189 � 1010 4.66 � 10−8

O2N NHPh 372.9 1.529 � 102 5.093 � 1010 5.52 � 10−10

H
N

N
H

333.6 1.136 � 102 2.876 � 1010 4.22 � 10−5

continued
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E ¼ {0:5bre þ DH(2bre)
�1}2 � 20:1þ 0:5RT (15:25)

The parameters used for calculations of activation energies and rate constants are summar-

ized in Table 15.16. The calculated values of E and k for the reaction of ozone with

antioxidants are given in the handbook [4]. They are in good agreement with the experimental

data [113].

Phenols react with hydroperoxides by the bimolecular reaction [5,115]

ArOHþROOH �! ArO
. þH2OþRO

.

with the rate v¼ k11[PhOH][ROOH]. The thermal effect of this reaction is q¼ 347�DO��H (kJ

mol�1). For most phenols, this reaction is exothermic. The energy of the phenolic O��H bond

and reaction rate are related inversely. Thus, p-methoxyphenol (DO��H¼ 351 kJ mol�1) and p-

cresol (DO��H¼ 362 kJ mol�1) react at 413 K with k11¼ 4.3� 10�3 and 2� 10�4 L mol�1 s�1,

respectively [115]. The reaction occurs homolytically with the formation of radicals, as dem-

onstrated with reference to p-methoxyphenol in oxidized cumene. The yield of radicals is 0.27

(cumene, 293 K, [115]). The activation energy of this reaction is related to the energy of the

phenolic O��H bond as E11¼DO��H� 254 kJ mol�1 with the mean pre-exponential factor

equal to 1010 L mol�1 s�1 [115]. Similar to the interaction of RO2
.
with phenol, the reaction

proceeds via an intermediate step of complexing by hydrogen bonds:

PhOHþROOH () PhOH � � � OOR! PhO
. þH2OþRO

.

The experimental data on antioxidant oxidation by hydroperoxide are found in the literature

[115–124]. The calculated values of DH, E, and k of reaction ROOH with phenols are

collected in Table 15.18.

TABLE 15.17
Enthalpies, Preexponential Factors, and Rate Constants of Reaction InH 1 O2! In’ 1 HO2

.

Calculated by IPM method [110]—continued

InH D (kJ mol−1) DH (kJ mol−1) A (L mol−1 s−1) k (400) (L mol−1 s−1)

346.6 1.266 � 102 3.575 � 1010 1.05 � 10−6

360.2 1.402 � 102 4.344 � 1010 2.14 � 10−8

H
N

357.1 1.371 � 102 4.166 � 1010 5.22 � 10−8

H
N

H
N 362.9 1.429 � 102 4.501 � 1010 9.86 � 10−9

H
N

H
N

H
N

O
Ph

349.5 1.295 � 102 3.736 � 1010 4.60 � 10−7
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TABLE 15.18
Enthalpies, Activation Energies, and Rate Constants of Reactions of 1,1-dimethylethyl

Hydroperoxide with Phenols (Ar1OH) in Hydrocarbon Solutions: ROOH 1 Ar1OH!
RO.

1 H2O 1 Ar1O. Calculated via IPM Method [114]

DH
(kJ mol−1)

E
(kJ mol−1)

A
(L mol−1 s−1)

k (400 K)

(L mol−1 s−1)

Phenols

49.9 111.0 1.4 � 108 4.5 � 10−7

35 102.8 1.4 � 108 5.5 � 10−6

30.0 100.2 2.9 � 108 2.4 � 10−5

23 96.4 3.0 � 108 7.8 � 10−5

48.5 110.2 1.4 � 108 5.6 � 10−7

16.6 93.0 1.5 � 108 1.1 � 10−4

11.8 90.5 3.1 � 108 4.6 � 10−4

21.7 95.7 1.5 � 108 4.8 � 10−5

33 101.7 1.4 � 108 7.6 � 10−6

47.3 109.5 1.4 � 108 6.9 � 10−7

38.4 104.6 1.4 � 108 3.1 � 10−6

60.7 117.1 1.4 � 108 6.9 � 10−8

96.924.1 1.5 � 108 3.2 � 10−5

9.7 89.5 1.5 � 108 3.2 � 10−4

InH

OH

O

N

HH

H

O O

O

H

H

HO OH

O

H

N
O   H

OH

OH

O
H

O   H

PhOH

OH

OH

F
F

F

O

H

O

O

H

O

O

H 40.5 105.8 1.4 � 108 2.2 � 10−6

continued
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TABLE 15.18
Enthalpies, Activation Energies, and Rate Constants of Reactions of 1,1-dimethylethyl

Hydroperoxide with Phenols (Ar1OH) in Hydrocarbon Solutions: ROOH 1 Ar1OH!
RO.

1 H2O 1 Ar1O. Calculated via IPM Method [114]—continued

N

O

HO
14 91.7 1.5 � 108 1.6 � 10−4

Sterically Hindered Phenols
Ph

Ph

OH
N

−10.6 86.6 1.6 � 108 7.7 � 10−4

OH

O

26.1 105.3 1.4 � 108 2.6 � 10−6

OH

24.7 104.5 1.4 � 108 3.2 � 10−6

OHO

5.4 94.5 1.5 � 108 6.8 � 10−5

HO

OH

−5.8 81.7 3.2 � 108 7.0 � 10−3

OH

17.3 100.6 1.5 � 108 1.0 � 10−5

∆H
(kJ mol−1)

E
(kJ mol−1)

A
(L mol−1 s−1)

k (400 K)

(L mol−1 s−1)

32.9 101.6 1.4 � 108 7.7 � 10−6

InH

O

H

O

H

N
7.1 88.1 1.6 � 108 4.8 � 10−4
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In polar solvents, this reaction is fast. For instance, at 333 K p-methoxyphenol is oxidized

by cumyl hydroperoxide in chlorobenzene and a mixture of chlorobenzene: tert-butanol¼ 4:1

with k11¼ 3.5� 10�6 and 2.5� 10�4 Lmol�1 s�1, respectively [124]. The acceleration of this

TABLE 15.18
Enthalpies, Activation Energies, and Rate Constants of Reactions of 1,1-dimethylethyl

Hydroperoxide with Phenols (Ar1OH) in Hydrocarbon Solutions: ROOH 1 AmH!
RO.

1 H2O 1 Am. Calculated via IPM Method [114]—continued

N

H 35.8 102.3 1.4 � 108 6.3 � 10−6

O2N NHPh 51.2 120.5 1.3 � 108 2.5 � 10−8

Ph2NH 43.0 110.6 1.4 � 108 4.4 � 10−7

H
N

N
H

11.9 76.5 3.3 � 108 3.4 � 10−2

H
N

N
H

24.9 90.2 3.1 � 108 5.2 � 10−4

H
N

N
H

34.2 100.5 2.9 � 108 2.2 � 10−5

H
N 38.5 105.4 1.4 � 108 2.5 � 10−6

H
N

35.4 101.8 1.4 � 108 7.3 � 10−6

H
N 41.2 108.5 1.4 � 108 9.4 � 10−7

H
N

O
Ph

27.8 93.3 1.5 � 108 9.8 � 10−5

InH

DH
(kJ mol−1)

E
(kJ mol−1)

A
(L mol−1 s−1)

k (400 K)

(L mol−1 s−1)

Amines
26.9 92.3 1.5 � 108 1.3 � 10−4

N
H

O

H
N

O O

34.2 100.5 1.5 � 108 1.1 � 10−5
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reaction is due to phenol ionization and the rapid oxidation of the phenolate ion by hydro-

peroxide.

The introduction of 0.5 mol L�1 pyridine into 1,1-dimethylethanol containing phenol and

hydroperoxide increases the rate constant k11 from 10�4 to 1.2� 10�3 L mol�1 s�1 (353 K)

[121]. At concentrations lower than 0.1 mol L�1, pyridine enhances the rate of the reaction of

p-methoxyphenol with hydroperoxide in benzene at 353 K from almost zero to

v¼ 3.7� 10�2[ArOH][ROOH][C5H5N] [121]. The addition of pyridine to tert-butanol with

p-methoxyphenol increases both the reaction rate and the electroconductivity of an ArOH

solution. All these results are in agreement with the following reaction mechanism:

ArOHþROH ArO� þROH2
þ

ArOHþ C6H5N ArO� þ C6H5NHþ

ArO� þROOH �! ArO
. þRO

. þOH�

RO
. þArOH �! ROHþArO

.

2ArO
. �! Recombination products

In aqueous solutions, ROOH can react with p-methoxyphenol at pH> 8; however, at pH> 10

the reaction slows down due to ROOH dissociation and a weak oxidative ability of the RO2
�

anion.

Hydroperoxides oxidize aromatic amines more readily than analogous phenols. Thus, at

368 K cumyl hydroperoxide oxidizes a-naphthylamine and a-naphthol with k11¼ 1.4� 10�4

and 1.7� 10�5 L mol�1 s�1, respectively [115,118]. The oxidation of amines with hydroper-

oxides occurs apparently by chain mechanism, since the step of free radical generation

proceeds much more slowly. This was proved in experiments on amines oxidation by cumyl

hydroperoxide in the presence of N,N’-diphenyl-1,4-phenylenediamine (QH2) as a radical

acceptor [125]. The following reactions were supposed to occur in solution (80% decane and

20% chlorobenzene):

ROOHþ Solvent �! RO
. þ Products (ki)

AmH þROOH �! Am
. þH2OþRO

.
(k11)

RO
. þQH2 �! ROHþ .

QH

Am
. þQH2 AmH þ .

QH
.
QHþ .

QH �! QH2 þQ

The k11/ki ratio was measured in kinetic experiments and k11 was estimated at

ki¼ 2.5� 10�6 s�1 (403 K). The values of k11 (403 K) are given below [125]:

AmH Ph2NH

H
N

OO

N

H

O

N

H

AmH

k11 (L mol−1 s−1) 1.9 � 10−5 3.4 � 10−4 1.1 � 10−4 8.8 � 10−5

k11 (L mol−1 s−1) 4.2 � 10−5 2.9 � 10−4 7.1 � 10−5 3.0 � 10−5

H
N

NHHN

Ph

Ph

H
N N

H

Br Br
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The comparison of the rate constants of these reactions with BDE of N��H bonds proves that

the higher the BDE, the lower rate the constant. The rate constants of the reaction of amine

with hydroperoxide calculated by the IPM method are listed in Table 15.18. The parameters

of these reactions are given in Table 15.18. The values of activation energies for all reactions

of the type

ROOHþHIn! RO
. þH2Oþ In

.

are very high (90–120 kJ mol�1) due to intensive repulsion of four atoms of the transition

center.

The decay of amine oxidized by hydroperoxide occurs much more rapidly than free

radical generation. Apparently, these reactions proceed by chain mechanism. The diatomic

phenols and aryldiamines (QH2) must react with ROOH by the chain mechanism in which the

semiquinone radical
.
QH that reduces hydroperoxide plays the key role. The following chain

mechanism can be supposed [122]:

ROOHþQH2 �! RO
. þH2Oþ .

QH

ROOHþ .
QH �! RO

. þH2OþQ

RO
. þQH2 �! ROHþ .

QH
.
QHþ .

QH �! QH2 þQ
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16 Cyclic Chain Termination
in Oxidation of Organic
Compounds

16.1 CYCLIC CHAIN TERMINATION BY AROMATIC AMINES AND AMINYL
RADICALS

Aromatic amines terminate chains in oxidizing hydrocarbons with the stoichiometric coeffi-

cient between 1 and 2 as a result of the consecutive reactions (see Chapter 15).

RO2
. þAmH �! ROOHþAm

.

Am
. þRO2

. �! Products

Am
. þAm

. �! Products

High values of the inhibition coefficient ( f¼ 12–28) were detected for the first time in the

oxidation of cyclohexanol [1] and butanol [2] inhibited by 1-naphthylamine. For the oxida-

tion of decane under the same conditions, f¼ 2.5. In the case of oxidation of the decane–

cyclohexanol mixtures, the coefficient f increases with an increase in the cyclohexanol

concentration from 2.5 (in pure decane) to 28 (in pure alcohol). When the oxidation of

cyclohexanol was carried out in the presence of tetraphenylhydrazine, the diphenylaminyl

radicals produced from tetraphenylhydrazine were found to be reduced to diphenylamine [3].

This conclusion has been confirmed later in another study [4]. Diphenylamine was formed

only in the presence of the initiator, regardless of whether the process was conducted under an

oxygen atmosphere or under an inert atmosphere. In the former case, the aminyl radical was

reduced by the hydroperoxyl radical derived from the alcohol (see Chapter 6), and in the

latter case, it was reduced by the hydroxyalkyl radical.

N•

N•

+
HO

HO

•OO
NH

NH

+ O2 + O

+ + O•
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On the basis of these results, the following general mechanism was suggested for the cyclic

chain termination by inhibitor InH in oxidized alcohol [3]:

InH

In•

RO2
•

ROOHHO2
•

O2

The oxidation of primary and secondary alcohols in the presence of 1-naphthylamine, 2-

naphthylamine, or phenyl-1-naphthylamine is characterized by the high values of the inhib-

ition coefficient f � 10 [1–7]. Alkylperoxyl, a-ketoperoxyl radicals, and b-hydroxyperoxyl

radicals, like the peroxyl radicals derived from tertiary alcohols, appeared to be incapable of

reducing the aminyl radicals formed from aromatic amines. For example, when the oxidation

of tert-butanol is inhibited by 1-naphthylamine, the coefficient f is equal to 2, which coincides

with the value found in the inhibited oxidation of alkanes [3]. However, the addition of

hydrogen peroxide to the tert-butanol getting oxidized helps to perform the cyclic chain

termination mechanism (1-naphthylamine as the inhibitor, T¼ 393 K, cumyl peroxide as

initiator, pO2¼ 98 kPa [8]). This is due to the participation of the formed hydroperoxyl

radical in the chain termination:

RO2
. þAmH �! ROOHþAm

.

RO2
. þH2O2 �! ROOHþHO2

.

Am
. þHO2

. �! AmH þO2

Since the peroxyl radicals derived from alcohol dissociate to a carbonyl compound and HO2
.

(see Chapter 8), two reactions in which the aminyl radicals formed from amine are reduced,

occur in parallel under the conditions of the alcohol oxidation:

>C(OH)OO
. �! >C¼¼OþHO2

.

RO2
. þH2O2 �! ROOHþHO2

.

Am
. þHO2

. �! AmH þO2

>C(OH)OO
. þAm

. �! >C¼¼OþO2 þAmH

In the presence of dissolved dioxygen, the hydroxyalkyl radicals are converted into the

hydroxyperoxyl radicals very rapidly; therefore, only hydroperoxyl and hydroxyalkylperoxyl

radicals participate in the reduction of the aminyl radicals. The higher the temperature, the

more effective the decomposition of the hydroxyperoxyl radicals and the higher the propor-

tion of the HO2
.
radicals participating in the regeneration of the amine.

Later it was shown [9] that in the case of repeated chain termination with aromatic amines

in the oxidation of alcohols the situation is more complicated. In parallel with the reaction of

disproportionation with the aminyl radical, the following reactions occur:

>C(OH)OO
. þAm

. �! >C(OH)O
. þAmO

.

AmO
. þ>C(OH)OO

. �! AmOHþO2 þ>C¼¼O

>C(OH)OO
. þAmOH �! >C(OH)OOHþAmO

.

The intermediate formation of the nitroxyl radical was detected in the oxidation of 2-propanol

retarded by diphenylamine; chain termination occurs by cyclic mechanisms involving both
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aminyl and nitroxyl radicals [9]. In the case where the oxidation of 2-propanol is decelerated by

bis( p-methoxyphenyl)amine, only the cycle involving nitroxyl radicals is realized [9].

Organic acids retard the formation of nitroxyl radicals via the reaction of the peroxyl

radical with the aminyl radical [10]. Apparently, the formation of a hydrogen bond of the

>N � � � HOC(O)R type leads to the shielding of nitrogen, which precludes the addition of

dioxygen to it, yielding the nitroxyl radical. Thus, the products of the oxidation of alcohols,

namely, acids have an influence on the mechanism of the cyclic chain termination.

As noted above, the duration of the retarding action of an inhibitor is directly propor-

tional to the f value. In systems with a cyclic chain termination mechanism, the f coefficient

depends on the ratio of the rate constants for two reactions, in which the inhibitor is

regenerated and irreversibly consumed. In the oxidation of alcohols, aminyl radicals are

consumed irreversibly via the reaction with nitroxyl radical formation (see earlier) and via

the following reaction [11]:

RO2
• + N•

Ph ROO

H
N

Ph
O N

Ph
+ ROH

The formation of the nitroxyl radical and quinone imine precludes the possibility of the

recovery of amine and, hence, any of the above reactions interrupts the cycle at the aminyl

radical. Taking these reactions into account, we come to the following expression for the

coefficient f:

f ¼ 1þ k(Am. þHO2
. �! AmH þO2)

k(Am. þHO2
. �! AmO. þHO.)þ k(Am. þHO2

. �! QþH2O)
(16:1)

Table 16.1 presents the inhibition coefficients f and the termination rate constants k7 in

systems with the cyclic chain termination mechanism with aromatic amines. Naturally,

these are apparent rate constants, which characterize primarily the rate-limiting step of the

chain termination process.

The question why the aminyl radicals ensure cyclic chain termination in those systems in

which the hydroperoxyl and hydroxyalkylperoxyl radicals are formed, but not in the oxida-

tion of hydrocarbons where alkylperoxyl radicals are the chain-propagating species deserves

special attention [22–24]. Indeed, the disproportionation of the aminyl and peroxyl radicals

that involve both the O��H and C��H bonds is, in principle, possible

Ph

Ph

Ph

Ph

Ph

Ph

Ph

Ph

N• H O
R

OO•

OO•

R

+ NH

NH

+ + O2

O2

O
R

R

N• H
R

R

+ + +
R

R

R

RR

R

We present the enthalpies of disproportionation of aminyl radicals with hydroxyalkyl and

alkyl peroxyl radicals in Table 16.2 [22–24].

All these reactions are exothermic, and the DH values are negative. All these reactions

should seemingly occur equally rapidly. The question to how easily the aminyl radicals react

with the H��O and H��C bonds of the peroxyl radicals can be answered by analyzing these

reactions in terms of the IPM model of free radical reaction (see Chapter 6). This model gives

a tool to perform the calculation of the activation energy for a thermally neutral reaction of

each class. Analysis of experimental data has shown (see Chapter 15) that, when aminyl
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TABLE 16.1
Inhibition Coefficients f and Rate Constants k for the Reactions of Peroxyl Radicals

with Aromatic Amines in Systems with a Cyclic Mechanism of Chain Termination

(Experimental Data)

Amine Oxidizing Substrate T (K) f k (L mol -1 s -1) Ref.

Ph2NH 348 200 [12]

Ph2NH trans-PhCH=CHCOOEt 323 20 3.6 � 105 [13]

Ph2NH trans-PhCH=CHCOOMe 323 20 2.8 � 105 [13]

Ph2NH trans-PhCH=CHCOOPh 323 20 1.1 � 104 [13]

[9]Ph2NH Me2CHOH 343 >23

Ph2NH OH

H

393 56 5.0 � 103 [14]

Ph2NH Me2N(CH2)2OCOMeC=CH2 323 10 6.0 � 103 [15]

H
N

O O

H
N

O O

H
N

O O

H
N

O O

H
N

O O

H
N

O O

H
N

O O

H
N

O O

H
N

O O

H
N

O O

H
N

O O

H
N

O O

Me2NCH2CH2NMe2 313 26 6.5 � 104 [16]

Me2CHOH 343 22 [9]

N
323 52 7.3 � 104 [17]

N(CH2Me)3 313 80 4.4 � 105 [18]

N
323 70 1.5 � 106 [18]

MeCON(CH2Me)2 348 30 >1.0 � 105 [19]

N
H

H

348 18 2.2 � 104 [20]

(C4H9)2NH 348 29 4.2 � 104 [20]

PhCH2NH2 338 25 8.2 � 103 [20]

PhCH2NHMe 333 >10 3.7 � 104 [18]

Me2N(CH2)2OCOMeC=CH2 323 18 1.2 � 104 [15]

Me2NC4H9 323 16 1.1 � 105 [21]
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TABLE 16.1
Inhibition Coefficients f and Rate Constants k for the Reactions of Peroxyl Radicals

with Aromatic Amines in Systems with a Cyclic Mechanism of Chain Termination

(Experimental Data)—continued

323 26 8.0 � 104 [21]

N
H H

N
H H

N
H H

N
H H

N
H H

N
H H

N
H H

N
H H

N
H H

N
H H

348 28 [12]

393 56 1.3 � 103 [14]

393 28 3.2 � 104 [1]

413 30 [1]

393 28 [2]

348 15 [3]

348 90 [8]

H
N

O O

Amine Oxidizing Substrate T (K) f k (L mol -1 s -1) Ref.

348 90 [8]

398 22 [8]

Me2N(CH2)2OCOCEt

OH

H

OH

H

OH

H

OH

H

OH

H

OH

H

Me2CHOH

OH

H + H2O2 

N
323 >4 4.2 � 104 [18]

continued
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TABLE 16.1
Inhibition Coefficients f and Rate Constants k for the Reactions of Peroxyl Radicals

with Aromatic Amines in Systems with a Cyclic Mechanism of Chain Termination

(Experimental Data)—continued

Me(CH2)3OH 347 12 [2]

Me(CH2)3OH 383 17 [2]

MeCH(OH)Et 347 12 [2]

[2]Me3COH + H2O2 358 9

Me3COH + H2O2 348 22 [2]

Me2CHOH 348 90 [8]

Me2NCH2CH2NMe2 313 1.6 � 103 [16]

Amine Oxidizing Substrate T (K) f k (L mol 
-1 s 

-1) Ref.

N
323 2.0 � 103 [17]

N(CH2CH3)3 313 1.3 � 104 [18]

(C4H9)2NH 348 26 1.5 � 103 [20]

N
H H

N
H H

N
H H

N
H H

N
H H

N
H H

N
H H

N
H H

N
H H

N
H H

N
H H Me2N(CH2)2OCO

   MeC=CH2

323 10 6.0 � 103 [15]
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TABLE 16.1
Inhibition Coefficients f and Rate Constants k for the Reactions of Peroxyl Radicals

with Aromatic Amines in Systems with a Cyclic Mechanism of Chain Termination

(Experimental Data)—continued

N
H H

N

H

H

348 16 8.0 � 102 [20]

N
H H PhCH2NH2 338 30 1.6 � 103 [20]

[2]
N

H

H Me(CH2)3OH 347 6

N
H

H OH

H

393 28 2.0 � 103 [14]

NN
H

H

Me2N(CH2)2OCOMeC=CH2 323 26 1.2 � 105 [15]

[12]

NN
H

H

348 6.5

Amine Oxidizing Substrate T (K) f k (L mol -1 s -1) Ref.

NN
H

H

313 22 [12]

NN
H

H

N
323 43 8.2 � 104 [17]

NN
H

H

N
323 17 2.1 � 105 [18]

continued
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TABLE 16.1
Inhibition Coefficients f and Rate Constants k for the Reactions of Peroxyl Radicals

with Aromatic Amines in Systems with a Cyclic Mechanism of Chain Termination

(Experimental Data)—continued

NN
H

H

trans-PhCH=CHCOOEt 323 40 2.6 � 105 [13]

NN
H

H

trans-PhCH=CHPh 323 40 1.7 � 105 [13]

NN
H

H

Me2NCH2CH2NMe2 313 22 4.0 � 104 [16]

NN

Ph

H H

OH

H

393 200 [22]

N

Si

N

Ph

H H

Me2CHOH 343 18 [9]

N
H OH

H

393 15 [14]

N

H OH

H

393 26 9.0 � 103 [14]

Amine Oxidizing Substrate T (K) f k (L mol -1 s -1) Ref.

N

H OH

H

348 36 1.2 � 104 [20]

N

H PhCH2NH2 338 52 1.2 � 104 [20]

N

H
N 323 20 1.0 � 104 [18]
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radicals react with hydrocarbons, phenols, and hydroperoxides, they are extremely reactive

toward specifically O��H bonds [25,26]. The values of Ee0 for the reactions of aminyl radicals

with various compounds are presented below.

Compound R1��H R3��H ROO��H Ar1O��H

Ee0 (kJ mol�1) 69.7 81.7 39.2 29.4

�DHe min (kJ mol�1) 169.3 196.1 39.8 29.4

The reactions of aminyl radicals with O��H and C��H bonds are very different. The first

have low triplet repulsion and high difference in electron affinity of atoms in the TS reaction

center N � � � H � � � O and, therefore, a low value of Ee0. The second has high triplet repulsion

and moderate difference in electron affinity of atoms in the TS reaction center N � � � H � � � C
and, therefore, high value of Ee0. According to the parabolic model (see Chapter 6) for highly

exothermic reactions with fairly high �DH values the activation energies E ¼ 0.5RT. The

transition from higher activation energies to E¼ 0.5RT occurs at a certain critical value of

�DH¼DHe min, which depends on Ee0 for the class of reactions considered. The higher Ee0,

the higher jDHe minj and the broader the DH range in which E> 0.5RT.

For the reaction of aminyl radicals with the O��H bond in ROOH, DHe min¼�39.8 kJ

mol�l, which is substantially smaller by magnitude than jDHj for the reactions of diphenyl-

aminyl radicals with H��O bonds of subsequent peroxyl radicals (from�161 to�135 kJ mol�l,

TABLE 16.2
Enthalpies of Disproportionation Reactions: Am.

1 RO2
. �! AmH 1 O2 1 Molecule (olefin

or ketone)

Aminyl Radical -DH (kJ mol-1)

HO2
•

HO

•
OO H3C(OO•)PhMe

H

H

•
OO

Ph2N
• 144.7 134.9 94.7 84.4

N
•

O O

128.6 118.8 78.6 68.3

N
•

137.1 127.3 87.1 76.8

N
• 142.9 127.3 87.1 76.8

N
•
H 159.5 144.9 104.7 94.4

Denisov / Oxidation and Antioxidants in Organic Chemistry and Biology DK1162_c016 Final Proof page 549 2.2.2005 5:48pm

© 2005 by Taylor & Francis Group.



see above). Thus, all these reactions require virtually no activation energy, i.e., occurs fairly

rapidly. Quite another situation arises with disproportionation of aminyl and alkylperoxyl

radicals. The jDHj value for the reactions of the diphenylaminyl radical with the C��H bond is

markedly lower than the value of jDHe minj (see above). Hence, these reactions should proceed

with positive activation energies E> 0.5RT, i.e., their rates are much lower than the rate of

interaction of aminyl radical with the O��H bond in the corresponding peroxyl radical. This is

illustrated in Figure 16.1. It is clearly seen that the disproportionation reactions of all known

aminyl radicals with HO2
.

occur with E¼ 0.5RT. The reactions of aminyl radicals with

alkylperoxyl radicals, on the contrary, should occur with a sufficiently high activation energy.

To give the ultimate answer to the question why the cyclic chain termination mechanism is

realized in the systems where HO2
.
and >C(OH)OO

.
radicals act as chain-propagating species

but is not realized during the oxidation of hydrocarbons, one should compare the rate

constants for disproportionation reactions in which Am
.
affords the starting AmH with the

rate constant for the irreversible destruction of Am
.
. The diphenylaminyl radical reacts with

the peroxyl radical via two parallel routes with the formation of quinone imine and nitroxyl

radical with approximately identical rate [9]. The rate constant for the overall reaction k is

known to be 6� 108 L mol�l s�1 [27]. This implies that the rate constant for the addition of

the peroxyl radical to the aromatic ring of the diphenylaminyl radical is 3� 108 L mol�l s�1.

The cyclic mechanism is realized if the inequality k(regeneration)> k(decay) holds. Therefore,

it is necessary to estimate the rate constants for the disproportionation of Am
.
and RO2

.
and

for the regeneration of AmH by this reaction. It should be noted that, according to the

parabolic model, in the case of highly exothermic reactions the pre-exponential factor A is

related to the enthalpy of the reaction at jDHej> jDHe minj by the following relationship [28]:

0
0 50 100 150 200

10

20

30

40

50

60

E
 (

kJ
 m

ol
−1

)

−∆He (kJ mol−1)

Am• + HO2
•

Am• + RO2
•

FIGURE 16.1 The dependence of activation energy E on reaction enthalpy DHe for reaction of hydrogen

atom abstraction by aminyl radical from the C��H bond of alkylperoxyl radical and O��H bond of

hydroperoxyl radical calculated by IPM method (see Chapter 6). The points fix the reactions with

minimum and maximum enthalpy among known aromatic aminyl radicals.
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ffiffiffiffiffiffi

A

A0

s

¼ 1þ 1:3
ffiffiffiffiffiffiffiffiffiffiffiffi

jDHej
p

�
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

jDHe minj
p

n o

(16:2)

The activation energies and rate constants for the discussed reactions of the diphenylaminyl

radical with various peroxyl radicals calculated in this way are presented below [22].

HO

•
OO

•
OO

H

H

Reaction

Ph2N
• + H−O2

• 145 8.4 � 109

7.6 � 109

1.5 � 107

3.1 � 106

135

95

34

1.4

1.4

16.6

19.8

Ph2N
• + H−C(OO•)PhMe2

Ph2N
•    +

Ph2N
•    +

-DH (kJ mol-1) E (kJ mol-1) k (L mol-1 s-1)

One can see that the rate constants for the disproportionation of the aminyl and peroxyl

radicals involving the C��H bond are substantially lower than the rate constants for the

addition of RO2
.

to the aromatic ring of the aminyl radical (k¼ 3� 108 L mol�l s�l).

Conversely, the reaction of Am
.
with HO2

.
occurs very rapidly and can compete successfully

with the addition reaction. Thus, the result obtained within the scope of the parabolic model

is in good agreement with the experiment.

The reason for the different reactivities of the aminyl radical with respect to alkylperoxyl

and hydroperoxyl radicals lies in the energy characteristics of the TS of the C � � � H � � � N and

O � � � H � � � N types (see Chapter 15). In the former case, the triplet repulsion makes a

substantial contribution to the energy of the TS, because the C��N bond is fairly strong

[29] and the triplet repulsion is high [22]. In the latter case, the hypothetical compound

ROOAm incorporates a weak N��O bond, and the contribution of the triplet repulsion to

the activation energy is low. Apart from the triplet repulsion, the electronegativities of the

atoms forming the reaction center of the TS are also significant: the higher the difference

between the electronegativities of the atoms, the lower the Ee0 activation barrier. In this

respect, the relationship between the C � � � H � � � N and O � � � H � � � N reaction centers counts

in favor of the latter: the electron affinities of the C and N atoms are close to each other,

whereas the electronegativities of the O and N atoms are substantially different.

The estimation based on the equations of the parabolic model indicates that a reaction of

the type (ArO
.þHO2

.! ArOHþO2) involving phenoxyl radicals also requires no activation

energy (in this case, DH>DHe min¼ 57 kJ mol�1). However, the addition of the peroxyl

radical to the aromatic ring of the phenoxyl radical occurs very rapidly. Hence, the rate

constant for this reaction is determined by diffusion processes. The data on the Ee0 values are

also consistent with this. For the ArO
.þHOOR reactions with the O � � � H � � � O reaction

center and for Am
.þHOOR reactions with the N � � � H � � � O reaction center, these values

are 45.3 and 39.8 kJ mol�1, respectively [23]. At the same time, the calculation of the pre-

exponential factor in terms of the parabolic model indicates that the rate constant k�7 for the

reaction of ROOH with the participation of the aminyl radical is several times higher than

that for the reaction involving the phenoxyl radical, where the enthalpies of these reactions
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are identical. Thus, the irreversible destruction of ArO
.

in its reactions with HO2
.

and

>C(OH)O2
.
occurs more rapidly than the conversion of ArO

.
into ArOH, and the cyclic

mechanism of chain termination is not realized with phenols in such systems. An exception is

provided by hydroquinones, which are considered below. Aromatic amines also cause cyclic

chain termination in the oxidation of primary and secondary aliphatic amines (Table 16.1).

Amine is recovered from Am
.
via the reaction of Am

.
with the O��H bond of the peroxyl

radical. The latter is formed as a result of decomposition of the aminoperoxyl radical

RCH(OO
.
)NHR with the formation of imine RCH¼¼NHR and HO2

.
(see Chapter 9).

Cyclic chain termination with aromatic amines also occurs in the oxidation of tertiary

aliphatic amines (see Table 16.1). To explain this fact, a mechanism of the conversion of the

aminyl radical into AmH involving the b-C��H bonds was suggested [30]. However, its

realization is hampered because this reaction due to high triplet repulsion should have high

activation energy and low rate constant. Since tertiary amines have low ionization potentials

and readily participate in electron transfer reactions, the cyclic mechanism in systems of this

type is realized apparently as a sequence of such reactions, similar to that occurring in the

systems containing transition metal complexes (see below).

16.2 CYCLIC CHAIN TERMINATION BY QUINONES

Quinones (Q) are well known as inhibitors of radical polymerization; they terminate chains by

the addition of alkyl radicals via the following reactions [7]:

O OR• + O•O
R

OO
R

R

R•

At the same time, quinones do not practically retard oxidation of hydrocarbons, since alkyl

radicals react very rapidly with dioxygen (see Chapter 4) to give alkylperoxyl radicals, which

scarcely react with quinones. Quinones exhibit their inhibiting properties as alkyl radical

acceptors only in the oxidation of polymers (see Chapter 19). However, quinones were found

to decelerate the oxidation of alcohols very efficiently and for long periods by ensuring cyclic

chain termination via the following reactions [31–34]:

R2C
.
OHþO2 �! R2C(OO

.
)OH

R2C(OO
.
)OH �! R2C(O)þHO2

.

HO2
•

HO2
•

OO

O• OH O2

HOOH

The processes of oxidation of cyclohexadiene, 1,2-substituted ethenes, and aliphatic amines

are decelerated by quinones, hydroquinones, and quinone imines by a similar mechanism.

The values of stoichiometric inhibition coefficients f and the rate constants k for the corre-

sponding reactions involving peroxyl radicals (HO2
.
and >C(OH)OO

.
) are presented in Table

16.3. The f coefficients in these reactions are relatively high, varying from 8 to 70. Evidently,

the irreversible consumption of quinone in these systems is due to the addition of peroxyl

radicals to the double bond of quinone and alkyl radicals to the carbonyl group of quinone.
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TABLE 16.3
Rate Constants and Inhibition Coefficients for Chain Termination by Quinones and

Hydroquinones in Oxidized Alcohols, Amines, and Polypropylene

OO
348 70 [12]

OO
Me2CHOH 344 23 2.9 � 105 [31]

OO
NEt3 313 10 2.9 � 105 [18]

OO
BuNMe2 323 12 4.2 � 104 [21]

OO N
323 16 2.7 � 104 [18]

OO N
323 8 4.0 � 104 [18]

OO
Me2NCH2CH2NMe2 313 1.0 � 104 [16]

OO
Me2NCH2CH2OC(O)
   MeC=CH2

323 34 1.6 � 104 [15]

O

H

O

H

trans-PhCH=CHPh 323 15 3.0 � 103 [35]

O

H

O

H

trans-PhCH=CHC(O)OEt 323 15 1.4 � 105 [35]

O

H

O

H

NEt3 313 >20 1.4 � 105 [18]

O

H

O

H

N
323 20 7.2 � 104 [18]

O

H

O

H

N
323 14 3.2 � 104 [18]

O

H

O

H

Me2NCH2CH2NMe2 313 7.0 � 103 [33]

O

H

O

H
AcC(O)NEt2 348 10 9.4 � 103 [19]

ON

Ph

Me2CHOH 343 12 2.0 � 105 [9]

OHO

O Polypropylene 366 36 [32]

HO OH

Polypropylene 366 57 [36]

Antioxidant RH T (K) f k (L mol-1 s-1) Ref.
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It is evident from Table 16.3 that quinones react rapidly with the hydroperoxyl radicals.

Calculation shows that the change in the enthalpy of this reaction is relatively small. The

dissociation energy of the O��H bond in the semiquinone radical 4-HOC6H4O
.
is 228.1 kJ

mol�l and the enthalpy of the reaction QþHO2
.

is DH¼ 220.0–228.1¼�8.1 kJ mol�1.

Calculation of the kinetic parameters of the quinone reaction with hydroperoxyl radical by

the IPM model [31–34] gives the following values: DH¼�8.1 kJ mol�1, E¼ 27.3 kJ mol�1,

A¼ 2.0� 108 L mol�1 s�1, and k(344 K)¼ 1.4� 103 L mol�1 s�1.

Reaction a

b 3 10211

((kJ mol21)1/2m)

0.5 hLn

(kJ mol21)

0.5 hL(n2nf)

(kJ mol21)

QþR1H 0.802 3.743 17.4 �4.1

QþROOH 0.986 4.600 21.2 �0.3

bre

(kJ mol21)1/2

Ee0

(kJ mol21)

A

(L mol21 s21)

DHe min

(kJ mol21)

DHe max

(kJ mol21)

QþR1H 14.29 62.9 2.0� 109 141.8 90.2

QþROOH 13.00 43.3 1.3� 108 51.3 52.3

This value is close to that estimated from experiments (see Table 16.3). The activation energy

of this reaction seems to be relatively low. The low activation barriers to these reactions are

accounted for the fact that the transition state of the O � � � H � � � O type arising in the reaction

of Q with HO2
.

is characterized by the absence of the triplet repulsion, which makes a

substantial contribution to the activation energy in other reactions.

The question arises why quinones terminate chains via the reaction with hydroperoxyl and

hydroxyalkylperoxyl radicals and do not via the reaction with the b-C��H bond of the

alkylperoxyl radical.

OO

O• OH O2

ROOH H OO•

+RO2
•

The cleavage of the C��H and C��O bonds in this reaction is compensated to a substantial

extent by the formation of the p-C��C and O��H bonds. The DH values for the discussing

reactions involving HO2
.

and two hydrocarbon peroxyl radicals PhMe2CO2
.

and cyclo-

C6H11O2
.
are given below [31].

Radical HO2
•

−8.1

42.8

27.3

1.0 � 104 

O O
•

H

52.9

62.9

78.9

1.7 � 10−3 

PhMe2CO2
•

41.9

62.9

73.6

3.4 � 10−2

DH (kJ mol-1)

Ee0 (kJ mol-1)

E (kJ mol-1)

k (333 K) (L mol-1 s-1) 
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We see, at first, that the reaction enthalpy for quinone abstraction reactions with the C��H

bond of alkylperoxyl radicals is higher than with the O��H bond of the hydroperoxyl radical.

The second important factor is different triplet repulsions in these two types of abstraction

reactions. Indeed, the reaction with RO2
.
proceeds via TS of the C � � � H � � � O type. Such

reaction is characterized by the high thermally neutral activation energies Ee0¼ 62.9 kJ mol�1.

The value of Ee0 for the reaction involving the O � � � H � � � O TS reaction center is much lower

(27.3 kJ mol�1). With the rate constants have a very low value, the reaction QþRO2
.
cannot

influence the oxidative chain termination in comparison with the interaction of two RO2
.

radicals. Indeed, the rate constant for the latter is 105�107 L mol�1 s�1 and, in these cases,

the inequality (2k6vi)
1/2� 2k[Q] always holds. The reason for such high Ee0 values and, hence,

for the high activation energies characteristic of the reactions involving TS of the O � � �H � � � C
type lies in the high triplet repulsion (see Chapters 6 and 15), as well as in the reactions

involving aminyl radicals. In the case of oxidation of primary and secondary amines, the high

rate of chain termination by quinones occurs as a result of the fast decomposition of

aminoperoxyl radicals.

R1NHCH(OO
.
)R2 �! R1N¼¼CHR2 þHO2

.

The formed hydroperoxyl radicals react with quinone. In addition to HO2
.
, the aminoperoxyl

radicals can apparently reduce quinones also.

The high selectivity of hydroperoxyl and alkylhydroxyperoxyl radicals toward quinone

has been used for the development of an original method for measuring the rate constant of

peroxyl radicals with alcohols (see Chapter 7).

Nitro compounds, like quinones, terminate chains in oxidizing compounds where hydro-

peroxyl radicals are formed. This was proved for the oxidation of polyatomic esters [37] and

PP [38]. Nitrobenzene retards the initiated oxidation of the following esters: tetrapropionate

of pentaerythritol, propionate of 2,2-dimethylbutanol, and dipropionate of 2,2-dimethylpro-

panediol terminating chains by the reaction with peroxyl radicals [37]. The hydroperoxyl

radicals were supposed to be formed as a result of the following reactions:

1. Hydrolysis of formed hydroperoxide and exchange reaction with HO2
.
formation:

ROOHþH2O �! ROHþH2O2

RO2
. þH2O2 �! ROOHþHO2

.

2. Oxidation of the formed alcohol with production of hydroperoxyl radicals (see

Chapter 7).

The addition of nitrobenzene into oxidized ester decreases the oxidation rate to some limit

(v! v1 at [PhNO2]!1) [37]. Such a limitation of the retarding action occurs as a result of

the participation of two types of peroxyl radicals, namely, RO2
.
and HO2

.
.

16.3 CYCLIC CHAIN TERMINATION BY NITROXYL RADICALS

Nitroxyl radicals (AmO
.
) are known to react rapidly with alkyl radicals and efficiently retard

the radical polymerization of hydrocarbons [7]. At the same time, only aromatic nitroxyls are

capable of reacting with alkylperoxyl radicals [10,39] and in this case the chain termination in

the oxidation of saturated hydrocarbons occurs stoichiometrically. However, in the processes

of oxidation of alcohols, alkenes, and primary and secondary aliphatic amines in which the

chain reaction involves the HO2
.
, >C(OH)O2

.
, and >C(NHR)O2

.
radicals, possessing the
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high reducing activity, nitroxyl radicals are capable of terminating the chains repeatedly by a

cyclic mechanism [9,11,19,39]. For example, chain termination in the oxidation of alcohols

occurs via the following cyclic reactions:

O2

ROOH

RO2
• AmOH

AmO• HO2
•

The first reaction is the rate-determining step. During oxidation a kinetic equilibrium is

established between the two forms of the inhibitor: AmO
.

and AmOH [38]. The kinetic

characteristics of this mechanism are presented in Table 16.4.

The cross-disproportionation of nitroxyl and hydroperoxyl radicals is an exothermic

reaction. For example, the enthalpies of disproportionation of TEMPO radical with HO2
.
,

Me2C(OH)O2
.
, and cyclo-C6H10(OH)O2

.
radicals are equal to �109, �92, and �82 kJ mol�l,

respectively. The Ee0 value for the abstraction of an H atom from the O��H bond in ROOH

by a nitroxyl radical is 45.6 kJ mol�l and DHe min¼�58 kJ mol�l. Since DHe < DHe min, (see

Chapter 6), the activation energy of such exothermic reactions for these reactions is low (E ~

0.5RT ), and the rate constant correspondingly is high [31–34]. Therefore, in the systems in

which hydroperoxyl, hydroxyperoxyl, and aminoperoxyl radicals participate in chain propa-

gation, the cyclic chain termination mechanism should be realized.

Principally, nitroxyl radicals can disproportionate with alkylperoxyl radicals.

AmO
. þH��CHRCH(O2

.
)R �! AmOHþO2 þRCH¼¼CHR

Such reactions are exothermic. For example, the TEMPO radical abstracts an H atom from

the b-C��H bond of cumylperoxyl and cyclohexylperoxyl radicals with enthalpies equal to

�42 and �32 kJ mol�l, respectively. However, such reactions should occur with relatively

high activation energy as it is seen from the data calculated by the IPM method [31].

Radical HO2
• PhMe2CO2

•

∆H (kJ mol−1) −77.7 −32.0 −42.0 

∆He min (kJ mol−1) −60.2 −142.1 −142.1

Ee0 (kJ mol−1) 42.8 63.0 63.0

E (kJ mol−1) 0.5 RT 27.4 23.7

k (333K) (L mol−1 s−1) 1.1 � 108 1.0 � 105 1.1 � 105

O O•

H

The reaction of AmO
.
with HO2

.
occurs with DH < DHe min and, subsequently, with a low

activation energy (E¼ 0.5RT) and a high rate constant. The latter is higher than 2kt for

peroxyl radicals (see Chapter 6), which is important for cyclic chain termination. The inverse

situation takes place in reactions of nitroxyl radical disproportionation with alkylperoxyl

radicals. For these reactions we observe inequality DH>DHe min and, subsequently, relatively

a high activation energy (E> 0.5RT) and a low rate constant. The latter are lower than 2kt for
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TABLE 16.4
Kinetic Characteristics of the Cyclic Mechanism of the Chain Termination on Nitroxyl

Radicals in the Oxidation of Alcohols and Amines (Experimental Data)

N

OO

O
• Me2CHOH 343 50 [9]

N

OO

O
• OH

H

348 50 8.4 � 104 [19]

N

OO

O
• MeC(O)NEt2 348 30 3.5 � 104 [19]

N

OO

O
• Bu2NH 348 100 2.1 � 105 [19]

N

OO

O
•

N

H

H

348 100 8.1 � 104 [19]

N

OO

O
• PhCH2NH2 338 140 3.4 � 105 [19]

N   O
•

trans-PhCH=CHCOOEt 323 >100 1.9 � 105 [13]

N   O
•

trans-PhCH=CHCOOMe 323 >100 1.2 � 105 [13]

N   O
•

trans-PhCH=CHC(O)OEt 323 >100 1.4 � 105 [13]

N   O
•

trans-PhCH=CHPh 323 >100 3.2 � 104 [13]

Inhibitor Substrate  T (K) f k (L mol -1 s -1) Ref.

N  O
•

Me2C=CHC(O)Me 323 >100 2.2 � 104 [13]

continued
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TABLE 16.4
Kinetic Characteristics of the Cyclic Mechanism of the Chain Termination on Nitroxyl

Radicals in the Oxidation of Alcohols and Amines (Experimental Data)—continued

EtOCOCH=CHC(O)OEt 323 >100 1.2 � 104 [13]

CH2=CMeC(O)OCH2CH2NMe2 323 30 2.6 � 104 [15]

MeC(O)NEt2 348 50 1.3 � 104 [19]

N

H

H

348 200 2.4 � 104 [19]

Bu2NH 348 160 1.4 � 105 [19]

EtC(O)OCH2CH2NMe2 323 10 2.0 � 103 [13]

N
323 90 7.2 � 104 [19]

Et3N 313 25 5.7 � 105 [19]

N
323 92 1.8 � 105 [19]

PhCH2NHCH3 323 16 4.2 � 104 [19]

Inhibitor Substrate T (K) f k (L mol -1 s -1) Ref.

N O
•

N O
•

N O
•

N O
•

N O
•

N O
•

N O
•

N O
•

N O
•

N O
•

N O
•

HO

OH

H

348 120 2.1 � 105 [20]
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TABLE 16.4
Kinetic Characteristics of the Cyclic Mechanism of the Chain Termination on Nitroxyl

Radicals in the Oxidation of Alcohols and Amines (Experimental Data)—continued

HO
N

H

H

348 100 2.8 � 104 [19]

HO

Bu2NH 348 100 1.5 � 105 [19]

HO

Me2NCH2CH2NMe2 313 >4 1.3 � 104 [16]

HO

PhCH2NH2 338 100 7.9 � 104 [19]

HO

CH2=CMeCO2CH2CH2NMe2 323 70 8.0 � 103 [15]

HO

BuNMe2 323 80 5.6 � 104 [19]

HO

EtCO2CH2CH2NMe2 323 10 3.0 � 103 [13]

O
N

H

H

348 3.0 � 104 [20]

O

Bu2NH 348 1.3 � 105 [20]

O

PhCH2NH2 338 1.9 � 105 [20]

Inhibitor Substrate T (K) f k (L mol -1 s -1) Ref.

N

H

H

348 2.5 � 104 [20]

N O
•

N O
•

N O
•

N O
•

N O
•

N O
•

N O
•

N O
•

N O
•

N O
•

OPh

O

N O
•

continued
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peroxyl radicals (see Chapter 6) and cyclic chain termination cannot be performed. The values

of activation energies as functions of the enthalpy are shown in Figure 16.2 for both types of

disproportionation.

It is clearly seen that for the known nitroxyl radicals E� 0 for reactions of nitroxyls with

the hydroxyl group containing peroxyl radicals and E> 0 for all nitroxyl reactions with

alkylperoxyl radicals.

Why are the activation energies of the reactions of nitroxyl radicals with O��H bonds

lower than those in their reactions with C��H bonds? As in the case of the reaction of RO2
.

with quinones, the difference in E values occurs as a result of the different triplet repulsions in

TS [23]. When a TS of the O � � �H � � �O type is formed (the AmO
.þHO2

.
reaction), the triplet

repulsion is close to zero because the O��O bond in the labile compound AmOOH is very

weak. Conversely, the triplet repulsion in the reaction of AmO
.
with the C��H bond is fairly

great, due to the high dissociation energy of the AmO��R bond. This accounts for the

difference between the activation energies and between the rate constants for the reactions

considered above. Thus, the possibility of the realization of a cyclic chain termination

mechanism in the reactions of nitroxyl radicals with peroxyl radicals, incorporating O��H

groups, is caused by the weak triplet repulsion in the TS of such disproportionation reactions

TABLE 16.4
Kinetic Characteristics of the Cyclic Mechanism of the Chain Termination on Nitroxyl

Radicals in the Oxidation of Alcohols and Amines (Experimental Data)—continued

OPh

O

Bu2NH 348 1.7 � 105 [20]

OPh

O

Polypropylene 387 14 [40]

Oxidized polypropylene 388 >40 [41]

N
O

Ph

OH

H

348 5.9 � 104 [20]

N
O

Ph

PhCH2NH2 338 7.2 � 104 [20]

N
O

Ph

N

H

H

348 7.0 � 103 [20]

N
O

Ph

Bu2NH 348 6.6 � 104 [20]

Inhibitor Substrate T (K) f k (L mol -1 s -1) Ref.

N O
•

N O
•

OC17H35

O

N O
•

N O
•

N O
•

N O
•

N O
•
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of peroxyl radicals. The mechanisms of cyclic chain termination in polymer oxidation will be

discussed in Chapter 19.

A new cyclic mechanism of chain termination by nitroxyl radicals, including the forma-

tion of aminyl radicals as intermediate species, has been proposed by Korcek and coworkers

[42,43]. It was shown that the addition of 4,4’-dioctyldiphenylnitroxyl radical to the hexa-

decane that is oxidized (T¼ 433 K) leads to the formation of the corresponding diphenyl-

amine as an intermediate compound during its transformations. The following cyclic

mechanism of chain termination was suggested:

AmO
. þR

. �! AmOR

AmOR �! [Am
. þRO

.
]

[Am
. þRO

.
] �! AmH þY

RO2
. þAmH �! ROOHþAm

.

RO2
. þAm

. �! RO
. þAmO

.

An alternative mechanism of the regeneration of the amino radical from the nitroxyl radical is

also possible:

AmO
. þRO2

. �! [Am
. þO2 þRO

.
]

[Am
. þO2 þRO

.
] �! AmH þR0¼¼OþO2

RO2
. þAmH �! ROOHþAm

.

RO2
. þAm

. �! RO
. þAmO

.

Thus, nitroxyl radicals can participate in various cyclic mechanisms of chain termination.

Additional information about cyclic chain termination is described in Chapter 19.

16.4 ACID CATALYSIS IN CYCLIC CHAIN TERMINATION

A new interesting branch of the modern antioxidant chemistry deals with the cyclic mechan-

isms involving acid catalysis. The first inhibiting system of this type was discovered in 1988

[44]. It consisted of an alcohol (primary or secondary), a stable nitroxyl radical TEMPO, and
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0
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E
e 
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m
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AmO• +  RO2
•

AmO• +  HO2
•

FIGURE 16.2 The dependence of activation energy E on reaction enthalpy DHe for reaction of hydrogen

atom abstraction by nitroxyl radical from the C��H bond of alkylperoxyl radical and the O��H bond of

hydroperoxyl radical calculated by IPM method (see Chapter 6). The points fix the reactions with

minimum and maximum enthalpy among known aromatic aminyl radicals.
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an organic (citric) acid. This three-component system efficiently retards the initiated oxida-

tion of ethylbenzene. Each component taken by itself, as well as binary combinations of these

components, does not retard oxidation of ethylbenzene or retards it only slightly. Intense

chain termination was ensured only by the presence of three components of this system. The

important role of the acid was established in experiments on the oxidation of ethylbenzene

containing an alcohol and nitroxyl radicals, when air or air mixed with gaseous HCl was

passed through the reactor. The concentration of the peroxyl radicals in the oxidized hydro-

carbon was determined by the CL method. The intensity of CL was evaluated in terms of Ichl

~ [RO2
.
] ~ vi/2kt where kt is the rate constant for the disproportionation of RO2

.
. When a

mixture of air with HCl was used, the intensity of the CL decreases by approximately two

orders of magnitude [44].

The H2O2þAmO
.
(TEMPO)þHA (citric acid) system also exhibits an extremely high

inhibiting effect [45,46]. The data presented below demonstrate how the individual compon-

ents of this system and the whole system influences the rate of the chain oxidation of

ethylbenzene (343 K, pO2¼ 105 Pa, vi¼ 5.21� 10�7 mol L�1 s�1 [44]).

[AmO.] 3 104 (mol L21) [HA] 3 104 (mol L21) [H2O2] 3 103 (mol L21) n3 106 (mol L21 s21)

0.0 0.0 0.0 4.92

5.0 0.0 0.0 3.78

5.0 5.0 0.0 3.00

5.0 5.0 2.5 0.22

It can be seen that complete termination of the chain process is ensured only by the three-

component system. The very efficient retardation of hydrocarbon oxidation by such a triple

system can be explained by the following mechanism [45,46]:

AmO
. þHA [AmOH

.þ, A�] Ka

[AmOH
.þ, A�]þRO2

. �! ROOHþ [AmO
.þ, A

�
] kb

[AmO
.þ, A�]þH2O2 �! AmOHþHAþO2 kc

RO2
. þAmOH �! ROOHþAmO

.
Fast

According to this mechanism, hydrogen peroxide is consumed during oxidation of hydrocar-

bons with a rate of 0.5vi, whereas the rate at which nitroxyl radicals are consumed via the

reaction with alkyl radicals is much lower. Acid and the nitroxyl radical act as catalysts

of cyclic chain termination. Only a small portion of the R
.

radicals react with AmO
.
,

since the latter reacts very rapidly with dioxygen. The mechanism of chain termination

consisting of the above described reactions is notable because the acid protonates nitroxyl

and thus converts it into a hydrogen atom donor for the peroxyl radical, while hydrogen

peroxide reduces the nitroxyl radical cation to hydroxylamine, which reacts rapidly with the

peroxyl radical. Thus, the acid and hydrogen peroxide transform AmO
.
, which is unreactive

with respect to RO2
.
, into AmOH

.þ and AmOH, and the latter inhibit efficiently the oxida-

tion of hydrocarbons. The kinetic characteristics of the inhibited oxidation are fully consist-

ent with the suggested scheme for the cyclic chain termination. When the concentration of

hydrogen peroxide is relatively low, the chain termination rate is limited by the stage ([AmO
.þ,

A�]þH2O2), and then the function F (see chapter14) has the following form [45]:

F [H2O2] ¼ 2kbKa(2ktvi)
�1=2[AmO

.
] [HA] [H2O2] (16:3)
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If the hydrogen peroxide concentration is large, the exchange reaction between RO2
.
and

H2O2 occurs rapidly, and this reaction becomes the rate-limiting stage of cyclic chain

termination.

Recently an analogous mechanism for cyclic chain termination has been established for

quinones [47]. Quinones, which can act as acceptors of alkyl radicals, do not practically retard

the oxidation of hydrocarbons at concentrations of up to 5� 10�3 mol L�1, because the alkyl

radicals react very rapidly with dioxygen. However, the ternary system, N-phenylquinone

imine (Q)þH2O2þ acid (HA), efficiently retards the initiated oxidation of methyl oleate

and ethylbenzene [47]. This is indicated by the following results obtained for the oxidation of

ethylbenzene (343 K, pO2¼ 98 kPa, vi¼ 5.21� 10�7 mol L�1 s�1).

[Q] 3 104 (mol L21) [HA] 3 104 (mol L21) [H2O2] 3 103 (mol L21) v 3 107 (mol L21 s21)

0.0 0.0 0.0 4.92

5.0 0.0 0.0 3.01

0.0 0.0 1.25 3.27

0.0 5.0 0.0 3.93

5.0 5.0 1.25 2.39

5.0 5.0 12.5 0.69

The following mechanism, analogous to the mechanism involving nitroxyl radicals, was

suggested for the retarding influence of this system [47]:

QþHA [QHþ, A�] Ka

RO2
. þ [QHþ, A�] �! ROOHþ [Q

.þ, A�] kb

[Q
.þ, A�]þH2O2 �! .

QHþHAþO2 kc

RO2
. þHQ

. �! ROOHþQ Fast

[Q
.þ, A�]þHR �! R

. þHAþQ kp

In conformity with this mechanism, the function F depends on the concentrations of the

components of the inhibiting mixture in the following way:

F [H2O2] ¼
2kbkcKa[Q] [HA]

(kc[H2O2]þ kp[RH])
ffiffiffiffiffiffiffiffiffiffi

2ktni

p (16:4)

Experimental data on the kinetics of oxidation of methyl oleate and ethylbenzene are in good

agreement with the proposed scheme. The cyclic mechanism of chain termination with

quinone imines involving acid catalysis is very important for an understanding of the retard-

ing influence of aromatic amines on the oxidation of hydrocarbons and of other organic

compounds via the reactions with hydrogen peroxide. Hydrogen peroxide is formed during

the oxidation of alcohols due to the decomposition of the alkylhydroxyperoxyl radical to

yield HO2
.
and ketone and due to the decomposition of hydroperoxide >C(OH)OOH giving

ketone and hydrogen peroxide. In addition, hydrogen peroxide is formed in the hydrolysis of

alkyl hydroperoxide through the action of water or acids, which also arise during oxidation of

hydrocarbons. Thus, two of the three components needed for the realization of the cyclic

chain termination mechanism involving acid catalysis result from the oxidation of the

hydrocarbon, while the third component, namely, quinone imine results from the oxidation

of the starting inhibitor (aromatic amine). It is possibly owing to this mechanism that
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aromatic amines exhibit high inhibiting capacity during oxidation at elevated temperatures

(>400 K).

16.5 TRANSITION METAL IONS AS CATALYSTS FOR CYCLIC CHAIN
TERMINATION

Compounds of transition metals (Mn, Cu, Fe, Co, Ce) are well known as catalysts for the

oxidation of hydrocarbons and aldehydes (see Chapter 10). They accelerate oxidation by

destroying hydroperoxides and initiating the formation of free radicals. Salts and complexes

containing transition metals in a lower-valence state react rapidly with peroxyl radicals and so

when these compounds are added to a hydrocarbon prior to its oxidation an induction period

arises [48]. Chain termination occurs stoichiometrically (f ~ 1) and stops when the metal

passes to a higher-valence state due to oxidation. On the addition of an initiator or hydro-

peroxide, the induction period disappears.

Another situation is observed when salts or transition metal complexes are added to an

alcohol (primary or secondary) or alkylamine subjected to oxidation: in this case, a prolonged

retardation of the initiated oxidation occurs, owing to repeated chain termination. This was

discovered for the first time in the study of cyclohexanol oxidation in the presence of copper

salt [49]. Copper and manganese ions also exert an inhibiting effect on the initiated oxidation

of 1,2-cyclohexadiene [12], aliphatic amines [19], and 1,2-disubstituted ethenes [13]. This is

accounted for, first, by the dual redox nature of the peroxyl radicals HO2
.
, >C(OH)O2

.
, and

>C(NHR)O2
.
, and, second, for the ability of ions and complexes of transition metals to

accept and release an electron when they are in an higher- and lower-valence state.

O2RO2
•

HO2
•Cu2+

Cu1+ + H+

ROOROOH
H+

Table 16.5 presents the results of the kinetic study of such reactions. The measured rate

constants are effective values, since both formsof transitionmetal reactwith the peroxyl radical.

k ¼ k1[Menþ]þ k2[Menþ1]

[Menþ]þ [Menþ1]
(16:5)

Copper and manganese compounds exhibit the highest inhibiting activity.

The chain termination on variable-valence metals in the systems in which hydroperoxyl

and hydroxyperoxyl radicals act as chain-propagating species is characterized by very high

coefficients: f ~ 104–106. Both reactions may include several stages. If an aqueous solution of a

copper salt, for example, sulfate, is used, the following mechanism involving the incorpor-

ation of HO2
.
into the inner coordination sphere of the metal ion is possible:

HO2
. þ Cu2þ(H2O)6 Cu2þ(H2O)5(HO2

.
)þH2O

Cu2þ(H2O)5(HO2
.
)þH2O Cu2þ(H2O)5(O2

.�)þH3O
þ

Cu2þ(H2O)5(O2
.�) �! Cuþ(H2O)5(O2)

Cuþ(H2O)5(O2)þH2O �! Cuþ(H2O)6 þO2
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TABLE 16.5
Rate Constants for the Reactions of Transition Metal Salts and Complexes with Peroxyl

Radicals in Systems with a Cyclic Mechanism of Chain Termination (Experimental Data)

Mn(OAc)2 Bu2NH 348 2.5 � 106 [19]

Mn(OAc)2 Me2NCH2CH2NMe2 313 1.1 � 106 [16]

Mn(OAc)2
N

H

H

348 7.3 � 107 [18,20]

Mn(OAc)2 PhCH2NH2 338 2.8 � 108 [20]

Mn(OAc)2 CH=CMeC(O)OC2H4NMe2 323 1.2 � 107 [15]

Mn(OAc)2 PrOC(O)C2H4NMe2 323 1.5 � 107
 [15]

Mn(OC(O)C17H35)2 348 1.9 � 106 [12]

Mn(OC(O)C17H35)2 Bu2NH 348 3.5 � 106 [20,50]

Mn(OC(O)C17H35)2 348 1.6 � 108 [20,50]

Mn(OC(O)C17H35)2

N

H

H
OH

H

348 6.8 � 106 [51]

Mn(OC(O)C17H35)2 MeC(O)NEt2 348 7.8 � 105 [19]

O

Mn

O

O

O N

H

H

363 9.8 � 107 [52]

O

N

O

N
Mn

N

H

H

348 3.1 � 108 [52]

MnSt2 with 2,4-dioxo-1,5,8,12-
   tetraazatetradecane

OH

H

343 5.4 � 107 [53]

MnSt2 with 2,4-dioxo-1,5,8,12-
   tetraazatetradecane

OH

H

363 4.3 � 107 [53]

Fe(OC(O)C17H35)3 OH

H

348 1.3 � 104 [52]

Fe(OC(O)C17H35)3
N

H

H

348 1.2 � 106 [19,20]

O O

Fe

O

OO

O

N

H

H

348 1.0 � 105 [19,20]

Fe(DMG)2Py2 348 2.3 � 103 [54]

Fe(DMG)2Py2 Me2CHOH 344 1.0 � 103 [55]
CoCl2 OH

H

348 6.1 � 104 [19]

Metal Complex Oxidized Substrate T (K) k (L mol -1 s -1) Ref.

Co(OAc)2
N

H

H

348 1.2 � 105 [19,20]

continued
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TABLE 16.5
Rate Constants for the Reactions of Transition Metal Salts and Complexes with

Peroxyl Radicals in Systems with a Cyclic Mechanism of Chain Termination

(Experimental Data)—continued

Co(OC(O)C17H35)2
N

H

H

348 3.2 � 104 [20]

O O

Co

O

OO

O

Me2CHOH 344 2.9 � 102 [55]

O

Co

O

O

O
OH

H

348 6.4 � 106 [20]

O

Co

O

O

O N

H

H

348 6.4 � 104 [20]

O

O O

O
Co

OH

H

348 8.7 � 104 [19]

Co(II)(DMG)2NH3CI 348 8.4 � 102 [54]

Co(II)(DMG)2NH3CI Me2CHOH 344 5.0 � 103 [55]

Co(II)(DMG)2NH3I 348 2.3 � 104 [54]

Co(II)(DMG)2NH3I Me2CHOH 344 3.1 � 102 [55]

Co(II)(DMG)2Ipy Me2CHOH 344 7.0 � 104 [55]

Co(II)(DMG)2Py2 Me2CHOH 344 1.2 � 104 [55]

O

N

O

N
Co

OH

H

348 3.3 � 105 [52]

Co(II)Porphirine OH

H

348 3.6 � 104 [52]

CoSt2 with 2,4-dioxo-1,5,8,12-
   tetraazatetradecane

OH

H

343 1.5 � 105 [53]

CoSt2 with 2,4-dioxo-1,5,8,12-
   tetraazatetradecane

OH

H

363 1.1 � 105 [53]

O

Ni

O

O

O

O

O C7H15CH2OH 363 1.6 � 104 [52]

O

Ni

O

O

O

O

O

N

H

H

353 2.8 � 104 [52]

Metal Complex Oxidized Substrate T (K) k (L mol -1 s -1) Ref.

Co(OC(O)C17H35)2 OH

H

348 2.8 � 105 [51]
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In the case of metal complexes with strongly bound ligands, the out-of-sphere transfer of an

electron from the radical to the ion and back is more probable.

When variable-valence metals are used as catalysts in the oxidation of hydrocarbons, the

chain termination via such reactions manifests itself later in the process. This case has

specially been studied in relation to the oxidation of paraffins to fatty acids in the presence

of the K–Mn catalyst [57], which ensures a high oxidation rate and a high selectivity of

formation of the target product (carboxylic acids). As the reaction occurs, alcohols are

accumulated in the reaction mixture, and their oxidation is accompanied by the formation

of hydroxyperoxyl radicals. The more extensively the oxidation occurs, the higher the

concentration of alcohols in the oxidized paraffin, and, hence, the higher is the kinetic

TABLE 16.5
Rate Constants for the Reactions of Transition Metal Salts and Complexes with

Peroxyl Radicals in Systems with a Cyclic Mechanism of Chain Termination

(Experimental Data)—continued

O

Ni

N

O

N N

H

H

353 1.5 � 104

O

Ni

N

N

N

H H

N

H

H

353 1.7 � 105

CuSO4 OH

H

353 8.8 � 106

CuCl2 trans-PhCH=CHC(O)OEt 348 5.9 � 105

CuCl2 trans-PhCH=CHC(O)OMe 323 5.6 � 105

CuCl2 trans-PhCH=CHPh 323 2.6 � 105

Cu(OAc)2 PhCH2NH2 323 1.5 � 108

Cu(OAc)2 PrC(O)OC2H4NMe2 338 1.3 � 107

Cu(OAc)2 BuNMe2 323 1.0 � 107

Cu(OAc)2 C6H5CH=CHCOOC2H5 323 2.2 � 105

Cu(OAc)2 PhCH=CHC(O)OMe 323 4.5 � 105

Cu(OAc)2 PhCH=CHPh 323 5.3 � 105

Cu(OC(O)C17H35)2 348 4.5 � 106

Cu(OC(O)C17H35)2 OH

H

348 2.9 � 106

Cu(OC(O)C17H35)2 Bu2NH 348 4.1 � 106

Cu(OC(O)C17H35)2
N

H

H

348 9.5 � 107

Metal Complex Oxidized Substrate T (K) k (L mol -1 s -1) Ref.

O

Ni

N

O

N
C8H17OH 363 7.9 � 103

[52]

[52]

[49]

[13]

[13]

[13]

[19]

[56]

[56]

[13]

[13]

[13]

[12]

[51]

[19]

[20]

[52]

DMG, dimethyglionime; StH, stearic acid.
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TABLE 16.6
Cyclic mechanisms of Chain Termination in the Liquid-Phase Oxidation of Organic

Compounds

Inhibiting

System

Oxidized

Reactant Mechanism Ref.

AmH, Am
.

Olefins HO2
.þAmH �! H2O2þAm

.
[8,12,13]

Am.þHO2
. �! AmHþO2

AmH, Am
.

Alcohols >C(OH)OO
.þAmH �! >C(OH)OOHþAm

.
[3,8,9,14,44,61]

>C(OH)OO
.þAm

. �! >C¼¼OþO2þAmH

AmH, Am. Amines >C(NHR)OO.þAmH �! >C(NHR)OOHþAm. [15–21]

>C(NHR)OO
.þAm

. �! >C¼¼NRþO2þAmH

AmO
.
, AmOH Polypropylene AmO

.þHO2
. �! AmOHþO2 [12,13,43]

AmOHþHO2
. �! AmO

.þH2O2

AmO
.
, AmOH Alcohols >C(OH)OO

.þAmO
. �! >C¼¼OþO2þAmOH [9,62]

>C(OH)OO
.þAmOH �! >C(OH)OOHþAmO

.

AmO
.
, AmOH Amines >C(NHR)OO

.þAmO
. �! >C¼¼NRþAmOHþO2 [15,19,20,24]

>C(NHR)OO
.þAmOH �! >C(NHR)OOHþAmO

.

Q, HQ
.

Olefins QþHO2
. �! HQ

.þO2 [9,12,13,63]

HQ
.þHO2

. �! QþH2O2 [9,63]

Q, HQ. Alcohols >C(OH)OO.þQ �! >C¼¼OþO2þHQ. [31–34,63]

>C(OH)OO
.þHQ

. �! >C(OH)OOHþQ

Q, HQ
.

Amines >C(NHR)OO
.þQ �! >C¼¼NRþO2þHQ

.
[16,18–21]

>C(NHR)OO
.þHQ

. �! >C(NHR)OOHþQ

RNO2, RN(O)O
.

Ester RNO2þHO2
. �! RN(OH)O

.þO2 [37]

RN(OH)O
.þHO2

. �! RNO2þHOOH

RNO2, RN(O)O
.

Polypropylene RNO2þHO2
. �! RN(OH)O

.þO2 [38]

RN(OH)O
.þHO2

. �! RNO2þHOOH

Menþ, Menþ1 Olefins HO2
.þMenþ �!Menþ1þHO2

� [12,13,54]

HO2
.þMenþ1 �! HþþO2þMenþ

Menþ, Menþ1 Alcohols >C(OH)OO
.þMenþ �! >C(OH) O2

�þMenþ1 [19,49–56]

>C(OH)OO
.þMenþ1 �! >C¼¼OþO2þHþþMenþ

Menþ, Menþ1 Amines >C(NHR)OO
.þMenþ �! >C(NHR) O2

�þMenþ1 [15,19,20,50,51,54]

>C(NHR)OO.þMenþ1 �! >C¼¼NRþO2þHþþMenþ

AmO
.
, AmOR Polymer AmO

.þR
. �! AmOR [40–43,63–65]

AmORþRO2
. �! ROOHþAlkeneþAmO

.

AmO
.
, AmOR Polymer AmO

.þR
. �! AmOR [66–70]

AmOR �! [AmO
.þR

.
] �! AmOHþKetone

AmOHþRO2
. �! ROOHþAmO

.

AmO
.
, AmOR Polymer AmO

.þR
. �! AmOR [42,43]

AmOR �! [Am
.þRO

.
] �! AmHþKetone

AmHþRO2
. �! ROOHþAmO

.

Am
.þRO2

. �! AmO
.þRO

.

I2 Hydrocarbon R.þ I2 �! RIþ I. [71]

RIþRO2
. �! R

.þROOI

2ROOI �! I2þO2þROOR

AmO
.
, H2O2, HA Hydrocarbon AmO

.þHA$ [AmOHþ.
, A�] [10,45,46]

RO2
.þ [AmOHþ.

, A�] �! ROOHþ [AmOþ, A�]

[AmOþ, A�]þH2O2 �! AmOHþHAþO2

RO2
.þAmOH �! ROOHþAmO

.

AmO
.
, HA, Hydrocarbon AmO

.þHA$ [AmOHþ.
, A�] [47]

>CH(OOH)OH þAlcohol RO2
.þ [AmOHþ.

, A�] �! ROOHþ [AmOþ, A�]

[AmOþ, A�]þ>C(OH)OOH �! AmOHþHAþO2þ>C¼¼O

RO2
.þAmOH �! ROOHþAmO

.
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equilibrium concentration of HO2
.
radicals. The latter enter into the cyclic reactions of chain

termination with Mn2þ and Mn3þ ions and thus cause chain termination. When the rate of

chain termination with the hydroxyperoxyl radicals becomes equal to the rate of generation of

the chain-propagating radicals, the oxidation virtually ceases.

The oxidation of alcohols is also retarded by bases [58–60], which is apparently due to the

decomposition of the hydroxyperoxyl radical giving ketone and ion O2
.�.

BþHO2
. �! BHþ þO2

.�

The superoxide ion is a very weak hydrogen atom abstractor, which cannot continue the

chain, and is destroyed via disproportionation with any peroxyl radical. So, the studies of the

mechanisms of cyclic chain termination in oxidation processes demonstrate that they, on the

one hand, are extremely diverse and, on the other, that they are highly structurally selective.

The 20 currently known mechanisms are presented in Table 16.6.
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17 Hydroperoxide Decomposing
Antioxidants

17.1 INTRODUCTION

Autoxidation of organic compounds occurs as an autoinitiated process where hydroperoxides

are the major source of free radicals (see Chapter 6). This fact determines the kinetic pattern

of autoxidation, whose rate is proportional to either [ROOH]1/2 or [ROOH], depending on

the mechanism of chain initiation and termination. One can anticipate that autoxidation can

be affected by factors influencing the concentration and decay of hydroperoxides. It should be

taken into account here that hydroperoxide can decompose either homolytically or hetero-

lytically. In the former case, the resulting free radicals accelerate oxidation (see Chapter 6).

On the other hand, the heterolytic decomposition of hydroperoxide into molecular products

(the so-called molecular decomposition) decreases the concentration of hydroperoxide and,

hence, reduces the rate of autoinitiation (see Chapter 10). Namely, heterolytic decomposers of

hydroperoxides can retard the autoxidation of organic compounds. Since as hydroperoxides

are oxidizing reactants the substances with reducing activity should be good hydroper-

oxide decomposers. Among them, phosphorus and sulfur compounds are used as antioxi-

dants of organic compounds. The detailed kinetic study of their action evidenced that they

are antioxidants of a complex mechanism of inhibiting action. They react with hydroper-

oxide, as well as with peroxyl radicals, and, in addition, produce products with antioxidant

properties.

17.2 ORGANOPHOSPHORUS ANTIOXIDANTS

17.2.1 REACTION WITH HYDROPEROXIDES

Aryl phosphites are widely used as inhibitors of oxidation. Phosphites react with hydroper-

oxides and are oxidized into phosphates by the following stoichiometric reaction [1–10]:

R0OOHþ P(OR)3 �! R0OHþO¼¼P(OR)3

The stoichiometry of this reaction is usually close to unity [6–9]. Thus, cumyl hydroper-

oxide oxidizes triphenyl phosphite in the stoichiometry D[ROOH]/D[Ph3P] from 1.02:1 to

1.07:1, depending on the proportion between the reactants [6]. The reaction proceeds

as bimolecular. The oxidation of phosphite by hydroperoxide proceeds mainly as a hetero-

lytic reaction (as follows from conservation of the optical activity of reaction products

[5,11]). Oxidation is faster in more polar solvents, as evident from the comparison of k

values for benzene and chlorobenzene. Heterolysis can occur via two alternative mechanisms

[1–7].

Denisov / Oxidation and Antioxidants in Organic Chemistry and Biology DK1162_c017 Final Proof page 573 2.2.2005 5:48pm

© 2005 by Taylor & Francis Group.



R1OOHþ P(OR)3 �! [R1OPþ(OR)3, HO�]

[R1OPþ(OR)3, HO�] �! R1OHþO¼¼P(OR)3

R1OOHþ P(OR)3 �! [HOPþ(OR)3, R1O�]

[HOPþ(OR)3, R1O�] �! R1OHþO¼¼P(OR)3,

as well as via the coordinated heterolysis of the O��H and O��O bonds in TS.

ROOH RO O

H

P ROH + O=PP+

The rate of the reaction is proportional to the product of concentrations of two reactants.

v ¼ k[ROOH] [P(OR1)3] (17:1)

Trialkyl phosphites were found to be more reactive to hydroperoxide than aryl phosphites;

the activation energy depends on a particular phosphite and ranges from 25 to 77 kJ mol�1.

At the same time, the reaction depends weakly on the type of hydroperoxide, which can be

seen from the comparison of rate constants for the reactions of two hydroperoxides (solvent

was PhCl, T¼ 303 K [12]).

O
P

O
N

R2

R1

ROOH+
O

P
O

+ ROH
O

N R1

R2

R1 R2 PhMe2COOH, k (L mol21 s21) Me3COOH, k (L mol21 s21)

H n-C6H13 1.36 0.85

H Ph 0.22 0.13

Ph Ph 6.0� 10�2 5.1� 10�2

cyclo-C6H11 cyclo-C6H11 5.3� 10�2 2.6� 10�2

The values of rate constants of the hydroperoxide reaction with phosphites are given in Table

17.1.

The concurrent slow homolytic reaction gives rise to free radicals [14]. The occurrence of

the homolytic reaction can be revealed by the consumption of free radical acceptors [8,15], CL

[16], or NMR spectroscopy [17,18]. The introduction of phosphite into the hydroperoxide-

containing cumene causes an initiation, pro-oxidative effect related to the formation of free

radicals [6]. The yield of radicals from aliphatic phosphites is much lower (0.01–0.02%) than

that from aromatic phosphites (up to 5%) [17]. The homolytic reaction of phosphites with

hydroperoxide has a higher activation energy than the heterolytic reaction, which results in

the predominance of the former reaction at elevated temperatures.

Once aryl phosphite has oxidized into phosphate followed by the catalytic decomposition

of hydroperoxide [6,10,19,20]. The catalyst is obviously stable, since additional hydroper-

oxide introduced into the system immediately breaks down [10]. Repeatedly, ROOH decom-

poses via the acid-catalyzed reaction with the products of phosphate hydrolysis acting as

catalysts [6,10].
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TABLE 17.1
Rate Constants of Reactions of Cumylhydroperoxide with Phosphites

(C4H9O)3P PhCl 24.7 3.50 [7]

P   O

O

O

PhH 25.5 3.58 [7]

O
P

O
O

PhCl [12]

O
P

O
O

PhCl [12]

O

O

P   O

PhCl 77.0 11.62 [12]

O

O

P   O

PhCl 67.0 9.73 [12]

P   O

O

O

PhCl 54.0 7.88 [12]

P   O

O

O

PhH 57.7 7.58 [7]

Phosphite Solvent E (kJ mol-1)

log A, A

(L mol-1 s-1)

k (303 K)

(L mol-1 s-1) Ref.

P O

O

O

PhCl 77.0 10.94

0.18

0.15

0.19

9.9 � 10−2

2.23 � 10−2

1.52 � 10−2

3.73 � 10−2

4.29 � 10−3 

4.63 � 10−3 [12]

continued
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Phosphines react readily with hydroperoxides with a stoichiometric ratio of 1:1 in the

following manner [15]:

R0OOHþ P(C6H5)3 �! R0OHþO¼¼P(C6H5)3

Since this reaction is not affected by hydroquinone and galvinoxyl and does not initiate

polymerization of styrene, it obviously occurs without the formation of free radicals. The

kinetic parameters of the reactions of three hydroperoxides with triphenyl phosphite in

different solvents are given in Table 17.2 [21].

We observe that both the activation energy and preexponential factor increase with the

polarity of the solvent. That is probably due to the polar structure of reactants and TS. In

hexane, this reaction proceeds via two routes at the total rate v.

v ¼ k1[ROOH] [P(OPh)3]þ k2[ROOH]2[P(OPh)3], (17:2)

where k2¼ 38 L2 mol�2 s�1 at T¼ 295 K [21]. The formal trimolecular reaction is probably the

result of hydroperoxide autoprotolysis and reaction of hydroperoxide with triphenylphos-

phine.

ROOHþROOH �! ROOH2
þ þROO�

ROOH2
þ þ P(C6H5)3 �! ROH2

þ þO¼¼P(C6H5)3

TABLE 17.1
Rate Constants of Reactions of Cumylhydroperoxide with Phosphites—continued

PhH 45.6 5.50 4.41 � 10−3 [7]

PhCl 72.0 10.0 3.87 � 10−3 [13]

O
P

O
O

O
P

O
O

P   O

O

O

PhH 37.6 4.69 1.62 � 10−2 [7]

Phosphite Solvent E (kJ mol-1)

log A, A

(L mol-1 s-1)

k (303 K)

(L mol-1 s-1) Ref.

Denisov / Oxidation and Antioxidants in Organic Chemistry and Biology DK1162_c017 Final Proof page 576 2.2.2005 5:48pm

© 2005 by Taylor & Francis Group.



This mechanism agrees with the acid catalysis of this reaction when the overall reaction rate in

the presence of HClO4 obeys the equation

v ¼ k1[Me3COOH] [P(OPh)3]þ k3[Me3COOH] [P(OPh)3] [HClO4] (17:3)

where k1¼ 1.28 L mol�1 s�1 and k2¼ 24 L2 mol�2 s�1 at T¼ 298 K in ethanol [22]. The

complexes of molybdenum, vanadium, and tungsten appeared to be very strong catalysts of

this reaction [22]. For example, molybdenyl acetylacetonate catalyses this reaction with

k3¼ 105 L2 mol�2 s�1 at T¼ 298 K in ethanol.

17.2.2 REACTION WITH PEROXYL RADICALS

Phosphites can react not only with hydroperoxides but also with alkoxyl and peroxyl radicals

[9,14,17,23,24], which explains their susceptibility to a chain-like autoxidation and, on the

other hand, their ability to terminate chains. In neutral solvents, alkyl phosphites can be

oxidized by dioxygen in the presence of an initiator (e.g., light) by the chain mechanism.

Chains may reach 104 in length. The rate of oxygen consumption is proportional to vi
1/2, thus

indicating a bimolecular mechanism of chain termination. The scheme of the reaction

RN¼¼NR �! 2R
. þN2

R
. þO2 �! RO2

.

RO2
. þ P(OR)3 �! ROOP

.
(OR)3

ROOP
.
(OR)3 �! RO

. þO¼¼P(OR)3

RO
. þ P(OR)3 �! ROP

.
(OR)3

ROP
.
(OR)3 �! R

. þO¼¼P(OR)3

2RO2
. �! ROORþO2

is confirmed by both the kinetic patterns of oxidation and experimental data on particular

elementary steps [11,14,25]. According to the data of EPR spectroscopy [11], phosphoranyl

radicals rapidly decompose.

(MeO)3P
.
OCMe3 �! (MeO)3P¼¼Oþ .

CMe3

k ¼ 3:2� 1010 exp(�33:0=RT) ¼ 5:3� 104 s�1(298 K)

TABLE 17.2
Rate Constants and Activation Energies of Triphenyl Phosphite Reaction with

Different Hydroperoxide [21]

Hydroperoxide Solvent E (kJ mol21) log A, A (L mol21 s21) k (303 K) (L mol21 s21)

PrCH2OOH Hexane 19.7 4.90 31.9

PrCH2OOH CH2Cl2 35.1 7.40 22.3

PrCH2OOH Ethanol 35.1 7.20 14.1

EtMeCHCOOH Hexane 27.2 5.80 12.9

EtMeCHCOOH CH2Cl2 42.3 8.30 10.2

EtMeCHCOOH Ethanol 45.2 9.00 16.1

Me3COOH Hexane 25.1 5.30 9.42

Me3COOH CH2Cl2 41.0 7.80 5.39

Me3COOH Ethanol 46.9 8.80 5.19
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(EtO)3P
.
OCMe3 �! (EtO)3P¼¼Oþ .

CMe3

k ¼ 2:0� 1010 exp(�31:4=RT) ¼ 6:3� 104 s�1(298 K)

(MeO)4P
. �! (MeO)3P¼¼OþMeO

.

k ¼ 2:0� 1011 exp(�33:0=RT) ¼ 3:3� 105 s�1(298 K)

Of these reactions, the reaction of the peroxyl radical with phosphite is the slowest. The rate

constant of this reaction ranges from 102 to 103 L mol�1 s�1 which is two to three orders of

magnitude lower than the rate constant of similar reactions with phenols and aromatic

amines. Namely, this reaction limits chain propagation in the oxidation of phosphites.

Therefore, the chain oxidation of trialkyl phosphites involves chain propagation reactions

with the participation of both peroxyl and phosphoranylperoxyl radicals:

(R0O)3(RO)POO
. þ P(OR0)3 �! (R0O)3(RO)P��O

. þO¼¼P(R0O)3

(R0O)3(RO)P��O
. �! (R0O)3P¼¼OþRO

.

(R0O)3(RO)P��O
. �! (R0O)2(RO)P¼¼OþR0O.

According to the NMR spectroscopy data, oxidized trialkyl phosphites give rise to phos-

phates with a negative polarization of the 31P nucleus [26]. This has been interpreted in terms

of a series of the following reactions:

(R0O)3(RO)P
. þO2 �! (R0O)3(RO)POO

.

(R0O)3(RO)P
. þ (R0O)3(RO)POO

. �! (R0O)3P¼¼Oþ Products

The situation is different for aryl phosphites, which give rise to shorter chains than alkyl

phosphites do (about 100 elementary reactions). The rate of aryl phosphite oxidation, v ~ vi,

suggests that chains are terminated in a linear manner [4,14,27]. Linear chain termination was

interpreted in terms of the following mechanism of chain oxidation of aryl phosphites:

RN2R �! N2 þ 2R
.

R
. þO2 �! RO2

.

RO2
. þ P(OAr)3 �! ROOP

.
(OAr)3

ROOP
.
(OAr)3 �! RO

. þ (ArO)3P¼¼O

RO
. þ P(OAr)3 �! ROP

.
(OAr)3

ROP
.
(OAr)3 �! R

. þ (ArO)3P¼¼O

ROP
.
(OAr)3 �! ROP(OAr)2 þArO

.

RO2
. þArO

. �! ROHþ quinone or quinolide peroxide:

Aryl phosphites inhibit the initiated oxidation of hydrocarbons and polymers by breaking

chains on the reaction with peroxyl radicals (see Table 17.3). The low values of the inhibition

coefficient f for aryl phosphites are explained by their capacity for chain autoxidation [14].

Quantitative investigations of the inhibited oxidation of tetralin and cumene at 338 K showed

that with increasing concentration of phosphite f rises tending to 1 [27].

The mechanism of inhibitory action of aryl phosphites seems to be relatively complex.

Phosphites reduce hydroperoxide and thus decrease chain autoinitiation. The formed peroxyl

and alkoxyl radicals react with phosphites to form aroxyl radicals. The latter terminates the

chains by reaction with peroxyl radicals. On the other hand, phosphites are hydrolyzed with
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TABLE 17.3
Rate Constants of Reactions of Peroxyl Radicals with Phosphines and Phosphites

in Hydrocarbon Solutions (Experimental Data)

(Me2CH)3P Me3CO2
• 18.0 6.20 2.64 � 103 [28]

Phosphines or Phosphites RO2
• E (kJ mol-1) log A, A (L mol-1 s-1) k (338 K) (L mol-1 s-1) Ref.

(Me2CH)3P Me2(CN)CO2
• 1.30 � 103 [29]

Ph2PH Me3CO2
• 10.4 5.00 2.47 � 103 [28]

Ph2PCl Me3CO2
• 5.4 3.70 7.32 � 102 [28]

Ph2POMe Me3CO2
• 5.4 3.70 7.32 � 102 [28]

Ph2PMe Me3CO2
• 6.3 5.11 1.38 � 104 [28]

(MeO)3P Me3CO2
• 15.9 5.70 1.74 � 103 [28]

Ph3P Me3CO2
• 12.5 6.00 1.17 � 104 [28]

P

F

F

F

Me3CO2
• 13.0 5.90 7.74 � 103 [28]

P

O

O

O

Me3CO2
• 13.4 5.90 6.75 � 103 [28]

P

Me3CO2
• 15.9 6.98 � 103 [28]

P

Cl

Cl

Cl

Me3CO2
• 17.1 6.80 1.43 � 104 [28]

Phosphines

Phosphites
(EtO)3P Me3CO2

• 13.8 5.00 7.37 � 102 [28]

(EtO)3P Me2(CN)CO2
• 1.9 � 103 [29]

(Me3CO)3P Me3CO2
• 23.0 6.70 1.39 � 103 [28]

(Me2CHO)3P Me2(CN)CO2
• 7.4 � 102 [29]

(CH2=CHCH2O)3P Me3CO2
• 15.5 5.70 2.10 � 103 [28]

O
P

O
O

Me2(CN)CO2
• 9.4 � 102 [29]

continued

Denisov / Oxidation and Antioxidants in Organic Chemistry and Biology DK1162_c017 Final Proof page 579 2.2.2005 5:48pm

© 2005 by Taylor & Francis Group.



water with phenol formation. This process is accelerated by hydroperoxide and acids. Hence,

phosphites themselves are weak inhibitors, however, they can serve as a source of efficient

inhibitors, phenols and aroxyl radicals. The formed phosphorous acid catalyzes the decay of

hydroperoxide.

17.3 SULFUR-CONTAINING ANTIOXIDANTS

17.3.1 REACTION WITH HYDROPEROXIDE

Sulfur(II)-containing compounds possess the reducing activity and react with hydroperoxides

and peroxyl radicals [1–5]. They are employed as components of antioxidant additives to

lubricants and polymers [30–35]. Denison and Condit [36] were the first to show that dialkyl

sulfides are oxidized by hydroperoxides to sulfoxides and then to sulfones

TABLE 17.3
Rate Constants of Reactions of Peroxyl Radicals with Phosphines and Phosphites in

Hydrocarbon Solutions (Experimental Data)—continued

O
P

O
O

Me3CO2
• 19.2 6.00 1.08 � 103 [28]

(PhO)3P Me3CO2
• 20.1 7.30 1.57 � 104 [28]

O

O
P   O

PhMe2CO2
• 1.50 � 102 [29]

O

O
P   O

PhMe2CO2
• 80 [29]

P   O

O

O

PhMe2CO2
• 50 [29]

O
P

O
O

PhMe2CO2
• 1.4 � 102 [29]

Phosphines or phosphites RO2
• E (kJ mol-1) log A, A (L mol-1 s-1) k (338 K) (L mol-1 s-1) Ref.
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RSRþR0OOH �! RS(O)R þR0OH

RS(O)R þR0OOH �! RSO2RþR0OH

whereas hydroperoxides are reduced to alcohols. Later, this reaction was studied in detail

[5,37–41]. In aprotic solvents the reaction rate is

v ¼ k[R2S] [R0OOH]2: (17:4)

The second order of this reaction with respect to hydroperoxide is due to the second molecule

of R’OOH acting as an acid molecule [37].

R0OOHþHOOR R0OOH2
þ, ROO�

R0OOH2
þ, ROO� þ SR2 �! R0OHþR0OOHþR2S(O)

In the presence of alcohols and acids, the reaction is bimolecular and acid-catalyzed [37]:

R0OOHþHA R0OOH2
þA�

R0OOH2
þA� þ SR2 �! R0OHþHAþR2S(O)

The rate of the reaction, obviously, depends on the acid concentration.

v ¼ k[R2S] [R0OOH] [AH]: (17:5)

These reactions produce free radicals, as follows from the fact of consumption of free radical

acceptor [42]. The oxidation of ethylbenzene in the presence of thiophenol is accompanied by

CL induced by peroxyl radicals of ethylbenzene [43]. Dilauryl dithiopropionate induces the

pro-oxidative effect in the oxidation of cumene in the presence of cumyl hydroperoxide [44]

provided that the latter is added at a sufficiently high proportion ([sulfide]/[ROOH] � 2). By

analogy with similar systems, it can be suggested that sulfide should react with ROOH both

heterolytically (the major reaction) and homolytically producing free radicals. When dilauryl

dithiopropionate reacts with cumyl hydroperoxide in chlorobenzene, the rate constants of

these reactions (molecular m and homolytic i) in chlorobenzene are [42]

km ¼ 8� 104 exp(�50=RT) L mol�1 s�1

ki ¼ 2:5� 1014 exp(�121=RT) L mol�1 s�1

The ratio ki/km¼ 5� 10�4 at 300 K increases with increasing temperature, since Ei>Em. The

rate constants of the sulfide reaction with hydroperoxide are collected in Table 17.4.

The reactions of sulfides with ROOH give rise to products that catalyze the decomposition

of hydroperoxides [31,38–47]. The decomposition is acid-catalyzed, as can be seen from the

analysis of the resulting products: cumyl hydroperoxide gives rise to phenol and acetone,

while 1,1-dimethylethyl hydroperoxide gives rise to 1,1-dimethylethyl peroxide, where all the

three are the products of acid-catalyzed decomposition [46–49]. It is generally accepted that

the intermediate catalyst is sulfur dioxide, which reacts with ROOH as an acid [31,46–50].

SO2 þH2O H2SO3

PhMe2COOHþH2SO3 PhMe2COOH2
þ þHSO2

�

PhMe2COOH2
þ �! PhOHþMeC(O)MeþHþ
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Me3COOHþH2SO3 Me3COOH2
þ þHSO2

�

Me3COOH2
þ Me3C

þ þH2O2

Me3C
þ þMe3COOH �! Me3COOCMe3 þHþ

The formation of free radicals and alcohol (in addition to the products of hydroperoxide

heterolysis) implies that the catalytic decomposition of hydroperoxide occurs both hetero-

lytically and homolytically. The mechanism of homolytic hydroperoxide decomposition was

proposed by Van Tilborg and Smael [48].

ROOHþ SO2 �! ROO(Hþ)SO2
� �! ROOS(O)OH

ROOS(O)OH �! RO
. þHOS

.
O2

The formation of the HOS
.
O2 radical was demonstrated by EPR spectroscopy [51]. The

homolytic decomposition of hydroperoxide catalyzed by SO2 underlies an oscillating pattern

of the n-hexylbenzene oxidation inhibited by thiophene or BaSO4 [48]. Radicals can also be

TABLE 17.4
Rate Constants of Reactions of Sulfides, Thiols, Disulfides, and Sulfoxides with

Hydroperoxides (Experimental Data)

S
H PhMe2COOH Mineral oil 423 1.0 [45]

PhCH2SSCH2C(O)OCH2Ph Me3COOH

Me3COOH

PhCl

PhCl

PhCl

PhCl

PhCl

PhCl

PhCl

PhCl

PhCl

PhCl

313−373

353−373

353−383

1.0 � 103 exp(−21.2/RT )

1.3 � 108 exp(−59.5/RT )

1.4 � 10−2

2.3 � 10−2

3.3 � 10−2

1.0 � 10−2

2.0 � 10−2

6.2 � 10−2

1.3 � 10−3

[46]

[46]

PhMe2COOH

PhMe2COOH

353 [42]

Mineral oil

Mineral oil

Mineral oil

Mineral oil

Mineral oil

Mineral oil

423 1.0 [45]

Me3COOH 1.6 � 1011 exp(−82/RT) [46]

Me3COOH 373 0.39 [46]

HO

S

OH

PhMe2COOH

PhMe2COOH

PhMe2COOH

PhMe2COOH

PhMe2COOH

PhMe2COOH

PhMe2COOH

PhMe2COOH

PhMe2COOH

PhMe2COOH

423 1.0 [45]

353 [42]

353 [42]

423 0.67 [45]

423 [45]

423 8.3 [45]

423 [45]

HO

S 423 0.10 [45]

353 [42]

PhCH2SSCH2C(O)OH

PhC(O)SSC(O)Ph

BuSSBu

PrSSPr

EtS(O)S(O)Et

PhC(O)SC(O)Ph

PhCH2SCH2Ph

BuSBu

BuS(O)Bu

(C10H21)2S

PhSPh

[Me2NC(S)S]2

[Me2NC(S)]2S 353 [42]

R1SR2 ROOH Solvent T (K) k (L mol-1 s-1) Ref.
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produced in the reaction of ROOH with sulfenic acid resulting from the decomposition of

sulfoxide [31,33,44]:

RS(O)R �! olefinþRSOH

RSOHþR0OOH �! RS
.
OþH2OþR0O.

The oxidation of sulfides is a complex process involving a number of conversions [32,46].

Disulfides are oxidized by hydroperoxide via the intermediate thiosulfinate RSSOR,

which is very reactive to ROOH [32,52–54]. The interaction of ROOH with phenolsulfoxides

also gives rise to intermediate catalytic compounds, as a result of which the reaction proceeds

as an autocatalytic process [46,55]. The rate of the catalytic decomposition of R’OOH is

described by one of the following equations:

v ¼ k[RSSR] [R0OOH] (17:6)

v ¼ k[RSSR] [R0OOH]2: (17:7)

The rate constants are summarized in Table 17.5.

17.3.2 REACTION WITH PEROXYL RADICALS

During the chain oxidation of hydrocarbons, sulfides and disulfides terminate chains by

reacting with peroxyl radicals [40,42,44], which, as opposed to phenols, are weak inhibitors

(see Table 17.6). The mechanism and stoichiometry of the termination reaction by sulfides

remain yet unclear. Since sulfenic acid is an efficient scavenger of free radicals, the oxidation

of tetralin in the presence of dialkylsulfoxide occurs only if the initiation rate vi> vimin is

proportional to the concentration of sulfoxide [5], so that the rate of oxidation is

v ¼ kp(2kt)
1=2[RH](vi � k[R1SOR2] ): (17:8)

This can be explained by the breakdown of sulfoxide into olefin and sulfenic acid, where the

latter is an efficient acceptor of peroxyl radicals.

R1S(O)CH2CH2R
2 �! R1S(O)Hþ CH2¼¼CHR2

R1S(O)HþRO2
. �! R1S(O

.
)þROOH

R1S(O
.
)þRO2

. �! R1SO2OR

Oxidation develops only if the rate of initiation is higher than the rate of generation of an

efficient inhibitor. For the rate constants of sulfoxides decomposition, see Table 17.7.

The decay of alkylsulfoxides was studied by the quantum-chemical and IPM methods [65].

These reactions are endothermic. The activation energy of the thermoneutral analog, Ee0,

depends on the structure of the alkyl radical:

R1S(O)CHMe2 �! R1S(O)Hþ CH2¼¼CHMe Ee0 ¼ 101 kJ mol�1

R1S(O)CH2CH2R �! R1S(O)Hþ CH2¼¼CHR Ee0 ¼ 111 kJ mol�1

The activation energy of the thermoneutral reaction is lower when the methyl group partici-

pates in TS formation. There are two ways how the R substituent can have effect on the

reaction. First, it is simple electronic effect that makes the TS less stable due to the repulsion
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TABLE 17.5
Rate Constants of Bimolecular Catalytic Decomposition of Hydroperoxides Under Action of

Products of Oxidation of S-Containing Compounds in Chlorobenzene (Experimental Data)

S-Containing Compound Hydroperoxide T (K) k (L mol−1 s−1) Ref.

v = k [RSR][ROOH]
BuOCH2CH(SBu)CH2NHPh PhMe2COOH

PhMe2COOH

354−383 8.9 � 1012 exp(−96.0/RT ) [56]

BuOCH2CH(SH)CH2NHPh 353−383 9.1 � 1012 exp(−89.5/RT ) [56]

PhCH2SSCH2C(O)OH Me3COOH

Me3COOH

353−373 1.3 � 108 exp(−59.5/RT ) [57]

S

S

HO

OH

PhMe2COOH

PhMe2COOH

393 0.51 [46]

S

S

OH

HO 353−383

353−383

353−383

353−383

353−383

343−383

363−383

363−383

3.2 � 108 exp(−52.8/RT ) [58]

PhCH2SSCH2Ph 1.7 � 1011 exp(−82.0/RT ) [59]

PhCH2SSCH2Ph 1.7 � 107 exp(−48.0/RT ) [59]

EtSSEt 7.9 � 1010 exp(−77.0/RT ) [59]

S S

HO

OH 7.1 � 109 exp(−64.3/RT ) [58]

N

S

O

Me3CSCMe3 393 0.34 [46]

SHO OH

393 0.38 [46]

S

OH

HO
7.1 � 107 exp(−50.7/RT ) [58]

S

OH

HO PhMe2COOH

PhMe2COOH

PhMe2COOH

PhMe2COOH

PhMe2COOH

343−383 5.0 � 107 exp(−46.6/RT ) [60]PhMe2COOH

PhMe2COOH

PhMe2COOH

PhMe2COOH

1.3 � 1011 exp(−79.0/RT )

1.6 � 105 exp(−34.3/RT )

[58]

[60]

S

OH

HO
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TABLE 17.5
Rate Constants of Bimolecular Catalytic Decomposition of Hydroperoxides Under Action

of Products of Oxidation of S-Containing Compounds in Chlorobenzene (Experimental

Data)—continued

S-Containing Compound Hydroperoxide T (K) k (L mol−1 s−1; L2 mol−2 s−1) Ref.

353−383

353−383

383−403

383−403

343−383

343−383

343−383

343−383

343−383

383

—

—

—

—

2.4 � 1011 exp(−82.0/RT )

5.7 � 109 exp(−76.5/RT )

2.5 � 106 exp(−50.3/RT )

2.4 � 108 exp(−67.3/RT )

6.2 � 1012 exp(−100/RT )

3.9 � 1013 exp(−106/RT )

2.0 � 109 exp(−63/RT )

4.0 � 1014 exp(−98.7/RT )

2.5 � 1015 exp(−97.6/RT )

6.3 � 1011 exp(−66.5/RT )

1.0 � 1011 exp(−71.0/RT )

2.5 � 107 exp(−47.4/RT )

4.0 � 1011 exp(−78.6/RT )

[59]PhCH2SS(O)CH2Ph Me3COOH

Me3COOHPhCH2SO2CH2Ph

SHO

O

O

OH

PhMe2COOH

PhMe2COOH

PhMe2COOH

PhMe2COOH

PhMe2COOH

PhMe2COOH

PhMe2COOH

PhMe2COOH

PhMe2COOH

PhMe2COOH

PhMe2COOH

PhMe2COOH

SHO

O

OH

Me3CSOCMe3

Me3CSS(O)CMe3

PhCH2C(S)NHPr

OH

N

S

PhC(S)NHCH2Ph

SHHO

OH

OH
S

OH

S
Ph

OH

S

0.59

OH

S

[59]

[46]

[46]

[46]

[46]

[60]

[60]

[60]

[60]

[61]

[60]

[61]

[61]

n = k [RSR][ROOH]2

OH

S
Ph

PhMe2COOH

PhMe2COOH

—

—

3.8�109 exp(−72.7/RT ) [61]

OH

SH

9.5�103 exp(−19.6/RT ) [61]
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of electrons on the occupied energy levels. The second mechanism appears when the system

has a possibility for a few TS conformations with different occupations as a result. If R

facilitates the occupation of the TS, which has a lower advantage for the reaction, then the

reaction demands more energy for crossing the TS.

So, the effect of sulfur compounds on the oxidation of hydrocarbons and polymers is

rather complex.

1. Sulfur-containing antioxidants reduce hydroperoxide to alcohols, thereby decreasing

the rate of autoinitiation and decreasing the oxidation rate.

TABLE 17.6
Rate Constants of Reactions of Peroxyl Radicals with Sulfides and Disulfides in

Hydrocarbon Solutions (Experimental Data)

Sulfides or Disulfides RO2
• T (K) k (L mol-1 s-1) Ref.

Sulfides

PhCH2SPh

PhCH2SPh

Me3CO2
• 303 0.16 [62]

PhMe2CO2
•

PhMe2CO2
•

PhMe2CO2
•

PhMe2CO2
•

PhMe2CO2
•

Me3CO2
•

Me3CO2
•

Me3CO2
•

Me3CO2
•

303 9.5 [62]

[C12H25OC(O)CH2CH2]2S 333 40 [45]

S
303 8.0�10−2 [62]

S

S

OO
• 303 6.4 [62]

S
OO

•

S

303 1.5 [62]

S
303 2.0�10−2 [62]

Disulfides

PhCH2SSCH2C(O)OCH2Ph 333 21.0 [59]

PhCH2SSCH2C(O)OH 333 50.4 [59]

PhCH2SCH2Ph 303 0.36 [62]

PhCH2SSCH2Ph 303 0.15 [62]

PhCH2SSCH2Ph 333 7.8 [59]

EtSSEt 333 [59]

Me3CS(O)H OO
• 333

0.35

1.0 � 107

1.7 � 105

8.0 � 102

[41]

PhCH2SS(O)CH2Ph 333 [59]

PhCH2SS(O2)CH2Ph

PhMe2CO2
•

~CH2PhCHO2
•

~CH2PhCHO2
• 333 [59]
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2. On the other hand, they react with hydroperoxide to produce free radicals and, hence,

contribute to the initiation of oxidation.

3. As other antioxidants, they terminate chains, albeit slowly, by reacting with peroxyl

radicals.

4. The significant role of intermediates of conversion of sulfides and disulfides should be

highlighted. Thus, sulfenic acid is formed by sulfoxide decomposition and terminates

chains by reacting with RO2
.
and, on the other hand, initiates chains by reacting with

hydroperoxide.

5. Acidic products (SO2, H2SO4, RSO2H, RSO3H) break hydroperoxides into molecular

products, thereby inhibiting autoinitiation. At the same time, they act as initiators by

breaking hydroperoxide with the formation of free radicals.

TABLE 17.7
Rate Constants of Sulfoxide Decomposition (Experimental Data)

Reaction Solvent T (K) k (s21) Ref.

Pr2SO �! PrSOHþMeCH¼¼CH2 PhMe 373 6.0� 10�8 [63]

[Me2CH]2SO �!Me2CHSOHþMeCH¼¼CH2 PhMe 303 2.0� 10�2 [63]

MeSOCMe3 �!MeSOHþMe2CH¼¼CH2 PhMe 373 6.3� 10�8 [63]

EtSOBu �! BuSOHþCH2¼¼CH2 Gas 453–473 2.2� 1011 exp(�131.5/RT) [64]

EtSOBu �! EtSOHþEtCH¼¼CH2 Gas 453–473 1.4� 1011 exp(�132.0/RT) [64]

PrSOBu �! BuSOHþMeCH¼¼CH2 Gas 453–473 1.4� 1011 exp(�130.9/RT) [64]

PrSOBu �! PrSOHþEtCH¼¼CH2 Gas 453–473 1.4� 1011 exp(�130.5/RT) [64]

Me2CHSOBu �! BuSOHþMeCH¼¼CH2 Gas 453–473 4.2� 1011 exp(�126.3/RT) [64]

Me2CHSOBu �!Me2CHSOHþEtCH¼¼CH2 Gas 453–473 1.4� 1011 exp(�130.0/RT) [64]

Me2CHSOCMe3 �!Me2CHSOHþMe2C¼¼CH2 PhMe 373 4.6� 10�5 [63]

EtSOCHMeEt �! EtSOHþEtCH¼¼CH2 Gas 453–473 2.1� 1011 exp(�124.3/RT) [64]

EtSOCHMeEt �!MeEtCHSOHþCH2¼¼CH2 Gas 453–473 2.1� 1011 exp(�129.4/RT) [64]

EtSOCHMeEt �! EtSOHþ trans-MeCH¼¼CHMe Gas 453–473 1.4� 1011 exp(�127.4/RT) [64]

PrSOCHMeEt �! PrSOHþEtCH¼¼CH2 Gas 453–473 2.1� 1011 exp(�123.3/RT) [64]

PrSOCHMeEt �!MeEtCHSOHþMeCH¼¼CH2 Gas 453–473 1.4� 1011 exp(�129.5/RT) [64]

PrSOCHMeEt �! PrSOHþ trans-MeCH¼¼CHMe Gas 453–473 1.4� 1011 exp(�125.9/RT) [64]

Me3CSOCMe3 �! Me3CSOHþMe2C¼¼CH2 PhMe 345 3.3� 10�5 [63]

Me3CSOCMe3 �! Me3CSOHþMe2C¼¼CH2 PhMe 352 1.1� 10�4 [63]

Me3CSOCMe3 �! Me3CSOHþMe2C¼¼CH2 PhMe 363 3.3� 10�4 [63]

Me3CSOCMe3 �! Me3CSOHþMe2C¼¼CH2 PhMe 373 1.8� 10�3 [63]

Me2CHSOPh �! PhSOHþMeCH¼¼CH2 PhMe 373 1.3� 10�6 [63]

Me3CSOPh �! PhSOHþMe2C¼¼CH2 PhMe 373 2.1� 10�4 [63]

4-MeOC6H4SOCMe3 �! 4-MeOC6H4SOHþ
Me2C¼¼CH2

PhMe 374 9.7� 10�5 [63]

4-MeC6H4SOCMe3 �! 4-MeC6H4SOHþ
Me2C¼¼CH2

PhMe 374 1.2� 10�4 [63]

3-MeC6H4SOCMe3 �! 3-MeC6H4SOHþ
Me2C¼¼CH2

PhMe 374 1.8� 10�4 [63]

3-MeOC6H4SOCMe3 �! 3-MeOC6H4SOHþ
Me2C¼¼CH2

PhMe 374 2.3� 10�4 [63]

4-ClC6H4SOCMe3 �! 4-ClC6H4SOHþMe2C¼¼CH2 PhMe 374 2.4� 10�4 [63]

3-ClC6H4SOCMe3 �! 3-ClC6H4SOHþMe2C¼¼CH2 PhMe 374 3.2� 10�4 [63]

3-NO2C6H4SOCMe3 �! 3-NO2C6H4SOHþMe2C¼¼CH2 PhMe 374 5.0� 10�4 [63]

4-NO2C6H4SOCMe3 �! 4-NO2C6H4SOHþMe2C¼¼CH2 PhMe 374 9.0� 10�4 [63]
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17.4 METAL THIOPHOSPHATES AND THIOCARBAMATES

Metal complexes, dialkyl thiophosphates and dialkyl thiocarbamates of Zn, Ni, Ba, and Ca,

in particular, are widely used for the stabilization of lubricants [30–32,34]. At moderate

temperatures (350–400 K), these inhibitors are less efficient than phenols, but they are more

potent at higher temperatures (430–480 K). The sophisticated mechanism of action of these

antioxidants involves their reactions with hydroperoxide. The interaction of hydroperoxide

with metal dialkyl thiophosphates induces a cascade of reactions [5,66–69].

O
P

O

S
Zn

S

S
P

S

O

O
P

S S
P

SSO

O

O

O

R

R

R

R

R

R

R

R
+ ZnO

ROOH

ROOH

P
S S

P
SSO

O

O

O

R

R

R

R
P

O O
P

SSO

O

O

O

R

R

R

R
2SO2+

P
O O

P
SSO

O

O

O

R

R

R

R
P

O O
P

HSOHO

O

O

O

R

R

R

R

H2O
+ 0.25  S8

The resulting products, such as sulfenic acid or sulfur dioxide, are reactive and induce an

acid-catalyzed breakdown of hydroperoxides. The important role of intermediate molecular

sulfur has been reported [68–72]. Zinc (or other metal) forms a precipitate composed of

ZnO and ZnSO4. The decomposition of ROOH by dialkyl thiophosphates is an autocata-

lytic process. The interaction of ROOH with zinc dialkyl thiophosphate gives rise to free

radicals, due to which this reaction accelerates oxidation of hydrocarbons, excites CL during

oxidation of ethylbenzene, and intensifies the consumption of acceptors, e.g., stable nitroxyl

radicals [68]. The induction period is often absent because of the rapid formation of inter-

mediates, and the kinetics of decomposition is described by a simple bimolecular kinetic

equation

v ¼ k[(RO)2PS2ZnS2P(OR)2] [R
0OOH]: (17:9)

The reaction occurs both heterolytically and homolytically, so that the overall rate constant

kS¼ kmþ ki. For the rate constants, see Table 17.8.

Dialkyl thiophosphates can also terminate chains by reacting with peroxyl radicals, as

follows from their ability to inhibit the initiated oxidation of hydrocarbons and to extinguish

CL in oxidizing hydrocarbon [66,68]. The stoichiometric coefficient of inhibition f for various

dialkyl thiophosphates is close to 2, as follows from the data for diisopropyl dithiopho-

sphates:

Me: Zn Ni Pb Fe Cu Co

f [66] 1.81 1.94 1.90 1.25 — —

f [68] 2.04 1.74 — — 2.14 1.91

The limiting step was supposed to be the electron transfer from the complex to peroxyl radical

succeeded by the decomposition of the formed complex [66].
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S
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+
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O
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O R
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P
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+
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P
SSO

O

O

O

R

R

R

R
P

S

S•
O

O

R

R
Zn

S
P

S O R

O R
+

RO2
•

+ Zn(OOR)2

RO2

For the rate constants of these reactions, see Table 17.9.

Metal dialkyl dithiocarbamates inhibit the oxidation of hydrocarbons and polymers

[25,28,30,76–79]. Like metal dithiophosphates, they are reactive toward hydroperoxides. At

room temperature, the reactions of metal dialkyl dithiocarbamates with hydroperoxides

occur with an induction period, during which the reaction products are formed that catalyze

the breakdown of hydroperoxide [78]. At higher temperatures, the reaction is bimolecular and

occurs with the rate v¼ k[ROOH][inhibitor]. The reaction of hydroperoxide with dialkyl

dithiocarbamate is accompanied by the formation of radicals [30,76,78]. The bulk yield of

radicals in the reaction of nickel diethyl dithiocarbamate with cumyl hydroperoxide is 0.2 at

TABLE 17.8
Rate Constants of Reactions of Metal Thiophosphates and Metal Thiocarbamates with

Cumylhydroperoxide (Experimental Data)

Metal Complex T (K) E (kJ mol-1)
log A, A

(L mol-1 s-1)
k (303 K)

(L mol-1 s-1) Ref.

Thiocarbamates
[(Me2CHO)2NCS2]2Ni 0.16 [73]

(Bu2NCS2)2Ni 20.9 2.72 0.13 [74]

(Et2NCS2)2Ni 29.9 2.30 3.50 � 10−3 [74]

[(Me3CCH2MeCH)2NCS2]2Zn 45.7 4.92 1.10 � 10−3 [75]

(Bu2NCS2)2Zn 54.0 6.04 5.40 � 10−4 [75]

Thiophosphates

O
P

O

S

S
Ni

S

S
H

P
O

O

39.0 4.00 1.89 � 10−3 [76]

[(Me2CHO)2PS2]2Ni 55.5 7.54 9.47 � 10−3 [76]

[(Me2CHO)2PS2]2Ni 4.0 � 10−3 [73]

[(Me2CHO)2PS2]2Zn 3.8 � 10−3 [5]

303

293−358

293−358

293−358

318−358

298−353

298−353

303

328
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TABLE 17.9
Rate Constants of Reactions of Peroxyl Radicals with Metal Thiocarbamates and

Thiophosphates in Hydrocarbon Solutions (Experimental Data)

Metal Complex

Thiocarbamates

[(Me2CHO)2NCS2]2Ni

[(Me2CHO)2NCS2]2Ni

[(Me2CHO)2NCS2]2Ni

(Bu2NCS2)2Ni

(Bu2NCS2)2Ni

(Bu2NCS2)2Ni

(Et2NCS2)2Ni

(Et2NCS2)2Ni

(Et2NCS2)2Bi

(Et2NCS2)2Cu

(Et2NCS2)2Pb

(Bu2NCS2)2Sb

(Me3CCH2CHMeCH2NS2)2Sb

S
Zn

Zn

S

S

S
N N

Peroxyl Radical

PhCH(O2
•)CH2~

HO2
•

OO
•

OO
•

PhCH(O2
•)CH2~

PhMe2CO2
•

PhMe2CO2
•

PhMe2CO2
•

PhMe2CO2
•

PhMe2CO2
•

PhMe2CO2
•

PhMe2CO2
•

PhMe2CO2
•

PhMe2CO2
•

T (K)

323

323

303

323

323

333

348

333

348

348

348

333

333

333

k (L mol−1 s−1)

6.0 � 103

9.0 � 102

7.0 � 104

1.4 � 104

5.0 � 103

1.9 � 103

2.8 � 104

2.3 � 103

1.4 � 104

1.0 � 105

9.0 � 103

3.8 � 103

3.5 � 103

4.5 � 103

Ref.

[80]

[80]

[80]

[80]

[80]

[73]

[81]

[77]

[81]

[81]

[81]

[82]

[82]

[82]

S

S

S

S

Zn
S

S

S

S

N N

333 8.0 � 102 [82]

N N

333 3.5 � 103 [82]

PhMe2CO2
•

PhMe2CO2
•

Zn
S

S

S

S
N N

333 4.6 � 103 [82]PhMe2CO2
•
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293 K and 0.7 at 343 K [76]. Carbamates are antioxidants of the complex action: they react

with hydroperoxide, as well as with peroxyl radicals [5].

17.5 METAL COMPLEXES WITH PHOSPHITES

Pobedimskii and coworkers [84–92] studied hydroperoxide decomposition under the com-

bined action of a transition metal complex and phosphite. He found that this binary system

induces three parallel catalytic reactions of hydroperoxide decomposition.

1. Hydroperoxide forms a complex with the metal complex and is decomposed. The

formation of such complex was evidenced by NMR spectroscopy [86,87].

2. Hydroperoxide is reduced by phosphite (see earlier).

3. Metal forms a complex with hydroperoxide and phosphite reacts rapidly with hydro-

peroxide as a metal ligand.

Besides this, phosphite reacts with metal forming an inactive complex. Hence, the catalytic

activity of the metal decreases with an increase in the phosphite concentration. The produced

TABLE 17.9
Rate Constants of Reactions of Peroxyl Radicals with Metal Thiocarbamates and

Thiophosphates in Hydrocarbon Solutions (Experimental Data)—continued

Thiophosphates

S
Zn

S

S

S
N N

C13H27 C13H27

C13H27 C13H27

PhMe2CO2
• 333 4.0 � 102 [82]

(Me2CHNCS2)2Zn PhMe2CO2
• 333 2.4 � 103 [78]

[(Me3CCH2CHMeCH2)2NCS2]2Zn PhMe2CO2
• 333 6.1 � 103 [82]

(Bu2NCS2)2Zn PhMe2CO2
• 333 4.7 � 103 [82]

(Et2NCS2)2Zn PhMe2CO2
• 348 2.1 � 103 [81]

[83][(Me2CHO)2PS2]2Zn Me3CO2
• 200 44

[(Me2CHO)2PS2]2Zn PhCH(O2
•)CH2~ 303 2.8 � 103 [5]

[(Me2CHO)2PS2]2Zn
O2

• 303 4.3 � 103 [5]

[(Me2CHO)2PS2]2Zn OO• 303 3.0 � 103 [5]

[(Me2CHO)2PS2]2Zn PhC(O)O2
• 303 4.8 � 105 [5]

[(Me2CHO)2PS2]2Zn HO2
• 303 2.8 � 104 [5]

[(EtMeCHO)2PS2]2Zn Me3CO2
• 200 34 [83]

[(EtMeCHO)2PS2]2Zn Me3CO2
• 200 43 [83]

Metal Complex Peroxyl Radical T (K) k (L mol−1 s−1) Ref.
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TABLE 17.10
Kinetic Parameters of Peroxyl Radicals of Oxidized Styrene with Phosphites and their

Complexes with CuCl in Chlorobenzene Solution [89]

[Cu+ PEt3]Cl−

[Cu+ PEt3]Cl−

[Cu+ PEt3]Cl−

(PhO)3P

(PhO)3P

(PhO)3P

[Cu+ P(OPh)3]Cl−

[Cu+ P(OPh)3]Cl−

[Cu+ P(OPh)3]Cl−

[Cu+ (P(OPh3)2]Cl−

[Cu+ (P(OPh3)2]Cl−

[Cu+ (P(OPh3)2]Cl−

O

O

O

O

393

428

393−428

393

428

393−428

393

428

393−428

393

428

393−428

393

428

393−428

58.1

56.4

62.9

35.7

39.0

12.50

12.20

13.40

10.30

12.20

Complex fT (K) E (kJ mol−1) log A, A (L mol−1 s−1) k (393 K) (L mol−1 s−1)

6.0 � 104

5.5 � 105

6.0 � 104

5.0 � 104

3.3 � 105

5.0 � 104

1.1 � 105

1.0 � 106

1.1 � 105

3.6 � 105

1.6 � 106

3.6 � 105

5.0 � 104

3.3 � 105

1.0 � 107

O

O
OP

OP

OP

O

O
P O

O

393 3.4 � 105

O

O
P

428

3.0

0.2

0.04

0.003

2.0

0.1

1.0

0.1

0.04

0.003

1.4

0.03 2.0 � 106

O
O

O
P

393−428 35.6 11.90 1.5 � 107
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TABLE 17.10
Kinetic Parameters of Peroxyl Radicals of Oxidized Styrene with Phosphites and their

Complexes with CuCl in Chlorobenzene Solution [89]—continued

Cu PP

Cl

OO
O O

OO

Cu PP

Cl

OO
O O

OO

Cu PP

Cl

OO
O O

OO

Complex fT (K) E (kJ mol−1) log A, A (L mol−1 s−1) k (393 K) (L mol−1 s−1)

O

O
OP

5.0 � 104

O
O

O
P

2.5 � 105

O
O

O
P

29.1 10.0 1.4 � 106

O

O
OPClCu

12.6 7.90 1.7 � 106393−428

393

428

393−428

393

4.8 � 105393 0.9

1.0 � 106428 0.01

0.2

0.02

1.1 1.4 � 105

continued
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phosphate also forms an inactive complex with the metal. So, the activity of metal drops in

time of the experiment. The resulting kinetic scheme includes the following stages [85]:

Me3COOH þ P(OPh)3 �! Me3COHþ (Ph)3P(O) k0

Me3COOH þMenþ Me3COOH:Menþ K1

Me3COOH �Menþ �! Menþ þ Products k2

MeCOOH:Menþ þ P(OPh)3 �! Me3COHþ (PhO)3P(O)þMenþ k3

Menþ þ P(OPh)3 Menþ � P(OPh)3 K4

The following equilibrium and rate constants were found as a result of the kinetic and NMR

studies (CH2Cl2 as solvent, T¼ 292 K [85]).

Catalyst k0 (L mol21 s21) K1 (L mol21) k3 (L mol21 s21) K4 (L mol21)

VO(acac)2 5.0� 10�3 1.04 1.53� 104 1.02� 102

MoO2(acac)2 5.0� 10�3 1.00 2.75� 104 3.05� 102

In addition to the decay of hydroperoxides, metal complexes accelerate the reaction of

phosphite with peroxyl radicals [90,91]. Phosphite forms a complex with the metal ion, and

the formed complex terminates the chains more rapidly than phosphite does alone. For

example, triphenyl phosphite terminates the chains in oxidized styrene with fk7¼ 2� 103 L

mol�1 s�1 at T¼ 393 K and the complex of this phosphite with CuCl does it with

fk7¼ 2� 105 L mol�1 s�1, i.e., two orders of magnitude more rapidly. The values of f and

k7 for three phosphites and six complexes (phosphite with CuCl) are given in Table 17.10.

The effectiveness of complexes metal–acetylacetonate with tris(1,1-dimethylethyl-4-

methylphenyl) phosphite in their reaction with peroxyl radicals of styrene and tetralin

(323 K) decreases in the row: Co2þ � VO2þ>Cr3þ � Fe2þ [88].

TABLE 17.10
Kinetic Parameters of Peroxyl Radicals of Oxidized Styrene with Phosphites and their

Complexes with CuCl in Chlorobenzene Solution [89]—continued

O

O
OPClCu

428 0.1 5.0 � 105

O

O
OPClCu

393−428 23.8 9.40 1.7 � 106

Complex fT (K) E (kJ mol-1) log A, A (L mol-1 s-1) k (393 K) (L mol-1 s-1)
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So, the action of the system metal ion–phosphite on oxidation is complex. The formed

complex terminates the chains and decomposes the formed hydroperoxide more rapidly than

phosphite alone.
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18 Synergism of Antioxidant
Action

18.1 INTRODUCTION

As shown in Chapters 14–17, the mechanisms of the antioxidant action are very diverse. One

inhibitor terminates chains by reacting with the peroxyl radical, another by reacting with the

alkyl radical, and the third one decreases the autoxidation rate decomposing the hydroper-

oxide formed. The resulting radicals of the inhibitor are either nonreactive, or can contribute

to chain propagation by reacting with ROOH or RH, or can induce cyclic reactions of chain

termination. An inhibitor can either reduce hydroperoxide or catalyze its breakdown. If two

or more inhibitors are added to oxidized hydrocarbon (or other substance), their combined

inhibitory effect can be either additive (the total inhibitory effect is the sum of individual

effects), antagonistic (the inhibitors cancel out each other’s effects), or synergistic (the total

inhibitory effect is greater than the sum of individual effects).

For initiated oxidation, the inhibitory criterion could be defined as the ratio v0/v or (v0/

v� v/v0), where v0 and v are the rates of initiated oxidation in the absence and presence of the

fixed concentration of an inhibitor, respectively. Another criterion could be defined as the

ratio of the inhibition coefficient of the combined action of a few antioxidants fS to the sum of

the inhibition coefficients of individual antioxidants when the conditions of oxidation are

fixed (fS¼Sfixi where fi and xi are the inhibition coefficient and molar fraction of ith

antioxidant terminating the chain). It should, however, be noted that synergism during

initiated oxidation seldom takes place and is typical of autoxidation, where the main source

of radicals is formed hydroperoxide. It is virtually impossible to measure the initial rate in the

presence of inhibitors in such experiments. Hence, inhibitory effects of individual inhibitors

and their mixtures are usually evaluated from the duration of retardation (induction period),

which equals the span of time elapsed from the onset of experiment to the moment of

consumption of a certain amount of oxygen or attainment of a certain, well-measurable

rate of oxidation. Then three aforementioned cases of autoxidation response to inhibitors

can be described by the following inequalities (tS is the induction period of a mixture of

antioxidants).

Synergism Addition Antagonism

tS>Sxiti tS¼Sxiti tS < Sxiti

Synergism of antioxidants was reviewed in the monographs [1–9]. The classification of

binary mixtures of inhibitors is based on the mechanisms of action of particular inhibitors

[10,11]. One of the classification schemes is given in Ref. [11]. If one takes into account the
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relationship between the inhibitors and their products, the synergistic system can be divided

into the following three groups [9].

1. One inhibitor breaks chains, and another diminishes the rate of autoinitiation by

breaking down hydroperoxide into molecular products or deactivating a catalyst that

breaks hydroperoxide into radicals.

2. Two substances (either inhibitory or not) react to form an efficient antioxidant.

3. A synergistic effect is exerted by the interaction of intermediate products formed

from inhibitors. Actually, inhibitory systems may combine various synergistic mech-

anisms.

18.2 SYNERGISM OF CHAIN TERMINATION AND HYDROPEROXIDE
DECOMPOSING THE ANTIOXIDANTS

A combined addition of a chain-breaking inhibitor and a hydroperoxide-breaking substance

is widely used to induce a more efficient inhibition of oxidative processes in polyalkenes,

rubbers, lubricants, and other materials [3–8]. Kennerly and Patterson [12] were the first to

study the combined action of a mixture, phenol (aromatic amine)þ zinc dithiophosphate, on

the oxidation of mineral oil. Various phenols and aromatic amines can well serve as peroxyl

radical scavengers (see Chapter 15), while arylphosphites, thiopropionic ethers, dialkylthio-

propionates, zinc and nickel thiophosphates, and other compounds are used to break down

hydroperoxide (see Chapter 17). Efficient inhibitory blends are usually prepared empirically,

by choosing such blend compositions that induce maximal inhibitory periods [13].

The addition of an hydroperoxide-breaking substance S to oxidized RH decreases the

current concentration of ROOH. This cannot affect the rate of oxidation if the radicals are

produced by radiant energy or other sources unreactive to S, but it slows down the oxidation

if radicals are produced from hydroperoxide. The initial step of oxidation in the absence of a

peroxy-trapping substance is described by the equation (see Chapter 4)

ffiffiffiffiffiffiffiffiffiffiffiffi

D[O2]
p

¼ bt, (18:1)

where coefficient b¼ 0.5k2k3(2k6)
�1/2[RH]. The addition of antioxidant S disturbs the rela-

tionship between [ROOH] and dioxygen consumption. If S breaks down hydroperoxide by a

bimolecular reaction with the rate

nROOH ¼ kS[ROOH] [S] (18:2)

the destruction of one S molecule is accompanied by the destruction of fS hydroperoxide

molecules. The rate of hydroperoxide accumulation is given by the differential equation

d[ROOH]

dt
¼ k2[RH]

ffiffiffiffiffiffiffi

2k6

p
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

ni0 þ k3[ROOH]
p

� (kd þ kS[S] )[ROOH] (18:3)

If hydroperoxide decomposition is rapid, then a quasistationary oxidation is established after

the time t� (kS[S]0)
�l, and the quasistationary concentration [ROOH]st is given by the

equation when the rate of chain initiation is very low [9] where kd is rate constant of

ROOH decomposition.

[ROOH]st ffi
a[RH]

ffiffiffiffiffi

k3

p

kd þ kS[S]

� �2

� a[RH]
ffiffiffiffiffi

k3

p

kS[S]

� �2

(18:4)
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providing that [S] is so high that kS[S] � k3, coefficient a¼ k2/(2k6)
1/2. The induction period

determined as the time span during which [S] decreases to the concentration [S]t¼ k3/kS is

described by the equation [9]

t ¼ fSkd

2kSa2[RH]2
kS[S]0

kd

� �2

þ 4kS[S]0
kd

þ 2 ln
kS[S]0

kd

( )

(18:5)

At [S]0� kd/kS, this expression is reduced to

t ffi fSkS[S]20

2a2kd[RH]2
(18:6)

The greater kS and fS, the longer the inhibitory period t ~ [S]0
2. Obviously, S slows down

oxidation only when added at a sufficiently high concentration, [S]> k3/kS. If S breaks down

hydroperoxide so rapidly that [ROOH]st < vi0/k3, then the amount of formed and broken

hydroperoxide during the induction period is given by nvi0. Thus, S is consumed by n times

more rapidly than free radicals are generated. Recall that, under similar conditions, a highly

efficient peroxyl radical scavenger is consumed with the rate vi0 /f and induction period

t¼ f [InH]0/vi0. In the other words, substance S will inhibit oxidation only if the reaction is

chain-like (n� 1), and the basic initiator is hydroperoxide (k3[ROOH]> vi0). Inhibition will

be noticeable if kS[S]0> k3. It should also be emphasized that, since hydroperoxide is usually

broken both heterolytically (with the rate constant kS) and homolytically (with the rate

constant kSi), the inhibitory action of S will manifest itself at bS¼ kSi/kS � 1 and kSi � k3.

Hence, the homolysis of ROOH in the reaction with S should be very low.

Consider now the case of a combined action of two inhibitors, one of which (InH) breaks

the chains by reacting with peroxyl radicals and the other (S) breaks down ROOH [9]. The

radical In
.

formed in the reaction of InH with RO2
.

is trapped by the peroxyl radical

and, therefore, does not contribute to chain propagation (mechanism III, Chapter 14). If

kSi � k3, the inhibitor InH is consumed with a rate of vi/f, where the initiation rate is

vi¼ vi0þ k3[ROOH]. After the time ts¼ (kS[S]0)
�1, oxidation becomes quasistationary with

the quasistationary hydroperoxide concentration (see Chapter 14)

[ROOH]st ¼
k2[RH]ni0

fk7[InH](kd þ kS[S])� k2k3[RH]
(18:7)

It is evident from this expression that the condition of quasistationarity has the following form:

fk7[InH](kd þ kS[S]) > k2k3[RH] (18:8)

In the presence of a hydroperoxide decomposer, InH is consumed with the rate:

nInH ¼
ni0

f
þ k2k3[RH]ni0

f 2k7[InH](kd þ kS[S])� fk2k3[RH]
(18:9)

that is, S actually decreases the rate of InH decay and extends the induction period. Analysis

of formulas (18.8) and (18.9) yields the following inferences. For inhibition to be efficient, the

concentration [S] should be sufficiently high, so that [S]> k2k3[RH]/fk7kS[InH], that is, the

lower [InH], the higher should be [S] to attain quasistationarity of the process. In this case,

one can speak about a critical value of the product of the concentrations of two inhibitors
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([InH][S])cr¼ k2k3[RH]/fk7kS. At such a sufficiently high [S], that k3[ROOH]st < vi0, the rate of

InH decay does not depend on [S]. Therefore, the range of efficient inhibitory concentrations

of S lies in the limits

kd

kS

� [S] � 2k2k3[RH]

fk7kS[InH]
(18:10)

The induction period is measured experimentally at the constant sum of concentrations of

two antioxidants, namely, C0¼ [S]0þ [InH]0¼ const. Theoretically this problem was analyzed

in [9] for different mechanisms of chain termination by the peroxyl radical acceptor InH (see

Chapter 14). It was supposed that antioxidant S breaks ROOH catalytically and, hence, is not

consumed. The induction period was defined as t¼ ( f [InH]0)/vl/2, where vl/2 is the rate of InH

consumption at its concentration equal to 0.5[InH]0. The results of calculations are presented

in Table 18.1.

It is apparent from this table that the maximum of the induction period depends on the

concentration of introduced inhibitors C0 for mechanisms III and VI and is close to x¼ 1/2

for mechanisms IV and V. The experimental data on the common action of S and InH

inhibitors are given in the monographs by von Voigt [6] and Shopov and Ivanov [14].

Thus, the introduction of S into RH oxidized in the presence of InH leads to the following

events. The concentration of hydroperoxide and the rate of autoinitiation decrease, whereas

the duration of the InH-induced inhibitory period increases. When added at a sufficiently

high concentration, S leads to a quasistationary regime of oxidation. If an inhibitory mech-

anism implies the occurrence of critical phenomena, the addition of S decreases the critical

concentration [InH]cr (see Chapter 14). For mechanism III,

[lnH]cr ¼ k2k3[RH]=fk7kd (18:11)

and in the presence of S,

[InH]cr � k2k3[RH]=fk7kS[S]0: (18:12)

The synergistic effect of S diminishes if the InH-induced inhibition is so strong that it sup-

presses the accumulation of hydroperoxide. In this case, oxidation proceeds as a radical

TABLE 18.1
Equations for [ROOH]s, vInH, and xmax for Autoxidation of Hydrocarbons Inhibited by

Peroxyl Radical Acceptor InH and Hydroperoxide Decomposer S where x 5 [InH]0

([InH]0 1 [S]0)21, l5 ksC0/kd, d 5 fk11C0/2k3; for Kinetic Scheme, See Chapter 14 [9]

Key Reactions [ROOH]st vInH xmax

(2), (3), (7)
k2[RH]ni0

fk7ks[InH] [S]

k2k3[RH]ni0

f 2k7ks[InH] [S]
1� 2k2k3[RH]

fk7ksC0
2

� �1=2

(2), (3), (7), (8), (10)
k2

2k3k10[RH]3

fk7k8ks
2[S]2[InH]

k2
2k3

2k10[RH]3

fk7k8ks
2[S]2[InH]

3(lþ 1)

4l
� 1

4

(2), (3), (7), (�7), (8)
k2

2k�7[RH]2ni0

f 2k7k8ks
2[S]2[InH]

k2
2k3k�7[RH]2ni0

f 3k7k8ks
2[S]2[InH]

3(lþ 1)

4l
� 1

4

(2), (3), (7), (11)
k2

2[RH]ni0

fk7ks[InH] [S]

k2[RH]ni0(k3 þ fk11[InH])

f 2k7ks[InH] [S]

3þ d

4d
1þ 16d

dþ 3ð Þ2

" #1=2

�1

0

@

1

A

Denisov / Oxidation and Antioxidants in Organic Chemistry and Biology DK1162_c018 Final Proof page 602 2.2.2005 5:49pm

© 2005 by Taylor & Francis Group.



reaction with t¼ t0¼ ( f [InH]0)/vi0. Similar effects are observed when oxidation occurs in the

presence of a catalyst capable of breaking hydroperoxide into free radicals. The introduction of

a deactivator decreases the rate of autoinitiation and lengthens the inhibitory action of InH.

Sulfur compounds in combination with peroxyl radical acceptors are often used for the

efficient break of hydroperoxide [14]. The mechanism of action of these inhibitory mixtures

can, however, be more complex, as demonstrated with reference to a pair of 2,6-diphenylphenol

and distearyl dithiopropionate [15]. The combined addition of these compounds with concen-

trations of 0.05% and 0.3%, respectively, results in an extended inhibitory period during the

oxidation of PP (up to 3000 h at 413 K). Sulfide (for instance, b,b’-diphenylethyl sulfide) or its

products not only break down ROOH, but also reduce the phenoxyl radical. Sulfoxide formed

in the reaction of the sulfide with ROOH can react with ArO
.
. Thus, the ability of sulfides and

their products to reduce phenoxyl radicals can contribute to their synergistic effect.

18.3 SYNERGISM OF TWO ANTIOXIDANTS TERMINATING CHAINS

18.3.1 COMBINED ACTION OF PHENOL AND AMINE ON HYDROCARBON OXIDATION

The synergistic action of a phenol and aromatic amine mixture on hydrocarbon oxidation was

found by Karpukhina et al. [16]. A synergistic effect of binary mixtures of some phenols and

aromatic amines in oxidizing hydrocarbon is related to the interaction of inhibitors and their

radicals [16–26]. In the case of a combined addition of phenyl-N-2-naphthylamine and 2,6-

bis(1,1-dimethylethyl)phenol to oxidizing ethylbenzene (vi¼ const, 343 K), the consumption

of amine begins only after the phenol has been exhausted [16], in spite of the fact that peroxyl

radicals interact with amine more rapidly than with phenol (k7 (amine)¼ 1.3� 105 and k7

(phenol)¼ 1.3� 104 L mol�1 s�1, respectively; 333K). This phenomenon can be explained in

terms of the fast equilibrium reaction [27–30]:

Am
. þHOAr AmHþArO

.

Am
. þHOOR AmHþRO2

.

Due to the high difference in electron affinity of the N and O atoms in the TS the reaction

between peroxyl radicals and amine and the back reaction of the aminyl radical with hydro-

peroxide occur very rapidly (see Chapter 15). As a result, the reaction of the peroxyl radical

with aromatic amine does not lead to chain termination, as well as the aminyl radical can

propagate chains by reacting with ROOH. Sterically hindered phenoxyls formed from phenol,

on the contrary, do not participate in chain propagation via the reaction with hydroperoxide

and are trapped by RO2
.
. The reversible equilibrium acts to decrease the concentration of Am

.
.

The resulting radical ArO
.
has low reactivity toward ROOH and reacts preferentially with the

peroxyl radical terminating the chain. Hence, the peculiarities of both antioxidants lead to

synergism. Synergism of this system appears to be the result of the combination of the high

reactivity of amine toward the peroxyl radical, fast equilibrium exchange between two inhibi-

tors and their radicals, and the rapid reaction of phenoxyl with the peroxyl radical. This allows

one to relate synergism to the retardation of chain propagation by the reaction of Am
.
with

ROOH. For example, 2,4,6-tris(1,1-dimethylethyl)phenoxyl reacts with ROOH with the rate

constant k�7¼ 1.3 L mol�1 s�1 (333 K), i.e., five orders of magnitude more slowly than the

diphenylaminyl radical (k�7¼ 6.7� 104 L mol�1 s�1 (333 K) [4], so that reaction (8) of ArO
.

with RO2
.
appears to be much more rapid than the reaction of ArO

.
with ROOH. Varlamov

and coworkers [28–33] intensively studied the reactions of phenoxyl radical with amines. They

found that these reactions occur extremely rapidly. Some of them possess a negative activation

energy. The following mechanism was proposed to explain this unusual peculiarity:
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Am
. þHOAr Am

. � � � HOAr

Am
. � � � HOAr �! AmHþArO

.

The experimentally measured activation energy of this reaction is the sum of the equilibrium

enthalpy DH andactivation energyE2 of the second step:Eexptl¼DHþE2. Since the enthalpyof

associate Am
. . . . HOAr formation is negative, Eexptl < 0 when E2 < j DHj. The low values of E2

is the result of the very low thermoneutral activation energies for reactions with TS with the

O . . . H . . . Nreaction centerdue toagreatdifference in electronaffinityofoxygenandnitrogen

atoms (see Chapter 15). The values of rate constants of aminyl radical reactions with phenols is

presented in Table 18.2. The values of Eexptl for a few such reactions are given here [33].

Am• SolventArOH

Eexptl

(kJ mol-1)

log A, A
(L mol-1 s-1)

Ph2N
•

Ph2N
•

Ph2N
•

Ph2N
•

OH

Toluene −4.1

OH

Toluene −5.2

OH

Toluene −5.7

OH

Decane −9.5

N
•

N
•

N
•

O OH
Decane −12.3

OH

Decane −8.1

O OH

Decane −6.6

5.72

5.70

5.91

5.46

5.63

5.59

5.74
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TABLE 18.2
Rate Constants of Reactions of para-Disubstituted Diphenylaminyl Radicals with Phenols in

Decane and Toluene Estimated by the Laser Photolysis Technique [31–33]

4-XC6H4N•C6H4-4Y; Solvent: Decane

para-Substituents (X, Y): H, H Br, Br CH3, CH3 CH3O, H

PhOH 9.8 � 105 7.0 � 105 6.5 � 105 3.6 � 105

OH
7.0 � 106 9.6 � 106 3.2 � 106 2.2 � 106

OHHO
1.3 � 107 1.0 � 107 2.8 � 106 2.0 � 106

OHCl
2.9 � 106 3.8 � 106 1.1 � 106 5.6 � 105

OHO
1.5 � 108 1.6 � 108 5.9 � 107 2.6 � 107

OH

O

O

2.9 � 107 3.0 � 107 1.7 � 107 1.3 � 107

OH

2.1 � 107 1.8 � 107 9.0 � 106 5.1 � 106

OH

5.0 � 107 4.2 � 107 3.1 � 107 2.1 � 107

OHHO

2.6 � 108 2.5 � 108 2.3 � 108 1.6 � 108

Phenol k (294 K) (L mol -1 s -1)

OH

5.2 � 106

1.1 � 107

3.4 � 106

7.5 � 106

6.4 � 106

7.9 � 106

7.3 � 106

1.2 � 107

OH

continued
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Synergism can be observed for mixtures of amines with 2,6-bis(1,1-dimethylethyl)phenol but

not with monosubstituted phenols [19]. There are two reasons for this. First, 2,6-dialkylphenols

are characterized by DO��H < DN��H; therefore, the equilibrium of the above reaction is

displaced toward the formation of ArO
.
. Second, phenoxyls like these are sterically hindered

and, hence, must be less reactive in abstraction reactions. Thus, the necessary conditions for

synergism to occur are the following.

1. An equilibrium of the reaction between Am
.
and ArOH must easily be attainable and

displaced to the right. This is the case of DN��H>DO��H when aminyl radicals rapidly

react with phenols.

2. During amine-inhibited oxidation, hydroperoxide must be accumulated at concentra-

tions that allow the aminyl radical to participate in chain propagation. This is possible

TABLE 18.2
Rate Constants of Reactions of para-Disubstituted Diphenylaminyl Radicals with Phenols in

Decane and Toluene Estimated by the Laser Photolysis Technique [22–24]—continued

6.4 � 106 5.8 � 106

1.1 � 107 7.9 � 106

2.9 � 107 2.6 � 107

9.0 � 106 7.8 � 106

1.1 � 107 7.3 � 106

3.4 � 106

7.9 � 106

2.0 � 107

8.7 � 107

9.1 � 106

1.0 � 107

1.3 � 107

3.5 � 107

1.6 � 107

1.4 � 107

OH
O

OH

OHO

OHBr

OHCl

OH
N

1.1 � 107 3.3 � 106 1.2 � 107 9.8 � 106

para-Substituents (X, Y): H, H Br, Br CH3, CH3 CH3O, H
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with the chain-like pattern of inhibited oxidation when k2[RH]> fk7[AmH]. The more

oxidizable the hydrocarbon, the stronger the synergistic effect [23].

3. Radicals cancel out each other mainly in the reaction of peroxyl radicals with phenox-

yls to form quinolidic peroxide (see Chapter 6). At temperatures above 420 K, quino-

lidic peroxide breaks down into radicals, which diminishes the inhibitory effect.

Therefore, the synergistic effect of a mixture of AmH and ArOH can be observed in

the temperature interval Tmin to Tmax.

The rare example of synergistic action of a binary mixture of 1-naphthyl-N-phenylamine

and phenol (1-naphthol, 2-(1,1-dimethylethyl)hydroquinone) on the initiated oxidation of

cholesterol esters was evidenced by Vardanyan [34]. The mixture of two antioxidants was

proved to terminate more chains than both inhibitors can do separately (fS>Sfixi). For

example, 1-naphtol in a concentration of 5� 10�5 mol L�1 creates the induction period

t¼ 170 s, 1-naphthyl-N-phenylamine in a concentration of 1.0� 10�4 mol L�1 creates the

induction period t¼ 400 s, and together both antioxidants create the induction period

t¼ 770 s (oxidation of ester of pelargonic acid cholesterol at T¼ 348 K with AIBN as

initiator). Hence, the ratio fS/Sfixi was found equal to 2.78. The formation of an efficient

intermediate inhibitor as a result of interaction of intermediate free radicals formed from

phenol and amine was postulated. This inhibitor was proved to be produced by the inter-

action of oxidation products of phenol and amine.

18.3.2 COMBINED ACTION OF TWO PHENOLS

The combined addition of two phenols, one of which is sterically hindered, for example, 2,6-

bis(1,1-dimethylethyl)phenol, and another is sterically nonhindered also leads to a synergistic

effect [35–38]. As found by Mahoney [35], 2,4,6-tris(1,1-dimethylethyl)phenol with a concen-

tration of 10�4 L mol�1 does not virtually inhibit the initiated oxidation of 9,10-dihydroan-

thracene (333 K), but p-methoxyphenol, taken in the same concentration, does inhibit

oxidation. The induction period doubles if two phenols are added together in equal concen-

trations, which indicates that both phenols are involved in chain termination. The mechanism

of synergistic action can be explained by the following kinetic scheme [35]:

RO2
. þAr1OH �! ROOHþAr1O

.

RO2
. þAr2OH �! ROOHþAr2O

.

Ar1O
. þAr2OH Ar1OHþAr2O

.

Ar1O
. þROOH �! Ar1OHþRO2

.

Ar1O
. þRH �! Ar1OHþR

.

R
. þO2 �! RO2

.

Ar2O
. þRO2

. �! Quinolide peroxide

The peroxyl radical reacts rapidly with nonhindered phenol. However, the formed phenoxyl

radical is active in reactions with RH and ROOH and these reactions decrease the inhibiting

activity of lone Ar1OH. Sterically hindered phenol Ar2OH possesses lower activity in the

reaction with the peroxyl radical due to the steric effect (see Chapter 15). However, the

formed sterically hindered phenoxyl Ar2O
.
practically does not participate in chain propaga-

tion reactions and reacts only with peroxyl radicals. The rapid equilibrium exchange between

phenols and phenoxyls helps to intensify chain termination at the introduction of both

phenols. The fast exchange reaction of phenoxyl Ar1O
.
with phenol Ar2OH is the result of

the low thermoneutral energy of the reaction with the TS of the ArO . . . H . . . OAr type due to

the absence of triplet repulsion in such TS [39]. This is seen from the values of activation
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energies of thermoneutral reactions Ee0 (see Chapter 6) of phenoxyl radicals with phenols and

hydrocarbons for comparison [39,40].

Reaction Ar1O. 1 R1H Ar1O. 1 Ar1OH Ar2O. 1 R1H Ar2O. 1 Ar1OH

Ee0 (kJ mol�1) 62.9 39.7 85.4 43.6

DEe0 (kJ mol�1) �23.2 �41.8

We observe a great difference in the Ee0 values for the reactions with TS of the type

ArO � � � H � � � R (high triplet repulsion) and ArO . . . H . . . OAr (low triplet repulsion). The

parameters of IPM for reactions of phenoxyl with phenols are given in Table 18.3.

The values of rate constants of the reaction of selected phenoxyls with ionol calculated by

the IPM method are given in Table 18.4. Experimental data on reactions of phenoxyls with

phenols, hydroperoxides, and hydrocarbons can be found in Database [41] and those calcu-

lated by the IPM method values in the Handbook of Antioxidants [4].

TABLE 18.3
Kinetic Parameters of Radical Abstraction Reactions by Phenoxyl Radicals in IPM [4]

Reaction a

b 3 10211

(kJ mol21)1/2 m21

0.5hLni

(kJ mol21)

0.5hL(ni2nf)

(kJ mol21) (r6¼/re)0

ArO
.þHR 0.802 3.743 17.4 �4.1 0.445

ArO
.þHOOR 0.986 4.600 21.2 �0.3 0.500

ArO
.þHOAr 1.000 4.665 21.5 0.0 0.500

ArO
.þHOAm 1.000 4.665 21.5 0.0 0.500

ArO
.þHAm 0.927 4.324 20.0 �1.5 0.519

ArO.þHSAr 0.649 3.026 13.8 �7.7 0.606

Reaction

bre

(kJ mol21)1/2

Ee0

(kJ mol21)

A

(L mol21 s21)

2DHe min

(kJ mol21)

DHe max

(kJ mol21)

Ar1O
.þR1H 14.29 62.9 1.0� 109 141.8 90.2

Ar1O
.þR2H 15.95 78.3 1.0� 108 198.3 128.1

Ar1O
.þR3H 15.02 69.5 1.0� 108 165.6 106.2

Ar1O
.þROOH 13.00 43.3 3.2� 107 51.3 52.3

Ar1O
.þAr1OH 12.61 39.7 1.0� 109 42.1 42.1

Ar1O
.þAr2OH 13.20 43.6 1.0� 108 51.8 51.8

Ar1O
.þAmH 10.48 29.6 1.0� 108 22.0 16.7

Ar1O
.þAmOH 13.54 45.8 1.0� 108 57.8 57.8

Ar1O
.þArSH 10.75 42.5 1.0� 108 103.7 38.4

Ar2O
.þR1H 16.65 85.4 1.0� 109 224.7 145.7

Ar2O
.þR2H 18.58 106.3 1.0� 108 305.4 199.3

Ar2O
.þR3H 17.50 94.3 1.0� 108 258.8 168.3

Ar2O
.þROOH 14.10 51.1 3.2� 107 71.5 72.8

Ar2O
.þAr1OH 13.20 43.6 1.0� 108 51.8 51.8

Ar2O
.þAr2OH 14.37 51.6 1.0� 108 73.2 73.2

Ar2O
.þAmOH 14.49 52.5 1.0� 108 75.6 75.6

Ar2O
.þAmH 11.15 33.5 1.0� 108 31.9 26.1

Ar2O
.þArSH 11.25 46.5 1.0� 108 121.0 46.4
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TABLE 18.4
Enthalpies, Activation Energies, and Rate constants of Reactions of Phenoxyl Radicals

(Ar1O.) with 2,6-bis(1,1-dimethylethyl)-4-methylphenol (Ionol) Calculated by IPM

Method, Equations See in Chapter 6, for the Values of a, bre, and A, See Table 18.3

Phenoxyl Radical DH (kJ mol-1) E (kJ mol-1) k (333 K) (L mol-1 s-1) k (400 K) (L mol-1 s-1)

PhO• −30.0 2.9 � 106 5.2 � 106

O•

−11.3

−18.1

−13.6

−21.1

−3.4

−24.2

1.4 � 107 1.9 � 107

O•

3.8 � 107 4.5 � 107

O• 1.9 � 107 2.6 � 107

O• 7.2 � 105 1.6 � 106

O•HO
3.8 � 106 6.6 � 106

O•N
10.2 3.0 � 103 1.7 � 104

O•O2N
1.6 � 108 1.6 � 108

O•

O

O•H2N

O•NC

O•

O

O

O•

−32.6

−17.7

−31.2

−8.9

−21.5

−21.2

−15.6

O•

O•

O

9.8

5.5

2.7

4.5

13.6

9.0

28.8

0.5RT

8.8

15.1

9.4

19.2

13.5

16.1

0.5RT

4.2 � 106

4.2 � 105

3.4 � 106

9.7 � 104

7.7 � 105

3.0 � 105

7.6 � 107

7.1 � 106

1.1 � 106

6.0 � 106

3.1 � 105

1.7 � 106

7.9 � 105

7.6 � 107

continued
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One more mechanism responsible for the synergistic action of two phenols has recently been

discovered during the study of disproportionation of phenoxyl radicals [42,43]. This reaction is

possible only for phenoxyls possessing C��H groups in the ortho- or para-position [43]. For

instance, 2,4,6-tris(1,1-dimethylethyl)phenoxyl is unable to disproportionate, whereas ionol

radicals disproportionate. It was found that the cross-disproportionation of ionol and a-

tocopherol radicals occurs much more rapidly than homodisproportionation (323 K [42]):

Phenoxyl Ionol a-Tocopherol Ionol 1 a-tocopherol

2kdis (L mol�1 s�1) 8.7� 103 2.2� 103 1.8� 105

In this reaction, a-tocopherol is regenerated at the expense of the ionoxyl radical. Rapid

cross-disproportionation diminishes the total concentration of phenoxyl radicals (thereby

preventing their participation in chain propagation) and reduces the reactive phenol (a-

tocopherol is more reactive toward ROOH than ionol) into methylenequinone, which ter-

minates the chains in the reaction with peroxyl radicals.

TABLE 18.4
Enthalpies, Activation Energies, and Rate Constants of Reactions of Phenoxyl Radicals

(Ar1O.) with 2,6-bis(1,1-dimethylethyl)-4-methylphenol (Ionol) Calculated by IPM Method,

Equations See in Chapter 6, for the Values of a, bre, and A, See Table 18.3—continued

O•O

O•
O

O

O•

O•O

−11.0

−16.8

2.8

17.2

13.9

1.1

12.0

18.2

15.6

19.5

17.7

11.2

1.3 � 106

1.4 � 105

3.6 � 105

8.8 � 104

1.7 � 105

1.8 � 106

2.7 � 106

4.2 � 105

9.3 � 105

2.9 � 105

4.9 � 105

3.5 � 106

O

O

O O•

O•

Phenoxyl Radical DH (kJ mol-1) E (kJ mol-1) k (333 K) (L mol-1 s-1) k (400 K) (L mol-1 s-1)
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18.3.3 SYNERGISM OF PHENOL AND NITROXYL RADICAL ACTION ON HYDROCARBON

OXIDATION

A mixture of two antioxidants, one acceptor of the peroxyl radical (phenol or amine) and

another alkyl radical acceptor (stable nitroxyl radical), causes the synergistic effect in autoxi-

dation of hydrocarbons (ethylbenzene and nonene-1) [44–46].

Nitroxyl radicals as alkyl radical acceptors are known to be very weak antioxidants due to

the extremely fast addition of dioxygen to alkyl radicals (see Chapter 2). They retard the

oxidation of solid polymers due to specific features of free radical reactions in the solid

polymer matrix (see Chapter 19). However, the combination of two inhibitors, one is the

peroxyl radical acceptor (phenol, aromatic amine) and another is the alkyl radical acceptor

(nitroxyl radical) showed the synergistic action [44–46]. The results of testing the combination

of nitroxyl radical (>NO
.
) (2,2,6,6-tetramethyl-4-benzoylpiperidine-1-oxyl)þ amine (phenol)

in the autoxidation of nonene-1 at 393 K are given here ([>NO
.
]0þ [InH]0¼ 1.5� 10�4 mol

L�1 pO2¼ 98 kPa) [44].

InH t (InH) (h) t (InH +>NO•) (h) [InH]/[>NO•]

OH
1.8 14.5 1.9

OHO
10.0 18.5 5.7

OH

7.8 18.0 4.0

OH

5.0 21.5 3.0

Ph2NH 16.5 5.7

N
H H 2.0 16.0

7.0
3.0

N

H 9.0 16.0 3.0

Synergism increases when oxidation occurs in air at pO2¼ 20 kPa. The kinetic scheme of

autoxidation was analyzed with independent chain termination by the reactions of InH with

RO2
.
and >NO

.
with R

.
(A). The result was negative, namely, such a simple mechanism does

not show a synergistic action. The explanation of synergism in such system lies in the

exchange of the type.

>NO
. þHOAr >NOH þArO

.

>NO
. þHAm >NOH þAm

.
(16)

and a very rapid reaction of peroxyl radicals with the formed hydroxylamine and alkyl

radicals with>NO
.
, ArO

.
, and Am

.
. Nitroxyl radicals, like phenoxyl, react with phenols

and amines with a very low activation energy of the thermonentral reaction [47].

Denisov / Oxidation and Antioxidants in Organic Chemistry and Biology DK1162_c018 Final Proof page 611 2.2.2005 5:49pm

© 2005 by Taylor & Francis Group.



Reactant R1H Ar1OH Ar2OH AmH AmOH

Ee0 (kJ mol�1) 63.0 45.8 52.5 38.3 45.8

Similar to phenoxyl radical, the nitroxyl radical reacts rapidly with phenol Ar1OH due to the

low triplet repulsion in the TS of the structure >NO . . . H . . . OAr and very rapidly with

amine due to a high difference in electron affinity in the TS of the structure >NO . . . H . . .

Am. The IPM parameters for the nitroxyl radical reactions are presented in Table 18.5.

The values of calculated activation energies and rate constants of the >NO
.
reactions with

chosen phenols and amines are given in Table 18.6. The hydroxylamine formed by the

reaction of the nitroxyl radical with InH reacts with peroxyl radicals very rapidly (see Table

18.7). So, two reactions of chain termination occur in oxidized RH in the presence of >NO
.

and InH and chain termination includes the following cycles of reactions.

RO2
•

In•

NO•

RO2
•

ROOH

NOH

InH

ROOH

TABLE 18.5
Kinetic Parameters of Radical Abstraction Reactions by Nitroxyl Radicals in IPM [4]

Reaction a

b 3 10211

(kJ mol21)1/2 m21

0.5hLni

(kJ mol21)

0.5hL(ni2nf)

(kJ mol21) (r6¼/re)0

>NO
.þHR 0.802 3.743 17.4 �4.1 0.555

>NO
.þHOOR 0.986 4.600 21.2 �0.3 0.500

>NO
.þHOAr 1.000 4.665 21.5 0.0 0.500

>NO.þHAm 0.927 4.324 20.0 �1.5 0.519

>NO
.þHOAm 1.000 4.665 21.5 0.0 0.500

>NO
.þHSAr 0.649 3.026 13.8 �7.7 0.606

RO2
.þHON< 1.014 4.665 21.5 0.3 0.500

Reaction

bre

(kJ mol21)1/2

Ee0

(kJ mol21)

A

(L mol21 s21)

2DHe min

(kJ mol21)

DHe max

(kJ mol21)

>NO
.þR1H 14.30 63.0 1.0� 109 142.1 90.5

>NO
.þR2H 16.13 80.1 1.0� 108 204.6 132.3

>NO
.þR3H 15.20 71.1 1.0� 108 166.2 106.7

>NO
.þROOH 12.89 39.0 1.0� 108 44.5 46.1

>NO
.þAr1OH 13.54 45.8 1.0� 108 57.8 57.8

>NO
.þAr2OH 14.49 52.5 1.0� 108 75.6 75.6

>NO.þAmH 11.93 38.3 1.0� 108 37.1 32.6

>NO
. þAmOH 13.53 45.8 1.0� 108 57.6 57.6

>NO
.þArSH 10.80 42.9 1.0� 108 105.4 39.2

RO2
.þHON< 13.50 45.6 3.2� 107 54.9 56.8
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TABLE 18.6
Enthalpies, Activation Energies, and Rate Constants of Reactions of Nitroxyl Radicals

(>NO.) with O��H Bond of p-methoxyphenol, Ionol, and 4,4-dimethoxydiphenylamine

Calculated by IPM Method; for Equations See Chapter 6 and for the Values of a, bre,

and A, See Table 18.5

Nitroxyl Radical DH (kJ mol-1) E (kJ mol-1) k (333 K) (L mol-1 s-1) k (400 K) (L mol-1 s-1)

OHO

O

O

N
O

•

38.1 46.9 76

N

O
•

O

29.3 41.6 3.6 � 102

O
•

N

50.6 54.6 7.4

O
•

N

48.1 53.0 12

O
•

N
O

O

45.5 51.4 19

42.4

37.9

43.6

45.4

54.8

49.5

46.7

50.2

51.3

57.3

4.5

29

0.27

0.48

0.86

1.7

4.7

1.3

0.88

0.10

35

79

28

20

3.3

NO

Br

O
•

NO

Cl

O
•

NHO O
•

NO O
•

N

N

O

H

H

O
•

continued
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TABLE 18.6
Enthalpies, Activation Energies, and Rate Constants of Reactions of Nitroxyl Radicals

(>NO.) with O��H Bond of p-methoxyphenol, Ionol, and 4,4-dimethoxydiphenylamine

Calculated by IPM Method; for Equations See Chapter 6 and for the Values of a, bre,

and A, See Table 18.5—continued

OH

O

O

N
O

•

N

O
•

O

44.9

31.3

22.5

51.0

49.3

44.3

22

36

1.6 � 102

N
N

HO

O

O
•

Nitroxyl Radical DH (kJ mol-1) E (kJ mol-1) k (333 K) (L mol-1 s-1) k (400 K) (L mol-1 s-1)

N O
•

O
•

N

O
•

N
O

O

O
•

NO

Br

O
•

NO

Cl

43.8

41.3

38.7

35.6

31.1

56.7

55.2

53.6

51.8

49.2

0.99

1.9

11

0.13

0.22

0.39

0.75

1.9

4.0

6.3

10

17

38

47.1 52.4 0.60 14

N

O

O
•

O
•

NHO

36.8 52.5 0.58 14
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TABLE 18.6
Enthalpies, Activation Energies, and Rate Constants of Reactions of Nitroxyl Radicals

(>NO.) with O��H Bond of p-methoxyphenol, Ionol, and 4,4-dimethoxydiphenylamine

Calculated by IPM Method; for Equations See Chapter 6 and for the Values of a, bre,

and A, See Table 18.5—continued

O
•

N

N

O

H

H

O
•

N

O

O
•N

N

HO

O

48.0

40.3

38.1

59.2

54.6

53.3

5.1 � 10−2

0.27

0.44

1.8

7.5

11

N

OO

H

Nitroxyl Radical DH (kJ mol-1) E (kJ mol-1) k (333 K) (L mol-1 s-1) k (400 K) (L mol-1 s-1)

O

O

N
O

•

N

O
•

O

O
•

N

O
•

N

O
•

N
O

O

40.9

32.1

53.4

50.9

48.3

42.4

36.1

54.9

52.4

49.8

53.6

2.17 � 102

2.2

4.5

9.1

6.9 � 102

1.9 � 103

61.0

1.1 � 102

1.9 � 102

O
•

NO

38.6 53.6 0.40 10

continued
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The combined action of InH and >NOH appears more efficient due to two parallel reactions

of chain termination via reactions of peroxyl radicals with InH and >NOH and the rapid

exchange between InH and the nitroxyl radical. The decay of inhibitors proceed by the

reactions of In
.
with peroxyl and >NO

.
with alkyl radicals.

18.3.4 SYNERGISTIC ACTION OF QUINONE IN COMBINATION WITH PHENOL OR AMINE

Quinones are formed by the reaction of the peroxyl radical with phenoxyls (see Chapter 15).

They are known as inhibitors of free radical polymerization of monomers where they retard

the reaction terminating chains by the reaction with macroradicals [9]. Quinones do not

react with peroxyl radicals and react with alkyl radicals by a few orders magnitude [5–7]

more slowly than dioxygen does. It was a surprising phenomena that quinones appeared to

TABLE 18.6
Enthalpies, Activation Energies, and Rate Constants of Reactions of Nitroxyl Radicals

(>NO.) with O��H Bond of p-methoxyphenol, Ionol, and 4,4-dimethoxydiphenylamine

Calculated by IPM Method; for Equations See Chapter 6 and for the Values of a, bre,

and A, See Table 18.5—continued

O
•

NHO

2.7 � 102

O
•

NO

1.9 � 102

1.3 � 102

O
•

N

N

O

H

H 2.3

O
•

N

O

46.4

48.2

57.6

49.9

47.9

49.7

59.1

51.4

15.0

9.3

6.44 � 10−2

5.89

Nitroxyl Radical DH (kJ mol-1) E (kJ mol-1) k (333 K) (L mol-1 s-1) k (400 K) (L mol-1 s-1)

N
N O

•

HO

O

47.7 49.2 10.7 2.1 � 102

O
•

NO

Br

O
•

NO

Cl

45.2

40.7

46.7

42.2

20.3

55.2

3.4 � 102

7.1 � 102
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TABLE 18.7
Enthalpies, Activation Energies, and Rate Constants of Reactions Secondary Peroxyl

Radicals with Hydroxylamines (>NOH): RO2
.
1 HON< �! ROOH 1 > NO. in

Hydrocarbon Solutions Calcualted by IPM Method; for Equations See Chapter 6 and

for the Values of a, bre, and A, See Table 18.5

Hydroxylamine DH (kJ mol-1) E (kJ mol-1) k (333 K) (L mol-1 s-1) k (400 K) (L mol-1 s-1)

N

O

O
H

N O
H

N O
H

N OO
H

N
O H

N
O H

−42.5

−70.4

−68.6

−59.7

−12.8

−27.0

7.0

0.5RT

0.5RT

0.5RT

19.7

13.3

2.6 � 106

2.0 � 108

1.1 � 108

4.2 � 107

2.7 � 104

2.6 � 105

3.9 � 106

2.0 � 108

1.1 � 108

4.2 � 107

8.6 � 104

5.9 � 105

O2N N

O H −29.9

N O

H
−67.8

12.1

0.5RT

0.5RT

0.5RT

0.5RT

N O

H

O

O −65.2

N O

H

O

H
−63.3

N O

H
O

−65.1

4.4 � 105

1.7 � 108

1.3 � 108

1.1 � 108

1.3 � 108

8.3 � 105

1.7 � 108

1.3 � 108

1.1 � 108

1.3 � 108
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be synergistic in combination with phenols and aromatic amines introduced in oxidized

hydrocarbons [44–46]. The values of induction period t of 1-nonene autoxidation at

T¼ 393 K with the total inhibitor concentration [InH]0þ [Q]0¼ 1.5� 10�4 mol L�1 [44] are

presented below:

Inhibitor Q [InH]:[Q] pO2(kPa) t (h)

N

H 1:0 98

N

H

O O

7:3 98

N

H

O O

8:2 20

OH

1:0 20

OH O O

7:3 98

OH O O

7:3 20

9

17

27

5

8.5

15.5

It is seen that the substitution of the part of amine or phenol by quinone prolongs the

induction period by two or three times. The mechanism of synergistic action of quinone is

the same as in the case of nitroxyl radicals. Quinone reacts with InH with production of

semiquinone radicals. The latter rapidly reacts with peroxyl radicals and provokes the

additional rapid chain termination [47].

RO2
•

In•InOOR RO2
•

ROOHInH Q

•QH

The equations for the rate of oxidation of organic compound RH inhibited by a mixture of

InH and Q and the characteristics of autoxidation when the mechanism includes different

combinations of key reactions are presented in Table 18.8.
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The reactions of quinones with phenols and amines are endothermic due to low BDE of

the formed
.
Q��H bond. Hence, the synergism of quinones should be noticeable at elevated

temperatures. The values of BDE in a few semiquinone radicals are given below:

Radical
O

H
•
O

•
O

•
O

•
O

O

H O

H
O

H

Cl

ClCl

Cl

D (kJ mol−1) 226.3 229.8 229.5 245.0

Reactions of quinone with phenols and amines are endothermic; however, the rate constants

of reactions Qþ InH are not low at elevated temperatures due to the low Ee0 values, as in the

case of nitroxyl radicals reactions [4,48,49].

Reaction Q 1 R1H Q 1 Ar1OH Q 1 Ar2OH Q 1 AmH

Ee0 (kJ mol�1) 62.9 39.7 43.6 29.6

As in the case of phenoxyl and nitroxyl radical reactions, the value of Ee0 for the quinone

reaction with phenol (Ar1OH) is much lower than that for the reaction of Q with R1H

(DEe0¼ 23 kJ mol�1). Such a difference is the result of the high triplet repulsion in TS of

the type C . . . H . . . O and low in the TS of the type O . . . H . . . O, as in the reactions of the

nitroxyl radical. The very low value of Ee0 for the reaction Q with aromatic amine is due to a

high difference in electron affinity of N and O atoms in TS of the type O . . . H . . . N. The

values of rate constants of p-benzoquinone with several inhibitors were calculated by the IPM

method. The parameters of the IPM model are collected in Table 18.9.

TABLE 18.8
Equations for the Rate of Oxidation v, Critical Concentration of Antioxidant [InH]cr, and

Quasistationary Concentration of Formed Hydroperoxide [ROOH]s at Common Action of

Antioxidant and Quinone Q or Nitroxyl (>NO.) [4]

v (mol L21 s21) [ROOH]s

Key Reactions: (2), (3), (7), (16), [InH]cr 5 bk2[RH]/fk7

k2[RH]ni

fk7[InH]
� k7k16[InH] [>NO.]

fk7

bk2[RH](vi0 � 2k16[InH] [>NO.])

fk7(1� bn)
,

Key Reactions: (2), (7), (8), (10), (16)

k2[RH]

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

k10[RH]vi

fk7k8[InH]
1� k16[>NO.] [InH]

k10[RH]ni

� �

s

(bk2[RH])2k10[RH]

4k3k7k8[RH]
1�

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1� 8k7k8k16[InH] [Q]

b2k2
2k10[RH]3

s
 !

Key Reactions: 2, 7, 27, 8, 16; [InH]cr 5b2 k2
2k27 [RH]2/f k3 k7 k8

k2[RH]

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

k�7[ROOH]ni

fk7k8[InH]
1� k16[Q] [InH]

k�7[ROOH]ni

� �

s

(vi0 � k16[InH] [Q])[InH]cr
fk3([InH]� [InH]cr)
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The values of activation energies and rate constants of the reactions of p-benzoquinone

with a few phenols and amines are presented in Table 18.10. For additional data on this

reaction see handbook [4] and Database [41].

18.3.5 THE COMBINED ACTION OF FE AND CU SALTS

Iron salts and complexes soluble in hydrocarbon catalyze oxidation due to the rapid decom-

position of forming peroxides into free radicals, for example (see Chapter 10)

ROOHþ Fe(II) �! RO
. þ Fe(III)þHO�

Soluble copper salts were found to possess the outstanding inhibiting activity in the presence

of iron salts [50]. This copper antioxidant activity is believed to be the result of the fast

oxidation of catalytically active ferrous ions by cupric ions

Cu2þ þ Fe2þ �! Cu1þ þ Fe3þ

followed by fast chain termination in the reactions

RO2
. þ Cu1þ �! RO�2 þ Cu2þ

R
. þ Cu2þ �! olefinþHþ þ Cu1þ

Since transition metal salts catalyze the autoxidation of organic compounds, the various

deactivators are used to decrease catalyzed hydroperoxide decomposition to free radicals.

Different chelate-forming compounds are used as such deactivators [6]. For example, for

TABLE 18.9
Kinetic Parameters of Radical Abstraction Reactions by Quinones in IPM [4]

Reaction a

b 3 10211

(kJ mol21)1/2 m21

0.5hLni

(kJ mol21)

0.5hL(ni2nf)

(kJ mol21) (r6¼/re)0

QþHR 0.802 3.743 17.4 �4.1 0.445

QþHOOR 0.986 4.600 21.2 �0.3 0.500

QþHOAr 1.000 4.665 21.5 0.0 0.500

QþHOAm 1.000 4.665 21.5 0.0 0.500

QþHAm 0.927 4.324 20.0 �1.5 0.519

QþHSAr 0.649 3.026 13.8 �7.7 0.606

Reaction

bre

(kJ mol21)1/2

Ee0

(kJ mol21)

A

(L mol21 s21)

2DHe min

(kJ mol21)

DHe max

(kJ mol21)

QþR1H 14.29 62.9 2.0� 109 141.8 90.2

QþR2H 15.95 78.3 2.0� 108 198.3 128.1

QþR3H 15.02 69.5 2.0� 108 165.6 106.2

QþROOH 13.00 43.3 2.0� 108 51.3 52.3

QþAr1OH 12.61 39.7 2.0� 109 42.1 42.1

QþAr2OH 13.20 43.6 2.0� 108 51.8 51.8

QþAmH 10.48 29.6 2.0� 108 22.0 16.7

QþAmOH 13.54 45.8 2.0� 108 57.8 57.8

QþArSH 10.75 42.5 2.0� 108 103.7 38.4
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TABLE 18.10
Enthalpies, Activation Energies, and Rate Constants of Reactions of p-Benzoquinone with

Phenols and Amines: InH 1 Q �! In.
1 HQ. in Hydrocarbon Solutions Calculated by IPM

Method; for Equations See Chapter 6 and for the Values of a, bre, and A, See Table 18.9

Ar1OH

PhOH

OH

OHN

OHO

OH

OH

HO

O

140.9

134.1

100.7

117.7

125.7

99.0

142.6

135.8

102.4

119.4

127.4

100.7

1.8 � 1010

1.6 � 1010

9.0 � 109

1.1 � 1010

1.5 � 1010

8.7 � 109

4.3 � 10−9

2.9 � 10−8

3.8 � 10−4 

2.8 � 10−6

3.5 � 10−7

6.2 � 10−4

Phenol DH (kJ mol-1) E (kJ mol-1) A (L mol-1 s-1) k (400 K) (L mol-1 s-1)

OH

O

O

OHO

OHH2N

OHO

OH

O

O

O

OHHO

OHHO

OH

119.8

115.3

128.6

103.3

106.6

123.9

116.6

110.2

121.5

117.0

130.3

105.0

108.3

125.6

118.3

111.9

1.3 � 1010

1.2 � 1010

1.5 � 1010

9.0 � 109

8.0 � 109

1.4 � 1010

1.2 � 1010

9.0 � 109

1.8 � 10−6

6.3 � 10−6

1.4 � 10−7

1.7 � 10−4

5.8 � 10−5

5.5 � 10−7

4.3 � 10−6

2.2 � 10−5

continued
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TABLE 18.10
Enthalpies, Activation Energies, and Rate Constants of Reactions of p-Benzoquinone

with Phenols and Amines: InH 1 Q �! In.
1 HQ. in Hydrocarbon Solutions Calculated

by IPM Method; for Equations See Chapter 6 and for the Values of a, bre, and A,

See Table 18.9—continued

OH 125.7 127.4

OH

OH

105.4 107.1

OH
HO

87.8 89.5

N

HO

O

107.6 109.3

Ar2OH

Phenol DH (kJ mol-1) E (kJ mol-1) A (L mol-1 s-1) k (400 K) (L mol-1 s-1)

OHH2N

106.7

1.5 � 1010

1.0 � 1010

6.3 � 109

1.1 � 1010

7.2 � 109

9.2 � 109

8.3 � 109

5.6 � 109

3.5 � 10−7

1.0 � 10−4

1.3 � 10−2

5.9 � 10−5

5.0 � 10−5

1.8 � 10−6

6.1 � 10−6

2.9 � 10−4

OH

118.6

OH
Ph

Ph

114.2

OHO

99.0

108.4

120.3

115.9

101.7

OH 115.3 117.0 1.2 � 1010 6.3 � 10−6
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TABLE 18.10
Enthalpies, Activation Energies, and Rate Constants of Reactions of p-Benzoquinone

with Phenols and Amines: InH 1 Q �! In.
1 HQ. in Hydrocarbon Solutions Calculated

by IPM Method; for Equations See Chapter 6 and for the Values of a, bre, and A,

See Table 18.9—continued

3.5 � 10−84.0 � 1010

AmH 

N

H

N

H

N

H

N

OO

H

N

H

O

N

H

PhNHPh

NN
H

H

136.6

1.9 � 10−73.7 � 1010130.7 132.4

1.1 � 10−53.2 � 1010116.8 118.5

1.2 � 10−73.8 � 1010132.2 133.9

3.8 � 10−63.4 � 1010120.5 122.2

4.6 � 10−73.6 � 1010127.8 129.5

2.9 � 10−73.7 � 1010129.4 131.1

138.3

2.9 � 10−42.9 � 1010105.5 107.2

Phenol DH (kJ mol-1) E (kJ mol-1) A (L mol-1 s-1) k (400 K) (L mol-1 s-1)

OH

110.9 112.6 7.7 � 109 1.5 � 10−5

continued
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deactivation of cupric salts that catalyze the autoxidation of hydrocarbons and rubber

salicylaldoxim and N,N-disalicylidenethylenedimine were used. They form very stable com-

plexes with copper ions.

Cu
N

OO

N

OHHO

Cu
N

OO

N

The formation of chelate complexes is supposed to change the redox potential of the

transition metal and decrease its ability to catalyze the decay of hydroperoxide into free

radicals [6]. However, the general basis for transition metal transformation from a catalyst to

inhibitors of hydrocarbon autoxidation can be the following. In general, the metal catalyst

decomposes hydroperoxide by two parallel ways, namely, homolytic and heterolytic (see

Chapter 10). If the first channel predominates, the metal compound accelerates autoxidation,

if the second channel prevails, metal compound retards autoxidation. The formation of a new

complex because of the introduction of the ligand in the oxidized system changes the

proportion of formed hydroperoxide homolysis and heterolysis as well as the general catalytic

activity of the metal. So, the most active antioxidant ligand additive should be the one which

transforms the metal into an active heterolytic decomposer of hydroperoxide. The same

ligand can strengthen the heterolytic activity of one metal and homolytic activity of another

TABLE 18.10
Enthalpies, Activation Energies, and Rate Constants of Reactions of p-Benzoquinone

with Phenols and Amines: InH 1 Q �! In.
1 HQ. in Hydrocarbon Solutions Calculated

by IPM Method; for Equations See Chapter 6 and for the Values of a, bre, and A,

See Table 18.9—continued

3.4 � 1010

4.3 � 1010

4.6 � 10−3

1.9 � 10−9

NN
H

H

N
H H

121.1

146.6

122.8

148.3

Phenol DH (kJ mol-1) E (kJ mol-1) A (L mol-1 s-1) k (400 K) (L mol-1 s-1)

NN
H

H

3.3 � 1010 6.6 � 10−6118.5 120.2

NN
H

H

127.8 129.5 4.6 � 10−73.6 � 1010
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in the catalytic decomposition of hydroperoxides. For example, the two ligands discussed

above decrease the catalytic activity of copper salts and strengthen the activity of manganese

and ferrous salts in oxidized hydrocarbons [6]. Hence, only the empirical testing is used for

identifying efficient transition metal deactivators.

REFERENCES

1. K Bailey. The Retardation of Chemical Reactions. London: Edward Arnold and Co, 1937.

2. KU Ingold. Chem Rev 61:563–589, 1961.

3. NM Emanuel, YuN Lyaskovskaya. Inhibition of Fat Oxidation. Moscow: Pischepromizdat, 1961 [in

Russian].

4. ET Denisov, TG Denisova. Handbook of Antioxidants. Boca Raton: CRC Press, 2000.

5. G Scott, ed. Atmospheric Oxidation and Antioxidants, vols 1–3. Amsterdam: Elsevier Publishers,

1993.

6. J von Voigt. Die Stabilisierung der Kunststoffe gegen Licht und Warme. Berlin: Springer-Verlag,

1966.

7. NM Emanuel, ET Denisov, ZK Maizus. Liquid-Phase Oxidation of Hydrocarbons. New York:

Plenum Press, 1967, pp. 223–281.

8. AM Kuliev. Chemistry and Technology of Additives to Oils and Fuels. Moscow: Khimiya 1972 [in

Russian].

9. ET Denisov, VV Azatyan. Inhibition of Chain Reactions. London: Gordon and Breach, 2000.

10. YuA Ershov, GP Gladyshev. Vysokomol Soed A19:1267–1273, 1977.

11. GV Karpukhina, NM. Emanuel. Dokl AN SSSR 276:1163–1167, 1984.

12. GW Kennerly, WL Patterson. Ind Eng Chem 48:1917–1927, 1956.

13. RI Levin, VV Mikhailov. Usp Khim 39:1687–1706, 1970.

14. DM Shopov, SK Ivanov. Mechanism of Action of Hydroperoxide-Breaking Inhibitors. Sofia: Izdat

Bulg Akad Nauk, 1988 [in Russian].

15. CRHI de Jonge, P Hope. In: G Scott, ed. Developments in Polymer Stabilisation—3. London:

Applied Science Publishers, 1980, pp 21–54.

16. GV Karpukhina, ZK Maizus, NM Emanuel. Dokl AN SSSR 152:110–113, 1963.

17. GV Karpukhina, ZK Maizus, ON Karpukhin. Zh Fiz Khim 39:498–500, 1965.

18. GV Karpukhina, ZK Maizus, NM Emanuel. Dokl AN SSSR 160:158–161, 1965.

19. GV Karpukhina, ZK Maizus, LI Matienko. Neftekhimiya 6:603–611, 1966.

20. GV Karpukhina, ZK Maizus, MYa Meskina. Kinet Katal 9:245–249, 1968.

21. GV Karpukhina, ZK Maizus, NM Emanuel. Dokl AN SSSR 182:870–873, 1968.

22. MYa Meskina, GV Karpukhina, ZK Maizus. Neftekhimiya 11:213–218, 1971.

23. MYa Meskina, GV Karpukhina, ZK Maizus. Izv AN SSSR Ser Khim 1481–1488, 1973.

24. MYa Meskina, GV Karpukhina, ZK Maizus, NM Emanuel. Dokl AN SSSR 213:1124–1127, 1973.

25. TV Lomteva, GV Karpukhina, ZK Maizus. Izv AN SSSR Ser Khim 930–934, 1973.

26. GV Karpukhina, ZK Maizus, NV Zolotova, LI Mazaletskaya, MYa Meskina. Neftekhimiya

18:708–715, 1978.

27. GV Karpukhina, ZK Maizus. Izv AN SSSR Ser Khim 957–962, 1968.

28. VV Varlamov, ET Denisov, Bull Acad Sci USSR 39:657–662, 1990.

29. VV Varlamov, ET Denisov, Bull Acad Sci USSR 36:1607–1612, 1987.

30. VV Varlamov, RL Safiullin, ET Denisov. Khim Fiz 4:901–904, 1985.

31. VV Varlamov, NN Denisov, VA Nadtochenko, EP Marchenko. Kinet Katal 35:833–837, 1994.

32. VV Varlamov, NN Denisov, VA Nadtochenko, EP Marchenko, IV Petrov, LG Plekhanova. Kinet

Katal 35:838–840, 1994.

33. VV Varlamov, NN Denisov, VA Nadtochenko. Russ Chem Bull 44:2282–2286, 1995.

34. RL Vardanyan, AG Vanesyan, TM Ayvazayn, AV Tigranyan. Dokl AN SSSR 248:1144–1147,

1979.

35. LR Mahoney, MA da Rooge. J Am Chem Soc 89:5619–5629, 1967.

36. NA Azatyan, TV Zolotova, GV Karpukhina, ZK Maizus. Neftekhimiya 11:568–573, 1971.

Denisov / Oxidation and Antioxidants in Organic Chemistry and Biology DK1162_c018 Final Proof page 625 2.2.2005 5:49pm

© 2005 by Taylor & Francis Group.



37. NA Azatyan, GV Karpukhina, IS Belostotskaya, NL Komissarova. Neftekhimiya 13:435–440,

1973.

38. EA Arakelyan, NA Azatyan, MYa Meskina, ZK Maizus. Neftekhimiya 22:464–468, 1982.

39. ET Denisov, TI Drozdova. Kinet Catal 35, 155–162, 1994.

40. ET Denisov. Russ Chem Rev 66:859–876, 1997.

41. ET Denisov, TG Denisova, SV Trepalin, TI Drozdova. CD-ROM: Oxidation and Antioxidants in

Organic Chemistry and Biology. New York: Marcel Dekker, 2003.

42. VA Roginskii, GA Krasheninnikova. Dokl AN SSSR 293:157–162, 1987.

43. VA Roginskii. Izv AN SSSR Ser Khim 1987–1996, 1985.

44. LI Mazaletskaya, GV Karpukhina, ZK Maizus. Neftekhimiya 19:214–219, 1979.

45. LI Belova, GV Karpukhina, ZK Maizus,e.g.,Rozantsev, NM Emanuel. Dokl AN SSSR 231:

369–372, 1976.

46. LI Mazaletskaya, GV Karpukhina. Izv AN SSSR Ser Khim 1741–1747, 1984.

47. ET Denisov. Kinet Catal 36:351–355, 1995.

48. ET Denisov. Kinet Catal 38:762–768, 1997.

49. ET Denisov. Macromol Symp 143:65–74, 1999.

50. T Colclough. J Chem Soc 26:1888, 1987.

Denisov / Oxidation and Antioxidants in Organic Chemistry and Biology DK1162_c018 Final Proof page 626 2.2.2005 5:49pm

© 2005 by Taylor & Francis Group.



19 Peculiarities of Antioxidant
Action in Polymers

19.1 RIGID CAGE OF POLYMER MATRIX

19.1.1 COMPARISON OF BIMOLECULAR REACTIONS IN LIQUID AND SOLID PHASES

Diffusion of particles in the polymer matrix occurs much more slowly than in liquids.

Since the rate constant of a diffusionally controlled bimolecular reaction depends on the

viscosity, the rate constants of such reactions depend on the molecular mobility of a polymer

matrix (see monographs [1–4]). These rapid reactions occur in the polymer matrix much more

slowly than in the liquid. For example, recombination and disproportionation reactions of

free radicals occur rapidly, and their rate is limited by the rate of the reactant encounter. The

reaction with sufficient activation energy is not limited by diffusion. Hence, one can expect

that the rate constant of such a reaction will be the same in the liquid and solid polymer

matrix. Indeed, the process of a bimolecular reaction in the liquid or solid phase occurs in

accordance with the following general scheme [4,5]:

Aþ B
kD

vD

A � � � B�!k Products

The observed rate constant is kobs¼ kkD(kþ vD)�1. For the fast reactions with k� vD the rate

constant is kobs¼ kD. In the case of a slow reaction with k � vD the rate constant is

kobs¼ k�KAB, where KAB¼ kD/vD is the equilibrium constant of formation of cage pairs A

and B in the solvent or solid polymer matrix. The equilibrium constant KAB should not

depend on the molecular mobility. According to this scheme, the rate constant of a slow

bimolecular reaction kobs¼ kKAB(kobs � kD) should be the same in a hydrocarbon solution

and the nonpolar polymer matrix. However, it was found experimentally that several slow

free radical reactions occur more slowly in the polymer matrix than in the solvent. A few

examples are given in Table 19.1.

It is clearly seen that the rate constants of all the studied reactions are considerably lower

in the solid phase of PE and PP than in benzene or chlorobenzene solution. At the same time,

these reactions are not limited by translational or rotational diffusion.

The above kinetic scheme of the bimolecular reaction simplifies physical processes that

proceed via the elementary bimolecular act. To react, two reactants should (a) meet, (b) be

oriented by the way convenient for the elementary act, and (c) be activated to form the TS and

then react. Hence, not only translational but also rotational diffusion of particles in the

solution and polymer are important for the reaction to be performed. So, the more detailed

kinetic scheme of a bimolecular reaction includes the following stages: diffusion and encoun-

ter the reactants in the cage, orientation of reactants in the cage due to rotational diffusion,

and activation of reactants followed by reaction [5,13].
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TABLE 19.1
Comparison of Rate Constants and Activation Energies of Bimolecular Reactions in Solution

and Polymer Matrix

Medium

PhEt

PP

PhH

PE

PP

PP

PP

PP

E (kJ mol−1)

17.1

82.7

46.0

69.0

67.0

41.2

65.0

76.4

log A, A
(L mol−1 s−1)

6.88

15.80

7.11

10.40

9.40

4.88

8.43

9.56

k (300 K)

(L mol−1 s−1)

8.1 � 103

2.7 � 102

0.13

2.5 � 10−2

5.5 � 10−3

5.09 � 10−3

1.32 � 10−3

1.77 � 10−4

kD (300 K)

(L mol−1 s−1)

3 � 109

2 � 106

3 � 109

9 � 106

2 � 106

2 � 106

2 � 106

2 � 106

Ref.

[6]

[6]

[7]

[7]

[7]

[8]

PhH 57.1 8.00 1.14 � 10−2 3 � 109 [8]

[8]

PhH 57.4 8.00 1.01 � 10−2 3 � 109 [8]

[8]

PhH 55.7 8.00 2.00 � 10−2 3 � 109 [8]

•OPhMe2CO2
• +    HO PhMe2COOH +

+ •O HOPhMe2COO• +PhMe2COOH

HO+N  O
• •

ON   OH    +

HO+N  O
• •

ON   OH    +Cl Cl

•
ON   OH    + NN

O

O

O

O

+N  O
•

HO

•
ON   OH    ++N  O

•
HOPhC(O)O PhC(O)O

PhH
PP

42.0
75.0

4.11
75.0

6.5 � 10−4

4.5 � 10−5

3 � 109

2 � 106

[9]
[9]
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TABLE 19.1
Comparison of Rate Constants and Activation Energies of Bimolecular Reactions in Solution

and Polymer Matrix—continued

PhH

PP

PP

PP

PhH T = 333 K

PP T = 333 K

PhCl

PP

Medium

42.6

48.2

64.4

84.0

63.0

75.0

E (kJ mol−1)

6.19

6.70

8.00

10.0

7.78

8.83

log A, A

(L mol−1 s−1)

6.8 � 10−3 (333K)

4.8 � 10−4 (333K)

5.93 � 10−2

2.03 � 10−2

5.25 � 10−3

6.40 � 10−4

6.7 � 10−4

6.2 � 10−5

k (300 K)

(L mol−1 s−1)

3 � 109

2 � 106

2 � 106

2 � 106

6.8 � 109

1.3 � 107

3 � 109

2 � 106

kD (300 K)

(L mol−1 s−1)

[9]

[9]

[10]

[10]

[11]

[11]

[12]

[12]

Ref.

+NPhC(O)O O
•

NPhC(O)O OHHO
•
O+

N O
•

+PhC(O)O PhC(O)O OH +NH N
•
N

N N

+ PhMe2COOH

H H

N
•

N
H

+ H2O + PhMe2CO
•

N O
•

•
O

HO+ N

HO

N   OH
HO

N+

N O
•

•
ON OH

HO+ N

N

HO

HO

+

O

O

Ph

Ph

O

O
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Aþ B
kD

vD

A � � � B
vor

vr

[A � � � B]oriented �!
k

Products

Rotational diffusion of particles occurs in polymer much slowly than in liquids. Therefore,

the observed difference in liquid (kl) and solid polymer (kS) rate constants can be explained by

the different rates of reactant orientation in the liquid and polymer. The EPR spectra were

obtained for the stable nitroxyl radical (2,2,6,6-tetramethyl-4-benzoyloxypiperidine-1-oxyl).

The molecular mobility was calculated from the shape of the EPR spectrum of this radical

[14,15]. These values were used for the estimation of the orientation rate of reactants in the

liquid and polymer cage. The frequency of orientation of the reactant pairs was calculated as

nor¼Pnrot, where P is the steric factor of the reaction, and nrot is the frequency of particle

rotation to the angle equal to 4p. The results of this comparison are given in Table 19.2.

TABLE 19.2
Comparison of Rate Constants and Steric Factors of Bimolecular Reactions with Frequency

of Reactant Rotation and Orientation in Polymer Matrix (T 5 300 K)

Medium

PP

PE

PP

PP

PP (T = 333 K)

nrot (s−1)

8 � 106

4 � 107

8 � 106

1.4 � 107

3.9 � 107

P

6 � 10−6

6 � 10−6

6 � 10−6

1.3 � 10−9

1.0 � 10−4

nor (s−1)

48

48

2.4 � 102

1.8 � 10−2

3.9 � 103

k/KAB (s−1)

(6)

2.7 � 102

(7)

2.5 � 10−2

5.5 � 10−3

(9)

4.5 � 10−5

(11)

6.4 � 10−4

O
•

HOPhMe2CO2

• + PhMe2COOH +

•
OPhMe2COOH HOPhMe2COO

•
++

HO+NPhC(O)O O
• O

•
NPhC(O)O OH +

+NPhC(O)O O
•

PhC(O)O OH +N N
•
NH
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We see that the rate constant of the bimolecular reaction is two to three orders of

magnitude lower than the rate of reactant orientation.

19.1.2 CONCEPTION OF RIGID CAGE OF POLYMER MATRIX

Hence, the phenomena of the low reaction rate in the polymermatrix cannot be explained by the

limiting rate of reactant orientation (rotational diffusion) in the cage. This result becomes the

impetus to formulate the conception of the ‘‘rigid’’ cage of polymer matrix [16–20]. In addition

to the experiments with comparison of the rate constants in the liquid phase and polymer

matrix, experiments on the kinetic study of radical reactions in polymers with different amounts

of introduced plasticizer were carried out [7,9,15,21]. A correlation between the rate constant of

the reaction k and the frequency of rotation nor of the nitroxyl radical (2,2,6,6-tetramethyl-4-

benzoyloxypiperidine-N-oxyl) was found. The values of the rate constants for the reaction

TABLE 19.2
Comparison of Rate Constants and Steric Factors of Bimolecular Reactions with Frequency

of Reactant Rotation and Orientation in Polymer Matrix (T 5 300 K)—continued

PP (T = 333 K)

PP

Medium

3.9 � 107

1.4 � 107

nrot (s−1)

1.8 � 10−3

3.9 � 103

nor (s−1)

1.0 � 10−4

1.3 � 10−10

P

N N

+ PhMe2COOH

H H

N
•

N
H

+ H2O +    PhMe2CO
•

6.2 � 10−5

9.1 � 10−3

(12)

k/KAB (s−1)

(11)

+NPhC(O)O O
•

PhC(O)O OHN
•
N+NH

N   H NH

3.9 � 107 1.0 � 10−4 3.9 � 103PP (T = 333 K) 8.0 � 10−5

(11)

+NPhC(O)O O
•

PhC(O)O OH +N N
•
NH
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of this nitroxyl radical with sterically hindered phenol (2,6-bis(1,1-dimethylethyl)phenol) and

1-naphthol in polymers at different concentrations of chlorobenzene as plasticizer togetherwith

the values of rotational rate of nitroxyl are given in Table 19.3.

The rate constant of this reaction is lower when rotational diffusion is slower. The

experimental data given above prove that the medium of the polymer matrix influences on

the bimolecular reaction quite differently than in liquid.

The interaction of two reagents in the liquid phase occurs in the cage formed by small

labile molecules. All geometric shapes of such a cage are energetically equivalent due to the

high flexibility of molecules surrounding the pair of interacting particles, and such a cage may

be regarded as ‘‘soft.’’ The formation of the TS in the ‘‘soft’’ cage of nonpolar liquid does not

need an additional energy for reorganization of the pair of reactants among the surrounding

molecules.

In polymer matrix quite another situation was observed. Each particle or a pair of

particles is surrounded in the polymer matrix by segments of the macromolecule. These

segments are connected by C��C bonds and form a ‘‘rigid’’ cage. In such a rigid cage, there

are geometrically and energetically unequal orientations of particles. This is the reason why a

pair of reactants reacting in a polymer matrix needs an additional energy to assume the

necessary orientation to react in a rigid cage. Therefore, we should introduce for the reaction

in a polymer matrix the additional coefficient FS incorporated into the steric factor PS, which

describes the influence of the cage walls on the mutual orientation of reagents: PS¼Pl�FS

where Pl is the steric factor of the reaction in the liquid phase. This coefficient FS should

depend on temperature, because it includes the Boltzmann factor equal to exp(�Eor/RT). The

activation energy Eor is the difference between the energy of the energetically most convenient

orientation of interacting particles and the energy necessary for the reaction to occur (see

Figure 19.1).

A particle in a polymer cage is regarded as being in the field of forces of intermolecular

interaction, which is approximated by a cosine function if the rotation is regarded in one

plane.

Eor(u) ¼ 0:5Erot(1� cos nuu) (19:1)

where Erot is the energy barrier dividing two energetically convenient positions of the reacting

particles in the cage and is supposed to be the same as the activation energy of rotational

diffusion, and 2nu is the number of such positions. The value of Erot can be estimated through

the ratio of rotation frequency of the reactant in the liquid and solid phases.

Erot ¼ RT ln (n1=nS): (19:2)

For the reaction to occur, particle A must be oriented in the cage at an angle of uA+DuA.

The probability of this orientation is:

W (qA) ¼ DqA exp (�Erot=RT )

2pI0(Erot=2RT) exp(�Erot=2RT)
(19:3)

where Eor is the energy of mutual orientation of reacting particles in the rigid cage, and I0(x) is

the modified Bessel function of imaginary argument. The steric factor for the reaction of A

with B in a polymer matrix in the scope of such a model is

PS ¼
DqADqB exp(�Erot=2RT)

16p2I0(Erot=2RT)
: (19:4)
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TABLE 19.3
Influence of Plastification of Polymer on the Molecular Mobility and Rate Constant

of Bimolecular Reaction [7,14,15,21]

Benzene

PP

PP

PP

PP

PP

PP

PP

Benzene

PP

PP

PP

PP

Benzene

PP

PP

PP

PP

PS

PS

PS

Benzene

Medium

PS

PS

PS

313

313

313

313

313

313

313

313

323

323

323

323

323

333

333

333

333

333

333

333

333

333

T (K)

333

333

333

36.0

9.0

4.8

3.0

<0.4

2.0

<0.4

4.0

<0.4

1.5

<0.4

<0.4

2.0

1.0

<0.4

38.0

15.0

9.0

% PhCl

50.0

18.0

6.0

5.4 � 1010

3.5 � 109

7.5 � 108

5.8 � 108

5.3 � 108

4.2 � 108

6.0 � 108

2.3 � 108

6.5 � 1010

9.4 � 108

5.8 � 108

4.7 � 108

2.8 � 108

7.2 � 1010

8.3 � 108

1.0 � 109

6.9 � 108

4.5 � 108

3.0 � 109

6.2 � 108

1.5 � 108

7.2 � 1010

nrot (s-1)

4.7 � 109

3.3 � 108

1.0 � 108

1.38 � 105

7.0 � 104

3.6 � 104

2.0 � 104

1.4 � 104

1.0 � 104

3.1 � 104

1.0 � 104

2.14 � 105

7.8 � 104

5.6 � 104

4.6 � 104

2.6 � 104

2.98 � 105

1.10 � 105

1.26 � 105

1.04 � 105

7.60 � 104

1.60 � 105

6.20 � 104

4.02 � 104

6.80 � 105

k (L mol-1 s-1)

3.90 � 105

1.68 � 105

4.80 � 104

1.0 

1.97

3.83

6.90

9.86

13.8

4.45

13.8

1.00

2.74

7.18

4.65

8.23

1.00

2.71

2.36

2.86

3.92

1.86

4.81

7.41

k1/ks

1.74

1.00

4.05

14.17

HO+NPhC(O)O O
•

O
•

NPhC(O)O OH     +

+N NPhC(O)O O
•

PhC(O)O OHHO O
•

+
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In liquids all orientations of reactants A and B are energetically equivalent and Pl¼ (4p)�2

DuADuB. Therefore, the ratio of rate constants in polymer and liquid is

kS

k1

¼ PS

P1

¼ exp(�Erot=2RT)

I0(Erot=2RT)
(19:5)

This model explains the above-mentioned peculiarities of free radical reactions in polymers.

First, reaction occurs more slowly in polymer than in liquid because of the reorganization

of the surrounding reactant polymer segments to achieve the TS. Additional energy is needed

to perform this reorganization.

Second, the correlation between kS and nrot finds its natural explanation, because kS and

nrot depend on the energy Eor. After the substitution of the value of Erot for RT ln(nrotl/nrotS) in

Equations (19.4) and (19.5) one obtains (m¼Eor /Erot)

kS

k1

ffiffiffiffiffi

v1

vS

r

¼ v1

vS

� �1=m

� I0

1

2
ln

v1

vS

� �

, (19:6)

or in the logarithmic form

ln
k1

kS

ffiffiffiffiffi

vS

v1

r

� I0

1

2
ln

v1

vS

� �� �

¼ m ln
v1

vS

: (19:7)

Experimental data are in good agreement with this equation (see Table 19.4 and Figure 19.2).

As was shown, the parameter m is constant in the very line of experiments with one reaction in

the same polymeric matrix and is always less than unity. The latter means that Erot>Eor. This

agrees with the conception of a rigid cage.

We see that the parameter m is constant in the very line of experiments and lies in the limit

0.5–0.75. The energetic barrier of orientation for the studied reactions in polyethylene and

polypropylene amounts 5–12 kJ mol�1.

Third, according to the rigid cage model, the larger the volume of reagents, the more the

number of polymer segments surrounding the reactants and the higher should be the potential

barrier Erot for appropriate orientation of reactants. This was confirmed in the study of

0

Eor

Erot

2p/nq 4p/nq 6p/nq

FIGURE 19.1 Cosine type angle dependence of the potential energy of the molecule or radical orienta-

tion in the model of anisotropic hard cage of the polymer matrix.
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TABLE 19.4
The Values of Er and Eor for Bimolecular Reactions of Nitroxyl Radicals with Phenols

Calculated According to the Rigid Cage Model for Reaction in a Polymer Matrix (Equation

(19.7) ) [7,9,14,15,21]

PP, 303(K)

PP, 363(K)

PP, 303(K)

PP, 363 (K) 

PP, 363 (K) 

PE, 313(K)

PE + 5.5% PhCl, 313 (K) 

PE + 36% PhCl, 313 (K) 

PP, 313(K)

PP + 2% PhCl, 313 (K)  

PE, 323 (K) 

PE + 4% PhCl, 323 (K) 

PP, 323 (K) 

PP + 1% PhCl, 323 (K)  

PE, 333 (K) 

PE, 333 (K) 

PP + 1% PhCl, 333 (K)

PP + 2% PhCl, 333 (K)  

Medium

6.09

3.18

18.3

2.1

4.4

13.8

8.1

2.0

13.8

4.4

3.7

2.7

8.0

4.8

2.9

4.0

2.9

2.4

kI/kS

27

18

51

10

25

128

93

15

235

90

112

64

232

155

90

150

104

72

nrotl/nrotS (s-1)

8.3

8.7

9.9

7.1

9.8

13.1

11.7

10.7

14.1

11.7

12.6

11.1

14.6

13.5

12.4

13.8

13.0

11.8

Erot (kJ mol-1)

4.5

3.5

7.3

2.2

4.4

10.7

8.6

7.4

10.3

7.1

6.9

5.8

9.2

7.6

6.5

7.4

6.6

5.7

Erot (kJ mol-1)

0.54

0.40

0.74

0.31

0.45

0.81

0.74

0.69

0.73

0.61

0.55

0.52

0.63

0.57

0.51

0.53

0.51

0.49

m

HO+N   O
•

O
•

+N   OH

HO+N   O
•

O
•

+N   OHCl Cl

HO+N   O
• O

•
N   OHN N

O

O

O

O

+

HO+NPhC(O)O O
•

NPhC(O)O OH + O
•

continued
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TABLE 19.4
The Values of Er and Eor for Bimolecular Reactions of Nitroxyl Radicals with Phenols

Calculated According to the Rigid Cage Model for Reaction in a Polymer Matrix (Equation

(19.7) ) [7,9,14,15,21]—continued

PE + 6% PhCl, 333 (K) 18.1 0.63 11.4

PS + 18% PhCl, 333 (K) 14.9 0.52 7.9

PS + 50% PhCl, 333 (K) 

14.2

4.0

1.7 7.4 0.55 4.1

PP, 303 (K) 9.0 0.55 5.0

PP, 333 (K) 8.6 0.43 3.7

PP, 363 (K)

7.6

3.8

2.2 7.3 0.33 2.4

HO+N   O
•

NO

Ph

O

O
Fe

NO OH

O
•N   OHO

Ph

O

ON
Fe

NO

+

OH

PP, 303 (K) 7.0 0.88 6.2

PP, 333 (K) 7.3 0.78 5.7

PP, 363 (K)

720

218

15

36

22

11

16

14

11

40

23

13 7.3 0.71 5.2

HO+N   O
•

N

HO

O
•

N   OH N

HO

+

O

O

Ph

Ph

O

O

+NPhC(O)O O
•

NPhC(O)O OHHO O
•

+

Medium kI/kSnrotl/nrotS (s-1) Erot (kJ mol-1) Erot (kJ mol-1)m

PS + 9% PhCl, 333 (K) 

PS + 38% PhCl, 333 (K) 

7.5

1.9

480

240

17.0

8.8

9.5

4.6

0.56

0.52
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reactions of stable nitroxyl radicals with different volumes with phenols and aromatic amines

(InH).

>NO
. þHIn �! >NOHþ In

.

Substituents change the volume of the reactant. These reactions were studied in the liquid

phase and polymer matrix (PP) [7,8,11]. The experiments evidenced that the rate constant of

the studied reactions really depends on the volume of reactants in the polymer matrix and is

independent in the liquid phase (see Table 19.5).

The results of the experimental estimation of rate constants for all these reactions prove

that larger the volume V# of TS, lower the rate constant and higher the activation energy for

reconstruction of the shape of the cage to form an appropriate orientation of polymer

segments around TS. An empirical linear correlation between DEor¼RT ln(kl/kS) and the

volume V# of TS was found [8] as follows:

DEor ¼ RT ln (k1=kS) ¼ a(V# � V
#
min) (19:8)

where V
#
min is the minimal volume of TS when Eor depends on V # in the polymer matrix,

and a is the empirical coefficient for the reaction in polypropylene at a fixed temperature

(a is temperature-dependent [8]).

log (vl/vs)

1

2

3

4

5

6

1.0

1.0

2.0

1.0

2.0

2.0 3.0

I

III
II

IV

lo
g

k l
I 0

v s v l
v sv l

k s
 �

 
1 2

In

FIGURE 19.2 The correlation of rate constants of various free radical reactions with molecular mobility

of nitroxyl radical in the polymer matrix of different polymers with addition of plastificator: I in IPP, II

in preliminary oxidized IPP, III in PE, and IV in PS. Line 1 for the reaction of 2,6-bis(1,1-dimethy-

lethyl)phenoxyl radical with hydroperoxide groups at T ¼ 295K; line 2 for the reaction of 2,2,6,

6-tetramethyl-4-benzoyloxypiperidine-N-oxyl with 1-naphthol at T ¼ 333K; line 3 for the reaction of

2,2,6,6-tetramethyl-4-benzoyloxypiperidine-N-oxyl with 2,6-bis(1,1-dimethylethyl)phenol at T ¼ 333 K;

line 4 for the same reaction at T ¼ 303K; line 5 for the same reaction at T ¼ 313K; and line 6 for the

same reaction at T ¼ 323K [18].
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TABLE 19.5
Dependence of Rate Constant on the Volume of Reactants for Bimolecular Reactions

of Nitroxyl Radicals with Phenols in Polymer Matrix [8,10,11]

N  O
•

PhOH 303 5.8 � 10−3 157.6 4.5

PhOH 363 8.7 � 10−2 157.6 3.5

OHCl
303 1.6 � 10−3 169.3 7.3

OHO2N
362 7.1 � 10−2 179.1 4.4

HO N

HO
303 6.7 � 10−2 240.2 5.0

HO N

HO
363 1.15 240.2 2.4

HO N O
Co

NO OH

303 0.19 378.1 5.3

HO N O
Co

NO OH

363 1.07 378.1 5.5

HO N O
Fe

NO OH

303 0.14 376.3 6.2

ArOH T (K) k (L mol-1 s-1) V # (cm3 mol-1) Eor (kJ mol-1)

HO N O
Fe

NO OH

363 1.05 376.3 5.2
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TABLE 19.5
Dependence of Rate Constant on the Volume of Reactants for Bimolecular Reactions

of Nitroxyl Radicals with Phenols in Polymer Matrix [8,10,11]—continued

HO N O
Ni

NO OH

303 0.11 379.9 6.3

HO N O
Ni

NO OH

363 0.46 379.9 6.7

N  O
•

O
Ph

O

HO N

HO
303 2.4 � 10−2 304.6 7.6

HO N O
Co

NO OH

303 3.4 � 10−2 440.6 9.6

HO N N
Fe

NO OH

303 4.3 � 10−2 442.5 9.3

ArOH  T (K)
k 

(L mol-1 s-1)

V #

(cm3 mol-1)

Eor

(kJ mol-1)

HO N O
Ni

NO OH

303 3.7 � 10−2 444.3 9.0

continued
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T (K) 303 333 363

a 3 102 (kJ cm23) 2.50 2.23 1.98

Vmin
# (cm3 mol21) 127 110 117

A decrease in the coefficient a with an increase in temperature as a result of the intensification of

the molecular mobility in the polymer matrix with the increase in temperature. The increase in

temperature decreases the energetic barrier Eor. In the amorphous–crystalline polymers

all these processes occur in the amorphous phase of the polymer where reactants are dissolved.

Fourth, the model of a rigid cage for a bimolecular reaction in the polymer matrix helps to

explain another specific feature. This model explains the simultaneous increase in activation

energy and preexponential factor on transferring the reaction from the liquid (El, Al) to solid

polymer matrix (ES, AS). In the nonpolar liquid phase Eobs¼El¼Egas but in the polymer

matrix [3,21] it is

Eobs ¼ El þ dPS=d(T�1) ¼ E þ Eor þ dEor=d(T�1) (19:9)

TABLE 19.5
Dependence of Rate Constant on the Volume of Reactants for Bimolecular Reactions

of Nitroxyl Radicals with Phenols in Polymer Matrix [8,10,11]—continued

HO N O
Ni

NO OH

363 0.24 444.3 8.7

N   O
•

N

N

O

O

O2N

NO2

H

O

O2N

O2N

HO N

HO
363 0.17 433.4 8.1

HO N O
Ni

NO OH

363 0.13 573.1 10.4

ArOH  T (K)

k 

(L mol-1 s-1)

V #

(cm3 mol-1)

Eor

(kJ mol-1)
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and, hence, the preexponential factor is

AS ¼ const:þ (12aTES � E �mRT)=(1þ 12aTT)R, (19:10)

where aT is the coefficient of linear temperature expansion of the polymer. This equation can

be used for the independent estimation of the value of Eor.

Eor ¼
Erot þ 12aTRT2

1þ 2aTRT
(19:11)

The calculation of Eor by the two methods gives close values.

HO+NPhC(O)O O
•

O
•

NPhC(O)O OH +

•
O HOPhMe2COOH PhMe2COO

• ++

Polymer T (K)

Eor (Eq. 19.2, 19.7)

(kJ mol-1)

Eor (Eq. 19.11)

(kJ mol-1)

PE 313 13.1 13.1 
PE 323 12.9 12.6 
PE 333 12.5 12.5 

PE 395 13.3 12.7 
PE 395 15.4 16.4 

19.1.3 THE PHENOMENA OF REACTIVITY LEVELING IN POLYMERIC MATRIX

Rapid bimolecular reactions are limited by diffusion of reactants in the liquid and solid

phases. Diffusion occurs in polymers much more slowly than in liquids. Hence, such rapid

reactions as recombination of free radicals occurs in polymers with rate constants of a few

order of magnitude more slowly than in solution. For example, the reaction of sterically

hindered phenoxyl with the peroxyl radical

•O Y O
Y

OOR
RO2

• +

occurs approximately 100 times more slowly in the amorphous phase of PP in comparison

with benzene [22].
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Y Me3C PhC(O) Ph MeO Me3CO CN

k8� 10�8 (333K, C6H6) (L mol�1 s�1) 3.2 1.9 6.0 7.2 4.1 2.7

k8� 10�6 (353K, PP) (L mol�1 s�1) 2.9 4.1 1.6 1.2 5.9 24

Slow diffusion of molecules and radicals in polymer contracts the interval of the observed rate

constants of bimolecular reactions.

Besides diffusion, there is another underlying reason for leveling of reactivity of reactants

in polymer media. The phenomena of leveling of reactivity of slowly reacting reactants was

observed in the study of the reactions of peroxyl radicals with phenols and amines in the solid

PS [23]. Later, this peculiarity was detected for different free radical reactions in the polymer

matrix. All these reactions occur with rate constants much lower than kD in polymer and

cannot be limited by translational diffusion (see Table 19.6).

All reactions collected in Table 19.6 are slow. They occur with rate constants that are

sufficiently lower than the rate constants of diffusion in polymer, as well as the frequency of

reactant orientation in the cage (nor¼ nr�P). Hence, physical processes are not limited by the

rates of these reactions. However, polymer media influences the kinetics of these reactions.

This phenomenon can be explained within the framework of the conception of rigid

polymer cage [25]. As described earlier, the polymer cage should be activated for two

reactants to be oriented before to form a TS. Hence, the activation energy of the bimolecular

reaction in the polymer matrix ES can be presented as consisting of two terms, namely, the

activation energy of the reaction E¼El (El is the activation energy in a nonpolar solvent) and

the activation energy of cage reorganization Ecr: ES¼ElþEcr. The activation of the molecule

is performed due to heat fluctuation. This fluctuation copes not only one molecule, but also

an ensemble of polymer segments surrounding the reactant (walls of the cage). The study of

density fluctuations in polymer at temperatures close to Tg (temperature of glass formation)

showed that one heat fluctuation copes around 20–100 segments of a macromolecule. So, the

activation of a molecule is accompanied by the activation of the cage. Consequently, there

should be a feedback between the activation of reactants and polymer cage. Due to the

collective character of the heat fluctuation, the activation of reactants is followed by the

partial activation of the segments that form the cage. Therefore, the activation energy of cage

TABLE 19.6
Limits of Reactivity (kmax/kmin) for Different Reactions in Liquid Phase and Polymer Media

Reaction Media T (K) kmax/kmin Refs.

RO2
.þ InH Benzene 343 413 [24]

RO2
.þ InH PS 343 170 [24]

RO2
.þArOH Ethylbenzene 353 71 [25]

RO2
.þArOH PP 353 5.4 [26]

ArO
.þROOH Benzene 353 620 [27]

ArO
.þROOH PP 353 15.7 [26]

>NO
.þArOH Benzene 333 68 [7,8,10]

>NO
.þArOH PP 333 25 [7,8,10]

>NO
.þAmH Benzene 333 369 [11]

>NO.þAmH PP 333 114 [11]

>NO
.þArOH Benzene 333 2.3 [7]

>NO
.þArOH PS 333 1.2 [7]
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reorganization can be divided into two parts: Ecr¼Ecr
0 þEcr

00 where Ecr
0 ¼bEl and automat-

ically appears when reactants in the cage are activated and Ecr
00 is additional activation

energy. As a result, we derive the following equations [25]:

ES ¼ El þ E 00cr ¼ (1� b)El þ Ecr, (19:12)

RT ln
kl

kS

¼ Ecr þ bRT ln
kl

A
: (19:13)

Experimental values of kS and kl are in good agreement with this equation [21,24]. The values

of Ecr and coefficient b for different reactions of peroxyl and nitroxyl (2,2,6,6-tetramethyl-4-

benzoyloxypiperidine-N-oxyl) radicals are presented below.

Reaction T (K) Ecr (kJ mol21) b Ref.

RO2
.þAr2OH �! ROOHþAr2O

.
388 27+ 2 0.53 [27]

RO2
.þAr2OH �! ROOHþAr2O

.
353 34+ 3 0.48 [26]

>NO.þAr1OH �!>NOHþAr1O
. 333 30+ 5 0.24 [10]

>NO
.þAmH �!>NOHþAm

.
333 33+ 5 0.33 [11]

These reactions were studied in the media of PE, PP, and PS. The mean value of Ecr is 32+ 3 kJ

mol�1 at 330–350 K. The activation energy decreases with an increase in temperature and

becomes zero at T�Tm, so that at T>Tm, E�El. The limits of this phenomenon are obvious.

First, all reactions should not be limited by translational or rotational diffusion, i.e., kS� kD

and kS� nrot�P. Second, due to the automatic activation of the cage with reactant activation,

the value of Ecr’’ cannot be higher than Ecr, i.e., bEe � Ecr’’ and Equations (19.12)–(19.14) are

valid for the reactions with El�Ecr/b. If El�Eor/b, ES¼El, and kS¼ kl, i.e., very slow reactions

should occur with the same rate constants in the liquid phase and polymer matrix. If Ecr¼ 32 kJ

mol�1 and b¼ 0.32, then El max¼ 100 kJmol�1 and kS¼ kl¼ 2� 10�8 Lmol�1 s�1 atT¼ 333 K.

19.1.4 REACTIONS LIMITED BY ROTATIONAL DIFFUSION IN POLYMER MATRIX

Reactions described earlier were not limited by rotational diffusion of reactants. It is evident

that such bimolecular reactions can occur that are limited not by translational diffusion but

by the rate of reactant orientation before forming the TS. We discussed the reactions of

sterically hindered phenoxyl recombination in viscous liquids (see Chapter 15). We studied

the reaction of the type: radicalþmolecule, which are not limited by translational diffusion in

a solution but are limited by the rate of reactant orientation in the polymer matrix [28]. This is

the reaction of stable nitroxyl radical addition to the double bond of methylenequinone.

NO
Ph

O

O• O O
ONO

Ph
O

+ •

This reaction occurs in solution with an extremely low preexponential factor with the rate

constant k¼ 1.6� 102 exp(�29.0/RT) L mol�1 s�1 (benzene, 293–333 K [28]). Reactants are

dissolved and react in the amorphous phase of the polymer. The PP matrix retards the
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reaction. The experiments with polymer plasticization showed that the rate constant is

proportional to the frequency of nitronyl radical rotation measured by the ERP method.

%C6H6 (T 5 301 K) <0.4 1.0 1.5 2.0 3.0

nrot� 10�8 (rad s�1) 0.9 2.0 2.6 2.9 4.2

k� 104 (L mol�1 s�1) 1.8 4.3 5.0 5.9 8.0

(k/nrot)� 1012 (L mol�1 rad�1) 2.0 2.1 1.9 2.0 1.9

This reaction occurs with an extremely low steric factor P¼ 1.6� 10�11. Therefore, the rate of

reactant orientation is very low, and the reaction is limited by reactant orientation in the

polymer matrix. This reaction occurs according to the following kinetic scheme:

Aþ B
kD

vD

A � � � B �!vrot
Products

The kinetic parameters of this reaction in the liquid and solid (IPP) phases [28] are given

below.

Media E (kJ mol21) log A, A (L mol21 s21) k (300 K) (L mol21 s21)

C6H6 29.0+ 4.0 2.2+ 0.6 1.41� 10�3

PP 46.0+ 4.0 4.2+ 0.6 1.55� 10�4

nor (2ps�1)(>NO
.
) 40.0+ 3.0 3.3+ 0.3 2.17� 10�4

19.2 ANTIOXIDANTS REACTING WITH PEROXYL RADICALS

The mechanism of antioxidant action on the oxidation of carbon-chain polymers is practic-

ally the same as that of hydrocarbon oxidation (see Chapters 14 and 15 and monographs

[29–40]). The peculiarities lie in the specificity of diffusion and the cage effect in polymers. As

described earlier, the reaction of peroxyl radicals with phenol occurs more slowly in the

polymer matrix than in the liquid phase. This is due to the influence of the polymeric rigid

cage on a bimolecular reaction (see earlier). The values of rate constants of macromolecular

peroxyl radicals with phenols are collected in Table 19.7.

It should be taken into account that the reaction of chain propagation occurs in polymer

more slowly than in the liquid phase also. The ratios of rate constants k2/k7, which are so

important for inhibition (see Chapter 14), are close for polymers and model hydrocarbon

compounds (see Table 19.7). The effectiveness of the inhibiting action of phenols depends not

only on their reactivity, but also on the reactivity of the formed phenoxyls (see Chapter 15).

Reaction 8 (In
.þRO2

.
) leads to chain termination and occurs rapidly in hydrocarbons (see

Chapter 15). Since this reaction is limited by the diffusion of reactants it occurs in polymers

much more slowly (see earlier). Quinolide peroxides produced in this reaction in the case of

sterically hindered phenoxyls are unstable at elevated temperatures. The rate constants of

their decay are described in Chapter 15. The reaction of sterically hindered phenoxyls with

hydroperoxide groups occurs more slowly in the polymer matrix in comparison with hydro-

carbon (see Table 19.8).

The effectiveness of the antioxidant action is characterized by the induction period t under

fixed oxidation conditions and inhibitor concentration. Another parameter is the critical
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TABLE 19.7
Rate Constants of Reactions of PO2

. with Phenols in Solid Polymer

Phenol PH T (K) (k7/k2) � 10-3

k7 � 10-3

(L mol-1 s-1) Ref.

IPP 388 3.5 5.6 [41]

OH IPP 353 36.5 3.5 [1]

SSR 353 1.0 13.5 [42]

O OH

IPP 353 84.4 8.1 [1]

OHO

IPP 353 40.6 3.9 [1]

OH

IPP 353 33.3 3.2 [1]

OH

IPP

IPP

353

353

18.8 1.8 [1]

Cl OH

28.1 2.7 [1]

OHO

O
IPP 353 5.7 0.55 [1]

OH

Ph

O

IPP 353 9.9 0.95 [1]

continued
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TABLE 19.7
Rate Constants of Reactions of PO2

. with Phenols in Solid Polymer—continued

OH

N

IPP 353

IPP 353

IPP

IPP

353

6.4 0.61

OH

Ph

Ph

13.3 1.28

OH

O

O
10.6 1.02

OH 388

IPP 388

2.6 4.2

OHOH 7.0 11.2

OHOH IPP 353 1.0 13.3

OHHO

SSR 353 0.89 12.0

OH

HO

HO
SSR 353 0.67 9.1

[1]

[1]

[1]

[41]

[41]

[42]

[42]

[42]

Phenol PH T (K) (k7/k2) � 10-3

k7 � 10-3

(L mol-1 s-1) Ref.
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concentration of antioxidant [InH]cr. (see Chapter 14). The value of [InH]cr is found experi-

mentally as the point on the t–[InH]cr curve, so that t slightly depends on [InH] at

[InH] < [InH]cr, and this dependence becomes strong at [InH]> [InH]cr. Some values of

[InH]cr and t are given in Table 19.9.

The effectiveness of the antioxidant depends not only on its reactivity, but also on its

molecular weight that affects the rate of the antioxidant loss due to evaporation. The

following example illustrates this dependence. Antioxidants of the structure 2,6-bis

(1, 1-dimethylethyl)phenols with para-substituents of the general structure ROCOCH2CH2

were introduced into decalin and polypropylene films that were oxidized by dioxygen at

TABLE 19.7
Rate Constants of Reactions of PO2

. with Phenols in Solid Polymer—continued

OH

IPP 388 14.0 22 [41]

OH

OH

HO

OH SSR 353 0.89 12.2 [42]

OH

SH

SH

IPP 388 0.77 1.2 [43]

Phenol PH T (K) (k7/k2) � 10-3

k7 � 10-3

(L mol-1 s-1) Ref.

TABLE 19.8
Rate Constants of Para-Substituted 2,6-di-tert-Butylphenoxyl Reaction with Hydroperoxide

Groups of IPP [7,44]

para-Substituent k27 (353 K) (L mol21 s21) log A, A (L mol21 s21) E (kJ mol21) ks/kl (353 K)

H 0.29 9.4 67 0.13

H 1.49 10.4 67 0.67

Me3CO 8.9� 10�3 15.0 115 1.5� 10�2

Me3C 1.7� 10�2 12.8 98 4.3� 10�3

PhC(O) 4.4� 10�2 12.5 94 2.2� 10�3

CN 0.14 16.0 115 4.0� 10�4
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403 K [29]. The experimentally measured values were the following: the induction period t1 of

decalin oxidation, induction period t2 of PP film oxidation in an atmosphere of dioxygen,

induction period t3 of PP film oxidation in the dioxygen flow, and time of evaporation of a

half of phenol t1/2 in a nitrogen atmosphere at T¼ 403 K. The results are given below.

R CH3 C6H13 C12H25 C18H37

MW (g mol�1) 292 362 446 530

t1/2 (s) 1.01� 103 1.30� 104 2.29� 105 2.38� 106

t1� 10�3 (s) 90 83 72 72

t2� 10�4 (s) 34 112 151 72

t3� 10�3 (s) 7.2 7.2 7.2 594

TABLE 19.9
Critical Concentrations of Phenols and Induction Periods of IPP Oxidation

at 473 K and Dioxygen Partial Pressure 104 Pa [45–47]

Inhibitor

[InH]cr � 103

(mol kg-1) t � 10-3(s)

OHOH 1.2 14

S

OHHO

2.0 13

SH

SH
3.0 15

ClCl

OH OH 4.0 2.7

S

ClCl

OH OH 4.0 6.0

OHHO

4.0 7.5
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The following correlation was established for IPP oxidation at T¼ 473 K inhibited by phenols

between the induction period t and the rate constant of the reaction of the same phenols with

cumylperoxyl radicals k7 in cumene at T¼ 333 K [48]:

t(s) ¼ 1:44� 104 � 2:88� 104 k�1
7 (19:14)

The diffusion coefficients and solubility of phenols in polymers play an important role for

polymer stabilization also. The values of these parameters can be found in the Handbook of

Polymer Degradation [34].

19.3 ANTIOXIDANTS REACTING WITH ALKYL RADICALS

Acceptors of alkyl radicals are known to be very weak inhibitors of liquid-phase hydrocarbon

oxidation because they compete with dioxygen, which reacts very rapidly with alkyl radicals.

The situation dramatically changes in polymers where an alkyl radical acceptor effectively

terminates the chains [3,49]. The study of the inhibiting action of p-benzoquinone [50],

nitroxyl radicals [51–53], and nitro compounds [54] in oxidizing PP showed that these alkyl

radical acceptors effectively retard the oxidation of the solid polymer at concentrations

(~10�3 mol L�1) at which they have no retarding effect on liquid hydrocarbon oxidation. It

was proved from experiments on initiated PP oxidation at different pO2 that these inhibitors

terminate chains by the reaction with alkyl macroradicals. The general scheme of such

inhibitors action on chain oxidation includes the following steps:

Initiator �! R
. �! P

.
ki

P
. þO2 �! PO2

.
k1

PO2
. þ PH �! POOHþ P

.
k2

PO2
. þ PO2

. �! Molecular products k6

PO2
. þ InH �! POOHþ In

.
k7

P
. þ InH �! In

. þ PH k07

PO2
.
(P

.
)þ In

. �! Molecular products fast

According to this scheme, function F (see Chapter 14) has the following form:

F ¼ ni

n
1� n2

n2
0

� �

¼ c[InH]þ d
[InH]

pO2

(19:15)

where vi is the rate of initiation, v and v0 are the rates of oxidation with and without inhibitor,

c¼ fk7/k2[PH], and d¼ fk7
0/gk1. If the inhibitor terminates the chains only by the reaction

with dioxygen, the coefficient d¼ 0. If the inhibitor terminates the chains only by the reaction

with alkyl macroradicals, the coefficient c¼ 0. The ratios k7/k2[PH] and k7
0/k1g, estimated

from the experimental data, are collected in Table 19.10.

Nitroxyl radicals, p-benzoquinone, and dinitrotoluene terminate chains only by the reac-

tion with alkyl macroradicals. They form the following series according to their activity:

nitroxyl radical> quinone> nitro compound.

Anthracene and 2,6-dinitrophenol terminate chains in oxidizing PP reacting with alkyl as

well as with peroxyl radicals [50]. It is important to note that the last two inhibitors retard the

liquid phase oxidation of hydrocarbons and aldehydes only by the reaction with peroxyl
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radicals [55]. The values of ratio k7
0/gk1 are close for 2,6-dinitrophenol and 2,4-dinitrotoluene.

So, 2,6-dinitrophenol behaves as a bifunctional inhibitor reacting with the peroxyl radical by

the phenolic group and with the alkyl radical by its nitro group.

HO

HO

O2N

O2N

O2N

O2N

PO2
• POOH + •O

O2N

O2N

+

N

HO

P• +

OP

NO2

O•

TABLE 19.10
Relative Rate Constants of Inhibitors Terminating the Chains by Reactions with Alkyl and

Peroxyl Macroradicals

Inhibitor Polymer T (K) fk7/k2 fk7�/gk1 Ref.

NO

Ph

O

O•

N O•

N O•

PP 387 0 9.5 � 10−2 [50]

O

Ph

O HDPE 366 0 2.7 � 10−2 [52]

O

Ph

O PP 366 4.6 � 10−2 [52]

O O
PP 387 0 7.6 � 10−2 [50]

NO2

NO2

NO2

NO2

NO2

NO2

PE 389 0 7.8 � 10−3 [54]

PP 389 0 4.5 � 10−3 [54]

PP 387 1.3 � 10−1 3.6 � 10−3 [50]

OH

PP 387 9.0 � 10−2 4.8 � 10−3 [50]
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Anthracene apparently adds alkyl as well as peroxyl macroradicals in positions 9 and 10.

PO2
•

+ POO

+ PP• •

•

The phenomena of relatively high activity of alkyl radical acceptors as antioxidants in solid

polymer media seems to be the result of a line peculiarities of free radical reactions in the

polymer matrix. Let us compare the features of these reactions in solution and polymer

media.

As a result, the difference in activity of free radical acceptor and dioxygen is not so great in

polymer as in the liquid.

Another important peculiarity of the retarding action of free radical acceptors in oxidized

PP is their ability for chain termination by the reaction with peroxyl radicals (see Table 19.9

and refer to the literature [53,54,56,57]). As mentioned earlier, acceptors such as nitroxyls,

quinones, and nitro compounds do not react with peroxyl radicals of hydrocarbons (see

Chapter 16). Their ability to terminate chains in PP containing hydroperoxide groups is the

result of the decomposition of the formed hydroperoxide groups, with the formation of

hydrogen peroxide [58]. The latter reacts rapidly with peroxyl radicals. The formed hydro-

peroxyl radicals possess the high reducing activity and react with acceptors of hydrogen

atoms (see later).

Reaction R.
1 O2 in Solution

1. Diffusion of dioxygen occurs with the dif-

fusion coefficient D ~ 10�5 cm2 s�1

2. Reaction is controlled by diffusion and

occurs with a low activation energy equal to

that of dioxygen diffusion in the liquid

3. Solubility of dioxygen in hydrocarbon is

about 10�2 mol L�1 atm�1

4. Liquid phase does not influence the acti-

vation energy of the reaction (see earlier)

Reaction P.
1 O2 in Polymer

Diffusion of dioxygen occurs 102–105 times

more slowly with the diffusion coefficient

D ~ 10�7–10�10 cm2 s�1

Carbon-centered atom of P
.
changes its or-

bital hybridization in this reaction and

changes the C��C bond angles from 1208 to

1098. Since P
.

is macroradical and is sur-

rounded by segments of macromolecules,

this process occurs with an activation energy

Solubility of dioxygen in the amorphous

phase of polymer is about 3� 10�4–2� 10�3

mol L�1 atm�1

Polymer media influences the activation en-

ergy of the bimolecular reaction and causes

the effect of reactivity leveling (see earlier)

Denisov / Oxidation and Antioxidants in Organic Chemistry and Biology DK1162_c019 Final Proof page 651 23.2.2005 9:12am

© 2005 by Taylor & Francis Group.



19.4 CYCLIC CHAIN TERMINATION IN OXIDIZED POLYMERS

19.4.1 REGENERATION OF NITROXYL RADICALS IN POLYMER OXIDATION

Nitroxyl radicals are formed as intermediates in reactions of polymer stabilization by steri-

cally hindered amines as light stabilizers (HALS) [30,34,39,59]. The very important peculiar-

ity of nitroxyl radicals as antioxidants of polymer degradation is their ability to participate in

cyclic mechanisms of chain termination. This mechanism involves alternation of reactions

involving alkyl and peroxyl radicals with regeneration of nitroxyl radical [60–64].

PO2
• AmOP

AmO•Products P•

The phenomena of nitroxyl radicals regeneration has been discovered in the study of the

retarding effect of 2,2,6,6-tetramethyl-4-benzoyloxypiperidine-N-oxyl on PP initiated oxida-

tion [51]. It has been shown that the limiting step of chain termination by the nitroxyl radical

is the reaction with the alkyl macroradical of PP. The resulting compound AmOP is fairly

reactive with respect to the peroxyl radical and nitroxyl radical is regenerated in this reaction.

Thus, the cycle includes the following two reactions (mechanism I) [60–64]:

N O•O

O
Ph

Ph

N OO

O
Ph

Ph

+

N OO

O

N O•O

O

+

PO2
•

•

The regeneration of nitroxyl radical from the product of the reaction of nitroxyl radical with

the alkyl macroradical was proved in the following experiments [51]. The nitroxyl radical

and initiator (dicumyl peroxide) were introduced in a PP powder and this sample was

heated to T¼ 387 K in an argon atmosphere. The concentration of nitroxyl radical was

monitored by the EPR technique. The nitroxyl radical was consumed in PP with the rate of

free radical generation by the initiator (see Figure 19.3). Dioxygen was introduced in the

reactor after the nitroxyl radical was consumed. The generation of peroxyl radicals induced

the formation of nitroxyl radicals from the adduct of the nitroxyl radical with the PP

macroradical.

Two products can be formed in the reaction of the nitroxyl radical with the alkyl

macroradical.

AmO
. þ P

. �! AmOP

AmO
. þ P

. �! AmOHþ	MeC¼¼CH	

Special experiments with preliminary withdrawal of all low-molecular products formed by the

reaction of nitroxyl with alkyl macroradicals from the polymer sample were performed. These
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experiments proved that nitroxyl radicals were formed precisely by the reaction of peroxyl

radicals with AmOP. This conclusion was confirmed later in the study of radiation-induced

chemical oxidation of octane where alkoxyamine AmOR was identified as the reaction

product [65].

The reaction of the peroxyl radical with the product AmOP should occur rapidly to

perform cyclic chain termination. Let us estimate the enthalpy of this reaction. In the reaction

RO2
.þRON< two bonds, namely, C��H and C��ON, are broken, and two bonds are

formed, namely, ROO��H and C¼¼C. The values of these bonds are given below [66].

Me3COO−H RC•HCH−HR

NO

Bond 

D (kJ mol−1) 358.6 139.0 134.0

DH

−85.6 

This calculation shows that the discussed reaction is very exothermic. The activation energy

of this reaction calculated by the IPM method (see Chapter 6) is equal to 8.7 kJ mol�1 and

rate constant is k¼ 7.3� 106 L mol�1 s�1 at T¼ 400 K. This rate constant is close to that of

the acceptance of the alkyl macroradical by the nitroxyl radical. Hence, this reaction is rapid

enough to be the efficient step in cyclic chain termination in polymer.

Another mechanism of nitroxyl radical regeneration was proposed and discussed in the

literature [67–71]. The alkoxyamine AmOR is thermally unstable. At elevated temperatures

it dissociates with cleavage of the R��O bond, which leads to the appearance of an

[AmO
.þR

.
] radical pair in the cage of polymer. The disproportionation of this radical pair

gives hydroxylamine and alkene. The peroxyl radical reacts rapidly with hydroxylamine thus

50

0.5

1.0 1

2

1.5

100

t (min)

200150

O2

[  
 N

O
. ] 

(�
 1

03  m
ol

/k
g)

FIGURE 19.3 Kinetics of 2,2,6,6-tetramethyl-4-benzoyloxypiperidine-N-oxyl consumption in IPP

containing AIBN (vi ¼ 8.0� 10�7 mol kg�1 s�1) at 387K in Ar (1) and dioxygen (2) atmosphere [51].
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regenerating the nitroxyl radical. Such a cyclic mechanism includes the following steps

(mechanism II):

AmO
. þ P

. �! AmOP

AmOP �! [AmO
. þ P

.
]

[AmO
. þ P

.
] �! AmOHþ	MeC¼¼CH	

PO2
. þAmOH �! POOHþAmO

.

The fact that hydroxylamine has been found among the products of transformations of

nitroxyl radical during the oxidation of hydrocarbons is the evidence in support of this

mechanism. Both mechanisms described earlier are realized in parallel and supplement each

other. The result of the competition between them depends primarily on the temperature,

because the thermal decomposition of alkoxyamine AmOR requires a fairly high activation

energy (see Table 19.11).

The problem of competition between these two mechanisms I and II of cyclic chain

termination has been considered in Ref. [60]. In the case of the PP oxidation at the initiation

rate vi¼ 10�7 mol kg�1 s�1 and for [O2]¼ [AmO
.
]¼ 10�3 mol kg�1, the ratio of the rates of

chain termination via reactions (PO2
.þAmOP (I)) and (PO2

.þAmOH (II)) varies as a

function of the temperature in the following way [60]:

T (K) 350 365 380 388 400 420

vI/vII 50.0 9.55 2.14 1.00 0.33 0.029

It is obvious that when the temperature is not very high and alkoxyamine AmOR is stable,

mechanism I predominates, that is, the regeneration of AmO
.
from AmOR is ensured by the

reaction of AmOH with the peroxyl radical. At higher temperatures, when AmOR becomes

unstable, mechanism II predominates. It should be taken into account that only some of the

radical pairs formed upon decomposition of AmOR disproportionate giving AmOH and

alkene. The remaining radical pairs pass into the bulk, and the radical R
.
reacts with dioxygen

to give peroxyl radicals and thus initiate a new oxidation chain. Hence, the regeneration of

AmO
.
from AmOH is inevitably accompanied by the initiation of the process, which certainly

decreases the efficiency of inhibition.

19.4.2 CYCLIC CHAIN TERMINATION IN OXIDIZED POLYPROPYLENE

The PP oxidation proceeds with preferential intramolecular chain propagation and formation

of the adjacent hydroperoxyl groups (see Chapter 13). These groups decompose to give

hydrogen peroxide [58].

MeMe MeMe

O O O O
+ H2O2

OHOH

The latter rapidly reacts with peroxyl radicals to produce hydroperoxyl radicals possessing

the high reducing activity (see Chapter 16).

PO2
. þH2O2 �! POOH þHO2

.
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TABLE 19.11
Rate Constants of Thermal Decay of N-alkoxyamines

N-Alkoxyamine Solvent T (K) E (kJ mol-1) log A, A (s-1) kd (350 K) (s-1) Ref.

N O

Gas phase 189.5 15.30 1.05 � 10−13

N O

Cyclohexadiene or
   9,10-dihydroanthracene

503−533

503−533

192.5 15.30 3.72 � 10−14

N O
O

Cyclohexadiene or
   9,10-dihydroanthracene

503−533 179.5 14.10 2.05 � 10−13

5.03 � 10−7

1.97 � 10−5

4.13 � 10−5

1.45 � 10−6

1.76 � 10−6

1.09 � 10−3

9.69 � 10−4

6.95 � 10−4

2.81 � 10−6

1.19 � 10−3

N O

Ph

PhO

Chlorobenzene 102.6 14.80 0.31

N O

Isooctane 134.0 13.70

N OO
N

Cyclohexane 92.1 9.04

N OO

N

Isooctane 87.0 8.60

N O

Ph

O

Toluene 133.2 14.04

N O

Ph

O

Toluene 138.8 14.96

N O

Ph tert-Butylbenzene 343−363 114.4 14.11

N O

Ph Cyclohexane 114.0 14.00

N O

Ph Isooctane 121.0 14.90

N O
Ph

Cyclohexane 129.0 13.70

N O
Ph

tert-Butylbenzene 99.0 11.85

[72]

[72]

[72]

[73]

[74]

[73]

[74]

[75]

[75,76]

[77]

[78]

[74]

[78]

[79]

≡

≡

continued
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Therefore, such alkyl radical acceptors as quinones, nitroxyl radicals, and nitro compounds

retard the oxidation of PP according to the following cyclic mechanism of chain termination:

HO2
•

HO2
•

OO

•O OH O2

HOOH

In addition to this reaction, quinones and other alkyl radical acceptors retard polymer

oxidation by the reaction with alkyl radicals (see earlier). As a result, effectiveness of these

inhibitors increases with the formation of hydroperoxide groups in PP. In addition, the

inhibiting capacity of these antioxidants grows with hydroperoxide accumulation. The results

illustrating the efficiency of the antioxidants with cyclic chain termination mechanisms in PP

containing hydroperoxide groups is presented in Table 19.12. The polyatomic phenols pro-

ducing quinones also possess the ability to terminate several chains.

TABLE 19.11
Rate Constants of Thermal Decay of N-Alkoxyamines—continued

N-Alkoxyamine Solvent T (K) E (kJ mol-1) log A, A (s-1) kd (350 K) (s-1) Ref.

1.43 � 10−7

N O
Ph

Cyclohexane 137.0 13.60 [78]

N O
Ph

Styrene 396 7.7 � 10−5 [80]

N O

tert-Butylbenzene 97.0 10.76 1.92 � 10−4 [79]

N O

tert-Butylbenzene 99.0 10.40 4.22 � 10−5 [79]

N O N

Hexane 333 3.0 � 10−4 [81]

N OO

Ph

Ethyl acetate 353 2.9 � 10−5 [81]

O

NO

Ethyl acetate 363 1.65 � 10−4 [81]
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TABLE 19.12
Kinetic Parameters of Inhibitors of Cyclic Chain Termination in PP Containing

Hydroperoxide Groups and Reacting with HO2
. Radicals

Inhibitor T (K) fk7/k2 fk7/k1 f Ref.

N O
•

O

Ph

O 387 14 [50]

NO O
•

O

C17H35

388 800 0.78 >40 [56]

C17H35

NHO

O 388 800 2.3 [56]

OO

366 6.3 � 10−1 1.8 � 10−2 20 [53]

OH OH
366 8.4 � 10−1 9.3 � 10−2 >60 [82]

HO OH

366 60 [82]

NHO

O

HO

388 460 2.5 30 [57]

HO O

366 35 [53]

OO

366 0.84 9.3 � 10−2 [53]

continued
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Phenols usually terminate two chains in the oxidation of hydrocarbons and solid polymers

(see Chapter 15). The study of the f value dependence on partial dioxygen pressure showed,

however, that the stoichiometric coefficient of inhibition has a tendency to increase with

decreasing the dioxygen pressure and, in an inert atmosphere, it is markedly higher than in

dioxygen [83]. The results of f value estimation ( f¼ vi/vInH, phenol concentration was meas-

ured spectroscopically) are given in Table 19.13.

The following explanation accounts for the facts. Alkyl radicals react with phenoxyl

radicals by two parallel reactions, namely, recombination and disproportionation.

TABLE 19.12
Kinetic Parameters of Inhibitors of Cyclic Chain Termination in PP Containing

Hydroperoxide Groups and Reacting with HO2
. Radicals—continued

Inhibitor T (K) fk7/k2 fk7/k1 f Ref.

O
•

O

366 21 [82]

O
O

366 0.63 1.8 � 10−2 [53]

TABLE 19.13
The Dependence of f Values for Phenols on Dioxygen Pressure in PP at

T 5 388 K [83]

Phenols

f  values at

pO2 = 1 (atm) pO2 = 0.2 (atm) Argon

OH

1.0 1.8 2.0

OH 1.0 2.0 3.3

OHOH 3.0 5.0 10.0
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PhO
. þ P

. �! PhOP

PhO•

Me
PhOH

MeH
+ +•

Consequently, in an inert atmosphere f = 2(1þ kdis/krec)> 2. When phenoxyl radicals react

only with peroxyl radicals, f¼ 2 and there is no regeneration. At low dioxygen pressures,

phenoxyl radicals react with both peroxyl and alkyl radicals; f ranges between 2 and

2(1þ kdis/krec) and increases with decreasing pO2. In addition to this, the product of phenol

oxidation, quinone, becomes the efficient alkyl radical acceptor at low dioxygen pressure (see

earlier).

Among the products formed from antioxidants may be inhibitors terminating chains with

high f values. Such an example was found for PP oxidation with phenol sulfide (2-hydroxy-5-

methylbenzylphenyl sulfide) [84]. When the inhibitor concentration is not high (for example,

10�3 mol kg�1), oxidation involves three steps (Figure 19.4): first, with the induction period

nearly equal to 2[InH]0/vi typical of phenol inhibition; second, when oxidation occurs with the

rate of a noninhibited reaction; and third, when the second period of the inhibited reaction

appears. This period is obviously connected with the formation of a product (or products)

with high inhibition activity. It will be noted that the second inhibition period is extremely

long. If all phenol sulfide is assumed to be converted into this inhibitor, its f value is higher

than 20. It seems very probable that the second period of inhibition is the result of hydro-

peroxide groups formation and participation of HO2
.
radicals in cyclic chain termination by

sulfoxide or disulfone by a mechanism similar to that of quinone.

19.5 INHIBITION OF SYNTHETIC RUBBER DEGRADATION

Oxidative degradation of 1,3-polyisobutylene (PIB) occurs as a result of the rapid degradation

of alkoxyl macroradicals with peroxide bridges (see Chapter 13). The rate of PIB oxidative

degradation is nS ~ [PO2
.
]2. If this mechanism is the same in the presence of the peroxyl radical

acceptor InH, the retarding action of such antioxidants as phenols and amines would be

extremely efficient. For example, a decrease in the oxidation rate by 10 times would be lower

than the rate of degradation by 100 times. However, the experiments with measurement of the

rate of oxidation v as well as that of degradation vS gave quite another result. The results of

200 900 11000

0.15

0.30

1 2

3
4

5

t (min)

∆ 
[O

2]
 (

m
ol

/k
g)

FIGURE 19.4 Kinetics of initiated IPP oxidation (vi ¼ 8.5� 10�7 (mol kg�1 s�1) T ¼ 388 K, pO2 ¼
98 kPa) (1) without (2) and with various concentrations of 2-hydroxy-5-methylbenzylphenyl sulfide:

2.0� 10�3 (mol kg�1) (2), 3.0� 10�3 (mol kg�1) (3), 5.0� 10�3 (mol kg�1) (4), and 1.0� 10�2 (mol kg�1)

(5) [84].
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the experiments on PIB oxidation retarded by ionol are given below (PIB, vi¼ 1.9� 10�6 mol

L�1 s�1, [ionol]¼ 4.5� 10�3 mol L�1, v and vS are given in mol L�1 s�1 [85] ).

Conditions of PIB Oxidation Rate of Oxidation Rate of Degradation

Without [InH] v0¼ 8.8� 10�4 vS¼ 2.8� 10�5

With [ionol]¼ 4.5� 10�3 (mol L�1) v¼ 9.4� 10�6 vS¼ 4.0� 10�6

The introduction of ionol in oxidized PIB decreases the peroxyl radical concentration by

94 times and rate of degradation via the reaction PO2
.þPO2

.
by 942¼ 8836 times, but the

observed rate of macromolecules degradation decreases by seven times only. This means the

appearance of another mechanism of degradation in the presence of the antioxidant. The

kinetic study of PIB degradation in the process of initiated oxidation confirmed this hypoth-

esis. The PIB degradation via the reaction PO2
.þPO2

.
leads to the proportionality: vS ~

[InH]�2 vi
2. Experiments on PIB oxidation with different antioxidants (phenols, amines, and

aminophenols) and variation of concentrations of an initiator, as well as inhibitor, proved the

following equation:

vS ¼ const:� v2
i

[InH]:
(19:16)

The results of the experiments are presented in Table 19.14.

The studied inhibitors differ in their ability to retard degradation as well as oxidation of

PIB. There is no similarity in their activity to retard oxidation and destruction. The following

mechanism of polymer degradation was proposed for PIB [85]:

OO OO OO
OO•

+ O•
O

O

H2C
•

O

O

•O
O+

+ +

The oxidation of PIB occurs mainly via intramolecular addition of dioxygen to double bonds of

polymer. The reaction of peroxyl radical addition to the phenoxyl radical leads to the forma-

tion of quinolide peroxide (see Chapter 15). This peroxide is unstable, and its decomposition

provokes the degradation of PIB. Another reaction predominates in case of aromatic diamine.

N N•
Ph

PhH
N N

Ph

Ph
POOHPO2

• + +
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TABLE 19.14
The Kinetic Parmeters of Retarding Action of Phenols and Amines on

Oxidation and Degrdation of PIB at T 5 353 (K) and pO2 5 105 Pa [85]

k7(kp[PH])-1 (kg mol-1) n i
2/n s[InH]0 (s-1)Antioxidant

OH

67.4 1.82 � 10−4

OHOH 56.4

56.4

4.00 � 10−4

OHHO

OH

HO

HO
50.2 6.67 � 10−4

OH

O

O

O

O
O

O

O

OH

OH

OH

O

56.4 2.44 � 10−4

N

H 81.5 4.76 � 10−4

N

H

N

H

522 3.70 � 10−3

continued
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Hence, the degradation of PIB occurs sufficiently slowly (see Table 19.14). Aminophenols

retard oxidation more weakly than phenols but are efficient in retardation of degradation.
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20 Heterogeneous Inhibition
of Oxidation

20.1 RETARDING ACTION OF SOLIDS

Metals and metal oxides, as a rule, accelerate the liquid-phase oxidation of hydrocarbons.

This acceleration is produced by the initiation of free radicals via catalytic decomposition of

hydroperoxides or catalysis of the reaction of RH with dioxygen (see Chapter 10). In addition

to the catalytic action, a solid powder of different compounds gives evidence of the inhibiting

action [1–3]. Here are a few examples. The following metals in the form of a powder retard the

autoxidation of a hydrocarbon mixture (fuel T-6, at T¼ 398 K): Mg, Mo, Ni, Nb V, W, and

Zn [4,5]. The retarding action of the following compounds was described in the literature.

RH Cyclohexane Hydrocarbon Mixture Cumene11-nonene Benzaldehyde

Compounds CuSe, MoSe2, TaSe2, WSe2 MoS2 K3Fe(CN)6 NoS2, TiB2

Ref. [6] [7] [8] [2]

Critical phenomena, observed in heterogeneous catalysis (see Chapter 10), proved that the

surface of a catalyst possesses two kinds of action on the liquid-phase oxidation: chain

initiation and chain termination (see Chapter 10).

The kinetics of a hydrocarbon mixture (fuel T-6) oxidation inhibited by a powder of Mo

and MoS2 was studied by Kovalev et al. [7,9,10]. The results of the study of initiated oxidation

of T-6 in the presence of Mo and MoS2 are presented in Table 20.1.

One observes that the larger the surface of Mo or MoS2 the shorter the chain length n. The

dependence of the function F¼ v0/v� v/v0, where v0¼ v at [inhibitor]¼ 0, on the amount of

inhibitor is unusual. The dependence F ~ [inhibitor] is usual for homogeneous chain termin-

ation (see Chapter 14). Quite another dependence was observed for the heterogeneous chain

termination by powders of Mo and MoS2 [1,7,9,10], namely

F ¼ const� [solid inhibitor]1=3[initiator]�1=2: (20:1)

Such a dependence was interpreted within the scope of the model of chain oxidation

with diffusionally controlled chain termination on the surface of solid antioxidant (for

example, Mo or MoS2). According to the Smolukhovsky equation, the diffusion velocity of

radical RO2
.
at the distance l/2 is v¼ 0.2DkS1/3, where S is the surface of the solid inhibitor

and k is the coefficient of proportionality between the surface and number n of the solid

particles (S¼ k� n). The function F for such diffusionally controlled chain termination is the

following:
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F ¼ 0:2Dk
ffiffiffiffiffiffiffiffiffiffiffi

2ktki

p � S1=3

[I ]1=2
(20:2)

This equation agrees with the experimental data (see Table 20.1). The chain termination on

the surface of MoS2 occurs catalytically with a very high inhibition coefficient f� 3� 105.

In addition to chain termination, Mo and MoS2 catalytically decompose the formed

hydroperoxide according to the following empirical equations [9,10]:

Catalyst Equation Rate Constant

Mo n¼ kd[ROOH] SMo
0.25 kd¼ 4.5� 104 exp(�58.5/RT) (L cm�2)0.25 s�1

MoS2 n¼ kd[ROOH] SMo
0.10 kd¼ 3.2 exp(�29.0/RT) (L cm�2)0.1 s�1

The decomposition of hydroperoxide on the surface of Mo and MoS2 started after some

induction period (see Table 20.2). This induction period is the time for the activation of the

surface toward hydroperoxide decomposition. It was evidenced in special experiments that

the catalyst is not dissolved in hydrocarbon and catalytic hydroperoxide decomposition

occurs only heterogeneously.

The catalyst can decompose hydroperoxide homolytically, as well as heterolytically (see

Chapters 10 and 17). Special experiments on the oxidation of fuel T-6 were performed in the

presence of MoS2 with combined initiation by the initiator (DCP) and hydroperoxide formed

in T-6 in the presence and absence of MoS2 [10]. It was found that the rate of the free radical

generation and the rate of the hydroperoxide decay proceeds by the equations

TABLE 20.1
Retarding Action of Mo and MoS2 Powder on Initiated Oxidation of Fuel T-6

(Mixture of Hydrocarbons) at T 5 398 K, pO2 5 105 (Pa), vi 5 7.80 3 1027

mol L21 s21, with Dicumylperoxide as Initiator [5,7,9,10]

S (cm2 L21) v 3 105 (mol L21 s21) n F F [I]1/2 S21/3

Mo

0 2.22 28 0 0

30 1.66 21 0.59 1.47

70 1.67 21 0.58 1.09

900 1.33 17 1.07 0.86

150 1.16 15 1.39 0.94

750 0.76 10 2.58 1.02

12,000 0.71 9 2.80 0.95

MoS2

0 2.22 28 0 0

2.54 1.11 14 1.20 6.75

5.52 0.98 13 1.31 5.80

8.15 0.81 10 1.72 6.50

8.15 1.57a 10 1.23 6.75

8.15 0.50 6 3.30 6.00

aInitiation rate is 1.56� 10�6 mol L�1 s�1.
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vi ¼ kI[ROOR] þ ki[ROOH]þ kiS[ROOH] [S]n (20:3)

vdROOH ¼ kd[ROOH]þ kdS[ROOH] [S]n (20:4)

The rate constants were found to be kdS[S]n¼ 5.1� 10�4 s�1, kiS[S]n¼ 1.0� 10�4 s�1, and

kd¼ 2.0� 10�5 s�1 at T¼ 398K, pO2¼ 98 kPa, [ROOH]0¼ 1.8� 10�3 mol L�1, and SMoS2
¼

6.5� 104 cm2 L�1.

The retarding action of metal selenides on cyclohexene oxidation initiated by AIBN was

proved in Ref. [11]. The addition of metal selenides decreases the oxidation rate (T¼ 343 K,

pO2¼ 98 kPa, [AIBN]¼ 2.5� 10�2 mol L�1).

Selenide Without WSe2 TaSe2 MoSe2

v� 105 (mol L�1 s�1) 1.7 0.50 0.40 0.20

v/v0 1.0 0.29 0.23 0.12

An increase in the amounts of MoSe2 and WSe2 in oxidized cyclohexene decreases the

oxidation rate to the limiting value that is nearly 10 times more than the initiation rate. The

TABLE 20.2
Rate Constants kd and Induction Periods t of Hydroperoxide

Decomposition Catalyzed by Mo and MoS2 Powder in Hydrocarbon

Mixture (Fuel T-6) [10]

[ROOH] 3 103 (mol L21) S (cm2 L21) T (K) kd 3 104 (s21) t3 1023 (s)

Mo

3.25 30 398 7.2

3.25 120 398 4.6 2.34

3.25 200 398 5.1 1.20

3.25 1,200 398 9.1 0.90

3.70 1,200 398 9.2 0.90

2.50 1,200 398 9.2 0.90

1.82 1,200 398 9.2 0.90

3.25 1,200 388 5.3 1.26

3.25 1,200 408 12.3 0.60

3.25 1,200 418 21.8 0.18

MoS2

3.12 1,700 398 12.6

3.12 1,900 398 3.20 4.4

3.12 6,500 398 3.45 3.6

3.12 13,000 398 4.00 2.7

3.12 65,000 398 5.10 1.4

3.12 6,50,000 398 10.50 0.0

3.40 65,000 398 5.10 1.4

2.90 65,000 398 5.10 1.4

2.10 65,000 398 5.10 1.4

1.10 65,000 398 5.10 1.2

3.25 65,000 408 6.50 0.6

3.25 65,000 388 4.05 1.5
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authors proposed that the surface of these compounds possesses the ability to terminate

chains by the reaction with peroxyl radicals as well as the initiating activity.

20.2 INHIBITOR ACTION IN CATALYZED HYDROCARBON OXIDATION

There is specificity of the antioxidant action in the presence of heterogeneous catalyst. The

kinetics of ionol retarding action on the oxidation of fuel T-6 catalyzed by the copper powder

and homogeneous catalyst copper oleate was studied in Ref. [12]. Copper oleate appeared to

be very active homogeneous catalyst: it was found to catalyze the autoxidation of T-6 in such

small concentration as 10�6 mol L�1 (T¼ 398 K). The kinetics of autoxidation catalyzed by

copper salt obeys the parabolic law (see Chapter 4):

ffiffiffiffiffiffiffiffiffiffiffiffi

D[O2]
p

¼ b� t (20:5)

The generation of free radicals occurs by the thermal and copper oleate-catalyzed decompo-

sition of formed hydroperoxides with the rate [12]

vi ¼ ki[ROOH]þ kicat[ROOH] [Cu(OC(O)R0)2], ki ¼ 3:5� 10�5s�1 and

kicat ¼ 7:7L mol�1s�1
(20:6)

Similar kinetics of fuel T-6 oxidation was found for the copper powder as a catalyst. The

copper powder accelerates fuel T-6 oxidation via the decomposition of formed hydroper-

oxides on the surface. The rate of this decomposition increases linearly with the amount of

introduced powder (T¼ 398 K, pO2¼ 98 kPa [13]).

vi ¼ ki[ROOH]þ kiS[ROOH]SCu, ki ¼ 3:5� 10�5 s�1 and

kiS ¼ 3:4L cm�2 s�1
(20:7)

In addition to hydroperoxide decomposition, the copper surface was found to initiate the

chains through activation of dioxygen. The rate of chain initiation in the presence of the

copper powder was found to be

vi0 ¼ vi0 þ ki0S[O2]SCu, vi0 ¼ 3:9� 10�9 mol L�1 s�1 and

ki0S ¼ 1:22� 10�8L cm�2 s
�1

(20:8)

Experiments with different ionol concentrations in oxidized T-6 with the copper powder

showed another important peculiarity of the metal surface. The reaction of direct ionol

oxidation by hydroperoxide on the catalyst surface was found to occur with the rate

vInH ¼ kInH[ROOH] [InH]SCu, kInH ¼ 3:5� 10�6L2 mol�1 cm�2 s
�1

(398 K) (20:9)

As a result, the decay of antioxidant proceeds via two ways, namely, by the reaction with free

radicals and by the oxidation by hydroperoxide on the surface of Cu with the summary rate

vS ¼ f �1(ki[ROOH]þ kiS[ROOH]SCu)þ kInH[ROOH] [InH]SCu: (20:10)

The following kinetic scheme was suggested to explain these results on the catalytic action of

the copper surface in the presence of antioxidant InH [12].
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O2 þ S S � � � O2

S � � � O2 þRH �! S � � � O2HþR
.

R
. þO2 �! RO2

.

ROOHþ S S � � � ROOH

S � � � ROOH �! RO
. þ SOH

RO
. þRH �! ROHþR

.

RO2
. þ InH �! ROOHþ In

.

In
. þRO2

. �! ROOIn

InHþ S � � � ROOH �! Products

We observed a more complicated behavior in the study of retarding action of amines

(N-benzyl-N’-phenyl-1,4-benzenediamine and 4-hydroxyphenyl-2-naphtalenamine) on fuel

T-6 oxidation catalyzed by the copper powder [13]. Both antioxidants appeared to retard

the autoxidation of T-6 very effectively. They stop chain oxidation during the induction

period in concentrations equal to 5� 10�5 mol L�1 and higher. The induction period was

found to be the longer, the higher the concentration of the antioxidant and lower the amount

of the copper powder introduced in T-6.

t ¼ f (n�1
i0 þ g=SCu) [InH]0 (20:11)

The kinetic study of antioxidant decay by the reaction with hydroperoxides produced by T-6

oxidation proved the catalytic influence of the copper surface. The rate of this reaction in the

absence of dioxygen obeys the equation

n(InHþROOH) ¼ (kiInH þ kCuROOH SCu) [ROOH] [InH] (20:12)

In addition to peroxyl radicals and hydroperoxide, amines are oxidized by dioxygen and this

reaction was found to be catalyzed by the copper surface also. This reaction was studied in

chlorobenzene and occurs with the rate:

n(InHþO2) ¼ (ki0 þ kCuO2
SCu) [O2] [InH]: (20:13)

Hence, the copper surface catalyzes the following reactions: (a) decomposition of hydroper-

oxide to free radicals, (b) generation of free radicals by dioxygen, (c) reaction of hydro-

peroxide with amine, and (d) heterogeneous reaction of dioxygen with amine with free radical

formation. All these reactions occur homolytically [13]. The products of amines oxidation

additionally retard the oxidation of hydrocarbons after induction period. The kinetic char-

acteristics of these reactions (T-6, T¼ 398K, [13]) are presented below.

Antioxidant

ki0

(L mol-1 s-1)

kCuO2

(L2 mol-1cm-2 s-1)

kiInH

(L mol-1 s-1)

N

H

N

H

1.7 � 10−5 5.9 � 10−8 0.16

1.4 � 10−5 7.2 � 10−8 0.13

kCuROOH

(L2mol-1cm-2 s-1) 

1.35 � 10−2

5.07 � 10−3OH

N

H
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Let us compare the rates (mol L�1 s�1) of these four reactions under fixed conditions of

catalyzed oxidation for the studied amines (T-6, T¼ 398 K, pO2¼ 98 kPa, [ROOH]¼ 1� 10�3

mol L�1, [InH]¼ 1� 10�3 mol L�1, SCu¼ 3000 cm2 L�1).

Reaction InH + O2 InH + O2 (Cu) InH + ROOH InH + ROOH (Cu)

N

H

N

H

1.7 � 10−10 1.8 � 10−9 1.6 � 10−7 4.0 � 10−5

1.4 � 10−10 2.2 � 10−9 1.3 � 10−7
1.5 � 10−5

OH

N

H

20.3 DIOXYGEN ACCEPTORS AS STABILIZERS OF POLYMERS

The oxidative destruction of polymer occurs only in the presence of dioxygen. Principally, one

can prevent destruction by introducing an acceptor of dioxygen into the polymer . When the

temperature is not high the oxidation of polymer occurs much more slowly than the diffusion

of dioxygen into the polymer bulk. Therefore, antioxidants reacting with free radicals are

more efficient. At elevated temperatures (T> 500 K) oxidation occurs so rapidly that diffu-

sion of dioxygen into the polymer bulk becomes the limiting step of the process. Acceptors of

dioxygen can effectively retard the oxidation of polymer under such conditions. However, the

introduction of an acceptor of dioxygen beforehand is unreasonable because it will be

consumed by dioxygen during the time of storage. This acceptor is needed in the very moment

of polymer heating.

The original method of polymers stabilization was invented by Gladyshev and coworkers

[14–18]. They proposed to introduce in polymer a metal compound inert toward dioxygen.

This compound is decomposed at elevated temperatures with production of a thin metal

powder. Formates, oxalates, and carbonyls of metals were suggested as predecessors of an

active metal powder. For example, ferrous oxalate decomposes at 600–630 K with the

formation of pyrofore iron and ferrous oxide

FeC2O4 �! Feþ 2CO2

FeC2O4 �! FeOþ CO þ CO2

Oxalates of transition metals (Fe, Co, Mn, and Cu) decompose with the formation of a thin

powder of metal and gaseous products, such as CO2, CO, CH4, and H2, at 500–650 K. This is

the temperature when degradation of thermostable polymers begins. The formed metal is

oxidized and accepting dioxygen prevents the polymer from oxidative degradation. In add-

ition, metals accept alkyl and peroxyl radicals terminating chains. Hence, the retarding action

of such antioxidants is complex. The temperatures of metal formates and oxalates degrad-

ation are given in Table 20.3.

Oxidation of polymer in the presence of dioxygen acceptors is limited by the diffusion of

dioxygen into the polymer bulk. The lifetime of polymer does not depend on the acceptor

concentration at [acceptor] � [acceptor]min. The lifetime of a polymer sample t depends on

pO2, l, D, and the thickness of the sample l according to the parabolic equation [14–18]
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t ¼ tdegr þ
fl2[acceptor]0

8lDpO2

, (20:14)

where tdegr is the time of polymer degradation in the absence of acceptor and D is the diffusion

coefficient of dioxygen in the polymer.
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TABLE 20.3
Temperature Limits for Decay of Metal Formates and Oxalates [16]

Formates T (K) Oxalates T (K)

Cd(HCOO)2 500–580 CoC2O4 580–600

Cu(HCOO)2 440–500 NiC2O4 590–620

Co(HCOO)2 520–570 MnC2O4 610–640

Fe(HCOO)2 550–690 PbC2O4 580–640

Mn(HCOO)2 530–680 FeC2O4 590–680

Ni(HCOO)2 530–560 AgC2O4 370–430

Pb(HCOO)2 530–610 ZnC2O4 580–620

Zn(HCOO)2 480–630 CuC2O4 540–600
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Part III

Biological Oxidation
and Antioxidants
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21 Initiators of Free
Radical-Mediated Processes

Numerous initiators of free radical-mediated processes, lipid peroxidation, oxidative destruc-

tion of proteins and DNA, cell damage, and others are now well known. Among them are free

radicals, transition metals, pollutants, drugs, food components, radiation, and even magnetic

field. Despite a great number of initiators, all of them are the producers of free radicals, such

as superoxide, hydroxyl radical, perhydroxyl radical, and nitric oxide. We will discuss many

of these species and their major reactions excluding the effects of UV, visible, and high-energy

radiation, which are mainly relevant to the field of radiation biology.

21.1 SUPEROXIDE

It has already been stressed that the discovery of superoxide as the enzymatically produced

diffusion-free dioxygen radical anion [1–3] was a pivotal event in the study of free radical

processes in biology. It is not of course that the McCord and Fridovich works were the first

ones in free radical biology, but the previous works were more of hypothetical character, and

only after the identification of superoxide by physicochemical, spectral, and biochemical

analytical methods the enzymatic superoxide production became a proven fact.

Chemical and biochemical properties of superoxide have already been considered earlier

[4,5]. It is now understood that in spite of its pompous name superoxide is a relatively innocuous

free radical and that its main role is to be a precursor of other much more reactive species (see

below). At the same time, many new findings have been obtained concerning biological activity

of superoxide. Due to its mainly harmless nature, superoxide nonetheless is able to interact with

some biological molecules and affect various biological systems. For example, superoxide

produced by stimulated neutrophils is able to damage erythrocytes [6]. Shibanuma et al. [7]

has shown that superoxide increases intracellular pH of human leukemia cells. Everett et al. [8]

has studied the interaction of superoxide with Nw-hydroxy-L-arginine (NHA), a stable inter-

mediate formed in the oxidation of L-arginine to L-citrulline and NO. It has earlier been

suggested that superoxide might mediate the oxidative denitrification of NHA catalyzed by

NO synthase and cytochromeP-450. However, the rate constant for reaction of O2
.�with NHA

was estimated as 200–500 l mol�1 s�1 that is a too small value to be of importance for this

enzymatic process. Similarly, it was found [9] that the reaction of superoxide with another

important substrate S-nitrosoglutathione has a rate constant of 300+100 l mol�1 s�1 that is

much slower that it has been proposed earlier and therefore, is unlikely to be of biological

importance. It has long been known that superoxide is able to release iron from ferritin

[10,11]. To exclude possible superoxide-independent contribution of xanthine oxidase-

stimulated iron release from ferritin, Paul [12] applied a new chemical source of superoxide,

di-(4-carboxybenzyl) hyponitrite (SOTS-1). It was found that prolonged superoxide flux on

ferritin stimulated the release of as many as 130 iron atoms from the ferritin molecule.
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The most interesting current findings concerning the biological role of superoxide are

connected with its signaling function [13]. Below are several examples from numerous up-

to-date works. Superoxide enhanced the migration of monocytes across blood–brain barrier

upon its exposition to cerebral endothelial cells [14]. Kulisz et al. [15] suggested that superoxide

participated together with hydrogen peroxide in the activation of phosphorylation of p38 MAP

kinase during hypoxia in cardiomyocytes. Zhang et al. [16] has found that superoxide activated

myocardial mitochondrial ATP-sensitive potassium channels. Similarly, superoxide and

hydrogen peroxide enhanced channel activity in rat and cat cerebral arteriols [17]. Unfortu-

nately, the mechanisms of superoxide signaling are mainly unknown, and therefore, the

detailed consideration of signaling functions of superoxide is outside the scope of this book.

21.2 HYDROXYL RADICAL

It has been thought for a long time that the major route from superoxide to reactive free

radicals is the superoxide-dependent Fenton reaction (Reactions 1 and 2):

O2
.� þ Fe3þ ¼) O2 þ Fe2þ (1)

Fe2þ þH2O2 ¼) Fe3þ þHO
. þHO

�
(2)

This mode of superoxide-dependent free radical-mediated damaging activity remains an

important one although the nature of the generated reactive species (free hydroxyl radicals

or perferryl, or ferryl ions) is still obscure. However, after the discovery of the fact that many

cells produce nitric oxide in relatively large amounts (see below), it became clear that there is

another and possibly a more portent mechanism of superoxide-induced free radical damage,

namely, the formation of highly reactive peroxynitrite.

For a long time one question remained unanswered: the efficiency of the Fenton reaction

as the in vivo producer of hydroxyl radicals due to the low rate of Reaction (2) (the rate

constant is equal to 42.1 l mol�1 s�1 [18]). It is known that under in vitro conditions the rate of

Fenton reaction can be sharply enhanced by chelators such as EDTA, but for a long time no

effective in vivo chelators have been found. From this point of view new findings obtained by

Chen and Schopfer [19] who found that peroxidases catalyze hydroxyl radical formation in

plants deserve consideration. These authors showed that horseradish peroxidase (HRP)

compound III is a catalyst of the Fenton reaction and that this compound is one to two

orders of magnitude more active than Fe–EDTA.

Another possible pathway of accelerating the in vivo Fenton reaction has been proposed

previously [20]. It was suggested that the level of catalytically active ferrous ions may be

enhanced as a result of the interaction of superoxide with the [4Fe�4S] clusters of dehydra-

tases such as aconitases. In accord with this mechanism, superoxide reacts with aconitase to

oxidize ferrous ion inside of the [4Fe�4S] cluster. In the next step, the remaining ferrous ion is

released from the cluster and is capable of participating in Reaction (2):

O2
.� þ [2Fe2þ2Fe3þ�4S]þ 2Hþ ¼) H2O2 þ [Fe2þ3Fe3þ�4S] (3)

[Fe2þ3Fe3þ�4S] ¼) [3Fe3þ�4S]þ Fe
2þ

(4)

The rate constant for Reaction (3) is in the range of 108 to 109 l mol�1 s�1 [20]. Therefore,

Reactions (3) and (4) may significantly enhance the concentration of ferrous ions and make

Fenton reaction a better competitor with the peroxynitrite-inducible damage [21]. The for-

mation of hydroxyl radicals in the reaction of superoxide with mitochondrial aconitase has
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been confirmed by ESR spectroscopy [22]. Unfortunately, at present, it is very difficult to

estimate the real effect of the interaction of superoxide with aconitase on hydroxyl radical

production.

Formation of hydroxyl radicals has been suggested in many studies, which are considered in

subsequent chapters in connection with the mechanisms of lipid peroxidation and protein and

DNA destruction as well as the mechanisms of free radical pathologies. Furthermore, hydroxyl

radical generation occurs under the conditions of iron overload and is considered below.

21.3 PERHYDROXYL RADICAL

Recently, perhydroxyl (hydroperoxyl) radical HOO
.
has been wittily named by de Grey [23]

as ‘‘the forgotten radical.’’ Although the concentration of perhydroxyl radical should be

many times lower than that of the superoxide (about 1000 times smaller at pH 7.8), this

radical always presents in solution, in equilibrium with superoxide:

O2
.� þHþ () HOO

.
pKa(HOO

.
) ¼ 4:8 (5)

de Grey believes that despite a low concentration, perhydroxyl could be even more important

radical than superoxide due to its greater reactivity in hydrogen abstraction reaction and

therefore, it has been ‘‘forgotten’’ unfairly.

This conclusion is partly true because superoxide is unable to abstract hydrogen atom

even from the most active bisallylic positions of unsaturated compounds, while perhydroxyl

radical abstracts H atom from linoleic, linolenic, and arachidonic fatty acids with the rate

constants of 1–3� 103 l mol�1 s�1 [24]. However, the superoxide damaging activity does not

originate from hydrogen atom abstraction reactions but from one-electron reduction pro-

cesses, leading to the formation of hydroxyl radicals, peroxynitrite, etc, and in these reactions

perhydroxyl cannot compete with superoxide.

Another reason for neglecting perhydroxyl radical is a big difficulty to distinguish it

from the much more abundant and more reactive peroxyl radicals. Nonetheless, in several

works perhydroxyl radical was considered as a possible initiator of lipid peroxidation

(see Chapter 25). It should be noted that at least two biological systems were described

where the participation of perhydroxyl radicals seems to be possible. Thus, it has been

shown [25,26] that perhydroxyl radical is able to abstract hydrogen atom from NADH

(Reaction 6) and the glyceraldehyde-3-phosphate dehydrogenase–NADH (GAPDH–

NADH) complex (Reaction 7).

HOO
. þNADH ¼) H2O2 þNAD

.
, k6 ¼ 2� 105 l mol�1s�1 (6)

HOO
. þGAPDH�NADH ¼) H2O2 þGAPDH�NAD

.
, k7 ¼ 2� 107 l mol�1s

�1
(7)

As can be seen from Reaction (3), the free radical capable of oxidizing aconitase

[2Fe2þ2Fe3þ�4S] center is HOO
.
and not O2

.�.

21.4 NITRIC OXIDE

21.4.1 FORMATION AND LIFETIME OF NITRIC OXIDE

The discovery of nitric oxide in living organisms was a great event in the development of free

radical studies in biology. NO is a gaseous neutral free radical with relatively long lifetime and

at the same time is an active species capable of participating in many chemical reactions.
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A great attention has been drawn to the discovery that NO is the endothelium-derived

relaxing factor (EDRF) [27]. Now, it is known that nitric oxide is synthesized by many

cells, including macrophages, endothelial cells, neutrophils, neurons, hepatocytes, and others.

NO formation was experimentally shown in all tissues and organs, for example, the hypoxic

lung [28] or the ischemic heart [29]. Nitric oxide has been shown to be involved in many

physiological functions such as blood pressure regulation, inhibition of platelet aggregation,

neurotransmission, etc. [30]. At the same time, enhanced NO concentrations exhibit cytotoxic

and mutagenic effects.

Major producers of nitric oxide are constitutive and inducible isoforms of NO synthase

(Chapter 22). However, it has been proposed that there are other enzymatic and nonenzymatic

sources of NO generation. Godber et al. [31] found that xanthine oxidase reduced nitrite to

nitric oxide under anaerobic conditions in the presence of NADH or xanthine. Nagase et al.

[32] suggested that NO is formed in the reaction of hydrogen peroxide with D- and L-arginine.

One of the important sources of NO production is S-nitrosothiols such as S-nitrosoglutathione

and S-nitrosocysteine, which can participate in storage and transport of nitric oxide. It has been

shown [33] that S-nitrosothiols are decomposed to form nitric oxide in the presence of

transition metal ions and reductants. Trujillo et al. [34] has shown that the decomposition

of S-nitrosothiols may be induced by superoxide generated by xanthine oxidase.

Lifetime of nitric oxide is an important parameter of its reactivity. Measurement of NO in

intact tissue yielded a value in the order of 0.1 s [35] although preliminary estimates gave a

much bigger lifetime. It has been accepted that the main reason for the rapid disappearance of

NO in tissue is its reaction with dioxygen, which proceeds in aqueous solution with the

following overall stoichiometry:

4NOþO2 þ 2H2O ¼) 4NO2
� þ 4Hþ (8)

However, this reaction is too slow with physiologically relevant NO concentrations, even

though its rate in hydrophobic biological membranes can be about 300 times higher [36].

Therefore, it has been proposed [37] that the accelerated disappearance of nitric oxide in

tissue is explained by its interaction with superoxide. The extravascular lifetime of nitric oxide

is estimated to be in the range from 0.09 to> 2 s, depending on the dioxygen concentration

and distance from the vessel.

Brovkovych et al. [38] applied the electrochemical porphyrinic sensor technique for the

direct measurement of NO concentrations in the single endothelial cell. It was found that NO

concentration was the highest at the cell membrane (about 1 mmol l�1) and decreased expo-

nentially with distance from the cell, becoming undetectable at the distance of 50 mm. Now we

will consider the principal reactions of nitric oxide relevant to real biological systems.

21.4.2 REACTION WITH DIOXYGEN

NO reacts with dioxygen to form nitrite (Reaction 8) with the rate constant equal to

8�9� 106 l2 mol�2 s�1 [39,40]. Although this reaction is a rather slow one, Goldstein and

Czapski [41] proposed that the first step (Reaction 9) could be fast, and the oxidation of NO

by O2 may be of importance in biological systems.

NOþO2 ¼) O2NO (9)

21.4.3 REACTION WITH SUPEROXIDE AND INORGANIC NITROGEN COMPOUNDS

NOþO2
.� ¼) ONOO� (10)
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Reaction of nitric oxide with superoxide is undoubtedly the most important reaction of nitric

oxide, resulting in the formation of peroxynitrite, one of the main reactive species in free

radical-mediated damaging processes. This reaction is a diffusion-controlled one, with the

rate constant (which has been measured by many workers, see, for example, Ref. [41] ), of

about 2� 109 l mol�1 s�1. Goldstein and Czapski [41] also measured the rate constant for

Reaction (11):

NOþHOO
. ¼) ONOOH k11 ¼ (3:2� 0:3)� 109 l mol�1s�1 (11)

The chemistry of inorganic nitrogen compounds is very complicated, and therefore, it is

difficult to prove which of these compounds is of a real importance in biological systems. In

addition to NO and peroxynitrite, the formation of NO2, N2O3, and NO� might be of

importance in biological systems. Some reactions of nitrogen oxide species are cited below.

4NOþO2 ¼) 2N2O3 (12)

ONOOH ¼) HNO3 (13)

ONOOHþNO ¼) NO2 þHNO2 (14)

NO2 þNO ¼) N2O3 (15)

NOþONOO� ¼) NO2 þNO2
� (16)

It has been shown [42] that NO2
� and NO3

� are formed by stimulated macrophages simul-

taneously with nitric oxide supposedly via the interaction of NO with superoxide. Not all of

the above mentioned reactions are rapid processes. For example, Reaction (16) is rather slow

(k16 < 1.3� 10�3 l mol�1 s�1 [43]).

21.4.4 REACTIONS WITH BIOMOLECULES

Nitric oxide is capable of reacting with some low-molecular-weight substrates and enzymes.

(Reactions of NO with antioxidants are considered in Chapter 29). The interaction of NO

with thiols is an important in vivo process due to the biological role of the nitrosothiols

formed. It has been established that S-nitrosothiols play an important role in the storage and

transport of nitric oxide. Two mechanisms of the reaction of NO with thiols have been

proposed. Wink et al. [44] suggested that at the first step of the reaction, NO is oxidized by

dioxygen to form the genuine nitrosation species N2O3, which reacts further with thiol:

4NOþO2 ¼) 2N2O3 (12)

N2O3 þGSH ¼) GSNO þHNO2 (17)

Gow et al. [45] proposed that NO may directly react with thiols because the formation of

nitrosothiols is possible under anaerobic conditions in the presence of another dioxygen

electron acceptor.

NOþRSH ¼) (RSNOH)
.

(18)

(RSNOH)
. þO2 ¼) RSNOþO2

.� (19)

In contrast to superoxide, which participates in one-electron transfer reactions as a reductant,

nitric oxide is apparently able to oxidize various transition metal-containing proteins and

enzymes. The study of NO reaction with hemoglobin has been started many years ago when

Denisov / Oxidation and Antioxidants in Organic Chemistry and Biology DK1162_c021 Final Proof page 679 2.2.2005 5:52pm

© 2005 by Taylor & Francis Group.



numerous in vivo functions of nitric oxide were unknown. In 1976 and 1977 Maxwell and

Caughey [46] and Hille et al. [47] showed by the use of ESR and optical spectroscopies that

NO formed with hemoglobin the ferroheme–NO complex (nitrosylhemoglobin). There are

two major pathways of the interaction of nitric oxide with hemoproteins: the reversible NO

binding and NO-induced oxidation. (The reversible formation of the protein–NO complex in

the reaction of NO with ferric hemoglobin, myoglobin, and ferric enzyme microperoxidase

was demonstrated by Sharma et al. [48] in 1983.) Both reactions occur in two steps: binding of

NO to the distal portion of the heme pockets and the rapid reaction of bound NO with iron

atom to produce the Fe2þ(heme)NO complex or ferric heme and nitrate [49]:

NOþ Fe2þ(heme) () Fe2þ(heme)NO (20)

NOþ Fe2þ(heme) ¼) Fe3þ(heme)H2OþNO3
� (21)

Both reactions are rapid, with the rate constants equal to 3�5� 107 l mol�1 s�1.

Herod et al. [50] has studied the kinetics and mechanism of oxyhemoglobin (HbO2) and

oxymyoglobin (MbO2) oxidation by nitric oxide. At pH 7.0 the rate constants for these reactions

were equal to 43.6+0.5� 106 l mol�1 s�1 for MbO2 and 89+3� 106 l mol�1 s�1 for HbO2. It

has been suggested that these reactions proceed via the formation of intermediate peroxynitrito

complexes, which were rapidly decomposed to the Met-form of proteins, for example:

NOþHbO2 () Hb(Fe3þ)OONO ¼) MetHbþNO3
�: (22)

MetMb is also able to bind reversibly NO, yielding a nitrosyl adduct [51]:

NOþmetMb () metMbNO (23)

Nitric oxide reacts not only with free hemoglobin but also with hemoglobin inside the

erythrocyte. Although the reaction of NO with erythrocytes is rapid enough, its rate is

about 650 times slower than that with free hemoglobin [52]. It has been suggested that the

interaction of nitric oxide with hemoglobin may be limited by the diffusion of NO into the cell

[52,53] or the resistance of the erythrocyte membrane to the NO uptake [54]. Although a

major in vivo nitrating agent is probably peroxynitrite (see later), Gunther et al. [55] suggested

that nitric oxide and not peroxynitrite is an intermediate in the nitration of tyrosine by

prostaglandin H synthase.

At present, new developments challenge previous ideas concerning the role of nitric oxide

in oxidative processes. The capacity of nitric oxide to oxidize substrates by a one-electron

transfer mechanism was supported by the suggestion that its reduction potential is positive

and relatively high. However, recent determinations based on the combination of quantum

mechanical calculations, cyclic voltammetry, and chemical experiments suggest that E0(NO/

NO�)¼�0.8+0.2 V [56]. This new value of the NO reduction potential apparently denies the

possibility for NO to react as a one-electron oxidant with biomolecules. However, it should be

noted that such reactions are described in several studies. Thus, Sharpe and Cooper [57]

showed that nitric oxide oxidized ferrocytochrome c to ferricytochrome c to form nitroxyl

anion. These authors also proposed that the nitroxyl anion formed subsequently reacted with

dioxygen, yielding peroxynitrite. If it is true, then Reactions (24) and (25) may represent a new

pathway of peroxynitrite formation in mitochondria without the participation of superoxide.

NOþ cyt:(Fe2þ) ¼) NO� þ cyt:(Fe3þ) (24)

NO� þO2 ¼) ONOO� (25)
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Furthermore, Laranjinha and Cadenas [58] have recently showed that nitric oxide oxidizes

3,4-dihydroxyphenylacetic acid (DOPAC) to form nitrosyl anion and the DOPAC semiqui-

none supposedly by one-electron transfer mechanism.

21.4.5 INTERACTION WITH ENZYMES

Nitric oxide is able to activate enzymes, be a physiological substrate, protect enzymes against

free radical damage, or inhibit enzymatic activity. Probably, the most important enzymatic

activity of nitric oxide is the interaction with soluble guanylyl cyclase. This enzyme is the main

receptor for NO, and it mediates many physiological and pathophysiological functions such

as vasodilation, platelet disaggregation, and neutral signaling through cGMP accumulation

and protein kinase activation. For example, NO prevents oxidized LDL-stimulated p53

accumulation and apoptosis in macrophages via guanylyl cyclase stimulation [59].

Nitric oxide is a physiological substrate for mammalian peroxidases [myeloperoxide

(MPO), eosinophil peroxide, and lactoperoxide), which catalytically consume NO in the

presence of hydrogen peroxide [60]. On the other hand, NO does not affect the activity of

xanthine oxidase while peroxynitrite inhibits it [61]. Nitric oxide suppresses the inactivation of

CuZnSOD and NO synthase supposedly via the reaction with hydroxyl radicals [62,63]. On

the other hand, SOD is able to modulate the nitrosation reactions of nitric oxide [64].

The inhibitory effect of nitric oxide on the enzymes aconitases (a family of dehydratases

catalyzing the reversible isomerization of citrate and isocitrate) is probably an important

physiological process. It has been found [65] that NO inactivated mitochondrial and cytosolic

aconitases by the oxidation of the enzyme [4Fe�4S] cluster into the [3Fe�4S] cluster losing

one Fe atom. In the case of cytosolic aconitase, the inactivated apo-form of enzyme is

identical to iron-regulatory protein IRP-1, a RNA-binding protein, which is involved in

iron and energy metabolism. The reaction of nitric oxide with aconitases proceeds with the

intermediate formation of the iron–nitrosyl–thiol–aconitase complex with a g ~ 2.04 ESR

signal [65,66]. In subsequent studies [67,68] the ability of nitric oxide to inactivate cytosolic

aconitase has been confirmed although it was proposed that peroxynitrite may be a more

important inactivated agent [69]. However, Bouton et al. [70] earlier concluded that only

nitric oxide and not superoxide or peroxynitrite is able to convert aconitase into the iron

responsible element-binding protein.

In addition to aconitases, nitric oxide is an inhibitor of many other enzymes such as

ribonucleotide reductase [71], glutathione peroxidase [72,73], cytochrome c oxidase [74],

NADPH oxidase [75], xanthine oxidase [76], and lipoxygenase [77] but not prostaglandin

synthase [78]. (Mechanism of lipoxygenase inhibition by nitric oxide is considered in Chapter

26.) It is usually believed that NO inhibits enzymes by reacting with heme or nonheme iron or

copper or via the S-nitrosilation or oxidation of sulfhydryl groups, although precise mech-

anisms are not always evident. By the use of ESR spectroscopy, Ichimori et al. [76] has

showed that NO reacts with the sulfur atom coordinated to the xanthine oxidase molyb-

denum center, converting xanthine oxidase into a desulfo-type enzyme. Similarly, Sommer

et al. [79] proposed that nitric oxide and superoxide inhibited calcineurin, one of the major

serine and threonine phosphatases, by oxidation of metal ions or thiols.

21.5 OTHER REACTIVE NITROGEN OXIDE SPECIES

In contrast to nitric oxide, which is firmly identified in biological systems and for which

numerous (but not all) functions are known, the participation of other nitrogen species in

biological processes is still hypothetical. At present, the most interest is drawn to the very

reactive nitroxyl anion NO�. It has been shown that nitroxyl (or its conjugate acid, HNO)
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formed by the decomposition of Angeli’s salt (Reaction 26) is a much more damaging species

than NO itself [80].

N2O3
2� þHþ ¼) HNOþNO2

� (26)

However, the in vivo sources of nitroxyl production remain uncertain. Some authors sug-

gested that nitroxyl anion might be generated by NO synthases [81,82] or during the decom-

position of nitrosothiols [83]. It has also been proposed [81] that the primary product of NO

synthase is not nitric acid but nitroxyl anion, which is next oxidized by SOD to NO:

NO� þ Cu(II)SOD () .
NOþ Cu(I)SOD (27)

Another suggested mechanism of nitroxyl formation is the decomposition of peroxynitrite

[84]. It is of interest that this proposal is connected with the old discussion of a possible role of

singlet oxygen in biology. Singlet dioxygen 1O2 is an extremely reactive species, but it forms

only in highly exothermic reactions. Unfortunately, at present, many nominees for the

sources of singlet oxygen production (for example, the reaction of superoxide with hydrogen

peroxide) turn out to be the false ones, and therefore, the possibility of singlet oxygen

formation in biological processes remains highly questionable. (Of course, it is not true for

the processes initiated by light, for example, the carotene-sensibilized oxidation in the skin,

which is mediated by the singlet oxygen.) Nonetheless, Khan et al. [84] recently suggested that

the decomposition of peroxynitrite in acidic solution leads to the formation of nitroxyl radical

(as peroxynitrous acid) and singlet oxygen:

ONOOH ¼) HNO þ1O2 (28)

However, it has been shown that this proposal is wrong and is explained by some analytical

errors of HNO and 1O2 detection [85,86].

It should be noted that a major difficulty in the detection of nitroxyl anion is explained by

the impossibility to apply ESR spectroscopy because nitroxyl is not a free radical. Moreover,

the use of spin traps such as iron N-methyl-D-glucamine dithiocarbamate (Fe-MGD) to

distinguish NO and NO� production by NO synthase failed because both nitrogen species

reacted with this spin trap [87].

Another free radical, which is supposedly formed in biological systems is the nitric dioxide
.
NO2. This radical is much more reactive than nitric oxide; its rate constants with thiols, urate,

and Trolox C are about 107�108 l mol�1 s�1 [88,89] (Table 21.1). It has been proposed [88]

that thiols are dominant acceptors of NO2
.
in cells and tissues while urate is a major scavenger

TABLE 21.1
Bimolecular Rate Constants for the

Reactions of .NO2 Radical

k (3107) (l mol21 s21) Ref.

Glutathione 2 [88]

Cysteine 5 [88]

Urate 2 [88]

Trolox C 50 [89]
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in plasma. Moreover, the rapid reaction of
.
NO2 with urate makes doubtful the formation of

N2O3 in cytoplasma from NO and
.
NO2.

It has been suggested that
.
NO2 might be formed by the oxidation of nitrite by numerous

biological oxidants. Thus, Shibata et al. [90] reported that horse radish peroxidase

(HRP)þ hydrogen peroxide oxidized nitrite by the following mechanism:

HRPþH2O2 ¼) Compound I (29)

Compound IþNO2
� ¼) Compound IIþ .

NO2 (30)

Compound IIþNO2
� ¼) HRPþ .

NO2 (31)

It has been proposed [91] that nitric dioxide radical formation during the oxidation of nitrite

by HRP or lactoperoxidase (LPO) can contribute to tyrosine nitration and be involved in cell

and tissue injuries. This proposal was supported in the later work [92] where it has been

shown that
.
NO2 formed in peroxide-catalyzed reactions is able to enter cells and induce

tyrosyl nitration. Reszka et al. [93] demonstrated that
.
NO2 mediated the oxidation of

biological electron donors and antioxidants (NADH, NADPH, cysteine, glutathione, ascor-

bate, and Trolox C) catalyzed by lactoperoxidase in the presence of nitrite.
.
NO2 probably plays a more important role in nitrosating reactions in biological systems

than proposed earlier. Thus Espey et al. [94] suggested that the oxidation of NO into N2O3

with the intermediate formation of
.
NO2 could be more important in cells compared to

aqueous solution. Furthermore,
.
NO2 is a likely candidate in oxidative processes due to its

ability to penetrate cells [95].

21.6 PEROXYNITRITE

21.6.1 FORMATION, DECOMPOSITION, AND REACTIONS OF PEROXYNITRITE

As noted earlier, peroxynitrite is formed with a diffusion-controlled rate from superoxide and

nitric oxide (Reaction 10). As both these radicals are ubiquitous species, which present

practically in all cells and tissues, peroxynitrite can be the most important species responsible

for free radical-mediated damage in biological systems. Moreover, it is now known that NO

synthases are capable of producing superoxide and nitric oxide simultaneously (see Chapter

22), greatly increasing the possible rate of peroxynitrite production. In addition, another

enzyme xanthine dehydrogenase is also able to produce peroxynitrite in the presence of nitrite

[96]. Peroxynitrite is a very reactive species capable of reacting with many biomolecules

including the antioxidants ascorbic acid, vitamin E, and uric acid [97–99], thiols [100],

DNA [101], phospholipids [102], etc (see later). Because of this, a great interest has been

drawn to the mechanisms of peroxynitrite reactions.

In the last 10 to 15 years, many experimental and theoretical studies have been dedicated

to the study of peroxynitrite reactions. Free radical and non-free radical mechanisms of

peroxynitrite action have been proposed, which were discussed in numerous studies (see for

example, Refs. [103–110]). In accord with non-radical mechanism an activated form of

peroxynitrous acid is formed in the reaction of superoxide with nitric oxide, which is able

to react with biomolecules without the decomposition to HO
.
and

.
NO2 radicals.

NOþO2
.� ¼) ONOO� (10)

ONOO� þHþ () ONOOH (32)

ONOOH () ONOOH� (33)

ONOOH� þ S ¼) products (34)
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On the other hand, in accord with the free radical mechanism peroxynitrite is dissociated into

free radicals, which are supposed to be genuine reactive species. Although free radical

mechanism was proposed as early as in 1970 [111], for some time it was not considered to

be a reliable one because ‘‘a great confusion ensued during the next two decades because of

misinterpretations of inconclusive experiments, sometimes stimulated by improper thermo-

dynamic estimations’’ [85]. The latest experimental data supported its reliability [107–109].

Among them, the formation of dityrosine in the reaction with tyrosine and 15N chemically

induced dynamic nuclear polarization (CIDNP) in the NMR spectra of the products of

peroxynitrite reactions are probably the most convincing evidences (see below).

It has been suggested that there are three major pathways for peroxynitrite to react with

various substrates. With a pK value for peroxynitrite equal to 6.8 [103], peroxynitrite exists in

the ionized or nonionized form depending on pH. Furthermore, the reactivity of peroxynitrite

depends on its cis- and trans-conformations. Correspondingly, the following mechanisms for

peroxynitrite decomposition have been proposed:

cis-ONOO� þHþ () cis-ONOOH (35)

cis-ONOOH ¼) HO
. þ .

NO2 (36)

cis-ONOOH () trans-ONOOH (37)

trans-ONOOH ¼) NO3
� þHþ (38)

It should be noted that different authors give slightly different versions of the above reactions,

but there are two major points, which are always the same: (i) in basic solutions peroxynitrite

exists only in the relatively stable cis-conformation, which prevents its rearrangement into

nitrate and makes possible to dissociate into hydroxyl and nitrite radicals (Reaction 36).

(ii) Trans-peroxynitrite exists principally in acidic solutions and rapidly rearranges into

nitrate (Reaction 38).

Now, we will consider the major reactions of peroxynitrite with biomolecules. It was

found that peroxynitrite reacts with many biomolecules belonging to various chemical classes,

with the bimolecular rate constants from 10�3 to 108 l mol�1 s�1 (Table 21.2). Reactions

of peroxynitrite with phenols were studied most thoroughly due to the important role of

peroxynitrite in the in vivo nitration and oxidation of free tyrosine and tyrosine residues in

proteins. In 1992, Beckman et al. [112] have showed that peroxynitrite efficiently nitrates

4-hydroxyphenylacetate at pH 7.5. van der Vliet et al. [113] found that the reactions of

peroxynitrite with tyrosine and phenylalanine resulted in the formation of both hydroxylated

and nitrated products. In authors’ opinion the formation of these products was mediated by
.
NO2 and HO

.
radicals. Studying peroxynitrite reactions with phenol, tyrosine, and salicylate,

Ramezanian et al. [114] showed that these reactions are of first-order in peroxynitrite and

zero-order in phenolic compounds. These authors supposed that there should be two different

intermediates responsible for the nitration and hydroxylation of phenols but rejected the most

probable proposal that these intermediates should be
.
NO2 and HO

.
.

Interestingly, that the reactions of peroxynitrite with phenols were accelerated in the

presence of ferric and cupric ions [112,114]. Until now, there seems no explanation of

transition metal effects in these reactions. We just wonder if it is possible that ferric and

cupric ions are able to oxidize peroxynitrite:

Fe3þor Cu2þ þONOOH ¼) Fe2þ or Cuþ þNO2
þ þHO

.
(39)

This could explain the appearance in reaction mixture a strong nitrating agent such as NO2
þ

[114].
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As already mentioned, tyrosine nitration and oxidation is an important damaging

process supposedly responsible for the stimulation of numerous pathologies associated with

oxidative stress [115]. It is understandable that there are numerous nitrating agents (for

example, NO, NO�, N2O3, NO2, NO2Cl, etc.), which might participate in the in vivo nitration

of tyrosine, but peroxynitrite is probably rightly considered to be the most important

nitrating agent. Despite recent (obviously erroneous) suggestion that peroxynitrite is forming

from superoxide and nitric oxide in the inactive trans-form and, therefore, is unimportant in

in vivo nitration [116], recent studies [115,117] confirmed its prevailing role in in vivo

processes.

Probably, the most convincing proof of free radical mechanism of peroxynitrite reactions

is the formation of dityrosine [117,118]. It has been suggested [118] that the nitric dioxide

radical is responsible for the formation of both 3-nitrotyrosine and dityrosine (Figure 21.1),

however, hydroxyl radicals (which were identified in this system by ESR spectroscopy [119])

may also participate in this process. Pfeiffer et al. [118] proposed that dityrosine is predom-

inantly formed at low fluxes of superoxide and nitric oxide, which corresponds to in vivo

conditions, however, this observation was not confirmed by Sawa et al. [117].

TABLE 21.2
Bimolecular Rate Constants for the Reactions of

Peroxynitrite with Biomoleculesa

Substrate k (l mol21 s21)

NO <1.3� 10�3b

DMPO 8.7

Uric acid 155c

Glutathione 183+12d

Tryptophan 184e

Ascorbate 236

NADH 233+27d

Ubiquinol Qo 485+54d

Acetaldehyde 680

Methionine 902

Cysteine 5.9� 103

Bovine serum albumin (BSA) 5.0� 103

Oxyhemoglobin (10.4+0.3)� 103f

Iodide 2.3� 104

CO2 3.0� 104

Cytochrome c 2.3� 105

Alcohol dehydrogenase 2.6–5.6� 105

Horseradish peroxidase 3.2� 106

Myeloperoxidase 2.0� 107

N2O3 3.1� 108b

aRef. [104].
bRef. [43].
cRef. [110].
dRef. [141].
eRef. [121].
fRef. [132].
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Peroxynitrite reacts with heme proteins such as prostacycline synthase (PGI2), microper-

oxidase, and the heme–thiolate protein P450 to form a ferryl nitrogen dioxide complex as an

intermediate [120]. Peroxynitrite also reacts with acetaldehyde with the rate constant of 680

l mol�1 s�1 forming a hypothetical adduct, which is decomposed into acetate, formate, and

methyl radicals [121]. The oxidation of NADH and NADPH by peroxynitrite most certainly

occurs by free radical mechanism [122,123]. Kirsch and de Groot [122] concluded that

peroxynitrite oxidized NADH by a one-electron transfer mechanism to form NAD
.

and

superoxide:

ONOOH () [HO
. þ .

NO2]þNADH ¼) NAD
. þHNO2 or H2O (40)

NAD
. þO2 ¼) NADþ þO2

.�: (41)

However, Goldstein and Czapski [123] believe that in this reaction a genuine attacking species

is hydroxyl radical, which reacts with NADH without superoxide generation.

Peroxynitrite easily oxidizes nonprotein and protein thiyl groups. In 1991, Radi et al. [102]

have shown that peroxynitrite efficiently oxidizes cysteine to its disulfide form and bovine

serum albumin (BSA) to some derivative of sulfenic acid supposedly via the decomposition to

nitric dioxide and hydroxyl radicals. Pryor et al. [124] suggested that the oxidation of

methionine and its analog 2-keto-4-thiomethylbutanic acid occurred by two competing

mechanisms, namely, the second-order reaction of sulfide formation and the one-electron

ONOOH

OH

CH2CH(NH2)COOH CH2CH(NH2)COOH

+

CH2CH(NH2)COOH CH2CH(NH2)COOH R

OH

R

OH

CH2CH(NH2)COOH

(R = CH2CH(NH2)COOH)

CH2CH(NH2)COOH

OH

NO2

•NO2    +    HO•

•NO2     +

O•

+     HNO2

O• O•

O•

+      •NO2

FIGURE 21.1 Scheme of the formation of 3-nitrotyrosine and dityrosine.
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transfer reaction resulted in the ethylene formation supposedly without free radical forma-

tion. However, the formation of thiyl radicals in the reactions of peroxynitrite with thiolic

compounds has been shown in the other studies [125–128].

The inactivation of enzymes containing the zinc–thiolate moieties by peroxynitrite may

initiate an important pathophysiological process. In 1995, Crow et al. [129] showed that

peroxynitrite disrupts the zinc–thiolate center of yeast alcohol dehydrogenase with the rate

constant of 3.9+ 1.3� 105 l mol�1 s�1, yielding the zinc release and enzyme inactivation.

Later on, it has been shown [130] that only one zinc atom from the two present in the alcohol

dehydrogenase monomer is released in the reaction with peroxynitrite. Recently, Zou et al.

[131] reported the same reaction of peroxynitrite with endothelial NO synthase, which is

accompanied by the zinc release from the zinc–thiolate cluster and probably the formation of

disulfide bonds between enzyme monomers. The destruction of zinc–thiolate cluster resulted

in a decrease in NO synthesis and an increase in superoxide production. It has been proposed

that such a process might be the mechanism of vascular disease development, which is

enhanced by diabetes mellitus.

Peroxynitrite reacts with oxyhemoglobin in solution to yield methemoglobin with the rate

constant of 10.4+ 0.3� 103 l mol�1 s�1 [132]. The same reaction occurred in erythrocytes,

indicating that peroxynitrite easily penetrates across the erythrocyte membrane. In addition to

oxidation, peroxynitrite is apparently able to nitrate oxyhemoglobin. Minetti et al. [133]

demonstrated the formation of tyrosyl radicals in this reaction by the use of ESR spectroscopy.

Recently, Exner and Herold [134] have found that the reactions of peroxynitrite with oxy-

hemoglobin and oxymyoglobin are more complex than previously suggested. They showed that

these reactions proceed in two steps: in the first step ferryl hemoglobin and ferryl myoglobin are

formed, which are next oxidized by peroxynitrite to metHb and metMb. Peroxynitrite reacts

with melatonin to form the melatoninyl radical cation as a primary product [135]. It was

suggested that this radical was further converted into hydroxypyrrolo[2,3-b]indoles.

21.6.2 REACTION OF PEROXYNITRITE WITH CARBON DIOXIDE

The reaction of peroxynitrite with the biologically ubiquitous CO2 is of special interest due to

the presence of both compounds in living organisms; therefore, we may be confident that this

process takes place under in vivo conditions. After the discovery of this reaction in 1995 by

Lymar [136], the interaction of peroxynitrite with carbon dioxide and the reactions of the

formed adduct nitrosoperoxocarboxylate ONOOCOO� has been thoroughly studied. In

1996, Lymar et al. [137] have shown that this adduct is more reactive than peroxynitrite in

the reaction with tyrosine, forming similar to peroxynitrite dityrosine and 3-nitrotyrosine.

Experimental data were in quantitative agreement with free radical-mediated mechanism

yielding tyrosyl and nitric dioxide radicals as intermediates and were inconsistent with

electrophilic mechanism. The lifetime of ONOOCOO� was estimated as <3ms, and the rate

constant of Reaction (42) k42¼ 2� 103 l mol�1 s�1.

ONOO� þ CO2 ¼) ONOOCOO� (42)

ONOOCOO� þ tyrosine ¼) dityrosineþ 3-nitrotyrosine (43)

Subsequent studies suggested [138,139] that the decomposition of ONOOCOO� may proceed

by both homolytic and heterolytic ways:

ONOOCOO� ¼) .
NO2 þ CO3

.� (44)

ONOOCOO� ¼) NO3
� þ CO2: (45)
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Heterolytic mechanism is important in the absence of substrates and homolytic one occurs in

the presence of oxidizable biomolecules. Bonini et al. [139] were able to identify CO3
.� radical

in the reaction of peroxynitrite with carbon dioxide by ESR spectroscopy.

Other very convincing evidences for free radical-mediated mechanism of decomposition

and reactions of peroxynitrite and nitrosoperoxocarboxylate were demonstrated by Lehnig

[140] with the use of CIDNP technique. This technique is based on the effects observed

exclusively for the products of free radical reactions: their NMR spectra exhibit emission

characterizing a radical pathway of their formation. Lehnig has found the enhanced emission

in the 15N NMR spectra of NO3
� formed during the decomposition of both peroxynitrite and

nitrosoperoxocarboxylate. This fact indicates that NO3
� was formed from radical pairs

[
.
NO2, HO

.
] and [

.
NO2, CO3

.�]. Emission was also observed in the reaction of both nitrogen

compounds with tyrosine supposedly due to the formation of radical pair [
.
NO2, tyrosyl�].

Similar to peroxynitrite, ONOOCOO� reacts with many biomolecules such as uric acid

[110], oxyhemoglobin [133], melatonin [135], NADH, ubiquinol Qo, and glutathione [141].

Reactions of ONOOCOO� with substrates in mitochondrial matrix is accompanied by

protein nitration [141]. The reaction of ONOOCOO� with GSH was so rapid that glutathione

inhibited tyrosine nitration by peroxynitrite in the presence of CO2 [142]. The formation

of ONOOCOO� increased the formation of 3-nitrotyrosine and decreased the formation of

3-hydroxytyrosine probably due to the enhanced selectivity of CO3
.� compared to hydroxyl

radicals [143].

21.6.3 EXAMPLES OF BIOLOGICAL FUNCTIONS OF NITRIC OXIDE AND PEROXYNITRITE

Ubiquitous nitric oxide and peroxynitrite participate in numerous physiological and patho-

physiological functions; some of them are described in subsequent chapters. In this chapter

we will consider several examples of processes mediated by these nitrogen species to illustrate

the diversity of their biological activities. Peroxynitrite and NO influence the release of

oxygen species and leukotriene B4 (LTB4) by FMLP-stimulated neutrophils in human

blood [144]. Peroxynitrite decreased the antioxidant capacity of human plasma through the

oxidation of ascorbic acid, uric acid, plasma SH groups, and ubihydroquinone [145]. Farias-

Eisner et al. [146] have shown that nitric oxideþ hydrogen peroxide exhibited cytotoxic effect

against human ovarian cancer cell line. Surprisingly, superoxide and peroxynitrite were

apparently not involved in the NOþH2O2-mediated cytotoxicity. It was proposed that nitric

oxide enhanced the damaging effect of hydrogen peroxide via the inhibition of catalase

activity.

It is widely recognized that peroxynitrite is an important factor of inflammatory pro-

cesses. Zouki et al. [147] suggested that peroxynitrite might affect the inflammatory process

via modulation of the surface expression of adhesion molecules on human neutrophils. As a

result, peroxynitrite increases neutrophil adhesion to endothelial cells. Endothelial nitric

oxide may function as an antioxidant by suppressing redox-sensitive gene expression in

endothelial cells [148]. The enhancement of nitric oxide production in activated T cell

leukemia cells led to the inhibition of cell respiration [149]. Peroxynitrite formed from NO

and superoxide are believed to be a key modulator of nitric oxide-mediated effects in cartilage

metabolism [150]. Peroxynitrite is capable of regulating soluble guanylyl cyclase, which is a

key enzyme of nitric oxide–cGMP pathway [151]. Lipopolysaccharide (LPS)-induced renal

oxidative injury depends at least partly on NO generation and subsequent peroxynitrite

formation [152]. It is interesting that nitric oxide may exhibit renoprotective effect supposedly

through the reaction with superoxide [153].

The above examples of biological activities of nitric oxide and peroxynitrite are of course

just a small part of publications in this field. Although both nitrogen compounds can act as

Denisov / Oxidation and Antioxidants in Organic Chemistry and Biology DK1162_c021 Final Proof page 688 2.2.2005 5:52pm

© 2005 by Taylor & Francis Group.



prooxidants in the in vitro and in vivo systems, peroxynitrite is rightly regarded to be the most

toxic species. To fight against its toxicity, the inhibitors of nitric oxide or superoxide are

usually applied to prevent the formation of peroxynitrite. Recently, another pathway has

been proposed — to apply the catalysts of isomerization of ONOO� into NO3
�, which

diminish the decomposition of peroxynitrite to free radicals HO
.
and

.
NO2. Thus, Salvemini

et al. [154] suggested that the Fe porphyrin 5,10,15,20-tetrakis(2,4,6-trimethyl-3,5-disulfona-

tophenyl)-porphyrinato iron (III) efficiently inhibited the damaging effect of peroxynitrite in

cell cultures converting peroxynitrite into nitrate. This compound also inhibited inflamma-

tory process in animals. It was concluded that the catalysts of peroxynitrite isomerization may

be potential anti-inflammatory agents.

21.7 IRON

21.7.1 STRUCTURE AND ORIGINS OF ‘‘FREE’’ IRON

Iron is an extremely important element present in all living organisms; correspondingly, iron

metabolism is well studied. Both iron deficiency and iron excess are origins of serious

pathologies (iron-deficit anemias, hereditary hemochromatosis, thalassemia, etc.) associated

with the overproduction of oxygen radicals. Free radical-mediated processes, characteristic of

these pathologies, are considered in Chapter 31; here we will look at some mechanisms of

toxic effects of iron.

As well known, most of the iron exists in an organism as the heme and nonheme

complexes of biomolecules such as hemoglobin, myoglobin, cytochromes, numerous heme-

containing enzymes, proteins of iron metabolism transferrin and ferritin, and so on. Under

physiological conditions these compounds cannot, as a rule, catalyze free radical production,

but under oxidative stress they are able to release ‘‘free’’ iron, which is believed to be an

important initiator of free radical processes. However, it should be noted that some enzymes

may probably catalyze free radical production under physiological conditions. Thus, Chen

and Schopfer [19] showed that HRP compound III is a catalyst of the Fenton reaction and

that this compound is one to two orders of magnitude more active than Fe–EDTA. It was

also suggested [155] that purple acid phosphatases with binuclear iron centers are capable of

catalyzing hydroxyl radical formation.

The structure of ‘‘free’’ iron, which is also called nontransferrin-bound iron (NTBI) [156],

is unknown, although it probably consists of low-molecular iron complexes. It is possible that

such complexes contain citrate or albumin ligands [157,158]. It has been suggested that NTBI

is an effective initiator of free radical-mediated damaging processes, first of all, the Fenton

reaction. In this case ‘‘free’’ iron must contain ferrous (Fe2þ) complexes although some

authors suggest that NTBI contains ferric ions [158]. In this case NTBI can catalyze the

formation of free radicals only in the presence of reductants.

The release of iron from ferritin can be induced by different factors. In 1984, Biemond

et al. [159] have shown that stimulated leukocytes mobilize iron from human and horse

ferritin. Release of iron was induced by superoxide because SOD inhibited this process.

Similarly, the release of iron from ferritin can be induced by xanthine oxidase [160]; this

process is believed to induce ischemia and inflammation. Under anerobic conditions xanthine

oxidase is also able to stimulate iron release from ferritin through superoxide-independent

mechanism [161]. Another physiological free radical nitric oxide also stimulates iron release

from ferritin [162].

In 1991, Brieland and Fantone [163] demonstrated that PMA-stimulated neutrophils

stimulate ferrous ion mobilization from holosaturated transferrin but not from transferrin

at physiological levels of iron saturation (about 32%) at pH 7.4. Decreasing pH drastically
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enhanced Fe2þ release from both holosaturated ferritin and from ferritin at physiological

levels of iron saturation. Holosaturated transferrin potentiated oxygen radical-mediated

endothelial cell injury supposedly through the release of ferrous ions [164].

Gardner et al. [165] have shown that the redox-cycling agent phenazine methosulfate

(PMS), mitochondrial ubiquinol–cytochrome c oxidoreductase, or hypoxia inactivated aco-

nitase in mammalian cells. It has been proposed that the inactivation of aconitase is mediated

by superoxide produced by prooxidants because the overproduction of mitochondrial

MnSOD protected aconitase from inactivation by the prooxidants mentioned above except

hyperoxia. Later on, the reaction of superoxide with aconitases began to be considered as one

of the most important ways to NTBI generation in vivo.

Ischemia–reperfusion is an accidental factor of iron toxic effects in cells and organs.

For example, the hearts from iron-loaded rats showed an enhanced susceptibility to oxygen

reperfusion damage [166]. The toxic effect of iron overloading was mediated by oxygen

radical overproduction because it was inhibited by free radical scavenger (þ)-cyanidanol.

On the other hand, postischemic reperfusion of isolated rat hearts resulted in cytosolic iron

release [167]. Hepatocytes and liver endothelial cells exhibited significant injury when incu-

bated at low temperature (48C). It was found that under these conditions a major origin of

free radical-mediated damage was an increase in the cellular chelatable iron level [168], i.e.,

hypothermia can stimulate the release of ‘‘free’’ iron. Many iron-containing supplements used

for the treatment of iron-deficient pathologies may also act as prooxidants. For example, it

has been recently shown [169] that the administration of intravenous iron supplement ferric

saccharate to healthy volunteers resulted in a more than fourfold increase in NTBI level and

significant increase in superoxide production in the blood.

21.7.2 IRON-STIMULATED FREE RADICAL-MEDIATED DAMAGING PROCESSES

There are numerous in vitro and in vivo studies, in which the damaging free radical-mediated

effects of iron have been demonstrated. Many such examples are cited in the following

chapters. However, recent studies [170,171] showed that not only iron excess but also iron

deficiency may induce free radical-mediated damage. It has been shown that iron deficiency

causes the uncoupling of mitochondria that can be the origin of an increase in mitochondria

superoxide release. Furthermore, a decrease in iron apparently results in the reduction of the

activity of iron-containing enzymes. Thus, any disturbance in iron metabolism may lead to

the initiation of free radical overproduction.

The formation of hydroxyl or hydroxyl-like radicals in the reaction of ferrous ions with

hydrogen peroxide (the Fenton reaction) is usually considered as a main mechanism of free

radical damage. However, Qian and Buettner [172] have recently proposed that at high [O2]/

[H2O2] ratios the formation of reactive oxygen species such as perferryl ion at the oxidation of

ferrous ions by dioxygen (Reaction 46) may compete with the Fenton reaction (2):

Fe2þ þH2O2 ¼) Fe3þ þHO
. þHO� (2)

Fe2þ þO2 () [Fe2þO2] () [Fe3þO2
.�] (46)

There is no doubt that ferrous ions are very quickly oxidized under aerobic conditions and,

therefore, this reaction most certainly might occur in vivo. However, there are still no

evidences that the formed perferryl ions live long enough and reactive enough to react with

biomolecules and not to dissociate forming superoxide:

[Fe2þO2] () [Fe3þO2
.�] () Fe3þ þO2

.� (47)
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(Of course, superoxide may reduce ferric to ferrous ions and by this again catalyze hydroxyl

radical formation. Thus, the oxidation of ferrous ions could be just ‘‘a futile cycle,’’ leading to

the same Fenton reaction. However, the competition between the reduction of ferric ions by

superoxide and the oxidation of ferrous ions by dioxygen depends on the one-electron

reduction potential of the [Fe3þ/Fe2þ] pair, which varied from þ0.6 to �0.4 V in biological

systems [173] and which is difficult to predict.)

In addition to the well-known iron effects on peroxidative processes, there are also other

mechanisms of iron-initiated free radical damage, one of them, the effect of iron ions on

calcium metabolism. It has been shown that an increase in free cytosolic calcium may affect

cellular redox balance. Stoyanovsky and Cederbaum [174] showed that in the presence of

NADPH or ascorbic acid iron ions induced calcium release from liver microsomes. Calcium

release occurred only under aerobic conditions and was inhibited by antioxidants Trolox C,

glutathione, and ascorbate. It was suggested that the activation of calcium releasing channels

by the redox cycling of iron ions may be an important factor in the stimulation of various

hepatic disorders in humans with iron overload.

Iron overloading is widely used for studying the toxic effects of iron. Unfortunately, the

experiments with cells are hampered by their relative impermeability to iron. Therefore, for

iron overloading of cultured endothelial cells Balla et al. [175] used the complexes of iron with

8-hydroxyquinoline (HQ), which rapidly penetrated the plasma membrane. Such overloaded

cells turn out to be extremely sensitive to oxygen radicals produced by PMA-stimulated

granulocytes or generated intracellularly by menadione. Previously, it has been shown [176]

that some regions of normal brain contain high concentrations of low-molecular-weight iron

complexes, which may be responsible for the free radical-mediated damage in the brain. It was

indeed found [177] that the iron loading of brain slices with the Fe3þ�HQ complex resulted in

the sharp enhancement of lipid peroxidation. In the presence of ascorbate Fe3þ�HQ was

reduced into catalytically active Fe2þ�HQ.

In many studies iron overloading of experimental animals has been used as a very

informative model suitable for studying the toxic effects of iron. Dabbagh et al. [178] have

shown that dietary iron overloading in rats resulted in a significant decrease in the antioxi-

dants a-tocopherol and ascorbate in plasma and a-tocopherol, b-carotene, and ubiquinol in

liver. Simultaneously, there was an increase in the levels of hepatic F2-isoprostane and plasma

lipoprotein cholesterol. Injection of iron–dextran complex significantly increased iron content

in plasma, liver, kidney, and cellular cytosol in rats [179,180]. Iron overloading led to a

decrease in a-tocopherol, b-carotene levels and, surprisingly, to decreasing the rate of super-

oxide, hydroxyl radical, and hydrogen peroxide production in isolated rat liver nuclei. In

contrast, lipid peroxidation in kidney homogenates from iron-treated rats was significantly

higher that in control animals.

Feeding rats with carbonyl iron caused an increase in iron and the level of 4-hydroxyno-

nenal in the liver as well as changes in antioxidant enzymes [181]. Iron overload in rats

resulted in the enhancement of microsomal lipid peroxidation and oxygen radical production

by neutrophils and macrophages; both effects were inhibited by the administration of anti-

oxidant flavonoid rutin [182]. Other antioxidants and free radical scavengers were also able to

suppress free radical-mediated processes in iron-overloaded animals. Thus, Pietrangelo et al.

[183] have shown that flavonoid silybin inhibited lipid peroxidation in mitochondria and

hepatocytes from iron-overloaded rats. Galleano and Puntarulo [184] demonstrated that the

administration of a-tocopherol to iron-overloading rats prevented the enhancement of lipid

and protein oxidation. The most effective water-soluble antioxidant ascorbate is apparently

able to suppress the in vivo damaging effects of ‘‘free’’ iron. Thus Berger et al. [185] have

found that the main markers of oxidative stress in plasma from preterm infants with high

levels of bleomycin-detectable iron (BDI) (such as F2-isoprostanes and protein carbonyls)
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were not different from those from infants without BDI. It was concluded that the main

reason for BDI inefficiency as an initiator of free radical formation was the presence of

endogenous ascorbate because in the plasma devoid of ascorbate ‘‘free’’ iron was an effective

initiator of free radical formation.

To study the effects of iron overloading on inflammatory cells, Muntane et al. [186]

investigated the effect of iron–dextran administration on the acute and chronic phases of

carrageenan-induced glanuloma. It was found that iron–dextran increased the iron content

in plasma and stores, and enhanced lipid peroxidation and superoxide production by

inflammatory cells. At the same time, iron–dextran had a beneficial effect on recovery

from the anemia of inflammation. It has been suggested that iron overload may affect nitric

oxide production in animals. For example, alveolar macrophages from iron-overloaded

rats stimulated with LPS or interferon-g diminished NO release compared to normal rats

[187].

Iron-stimulated free radical-mediated processes are not limited to the promotion of

peroxidative reactions. For example, Pratico et al. [188] demonstrated that erythrocytes are

able to modulate platelet reactivity in response to collagen via the release of free iron, which

supposedly catalyzes hydroxyl radical formation by the Fenton reaction. This process

resulted in an irreversible blood aggregation and could be relevant to the stimulation by

iron overload of atherosclerosis and coronary artery disease.

21.7.3 IRON-STIMULATED TOXIC EFFECTS OF PATHOGENIC FIBERS AND PARTICLES

It has been known for a long time that the inhalation of some mineral dusts and fibers leads to

many pathophysiological disorders such as pulmonary fibrosis, lung cancer, mesothelioma,

etc. Among them, exposure to asbestos fibers, natural fibrous mineral silicates, seems to be of

particular danger. At present, a great deal of attention is drawn to toxic effects of asbestos due

to its wide use in construction works. It has been proposed that free radical-mediated toxic

effects of asbestos fibers depend on their iron contaminants. Recently, Korkina and co-

workers [189–191] have shown that asbestos fibers are able to stimulate hydroxyl radical

production in solutions and stimulate oxygen radical production by phagocytes. The import-

ant role of iron was proved by the fact that removal of iron ions from the fiber surface

changed the structure of free radicals produced. Thus, it was found that after removal of iron

ions from asbestos surface by the treatment with acids, a great enhancement of lucigenin-

amplified chemiluminescence characterized superoxide production was observed, while un-

treated fibers produced luminol-amplified CL, which at least partly depended on hydroxyl

radical production. On these grounds it was concluded that iron ions presented on the surface

of asbestos fibers catalyzed superoxide-driven Fenton reaction.

Ghio et al. [192] also studied the effects of surface complexed iron ions on oxygen radical

production by silicates. It has been shown that the ability of silica, crocidolite asbestos,

kaolinite, and talc to catalyze the generation of oxygen radicals by ascorbate–hydrogen

peroxide system, to stimulate respiratory burst and leukotriene B4 release by alveolar macro-

phages, and to induce acute lung inflammation in rats increased with increasing the content of

complexed ferric ions. Among three mineral particles studied (chrysotile, nemalite, and

hematite), nemalite, which contained the highest level of ferrous ions on the surface, produced

the largest amount of oxygen radicals and exhibited the strongest cytotoxic action on rabbit

tracheal epithelial cells [193]. The addition of iron oxide (Fe2O3) promoted the crocidolite-

induced development of mesothelioma [194]. Silica intratracheal instillation into rats induced

an increase in the ionized ferric ions complexed on the surface of silica [195]. Correspond-

ingly, iron concentration in bronchoalveolar fluid, lung tissue, and liver tissue as well as lipid

peroxidation in the lung tissue increased.
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Simeonova and Luster [196] studied the role of iron-catalyzed oxygen radical production

in the asbestos-induced stimulation of a-TNF secretion by alveolar macrophages. It was

found that the presence of iron on asbestos fibers was a critical factor of a-TNF secretion

because the removal of iron by pretreatment with desferrioxamine or the addition of desfer-

rioxamine to incubation mixture reduced the a-TNF response. a-TNF release was also

inhibited by membrane-permeable hydroxyl radical scavengers tetramethylthiourea and

dimethyl sulfoxide. Deshpande et al. [197] suggested that silica–aqueous solution interaction

may lead to the generation of some factors responsible for the generation of free radicals and

therefore, the damaging effect of silica on cells might not require direct particle–cell inter-

action. Porter et al. [198] reported that silica inhalation to rats resulted in the activation of

alveolar macrophages and concomitant production of nitric oxide and oxygen radicals.

In addition to the aforementioned dusts and fibers, coal mine dusts may also stimulate

oxygen radical production [199]. In this case hydroxyl radical production and lipid peroxida-

tion also correlated well with the content of available surface iron. It has been proposed that

free radical-mediated processes can be a casual cause of coal workers’ pneumoconiosis due to

exposure to coal dusts.

21.8 POSSIBLE EFFECTS OF MAGNETIC FIELD ON FREE RADICAL FORMATION

For long time magnetic fields (MFs) have been used in medical practice for the treatment of

various pathologies on empirical grounds, although there are no proven mechanisms of their

favorable or toxic effects. On the other hand during the last few years an increasing concern

has been expressed about the possible health hazards due to exposure to electric and magnetic

fields, which are impossible to avoid because of the extensive use of electricity. Epidemi-

ological studies have been carried out to investigate the possible links of MF exposure to

certain cancers, first of all, childhood leukemia, but no definite results were obtained [200]. A

widespread use of cellular phones in the last decade added another potentially dangerous

source of acute exposure of humans to radio frequency magnetic fields.

One of the important possible mechanisms of MF action on biological systems is the

influence of free radical production. Chemical studies predict that MFs may affect free radical

reactions through the radical pair mechanism [201]. A reaction between two free radicals can

generate a free radical pair in the triplet state with parallel electron spins. In this state

free radicals cannot recombine. However, if one of the electrons overturns its spin, then free

radicals can react with one another to form a diamagnetic product. Such electron spin

transition may be induced by an alternative MF.

These very simplified considerations suggest that MFs may affect free radical-mediated

biological processes if free radical pairs are formed on certain steps as intermediates. At least

in one study the effect of MF on enzymatic one-electron transfer reactions was explained on

the basis of free radical pair mechanism. Taraban et al. [202] have shown that in the reactions

catalyzed by HRP the rate of conversion of Compound I to Compound II decreased by 15%

and the rate of conversion of Compound II to HRP decreased by 35% in the 750 G MF. It has

been suggested that these effects of MF are explained by the formation of a triplet radical pair

in the transfer of an electron from diamagnetic substrate to the low-spin (S¼ 1) heme.

Recently, another confirmation of possible formation of radical pairs in biological processes

has been obtained. Lehnig [203] demonstrated that 15N CIDNP was observed in 15N NMR

spectra of 3-nitro-N-acetyl-1-tyrosine and 1-nitrocyclohexa-2,5-dien-4-one formed during the

nitration of N-acetyl-1-tyrosine with the 15NO2
�/H2O2/HRP system. The occurrence of

CINDP is a direct evidence of the formation of radical pairs in this process. It was suggested

that the nitration products were formed by the recombination of
.
NO2 and N-acetyl-1-

tyrosinyl radicals.

Denisov / Oxidation and Antioxidants in Organic Chemistry and Biology DK1162_c021 Final Proof page 693 2.2.2005 5:52pm

© 2005 by Taylor & Francis Group.



The effects of MFs on free radical production by phagocytes were investigated in several

studies. It was found [204] that oxygen radical production by PMA-stimulated rat peritoneal

neutrophils increased by 12.4% in 0.1 mT (60 Hz) magnetic field. Khadir et al. [205] have

shown that sinusoudal 60 Hz 22 mT MF did not affect nonstimulated superoxide production

by resting PMNs. However, significant MF enhancement of superoxide production occurred

in PMA-stimulated PMNs during the first minutes of MF exposure. MF (50 Hz) enhanced

phagocytosis and superoxide production by 12-O-tetradecanophorbol-13-acetate (TPA)-

stimulated murine macrophages [206].

In addition to oxygen radical production by phagocytes, MFs may affect other cellular

processes. It is important that practically all such processes supposedly contain free radical-

mediated stages. Thus, Katsir and Parola [207] have shown that low-frequency weak MFs

enhanced the proliferation of chick embryo fibroblasts. Most importantly, the MF effect on

proliferation was suppressed by antioxidants and antioxidant enzymes (vitamin E, catalase,

and SOD), indicating the participation of free radicals at the stages influenced by MFs.

Varani et al. [208] have shown that low frequency, low energy, pulsing MFs increased the

capacity of A(2A) receptor agonists to stimulate cyclic AMP levels in human neutrophils. On

the other hand, these agonists inhibited superoxide production by neutrophils; therefore,

MFs might affect indirectly superoxide production through the adenosine receptor mechan-

ism. MFs stimulated other free radical-mediated damaging processes. Thus Fiorani et al.

[209] have shown that 0.5 mT MF increased the Fe(II)-ascorbate-induced decay in hexokinase

activity and methemoglobin formation by rabbit erythrocytes. Low-level pulsed 2450MHz

radio frequency MF increased DNA single- and double-strand breaks in rat brain cells [210].

In addition to oxygen radicals, MFs can affect nitric oxide production. In 1993, Miura

et al. [211] demonstrated that radio frequency burst-type 10 MHz MF significantly increased

the production of cyclic GMP in rat cerebellum supernatant in the presence of L-arginine and

NADPH. MF also increased nitric oxide production and the dilation of arteriols of the frog.

All in vitro and in vivo effects of MF were inhibited by the inhibitors of NO synthase; on

these grounds it has been proposed that MF activated NO synthase. Later on, the enhance-

ment of NO production by 0.1 mT (60 Hz) MF has been shown in the in vivo experiments

with mice injected with LPS [212]. After LPS administration, mice were given ferrous

N-methyl-D-glucaminedithiocarbamate (Fe–MGD), a nitric oxide spin trap. After mice sac-

rifice, a strong ESR spectrum of the NO-spin adduct was observed in the livers of mice

exposed to MF. It was concluded that MF did not induce NO production by itself but

enhanced LPS-induced NO generation in vivo.

Thus, major MF effects registered in various in vitro systems are mainly associated with

the enhancement of free radical-mediated damaging processes such as the stimulation of

oxygen radical production by phagocytes, disruption of erythrocytes, DNA damage, etc.

(It should be mentioned that one of the earliest biological effects of MFs was an increase in

cytosolic free calcium in cells [213]. It was proposed that MFs induced functional disruption

of the intramembranous portion of the calcium channel [214]; the role of free radicals in this

process is unknown.) As there are still no other proven mechanisms of MF influence on free

radical processes than the radical pair mechanism, we must assume that all examples of

biological processes affected by MFs must proceed through the intermediate formation of

free radical pairs.

In accord with in vitro studies we should expect that the in vivo effects of MFs must have

been the damaging ones. There are only few experimental in vivo and ex vivo studies, which,

nonetheless, support this suggestion. Recently, we have showed for the first time (personal

communication by LG Korkina, IB Deeva, IB Afanas’ev) that MF effects may be much greater

under pathophysiological than physiological conditions. We have studied the effects of a weak

alternative magnetic field on leukocytes from Fanconi anemia (FA) patients, compared to
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MF effects on FA relatives and healthy donors. (Fanconi anemia is an autosomal recessive

disease associated with the overproduction of free radicals, Chapter 31.) It has been shown

earlier [215] that FA leukocytes produce the enhanced amount of hydroxyl or hydroxyl-like

free radicals, which are probably formed by the Fenton reaction. It was suggested that MF

would be able to accelerate hydroxyl radical production by FA leukocytes. Indeed, we found

that MF significantly enhanced luminol-amplified CL produced by non-stimulated and

PMA-stimulated FA leukocytes but did not affect at all oxygen radical production by

leukocytes from FA relatives and healthy donors (Table 21.3). It is interesting that MF did

not also affect the calcium ionophore A23187-stimulated CL by FA leukocytes, indicating the

absence of the calcium-mediated mechanism of MF activity, at least for FA leukocytes.

Other examples of possible damaging effects of radio frequency MFs on humans are the

MF effects on cellular phones. Moustafa et al. [216] suggested that acute exposure to the MFs

of commercially available cellular phones for 1, 2, or 4 h significantly increased plasma lipid

peroxidation and decreased the activities of SOD and glutathione peroxidase in erythrocytes.
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22 Generation of Free Radicals
by Prooxidant Enzymes

In this chapter the generation of free radicals, mainly superoxide and nitric oxide, catalyzed

by ‘‘prooxidant’’ enzymes will be considered. Enzymes are apparently able to produce some

other free radicals (for example, HO
.
and

.
NO2), although their formation is not always

rigorously proved or verified. The reactions of such enzymes as lipoxygenase and cyclooxy-

genase also proceed by free radical mechanism, but the free radicals formed are consumed in

their catalytic cycles and probably not to be released outside. Therefore, these enzymes are

considered separately in Chapter 26 dedicated to enzymatic lipid peroxidation.

22.1 XANTHINE OXIDASE

22.1.1 MECHANISMS OF OXYGEN RADICAL PRODUCTION

The discovery of superoxide production by xanthine oxidase (XO) by McCord and Fridovich

[1–3] was a pivotal point in the development of free radical studies in biology. These authors

showed that XO catalyzed cytochrome c reduction, which was inhibited by SOD. (Actually,

McCord and Fridovich used another enzyme, bovine erythrocyte carbonic anhydrase con-

taining SOD as an admixture.) It should be mentioned that the possibility of free radical

formation in the reactions catalyzed by XO has been suggested much earlier [4], but only in

1968–1978 superoxide was positively identified by using biological, physicochemical, and

spectral analytical methods [5–7]. XO and xanthine dehydrogenase (XDH) are the two

forms of the enzyme xanthine oxidoreductase. These forms of the enzyme are interconvertible

and depend on the oxidation state of protein thiols. Xanthine oxidoreductase catalyzes the

oxidation of xanthine to urate with concomitant reduction of dioxygen or NAD. The enzyme

exists as a homodimer with subunits containing one FAD, one molibdopterin, and two 2F/2S

clusters [8].

In 1974, Olson et al. [9] proposed a mechanism for the reactions catalyzed by XO. In

accord with this mechanism six electrons are transferred from fully reduced enzyme through

four redox centers during the oxidation of xanthine (Reaction (1)):

XO(6) ¼) XO(4) ¼) XO(2) ¼) XO(1) ¼) XO(0)

+ + + +
H2O2 H2O2 O2

.� O2
.�

(1)

As seen from the above scheme, XO reduces dioxygen into hydrogen peroxide by two-

electron reduction mechanism and into superoxide by one-electron reduction mechanism.

The efficiency of superoxide production depends on the nature of the substrate (in addition to
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xanthine, XO oxidizes many other substrates such as purines, pteridines, and aliphatic and

aromatic aldehydes), substrate concentration, low or high turnover of substrates, dioxygen

concentration, and pH [10]. Percentage of superoxide production in a total electron flow (the

percent univalent flux) is equal to 27% at low xanthine level and about 13% at its saturated

level [10].

Porras et al. [11] and Nagano and Fridovich [12] proposed that the percent univalent flux

from XO can be regulated by the concentrations of substrate and dioxygen. It was suggested

that at the high concentrations of substrates and dioxygen the fully reduced XO steady state

takes place and the divalent reduction of dioxygen predominates. In contrast, low substrate

and dioxygen concentrations produce a less reduced steady state, which favors the univalent

dioxygen reduction. This proposal was confirmed in the study of lumazine oxidation by XO,

which proceeds with a low reaction rate [13]. It has been shown that with lumazine as the

substrate of XO, the percent univalent flux may achieve 90%. Another way of increasing the

percentage of superoxide production is the XO inhibition by its reaction product uric acid

[14,15]. Inhibition of XO by uric acid apparently occurs under in vivo conditions. Thus, it has

been shown [16] that physiological levels of uric acid inhibited XO activity in human plasma.

Activity and superoxide production by XO are also inhibited by many metal ions such as

Agþ, Hg2þ, Zn2þ,Cu2þ, Cr6þ, etc. [17] or hyperoxia and active oxygen species [18].

At the beginning only XO and not XDH was considered as a superoxide producer. For

example, in 1985 McCord [19] suggested that the conversion of XDH into XO is responsible

for an increase in superoxide production in postischemic reperfusion injury. However, it has

later been shown [20,21] that XDH itself is a producer of superoxide although not so effective

as XO. Moreover, the efficiency of superoxide production differs for different types of the

enzyme. Thus, 2.8 to 3.0 mol of superoxide were produced by chicken liver XDH, while

superoxide production by bovine milk XDH was insignificant [21]. Sanders et al. [22] found

that NADH oxidation by human milk and by bovine milk XDHs catalyzed superoxide

production more rapidly than XO; this process was inhibited by NAD and diphenyleneiodo-

nium but not by the established XO inhibitors allopurinol and oxypurinol.

It is widely accepted that superoxide is the only oxygen radical produced by XO. How-

ever, as early as in 1970, Beauchamp and Fridovich [23] suggested that XO is able to produce

hydroxyl radicals in addition to superoxide through the reaction of superoxide with hydrogen

peroxide (the Haber–Weiss reaction). As this reaction occurs only in the presence of iron ions

(the Fenton reaction), XO may apparently produce hydroxyl radicals only indirectly in the

presence of adventitious iron ions. Nonetheless, later on, Kuppusamy and Zweier [24] again

proposed that XO directly generates hydroxyl radicals by the reduction of hydrogen peroxide.

Their proposal was based on the identification of ESR spectra of DPMO��OH adducts. It

was also shown that the DMPO��OH adduct was formed in the reaction of HO
.
with DMPO

and not during the decomposition of DMPO��OOH adduct and that desferrioxamine did not

affect hydroxyl radical formation, excluding the possible effect of adventitial iron. However,

despite these experimental data, conclusion about the ability of XO to generate hydroxyl

radicals is apparently wrong. Lloyd and Mason [25] and Britigan et al. [26] have showed that

that adventitious iron still presented in aforementioned experiments and was responsible for

the hydroxyl radical generation by XO, because commercial XO samples and buffers con-

tained iron. Recently, the indirect formation of hydroxyl radicals in the XO-catalyzed

reaction has been shown in the presence of 1-methyl-3-nitro-1-nitrosoguanidine (MNNG),

the inducer of gastric cancer [27]. It was suggested that MNNG reacted with the XO-

produced hydrogen peroxide to form peroxynitrite, which decomposed to hydroxyl and nitric

dioxide radicals. Thus, in this system hydroxyl radicals can probably be formed by a super-

oxide-independent way.
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22.1.2 REACTIONS OF XO WITH ORGANIC AND INORGANIC SUBSTRATES

Superoxide generation is the most important way of catalytic XO activity, resulting in the free

radical formation by the reduction of dioxygen (molecular oxygen). However, XO may

reduce other inorganic and organic biomolecules under anerobic and aerobic conditions. In

the last case such molecules compete with dioxygen for electrons. One important example is

the reaction with quinones. Winterbourn [28] has shown that many quinones are better

acceptors of electrons from XO than dioxygen. Because of this, three main reactions occur

when quinones are incubated with the substrate–XO system:

XO

Q ¼) Q.� (2)

Q
.� þO2 () QþO2

.� (3)

XO

O2 ¼) O2
.� (4)

Competition between dioxygen and quinones depends on the one-electron reduction potentials

of quinones [29], and therefore, quinones may inhibit or stimulate superoxide production.

It is extremely important that the interaction of quinones with XO (Reaction (3)) is

reversible that can lead to receiving erroneous results at the measurement of superoxide

production by SOD-inhibitable cytochrome c reduction [28,29] (see also Chapter 27). Lusthof

et al. [30] demonstrated that 2,5-bis(1-aziridinyl)-1,4-benzoquinones are directly reduced by

XO. Interestingly at quinone concentrations greater than 25 mmol l�1, quinones entirely

suppressed one-electron reduction of dioxygen, and cytochrome c was completely reduced

by the semiquinones formed. It is well known that cytochrome c and lucigenin are effective

superoxide scavengers and due to that, these compounds are widely used in the quantitative

assays of superoxide detection. Nonetheless, under certain experimental conditions they can

be directly reduced by XO [31].

In Chapter 21 we already noted that in addition to superoxide, XO is able to produce

another free radical, nitric oxide in the presence of nitrite. The relationship between XO and

nitrogen oxide species is rather complicated because XO may both generate and react with

NO and peroxynitrite. It has been known for a long time that XO catalyzes the reduction of

nitrate to nitrite [32], but the further reduction of nitrite to nitric oxide by XO was shown just

recently [33,34]. Furthermore, it was found that XDH catalyzed NO formation from nitrite in

the presence of NADH about 50 times more efficiently than XO [35]. (This finding could be of

importance because in vivo XDH is a predominant form, at least intracellularly.) Nitric oxide

generation apparently occurs at the MoS group of the enzyme because its desulfuration and

the conversion of MoS to the MoO group caused greater enzyme activity. Under aerobic

conditions, XO generated both superoxide and nitric oxide. Thus, the reduction of nitrite by

XO results in the simultaneous formation of NO and superoxide, which inevitably gives

peroxynitrite, the most active biological damaging species.

Although the inhibition of XO by nitrogen oxide species has been shown by many

authors, there is no mutual agreement on its mechanism and the relative role of NO and

peroxynitrite. Houston et al. [36] concluded that only peroxynitrite is a direct inhibitor of XO

and that the apparent NO inhibition of XO activity is a consequence of diminishing uric acid

yield due to the reaction of uric acid with peroxynitrite. However, Ichimori et al. [37]

demonstrated that nitric oxide inhibited XO and XDH under anerobic conditions supposedly

via desulfuration of the molybdenum MoS center. Another possible mechanism of XO

inactivation is NO binding or destruction of the FeS centers [38]. The most convincing

argument against the direct NO inhibitory effects is the rapid formation of peroxynitrite
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from superoxide and NO under aerobic conditions, which undoubtedly is a far more effective

inhibitory agent of XO.

22.1.3 FREE RADICAL-MEDIATED BIOLOGICAL ACTIVITY OF XANTHINE OXIDOREDUCTASE

Two forms of xanthine oxidoreductase namely XO and XDH are present in many human

and animal cells and plasma, XDH and XO are the predominant species in cytoplasma and

serum, respectively [39]. Damaging effects of XO-catalyzed superoxide production in post-

ischemic tissues were demonstrated by many authors. For example, Chambers et al. [40] and

Hearse et al. [41] have shown that the suppression of superoxide production by the admin-

istration of XO inhibitor allopurinol or SOD resulted in the reduction of infarct size in the

dog and of the incidence of reperfusion-induced arrhythmia in the rat. Similarly, Charlat

et al. [42] has also shown that allopurinol improved the recovery of the contractile function

of reperfused myocardium in the dog. However, the use of allopurinol as the XO inhibitor

has been questioned because this compound may affect oxygen radical formation not only

as a XO inhibitor but as well as free radical scavenger [43]. Smith et al. [44] also showed

that gastric mucosal injury depends on the oxygen radical production catalyzed by XO

and iron.

Due to the important role of xanthine oxidoreductase in tissue injury, its functions in

endothelial cells have now been thoroughly studied. XO presents in endothelial cells of many

organs including the heart, bowel, liver, kidney, and brain where this enzyme is responsible

for superoxide-mediated reperfusion injury [45]. XO is localized within the cytoplasm and on

the endothelial cell surface. Such distribution suggests an important role of XO in cell–cell

interactions involving the superoxide signaling [46,47]. It has been shown that superoxide

production sharply increased after anoxia–reoxygenation in bovine pulmonary microvascular

endothelial cells (BPMVE) [48], bovine pulmonary artery endothelial cells (BPAEC) [49], rat

brain capillary endothelial cells (RBCEC) [50], and cerebral endothelial cells isolated from

piglet cortex [51]. It is of importance that endothelial cells are able to release constitutively the

XO activity into the extracellular medium [48]. On the other hand, circulating XO can bind to

vascular cells, impairing cell functions by oxygen radical generation [52]. Earlier, Paler-

Martinez et al. [53] proposed that the role of XO, as a generator of oxygen radicals, can be

insignificant in human ECs due to the lack of activity towards xanthine. However, Zhang et al.

[54] showed that both XO and XDH of human umbilical vein endothelial cells (HUVEC)

efficiently catalyze superoxide production in the presence of NADH.

It is usually accepted that the augmentation of the XO activity in ischemic tissues

undergoing reperfusion is a consequence of the formation of hypoxanthine from degradation

of ATP in the presence of dioxygen. It has been confirmed by Xia and Zweier [55] who studied

the mechanism of stimulation of the XO-catalyzed superoxide production in postischemic

tissues. It was found that an increase in superoxide production in isolated rat hearts after

reperfusion was triggered by the enhancement of hypoxanthine and xanthine levels due to the

degradation of ATP during ischemia.

22.2 NADPH OXIDASES

If XO is an undoubted historical pioneer among free radical-producing enzymes, whose

capacity to catalyze one-electron transfer reactions opened a new era in biological free radical

studies, NADPH oxidase is undoubtedly the most important superoxide producer. This

enzyme possesses numerous functions from the initiation of phagocytosis to cell signaling,

and it is not surprising that its properties have been considered in many reviews during last 20

years [56–58].
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There are two types of NADPH oxidases existing in phagocytic (neutrophils, monocytes,

and macrophages) and nonphagocytic (endothelial cells, vascular smooth muscle cells

[VSMCs], fibroblasts, etc.) cells. In accord with numerous studies, there is apparently

no fundamental difference in the structures of enzymes of both types. However, while

NADPH oxidase in phagocytic cells does not exist as a whole in ‘‘dormant’’ state and is

synthesized only after stimulation with various organic and inorganic compounds and par-

ticles, NADPH oxidase in nonphagocytic cells exists as a complete enzyme. Correspondingly,

modes of oxygen radical production in these cells significantly differ. The stimulation of

NADPH oxidase in phagocytes results in ‘‘oxidative burst,’’ i.e., the release of a relatively

large amount of oxygen radicals, which is extinguished during a short time (5–30 min), while

nonphagocytic cells produce oxygen radicals continuously but in smaller quantities.

22.2.1 LEUKOCYTE NADPH OXIDASE

Historically, leukocyte NADPH oxidase was the first discovered enzyme of this type; the

existence of this enzyme in neutrophils was reported in 1962–1966 [59–61]. (As the evidence of

superoxide production in biological systems has been obtained several years later, at that time

the nature of oxygen species produced by leukocytes was of course unknown.) And only

about 10 years later, Babior et al. [62] have shown that the activation of human neutrophils

resulted in the production of superoxide. The structure of leukocyte NADPH has been widely

discussed and well-established [57]. Superoxide production catalyzed by NADPH oxidase is

described by Reaction (5):

2O2 þNADPH () 2O2
.� þNADPþ þHþ (5)

In resting ‘‘dormant’’ state three of the five major components of the enzyme, p40phox,

p47phox, and p67phox form a complex in the cytosol. The two other components, p22phox and

gp91phox, exist in secretory vesicles and special granules. (Secretory vesicles are small intra-

cellular vesicles that fuse with plasma membrane and discharge their contents with response

to the stimuli [57].) p22phox and gp91phox compose a heterodimeric flavohemoprotein cyto-

chrome b558. Upon exposure to stimuli cytosolic p47phox becomes phosphorylated and the

whole cytosolic complex adds to cytochrome b558 in the membrane assembling of the active

NADPH oxidase. A complete synthesis of the enzyme also requires two small guanine

nucleotide-binding proteins cytosolic Rac2 and membranic Rap1A (Figure 22.1). It should

be noted that Cross et al. [63] suggested that the activation of NADPH oxidase may not

necessarily require the formation of a stable stoichiometric complex between the phox

proteins. In this case p67phox or Rac2 are probably able to catalytically activate flavocyto-

chrome.

Generation of superoxide occurs during the one-electron oxidation of cytochrome b558,

which contains one FAD and two functionally different heme groups with reduction poten-

tials of �0.225 and �0.265 V [64,65]. It is usually accepted that the heme groups are

responsible for the release of superoxide, however, Babior [57] pointed out that the rate of

superoxide production by heme is too slow and that the flavin group of cytochrome b558 is a

main electron carrier. The roles of the other NADPH oxidase components are now also well

understood. p47phox is mainly responsible for the transfer of cytosolic complex from the

cytosol to the membrane during NADPH oxidase activation. However, before the transfer

of cytosolic components to the membrane, p47phox must be phosphorylated acquiring as

many as nine phosphate residues [66]. Recently, Shiose and Sumimoto [67] demonstrated

that instead of phosphorylation, p47phox can be activated by arachidonic acid. These authors

have found that the high concentrations of arachidonic acid induce a direct interaction
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between p47phox and p22phox, while at the low concentrations, arachidonic acid synergizes

with p47phox phosphorylation. The function of p67phox is not so clear; probably, it participates

in electron transfer to the flavin of cytochrome b558 [68]. The function of p40phox is also

uncertain; it seems to be able to inhibit or stimulate the enzyme activation [57].

The release of superoxide by the phagocytic cell is leaving behind the proton produced by

Reaction (5). Correspondingly, the efflux of protons through proton channel must take place

as the charge compensation pathway for electrogenic generation of superoxide by NADPH

oxidase. Henderson [69] suggested that the gp91phox subunit functions as a NADPH oxidase-

associated proton channel and that the mechanism of proton transfer includes the protona-

tion and deprotonation of some amino acid.

The mechanism of the activation of NADPH oxidase includes several enzymatic stages.

Hazan et al. [70] has found that stimuli opsonized zymosan (OZ) and PMA activate cytosolic

phospholipase A2 and NADPH oxidase. This activation is mediated by extracellular-signal-

regulated kinases (ERKs), which in turn are activated through a protein kinase C (PKC)-

dependent pathway in the case of PMA stimulation and through tyrosine kinase in the case of

OZ stimulation. Another enzyme participating in NADPH oxidase activation is p38 mitogen-

activated protein kinase (p38 MAPK). It has been shown [71] that the inhibition of p38

MAPK blocked the OZ-stimulated activation and translocation of Rac2 in bovine neutro-

phils.

The existence of nitric oxide synthase (NOS) in phagocytes (see below) provides a different

kind of stimulation and the inhibition of NADPH oxidase. It has been found [72] that the low

physiological concentrations of peroxynitrite formed from NO and superoxide stimulated

superoxide production by PMA-activated human PMNs through the ERK MAPK path-

way, while higher peroxynitrite concentrations inhibited it. Moreover, NADPH oxidase

was inhibited by lidocaine, a sodium-blocker, in OZ-activated neutrophils through the

suppression of p47 phox translocation [73].

Cytosol Secretory vesicle

[Rac2]

{[p67phox][p47phox][p40phox]}

Phosphorylation

{[p67phox][p47phox(OPO3)3][p40phox]}

Activated NADPH oxidase

[Rac2]{[p67phox][p47phox(OPO3)3][p40phox]}cyt. b558[rap1A]

Membrane

{[p22phox][gp91phox]}

cyt. b558

FIGURE 22.1 Synthesis of phagocytic NADPH oxidase upon activation.
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As described earlier, major studies of phagocytic NADPH oxidase have been performed

on human and animal neutrophils. However, NADPH oxidase presents in many other blood

and tissue phagocytes such as monocytes, eosinophils, basophils, macrophages, etc. Many

studies on superoxide production by these cells have already been considered earlier [74].

Recently, several studies have been carried out on the structure and activation mechanism

of NADPH oxidase of eosinophils and monocytes. It is known that eosinophils produce

more superoxide than neutrophils that could be a consequence of some structural changes in

the enzyme. However, Someya et al. [75] has found that there is no structural difference in the

NADPH oxidases of these leukocytes, but the contents of all NADPH oxidase components

were 1.5 to 3.3-fold greater in eosinophils than neutrophils. Lynch et al. [76] demonstrated

that leukotriene B4-induced superoxide production by adherent and nonadherent eosinophils

is mediated by p38 MAP kinase, MEK-1, PKC, and protein tyrosine kinases. Bankers-

Fulbright et al. [77] found that stimuli IL-5, LTB4, and PMA activated human eosinophils

through a Zn-sensitive plasma membrane proton channel. Similar to neutrophils, the super-

oxide production by PMA and AA-stimulated eosinophils accompanied by the activation of

proton and electron currents in these cells [78–80]. It has been recently shown [81] that

monocyte NADPH oxidase is also activated by cytosolic phospholipase A(2) (cPLA(2)).

This enzyme catalyzed the translocation and phosphorylation of p47phox and p67phox subunits

via the production of arachidonic acid.

22.2.2 NADPH OXIDASE OF NONPHAGOCYTIC CELLS

The major function of superoxide producing NADPH oxidase in phagocytes is the initiation

of oxidative processes leading to the destruction of pathogens during phagocytosis. In

addition, phagocytic NADPH oxidase catalyzes various free radical-mediated damaging

processes considered in subsequent chapters. These functions are not the major ones for

NADPH oxidase of nonphagocytic cells. Interesting hypothesis has been offered by Babior

[57] who suggested that this enzyme might have arisen evolutionary through the mutation of

an ancient NADPH oxidase of lower activity. Such phagocytic NADPH oxidase is present in

many cells and fulfills numerous signaling functions.

The structure of nonphagocytic NADPH oxidase has been widely discussed. Although

everybody agrees that both phagocytic and nonphagocytic enzymes represent the same

enzymatic family, there are some differences depending on the type of cells [82]. For example,

it has been demonstrated that endothelial cells [83,84], adventitial cells [85,86], cardiac

myocytes [87], and the cells of rat ventilatory muscles [88] expressed all major subunits of

phagocytic NADPH oxidase, while VSMCs and mesangial cells appear to express p22phox,

p40phox, and Rac1, but not gp91phox [89]. Gorlach et al. [90] demonstrated that there is

difference between the structures of endothelial NADPH oxidase and NADPH oxidase of

VSMCs: the first one contains the gp91phox subunit while the second one does not. On the

whole, there are five major differences in phagocytic and nonphagocytic NADPH oxidases:

(a) the organization of enzyme in the cell, (b) the enzyme composition, (c) the nature

of substrates, (d) the mode of stimulation, and (e) the mode and amount of superoxide

production.

(a) As mentioned above, an entirely synthesized nonphagocytic NADPH oxidase is

located in the vascular wall whereas phagocytic one is distributed between the cytosol

and the membrane and is synthesized upon stimulation.

(b) Examples cited above already demonstrate a dependence of the enzyme structure on a

cell type. There are numerous studies in which authors have studied the similarity and

differences of phagocytic and nonphagocytic NADPH oxidases, and at present it is
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difficult to achieve a full agreement. As already noted, not all subunits of phagocytic

NADPH enzyme are found in various nonphagocytic cells, although all subunits are

expressed in porcine pulmonary artery endothelial cells (PAECs) [91] human, bovine

and porcine endothelial cells [92], and coronary microvascular endothelial cells

(CMECs) [93]. At the same time it has been suggested [94,95] that nonphagocytic

enzymes contain not the gp91phox subunit but its homologs Nox 1, Nox 3, Nox 4, and

Nox 5. Souza et al. [96] confirmed that vascular NADPH oxidase does not possess the

gp91phox subunit identical to the phagocytic enzyme because there was no significant

difference between superoxide production by aortas from wide-type and gp91phox-

deficient mice.

(c) In contrast to the phagocytic enzyme, vascular NADPH oxidase may catalyze super-

oxide production using both NADH and NADPH as substrates. Earlier studies

suggested that NADH is the preferred substrate, however, it has been later proposed

that this preference is due to the use of high concentrations of lucigenin in the CL

detection of superoxide [82]. It was suggested [97] that lucigenin artificially overesti-

mated superoxide production due to participating in the redox cycling and that this

effect is especially high in the presence of NADH. In our opinion the criticism of

lucigenin-amplified CL as an assay for superoxide detection is greatly exaggerated

and could be completely wrong [98]. (This problem is discussed in detail in Chapter

32.) At present, the predominance of NADPH-stimulation of superoxide production

by nonphagocytic enzyme is shown in human, bovine, and porcine endothelial cells

[92], and VSMCs [99], although NADH and NADPH are equally effective in rat

aortic homogenates and intact segments [100].

(d) Stimuli and the mechanism of stimulation of nonphagocytic NADPH oxidase are

mainly different from those for phagocytic enzyme. Nonetheless, it has been shown

that the nonphagocytic enzyme may be stimulated by some typical stimuli of leuko-

cyte NADPH oxidase such as calcium, interleukin-1, and TNF-a in human fibro-

blasts [101,102], PMA in pulmonary artery endothelial cells [91], human endothelial

cells [103], and murine vascular smooth cells [104], PMA in pig coronary arteries

(supposedly through the activation of protein kinase C) [105], and TNF-a in rat aortic

smooth muscle cells [106].

However, the most important stimulus of nonphagocytic NADPH oxidase is

angiotensin II. It has been shown that neuropeptide angiotensin II, which exerts

numerous effects on the cardiovascular system, stimulates superoxide production

through the activation of NADPH oxidase in vascular cells [107–109]. For example,

it has been shown that the NADPH oxidase activation and superoxide overproduc-

tion can be responsible for the angiotensin II-induced hypertension [110,111]. Pagano

et al. [112,113] and Wang et al. [85] have studied the activation of NADPH oxidase by

angiotensin II in aortic adventitial fibroblasts. They concluded that angiotensin II

stimulates superoxide production by NADPH oxidase in these cells via p67phox

activation. The amount of superoxide generated in this system is apparently sufficient

to create a barrier capable of inactivating nitric oxide by the formation of peroxyni-

trite. Angiotensin II stimulation of NADPH oxidase is also mediated by phospholi-

pases. Thus Zafari et al. [114] have shown that angiotensin II stimulated

phospholipase A2 in VSMC, releasing arachidonic acid, which in turn stimulated

NADPH oxidase. Touyz and Schiffrin [115] reported that in human VSMC the

angiotensin II stimulation of NADPH oxidase depended on phospholipase D.

There are various angiotensin II-dependent pathways of NADPH oxidase activa-

tion. Xie et al. [116] have found that angiotensin II induced the stimulation of

osteopontin, an extracellular matrix protein, in cardiac microvascular endothelial
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cells, which is accompanied by the activation of p42/44 mitogen-activated protein

kinase (p42/44 MAPK) and increased superoxide production. It has been suggested

that p42/44 MAPK is a critical component of NADPH oxidase angiotensin II

stimulation. Mollnau et al. [117] have studied the effect of angiotensin II stimulation

of superoxide production under in vivo conditions. It was found that the angiotensin

II treatment of rats resulted in the enhancement of superoxide production not only

due to NADPH oxidase activation but also as a result of NO synthase uncoupling.

Li et al. [118] demonstrated that hydrogen peroxide stimulated superoxide produc-

tion by NADPH oxidase from smooth muscle cells and fibroblasts. Although the

mechanism of hydrogen peroxide stimulation is unclear, it has been supposed that

hydrogen peroxide may induce arachidonic acid release, a known stimulus of

NADPH oxidase, or activate the NADPH oxidase by phosphorylating the p22 phos

subunit. The discovery of hydrogen peroxide stimulation can be of importance

because it shows the existence of a self-promoting cycle of oxygen radical production

in nonphagocytic cells. The ubiquitous glycosphingolipid lactosylceramide (LacCer)

is another stimulus of NADPH oxidase in human aortic smooth muscle cells. It has

been shown [119] that LacCer stimulated NADPH-catalyzed superoxide production

in these cells, resulting in the activation of the kinase cascade and the induction of cell

proliferation.

Several other stimuli are also able to activate nonphagocytic NADPH oxidase.

Thus high glucose levels and palmitate stimulated superoxide production by vascular

aortic smooth muscle and endothelial cells supposedly through a protein kinase C-

dependent activation of NADPH oxidase [120]. Lysophosphatidylcholine (LPC), an

atherogenic lipid formed during the oxidation of low-density lipoproteins, stimulated

superoxide production by NADPH oxidase in BAECs via a tyrosine kinase-depen-

dent pathway [121]. Heinloth et al. [122] demonstrated that LDC and oxidized LDLs

enhanced superoxide production by HUVEC and induced HUVEC proliferation

through NADPH oxidase activation. Endothelin-1, a pro-atherosclerotic stimulus,

induced gp91phox mRNA expression and augmented superoxide production in

HUVECs [123]. Superoxide production was enhanced in cyclically stretched ventricu-

lar myocytes [124].

Holland et al. [125] have shown that the potent vascular smooth muscle cell

mitogen and phospholipase A2 activator thrombin stimulated superoxide production

in human endothelial cells, which was inhibited by the NADPH oxidase inhibitors.

Similarly, thrombin enhanced the production of oxygen species and the expression of

p47phos and Rac2 subunits of NADPH oxidase in VSMCs [126,127]. Greene et al.

[128] demonstrated that the activator of NO synthase neuropeptide bradykinin is also

able to stimulate NADPH oxidase in VSMCs. Similar to XO, NADPH oxidase

enhanced superoxide production in pulmonary artery smooth muscle cells upon

exposure to hypoxia [129].

(e) Although the capacity of NADPH oxidase to produce superoxide is now experimen-

tally proven, there is disagreement in the estimation of superoxide concentration

released by nonphagocytic cells. On the basis of lucigenin-amplified CL measure-

ments, it has been usually accepted that vascular cells constitutively produce about

1% of superoxide generated by stimulated peritoneal macrophages [91]. However, as

noted above, Zweier and coworkers [97,100] have recently concluded, that the use of

lucigenin-amplified CL leads to the overestimation of superoxide generation due to

the lucigenin redox cycling and that the real superoxide production can be several

times lower. But, there are many contradictions in the interpretation of findings

obtained by these and other authors. For example, the enhanced lucigenin-amplified
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CL produced in the presence of exogenous NADPH or NADH, which has been

studied in Refs. [97,100], may originate from other sources than superoxide gener-

ation [90]. In our opinion [98], the data obtained on the basis lucigenin CL measure-

ment, especially with the use of small lucigenin concentrations provide the reliable

estimate of superoxide concentration while the use of ESR spin technique underesti-

mates it, particularly in vascular tissue and cells (see Chapter 32).

As noted earlier, a major role of nonphagocytic NADPH oxidase in cells is to

produce active oxygen species accomplishing the role of second messengers. These

signaling processes result in the development of vascular diseases, including hyper-

tension and atherosclerosis. Below are cited several examples of NADPH oxidase

catalyzed superoxide signaling functions. It has been shown that superoxide gener-

ated by NADPH oxidase of VSMCs regulates the protein kinase cascade by activat-

ing the mitogen-activated protein kinases p42/44 MAPKs [130]. Angiotensin II

activation of JNK and p38 MAPK kinases was shown to be mediated by NADPH

oxidase-catalyzed superoxide formation in VSMC [131]. In cardiac fibroblasts angio-

tensin II stimulated NADPH oxidase via an AT-1 receptor to produce oxygen

radicals, which activated EPK1/2, p38 MAPK, and JNK kinases [132], while in

VSMC kinase cascade included p38 MAPK but not ERK [133]. Xiao et al. [87]

reported that NADPH oxidase is involved into a1-adrenoceptor-stimulated hyper-

trophic signaling through superoxide-mediated activation of ERK1/2 kinase in rat

ventricular myocytes. Brar et al. [134] showed that NADPH oxidase of human airway

smooth muscle cells regulated proliferation of these cells through the superoxide-

mediated activation of redox-regulated transcription factor NF-kB.

Besides cell signaling, superoxide production by nonphagocytic cells may exhibit dam-

aging activity through the interaction with nitric oxide to form peroxynitrite, toxic effects of

which were considered in Chapter 21. On the other hand, a decrease in NO concentration may

result in endothelial dysfunction due to reduction in endothelium-dependent vasorelaxations

[135]. Furthermore, as already mentioned above, the interaction of superoxide with NO

synthase in vascular tissue may lead to uncoupling of this enzyme and increasing superoxide

production [117]. Therefore, the overproduction of superoxide may affect superoxide/nitric

oxide by different ways, resulting in cell injury. It is interesting that some biomolecules may be

useful for improving this balance. Thus, 17b-estradiol upregulated NO synthase expression

and inhibited NADPH oxidase expression in human endothelial cells [136].

22.3 NITRIC OXIDE SYNTHASES

22.3.1 TYPES AND STRUCTURE OF NITRIC OXIDE SYNTHASES

There are three main distinct forms of NOSs expressed in animals, which are major enzymes

responsible for NO generation: two constitutive enzymes neuronal NOS I (nNOS) and

endothelial NOS III (eNOS), and one inducible enzyme NOS II (iNOS). These enzymes

catalyze NO and L-citrulline formation from L-arginine (through the intermediate formation

of N-hydroxyl-L-arginine) and are present in many cells including macrophages, Kupffer cells

[137], hepatocytes [138], and neutrophils [139], but not eosinophils [140]. Recently, Bal-Price

et al. [141] has found that significant amount of nitric oxide is produced by lipopolysacchar-

ide/interferon-g (LPS/IFN-g)-activated rat microglia and astrocytes, with a steady state of NO

equal to 0.5–0.7� 10�6mol l�1. All NO synthases are homodimers containing a N-terminal

oxygenase domain with binding sites for heme, 6R-tetrahydrobiopterin (H4B), and L-arginine,

and a C-terminal reductase domain with binding sites for FMN, FAD, and NADPH. The
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enzymes also contain the calmodulin subunit located between oxygenase and reductase

domains (Figure 22.2).

NO synthases perform numerous functions contributing to the regulation of systemic

blood pressure, activating intracellular signaling pathways in VSMCs, resulting in vasore-

laxation [142], participating in the toxic activity of macrophages against virus, bacteria, and

tumor cells [143], etc. NO synthases play an important role under many pathophysiological

conditions such as hypercholesterolemia and atherosclerosis where an impaired endothelial-

dependent vasorelaxation takes place induced by oxidative vascular damage [144]. These

biological functions of nitric oxide synthases under physiological and pathophysiological

conditions are considered in the following chapters. Now, we will regard the structures of

NO synthases.

Synthesis of nitric oxide occurs by accepting of electrons from NADPH by the flavins of a

reductase domain and transferring them to the heme of an oxygenase domain [145]. In the

case of iNOS it has been shown that the single reductase domain transfers electrons only to

the adjacent one of the two oxygenase domains, supporting a normal rate of NO synthesis

[145,146]. Siddhanta et al. [145] considered the effect of iNOS dimeric structure on the

mechanism of electron transfer through iNOS. They proposed that there is possibly a barrier

for electron transfer from the reductase to oxygenase domain located on the same subunit

that results in the enzyme ‘‘domain swapping,’’ which allows electrons to transfer between the

reductase and oxygenase domains of adjacent subunits (Figure 22.2). Thus, dimerization

helps to orient reductase and oxygenase domains properly for electron transfer.

22.3.2 FREE RADICAL PRODUCTION BY NITRIC OXIDE SYNTHASES

As mentioned earlier, extensive literature is dedicated to the study of functions of NO synthases

under physiological and pathophysiological conditions. Much attention has been drawn to the

capacity of these enzymes to generate free radicals. The mechanism of nitric oxide production

by NO synthases was widely discussed and are presented in Figure 22.3 [147].

At the initial step electrons are transferred from NADPH to the oxidized FAD, reducing it

to FADH2. Disproportionation between flavins leads to the formation of two free radicals

FADH
.
and FMNH

.
. Electron transfer from FMNH

.
to the heme results in the reduction of

Fe3þ to Fe2þ, and the reduced heme becomes able to bind O2 to form the intermediate

COOH

C
O

O
H

NADPH

NADPH

FAD

FAD

FMN

FMN

C
A

M

C
A

M

ARG

ARG H4B

H4B Fe

Fe

FIGURE 22.2 Structure of NO synthases and ‘‘domain swapping,’’ [From U Siddhanta, A Presta, B Fa,

D Wolan, DL Rousseau, DJ Stiehr. J Biol Chem 273: 18950–18958, 1998. With permission.]
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Fe(II)O2 oxygenated complex [148]. Binding L-arginine to the heme results in its oxidation

and the formation of nitric oxide. It has been suggested [149] that similar to the reactions

catalyzed by cytochromes P-450, the oxidation of L-arginine proceeds via the hydroxylation

of L-arginine to N-hydroxyarginine (Figure 22.4). In accord with this mechanism ferric heme

iron is converted into Fe(II)O2 species (I) and further into the iron-peroxy intermediate (II),

which after losing water forms the high valence oxo-iron species heme Fe(IV)O (III), capable

of hydroxylating the substrate (Scheme 1).

Heme FeIII
heme FeIIO2 heme FeIIO2

•−
heme (FeIVO)

IIIIII

H+

−H2OO2

e− e−

SCHEME 1 (With permission from HM Abu-Soud, R Gachhui, FM Raushel, DJ Stuehr. J Biol Chem

272: 17349–17353, 1997.)

Because NO synthases belong to the same superfamily of enzymes as cytochrome P-450,

they are able to produce not only nitric oxide (although it is undoubtedly their main function)

but also other free radicals, first of all, superoxide. In 1992, Pou et al. [148] showed that brain

nitric oxide synthase (NOS I) produced superoxide identified as a DMPO��OOH adduct in a

calcium- or calmodulin-dependent manner. This finding was confirmed in numerous studies

for all three isoforms of NO synthase. Although the structures of all the three NO oxidase

FeIII

FeII FADH• FMN FMNH•FAD FMN

FMN

NADPH

FAD

FADH•

O2

O2
•−

FADH2

NADP+

FMNH•

FIGURE 22.3 Mechanism of the catalytic cycle of NO synthase [From S Pou, L Keaton, W Suricha-

morn, GM Rosen. J Biol Chem 274: 9573–9580, 1999. With permission.]

NADPH  ⇒  FADH•/FMNH•  ⇒  Heme Fe2+  ⇒  Heme Fe2+O2  ⇒  Heme Fe2+O2
•−  ⇒  Heme (Fe4+O)

Heme (Fe4+O)   +   NH2C−NHCH2CH2CH2CH(NH2)COOH  ⇒  

HONHC−NHCH2CH2CH2CH(NH2)COOH  ⇒  NO  +  NH2CONHCH2CH2CH2CH(NH2)COOH

N-Hydroxy-L-arginine

e e e

NH

L-Citrulline

O2 

=

NH

=

FIGURE 22.4 Mechanism of nitric oxide and L-citrulline production by NO synthases through the

intermediate formation of N-hydroxyl-L-arginine.
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isoforms are similar, there are differences in the mode of generation of nitric oxide and

superoxide by these enzymes. Firstly it was proposed [148] that the absence of substrate

L-arginine is an obligatory condition for superoxide production by NO synthase. However,

subsequent studies demonstrated that all NO synthase isoforms can generate superoxide in

addition to NO even at saturated substrate levels [147]. However, the sites of superoxide

production are different in NO synthase isoforms. It has been proposed [149,150] that nNOS I

and eNOS III isoforms produce superoxide by the oxidation of ferrous heme, while iNOS II

generates superoxide at the flavin-binding sites of the reductase domain [151]. This difference

is probably due to a weak coupling between FMNH
.
and ferric heme in iNOS II (Figure 22.3)

that makes possible for electrons to leak from the flavin domain to form superoxide even in

the presence of substrate [147].

It has been shown that the activity of NO synthases is regulated by cofactors calcium

binding protein calmodulin and tetrahydrobiopterin (H4B). Abu-Soud et al. [149] have studied

the effect of H4B on the activity of neuronal nNOS I, using the isolated heme-containing

oxygenase domain nNOSoxy. It was found that nNOSoxy rapidly formed an oxygenated

complex in the reaction with dioxygen, which dissociated to produce superoxide (Reaction (6)):

nNOS(Fe2þ)þO2 () nNOS(Fe2þO2) () nNOS(Fe3þ)þO2
.� (6)

Surprisingly, H4B accelerated the dissociation of the oxygenated complex even in the presence

of bound L-arginine. However, there is another view on the role of H4B in this system. Pou

et al. [147] suggested that the low concentrations H4B inhibited superoxide production by

nNOS I, while at higher concentrations H4B formed superoxide by autoxidation. Recently,

the ability of H4B to participate in one-electron transfer processes during the nNOS I and

eNOS III catalysis was confirmed by the identification of the H4B radical cation protonated

at N5 atom [152,153]. The mechanism of action of another cofactor calmodulin has been

studied by Daff et al. [154] who suggested that calmodulin controlled electron transfer via a

large structural rearrangement.

It is possible that tetrahydrobiopterin is a critical subunit responsible for the production

of NO but not other nitrogen oxides by NO synthases. In 1995, Pufahl et al. [155] found that

NO synthase from murine macrophages catalyzed the oxidation of NG-hydroxyl-L-arginine

in the presence of hydrogen peroxide to citrulline and nitrite or nitrate without NO forma-

tion. Later on, Schmidt et al. [156] suggested that NO synthases produce not nitric oxide but

nitroxyl NO�, which is oxidized by SOD into NO. Their conclusion was based on the fact that

they cannot detect any NO in the absence of SOD but can detect other nitrogen oxides (N2O

and NH2OH), which are probably not derived from nitric oxide. It was suggested that NO is

formed by the oxidation of nitroxyl with SOD:

NO� þ Cu(II)SOD ¼) NOþ Cu(I)SOD (7)

Recent findings suggest a new role for H4B in the mechanism of nitric oxide generation by NO

synthases. It has been suggested [157] that a critical moment in performing hydroxylation of

substrates by the enzyme is the transfer of second electron to the ferrous–dioxy complex heme

(Fe(II)O2) to form heme (Fe(II)O2
.�) (Scheme 1). H4B is not an obligatory subunit, which is

necessary for this process, because the NOS heme hydroxylates L-arginine even without

receiving two electrons from NADPH. However, the absence of H4B results in uncoupling

between NADPH oxidation and product formation. Therefore, it is possible that H4B may

improve coupling between NADPH oxidation and product formation by the one-electron

oxidation of H4B [152,153], which can be a faster process than the transfer of an electron from

the reductase domain. At the same time the formed H4B cation radical can oxidize nitroxyl
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bound to the ferric heme into NO. Thus, it may be suggested that the essential function of

H4B is to convert the bound NO� into nitric oxide [157].

Simultaneous generation of nitric oxide and superoxide by NO synthases results in the

formation of peroxynitrite. As the reaction between these free radicals proceeds with a

diffusion-controlled rate (Chapter 21), it is surprising that it is possible to detect experimen-

tally both superoxide and NO during NO synthase catalysis. However, Pou et al. [147]

pointed out that the reason is the fact that superoxide and nitric oxide are generated

consecutively at the same heme iron site. Therefore, after superoxide production NO synthase

must cycle twice before NO production. Correspondingly, there is enough time for superoxide

to diffuse from the enzyme and react with other biomolecules.

In addition to nitric oxide, superoxide, and peroxynitrite, NO synthases are able to

generate ‘‘secondary’’ free radicals because similar to cytochrome P-450 reductase, the

reductase domain can transfer an electron from the heme to a xenobiotic. Thus it has been

found [158,159] that neuronal NO synthase NOS I catalyzed the formation of CH3CH(OH)
.

radical from ethanol. It was suggested that the perferryl complex of NOS I is responsible

for the formation of such secondary radicals. Miller [160] also demonstrated that 1,3-

dinitrobenzene mediated the formation of superoxide by nNOS. It was proposed that the

enhancement of superoxide production in the presence of 1,3-dinitrobenzene converted

nNOS into peroxynitrite-produced synthase and may be a mechanism of neurotoxicity of

certain nitro compounds.

Recent studies showed an importance of the association of NO synthases with heat shock

protein 90 (hsp90). Song et al. [161] demonstrated that hsp90 enhanced nitric oxide produc-

tion by neuronal NO synthase and inhibited superoxide production. This effect was not due

to the direct reaction of hsp90 with superoxide because hsp90 did not affect superoxide

production by XO. Pritchard et al. [162] suggested that normal low-density lipoproteins

induce eNOS dysfunction by decreasing the association of hsp90 with the enzyme. On the

other hand, chronic hypoxia increased the association of hsp90 with endothelial eNOS and

enhanced nitric oxide production [163].

It should also be mentioned that superoxide and not nitric oxide production by eNOS may

have implications for atherosclerosis and septic shock due to imbalance between NO and

superoxide formation, for example due to an increase in TNF-a production [164]. These

pathophysiological functions of NO synthases will be considered in detail in Chapter 31.

Completing the consideration of the mechanisms of superoxide and nitric oxide gener-

ation by NO synthases, it is necessary to discuss the studies by Xu [165–167] who, contrary to

numerous findings cited above, proposed that superoxide generation by these enzymes is an

artifact. This unexpected conclusion was based on the fact that this author registered super-

oxide production by inactivated nNOS as well as by its cofactors FAD, FMN, H4B, and

calmodulin. His findings were repudiated on the basis of uncorrected experimental data or

their interpretation [168,169], but in our opinion Xu’s data are simply irrelevant to the

problem of superoxide production by active NO oxidases. The ability of many biomolecules

to generate superoxide during autoxidation is well known and usually has no connection with

their in vivo functions. On the other hand, the ability of NO synthases to produce superoxide

during their catalytic cycles under in vitro and ex vivo conditions is decisively proven by the

use of selective enzyme inhibitors.

22.3.3 MITOCHONDRIAL NITRIC OXIDE SYNTHASE

In contrast to well-described neuronal, endothelial, and inducible isoforms of NO synthase,

mitochondrial NO synthase (mtNOS) is still not fully identified enzyme. As early as 1995, it

has been reported that this NOS isoform is located to the inner mitochondrial membrane in
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brain, kidney, liver, and muscle [170,171]. Later on, the existence of mtNOS associated with

the inner mitochondrial membrane and not with the matrix fraction was shown in rat liver

mitochondria [172,173]. It has been shown that mtNOS is a constitutive enzyme, but there is

no full agreement whether it is nNOS I, iNOS II, or a new NO synthase isoform. Lacza et al.

[174] demonstrated that antibodies against eNOS III but not nNOS I or iNOS II showed

positive immunoblotting and therefore mtNOS should be the eNOS-like isoform. In contrast,

Kanai et al. [175] suggested that mtNOS is nNOS because NO production was absent in the

mitochondria of knockout mice for nNOS I, but not iNOS II or eNOS III. Lopez-Figueroa

et al. [176] demonstrated the in vivo production of nitric oxide within mitochondria.

The functions of mtNOS in mitochondria have been studied (see Chapter 23). Ghafourifar

et al. [177] found that the calcium-induced stimulation of mtNOS caused the release of

cytochrome c from mitochondria and induced apoptosis. On the other hand, the same group

of authors [178] showed that the production of NO by mtNOS and superoxide in mitochondria

resulted in the formation of peroxynitrite and stimulated calcium release, indicating the

existence of a ‘‘feedback loop’’ which prevents calcium overload in mitochondria.

22.4 PEROXIDASES

22.4.1 MECHANISM OF FREE RADICAL PRODUCTION

Peroxidases are a group of enzymes that catalyze the oxidation of hydrogen peroxide and

various hydroperoxides. There are two major groups of peroxidases: mammalian peroxidase

family (superfamily II) and plant, fungal, and bacterial peroxidase family (superfamily I)

[179]. Mammalian peroxidases, which include myeloperoxidase (MPO), lactoperoxidase

(LPO), and thyroid peroxidase (TPO) greatly differ from peroxidases of superfamily I in

structure in having a covalent binding between the heme group and protein matrix. The most

important representative of superfamily II is undoubtedly MPO, which is a major neutrophil

protein, constituting 2–5% of neutrophil dry weight. MPO are also present in monocytes and

eosinophils (where is named eosinophil peroxidase (EPO)). MPO is a major component of the

azurophilic cytoplasmic granules and is released during phagocytosis. It has been shown that

the mechanism of catalytic activity of heme peroxidases is practically identical; therefore, the

other enzymes, horseradish peroxidase (HRP) and LPO are widely used in numerous in vitro

studies. It has been known for a long time that peroxidases are able to catalyze the one-

electron oxidation of xenobiotics and biomolecules to free radicals. However, in contrast to

the above considered XO, NADPH oxidase, and NO synthase, which produce superoxide as

a major active oxygen species capable of initiating free radical processes, peroxidases are able

to generate free radicals from substrates as a result of a direct interaction with the heme

groups.

The mechanism of free radical formation in the reactions catalyzed by MPO and other

heme peroxidase may be presented as follows [180]:

MPOþH2O2 ¼) Compound IþH2O (8)

Compound IþRH ¼) Compound IIþR
.

(9)

Compound IIþRH ¼) MPOþR
. þH2O (10)

In accord with this mechanism, a single two-electron oxidation of the enzyme into Compound I

by hydrogen peroxide (Reaction (8)) is followed by two one-electron steps: Reaction (9), in

which substrate RH is oxidized to a radical R
.
and Compound I is reduced to Compound II

and Reaction (10), in which Compound II is reduced to native MPO, completing the catalytic
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cycle. At high hydrogen peroxide concentrations Compound II can be converted in Com-

pound III [181]:

Compound IIþH2O2 ¼) Compound III (11)

Recovering of Compound II involved the reduction of Compound III to Fe(II)MPO and the

reaction of Fe(II)MPO with hydrogen peroxide:

Compound III ¼) Fe(II)MPO (12)

Fe(II)MPOþH2O2 ¼) Compound IIs (13)

At low concentrations of hydrogen peroxide Compound II is converted back to MPO.

The following structures of peroxide intermediates have been proposed [180]: Compound I

contains a porphyrin p cation radical and a low-spin oxyferryl FeIVO center; Compound II is

the one-electron reduction product having supposedly the structure of FeIVOH; Compound

III, which can be obtained from native Fe(III) peroxidase with superoxide, from reduced Fe(II)

peroxidase with dioxygen, and from Compound II with hydrogen peroxide [182], is a Fe(II)O2

compound. The subsequent studies showed that Compound I may exist in two different forms

as FeIVO porphyrin p cation radical and FeIVO protein radical [183–185]. It was proposed

[185,186] that protein radical present in Compound I of MPO and LPO may be related to

covalent binding of the heme group to the protein or participates in enzyme inactivation.

22.4.2 OXIDATION OF PHENOLIC COMPOUNDS

Several compounds can be oxidized by peroxidases by a free radical mechanism. Among

various substrates of peroxidases, L-tyrosine attracts a great interest as an important phenolic

compound containing at 100–200 mmol l�1 in plasma and cells, which can be involved in lipid

and protein oxidation. In 1980, Ralston and Dunford [187] have shown that HRP Compound

II oxidizes L-tyrosine and 3,5-diiodo-L-tyrosine with pH-dependent reaction rates. Ohtaki

et al. [188] measured the rate constants for the reactions of hog thyroid peroxidase Com-

pounds I and II with L-tyrosine (Table 22.1) and showed that Compound I was reduced

directly to ferric enzyme. Thus, in this case the reaction of Compound I with L-tyrosine

proceeds by two-electron mechanism. In subsequent work these authors have shown [189]

that at physiological pH TPO catalyzed the two-electron oxidation not only L-tyrosine but

also D-tyrosine, N-acetyltyrosinamide, and monoiodotyrosine, whereas diiodotyrosine was

oxidized by a one-electron mechanism.

Similar to other phenols, L-tyrosine is oxidized by peroxidases to phenolic free radical [190]:

4-HOC6H4CH2CH(NH2)COOH ¼) .
OC6H4CH2CH(NH2)COOH (14)

Tyrosine Tyr
.

Coupling of tyrosyl radical yields o,o’-dityrosine:

2Tyr
. ¼) o,o0-dityrosine (15)

Heinecke et al. [191] studied the oxidation of L-tyrosine by the H2O2–MPO system and

showed that the main product of this reaction is dityrosine. They have also found that

tyrosine successfully competed with chloride as a substrate for MPO that points out at the

possibility of in vivo oxidation of tyrosine by MPO even in the presence of big physiological

concentration (0.10–0.1 mol l�1) of chloride in human blood. It was also suggested that the

tyrosyl radical formed at the catalytic oxidation of tyrosine by peroxidases may interact with
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protein radicals yielding tyrosylated proteins. On these grounds, Francis et al. [192] suggested

that oxidative tyrosylation of high-density lipoproteins by peroxidases can enhance the

removal of cholesterol from fibroblasts and macrophage foam cells.

Marquez and Dunford [193] have studied the kinetics of L-tyrosine oxidation by MPO.

They measured the rate constants for the reactions of MPO compounds I and II with tyrosine

and dityrosine and found out that, comparing with HRP, LPO, and TPO, MPO is the most

effective catalyst of tyrosine oxidation at physiological pH (Table 22.1). Furthermore, the rate

constant for Reaction (9) with tyrosine turns out to be comparable with that for Reaction

(16), confirming the possibility for tyrosine to compete in blood plasma with chloride, which

is considered to be the major MPO substrate and a potent oxidizing agent against invading

bacteria and viruses.

Compound IþHCl ¼) MPOþHOClþH2O (16)

Tien [196] has studied the oxidation of dipeptides, tripeptides, and polypeptides of tyrosine by

MPO and found that the rates of their reactions with MPO Compounds I and II decreased with

increasing substrate size. He suggested that such reactions might be responsible for the forma-

tionof atherosclerotic plaques. Interestingly thatLPObutnotMPOorEPOundergoes a radical

dimerization in the reaction with hydrogen peroxide, in which two tyrosine residues couple to

formadityrosine cross-linking dimeric enzyme [185].Using anESR rapidlymixing flow system,

McCormick et al. [197] was able to register the ESR spectrum of tyrosyl radical in the

TABLE 22.1
Rate Constants (l mol21 s21) for the Reactions of Compounds I and II with Organic

Compounds

Peroxidase Substrate Compound I Compound II

Thyroid peroxidase L-Tyrosine 7.5� 104a [188] 430 [188]

Thyroid peroxidase L-Tyrosine 90 [189]

HRP L-Tyrosine 5.0� 104 [187] 1.1� 103 [194]

Lactoperoxidase L-Tyrosine >1.1� 105 [188] 1.03� 104 [195]

MPO L-Tyrosine 7.72� 105 [193] 1.57� 104 [193]

MPO Dityrosine (1.12+ 0.01)� 105 [193] (7.5+ 0.3)� 102 [193]

Thyroid peroxidase D-Tyrosine 260 [189]

Thyroid peroxidase N-Acetyltyrosinamide 9.0� 103 [189]

Thyroid peroxidase Monoiodotyrosine 1.8� 103 [189]

Thyroid peroxidase Diiodotyrosine 1.5� 104 [189]

HRP Peroxynitrite 3� 106a [212]

MPO Peroxynitrite 2� 107a [211]

Lactoperoxidase Trolox C 7.7� 103 [238]

HRP Trolox C 2.1� 104 [238]

HRP 2-Aminofluorene (0.5–1)� 109 [210] (1.7+ 0.2)� 108 [210]

HRP Ascorbate 5� 102 [241]

Myeloperoxidase Ascorbate (1.1+ 0.1)� 106 [211] (1.1+ 0.2)� 104 [211]

Lactoperoxidase Ascorbate 3.5� 103 [211]

Myeloperoxidase Clozapine (1.5+ 0.1)� 106 [211] (4.8+ 0.1)� 104 [211]

HRP Luminol 3.6� 104 [205]

Lactoperoxidase Luminol 2.5� 104 [205]

aTwo-electron transfer reaction.
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HRP-catalyzed oxidation of tyrosine. ESR spectra of the spin-adducts of tyrosyl radical with 2-

methyl-2-nitrosopropane were also obtained in the reactions catalyzed by MPO and LPO.

Various hydroxyl and amino derivatives of aromatic compounds are oxidized by peroxid-

ases in the presence of hydrogen peroxide, yielding neutral or cation free radicals. Thus the

phenacetin metabolites p-phenetidine (4-ethoxyaniline) and acetaminophen (N-acetyl-p-

aminophenol) were oxidized by LPO or HRP into the 4-ethoxyaniline cation radical and

neutral N-acetyl-4-aminophenoxyl radical, respectively [198,199]. In both cases free radicals

were detected by using fast-flow ESR spectroscopy. Catechols, Dopa methyl ester (dihydrox-

yphenylalanine methyl ester), and 6-hydroxy-Dopa (trihydroxyphenylalanine) were oxidized

by LPO mainly to o-semiquinone free radicals [200]. Another catechol derivative adrenaline

(epinephrine) was oxidized into adrenochrome in the reaction catalyzed by HRP [201]. This

reaction can proceed in the absence of hydrogen peroxide and accompanied by oxygen

consumption. It was proposed that the oxidation of adrenaline was mediated by superoxide.

HRP and LPO catalyzed the oxidation of Trolox C (an analog of a-tocopherol) into phenoxyl

radical [202]. The formation of phenoxyl radicals was monitored by ESR spectroscopy, and the

rate constants for the reaction of Compounds II with Trolox C were determined (Table 22.1).

Similarly, LPO oxidized the estrogen 17b-estradiol to phenoxyl radical [203]. It is import-

ant that the phenoxyl radical formed was reactive enough to abstract a hydrogen atom from

glutathione, ascorbate, and NADH. The latter was oxidized by dioxygen yielding superoxide.

The same processes were observed during the catalytic oxidation of fluorescent dye 2’,7’-
dichlorofluorescein (DCF) by HRP [204]. As in the case of 17b-estradiol [203], the phenoxyl

radical formed from 2’,7’-dichlorofluorescein oxidized glutathione and NADH, forming

further superoxide and hydrogen peroxide. This enzymatic chain process makes doubtful

the use of DCF for measuring superoxide and hydrogen peroxide formation in cells and

tissues. It is known that peroxidases are the efficient catalysts of luminol oxidation. Naka-

mura and Nakamura [205] measured the rates of one-electron oxidation of luminol by HRP,

Arthromyces ramosus peroxidase, and LPO (Table 22.1); they concluded that luminol is

oxidized by Compound II and not Compound I.

22.4.3 OXIDATION OF GLUTATHIONE AND OTHER ORGANIC SUBSTRATES

Peroxidases easily oxidize glutathione by both one-electron (LPO, HRP) and two-electron

(thyroid peroxide) pathways [207,208]. It was found that peroxidases cannot directly oxidize

glutathione, and that this process is mediated by the interaction of tyrosyl radicals of enzymes

with GSH [207]. Similarly, glutathione was oxidized by HRP during co-oxidation with flavo-

noids by flavonoid phenoxyl radicals [209]. HRP rapidly oxidized 2-aminofluorene with rate

constants of 108�109 l mol�1 s�1 (Table 22.1) supposedly to form the substrate cation radical

as an intermediate [210]. Hsuanyu and Dunford [211] measured the rate constants for the

reactions of MPO Compounds I and II with clozapine and ascorbate (Table 22.1) and

concluded that ascorbate was a free radical scavenger and a competitive inhibitor of the

oxidation of this diazepine derivative. Morehouse et al. [212] demonstrated that some natural

and synthetic water-soluble porphyrins were oxidized to corresponding cation radicals in the

reactions catalyzed by HRP, MPO, and LPO. Huang et al. [213] studied the oxidation of

hydroxyurea by HRP. It was found that nitroxide radical and a C-nitroso compound are

the intermediates of this reaction, which yielded nitric oxide together with carbon dioxide,

ammonia, nitrate, and nitrite as final products.

22.4.4 REACTIONS WITH INORGANIC COMPOUNDS

It has already been noted that hypochlorous acid HOCl is a main physiological substrate of

MPO, playing an important cytotoxic role against invading bacteria and viruses. In 1976,
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Harrison and Schultz [214] suggested that MPO is able to catalyze the oxidation of chloride

to HOCl. Later on, it was found that the rate constant for Reaction (16) is relatively high (Table

22.2) that together with very high (0.10–0.1 mol l�1) concentrations of chloride in human blood

makes HOCl an effective damaging agent of biomolecules. It is interesting that only MPO is an

effective oxidant of chloride ion while HRP and LPO react with chloride very slowly.

Another important example of catalytic oxidation of inorganic compounds by peroxid-

ases is the catalysis of iodide oxidation by TPO. TPO is involved in the biosynthesis of thyroid

hormone and catalyzes the reactions of iodination and coupling in the thyroid gland.

Magnusson et al. [215] considered two possible pathways of iodination: the formation of

enzyme-bound hypoiodite and the formation of free hypoiodide (Reactions (17) and (18)):

Compound Iþ I� ¼) Compound(I�) (17)

Compound(I�)þH2O ¼) TPOþHOIþHO� (18)

Taurog et al. [216] showed that contrary to previous suggestions, both iodination and

coupling are catalyzed by the oxoferryl porphyrin p-cation radical of TPO Compound I

and not the oxoferryl protein radical. HRP catalyzed the oxidation of bisulfite to sulfate

with the intermediate formation of sulfur trioxide radical anion SO3
.� [217]; HPO, MPO,

LPO, chloroperoxidase, NADH peroxidase, and methemoglobin oxidized cyanide to cyanyl

radical [218].

22.4.5 MECHANISM OF THE INTERACTION OF PEROXIDASES WITH HYDROPEROXIDES. ROLE OF

SUPEROXIDE AND HYDROXYL RADICALS IN REACTIONS CATALYZED BY PEROXIDASES

It has been pointed out earlier that peroxidases oxidize hydrogen peroxide by two-electron

transfer mechanism to form Compound I. Thus for MPO, we have:

MPO þH2O2 ¼) Compound IþH2O (8)

However, in addition to two-electron oxidation by native peroxidase, Compound I can

oxidize hydrogen peroxide by one-electron mechanism:

Compound IþH2O2 ¼) Compound IIþHOO
.

(19)

TABLE 22.2
Rate Constants (l mol21 s21) for the Reactions of Compounds I and II with Inorganic

Compounds

Peroxidase Substrate Compound I Compound II

MPO Chloride (4.7+ 0.1)� 106 [206]

HRP Iodide 4.2� 103 [205]

Lactoperoxidase Iodide 1.6� 107 [205]

HRP NO (7.0+ 0.3)� 105 [253] (0.7–1.3)� 106 [253]

MPO Nitrite (2.0+ 0.2)� 106 [244] (5.5+ 0.1)� 102 [244]

HRP Peroxynitrite 3� 106a [249]

MPO Peroxynitrite 2� 107a [248]

aTwo-electron transfer reaction.
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The rate constants for two-electron reaction (8) (k8) and one-electron reaction (19) (k19) are

cited in Table 22.3. As seen from Table 22.3, k8 values are about 100–1000 times greater than

k19 values; therefore, the production of superoxide (or hydroperoxyl radical) by peroxidases

might play an insignificant role compared to the two-electron oxidation of hydroperoxides.

At the same time the interaction of superoxide with MPO may affect a total superoxide

production by phagocytes. Thus, the superoxide adduct of MPO (Compound III) is probably

quantitatively formed in PMA-stimulated human neutrophils [223]. Edwards and Swan [224]

proposed that superoxide production regulate the respiratory burst of stimulated human

neutrophils. It has also been suggested that the interaction of superoxide with HRP, MPO,

and LPO resulted in the formation of Compound III by a two-step reaction [225]. Super-

oxide is able to react relatively rapidly with peroxidases and their catalytic intermediates.

For example, the rate constant for reaction of superoxide with Fe(III)MPO is equal to

1.1–2.1� 106 l mol�1 s�1 [226], and the rate constants for the reactions of O2
.� and HOO

.

with HRP Compound I are equal to 1.6� 106 and 2.2� 108 l mol�1 s�1, respectively [227].

Thus, peroxidases may change their functions, from acting as prooxidant enzymes and the

catalysts of free radical processes, and acquire antioxidant catalase properties as shown for

HRP [228] and MPO [229]. In this case catalase activity depends on the two-electron

oxidation of hydrogen peroxide by Compound I.

In spite of a relatively slow rate of superoxide release by peroxidases (Reaction (19), Table

22.3), these processes apparently cannot be wholly excluded from the consideration of

oxidative reactions catalyzed by peroxidases. For example, the participation of superoxide

in adrenaline, melatonin, and tryptophan oxidation has been suggested [201,230]. On the

other hand, Kettle et al. [231] demonstrated that superoxide may accelerate the MPO-

catalyzed oxidation of antiinflammatory drugs by reducing Compound II back to the active

enzyme. At the same time, considerable interest presents the possibility of superoxide-

mediated formation of hydroxyl radicals in these processes. In Chapter 21, we already

discussed the mechanism of hydroxyl radical production by the Fenton reaction catalyzed

by the perferryl Compound III of HRP proposed by Chen and Schopfer [232]. However, it

should be noted here that the role of hydroxyl radicals in peroxidase oxidative reactions was

suggested much earlier. In 1957, Mason et al. [233] suggested that Compound III takes part in

hydroxylation of organic compounds. In contrast, Winterbourn [234] concluded that MPO

actually inhibited hydroxyl production by the reaction with hydrogen peroxide, making the

Fenton reaction insignificant.

TABLE 22.3
Rate Constants (l mol21 s21) for Two-Electron Reaction (8) and One-Electron Reaction (19)

of MPO and MPO Compound I with Hydroperoxides

Hydroperoxide k8 k19

Hydrogen peroxide 2.3� 107 [219] 3.5� 104 [222]

1.8� 107 [220] 8.2� 104 [220]

(1.4+ 0.1)� 107 [221] (4.4+ 0.2)� 104 [221]

Peroxyacetic acid (2.7+ 0.1)� 106 [221] (3.1+ 0.4)� 103 [221]

Ethyl hydroperoxide 2.8� 105 [219]

(5.2+ 0.2)� 105 [221] (1.0+ 0.01)� 104 [221]

t-Butyl hydroperoxide (7.3+ 0.1)� 103 [221] (1.3+ 0.01)� 102 [221]

3-Chloroperoxybenzoic acid (1.8+ 0.1)� 107 [221] (6.6+ 0.3)� 104 [221]

Cumene hydroperoxide (1.2+ 0.1)� 106 [221] (1.6+ 0.2)� 104 [221]
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Subsequent studies confirmed that there is no reliable evidence of the MPO-catalyzed

hydroxyl generation by neutrophils [235,236]. Kettle and Winterbourn [237] demonstrated

that the hydroxylation of salicylate by stimulated neutrophils or the purified MPO, which

yielded 2,5-dihydroxybenzoate, was unaffected by hydroxyl radical scavengers mannitol or

DMSO. These authors suggested that an active peroxidative agent in this system was the

reduced Compound III, formed by the following reactions:

Fe(III)MPOþO2
.� ¼) MPO Compound III{Fe(II)O2 () Fe(III)O2

.�} (20)

MPO Compound IIIþO2
.� ¼) MPOFe(II)O2

.� þO2 (21)

It should be mentioned that the MPOFe(II)O2
.� intermediate is very similar to the analogous

hydroxylating species of cytochrome P450. Thus, the participation of hydroxyl radicals in the

reactions catalyzed by peroxidases remains questionable.

22.4.6 PEROXIDASE-CATALYZED OXIDATIVE PROCESSES

As follows from data discussed above, peroxidases initiate free radical-mediated oxidative

processes by different ways: producing free radicals by the direct interaction of Compounds I

and II with biomolecules, releasing superoxide, and generating relatively active secondary free

radicals (for example, tyrosyl radical), capable of reacting with neutral substrates (NADH,

glutathione) to form new free radicals. The last of these reactions have been discussed in detail

earlier [238]. It should be noted that not only organic free radicals may participate in free

radical-mediated processes catalyzed by peroxidases. Thus Marquez and Dunford [206] have

shown that MPO catalyzes chlorination of taurine, one of the most abundant amino acid, to

chlorotaurine, by forming the enzyme–Cl� chlorinating complex as intermediate:

Complex Iþ Cl� ¼) Complex I� Cl� (22)

Complex I� Cl� þ taurine ¼) MPOþ chlorotaurine (23)

Peroxidases are effective initiators of lipid peroxidation and LDL oxidation. These processes

are considered in detail in Chapter 25.

22.4.7 INTERACTION WITH NITROGEN OXIDES

For a long time a major function of MPO in mammalians has been well established — the

oxidation of chloride ions to HOCl, a strong bactericidal agent produced by neutrophils [239].

Just recently, another important property of MPO has been demonstrated — the participa-

tion in the nitric oxide metabolism. It was found that MPO and other peroxidases are capable

of reacting with nitrogen species to form nitric oxide, playing a role of NO synthases. It has

been shown that HRP is able to oxidize nitrite ion similar to the reactions with chloride or

iodide [240]. Due to a significant concentration of nitrite in biological fluids, (which is about

1–200� 10�6 mol l�1 under physiological conditions and may be much more during inflam-

matory processes), such process is probably possible in vivo. The oxidation of nitrite can

result in the formation of nitrogen dioxide free radical [240]:

Compound IþNO2
� ¼) Compound IIþ .

NO2 (24)

Compound IIþNO2
� ¼) HPRþ .

NO2 (25)

van der Vliet et al. [241] accepted this mechanism for the oxidation of nitrite by MPO and

LPO and concluded that
.
NO2 is capable of nitrating phenolic compounds such as tyrosine.
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Furthermore, it was suggested that nitrite is a physiological substrate for mammalian perox-

idases because it may compete with other physiological substrates (Cl�, Br�, and SCN�) in

the reactions catalyzed by MPO, EPO, and LPO.

The ability of MPO to catalyze the nitration of tyrosine and tyrosyl residues in proteins

has been shown in several studies [241–243]. However, nitrite is a relatively poor nitrating

agent, as evident from kinetic studies. Burner et al. [244] measured the rate constants for

Reactions (24) and (25) (Table 22.2) and found out that although the oxidation of nitrite by

Compound I (Reaction (24)) is a relatively rapid process at physiological pH, the oxidation

by Compound II is too slow. Nitrite is a poor substrate for MPO, at the same time, is an

efficient inhibitor of its chlorination activity by reducing MPO to inactive Complex II [245].

However, the efficiency of MPO-catalyzing nitration sharply increases in the presence of free

tyrosine. It has been suggested [245] that in this case the relatively slow Reaction (26)

(k26¼ 3.2� 105 l mol�1 s�1 [246]) is replaced by rapid reactions of Compounds I and II

with tyrosine, which accompanied by the rapid recombination of tyrosyl and NO2
.
radicals

with a k27 equal to 3� 109 l mol�1 s�1 [246].

NO2
. þ tyrosineH ¼) NO2

� þ tyrosine
. þHþ (26)

NO2
. þ tyrosine

. ¼) tyrosine-NO2 (27)

Recently, Pfeiffer et al. [247] suggested that the peroxidase oxidation of nitrite may be the

main source of nitration of protein tyrosine in macrophages. It was found that the maximal

formation of protein-bound 3-nitrotyrosine in cytokine-activated murine macrophages was

observed only after a 20–24 h poststimulation while NO was released at 6–9 h and superoxide

was at 1–5 h. It follows that peroxynitrite formed from superoxide and NO plays a minor role

in this process. These findings contradict a widely accepted opinion about the exclusive role of

peroxynitrite in tyrosine nitration (Chapter 21). However, it should be noted that macrophage

heme peroxidases are still poorly characterized, and therefore, further studies are needed to

clarify their role in nitration processes. The nitrogen dioxide free radical generated by

Reactions (24) and (25) is also able to oxidize other biomolecules such as melanin [248],

NADH, NADPH, cysteine, glutathione, ascorbate, and Trolox C [249].

Another physiological substrate for peroxidases is peroxynitrite. Floris et al. [250] have

shown that peroxynitrite rapidly reacts with HRP and MPO, forming Compound II without

the intermediate generation of Compound I. These authors proposed that the intermediate

complex Compound I–NO2
� immediately decomposed to Compound II and NO2

.
(Reaction

(28)).

MPOþONOOH ¼) [Compound I�NO2
�] ¼) Compound IIþNO2

. þHþ (28)

Grace et al. [251] demonstrated that the oxidation of peroxynitrite by HRP sharply acceler-

ated in the presence of chlorogenic acid.

The most important physiological nitrogen substrate of peroxidases is undoubtedly nitric

oxide. In 1996, Ishiropoulos et al. [252] suggested that nitric oxide is able to interact with

HRP Compounds I and II. Glover et al. [253] measured the rate constants for the reactions of

NO with HRP Compounds I and II (Table 22.2) and proposed that these reactions may occur

in in vivo inflammatory processes. The interaction of NO with peroxidases may proceed by

two ways: through the NO one-electron oxidation or the formation of peroxidase–NO

complexes. One-electron oxidation of nitric oxide will yield nitrosonium cation NOþ

[253,254], which is extremely unstable and rapidly hydrolyzed to nitrite. On the other hand,

in the presence of high concentrations of nitric oxide and the competitor ligand Cl�, the

formation of peroxidase–NO complexes becomes more favorable. It has been shown [255]
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that NO forms stable six-coordinate Fe(III) and Fe(II) nitrosyl complexes of MPO. Abu-

Soud and Hazen [254] suggested that peroxidases may be considered as a catalytic sink for

nitric oxide, limiting its activity in vivo.

The present interest in the mechanism of the interaction of nitric oxide with MPO is

explained by the critical role of MPO in host defenses and inflammatory tissue injury. MPO

and inducible NO synthase present in primary granules of neutrophils [256] and during

phagocytosis are secreted together into the phagolysosome and extracellular space. It has

been found that NO successfully competes with physiological concentrations of chloride for

MPO; therefore, both HOCl and active nitrogen species (
.
NO2) must participate in destroying

invading bacteria. It is important that physiological levels of tyrosine and ascorbate acceler-

ates NO reaction with MPO [257] supposedly via the rapid reactions of tyrosyl and ascorbate

radicals with nitric oxide, similar to nitration by nitrite in the presence of tyrosine [245]. These

findings also indicate the ability of MPO to affect the NO-dependent processes during

inflammation.

In conclusion, it should be noted that XO, NADPH oxidase, NO synthase, and peroxid-

ases are major but not only free radical-generating enzymes. For example, superoxide

participates in the oxidative ring cleavage of various indoleamine derivatives by indoleamine

2,3-dioxygenase [258]; the ascorbate-dependent plasma membrane NADPH oxidase of synap-

tosomes is a source of neuronal superoxide [259] and so on. Such examples can undoubtedly

be broadened. Furthermore, oxygen radical-producing enzymes of mitochondria and micro-

somes are considered in the next chapters. It was already pointed out that only enzymes

responsible for the initiation of free radical processes were discussed in this chapter, while the

enzymatic free radical oxidative processes where free radicals participate in all stages of

catalytic cycle are considered in Chapter 26 dedicated to lipid peroxidation catalyzed by

cyclooxygenase and lipoxygenase.
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23 Production of Free Radicals
by Mitochondria

Although the first manifestations of hydrogen peroxide formation by mitochondria [1,2] have

been taken with caution, the following studies [3,4] confirmed these findings. It has been

reasonable to suggest that hydrogen peroxide could be a product of superoxide dismutation

and that superoxide is produced by mitochondria. Such proposal was indeed confirmed by

Loschen et al. [5] and Boveris and Cadenas [6], who showed that hydrogen peroxide is a

stoichiometric precursor of mitochondrial hydrogen peroxide.

The production of superoxide by mitochondria strongly depends on the mitochondrial

respiratory chain. As is well known, respiratory chain (Figure 23.1) consists of a series of

electron carriers (pyridine nucleotide, flavoproteins, iron–sulfur proteins, ubiquinone, and

cytochromes), which are arranged on the mitochondrial inner membrane according to their

redox potentials from �320 to þ380 mV. It is usually accepted that up to 97% of dioxygen

consumption by mitochondria is converted by cytochrome oxidase into water and only 1–3%

is leaked to be reduced into superoxide. Analysis of the literature data on mitochondrial

oxygen radical production shows that there are big differences between results obtained by

different authors. One of the reasons for this disagreement is difficulty of the quantitative

detection of oxygen species in mitochondria. Therefore, we will start with the consideration of

the analytical techniques applied.

23.1 DETECTION OF ACTIVE OXYGEN SPECIES IN MITOCHONDRIA

Controversial results of oxygen radical detection in mitochondria have been described in the

literature. Owing to experimental difficulties many authors were obliged to work with sub-

mitochondrial particles instead of the whole mitochondria. However, it is quite possible that

oxygen radical production by submitochondrial particles may be artificially enhanced due to

exposure to oxygen. On the other hand, some analytical methods of superoxide detection such

as cytochrome c reduction cannot be used due to the direct reduction of cytochrome by

mitochondrial components.

In earlier studies [5,6] superoxide detection in mitochondria was equated to hydrogen

peroxide formation. However, while it is quite possible that superoxide is a stoichiometric

precursor of mitochondrial hydrogen peroxide, it is understandable that the level of hydrogen

peroxide may be decreased due to the reactions with various mitochondrial oxidants. More-

over, superoxide level can be underestimated due to the reaction with mitochondrial MnSOD.

Several authors [7,8] assumed that mitochondrial superoxide production may be estimated

through cyanide-resistant respiration, which supposedly characterizes univalent dioxygen re-

duction. This method was applied for the measurement of superoxide production under in vitro

normoxic and hyperoxic conditions, in spite of the finding [7] that cyanide-resistant respiration

reflects also the oxidation of various substrates (lipids, amino acids, and nucleotides). Earlier,
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it has been suggested that superoxide can be measured in mitochondria by the SOD-inhibitable

oxidation of adrenaline to adrenochrome and the reduction of acetylated cytochrome c [8–10].

It is believed that the acetylation of cytochrome c prevents its reoxidation by mitochondrial

cytochrome oxidase and direct reduction by NADH- or succinate-dependent cytochrome

c reductase. A very interesting method has been proposed by Ksenzenko et al. [11], who used

ESR spectroscopy for the measurement of superoxide production in mitochondria on the

basis of Tiron (1,2-dihydroxybenzene-3,5-sulfonate) semiquinone formed in the reaction with

superoxide.

As in the case of superoxide production by prooxidant enzymes described in Chapter 22,

reliable data on mitochondrial superoxide production have been received by the use of

lucigenin-amplified CL [12]. Lucigenin cation easily accumulates in mitochondria with the

negative mitochondrial membrane potential and is able to penetrate the inner membrane of

mitochondria. Therefore, this method permits to measure superoxide production by the

whole mitochondria and mitochondrial superoxide production in cells. For example, Ester-

line and Trush [13] registered a significant lucigenin-amplified CL produced by the mito-

chondria of unstimulated rat alveolar macrophages that cannot be due to the activity of

dormant NADPH oxidase.

23.2 RATES AND MECHANISM OF SUPEROXIDE PRODUCTION
IN MITOCHONDRIA

Despite a long-time studying of superoxide production by mitochondria, an important

question is still debated: does mitochondria produce superoxide under physiological condi-

tions or superoxide release is always a characteristic of some pathophysiological disorders

resulting in the damage of normal mitochondrial functions? Uncertainties in this question

arise due to the different results obtained with the use of respiratory inhibitors and different

analytical methods.

Usually, mitochondrial superoxide production is registered only after the incubation of

submitochondrial particles with respiratory inhibitors, first of all, rotenone and antimycin.

Under such conditions, superoxide production may achieve about 1 nmol l�1 min�1 per mg of

Complex II

Succinate

O2

Rotenone Antimycin

cc1 H2O

Complex I Complex III Complex IV

O2
•− O2

•−

FAD

(FeS)

a,a3bkbtQ(FeS)FMNNADH

FIGURE 23.1 Mitochondrial respiratory chain. (Adapted from JF Turrens, BA Freeman, JG Levitt, JD

Crapo. Arch Biochem Biophys 217: 401–410, 1982.)
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protein [14]. The rates of superoxide production depend on both tissue oxygen tension and the

redox state of respiratory chain carriers. For example, hyperoxia increases superoxide pro-

duction in rat lung mitochondria [7] and lung submitochondrial particles [8]. It has also been

shown that hydrogen peroxide production by mitochondria depends on the mitochondrial

metabolic state, and is higher in State 4, which is characterized by a slow respiratory rate and

a high reduction level of electron carriers, and lower in State 3 where electron carriers are

largely oxidized [15]. As superoxide is a precursor of hydrogen peroxide, the same may be said

about the formation rates of hydrogen peroxide.

The most convincing proof of mitochondrial superoxide production under physiological

conditions was presented by Li et al. [12] who has found that the mitochondria isolated from

monocyte or macrophages generated significant lucigenin-amplified CL in the presence of

substrates and without any respiratory inhibitors. It should be stressed that the efficiency of

superoxide detection depends on the capacity of superoxide scavengers to achieve the sites

of superoxide production in mitochondria. It has been shown [16,17] that the superoxide

release takes place in the mitochondrial matrix or the intermembrane space. Therefore,

lucigenin, which is able to enter the mitochondrial matrix, can quantitatively register super-

oxide. However, it should be noted again that superoxide concentration under physiological

condition might be underestimated by mitochondrial MnSOD [18].

Knowledge of the sites of superoxide production is very important. Despite numerous

studies carried out during the last 25 to 30 years (see Ref. [19]), the positions of specific sites of

mitochondrial superoxide production are still controversial. It has been proposed [20] that the

superoxide generator in mitochondrial membrane must be placed between the rotenone- and

the antimycin-sensitive sites (Figure 23.1). Furthermore, there are probably at least two sites

of mitochondrial superoxide production: the NADH ubiquinone reductase (Complex I) and

the ubiquinol–cytochrome c reductase (Complex III). It is believed that ubiquinone can be

one of the major producers of superoxide because the depletion of endogenous ubiquinone

resulted in the formation of diminishing hydrogen peroxide [21]. Furthermore, Complexes I

and III, which contain ubiquinone as a major component, are the effective producers of

superoxide and hydrogen peroxide [20].

Now, we may consider in detail the mechanism of oxygen radical production by mito-

chondria. There are definite thermodynamic conditions, which regulate one-electron transfer

from the electron carriers of mitochondrial respiratory chain to dioxygen: these components

must have the one-electron reduction potentials more negative than that of dioxygen

E0([O2
.�/O2])¼�0.16 V. As the reduction potentials of components of respiratory chain are

changed from�0.320 toþ0.380 V, it is obvious that various sources of superoxide production

may exist in mitochondria. As already noted earlier, the two main sources of superoxide are

present in Complexes I and III of the respiratory chain; in both of them, the role of

ubiquinone seems to be dominant. Although superoxide may be formed by the one-electron

oxidation of ubisemiquinone radical anion (Reaction (1)) [10,22] or even neutral semiquinone

radical [9], the efficiency of these ways of superoxide formation in mitochondria is doubtful.

Q
.� þO2 () QþQ2

.� (1)

Reaction (1) is a reversible process, and it can be a source of superoxide if only its equilibrium

is shifted to the right. The estimation of the equilibrium constant for this reaction in aqueous

solution is impossible because the reduction potential of water-insoluble ubiquinone in water

is of course undetectable. However, Reaction (1) occurs in the mitochondrial membrane and

therefore, the data for the aqueous solutions are irrelevant for the measurement of its

equilibrium. Some time back we studied Reaction (1) in aprotic media and found out that

K1 is about 0.4 [23]. As the ubiquinone concentration in mitochondria is very high (it is about
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100 times higher than the concentrations of other components of respiratory chain), the

equilibrium of Reaction (1) is most probably shifted to the left; i.e., ubiquinone is a scavenger

and not a producer of superoxide.

However, ubihydroquinone, a two-electron reduced form of ubiquinone, can produce

superoxide on reaction with molecular oxygen:

QH2 þO2 () QH
. þO2

.� þHþ (2)

Such a process is supposed to occur within the limits of Q-cycle mechanism (Figure 23.2). In

accord with this scheme ubihydroquinone reduced dioxygen in Complex III, while superoxide

producers in Complex I could be FMN or the FeS center [12]. Zhang et al. [24] also suggested

that the Q-cycle mechanism is responsible for the superoxide production by the succinate–

cytochrome c reductase in bovine heart mitochondria and that FAD of succinate dehydro-

genase is another producer of superoxide. Young et al. [25] concluded that, in addition to

Complex III, flavin-containing enzymes and FeS centers are also the sites of superoxide

production in liver mitochondria.

As mentioned above, in an earlier work, Nohl et al. [9] suggested that neutral ubisemi-

quinone reduced dioxygen to superoxide (this suggestion was dropped in subsequent studies

of these authors). Although the participation of neutral semiquinone in the reduction of

dioxygen is impossible, the observation of these authors might be interpreted as the support

of a role of ubihydroquinone in mitochondrial superoxide production. If neutral semiquinone

is indeed formed in mitochondria via the protonation of semiquinone radical anion (Reaction

(3)), then it might be easily reduced to ubihydroquinone anion (Reaction (4)), a genuine

reductant of dioxygen (Reaction (5)).

Q
.� þHþ () QH

.
(3)

e
QH

. ¼) QH� (4)

QH� þO2 ¼) QH
. þO2

.� (5)

Casteilla et al. [26] suggested that mitochondrial superoxide production is modulated by

uncoupling proteins. It has also been proposed [27] that the production of superoxide by

O2
•−

O•−cyt b566Cyt b562

QH2 FeS cyt c1

Q
Q cycle

Complex III

(Ubiquinone-cytochrome c reductase)

Ubiquinone
pool

FIGURE 23.2 Redox cycling of ubiquinone in mitochondria. (Q-cycling mechanism). (Adapted from

Y Li, H Zhu, MA Trush. Biochim Biophys Acta 1428: 1–12, 1999.)
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Complex I can be regulated by phosphorylation. Demin et al. [28] studied superoxide

generation by Complex III using the kinetics model of electron transfer from succinate to

cytochrome c.

23.3 FREE RADICAL-MEDIATED DAMAGE TO MITOCHONDRIA

Free radical-mediated damage to mitochondria originates from two sources: active oxygen

species (superoxide, hydrogen peroxide, and secondary radicals) formed in mitochondria

itself and free radicals, which attack mitochondria from outside. Early studies demonstrated

that active oxygen species produced by xanthine oxidase impaired the ability of mitochondria

to take and retain calcium [29], decreased the State 3 respiration [30], and reduced the

pyruvate-induced mitochondrial respiration [31]. Other exogenous sources of free radical-

mediated damage are xenobiotics and drugs, which can be reduced by mitochondria. Thus as

early as 1970, Iyanagi and Yamazaki [32] have shown that mitochondrial NADH oxidase

catalyzed one-electron reduction of quinones to semiquinones. Davies and Doroshow [33,34]

demonstrated that the anthracycline antibiotics doxorubicin and daunorubicin are reduced to

semiquinones by Complex I of cardiac mitochondria and enhance the production of super-

oxide, hydrogen peroxide, and probably hydroxyl radicals. Menadione also stimulated super-

oxide production and calcium release from rat liver mitochondria [35]. Kohda and Gemba

[36] suggested that the cephaloridine-induced nephrotoxicity in rats might be a consequence

of the enhanced superoxide production in kidney cortical mitochondria. Another stimulator

of superoxide production in mitochondria is ethinyl estradiol, a strong promoter of hepato-

carcinogenesis. It was demonstrated [37] that ethinyl estradiol increased superoxide produc-

tion by rat liver mitochondria under in vitro and in vivo conditions.

Hennet et al. [38] demonstrated that TNF-a induced mitochondrial superoxide produc-

tion in L929 cells. Superoxide generation was followed by a decrease in mitochondrial

dehydrogenase activity and cellular ATP level. Corda et al. [39] have shown that TNF-a

enhanced oxygen radical production by mitochondria in endothelial cells was mediated by

ceramide-dependent protein kinase. Another endogenous mediator of oxygen radical pro-

duction in mitochondria is the nuclear nick sensor enzyme, poly(ADP)–ribose synthase

(PARS). Virag et al. [40] concluded that mitochondrial alterations induced by oxidative stress

might be, to a significant degree, related to PARS activation rather than to the direct action of

free radicals. The derivative of sphingolipid ceramide, N-acetylsphingosine, increased mito-

chondrial hydrogen peroxide production, which was prevented by blocking electron transport

at Complexes I and II but enhanced by antimycin, an inhibitor of Complex III [41].

Calcium oxalate monohydrate responsible for the formation of most kidney stones

significantly increased mitochondrial superoxide production in renal epithelial cells [42].

Recombinant human interleukin IL-b induced oxygen radical generation in alveolar epithe-

lial cells, which was suppressed by mitochondrial inhibitors 4’-hydroxy-3’-methoxyacetophe-

none and diphenylene iodonium [43]. Espositio et al. [44] found that mitochondrial oxygen

radical formation depended on the expression of adenine nucleotide translocator Ant1.

Correspondingly, mitochondria from skeletal muscle, heart, and brain from the Ant1-

deficient mice sharply increased the production of hydrogen peroxide.

As a rule, oxygen radical overproduction in mitochondria is accompanied by peroxidation

of mitochondrial lipids, glutathione depletion, and an increase in other parameters of oxidative

stress. Thus, the enhancement of superoxide production in bovine heart submitochondrial

particles by antimycin resulted in a decrease in the activity of cytochrome c oxidase through the

peroxidation of cardiolipin [45]. Iron overload also induced lipid peroxidation and a decrease

in mitochondrial membrane potential in rat liver mitochondria [46]. Sensi et al. [47] demon-

strated that zinc influx induced mitochondrial superoxide production in postsynaptic neurons.
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It has been shown in Chapter 22 that mitochondria contains nitric oxide synthase (mtNOS)

and produces nitric oxide. It is not surprising that the formation of highly reactive peroxynitrite

by the interaction of superoxide with NO leads to various damaging effects in mitochondria.

Ghafourifar et al. [48,49] suggested that calcium-induced mtNOS activation resulted in the

formation of peroxynitrite, which caused the release of cytochrome c and enhanced mitochon-

drial lipid peroxidation. Riobo et al. [50] demonstrated that nitric oxide induced mitochondrial

production of superoxide, hydrogen peroxide, and peroxynitrite and resulted in the inhibition

of NADH-cytochrome c reductase activity due to the inhibition of Complex I.

Sarkela et al. [51] studied the effect of endogenously produced NO on the production

of oxygen species by rat liver mitochondria. They found that the stimulation of mtNOS by

L-arginine enhanced hydrogen peroxide production and diminished mitochondrial respiratory

rate. It was suggested that NO increased the steady-state reduction of electron carriers, which

in turn enhanced the one-electron reduction of dioxygen. Poderoso et al. [52] proposed that

there are three major pathways of NO decay in mitochondria: the reversible inhibition of

cytochrome c oxidase, the formation of peroxynitrite, and the oxidation of ubihydroquinone.

It has been shown [53] that the reversible inhibition of cytochrome c oxidase by nitric oxide in

mitochondrial membranes depends on the dioxygen concentration.

23.4 MECHANISMS OF MITOCHONDRIA PROTECTION FROM FREE
RADICAL-MEDIATED DAMAGE

There are different pathways for the regulation and suppression of free radical production in

mitochondria. Thus, Skulachev [54,55] proposed that the overproduction of free radicals

in mitochondria may be suppressed by molecular processes such as the maintenance of low

dioxygen levels, strong uncoupling, and the release of mitochondrial suicide proteins AIF

protease, and cytochrome c. Endogenous antioxidants (ubihydroquinone, glutathione, and

vitamin E) and the antioxidant enzymes (first of all, MnSOD) play an important role in

preventing free radical-mediated damage. For example, Lass and Sohal [56] have shown that

the oral administration of a-tocopherol to mice suppressed superoxide production by sub-

mitochondrial particles; the same results were obtained under in vitro conditions. In contrast,

the administration of ubiquinone Q10 had no effect on mitochondrial superoxide production.

Furthermore, defensive mechanisms in mitochondria against free radical damage depend on

the relative activities of antioxidant enzymes. Mitochondrial glutathione peroxidase appar-

ently plays a key role in destroying hydrogen peroxide due to the absence of catalase in

mitochondria of most of the animal cells [57]. For regeneration of reduced glutathione (an

important mitochondrial antioxidant) and maintaining the activities of glutathione reductase

and peroxidase systems mitochondria requires NADPH. Jo et al. [58] have shown that

NADPþ-dependent isocitrate dehydrogenase (ICDH) is a major NADPH producer in mito-

chondria and therefore, an important factor in fighting against free radical-induced damage.

Correspondingly, the decreased expression of ICDH significantly enhanced free radical

production, DNA fragmentation, and lipid peroxidation in mitochondria. It has been

found [59] that nitric oxide inactivated ICDH supposedly through S-nitrosylation of its

cysteine residues.

23.5 PRECONDITIONING AS A PROTECTION OF MITOCHONDRIA FROM
OXYGEN RADICAL-MEDIATED DAMAGE

The phenomenon of ischemic preconditioning (PC) is already known for a long time. Thus in

1986, Murry et al. [60] showed that the short periods of ischemia protected against subsequent
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ischemic injury. A great interest in understanding the mechanism of ischemic preconditioning

was stimulated by its cardioprotective effects against subsequent lethal ischemia. Numerous

hypotheses of this paradoxical phenomenon have been proposed, most of which are related to

the effects of reactive oxygen species formation. At least, four hypotheses of the free radical-

mediated mechanisms of preconditioning have been proposed [61,62]: (a) the formation of

hydrogen peroxide by microsomal NADH oxidoreductase [63]; (b) the hypoxia activation of

sarcolemmal NADPH oxidase [64]; (c) the regulation of mitochondrial ATP-sensitive Kþ

(KATP) channels by oxygen species [65]; and (d) the hypoxia-stimulated increase in mitochon-

drial oxygen radical production [66]. Two of these hypotheses (c) and (d) (which are

now considered as the most convincing ones) suggest that mitochondria plays a key role in

preconditioning. However, it remains questionable whether the formation of oxygen species

increases or decreases during hypoxia [67,68].

There is now consensus that crucial role in PC stimulation belongs to opening mitochon-

drial (mito) KATP channels, but opinions are divided on the role of oxygen species. For

example, Hoek et al. [69] suggested that PC protection is associated with the attenuation of

oxygen radical formation during reperfusion. Ozcan et al. [70] also found that the opener-

mediated mitochondrial protection was enhanced in the presence of antioxidant enzymes

SOD and catalase. However, an increase in the production of oxygen species during PC has

been demonstrated in other studies. It was found that the treatment of human cardiomyocytes

[71] and THP-1 cells [72] with diazoxide, a selective opener of mito KATP channels resulted in

a sharp increase in oxygen radical formation, which was supposedly an origin of the cardi-

oprotective activity of diazoxide. These findings confirmed the previous data [73,74]. Minners

et al. [75] also demonstrated that moderate oxygen radical production by mitochondria

promoted PC-induced cytoprotection through uncoupling of mitochondrial oxidation from

phosphorylation.

It has been suggested [76] that the activation of protein kinases (for example, protein

kinase C or tyrosine kinase) may stimulate the phosphorylation of KATP channels, causing

channel opening. However, Pain et al. [77] concluded that it is the KATP channel opening that

increases the production of oxygen species, which triggers the entrance into a PC state. It is

possible that the disagreement in the effects of hypoxia on oxygen radical production

obtained by different authors could be related to the differences in preparations and analyt-

ical methods. Thus Sham [61] pointed out that oxygen radical production measured in

isolated mitochondria must certainly differ from that in cells and tissue due to the presence

of other than mitochondrial sources of oxygen radicals in cells.

It is important that mitochondrial oxygen radical production depends on the type of

mitochondria. Recently, Michelakis et al. [78] demonstrated that hypoxia and the proximal

inhibitors of electron transport chain (rotenone and antimycin) decreased mitochondrial

oxygen radical production by pulmonary arteries and enhanced it in renal arteries. This

difference is probably explained by a lower expression of the proximal components of

electron transport chain and a greater expression of mitochondrial MnSOD in pulmonary

arteries compared to renal arteries.

In 1992, Geng et al. [79] demonstrated that the interferon-g- and TNF-a-induced nitric

oxide production in vascular smooth muscle cells blocked mitochondrial respiration in these

cells. Because it was showed [67] that the endogenous nitric oxide production was enhanced

during ischemia, it is not surprising that NO can affect mitochondrial oxygen radical produc-

tion under hypoxic conditions. Thus, Sasaki et al. [68] have shown that NO directly activated

KATP channels and enhanced the ability of diazoxide to open them. Hypoxia-induced mito-

chondrial oxygen radical production also affects calcium level in pulmonary arterial myocytes.

It was found [80] that oxygen radicals generated in the proximal region of mitochondrial

electron transport chain during hypoxia act as second messengers to trigger the enhancement
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of calcium level in myocytes. Another important effect of increasing mitochondrial oxygen

radical production induced by opening of KATP channels is the activation of extracellular

signal-regulated kinases (ERKs) [72]. Increase in the hypoxia-induced mitochondrial gener-

ation of reactive oxygen species also results in the phosphorylation of p38 mitogen-activated

protein kinase (MAPK) [81].

23.6 MITOCHONDRIAL OXYGEN RADICAL PRODUCTION AND APOPTOSIS

At present, the study of apoptosis, physiological cell death, is probably the most rapidly

growing part of biological studies relevant to free radical research. Apoptosis is a two-stage

process, in which mitochondria plays an important role [82]. The first stage is characterized

by the attack of mitochondria by various physiological and pathophysiological stimuli, which

increases mitochondrial membrane permeability. Mitochondrial permeability leads to the

formation of a dynamic multiprotein complex at the site between the inner and outer

mitochondrial membranes. Inhibition of the formation of this complex (for example, by

mitochondrial expression of oncoprotein Bcl-2) prevents the development of apoptosis. At

the second stage, mitochondrial dysfunction is accompanied by uncoupling of the respiratory

chain and overproduction of free radicals.

23.6.1 REACTIVE OXYGEN SPECIES AS MEDIATORS OF APOPTOSIS

Free radicals have been implicated as important modulators of apoptosis in many studies,

although the experiments carried out under hypoxic conditions suggested that apoptosis

might occur in their absence. There are numerous apoptotic pathways induced by different

stimuli, and reactive oxygen species may affect them in different ways. It has been proposed

that p53 gene-induced apoptosis is characterized by the transcriptional induction of redox-

related genes, the formation of reactive oxygen species, and the oxidative degradation of

mitochondrial components, culminating in cell death [83]. Johnson et al. [84] have showed

that p53 regulated the level of reactive oxygen species in vascular smooth muscle cells

(VSMCs), which are generated concomitantly with an increase in p53 levels and the onset

of apoptosis. The functional role of oxygen species in the development of p53-stimulated

apoptosis was supported by the inhibitory effects of antioxidants (pyrrolidine dithiocarba-

mate (PDTC), N-acetylcysteine, and catalase) on both oxygen radical generation and apop-

tosis. Cai and Jones [85] also found that the overproduction of oxygen radicals occurred in

staurosporine-treated HL60 cells, and that the release of cytochrome c, a key event in the

development of apoptosis, was associated with inhibited mitochondrial respiration and

stimulated superoxide production. However, they pointed out that another key factor of

apoptosis, the activation of ‘‘death protease’’ caspase 3 was independent of oxygen radical

formation.

Nonetheless, the stimulation of apoptosis by reactive oxygen species has been shown in

many other studies with the use of different apoptotic stimuli. For example, it has been

suggested that oxygen species mediate the transforming growth factor beta (TGF-b)-induced

apoptosis in fetal hepatocytes [86,87]. In this case TGF-b-induced apoptosis was suppressed

by free radical scavengers (ascorbate and PDTC). A decrease in superoxide production

inhibited T cell apoptosis [88]. Hsieh et al. [89] have shown that oxidized LDL induced

apoptosis in VSMC, which was mediated by reactive oxygen species. As the formation of

oxygen species was inhibited by rotenone and nordihydroguaiaretic acid (the lipoxygenase

inhibitor), mitochondrial and lipoxygenase pathways can be involved. Blatt et al. [90] have

studied the effect of proapoptotic 1,4-benzodiazepine Bz-423 on the transformed Ramon B

cells. It was found that Bz-423 induced superoxide formation, which functioned as an
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upstream signal that initiated cytochrome c release, mitochondrial depolarization, and cas-

pase activation. Priault et al. [91] demonstrated that the expression of proapoptotic protein

Bax induced the oxidation of mitochondrial lipids. It was concluded that Bax-induced lipid

peroxidation, and not superoxide or hydrogen peroxide formation is relevant to Bax-stimu-

lated apoptosis.

The ras protooncogene is a well-known modulator of apoptosis. For example, it has been

demonstrated [92] that apoptosis occurred in the protein kinase C (PKC)-inhibited ras-

transformed NIH/3T3 cells. The treatment with N-acetylcysteine and culturing the cells in

low oxygen conditions suppressed the apoptotic response to PKC inhibition. It was con-

cluded that oxygen species apparently mediated the ras-induced apoptosis, but they are not

only obligatory mediators because continued cell progression is also necessary for the induc-

tion of apoptosis under these conditions. Another effective apoptotic stimulus is Vibrio

vulnificus cytolysin (VVC), a water-soluble polypeptide isolated from a marine bacteria,

which causes wound infections and septicemia [93]. It was proposed that VVC-stimulated

apoptosis in human vascular endothelial cells is triggered by superoxide elevation, which is

accompanied by the release of cytochrome c, the activation of caspase 3, the cleavage of

poly(ADP-ribose) polymerase, and DNA fragmentation. Zinc induced apoptosis in mam-

mary cancer cells, which was apparently mediated by the formation of oxygen species and the

p53 and Fas/Fas induction [94]. The enhancement of superoxide production was demon-

strated during apoptosis induced by 7-b-hydroxycholesterol and 7-ketocholesterol [95]. Tert-

butylhydroperoxide also exhibited proapoptotic effect inducing the oxidation of pyridine

nucleotides, the mitochondrial production of reactive oxygen species, and an increase in

mitochondrial free calcium in cells [96]. Free radical damage stimulated the onset of mito-

chondrial permeability transition, a critical event in the development of apoptosis. Superoxide

(as a precursor of hydrogen peroxide) and peroxynitrite supposedly induced selective and

nonselective apoptosis in transformed and nontransformed fibroblasts [97].

Colquhoun and Schumacher [98] have shown that g-linolenic acid and eicosapentaenoic

acid, which inhibit Walker tumor growth in vivo, decreased proliferation and apoptotic index

in these cells. Development of apoptosis was characterized by the enhancement of the

formation of reactive oxygen species and products of lipid peroxidation and was accompanied

by a decrease in the activities of mitochondrial complexes I, III, and IV, and the release of

cytochrome c and caspase 3-like activation of DNA fragmentation. Earlier, a similar apop-

totic mechanism of antitumor activity has been shown for the flavonoid quercetin [99]. Kamp

et al. [100] suggested that the asbestos-induced apoptosis in alveolar epithelial cells was

mediated by ‘‘iron-derived’’ oxygen species, although authors did not hypothesize about the

nature of these species (hydroxyl radicals, hydrogen peroxide, or iron complexes?).

Recently, the apoptotic effect of glucose has been shown. Russell et al. [101] demonstrated

that high glucose level stimulated the formation of reactive oxygen species by mitochondria

and apoptosis in primary neurons. Kang et al. [102] also found that high ambient glucose

concentrations induced apoptosis in murine and human mesangial cells by an oxidant-

dependent mechanism. The study of cyanide-induced injury in rat primary cortical (CX)

and mesencephalic (MC) neurons showed that cyanide can produce both apoptosis or

necrosis [103]. Cyanide-stimulated generation of nitric oxide and superoxide in MC cells

produced necrosis of these cells, while a lower level of oxidative stress in cyanide-treated

CX cells led to cytochrome c release, caspase activation, and apoptosis.

23.6.2 MECHANISMS OF THE ACTIVATION OF APOPTOSIS BY REACTIVE OXYGEN SPECIES

After considering experimental data relevant to the participation of mitochondrial reactive

oxygen species in the development of apoptosis, we may now regard mechanisms of the
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oxygen species activation of apoptosis. Although major events and main participants of

oxygen radical-mediated apoptotic pathways are well known, there is no full agreement in

their roles and the succession of the events.

As described earlier, superoxide is a well-proven participant in apoptosis, and its role is

tightly connected with the release of cytochrome c. It has been proposed that a switch from

the normal four-electron reduction of dioxygen through mitochondrial respiratory chain to

the one-electron reduction of dioxygen to superoxide can be an initial event in apoptosis

development. This proposal was supported by experimental data. Thus, Petrosillo et al. [104]

have shown that mitochondrial-produced oxygen radicals induced the dissociation of cyto-

chrome c from bovine heart submitochondrial particles supposedly via cardiolipin peroxida-

tion. Similarly, it has been found [105] that superoxide elicited rapid cytochrome c release in

permeabilized HepG2 cells. In contrast, it was also suggested [106] that it is the release of

cytochrome c that inhibits mitochondrial respiration and stimulates superoxide production.

Superoxide may activate other apoptotic pathways with or without stimulating the

cytochrome c release. It is of interest that superoxide and hydrogen peroxide might induce

apoptosis by different ways [106]. Thus, von Harsdorf et al. [107] demonstrated that super-

oxide-induced apoptosis in cardiomyocytes was not accompanied by cytochrome c release

and was associated with an increase in apoptotic p53 protein level. In studying drug-induced

apoptosis in tumor cells Hirpara et al. [108] showed that such drugs stimulated superoxide

production which was followed by cytochrome c release. They proposed that apoptosis

depended on acidification triggered by hydrogen peroxide and cytochrome c release, with

both factors acting as signals for the activation of caspase cascade. Petit et al. [109] observed

the enhancement of superoxide production during Fas- and ceramide-induced apoptosis in

Jurkat cells, which is accompanied by NADH and NADPH depletion before the onset of

apoptosis. It has been shown [110] that exposure of hippocampal neurons to the glutamate

receptor agonist N-methyl-D-aspartate (NMDA) resulted in cytochrome c release, the delayed

superoxide production, and apoptosis. Decrease in antioxidant enzymes may also contribute

to the development of apoptosis [111]. Recently, Huang et al. [112] have shown that the

inhibition of SOD in human leukemia cells by estrogen derivatives resulted in the superoxide-

mediated damage of mitochondrial membranes, the release of mitochondrial cytochrome c,

and apoptosis of cancer cells. Echtay et al. [113] demonstrated that superoxide exhibited

uncoupling of mitochondria by activating the proton transport mechanism of uncoupling

proteins at the matrix side of the mitochondrial inner membrane.

23.6.3 PROTECTION AGAINST APOPTOSIS ACTIVATED BY REACTIVE OXYGEN SPECIES

The biggest difficulty in understanding the role of reactive oxygen species in apoptosis are the

findings showing that the same oxygen radicals, which activate apoptosis may, under certain

conditions, inhibit it. Correspondingly, antioxidants, which predictably must inhibit oxygen

radical-stimulated apoptosis, are also able to activate apoptosis under certain conditions. For

example, superoxide, an effective promoter of apoptosis, at the same time may suppress Fas-

mediated apoptosis [114]. It has been suggested that reactive oxygen species are able to inhibit

caspases [115], exhibiting antiapoptotic instead of proapoptotic affects. Furthermore, super-

oxide generation may activate the transcription factor NF-kB, which suppresses TNF-a-

induced apoptosis [116].

Skulachev [117] proposed that the released cytochrome c oxidizes superoxide and, by this,

exhibits an antioxidant function. This proposal was supported by recent experimental find-

ings by Atlante et al. [118], who suggested that cytochrome c released from mitochondria by

oxygen species protected mitochondria through a feedback-like process oxidizing superoxide.

The most important physiological inhibitor of apoptosis is multifunctional protein Bcl-2,
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which is localized on the mitochondrial outer membrane. When overexpressed, Bcl-2 protects

cells from free radical-mediated damage [119,120]. It has been shown that Bcl-2 prevents

entering of cytochrome c into the cytosol probably by blocking the release of cytochrome c

[85,121] or by direct reaction with cytochrome [122]. Despite the well-proven antiapoptotic

effect of Bcl-2, the mechanism of its antioxidant activity is not fully understood. Interestingly,

Esposti et al. [123] showed that Bcl-2 expression actually enhanced the level of hydrogen

peroxide in lymphoma cells but at the same time protected these cells against ceramide and

TNF-induced apoptosis. It has been suggested that the total Bcl-2 antiapoptotic effect be due

to the enhanced formation of mitochondrial NADPH.

Many antioxidants and free radical scavengers are shown to be able to inhibit oxygen

radical-mediated apoptosis; some examples are cited below. Mitochondrial MnSOD is one of

the primary antioxidants, which might affect the development of apoptosis. Correspondingly,

it has been shown [124] that the overexpression of MnSOD protected against apoptosis in

murine fibrosarcoma cells. Recently, it has been shown [125] that the protein kinase

B-regulated Forkhead transcription factor FOXO3 protects quiescent cells from apoptosis

by increasing MnSOD messenger RNA and MnSOD protein. Another important microsomal

antioxidant enzyme is phospholipid hydroperoxide glutathione peroxidase (PHGPx). Nomura

et al. [126] have found that the overexpression of mitochondrial PHGPx prevented the release

of cytochrome c, the activation of caspase 3, and apoptosis in rat basophile leukemia cells

treated with 2-deoxyglucose. In subsequent work [127] these authors showed that the release of

cytochrome c in these cells was triggered by the formation of cardiolipin hydroperoxide.

Classic antioxidants, vitamin E, vitamin C, and others can suppress the activation

of apoptosis. For example, ascorbic acid prevented cytochrome c release and caspase activa-

tion in human leukemia cells exposed to hydrogen peroxide [128]. Pretreatment with

N-acetylcysteine, ascorbate, and vitamin E decreased homocysteine thiolactone-induced

apoptosis in human promyelocytic leukemia HL-60 cells [129]. Resveratrol protected rat

brain mitochondria from anoxia–reoxygenation damage by the inhibition of cytochrome c

release and the reduction of superoxide production [130]. However, it should be mentioned

that the proapoptotic effect of ascorbate, gallic acid, or epigallocatechin gallate has been

shown in the same human promyelocytic leukemia cells [131].

Guo et al. [132] demonstrated that vitamin E and selenium protected against superoxide-

induced apoptosis of cultured fibroblasts. Vitamin E significantly decreased apoptosis

induced by 7b-hydroxycholesterol and 7-ketocholesterol [133]. Dominguez-Rodriguez et al.

[134] showed the in vivo antiapoptotic effect of vitamin E in murine peritoneal macrophages

treated with adriamycin. Intratracheal application of liposomal a-tocopherol to anesthetized

rats exposed to severe hypoxia increased antiapoptotic defense by the overexpression of genes

encoding MnSOD and CuZnSOD, Bcl-2, and heat shock 70 proteins [135]. Thioredoxin,

which contains two cysteine residues, is able to react with reactive free radicals and inhibit free

radical-mediated damaging processes such as lipid peroxidation. Correspondingly, thiore-

doxin inhibited oxidative stress-induced apoptosis in neuronal cells, although in this case

antiapoptotic effect of thioredoxin may also depend on the induction of MnSOD [136]. As

mentioned above, zinc is an apoptosis stimulus in mammary cancer cells [94]. On the other

hand, the depletion of intracellular zinc in airway epithelial cells increased lipid peroxidation

and activated caspase 3 and apoptosis [137].

23.7 MITOCHONDRIAL NITROGEN OXIDE PRODUCTION AND APOPTOSIS

Similar to reactive oxygen species, nitric oxide, peroxynitrite, and other nitrogen oxide species

produced by mitochondria are able to stimulate or inhibit apoptosis. Proapoptotic effect of

nitric oxide was probably first shown by Albina et al. [138], who demonstrated NO-induced
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apoptosis in macrophages. Since then, NO-stimulated apoptosis was found in many primary

cell types such as macrophages, pancreatic cells, thymocytes, and neurons [139]. NO-stimu-

lated apoptosis in vascular smooth muscle cells apparently involves the activation of soluble

guanylyl cyclase [140]. It has been proposed that apoptosis by nitric oxide is a consequence of

DNA damage, which leads to the accumulation of proapoptotic tumor suppressor protein

p53 [141]. Cheng et al. [142] found that nitric oxide induced apoptosis in neural progenitor

cells, which was mediated by the activation of p38 MAP kinase, poly(ADP–ribose) polymer-

ase, and caspase 3. Antiapoptotic protein Bcl-2 protected progenitor cells against NO-

induced apoptosis and inhibited the activation of p38 MAP kinase. Nitric oxide also stimu-

lated apoptosis in human and rat pulmonary artery smooth muscle cells by activating K(Ca)

and K(v) channels in the plasma membrane [143].

The above examples point out at the direct stimulation of apoptosis by nitric oxide. At the

same time, the exclusively rapid reaction of NO with superoxide always suggests the possibility

of peroxynitrite participation in this process [141]; correspondingly, the role peroxynitrite in

the stimulation of apoptosis has been considered. Bonfoco et al. [144] has found that the

producers of low peroxynitrite concentrations during the exposure of cortical neurons to the

low level of NMDA or the use of peroxynitrite donors resulted in an apoptosis in neurons,

while the high concentrations of peroxynitrite induced necrotic cell damage. The formation of

peroxynitrite is apparently responsible for NO-stimulated apoptosis in superoxide-generating

transformed fibroblasts because nontransformed cells, which do not produce superoxide, were

not affected by nitric oxide [145]. It is of interest that proapoptotic effect of peroxynitrite may

depend on the cell type. Thus, the formation of peroxynitrite enhanced the NO-induced

apoptosis in glomerular endothelial cells, while superoxide inhibited the formation of ceramide

and apoptosis in these cells exposed to nitric oxide probably due to peroxynitrite formation

[146]. The origin of this discrepancy is unknown. Cerielo et al. [147] studied the stimulation of

apoptosis by acute hyperglycemia in working rat hearts. It was found that high glucose levels

raised nitric oxide and superoxide production, which supposedly yielded peroxynitrite; the last

by itself or through the formation of nitrotyrosine induced apoptosis in rat hearts.

Despite its well-characterized proapoptotic properties, nitric oxide turns out to be a two-

faced Janus, showing in some cases antiapoptotic effect. In 1994, an important work by

Mannick et al. [148] demonstrated that NO inhibited apoptosis in human B lymphocytes.

Kim et al. [139] supposed that there are four major mechanisms of antiapoptotic activity of

nitric oxide: (a) NO can oxidize intracellular GSH and by this induce heat shock proteins

HSP32 and HSP70, which protect cells from TNF-a-stimulated apoptosis. (b) Activation of

guanylyl cyclase by nitric oxide may generate cGMP with subsequent diminishing of cellular

calcium concentration, one of the key signals of apoptosis. This mechanism may also involve

the cGMP-dependent activation of protein kinase and the inhibition of caspase activation;

(c) Nitric oxide may inhibit caspase activation through S-nitrosylation of its cysteine residue.

(d) Nitric oxide may inhibit the cytochrome c release. Recently, it has also been proposed

[149] that NO is able to suppress the expression of proapoptotic Bcl-2 binding protein BNIP3

and inhibit hepatocyte apoptosis. Heinloth et al. [150] showed that NO diminished cyto-

chrome c release, p53 accumulation, and apoptosis in human macrophages induced by

oxidized LDL supposedly via the activation of soluble guanylyl cyclase and the cGMP

formation.

In conclusion, it should be stressed that the competition between pro- and antiapoptotic

effects of nitric oxide must probably depends on its relevant levels [137]: the low physiological

levels of NO principally suppress the apoptotic pathway by several mechanisms, whereas the

higher rates of NO production may overcome cellar protective mechanisms and stimulate

apoptosis. Furthermore, the simultaneous formation of nitric oxide and superoxide increases

the possibility of apoptosis activation due to the formation of peroxynitrite.
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24 Production of Free Radicals
by Microsomes

The discovery of oxygen radical production by microsomes was made during the same

‘‘gold age’’ of free radical studies in biology (the late 1960s to the beginning of 1970s) as

the discovery of enzymatic production of superoxide, mitochondrial production of reactive

oxygen species, and production of oxygen radicals by phagocytes. Microsomes from animals,

plants, and microorganisms contain the mixed function oxidase system, which consists of

flavoprotein NADPH-cytochrome P-450 reductase and NADH cytochrome b5 reductase.

This system is able to oxidize numerous substrates including drugs, carcinogens, antioxidants,

pesticides, alcohols, steroids, lipid hydroperoxides, etc., and therefore, it is not surprising that

its reactions are mediated by free radicals.

24.1 MICROSOMAL NADPH–CYTOCHROME P-450 REDUCTASE AND NADH
CYTOCHROME b5 REDUCTASE

The primary function of flavoprotein NADPH–cytochrome P-450 reductase is the hydro-

xylation of various substrates, which occurs during electron transfer from NADPH to

cytochrome P-450 [1]:

NADPH ¼) FAD ¼) FMN ¼) cyt:P-450 (1)

The role of every component of this process is well established. The interaction with a

substrate takes place at cytochrome P-450 in accord with Reaction (2):

RHþO2 þNADPHþHþ ¼) ROHþNADPþ þH2O (2)

It has been proposed [2] (Figure 24.1) that after binding to cytochrome, the substrates such as

epoxides, N-oxides, nitro compounds, and lipid hydroperoxides accept two electrons and are

reduced to the compounds RH(H)2. In contrast, the oxidizable substrates react with the

oxygenated P-450 complex (RH)Fe2þO2, (RH)Fe3þO2
.�. After transfer the second electron

substrate RH is hydroxylated to ROH and cytochrome P-450 is oxidized to the starting Fe3þ

state, completing the catalytic cycle. It is possible that hydroxylation proceeds through the

formation of hydroxyl and carbon radicals [3], but a true role of free radicals at the final

stages of hydroxylation is still obscure.

While cytochrome P-450 catalyzes the interaction with substrates, a final step of micro-

somal enzymatic system, flavoprotein NADPH-cytochrome P-450 reductase catalyzes the

electron transfer from NADPH to cytochrome P-450. As is seen from Reaction (1), this enzyme

contains one molecule of each of FMN and FAD. It has been suggested [4] that these flavins

play different roles in catalysis: FAD reacts with NADPH while FMN mediates electron
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transfer to P-450. This proposal was supported by the measurement of midpoint reduction

potentials of flavins, which were found to be equal to �190 and �328 mV for FMN and

FAD, respectively [5]. It has also been shown [4] that the protein stabilizes neutral semiqui-

none free radicals formed as a result of reduction of flavins by NADPH and that the air-stable

FMN semiquinone takes part in electron transfer as a FMNH
. �FAD complex. It should be

mentioned that Minotti and Gennaro [6] proposed that in heart microsomes, which do not

contain cytochrome P-450, NADPH oxidation can be mediated by electron transfer from

reductase to nonheme iron.

It has been believed that P-450 reduction by NADPH cytochrome P-450 reductase is a

biphasic process, but it was recently shown [7] that some P-450 cytochromes are reduced with

single-exponential kinetics and that the presence of substrate is not an obligatory condition

for the reduction of all P-450 forms. Thus, the kinetics of reduction of various ferric P-450

cytochromes possibly depends on many factors such as substrate, rate-limiting step, etc.

Another component of microsomal mixed function oxidase system is NADH cytochrome

b5 reductase. In 1971, Estabrook and his coworkers [8,9] proposed that cytochrome P-450

may be reduced by NADH through NADH cytochrome b5 reductase and cytochrome b5. It

was suggested that cytochrome b5 may supply the second electron to cytochrome P-450 for

substrate oxidation. Iyanagi et al. [10] demonstrated that electron transfer from flavin to

cytochrome b5 in the cytochrome b5 reductase proceeds in two successive one-electron steps.

Bonfils et al. [11] suggested that to start electron transfer from cytochrome b5 to cytochrome

P-450, both cytochromes had to form a 1:1 complex and be incorporated into micelles. The

kinetic study of rat liver microsomal electron transfer showed [12] that there are two inde-

pendent pathways of electron transfer from NADH to cytochrome R-450: the first one is

through cytochrome P-450 reductase and the second one is through cytochrome b5 reductase

and cytochrome b5. Thus, four components (NADPH-cytochrome P-450 reductase, cyto-

chrome P-450, NADH-cytochrome b5 reductase, and cytochrome b5) participate in electron

transfer by microsomal mixed function oxidase system. The first electron is most probably

supplied by NADPH-cytochrome P-450 reductase and the second electron comes from

cytochrome b5, which is apparently the rate-limiting step of the overall monooxygenase

reaction [13].

ROH RH

Fe3+

(RH)Fe3+
(ROH)Fe3+

(R.)(Fe-OH)3+

RH(Fe-O)3+
2e−, 2H+

2e−, 2H+

H2O

H2O

H2O2

2H+

2H+

XOH XOOH

(RH)Fe3+(O2
•−)(RH)Fe3+(O2

-.)

(RH)Fe2+(O2)

O2

e−

e−

O2
•−

RH(H)2

(RH)Fe2+

FIGURE 24.1 Mechanism of hydroxylation and reduction of substrates by cytochrome P-450. (From

TD Porter, MJ Coon. J Biol Chem 266: 13469–13472, 1991. With permission.)
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24.2 PRODUCTION OF FREE RADICALS BY MICROSOMES

Although it is still unclear whether the formation of oxidized and hydroxylated products,

which is the main pathway of catalytic activities of cytochrome-R-450 reductase, is mediated

by free radicals, mitochondrial enzymes are certainly able to produce oxygen radicals as the

side products of their reactions. It has been proposed in earlier studies [14,15] that superoxide

and hydroxyl radicals (the last in the presence of iron complexes) are formed as a result of the

oxidation of reduced NADPH–cytochrome-P-450 reductase:

P-450 reductase (red)þO2 ¼) P-450 reductase (oxid)þO2
.� (3)

2O2
.� þ 2Hþ ¼) H2O2 þO2 (4)

H2O2 þ Fe2þ(complex) ¼) HO: þHO� þ Fe3þ(complex) (5)

Superoxide generation was detected via the NADPH-dependent SOD-inhibitable epinephrine

oxidation and spin trapping [15,16]. Grover and Piette [17] proposed that superoxide is

produced equally by both FAD and FMN of cytochrome P-450 reductase. However, from

comparison of the reduction potentials of FAD (�328 mV) and FMN (�190 mV) one might

expect FAD to be the most efficient superoxide producer. Recently, the importance of the

microsomal cytochrome b558 reductase-catalyzed superoxide production has been shown in

bovine cardiac myocytes [18].

Another superoxide producer in microsomes is the oxygenated complex of cytochrome

P-450 (Figure 24.1). To study the superoxide production by microsomes, Kuthan et al. [19]

used the reduction of partly succinoylated cytochrome c because native cytochrome c was

directly reduced by cytochrome P-450 reductase and therefore cannot be applied for this

purpose. It has been demonstrated [20] that carbon monoxide inhibited 75% of superoxide

production by microsomal cytochrome P-450 system; therefore, the most of superoxide must

be formed at the decomposition of oxygenated cytochrome R-450 complex. These authors

also showed that the stoichiometry of superoxide and hydrogen peroxide production is close

to 2:1, indicating that all hydrogen peroxide is formed through the dismutation of superoxide.

Recently, Fleming et al. [21] showed that cytochrome P-450 is responsible for oxygen radical

generation in coronary endothelial cells.

There is some difference in the ability of rat and human liver microsomes to produce

oxygen radicals. It was found [22] that in the presence of NADPH or NADH human

microsomes produced superoxide and hydrogen peroxide at rates of 20% to 30% of those

observed for rat microsomes. A decrease in the production of oxygen species is probably

explained by a threefold lower content of cytochrome P-450 in the human liver microsomes.

Rasba-Step et al. [23] also showed that NADH similar to NADPH is able to stimulate

superoxide formation in rat liver microsomes although in this case the rate of superoxide

generation was about 20% to 30% of NADPH. NADH-dependent superoxide production by

microsomal NADH-cytochrome b558 reductase was demonstrated in calf pulmonary artery

smooth muscle [24]. Puntarulo and Cederbaum [25] have shown that not all forms of

cytochrome P-450 were equally effective in oxygen radical production, with the CYP3A4

form of P-450 as the most active cytochrome P-450 inducer of superoxide production.

If the mechanism of superoxide production in microsomes by NADPH-cytochrome P-450

reductase, NADH-cytochrome b5 reductase, and cytochrome P-450 is well documented, it

cannot be said about microsomal hydroxyl radical production. There are numerous studies,

which suggest the formation of hydroxyl radicals in various mitochondrial preparations and

by isolated microsomal enzymes. It has been shown that the addition of iron complexes

to microsomes stimulated the formation of hydroxyl radicals supposedly via the Fenton
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reaction [5]. (Such a system is widely used for the initiation of microsomal lipid peroxidation,

Chapter 25.) Iron complexes accelerate the generation of oxygen radicals by microsomes,

although the nature of reactive oxygen radical produced (hydroxyl or hydroxyl-like ‘‘crypto-

hydroxyl radicals’’) is still uncertain. Morehouse et al. [26] showed that Fe3þ(DTPA) and

Fe3þ(EDTA) complexes greatly enhanced superoxide production and NADPH oxidation by

NADPH–cytochrome P-450 reductase. These authors also demonstrated the formation of

hydroxyl radical in the presence of iron complexes.

Iron complexes or microsomal nonheme iron are undoubtedly obligatory components in

the microsomal oxidation of many organic compounds mediated by hydroxyl radicals. In

1980, Cohen and Cederbaum [27] suggested that rat liver microsomes oxidized ethanol,

methional, 2-keto-4-thiomethylbutyric acid, and dimethylsulfoxide via hydrogen atom

abstraction by hydroxyl radicals. Then, Ingelman-Sundberg and Ekstrom [28] assumed that

the hydroxylation of aniline by reconstituted microsomal cytochrome P-450 system is medi-

ated by hydroxyl radicals formed in the superoxide-driven Fenton reaction. Similar conclu-

sion has been made for the explanation of inhibitory effects of pyrazole and 4-methylpyrazole

on the microsomal oxidation of ethanol and DMSO [29].

It is obvious that the sites of hydroxyl (or hydroxyl-like) and superoxide productions must

coincide. Winston and Cederbaum [30] demonstrated that the oxidation of hydroxyl radical

scavengers by purified NADPH-cytochrome P-450 reductase and cytochrome P-450 did not

change after cytochrome P-450 addition that pointed out at cytochrome reductase as the site

of hydroxyl radical production. Puntarulo and Cederbaum [31] confirmed the formation

of hydroxyl radicals at the interaction of NADPH-cytochrome P-450 reductase with the

ferric (EDTA) complex by the use of chemiluminescent method. In contrast, Ingelman-

Sundberg and Johansson [32] concluded that the oxidation of ethanol occurred at the

cytochrome P-450 site and not via the cytochrome P-450-specific mechanism but by hydroxyl

radicals formed in the Fenton reaction with nonheme iron. Later on, Terelius and Ingelman-

Sundberg [33] showed that small amounts of ferric (EDTA) react with hydrogen peroxide

formed by cytochrome P-450, while higher ferric (EDTA) concentrations uncouple electron

transport chain inducing the reductase-dependent formation of hydroxyl radicals.

Recent studies suggest that many factors may affect hydroxyl radical generation by

microsomes. Reinke et al. [34] demonstrated that the hydroxyl radical-mediated oxidation

of ethanol in rat liver microsomes depended on phosphate or Tris buffer. Cytochrome b5 can

also participate in the microsomal production of hydroxyl radicals catalyzed by NADH–

cytochrome b5 reductase [35,36]. Considering the numerous demonstrations of hydroxyl

radical formation in microsomes, it becomes obvious that this is not a genuine enzymatic

process because it depends on the presence or absence of ‘‘free’’ iron. Consequently, in vitro

experiments in buffers containing iron ions can significantly differ from real biological

systems.

24.3 MICROSOMAL FREE RADICAL-MEDIATED OXIDATIVE PROCESSES

There are various pathways for free radical-mediated processes in microsomes. Microsomes

can stimulate free radical oxidation of various substrates through the formation of superoxide

and hydroxyl radicals (the latter in the presence of iron) or by the direct interaction of chain

electron carriers with these compounds. One-electron reduction of numerous electron accep-

tors has been extensively studied in connection with the conversion of quinone drugs and

xenobiotics in microsomes into reactive semiquinones, capable of inducing damaging effects

in humans. (In 1980s, the microsomal reduction of anticancer anthracycline antibiotics and

related compounds were studied in detail due to possible mechanism of their cardiotoxic

activity and was discussed by us earlier [37]. It has been shown that semiquinones of
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anthracycline are able to participate in redox cycling to produce superoxide. The possible

mechanisms of anthracycline-induced lipid peroxidation are considered in Chapter 25.)

On the other hand, microsomes may also directly oxidize or reduce various substrates. As

already mentioned, microsomal oxidation of carbon tetrachloride results in the formation of

trichloromethyl free radical and the initiation of lipid peroxidation. The effect of carbon

tetrachloride on microsomes has been widely studied in connection with its cytotoxic activity

in humans and animals. It has been shown that CCl4 is reduced by cytochrome P-450. For

example, by the use of spin-trapping technique, Albani et al. [38] demonstrated the formation

of the CCl3
.
radical in rat liver microsomal fractions and in vivo in rats. McCay et al. [39]

found that carbon tetrachloride metabolism to CCl3
.

by rat liver accompanied by the

formation of lipid dienyl and lipid peroxydienyl radicals. The incubation of carbon tetra-

chloride with liver cells resulted in the formation of the CO2
.� free radical (identified as the

PBN-CO2 radical spin adduct) in addition to trichoromethyl radical [40]. It was found that

glutathione rather than dioxygen is needed for the formation of this additional free radical.

The formation of trichloromethyl radical caused the inactivation of hepatic microsomal

calcium pump [41].

Microsomal oxidation of amines and phenols may proceed by different ways. For ex-

ample, it has been shown [42] that phentermine (2-methyl-1-phenyl-2-propylamine) is hydro-

xylated to N-hydroxyphentermine by rat liver cytochrome P-450 system through a normal

cytochrome P-450 way:

P-450
PhCH2CMe2NH2 ¼) PhCH2CMe2NOH (6)

Then, N-hydroxyphentermine supposedly reacts with superoxide generated by NADPH–

cytochrome P-450 reductase and forms the final product 2-methyl-2-nitro-1-phenylpropane:

O2
.� O2

.�

PhCH2CMe2NHOH ¼) PhCH2CMe2NO ¼) PhCH2CMe2NO2
(7)

(It should be noted that Reaction (7) had to be considered as a purely hypothetical one.)

Manno et al. [43] observed the formation of superoxide during the oxidation of arylamines

by rat liver microsomes. Noda et al. [44] demonstrated that microsomes are able to oxidize

hydrazine into a free radical. In contrast, hepatic cytochrome P-450 apparently oxidizes

paracetamol (4’-hydroxyacetanilide) to N-acetyl-p-benzoquinone imine by a two-electron

mechanism [45]. Younes [46] proposed that superoxide mediated the microsomal S-oxidation

of thiobenzamide.

Nitrobenzyl chlorides are also reduced by microsomes through one-electron reduction

mechanism. Moreno et al. [47] suggested that p- and o-nitrobenzyl chlorides are reduced by

rat hepatic microsomes to unstable radical anions, which are decomposed to form benzyl

radicals under anaerobic conditions. However, in the presence of dioxygen the radical anions

of these compounds participate in ‘‘futile’’ redox cycling yielding superoxide (Figure 24.2). In

contrast to p- and o-nitrobenzyl chlorides, m-nitrobenzyl chloride was reduced by microsomes

to a relatively stable m-nitrobenzyl radical anion.

The above examples show the ability of microsome reductases to oxidize substrates in the

processes where the first step is a one-electron reduction, which may or may not be accom-

panied by superoxide formation. However, cytochrome P-450 can directly oxidize some

substrates including amino derivatives. For example, mitochondrial oxidation (dehydrogen-

ation) of 1,4-dihydropyridines apparently proceeds by two mechanisms: via hydrogen atom

abstraction or one-electron oxidation [48–50]. Guengerich and Bocker [49] have shown that
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the dehydrogenation of 1,4-dihydro-2,6-dimethyl-4-phenyl-3,5-pyridinedicarboxylic dimethyl

ester or 1,4-dihydro-2,6-dimethyl-3,5-pyridinedicarboxylic acid diethyl ester (Hantzsch esters)

by microsomes proceeded without significant kinetic hydrogen isotope effect. On these

grounds it has been concluded that the dihydropyridines studied are oxidized by a P-450-

mediated one-electron transfer mechanism (Figure 24.3). Similarly, the same mechanism was

proposed for the dehydrogenation of nifedipine (1,4-dihydro-2,6-dimethyl-4-(2-nitrophenyl)-

3,5-pyridinedicarboxylic acid dimethyl ester), which also proceeded with low kinetic hydrogen

isotope effect [50].

Although the oxidation (hydroxylation) of hydrocarbons is usually believed to occur via

hydrogen atom abstraction [51], the one-electron transfer mechanism of cytochrome P-450

catalyzed oxidation has also been proposed for the oxidation of N,N-dialkylanilines [52].

This mechanism (Figure 24.4) is generally preferred for the substrates with low reduction
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CH2Cl

O2N

O2N

O2N O2N

O2N

O2N

•CH2

e−

O2
−N• −Cl−

O2

O2

•O2

futile cycle

self

H•

CH3

CH2OO•

CH2−CH2 NO2

FIGURE 24.2 Mechanism of reduction of nitrobenzyl chlorides by microsomes. (From SNJ Moreno,

J Schreiber, RP Mason. J Biol Chem 261: 7811–7815, 1991. With permission.)
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FIGURE 24.3 One-electron transfer mechanism of P-450-mediated oxidation of dihydropyridines.

(From FP Guengerich, RH Bocker. J Biol Chem 263: 8168–8188, 1988. With permission.)
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potentials. Sushkov et al. [53] have shown that microsomes demethylated 2-dimethylamino-

3-chloro-1,4-naphthoquinone; this process was accompanied by the formation of correspond-

ing semi- and hydroquinone.

In addition to a well-known NADPH-dependent hydroxylation mechanism (Reaction (2)),

cytochrome P-450 is able to catalyze the oxidation of substrates by peroxygenase mechanism

(Reaction (8)) where XOOH presents the peroxy compound acting as the oxygen donor.

P-450
RHþXOOH ¼) ROHþXOH (8)

Such reaction with aromatic hydroperoxides has been studied by Coon and coworkers [54].

Instead of hydroperoxides, iodosobenzenes, and iodobezene acetates may participate in

Reaction (8) as the oxygen donors [55]. These authors proposed that the reaction of cyto-

chrome P-450 with iodosobenzene proceeds to form an iron–oxo intermediate complex

containing only one oxygen atom derived from the substrate.

Microsomes are capable of oxidizing not only organic substrates but also inorganic ones.

An interesting example is the metabolism of bisulfite (aqueous sulfur dioxide) in microsomes.

Although mitochondrial sulfite oxidase is responsible for the in vivo oxidation of bisulfite by

a two-electron mechanism, cytochrome P-450 is also able to reduce bisulfite to the sulfur

dioxide radical anion [56]:

SO2 þ ferrous P-450 ¼) SO2
.� þ ferric P-450 (9)

24.4 FORMATION AND REACTIONS OF NITROGEN OXYGEN
SPECIES IN MICROSOMES

In 1989, Servent et al. [57] demonstrated that microsomes denitrated glyceryl trinitrate in the

presence of NADPH to form a mixture of glyceryl dinitrates and glyceryl mononitrates. They

proposed that glyceryl trinitrate was oxidized by cytochrome P-450 and that this process was

accompanied by the formation of nitric oxide. Following papers supported this proposal,

showing the formation of nitrogen reactive species during the microsomal oxidation of

various nitro compounds. For example, under anerobic conditions rat liver microsomes

catalyzed the oxidation of p-hexyloxy-benzamidoxime to corresponding arylamide and nitrite

CH3 CH3CH3CH3

CH3 CH3 CH2 CH2OHR N R N

CH3

CH3R

O

N CH3

HR N

R N R N

−

+
+   HCHO

FeO3+ FeO2+ FeO2+

FeO2+

FeOH3+ FeOH3+ Fe3+
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+

FIGURE 24.4 Postulated pathway for P450-catalyzed tertiary amine N-dealkylation (shown for

N-demethylation of N,N-dimethylamine). (From FP Guengerich, CH Yun, TL Macdonald. J Biol

Chem 271: 27321–27329, 1996. With permission.)
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anion NO2
� in the presence of NADPH [58]. The formation of nitric oxide in this reaction

was proven by the detection of ferrous cytochrome P-450–NO and ferrous cytochrome

P-420–NO complexes. It has also been suggested that other amidines and amidoximes could

be precursors of NO generation by microsomes. In the following paper [59] these authors

demonstrated that cytochrome P-450 catalyzed the denitration of N-hydroxyl-L-arginine

(NOHA) to form NO, NO2, and citrulline. NO synthase did not contribute to this process

because NO synthase inhibitors such as N-methylarginine and N-nitroarginine failed to

inhibit this reaction. In contrast, the inhibitors of cytochrome P-450 (CO, miconazole, and

others) suppressed the NOHA denitration. Similarly, microsomal P-450 generated nitric

oxide during the oxidation of 18-nitro-oxyandrostenedione [60].

The constituent of paint, 2-nitropropane, exhibiting genotoxicity and hepatocarcinogeni-

city was oxidized by liver microsomes forming nitric oxide, which was identified as a ferrous–

NO complex [61]. Clement et al. [62] concluded that superoxide may participate in the

microsomal oxidation of N-hydroxyguanidines, which produced nitric oxide, urea, and the

cyanamide derivative. Caro et al. [63] suggested that the oxidation of ketoxime acetoxime to

nitric oxide by microsomes enriched with P-450 isoforms might be mediated by hydroxyl or

hydroxyl-like radicals.

The formation of nitric oxide in microsomes results in the inhibition of microsomal

reductase activity. It has been found that the inhibitory effect of nitric oxide mainly depend

on the interaction with cytochrome P-450. NO reversibly reacts with P-450 isoforms to form

the P-450–NO complex, but at the same time it irreversibly inactivates the cytochrome P-450

via the modification of its thiol residues [64]. Incubation of microsomes with nitric oxide

causes the inhibition of 20-HETE formation from arachidonic acid [65], the generation of

reactive oxygen species [66], and the release of catalytically active iron from ferritin [67].
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25 Nonenzymatic Lipid
Peroxidation

Lipid peroxidation is probably the most studied oxidative process in biological systems. At

present, Medline cites about 30,000 publications on lipid peroxidation, but the total number

of studies must be much more because Medline does not include publications before 1970.

Most of the earlier studies are in vitro studies, in which lipid peroxidation is carried out in

lipid suspensions, cellular organelles (mitochondria and microsomes), or cells and initiated by

simple chemical free radical-produced systems (the Fenton reaction, ferrous ionsþ ascorbate,

carbon tetrachloride, etc). In these in vitro experiments reaction products (mainly, malon-

dialdehyde (MDA), lipid hydroperoxides, and diene conjugates) were analyzed by physico-

chemical methods (optical spectroscopy and later on, HPLC and EPR spectroscopies). These

studies gave the important information concerning the mechanism of lipid peroxidation, the

structures of reaction products, etc.

Of course, the most important question is how these in vitro findings correspond to in vivo

oxidative processes. It may be assumed that the data obtained in in vitro experiments can be

used for understanding the mechanisms of real biological oxidative processes. However, the

results obtained by studying much more important in vivo lipid peroxidation were for some

time questioned. These doubts were based on the possibility of artificial formation of MDA and

diene conjugates during the experiments. Fortunately, at present it became possible to study

lipid peroxidation directly under ex vivo and in vivo conditions. (For example, Chamulitrat

et al. [1] reported the in vivo EPR evidence of the formation of adducts of fatty acid-derived free

radicals with DMPO in bile of rats dosedwith this spin trap.) Comparison of in vitro and in vivo

findings gives an opportunity to understand better the mechanism of lipid peroxidation.

25.1 INITIATION OF NONENZYMATIC LIPID PEROXIDATION

25.1.1 HO.
AND O2

.2 AS INITIATORS OF LIPID PEROXIDATION

Lipid peroxidation may proceed by both enzymatic and nonenzymatic pathways. Enzymatic

peroxidation is catalyzed by enzymes such as lipoxygenases and cyclooxygenases (COXs)

and is considered in Chapter 26.* One of the most important questions in the study of

the mechanisms of lipid peroxidation is the characteristic of an initiation stage. Obvious

*It should be noted that the many free radical-producing enzymes (xanthine oxidase, peroxidases, NADPH oxidase of

phagocytosing and nonphagocytosing cells, microsomal P-450 reductase, etc.) are the initiators of lipid peroxidation

under both in vitro and in vivo conditions. However, these enzymes participate in lipid peroxidation only on the

initiation stage and therefore, we are considering them as the initiators of nonenzymatic peroxidation. At the same time,

in the enzyme-catalyzed lipid peroxidation lipoxygenases and cyclooxygenases catalyze all stages of oxidative process.
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candidates for initiators are of course major physiological free radicals superoxide and nitric

oxide. It is known that superoxide is not able to abstract a hydrogen atom even from the very

reactive bisallylic methylene groups [2], although its conjugated acid HOO
.

(perhydroxyl

radical) is more active in abstraction reactions and probably capable of initiating lipid

peroxidation [3] (see also Chapter 21). However, as a pKa value for HOO
.
is equal to 4.88

in aqueous solution, the equilibrium of Reaction (1) is practically completely shifted to the

right at physiological pH.

HOO
. () Hþ þO2

.� (1)

Aikens and Dix [4] have shown that the concentration of lipid hydroperoxides formed during

the oxidation of linoleic acid by HOO
.
/O2

.� in aqueous solution decreased by about 20 times

at pH changing from 1.8 (100% HOO
.
) to 7.0 (about 1% HOO

.
). Although these authors

believed that perhydroxyl-dependent lipid peroxidation may play a certain role under in vivo

conditions, one should agree with the conclusion that its role is insignificant [3]. Recently, it

has been pointed out [5] that the acidic pH may also enhance iron-mediated lipid peroxidation

in cells by an increase in iron solubility. In addition to acidity, the initiation of lipid

peroxidation by HOO
.
/O2

.� depends also on the solution ionic strength [6]. However, it

should be remembered that lipid peroxidation occurs in aprotic media (lipid membranes)

where a pKa value for perhydroxyl radical is much higher (about 8) and therefore, HOO
.
-

initiated processes become more probable.

Bedard et al. [7] studied quantitatively the initiation of the peroxidation of human low-

density lipoproteins (LDL) with HOO
.
/O2

.�. In accord with the above findings the initiation

rate increased when pH decreased from 7.6 to 6.5. It was suggested that initiation occurred via

hydrogen atom abstraction by perhydroxyl radical from endogenous a-tocopherol, which in

this process exhibited prooxidant and not antioxidant properties. Neutral, positively, and

negatively charged alkyl peroxyl free radicals were the more efficient initiators of LDL

peroxidation compared to superoxide.

Thus, superoxide itself is obviously too inert to be a direct initiator of lipid peroxidation.

However, it may be converted into some reactive species in superoxide-dependent oxidative

processes. It has been suggested that superoxide can initiate lipid peroxidation by reducing

ferric into ferrous iron, which is able to catalyze the formation of free hydroxyl radicals via

the Fenton reaction. The possibility of hydroxyl-initiated lipid peroxidation was considered in

earlier studies. For example, Lai and Piette [8] identified hydroxyl radicals in NADPH-

dependent microsomal lipid peroxidation by EPR spectroscopy using the spin-trapping

agents DMPO and phenyl-tert-butylnitrone. They proposed that hydroxyl radicals are

generated by the Fenton reaction between ferrous ions and hydrogen peroxide formed by

the dismutation of superoxide. Later on, the formation of hydroxyl radicals was shown in

the oxidation of NADPH catalyzed by microsomal NADPH-cytochrome P-450 reductase

[9,10].

However, subsequent studies demonstrated that the formation of hydroxyl radicals, even

if it takes place during lipid peroxidation, is of no real importance. Beloqui and Cederbaum

[11] have found that although the glutathione–glutathione peroxidase system suppressed

hydroxyl radical generation during the oxidation of 4-methylmercapto-2-oxo-butyrate, it

exhibited a much smaller effect on microsomal lipid peroxidation. Therefore, hydroxyl radical

formation is apparently unimportant in this process. Other authors also pointed out at an

unimportant role of hydroxyl radicals in the initiation of microsomal lipid peroxidation [12–

14]. For example, it has been shown that Fe(EDTA), a most efficient catalyst of hydroxyl

radical formation by the Fenton reaction, inhibited microsomal and liposomal lipid perox-

idation, while the weak catalysts of this reaction Fe(ADP) and Fe(ATP) enhanced it [13].

© 2005 by Taylor & Francis Group.



The mechanism of iron-initiated superoxide-dependent lipid peroxidation has been exten-

sively studied by Aust and his coworkers [15–18]. It was found that superoxide produced by

xanthine oxidase initiated lipid peroxidation, but this reaction was not inhibited by hydroxyl

radical scavengers and, therefore the formation of hydroxyl radicals was unimportant. Lipid

peroxidation depended on the Fe3þ/Fe2þ ratio, with 50:50 as the optimal value [19]. Super-

oxide supposedly stimulated peroxidation both by reducing ferric ions and oxidizing ferrous

ions. As superoxide is able to release iron from ferritin, superoxide-promoted lipid peroxida-

tion can probably proceed under in vivo conditions [16,20].

In contrast to earlier data [21] obtained by the use of cytochrome c reduction assay for

detecting superoxide, a high level of superoxide was detected in microsomal lipid peroxidation

with the aid of lucigenin-amplified CL method [22]. It was suggested that superoxide reduced

Fe3þ–ADP or (in the presence of antibiotic doxorubicin) Fe3þ–ADP–Dox complexes to

generate catalytically active Fe2þ–ADP complex. Importance of superoxide as an initiator

of microsomal peroxidation was confirmed by the study of inhibitory effects of two antioxi-

dants, rutin and the copper–rutin complex Cu(Rut)CL2 [23]. It was found that the inhibitory

effect of the copper–rutin complex on lipid peroxidation was nine times higher than that of

rutin and excellently correlated with its effect on lucigenin-amplified CL. As the enhanced

inhibitory activity of copper–rutin complex apparently depended on its acquired additional

SOD activity, these findings indicate an important role of superoxide in the initiation of

microsomal lipid peroxidation.

Thus, despite the inability to initiate lipid peroxidation directly, superoxide might partici-

pate on the stage of initiation by indirect pathways. Many earlier studies during 1970 to 1990

have been dedicated to the study of superoxide-mediated lipid peroxidation. (These studies

are reviewed in Ref. [24].) Unfortunately, the inability of superoxide to initiate lipid perox-

idation directly was not recognized in these studies, and many authors suggested that super-

oxide reacted with unsaturated compounds by abstracting a hydrogen atom. For example,

Thomas et al. [25] suggested that the acceleration of xanthine oxidase-mediated peroxidation

of linoleic acid by hydroperoxyoctadecadienoic acid is due to the reaction of this peroxidation

product with superoxide, forming a new peroxyl radical. However, it has later been shown

that superoxide reacts with hydrogen peroxide and hydroxyperoxides only via a proton-

abstracting mechanism [26,27].

In 1977, Kellogg and Fridovich [28] showed that superoxide produced by the XO–

acetaldehyde system initiated the oxidation of liposomes and hemolysis of erythrocytes.

Lipid peroxidation was inhibited by SOD and catalase but not the hydroxyl radical scavenger

mannitol. Gutteridge et al. [29] showed that the superoxide-generating system (aldehyde–XO)

oxidized lipid micelles and decomposed deoxyribose. Superoxide and iron ions are

apparently involved in the NADPH-dependent lipid peroxidation in human placental mito-

chondria [30]. Ohyashiki and Nunomura [31] have found that the ferric ion-dependent lipid

peroxidation of phospholipid liposomes was enhanced under acidic conditions (from pH 7.4

to 5.5). This reaction was inhibited by SOD, catalase, and hydroxyl radical scavengers.

Ohyashiki and Nunomura suggested that superoxide, hydrogen peroxide, and hydroxyl

radicals participate in the initiation of liposome oxidation. It has also been shown [32] that

SOD inhibited the chain oxidation of methyl linoleate (but not methyl oleate) in phosphate

buffer.

The regulation of superoxide formation by SOD can affect both in vivo and ex vivo lipid

peroxidation. Thus, SOD inhibited lipid peroxidation in cats following regional intestinal

ischemia and reperfusion [33]. Similarly, the treatment of rats with polyethylene glycol

superoxide dismutase (PEG-SOD) prevented the development of lipid peroxidation in hepatic

ischemia–reperfusion injury [34]. Interesting data have been reported by Bartoli et al. [35].

They showed that SOD depletion in the liver of rats feeding with a copper-deficient diet
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resulted in a decrease in polyunsaturated fatty acids, an increase in monosaturated acid

contents, and a decrease in in vitro microsomal lipid peroxidation. They proposed that the

loss of SOD led to the oxidation of polyunsaturated acids and the enhancement of the

synthesis of more saturated fatty acids by cells. Such phenomenon probably occurs in fast-

growing hepatomas, which exhibit a noticeable saturation of fatty acids and diminishing

SOD activity, which can be an origin of hepatocarcinigenesis. Superoxide supposedly initi-

ated acetaldehyde-mediated lipid peroxidation in the pathogenesis of alcohol-induced liver

injury [36].

It is of interest that under certain conditions SOD can manifest both inhibitory and

stimulatory effects on lipid peroxidation. Thus, Nelson et al. [37] showed that small SOD

concentrations (up to 5 mg ml�1) were protective in the reoxygenated isolated myocardium

but very high doses (50 mg ml�1) exacerbated the injury. These authors hypothesized that

superoxide may not only initiate lipid peroxidation but also inhibited it, reacting with free

radicals:

O2
.� þ LO

. ¼) O2 þ LO� (2)

O2
.� þ LOO

. ¼) O2 þ LOO� (3)

In such a case the inhibitory or stimulatory effect of SOD must indeed depend on its

concentration.

25.1.2 NO, NO METABOLITES, AND HOCL

The role of another physiological free radical NO in lipid peroxidation is probably even more

complicated than that of superoxide. Similar to superoxide, NO is incapable of abstracting a

hydrogen atom from unsaturated substrates and similar to superoxide, NO may form various

reactive species capable of initiating lipid peroxidation. During 1992 to 1993, it has been

shown that the effect of nitric oxide on lipid peroxidation is mostly an inhibitory one. Thus,

Jessup et al. [38] found that NO can oxidize LDL only together with superoxide, and rather

protective in macrophage-mediated LDL oxidation. Nitric oxide inhibited LDL oxidation,

the formation of TBAR products, and lipid hydroperoxides [39]. Yates et al. [40] studied the

effect of mouse peritoneal macrophages on human LDL. Macrophages were stimulated with

interferon-g and TNF-a, resulting in an increase in NO production by tenfold. It was found

that nitric oxide was inhibitory to macrophage-induced LDL oxidation. Laskey and Mathews

[41] compared the effects of peroxynitrite and nitric oxide on the peroxidation of phospha-

tidylcholine liposomes. They found that peroxynitrite caused significant liposome peroxida-

tion characterized by the increased formation of hydroperoxy- and hydroxyeicosatetraenoic

acids (HETEs) and F2-isoprostanes, while nitric oxide inhibited both iron- and peroxynitrite-

initiated lipid peroxidation.

Thus the competition between stimulatory and inhibitory effects of NO depends on the

competition between two mechanisms: the direct interaction of NO with free radicals formed

in lipid peroxidation and the conversion of NO into peroxynitrite or other reactive NO

metabolites. Based on this suggestion, Freeman and his coworkers [42–44] concluded that

the prooxidant and antioxidant properties of nitric oxide depend on the relative concentra-

tions of NO and oxygen. It was supposed that the prooxidant effect of nitric oxide originated

from its reaction with dioxygen and superoxide:

2NOþO2 ¼) 2
.
NO2 (4)

NOþO2
.� ¼) ONOO� (5)
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(It should be noted that Reaction (4) is not a one-stage process.) Both free radical
.
NO2 and

highly reactive peroxynitrite are the initiators of lipid peroxidation although the elementary

stages of initiation by these compounds are not fully understood. (Crow et al. [45] suggested

that trans-ONOO� is protonated into trans peroxynitrous acid, which is isomerized into the

unstable cis form. The latter is easily decomposed to form hydroxyl radical.) Another possible

mechanism of prooxidant activity of nitric oxide is the modification of unsaturated fatty acids

and lipids through the formation of active nitrated lipid derivatives.

Initiation of lipid peroxidation by nitric oxide and peroxynitrite has been studied in many

publications. Darley-Usmar et al. [46] showed that simultaneous production of superoxide

and nitric oxide by sydnonimine SIN-1 initiated the peroxynitrte-mediated peroxidation of

LDL. Later on, it has been shown [47] that various nitrogen species formed during inflam-

mation may react with unsaturated fatty acids, forming nitrated oxidation products.

Peroxynitrite formed with linoleic acid nitrated lipids (their formation was inhibited by

SOD, ferric-EDTA, and bicarbonate) and oxidized lipids (which were inhibited by SOD

and bicarbonate, but not ferric-EDTA). The same nitrated lipid products were formed in

the reactions of linoleic acid with nitric dioxide
.
NO2. Peroxynitrite and its by-products

reacted with the unsaturated lipid components and damaged surfactant proteins, forming

conjugated dienes and MDA [48]. Shi et al. [49] studied the oxidation of phospholipids in rat

brain synaptosomes by peroxynitrite generated from 3-morpholinosydnonimine SIN-1. This

reaction resulted in the formation of phospholipid hydroperoxides, including phosphatidyl-

choline and phosphatidylethanolamine hydroperoxides. Endogenous a-tocopherol potently

inhibited peroxidation and was very rapidly oxidized to a-tocopheryl quinone. Another

effective antioxidant was uric acid.

As mentioned earlier, when NO concentration exceeds that of superoxide, nitric oxide

mostly exhibits an inhibitory effect on lipid peroxidation, reacting with lipid peroxyl radicals.

These reactions are now well studied [42–44]. The simplest suggestion could be the partici-

pation of NO in termination reaction with peroxyl radicals. However, it was found that NO

reacts with at least two radicals during inhibition of lipid peroxidation [50]. On these grounds

it was proposed that LOONO, a product of the NO recombination with peroxyl radical LOO
.

is rapidly decomposed to LO
.
and

.
NO2 and the second NO reacts with LO

.
to form nitroso

ester of fatty acid (Reaction (7), Figure 25.1). Alkoxyl radical LO
.
may be transformed into a

nitro epoxy compound after rearrangement (Reaction (8)). In addition, LOONO may be

hydrolyzed to form fatty acid hydroperoxide (Reaction (6)). Various nitrated lipids can also

be formed in the reactions of peroxynitrite and other NO metabolites.

It is important that NO is a much more effective scavenger of peroxyl radicals than

a-tocopherol because the rate constant for the reaction of LOO
.

with NO is equal to

2� 109 l mol�1 s�1 and that for the reaction with a-tocopherol is much smaller (about

2� 105 l mol�1 s�1). Therefore, the in vivo concentrations of nitric oxide (up to 2 mmol)

may effectively compete with endogenous concentrations of a-tocopherol. Antioxidant func-

tion of nitric oxide in LDL is also determined by the NO capacity to traverse the LDL surface

and penetrate the lipid core of the LDL particle [51]. D’Ischia et al. [52] found that nitric

oxide suppressed lipid peroxidation in rat brain homogenates. It was suggested that NO

inhibited the formation of oxidation products by decomposing primary lipid peroxide such as

15-HPETE. Competition between the stimulatory and inhibitory effects of nitric oxide may

lead to different results in different organs. Thus, at high oxygen concentrations in lung lining

fluid, the NO metabolite NO2 may predominantly mediate lipid peroxidation. In contrast,

within inflamed hypoxic organs nitration reactions may terminate free radical processes [50].

Another reactive species, which is also able to initiate lipid peroxidation, is hypochlorous

acid HOCl generated by the myeloperoxidase (MPO)–hydrogen peroxide–chloride ion sys-

tem. Although this system is mainly considered below in the section dedicated to LDL
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FIGURE 25.1 Mechanism of the inhibitory effect of nitric oxide on lipid peroxidation. (Adapted from VB O’Donnell, BA Freeman. Circ Res 88: 12–21, 2001.)
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oxidation, here we will look at the MPO-catalyzed chlorination of some other lipid com-

pounds. Thus, Thukkani et al. [53] studied the chlorination of plasmalogens, which are

glycerophospholipids present in the plasma membranes of mammalian tissues. It was found

that PMA-stimulated neutrophils chlorinated these compounds through the MPO-dependent

mechanism to form a-chloro fatty aldehydes, 2-chlorohexadecanal, and 2-chlorooctadecanal,

targeting 16 and 18 carbon vinyl ether-linked aliphatic groups of neutrophil plasmalogens. It

should be noted that a-chloro fatty aldehydes play a physiological role participating in

neutrophils recruitment.

25.1.3 XENOBIOTICS AS INITIATORS OF LIPID PEROXIDATION

Many organic and inorganic compounds including drugs, components of food, ozone,

environment contaminants, etc. can initiate lipid peroxidation. There are two major mech-

anisms of xenobiotic-dependent lipid peroxidation: these compounds could be reductants,

i.e., compounds which are able to reduce some biological molecules or they could be reduced

by enzymes or biological substrates and initiate lipid peroxidation in their reduced forms.

A well-known example of first mechanism is the ascorbate-dependent iron-initiated lipid

peroxidation where ascorbic acid reacts as a prooxidant, reducing ferric ions or complexes

into ferrous ones. It should be mentioned that the other classic antioxidants such as

a-tocopherol, glutathione, and SOD might also initiate lipid peroxidation under certain

conditions (Chapter 29).

The second mechanism is realized when organic or inorganic compounds are reduced by

endogenous reductants (for example, by NADH or NADPH and the other components of

mitochondrial or microsomal respiratory chains). The typical compounds are anthracycline

antibiotics and carbon tetrachloride. CCl4 is easily reduced by microsomes to the free radical

CCl3
.
, which is able to abstract a hydrogen atom from unsaturated lipids and initiate lipid

peroxidation. Because of this, the CCl4-initiated lipid peroxidation is a reliable and frequently

applied model system for the study of in vitro iron-independent lipid peroxidation and the

effects of antioxidants (see for example Ref. [54] ).

Anthracycline antibiotics such as doxorubicin (andriamycin) are powerful anticancer

drugs. These compounds contain an anthraquinone moiety, which makes them strong proox-

idants (Figure 25.2). A great interest in the prooxidant activity of anthracyclines has been

caused by a suggestion that this activity is the major reason of anthracycline cardiotoxicity,

which limits a success of the treatment of cancer patients with these antibiotics. Owing to that,

many studies have been dedicated to the investigation of anthracycline-stimulated lipid

peroxidation. In 1977, Goodman and Hochstein [55] showed that anthracycline antibiotics

O

O

OOH

OHMeO OR

OH
CH2OH

R is daunosamine

Adriamycin

FIGURE 25.2 Adriamycin (Doxorubicin).
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doxorubicin and daunorubicin stimulated microsomal NADPH–cytochrome P-450 reductase-

mediated lipid peroxidation. This work was followed by numerous studies of the effects of

anthracyclines on in vitro and in vivo lipid peroxidation [56]. It has been widely accepted that

anthracyclines are reduced by mitochondrial or microsomal respiratory chain components to

radical anions, which are able to reduce dioxygen to superoxide, a genuine initiator of lipid

peroxidation:

Anthrþ e ¼) Anthr
.� (9)

Anthr
.� þO2 ¼) AnthrþO2

.� (10)

However, later on, this simple mechanism has been questioned. Although Reactions (9) and

(10) can occur, anthracyclines are also capable of reacting irreversibly with superoxide [57,58].

This reaction apparently results in deglycosidation, making the redox cycling of anthracy-

clines (Reactions (9) and (10)) less probable. Moreover, the anthracycline stimulation of lipid

peroxidation takes place probably only in the presence of iron ions. On these grounds, it has

been proposed that genuine initiation species are the iron–anthracycline complexes [59,60]. It

seems that not only the so-called ‘‘free iron’’ may react with anthracyclines forming iron–

anthracycline complexes but also heme-containing proteins, for example myoglobin [61].

Interesting observations have been made by Vile and Winterbourn [62] who found out that

adriamycin-stimulated microsomal lipid peroxidation was efficiently inhibited by a-toco-

pherol at high oxygen pressure, whereas a-tocopherol became relatively ineffective at low

oxygen pressure.

Mimnaugh et al. [63] showed that endogenous antioxidant glutathione effectively inhib-

ited adriamycin-dependent lipid peroxidation. Later on, the mechanism of inhibitory effect of

glutathione was studied by Powell and McCay [64]. These authors demonstrated that glu-

tathione inhibited adriamycin-stimulated lipid peroxidation if only microsomes contained

a-tocopherol and did not affect it in the a-tocopherol-depleted microsomes. It was suggested

that a-tocopherol is needed as a shuttle between aqueous phase containing glutathione and

lipid membranes where lipid peroxidase takes place. Yen et al. [65] found that cardiac damage

was suppressed by MnSOD overexpression, suggesting that superoxide and not hydroxyl or

hydroxyl-like free radicals contributes to adriamycin toxicity. In recent work Konorev et al.

[66] showed that the toxic effects of adriamycin were enhanced by bicarbonate, which

increased the superoxide-mediated cardiomyocyte injury and enhanced intracellular loading

of adriamycin.

At present, new data have been obtained concerning the role of lipid peroxidation and

other free radical-mediated processes in adriamycin-induced cardiotoxicity [67]. An import-

ant objection to the radical-mediated mechanism of its cardiotoxicity is a well-known fact that

while the chelator ICRF-187 (dexrazoxane) and antioxidants vitamin E and N-acetylcysteine

suppressed cardiotoxicity in rats and mice and in in vitro model systems, they could not

prevent or significantly reduce it in larger animals (dogs) and were ineffective in clinical trials.

Therefore, the iron-independent mechanism of adriamycin-induced cardiotoxicity has been

proposed. Furthermore, it has been found that adriamycin may actually decrease and not

increase the myocardial release of hydroperoxides and conjugated dienes, reacting with free

radicals [68]. (It should be mentioned that the irreversible reaction between superoxide and

adriamycin has been shown much earlier [69].) Nonetheless, in the last work Minotti et al. [67]

concluded that despite the criticism, the iron-initiated free radical-mediated mechanism plays

an important role in adriamycin-stimulated cardiotoxicity, especially on its acute stage where

the effects of chelators and antioxidants are prominent. These authors proposed to use free

radical scavengers able to react with a wide range of free radicals, for example the spin-

trapping agents nitroxides, for the suppression of adriamycin toxicity.
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Many other substances possessing prooxidant properties are also able to initiate lipid

peroxidation. Several examples are cited below. Nephrotoxicity of allopurinol, a drug widely

used for the treatment of hyperuricacidemia, apparently depends on an increase in kidney

lipid peroxidation [70]. Mineral particles and fibers can catalyze the production of oxygen

radicals and initiate oxidative processes in biological systems [71]. Administration of the

mixtures of dioxins containing 2,3,7,8-tetrachlorodibenzo-p-dioxin to rats resulted in an

increase in superoxide production, lipid peroxidation, and DNA single-strand breaks in the

hepatic and brain tissues [72]. The treatment of cultured human skin fibroblasts with thiram,

a widely used dithiocarbamate fungicide, resulted in the depletion of reduced glutathione and

a decrease in the glutathione reductase (GR) activity [73]. Decrease in the GSH content

and GR activity were supposedly the main reason for thiram-induced lipid peroxidation in

these cells.

In contrast to transition metals iron and copper, which are well-known initiators of in vitro

and in vivo lipid peroxidation (numerous examples of their prooxidant activities are cited

throughout this book), the ability of nontransition metals to catalyze free radical-mediated

processes seems to be impossible. Nonetheless, such a possibility is suggested by some

authors. For example, it has been suggested that aluminum toxicity in human skin fibroblasts

is a consequence of the enhancement of lipid peroxidation [74]. In that work MDA formation

was inhibited by SOD, catalase, and vitamins E and C. It is possible that in this case

aluminum is an indirect prooxidant affecting some stages of free radical formation.

25.1.4 PHAGOCYTES AS INITIATORS OF LIPID PEROXIDATION

It is well known that neutrophils, monocytes, macrophages, and other phagocytes produce

superoxide upon activation with various stimuli and therefore, are potential initiators of lipid

peroxidation. In 1985, Carlin and Arfors [75,76] showed that leukocytes initiate the oxida-

tion of unsaturated lipids. Surprisingly, the leukocyte-initiated peroxidation of linoleic

acid was not inhibited by SOD and, therefore, apparently was not initiated by superoxide,

while liposome peroxidation was mediated by superoxide. No convincing explanations were

given.

Rodenas et al. [77] studied PMN-stimulated lipid peroxidation of arachidonic acid. As

MDA formation was inhibited both with L-arginine (supposedly due to the formation of

excess NO) and DTPA (an iron ion chelator), it was concluded that about 40% of peroxida-

tion was initiated by hydroxyl radicals formed via the Fenton reaction and about 60% was

mediated by peroxynitrite. However, it should be noted that the probability of hydroxyl

radical-initiated lipid peroxidation is very small (see above). Phagocyte-mediated LDL oxi-

dation is considered below.

25.2 LIPID PEROXIDATION OF UNSATURATED FATTY ACIDS

Unsaturated fatty acids are probably the most abundant oxidizable endogenous substrates. In

the past it was erroneously believed that unsaturated fatty acids are just products of lipid

peroxidation. Now, it has been shown that they have dietary origin. Family of unsaturated

fatty acids includes linoleic (C18), arachidonic (C20), docosahexaenoic (C22), and other fatty

acids containing two, three, four, five, or six double bonds. Some acids can be in vivo

converted into others; for example, linoleic acid can be metabolized to linolenic and eicosa-

trienoic acids [78].

All unsaturated fatty acids contain highly reactive allylic positions, which are easily

attacked by hydroxyl and peroxyl free radicals. Bielski et al. [3] studied the reactivity of

unsaturated acid with perhydroxyl radical by the stopped flow technique. These authors
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found that the HOO
.
radical reacts with compounds having the bisallylic hydrogen atoms

(linoleic, linolenic, and arachidonic acids) with rate constants equal to 1–3� 103 l mol�1 s�1,

while there was no reaction with compounds having one double bond (oleic acid) or two

conjugated double bonds (9,11- and 10,12-octadecadienoic acids). Extreme importance of

bisallylic positions for the oxidizability of cellular lipids has later been confirmed by Wagner

et al. [79] who measured the formation of lipid free radicals in murine leukemia cells by ESR

spin-trapping method. Thus, an initiation step of the oxidation of unsaturated compounds

must be the formation of allylic free radicals, which is followed by the addition of dioxygen.

The fate of the peroxyl radicals formed depends on many factors including the lifetime of a

peroxyl radical, its reactivity, the structures of neighboring molecules, etc. Peroxyl radicals

can abstract a hydrogen atom from neighbors to form hydroperoxides or rearrange into cyclic

free radicals; the last pathway leads to very important prostanoic compounds (Figure 25.3).

Hydroperoxides of unsaturated fatty acids are unstable compounds and decomposed (me-

tabolized) into various products, the most important and abundant ones are MDA and

4-hydroxynonenal (4-HNE).

4-HNE was discovered in peroxidation of unsaturated fatty acids by Esterbauer and co-

workers [80]. It has been suggested that 4-HNE was formed in NADPH-dependent microsomal

peroxidation exclusively from arachidonic acid in polar phospholipids [81]. 4-HNE is a very

toxic compound, which stimulates many damaging processes in a living organism. Despite

numerous studies of its role in physiological and pathophysiological processes, the mechanism

of in vivo 4-HNE formation is not fully understood. It is now recognized that arachidonic acid

is not the only precursor of 4-HNE formation; linoleic acid is another candidate [82]. One of

the possible routes of the conversion of linoleic acid to 4-HNE was proposed by Schneider et al.

[82]. In accord with this mechanism, hydroperoxides of linoleic acid (9-hydroperoxy-10,

12-octadecadienoic acid (9-HPODE) and 13-hydroperoxy-9,11-octadecadienoic acid (13-

HPODE)) are oxidized into 4-hydroperoxy-2-nonenal (4-HPNE), a precursor of 4-HNE.

(This mechanism is shown in Figure 25.4 [82] for the oxidation of 13-HPODE.)

9-Hydroxy-10,12-octadecadienoic acid, which is formed by the reduction of 9-HPODE,

was identified in the erythrocyte membrane phospholipid of diabetic patients [83]. It was

suggested that this compound was formed as a result of glucose-induced oxidative stress in the

reaction of hydroxyl radicals with linoleic acid.

25.3 CHOLESTEROL OXIDATION

The oxidation of cholesterol is one of the most important peroxidation processes, which takes

place in plasma and LDL. Although cholesterol oxidation is undoubtedly a marker of the

enhanced oxidative stress under some pathophysiological conditions, this process apparently

occurs to some degree in healthy persons. In 1989, Yamamoto and Niki [84] demonstrated

that about 3 nmol l�1 cholesteryl ester hydroperoxides (CE-OOH), mainly cholesteryl linole-

ate hydroperoxides (Ch18:2-OOH) was formed in blood plasma from healthy individuals. It is

interesting that the ratio of CE-OOH/CE (CE is a cholesteryl ester) increases in the range:

humans < Sprague–Dawley rats < Nagase analbuminemic rats, and this order possibly correl-

ates with the lifespans of humans and rats [85].

The oxidation of cholesteryl linoleate (Ch18:2), a major cholesteryl ester in human

blood plasma, results in the formation of main primary oxidation products: cholesteryl 13-

hydroperoxy-9Z,11E-octadecadienoate (13ZE-Ch18:2-OOH), cholesteryl 13-hydroperoxy-

9E, 11E-octadecadienoate (13EE-Ch18:2-OOH), cholesteryl 9-hydroperoxy-10E,12Z-octade-

cadienoate (9EZ-Ch18:2-OOH), and cholesteryl 9-hydroperoxy-10E,12E-octadecadienoate

(9EE-Ch18:2-OOH) (Figure 25.5). As in the peroxidation of unsaturated fatty acids, the

attack of peroxyl radicals is directed on the bisallylic methylene group of cholesterol
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FIGURE 25.3 The formation of linear hydroperoxides and cyclic prostanoids during peroxidation of unsaturated acids with bisallylic positions.
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molecule. The mechanism of the formation of isomeric cholesterol hydroperoxides is also

similar to that for lipid peroxidation of fatty acids. Mashima et al. [86] suggested that the

nonenzymatic oxidation of cholesteryl esters is a predominant pathway of lipid peroxidation

in blood plasma from healthy humans because the major product of lipoxygenase-catalyzed

oxidation 13ZE-Ch18:2-OOH (Chapter 26) was not a major product of nonenzymatic per-

oxidation. Furthermore, the occurrence of nonenzymatic lipid peroxidation in the blood of

healthy humans is supported by the presence of isoprostanes, the nonenzymatic oxidation

products of arachidonic acid (see below). However, it should be noted that the amount of

isoprostanes in plasma from healthy humans is equal to 0.1–0.3 nmol l�1, which is signifi-

cantly lower than the plasma Ch18:2-OOH level equal to 13.6 nmol l�1 [86].

Although significance of cholesterol hydroperoxides formation under physiological con-

ditions is still unknown, they are apparently very important factors in the development of

many pathophysiological disorders. Thus it has been shown [87] that 13ZE-Ch18:2-OOH

exists in vivo in atherosclerotic lesions and is the primary toxin of oxidized human LDL.

COOH

13-HPODE

OOH

OOH

COOH

HOO

OOH

CHO CHOHOOC

O2

4-HPNE 9-oxo-nonanic acid

CHO

OH

4-HNE

FIGURE 25.4 Mechanism of conversion of 13-hydroperoxy-9,11-octadecadienoic acid (13-HPODE)

into 4-hydroxynonenal (4-HNE). (Adapted from C Schneider, KA Tallman, NA Porter, AR Brash.

J Biol Chem 276: 20831–20838, 2001. With permission.)
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25.4 THE FORMATION OF PROSTANOIDS

The unique characteristic of free peroxyl radicals formed from unsaturated fatty acids is their

ability to transform into cyclic radicals. This reaction is of utmost importance because it leads

to highly biologically active compounds. Enzymatic oxidation of arachidonic acid catalyzed

by COX results in the formation of prostaglandins having various physiopathological

O

O
H H

(CH2)4CH3

(CH2)4CH3

(CH2)4CH3

(CH2)4CH3

(CH2)4CH3

(CH2)7

(CH2)7

(CH2)7

(CH2)7

(CH2)7

O

O

O2

OOH

13ZE-Ch18:2-OOH

13EE-Ch18:2-OOH

OOHO

O

O

O

9EE-Ch18:2-OOH

Ch18:2

OOH
O

9EZ-Ch18:2-OOH

OOHO

FIGURE 25.5 Oxidation of cholesteryl linoleate (Ch18:2).
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functions (Chapter 26). This oxidative process might be considered as ‘‘civilized’’ biological

oxidation because it is strictly regulated by COX to form a limited number of physiologically

active products. However, in 1975, it has been found that total endogenous prostaglandin

production in humans is about tenfold higher than that could be expected from COX-

catalyzed process [88]. Then, Morrow et al. [89] demonstrated that a series of prostaglandin

F2-like compounds are formed in vivo in humans by the non-COX-catalyzed free radical

oxidation of arachidonic acid. COX inhibitors, as a rule, did not suppress the formation of

these compounds (F2-isoprostanes). On the other hand, the administration of prooxidants

(diquat and carbon tetrachloride) to rats resulted in up to 200-fold increase in circulating

levels of F2-isoprostanes, while butylated hydroxytoluene (BHT) nearly completely inhibited

their formation. It has been found that in contrast to the COX-catalyzed formation

of prostaglandins, F2-isoprostanes are initially formed in situ on phospholipids, from

which they are subsequently released, presumably by phospholipases [90]. Owing to that,

F2-isoprostanes may enhance oxidant injury by affecting the fluidity and integrity of cellular

membranes.

The discovery of products formed by in vivo nonenzymatic free radical-mediated oxida-

tion of unsaturated acids and having pathophysiological functions was a turning point in free

radical studies in biology. It has been shown that the ‘‘uncivilized’’ nonenzymatic oxidation of

unsaturated fatty acids leads to the production of numerous highly reactive compounds.

Peroxidation of arachidonic (eicosatetraenoic), eicosapentaenoic, docosahexaenoic, a-lino-

lenic, and g-linolenic acids leads to the formation of probably hundreds of different isopros-

tane molecules [91]. It is important that isoprostanes are present in all normal animal and

human biological fluids and tissues and that their level is about an order of magnitude higher

than that of prostaglandins and increases dramatically in animals and humans under oxida-

tive stress. All this proves that nonenzymatic lipid peroxidation is incompletely suppressed by

antioxidants even in the normal state [92].

As in the case of linear peroxidation products, the initiation step of the formation of

isoprostanes is the abstraction of a hydrogen atom from unsaturated acids by a radical of

initiator. Initiation is followed by the addition of oxygen to allylic radicals and the cyclization

of peroxyl radicals into bicyclic endoperoxide radicals, which form hydroperoxides reacting

with hydrogen donors.

Ri
. þAA ¼) RiHþAA

.
(11)

AA
. þO2 ¼) AAOO

.
(12s)

AAOO•

O

O

AA• (13)

O

O

AA•

O

O

AAOO•

O

O

AAOOH+ O2 (14)

Finally, hydroperoxides are reduced to trihydroxy compounds (Figure 25.6). As seen from

Figure 25.6, the oxidation of AA resulted in the formation of four F2-isoprostane regio-

isomers, each of which is a mixture of eight racemic diastereomers. It is important that the

level of F2-isoprostanes in normal human plasma and urine are one to two orders of

magnitude higher than the level of COX-derived prostaglandins.

As follows from the above mechanism, to form stable trihydroxy compounds, bicyclic

endoperoxides must be reduced. It was found that glutathione may be an efficient reductant
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FIGURE 25.6 The formation of F2-isoprostane by the oxidation of arachidonic acid.
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[93]. But, endoperoxides are not very stable compounds, and therefore, there is always the

competition between their reduction and rearrangement. Therefore, in addition to F2-

isoprostanes the compounds with a prostane D-ring and E-ring (D2- and E2-isoprostanes)

and thromboxane-like compounds are also formed in vivo as esterified to phospholipids and

in free forms by rearrangement of endoperoxides [91] (Figure 25.6 and Figure 25.7). However,

the products of ‘‘uncivilized’’ free radical AA oxidation are not only a mixture of F2-,

D2-, and E2-isoprostanes. Unstable endoperoxides may also rearrange into acyclic g-ketoal-

dehydes [94] termed E2 and D2 isolevuglandins (IsoLG) (Figure 25.7). It has been found that

the in vitro oxidation of arachidonic acid catalyzed by iron/ADP/ascorbate resulted in

approximately the same amount of IsoLG and F2-isoprostanes, with D2-, and E2-isopros-

tanes as the major oxidation product [92]. This suggests that IsoLG formation could be of

biological importance. Isolevuglandins are extremely reactive compounds and therefore

in vivo they immediately form protein adducts [92]. Owing to their remarkable reactivity

their formation might play an important role in settlings of oxidant injury.

Although Reactions (11)–(14) apparently describe correctly the in vivo mechanism of

isoprostane formation, some questions remain unanswered. For example, the structure of an

initiator still remains unknown. It was proposed that ‘‘oxygen-centered radicals such as

peroxide and superoxide can react with unsaturated bonds of arachidonic acid, leading to

the formation of as many as four different bicycloendoperoxide intermediates . . . ’’ [91]. It is

difficult to agree with such a conclusion because the addition reactions are not typical for

superoxide (2) and the radical of initiator must abstract a hydrogen atom from AA and not to

add to double bond. (It should be also noted that peroxide is not a free radical.) It has also

been suggested that peroxynitrite could be a good candidate as an initiator of AA oxidation

[95]. Peroxynitrite is not also a free radical, but it can be a precursor of hydroxyl radicals

formed during its decomposition. In addition to hydroxyl radicals, the most probable initi-

ating free radicals should be peroxyl radicals. Lipid peroxyl radicals are formed by numerous

pathways in biological systems, but maybe the most temping route is the formation of peroxyl

radicals by the COX-catalyzed oxidation of arachidonic acid.

One should expect that arachidonic acid is not a unique unsaturated fatty acid able to be

oxidized by ‘‘uncivilized’’ nonenzymatic pathway because any unsaturated fatty acid contain-

ing bisallylic methylene groups can probably be oxidized into isoprostanes. At present, the

formation of isoprostanes was shown for the compounds with three, four, five, and six double

bonds (g-linolenic, arachidonic, eicosapentaenoic, and docosahexaenoic acids (DHAs), re-

spectively) under both in vitro and in vivo conditions [91,96]. Nonenzymatic oxidation of

DHA is of a special importance for oxidative injury in brain because DHA is highly enriched

in brain gray matter. Similar to AA, DHA oxidation may lead to the formation of all classes

of isoprostanes (named neuroprostanes [96]) (Figure 25.8) but their number is much greater.

Furthermore, DHA is a highly oxidizable compound (having six double bonds against four in

AA); due to that, the amount of neuroprostanes in brain exceeds the levels of isoprostanes

formed from AA by 3.4 times. Neuroprostanes were identified in vivo in human and rat brain

tissue [97]. It was found that the level of neuroprostanes is significantly enhanced in patients

with Alzheimer’s disease [96].

In the last decade numerous studies were dedicated to the study of biological role of

nonenzymatic free radical oxidation of unsaturated fatty acids into isoprostanes. This task is

exclusively difficult due to a huge number of these compounds (maybe many hundreds).

Therefore, unfortunately, the study of several isoprostanes is not enough to make final

conclusions even about their major functions. F2-isoprostanes were formed in plasma and

LDL after the treatment with peroxyl radicals [98]. It is interesting that their formation was

observed only after endogenous ascorbate and ubiquinone-10 were exhausted, despite the

presence of other antioxidants such as urate or a-tocopherol. LDL oxidation was followed by
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FIGURE 25.7 The formation of isothromboxanes and isolevuglandins.
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rapid formation of lipid hydroperoxides and isoprostanes and an increase in LDL electro-

negativity characterized its atherogenic modification. As F2-isoprostanes are potent vasocon-

strictors and able to modulate platelet aggregation, their formation during LDL oxidation

points out their potential role in cardiovascular disease. The formation of PGF2-isoprostanes

(with 8-epi-PGF2 as a major component) was also registered during copper-catalyzed LDL

oxidation [99].

Many findings show the important role of isoprostanes in oxidative stress-initiated

pathologic disorders. Thus, even physiological concentrations of 8-epi-PGF2 stimulated cell

proliferation, DNA synthesis, and endothelium-1 mRNA and protein expression in bovine

aortic endothelial cells [100], indicating pathophysiologic significance of F2-isoprostanes

during oxidant injury. The enhanced level of F2-isoprostanes was observed in porcine vascu-

lar muscle cells under hyperglycemic conditions indicating their possible contribution to the

complications of diabetes mellitus and cardiovascular disease [101]. In humans, significant

increase in urinary concentrations of the F2-isoprostane metabolite or of 8-epi-PGF2 was

observed in patients with scleroderma (various pathologies, which include limited disease with

refractory digital ulceration or pulmonary hypertension and diffuse disease) [102], noninsulin-

dependent diabetes mellitus [103], hepatorenal syndrome [104], or hypercholesterolemic

patients [105]. In the last of the studies mentioned, it has been shown that vitamin E

supplementation decreased urinary 8-epi-PGF2 while COX inhibitors aspirin and indobufen

had no effect. This points out the aspirin-insensitive free radical-mediated mechanism of

isoprostane formation. Enhanced urinary levels of isoprostanes were also found in patients

with pulmonary hypertension [106].

Isoprostanes apparently play an important role in different types of atherosclerotic

processes [107]. It was found [108] that human atherosclerotic lesions contain the enhanced

content of isoprostanes together with racemic hydroxy linoleate isomers, the major products

of linoleic acid oxidation. Cyrus et al. [109] showed that developing extensive atherosclerosis

LDL receptor-deficient mice on a high-fat diet had increased urinal levels of 8,12-isoprostane

F2a-VI and 2,3-donor-thromboxane B2. Atherosclerosis and these markers of in vivo lipid

peroxidation and platelet activation were efficiently suppressed by vitamin E and platelet

inhibitor indomethacin supplementation. Tangirala et al. [110] found that apolipoprotein E, a

multifunctional protein synthesized by hepatocytes and macrophages reduced the progression

of atherosclerosis in mice via antioxidant mechanism, suppressing the formation of 8,12-

isoprostane F2a-VI. Enhanced levels of the protein adducts of reactive isolevuglandins were

found in plasma from patients with atherosclerosis or end-stage renal disease, suggesting an

abnormally high degree of oxidative injury associated with these pathologies [111].

Although a main pathway to isoprostanes is undoubtedly nonenzymatic peroxidation

of unsaturated fatty acids, it has been shown that these products can be also formed in

COX-catalyzed reactions. Thus, under certain conditions the in vitro and in vivo formation

of 8-epi-PGF2 can be inhibited by COX inhibitors. For example, indomethacin inhibited

8-epi-PGF2 formation in platelets stimulated with calcium ionophore, AA, or thrombin

[112]. Later on, the COX-catalyzed generation of isoprostanes was shown in isolated rat

kidney glomeruli [113], which was inhibited by COX inhibitors and was not affected by free

radical inhibitors (BHT and NDGA) or prooxidants (menadione or methylviologen). An

increase in the 8-epi-PGF2 concentration in human endothelial cells upon reoxygenation was

also inhibited by indomethacin and aspirin [114].

Thus, the formation of isoprostanes is rightly considered as a unique noninvasive

method for the estimation of in vivo lipid peroxidation. However, the use of 8-iso-PGF2a

isoprostane (now known as iPF2a-III) as an index of nonenzymatic in vivo peroxidation has

some limitations due to the possibility of its formation by COX-1- and COX-2-catalyzed
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reactions. Pratico et al. [115] have shown that 8-iso-PGF2a was formed by both free

radical and COX-catalyzed pathways (although in the latter case as a minor product).

However, these authors found that another isoprostane isomer IPF2a-1 (now known as

iPF2a-VI) is also present in human urine and even more abundant than 8-iso-PGF2a. Fur-

thermore, there is no evidence for COX-catalyzed formation of this isoprostane because the

COX inhibitors, aspirin and indomethacin, did not suppress the ex vivo IPF2a-1 formation

in volunteers.

Delani et al. [116] suggested that 8-iso-PGF2a can be used as a quantitative marker of

enhanced oxidative stress during coronary reperfusion. In subsequent paper [117] the deter-

mination of urinal IPF2a-1 in humans was successfully used as an index of in vivo lipid

peroxidation in several free radical pathologies including alcohol-induced liver disease and

cirrhosis. It was also found that alcohol enhanced the IPF2a-1 level in healthy volunteers

indicating that oxidative stress precedes and initiates alcohol-induced liver disease.

As mentioned earlier, isoprostanes, which are formed by nonenzymatic lipid peroxidation,

are the analogs of prostaglandins formed in the processes catalyzed by prostaglandin H

synthase. Similarly, the lineal compounds isomeric to leukotrienes derived from 5-lipoxygen-

ase-catalyzed arachidonate oxidation should be formed by the nonenzymatic oxidation of

fatty acids. Indeed, Harrison and Murphy [118] isolated eicosanoid 5,12-dihydroxy-6,8,10,14-

eicosatetraenoic acid from the oxidation of 1-hexadecanoyl-2-arachidonoyl-glycerophospho-

choline catalyzed by the copper–hydrogen peroxide system. They termed such eicosanoids as

B4-isoleukotrienes and proposed that these compounds might mediate tissue damage through

the activation of B4-leukotriene receptors on target cells.

25.5 OXIDATION OF LOW-DENSITY LIPOPROTEINS

25.5.1 MECHANISM OF LDL OXIDATION

Low-density lipoproteins in plasma and arterial wall are susceptible to oxidation to form

oxidized LDL, which are thought to promote the development of atherosclerosis. LDL

particles have a density of about 1.05, a molecular weight of about 2.5� 106, and a diameter

of about 20 nm [119]. LDL composition from different donors varies widely; an average LDL

particle contains about 1200 molecules of unsaturated acids and antioxidants: about six

molecules of a-tocopherol, about 0.53 molecule of g-tocopherol, about 0.33 molecule of

b-carotene, and about 0.18 molecule of lycopene [120]. Rapid oxidation of LDL is started

only after the depletion of tocopherols and carotenoids [121].

Free radical oxidation of LDL has been thoroughly studied. Traditionally well-known

chain mechanism of oxidation of organic compounds (Reactions (15)–(18)) is complicated in

the case of LDL by the dual role of a-tocopherol.

Ri
. þO2 ¼) RiOO

.
(15)

RiOO
. þ LDL ¼) RiOOHþ LDL

.
(16)

LDL
. þO2 ¼) LDLOO

.
(17)

LDLOO
. þ LDL ¼) LDLOOHþ LDL

.
(18)

(Here Ri
.
is the radical of initiator.)

Similar to the other antioxidants present in LDL, a-tocopherol is able to react with

peroxyl radicals:

LDLOO
. þ a-TocH ¼) LDLOOHþ a-Toc

.
(19)
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However, it has been suggested that in contrast to traditional view about the inactivity of

tocopheroxyl radical, a-Toc
.
is capable of participating in chain propagation. This mechan-

ism was discussed in detail [121–124]. It has been proposed that at low free radical fluxes and

in the absence of ascorbate or ubihydroquinone (both antioxidants are supposedly able to

regenerate a-tocopherol) tocopheroxyl radical abstracts a hydrogen atom from the bisallylic

position of unsaturated compounds:

a-Toc
. þ LDL ¼) a-TocHþ LDL

.
(20)

As mentioned earlier, ascorbate and ubihydroquinone regenerate a-tocopherol contained in a

LDL particle and by this may enhance its antioxidant activity. Stocker and his coworkers

[123] suggest that this role of ubihydroquinone is especially important. However, it is

questionable because ubihydroquinone content in LDL is very small and only 50% to 60%

of LDL particles contain a molecule of ubihydroquinone. Moreover, there is another appar-

ently much more effective co-antioxidant of a-tocopherol in LDL particles, namely, nitric

oxide [125]. It has been already mentioned that nitric oxide exhibits both antioxidant and

prooxidant effects depending on the O2
.�/NO ratio [42]. It is important that NO concentrates

up to 25-fold in lipid membranes and LDL compartments due to the high lipid partition

coefficient, charge neutrality, and small molecular radius [126,127]. Because of this, the value

of O2
.�/NO ratio should be very small, and the antioxidant effect of NO must exceed the

prooxidant effect of peroxynitrite. As the rate constants for the recombination reaction of NO

with peroxyl radicals are close to diffusion limit (about 109 l mol�1 s�1 [125]), NO will inhibit

both Reactions (7) and (8) and by that spare a-tocopherol in LDL oxidation.

25.5.2 INITIATION OF LDL OXIDATION

There are three major initiation pathways for LDL oxidation: the transition metal-catalyzed

reactions, the enzymatic (lipoxygenase)-catalyzed oxidation (Chapter 26), and LDL oxidation

by the cells, producers of oxygen radicals. The best-known in vitro model of initiation is

copper-initiated LDL peroxidation [128,129]. Ziozenkova et al. [129] studied in detail the

kinetics and mechanism of copper-initiated LDL oxidation. These authors demonstrated that

LDL oxidation depends on copper concentration and that a-tocopherol exhibits both anti-

oxidant and prooxidant effects on different stages of this process. It has been suggested that

cupric ions are able to bind protein and that the formed Cu2þ–protein complex is reduced by

lipid hydroperoxides to Cuþ–protein free radical, capable of initiating LDL oxidation. It is

surprising that copper is a much better catalyst of LDL oxidation than iron, which was shown

to catalyze LDL oxidation only in the presence of homocysteine [130]. Difference in the

mechanisms of LDL oxidation by copper and iron ions was discussed by Lynch and Frei

[131]. These authors have shown that LDL easily reduce Cu2þ ions but not Fe3þ ions.

Correspondingly, Cu1þ is able to catalyze LDL oxidation without any additional reductants,

while in order to reduce Fe3þ into catalytically active Fe2þ superoxide is needed as an

additional reductant. Owing to that, iron-catalyzed LDL oxidation is inhibited by SOD

while copper-catalyzed reaction is not [131]. It has been suggested that cupric ions may be

reduced by a-tocopherol, although the rate constant for the reduction of Cu2þ to Cu1þ by

a-tocopherol (2.9 l mol�1 s�1 [132]) is apparently too small.

Recently, Batthyany et al. [133] pointed out that the reduction of cupric ions bound to

apolipoprotein B-100 by endogenous LDL components might be an initiation step in copper-

mediated LDL oxidation. They suggested that this reaction proceeds to form cuprous ion and

the protein-tryptophanyl free radical; the latter was identified on the basis of EPR spectrum

with spin-trap 2-methyl-2-nitrosopropane.
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Much attention has been focused on the study of LDL oxidation initiated by phagocytes

(leukocytes and macrophages) and other superoxide-producing cells. It has been proposed

that monocyte-derived macrophages may initiate in vivo LDL oxidation because they are

present in arterial lesions and are able to generate oxygen radicals [134]. In 1985, Cathcart

et al. [135] showed that the incubation of LDL with monocytes or PMNs resulted in LDL

oxidation making them toxic to proliferating fibroblasts. The activation of monocytes en-

hanced LDL oxidation, while BHT, vitamin E, and glutathione inhibited it. Important results

were obtained by Heinecke et al. [136], who demonstrated that arterial smooth muscle cells

are able to oxidize LDL. These cells are not phagocytes and produce only about 10% super-

oxide in comparison with leukocytes. Nonetheless, they modify LDL in the presence of

copper or iron ions. SOD but not hydroxyl radical scavengers inhibited LDL oxidation,

indicating that superoxide initiated oxidation. It was suggested that the superoxide-dependent

LDL oxidation mediated by smooth muscle cells may contribute to biological modification of

LDL, leading to foam cell formation and atherogenesis. As already mentioned, human PMNs

are also able to oxidize LDL by superoxide-dependent mechanism [137]. It was suggested that

under the in vivo conditions of oxidative stress, PMNs contribute to foam cell formation by a

scavenger receptor-dependent process at lesion sites. All stimuli, which activated superoxide

generation by PMNs (PMA, FMLP, lipopolysaccharide, and opsonized zymosan), signifi-

cantly increased LDL oxidation [138].

An enzyme responsible for superoxide-mediated LDL oxidation is most certainly macro-

phage NADPH oxidase because the oxidation was inhibited by NADPH oxidase inhibitors.

Inhibitors of xanthine oxidase or NO synthase did not affect LDL oxidation [139]. It is

interesting that LDL on their own stimulate superoxide release from macrophage-like cells

and human monocyte-derived macrophages initiating LDL oxidation in the presence of copper

ions [140]. Under these conditions, macrophage 15-lipoxygenase was also activated, as deter-

mined by the release of 15-HETE and 13-hydroxyoctadecadienoic acid (13-HODE). However,

the contribution of 15-lipoxygenase into LDL oxidation is apparently insignificant because

monocyte-derived macrophages from patients with chronic granulomatous disease (CGD) that

lack NADPH oxidase but possess 15-lipoxygenase activity failed to oxidize LDL. Nonetheless,

15-lipoxigenase as well as MPO can probably participate in monocyte-macrophage-mediated

LDL oxidation [134,141]. Moreover, Mabile et al. [142] suggested that mitochondria may

participate directly or indirectly in the generation of superoxide by endothelial cells.

Recently, Bey and Cathcart [143] considered again the mechanism of monocyte-stimu-

lated LDL oxidation. These authors used the antisense oligodeoxyribonucleotide (ODN)

designed to target p47phox mRNA, the cytosolic component of phagocyte NADPH oxidase,

for elucidation of the role of this enzyme in LDL oxidation. It was found that p47phox

antisense ODN efficiently inhibited the formation of MDA and cholesteryl-HPODE oxida-

tion products during LDL oxidation by the zymosan-stimulated human monocytes. LDL

oxidation was completely dependent on the activation of the monocytes and was blocked by

SOD. It was concluded [143] that different findings obtained earlier at the study of superoxide

role in monocyte-mediated LDL oxidation depended on the presence or absence of free

transition metal ions. Metal ion-dependent monocyte-mediated LDL oxidation was found

to be independent of superoxide generation [144,145], while metal ion-independent one is not.

Actually, these authors do not believe that the completely metal ion-independent monocyte-

stimulated LDL oxidation is possible, and they think that the metal centers of enzymes and

some metal complexes may participate in in vivo LDL oxidation. However, such trace

amounts of metal ions are apparently unable to change superoxide-initiated mechanism of

the process in contrast to significant amounts of free metal ions. In conclusion, it should be

stressed that the presence of free metal ions in in vivo systems is doubtful; therefore, the

significance of free metal ion-dependent LDL oxidation remains unclear.
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Thus, superoxide is an indubitable precursor of phagocyte-mediated LDL oxidation.

However, as we have seen above, it must be converted into the other more active species to

become capable of initiating lipid peroxidation. Taking into account the ability of copper ions

to initiate in vitro LDL oxidation, it has been suggested that transition metal ions (copper and

iron) could participate in in vivo monocyte-mediated peroxidation [146]. As the presence of

free copper or iron ions under in vivo conditions is unlikely, it was proposed that the copper-

containing plasma protein ceruloplasmin could be the origin of needed copper ions. Indeed,

Mukhopadhyay et al. [147] found that ceruloplasmin markedly enhanced LDL oxidation by

phagocytes. In subsequent work [148] these authors showed that exogenous superoxide

reduced a single copper atom in ceruloplasmin, the same copper atom that is needed for

LDL oxidation. In accord with these findings, the superoxide-mediated copper-dependent

LDL oxidation by smooth muscle and endothelial cells was inhibited by SOD. In addition to

superoxide, other reactive species such as hydrogen peroxide may play a certain role in LDL

oxidation by macrophages [149]. For example, macrophage-mediated LDL oxidation may

also proceed by a thiol-dependent mechanism [150]. Garner et al. [151] demonstrated that

metal (copper and iron)-dependent LDL oxidation by macrophages was augmented by thiol

production. However, macrophages were able to accelerate metal-dependent LDL oxidation

when cellular thiol production was insignificant in the absence of extracellular cysteine.

25.5.3 ROLE OF NITRIC OXIDE AND PEROXYNITRITE IN THE INITIATION OF LDL OXIDATION

It has been already pointed out that nitric oxide exhibits antioxidant effect in LDL oxidation at

the NO/ O2
.� ratio�1. Under these conditions the antioxidant effect of NO prevails on the

prooxidant effect of peroxynitrite. Although some earlier studies suggested the possibility of

NO-mediated LDL oxidation [152,153], these findings were not confirmed [154]. On the other

hand, at lower values of NO/O2
.� ratio the formed peroxynitrite becomes an efficient initiator

of LDL modification. Beckman et al. [155] suggested that peroxynitrite rapidly reacts with

tyrosine residues to form 3-nitrotyrosine. Later on, Leeuwenburgh et al. [156] found that

3-nitrotyrosine was formed in the reaction of peroxynitrite with LDL. The level of

3-nitrotyrosine sharply differed for healthy subjects and patients with cardiovascular diseases:

LDL isolated from the plasma of healthy subjects contained a very low level of 3-nitrotyrosine

(9+7 mmol/mol�1 of tyrosine), while LDL isolated from aortic atherosclerotic intima had a 90-

fold higher level (840+140 mmol/mol�1 of tyrosine). It has been proposed that peroxynitrite

formed in the human artery wall is able to promote LDL oxidation in vivo.

Thus, despite its well-known antiatherogenic effect, nitric oxide may promote atherogen-

esis by virtue of its ability to form peroxynitrite. Recently, Trostchansky et al. [157] compared

the effects of peroxynitrite and nitric oxide on LDL oxidation. Peroxynitrite initiated the

formation of conjugated dienes and cholesteryl ester hydroperoxides during LDL oxidation.

At the same time, physiologically relevant fluxes of nitric oxide strongly inhibited peroxyni-

trite-stimulated oxidative processes. The authors suggested that the balance between the rates

of peroxynitrite and NO production in the vascular wall determine the extent of LDL

oxidation. Important characteristic of oxidized LDL is their ability to interact with scavenger

receptors. Guy et al. [158] have shown that the effect of peroxynitrite on receptor binding of

LDL is comparable to that of LDL oxidized by cupric ions. It was suggested that peroxyni-

trite-mediated LDL oxidation may represent a physiologically relevant model.

25.5.4 INITIATION OF LDL OXIDATION BY MPO

Thus, physiological free radicals superoxide and nitric oxide produced by phagocytes and

nonphagocytes are responsible for the two major pathways of LDL oxidation: transition

metal-dependent and peroxynitrite-dependent mechanisms. However, there is another mode
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of phagocyte-mediated oxidative damage of LDL, which depends on MPO. This enzyme is

secreted by activated phagocytes and oxidizes LDL, producing hydrogen peroxide and

hypochlorous acid (HOCl) [154,159]. As already discussed (Chapter 22), MPO catalyzes

free radical oxidation of organic compounds by a classical peroxidase cycle:

MPOþH2O2 ¼) Compound IþH2O (21)

Compound Iþ Cl� þHþ ¼) MPOþHOCl (22)

Compound IþRH ¼) Compound IIþR
. þHþ (23)

Compound IIþRHþHþ ¼) MPOþR
. þH2O (24)

The reaction of HOCl with LDL results in apoB modification with little oxidation of lipids by

attacking amino groups of apoB lysine residues and the formation of N-chloramines, with the

latter as the major products of HOCl reaction with LDL:

HOClþRNH2 ¼) RNHClþH2O (25)

Chloramines change LDL charge characteristics, inducing uncontrolled uptake of modified

LDL by macrophages and the formation of cholesterol-engorged foam cells [160]. The ability

of HOCl to modify LDL was confirmed in a model system [161].

It follows from the above that the neutrophil-mediated LDL oxidation may occur by both

NADPH oxidase- and MPO-dependent mechanisms. It was recently demonstrated [162] that

the rates of formation of phosphatidylcholine and cholesteryl ester hydroperoxides during

LDL oxidation by PMA-stimulated neutrophils of MPO-knockout mice were about 66% and

44% of those by wild-type neutrophils. In both cases LDL oxidation was inhibited by SOD.

These findings suggest that superoxide mediates both NADPH oxidase- and MPO-dependent

pathways of oxidation by stimulated neutrophils.

The formation of chloramines is an initial step of another mechanism of oxidative

modification of LDL. It has been shown that the MPO–hydrogen peroxide–chloride system

reacts with L-tyrosine to form p-hydroxyphenylacetaldehyde [163]. As activated neutrophils

release both MPO and hydrogen peroxide, it was suggested that neutrophils can stimulate the

formation of p-hydroxyphenylacetaldehyde by producing chloramines as intermediates dur-

ing the oxidation of LDL [164].

MPOþH2O2 ¼) Compound IþH2O (21)

Compound Iþ Cl� þHþ ¼) MPOþHOCl (22)

HOC6H4CH2CH(NH2)COOHþHOCl ¼) HOC6H4CH2CH(NHCl)COOH (26)

L-Tyrosine Monochloramine

This process probably occurs in vivo because the adduct of ethanolamine and p-hydroxyphe-

nylacetaldehyde is abundant in the phospholipids of LDL exposed to activated neutrophils

and tyrosine.

Another mode of MPO-catalyzed LDL oxidation is the formation of 3-chlorotyrosine.

Hazen and Heinecke [165] have shown that the interaction of MPO–hydrogen peroxide–Cl�

system with LDL resulted in the chlorination of protein tyrosyl residues. HOCl is presumably

an intermediate of this reaction because 3-chlorotyrosine formation was also observed in

the reaction with reagent HOCl. Furthermore, 3-chlorotyrosine was not detected in LDL

oxidized by hydroxyl radicals, copper, iron, peroxynitrite, and other oxidants. The level

of 3-chlorotyrosine was much higher in atherosclerotic tissue and in LDL isolated from
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atherosclerotic intima. It was proposed that the formation of 3-chlorotyrosine indicates that

the MPO system of phagocytes may catalyze the chlorination of LDL in human atheroscler-

otic lesions.

HOCl is probably not a single active MPO oxidant able to chlorinate LDL. Hazen et al.

[166] have shown that such a powerful oxidant as molecular chlorine is formed under in vitro

conditions during the reaction of MPO–hydrogen peroxide–chloride system of phagocytes

with LDL. They pointed out that there is an equilibrium between HOCl and Cl2, which is

shifted to the right under acidic conditions:

HOCLþHþ () Cl2 þH2O (27)

It was found that the exposure of LDL to the MPO–H2O2–Cl� system resulted in the

formation of chlorinated sterols.

MPO
Cholesterol ¼) HOCl ¼) Cl2 ¼) cholesterol chlorohydrinsþ dichlorocholesterol (28)

The same products were formed in the reaction of LDL with molecular chlorine but not with

HOCl. These authors suggested that the formation of molecular chlorine might occur in vivo

because a pH value could be less than 4 during macrophage phagocytosis. In addition,

atherosclerotic tissue may also be relatively acidic due to impaired oxygen diffusion and

hypoxia.

As mentioned earlier, MPO–hydrogen peroxide–chloride system of phagocytes induces

the formation of lipid peroxidation products in LDL but their amount is small [167–169]. It

was proposed that HOCL can decompose the lipid hydroperoxides formed to yield alkoxyl

radicals [170]. It was also suggested that chloramines formed in this process decompose to free

radicals, which can initiate lipid peroxidation [171].

It follows from the above that MPO may catalyze the formation of chlorinated products

in media containing chloride ions. Recently, Hazen et al. [172] have shown that the same

enzyme catalyzes lipid peroxidation and protein nitration in media containing physiologically

relevant levels of nitrite ions. It was found that the interaction of activated monocytes with

LDL in the presence of nitrite ions resulted in the nitration of apolipoprotein B-100 tyrosine

residues and the generation of lipid peroxidation products 9-hydroxy-10,12-octadecadienoate

and 9-hydroxy-10,12-octadecadienoic acid. In this case there might be two mechanisms of

MPO catalytic activity. At low rates of nitric oxide flux, the process was inhibited by catalase

and MPO inhibitors but not SOD, suggesting the MPO initiation.

Monocyte ¼) O2
.� ¼) H2O2 (29)

MPO
H2O2 þNO2

� ¼) .
NO2(?) ¼) LDL nitration and peroxidation (30)

or

HOClþNO2
� ¼) NO2Cl ¼) LDL nitration and peroxidation (31)

However, at high rates of nitric oxide flux, the formation of nitrated and oxidized products

became insensitive to the presence of catalase or MPO inhibitors but increasingly inhibited by

SOD, suggesting the participation of peroxynitrite. (It is interesting that Reaction (30) might

be a one-electron reduction of hydrogen peroxide by nitrite ion. If such a process really takes
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place, then it is a modified Fenton reaction, and we might expect the side formation of

hydroxyl radicals.)

The initiation of LDL oxidation by reactive nitrogen species is probably an important

in vivo process because LDL recovered from human atherosclerotic aorta is enriched in

nitrotyrosine. Nitrogen species produced by the MPO–hydrogen peroxide–nitrate system of

monocytes is able to form nitrated LDL–NO2, which are easily degraded by macrophages,

resulting in the massive cholesterol deposition and foam cell formation [173]. It was con-

cluded that in this case LDL modification and conversion into a high-uptake form occurred

at physiological chloride levels in the absence of transition metal ions and in the presence of

nitrate ions.

There is probably one more mechanism of MPO-mediated lipid peroxidation. Kettle and

Candaeis [174] have studied the oxidation of tryptophan by neutrophil MPO. They suggested

that tryptophan, which is present in plasma at the similar concentration as tyrosine and has a

similar one-electron reduction potential, can contribute to oxidative stress at inflammation

sites. It was proposed that the formed tryptophan free radicals may stimulate oxidative stress

during inflammation.

25.5.5 MAJOR PRODUCTS AND PATHOPHYSIOLOGICAL EFFECTS OF LDL OXIDATION

As mentioned earlier, oxidation of LDL is initiated by free radical attack at the diallylic

positions of unsaturated fatty acids. For example, copper- or endothelial cell-initiated LDL

oxidation resulted in a large formation of monohydroxy derivatives of linoleic and arachi-

donic acids at the early stage of the reaction [175]. During the reaction, the amount of these

products is diminished, and monohydroxy derivatives of oleic acid appeared. Thus, mono-

hydroxy derivatives of unsaturated acids are the major products of the oxidation of human

LDL. Breuer et al. [176] measured cholesterol oxidation products (oxysterols) formed during

copper- or soybean lipoxygenase-initiated LDL oxidation. They identified chlolest-5-ene-3b,

4a-diol, cholest-5-ene-3b, 4b-diol, and cholestane-3b, 5a, 6a-triol, which are present in

human atherosclerotic plaques.

Oxidized LDL are considered to be one of the major factors associated with the develop-

ment of atherosclerosis. The earliest event is the transport of LDL into the arterial wall where

LDL, being trapped in subendothelial space, are oxidized by oxygen radicals produced by

endothelial and arterial smooth muscle cells. The oxidation of LDL in the arterial wall is

affected by various factors including hemodynamic forces such as shear stress and stretch

force. Thus, it has been shown [177] that stress force imposed on vascular smooth muscle cells

incubated with native LDL increased the MDA formation by about 150% concomitantly with

the enhancement of superoxide production. It was suggested that oxidation was initiated by

NADPH oxidase-produced superoxide and depended on the presence of metal ions.

Increased LDL oxidation takes place during infection and inflammation [178]. Interest-

ingly, LDL oxidation occurs during the acute-phase response, a host reaction to infection and

inflammation, which is protection mechanism for the suppression of systemic injury. There-

fore, LDL oxidation has possibly a beneficial purpose, by scavenging reactive free radicals

and preventing membrane damage. On the other hand, increasing LDL oxidation during

infection and inflammation may stimulate atherogenesis and increase the incidence of coron-

ary artery disease in patients with chronic infections and inflammatory disorders.

It has also been shown that LDL oxidation is increased in diabetes. In this connection,

Mowri et al. [179] studied the effect of glucose on metal ion-dependent and -independent LDL

oxidation. They found that pathophysiological glucose concentrations enhanced copper- and

iron-induced LDL oxidation measured via the formation of conjugated dienes. In contrast,

glucose had no effect on metal-independent free radical LDL oxidation. Correspondingly,
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metal ion-dependent but not free radical-mediated oxidation was completely inhibited by

SOD. These findings suggest that prooxidant effect of glucose on metal ion-dependent LDL

oxidation is due to the reduction of metal ions.

Contrary to LDL, high-density lipoproteins (HDL) prevent atherosclerosis, and therefore,

their plasma levels inversely correlate with the risk of developing coronary artery disease.

HDL antiatherogenic activity is apparently due to the removal of cholesterol from peripheral

tissues and its transport to the liver for excretion. In addition, HDL acts as antioxidants,

inhibiting copper- or endothelial cell-induced LDL oxidation [180]. It was found that HDL

lipids are oxidized easier than LDL lipids by peroxyl radicals [181]. HDL also protects

LDL by the reduction of cholesteryl ester hydroperoxides to corresponding hydroperoxides.

During this process, HDL specific methionine residues in apolipoproteins AI and AII are

oxidized [182].
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26 Enzymatic Lipid Peroxidation

As noted in Chapter 25, enzymatic lipid peroxidation is characterized by the involvement of

enzymes at different stages of lipid peroxidation and not only at the initiation. Furthermore,

the products (leukotrienes, prostaglandins, etc.), which are selectively formed in the reactions

catalyzed by lipoxygenases (LOXs) and prostaglandin H synthases, display important physio-

logical and pathophysiological properties, while the products of nonenzymatic lipid perox-

idation are mostly the damaging agents. In this chapter, we will consider the mechanisms

of lipid peroxidation and free radical production catalyzed by LOXs and prostaglandin

H synthases.

26.1 LIPID PEROXIDATION AND FREE RADICAL PRODUCTION
CATALYZED BY LOXs

26.1.1 MECHANISM OF LOX CATALYSIS

LOXs as well as prostaglandin H synthases (cyclooxygenases) are enzymes catalyzing the

oxidation of unsaturated fatty acids containing cis double bonds. LOXs are widely distributed

in plants, fungi, and animals. The LOX superfamily consists of several main enzymes, whose

physiological and pathological functions depend on the position of a double bond of the

substrate [1]. 5-LOX produces precursors for leukotrienes involved in inflammation and

allergic responses, 12-LOX oxygenases arachidonic acid (AA) at carbon-12 and responsible

for hypertrophy, proliferation, and hypertensive actions in vascular endothelium, smooth

muscle cells, platelets, and leukocytes. Mammalian 15-LOX, which corresponds to plant

13-LOX, oxidizes AA, 20-carbon fatty acids, and mitochondrial phospholipids.

The most extraordinary aspect of LOX activity is a dependence of the mechanism of

action on their functions. There are at least two major LOX functions: (i) the formation of

signaling molecules and (ii) peroxidation reactions.

(i) When LOXs participate in signaling pathways by forming signaling molecules, a

single hydroperoxide is synthesized. For example, the activation of 5-LOX of

human leukocytes produces leukotrienes, which provoke together with dihydroxy-

eicosanoids bronchoconstriction and inflammation. In this case, the LOX product is

an intermediate in the signaling pathway. However, the LOX product or its reduced

hydroxy derivative may be also the end product of the synthesis of 12-hydroxyeico-

satetraenoic acid (12-HETE) by the platelet 12-LOX.

(ii) When LOXs catalyze the peroxidation reactions of membrane lipids, a mixture

of hydroperoxides is formed, which are responsible for structural changes of the

membrane. In this case the structures of hydroperoxides is not important for the

perturbation of membrane structure.
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LOXs are proteins containing a single atom of nonheme iron in catalytic center, with the

ferric enzyme in an active form. The free radical-mediated mechanism of LOX-catalyzed

process may be presented as follows (see also Figure 26.1):

Enz(Fe2þ)þ LOO
. ¼) Enz(Fe3þ)LOO� (1)

Enz(Fe3þ)LOO� þHþ ¼) Enz(Fe3þ)þ LOOH (2)

Enz(Fe3þ)þ LH ¼) Enz(Fe2þ)L
. þHþ (3)

Enz(Fe2þ)L
. þO2 ¼) Enz(Fe2þ)LOO

. () Enz(Fe3þ)LOO� (4)

Enz(Fe2þ)LOO
. () Enz(Fe2þ)þ LOO

.
(5)

LOO
. þ LH ¼) LOOH þ L

.
(6)

L
. þO2 ¼) LOO

.
(7)

In accord with this mechanism, free peroxyl radical of the reaction product hydroperoxide

activates the inactive ferrous form of enzyme (Reaction (1)). Then, active ferric enzyme

oxidizes substrate to form a bound substrate radical, which reacts with dioxygen (Reaction

(4)). The bound peroxyl radical may again oxidize ferrous enzyme, completing redox cycling,

or dissociate and abstract a hydrogen atom from substrate (Reaction (6)).

Free radical mechanism of LOX catalyzing reactions was first proposed by de Groot et al.

[2] for the oxidation of polyunsaturated fatty acids containing a 1,4-cis,cis-pentadiene system

by soybean LOX (15-LOX). These authors were able to spin-trap the carbon-centered free

radical from linoleic acid. Later on, as an alternative to free radical mechanism, the orga-

noiron-mediated pathway was proposed by Corey and Nagata [3]. However, free radical

mechanism of LOX catalysis has been confirmed in subsequent studies. Thus Chamulitrat

and Mason [4] demonstrated the formation of free radicals in the reactions catalyzed by

soybean LOX under physiological conditions by the method of rapid mixing, continuous-

flow EPR spectroscopy. Based on the measurement of kinetic deuterium isotope effects,

Glickman and Klinman [5] concluded that during the catalytic oxidation of linoleate, dioxy-

gen directly interacted with the LOX substrate radical to form hydroperoxyl radical. Hydro-

gen atom abstraction mechanism was further confirmed in the study of reactions of synthetic

ferrous complex, a model of LOX [6].

LH

LH

LOOH

LOOH

EoxLOOH

Eox

Ei

Ered

EoxLH

EredLOO•

EredL•

LOOH

H+

H+

e−

FIGURE 26.1 Dioxygenase cycle 15-LOX. (From VB O’Donnell, KB Taylor, S Parthasarathy, H Kuhn,

D Koesling, A Friebe, A Bloodsworth, VM Darley-Usmar, BA Freeman. J Biol Chem 274: 20083–

20091, 1999. With permission.)
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Chamulitrat and Mason [4] also demonstrated that the ESR spectra of free radicals

formed in LOX-catalyzed reactions did not exhibit any g-anisotropy, suggesting that radicals

are free and are not enzyme-bound. It has been suggested that radicals that formed DMPO

spin adducts are peroxyls. However, Dikalov and Mason [7] recently reinvestigated these data

and concluded that attempted spin-trapping with DMPO of peroxyl radicals formed in LOX-

catalyzed reactions results in the formation of alkoxyl radical adducts as a result of the

rearrangement of peroxyl radicals. Actually, at present, it is impossible to judge with certainty

what kind of free radicals, free or bound to the enzyme mediates the oxygenation of substrate.

Nonetheless, peroxyl radicals are probably the only oxidants in this system able to oxidize

ferrous form of the enzyme (Reaction (1)).

Inhibition and stimulation of LOX activity occurs as a rule by a free radical mechanism.

Riendeau et al. [8] showed that hydroperoxide activation of 5-LOX is product-specific and

can be stimulated by 5-HPETE and hydrogen peroxide. NADPH, FAD, Fe2þ ions, and

Fe3þ(EDTA) complex markedly increased the formation of oxidized products while NADH

and 5-HETE were inhibitory. Jones et al. [9] also demonstrated that another hydroperoxide

13(S)-hydroperoxy-9,11(E,Z)-octadecadienoic acid (13-HPOD) (formed by the oxidation of

linoleic acid by soybean LOX) activated the inactive ferrous form of the enzyme. These

authors suggested that 13-HPOD attached to LOX and affected its activation through the

formation of a protein radical. Werz et al. [10] showed that reactive oxygen species produced

by xanthine oxidase, granulocytes, or mitochondria activated 5-LOX in the Epstein–Barr

virus-transformed B-lymphocytes.

Free radical scavengers inactivate LOXs by the interaction with their free radical inter-

mediates or by reducing the enzyme active ferric form to inactive ferrous form. It has been

shown that flavonoids, typical free radical scavengers are the effective inhibitors of neutrophil

5-LOX [11]. Van der Zee et al. [12] showed that the inhibition of soybean LOX by nordihy-

droguaiaretic acid, p-aminophenol, catechol, hydroquinone, and phenidone accompanied by

the reduction of its ferric form and the formation of inhibitor free radicals. Analogs of natural

unsaturated acids containing triple bonds irreversibly inactivate soybean LOX-1 supposedly

via the abstraction of bisallylic hydrogen atoms and the formation of hydroxyl radicals [13].

Another group of LOX inhibitors is iron chelators. Abeysinghe et al. [14] demonstrated that

lipophilic hydroxypyridinones inhibited 5-LOX probably by removing iron from an active

center of the enzyme.

26.1.2 LOX-CATALYZED OXIDATION OF UNSATURATED ACIDS

LOX-catalyzed oxidation of AA yields an unstable epoxy intermediate leukotriene A (LTA4),

which is enzymatically converted to leukotriene B (LTB4) [15] (Figure 26.2). It has been

proposed that these processes are mediated by free radicals. Rabbit reticulocyte lipoxygenase

catalyzed the oxidation of AA to 15(S )-hydroperoxyeicosatetraenoic acid (15-HPETE) by the

hydrogen abstraction from C-13 and to 12(S )-hydroperoxyeicosatetraenoic acid (12-HPETE)

by hydrogen abstraction from C-10 [16]. The same LOX further catalyzes 15-HPETE into

leukotriene B. MacMillan et al. [17] found that two mammalian lipoxygenases 5-LOX and

15-LOX are responsible for leukotriene formation by human eosinophils. 5-LOX begins the

leukotriene biosynthetic pathway by the oxygenation of AA to 5(S)-hydroperoxyeicosate-

traenoic acid (5-HPETE) with subsequent dehydration of this intermediate into LTA4 (Figure

26.3). Next, 15-LOX oxidizes both 15-HPETE and 5-HPETE to LTA4 (Figure 26.4). Rat

peritoneal monocytes and human leukocytes are also able to oxidize AA into the dihydroxy

derivative, 5(S ),15(S )-dihydroxy-6,13-trans-8,11-cis-eicosatetraenoic acid (5,15-DiHETE).

It has been shown [18] that 5,15-DiHETE was formed by a double oxidation of AA

catalyzed by both 5-LOX and 15-LOX lipoxygenases (Figure 26.5). It is interesting that the
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stereochemistry of hydroperoxides formed by lipoxygenase can be pH-dependent. Thus, the

formation of (9S )-hydroperoxide by the soybean LOX-1-catalyzed oxidation of linoleic acid

depended on pH, becoming insignificant at pH < 6.

An important characteristic of mammalian 15-LOX is its capacity to oxidize the esters of

unsaturated acid in biological membranes and plasma lipoproteins without their hydrolysis to

free acids. Jung et al. [19] found that human leukocyte 15-LOX oxidized phosphatidylcholine

at carbon-15 of the AA moiety. Soybean and rabbit reticulocyte 15-LOXs were also active

while human leukocyte 5-LOX, rat basophilic leukemia cell 5-LOX, and rabbit platelet 12-

LOX were inactive. It was suggested that the oxygenation of phospholipid is a unique

property of 15-LOX. However, Murray and Brash [20] showed that rabbit reticulocyte

H

H

O COOH

LTA4

H

H

H HO

HO
COOH

LTB4

FIGURE 26.2 Leukotrienes LTA4 and LTB4.
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FIGURE 26.3 Formation of leukotriene LTA4 by the LOX-5-catalyzed oxidation of arachidonic acid.

(From DK MacMillan, E Hill, A Sala, E Sigal, T Shuman, PM Henson, RC Murphy. J Biol Chem 269:

26663–26668, 1994. With permission.)
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LOX catalyzed the oxidation of arachidonoylphosphatidylcholine at both carbon-12 and

carbon-15. Later on, it has been found [21] that reticulocyte lipoxygenase oxidized rat liver

mitochondrial membranes, beef heart submitochondrial particles, rat liver endoplasmic

membranes, and erythrocyte plasma membranes without preliminary release of unsaturated

acids by phospholipases.

Schnurr et al. [22] showed that rabbit 15-LOX oxidized beef heart submitochondrial

particles to form phospholipid-bound hydroperoxy- and keto-polyenoic fatty acids and

induced the oxidative modification of membrane proteins. It was also found that the total

oxygen uptake significantly exceeded the formation of oxygenated polyenoic acids supposedly

due to the formation of hydroxyl radicals by the reaction of ubiquinone with lipid 15-LOX-

derived hydroperoxides. However, it is impossible to agree with this proposal because it is

known for a long time [23] that quinones cannot catalyze the formation of hydroxyl radicals

by the Fenton reaction. Oxidation of intracellular unsaturated acids (for example, linoleic and

arachidonic acids) by lipoxygenases can be suppressed by fatty acid binding proteins [24].

26.1.3 LOX-CATALYZED OXIDATION OF LOW-DENSITY LIPOPROTEINS

Besides the oxidation of unsaturated acids such as arachidonic and linoleic acids, LOXs are

able to oxidize other substrates. One of the most important oxidative processes catalyzed by

LOXs is the oxidation of low-density lipoproteins (LDL). (Nonenzymatic LDL oxidation has

been discussed in detail in Chapter 25.) As already mentioned, the oxidation of LDL in the

arterial intimal space is an important step in the development of atherogenesis. Now, we will

consider the involvement of LOXs in this process. In 1989, Parthasarathy et al. [25] found that
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FIGURE 26.4 Oxidation of 5-HPETE and 15-HPETE by LOX-15. (From DK MacMillan, E Hill,

A Sala, E Sigal, T Shuman, PM Henson, RC Murphy. J Biol Chem 269: 26663–26668, 1994. With

permission.)
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the endothelial cell-induced oxidation of LDL was inhibited by LOX inhibitors while

cyclooxygenase inhibitors were inactive. This fact proves that in this case cellular LOX

activity was involved in LDL oxidation.

LOX-catalyzed oxidation of LDL has been studied in subsequent studies [26,27]. Belkner

et al. [27] showed that LOX-catalyzed LDL oxidation was not restricted to the oxidation of

lipids but also resulted in the cooxidative modification of apoproteins. It is known that LOX-

catalyzed LDL oxidation is regio- and enantio-specific as opposed to free radical-mediated

lipid peroxidation. In accord with this proposal Yamashita et al. [28] showed that LDL

oxidation by 15-LOX from rabbit reticulocytes formed hydroperoxides of phosphatidylcho-

line and cholesteryl esters regio-, stereo-, and enantio-specifically. Sigari et al. [29] demon-

strated that fibroblasts with overexpressed 15-LOX produced bioactive ‘‘minimally

modified’’ LDL, which is probably responsible for LDL atherogenic effect in vivo. Ezaki

et al. [30] found that the incubation of LDL with 15-LOX-overexpressed fibroblasts resulted

in a sharp increase in the cholesteryl ester hydroperoxide level and a lesser increase in free

fatty acid hydroperoxides.

The mechanism of LOX-catalyzed LDL oxidation is still not clearly understood [31]. On

one hand, it has been proposed that LDL oxidation may be initiated by oxygen radicals,

which are released from the active site of the enzyme. On the other hand, the formation of

lipid peroxide by direct oxygenation of unsaturated acids without the participation of free
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FIGURE 26.5 Formation of 5,15-DiHETE in the oxidation of arachidonic acid by LOX-5 and LOX -15.

(From RL Maas, J Turk, JA Oates, AR Brash. J Biol Chem 257: 7056–7067, 1982. With permission.)
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radicals has been suggested. It is important that the last mechanism of LDL peroxidation can

be realized only in the presence of transition metals copper and iron because lipid peroxides

are stable in their absence. O’Leary et al. [31] proposed that synergistic interaction may exist

between lipid hydroperoxides formed in LDL by LOX and cupric ions or heme proteins.

Belkner et al. [32] demonstrated that 15-LOX oxidized preferably LDL cholesterol esters.

Even in the presence of free linoleic acid, cholesteryl linoleate continued to be a major LOX

substrate. It was also found that the depletion of LDL from a-tocopherol has not prevented the

LDL oxidation. This is of a special interest in connection with the role of a-tocopherol in LDL

oxidation. As the majority of cholesteryl esters is normally buried in the core of a lipoprotein

particle and cannot be directly oxidized by LOX, it has been suggested that LDL oxidation

might be initiated by a-tocopheryl radical formed during the oxidation of a-tocopherol [33,34].

Correspondingly, it was concluded that the oxidation of LDL by soybean and recombinant

human 15-LOXs may occur by two pathways: (a) LDL-free fatty acids are oxidized enzyma-

tically with the formation of a-tocopheryl radical, and (b) the a-tocopheryl-mediated oxida-

tion of cholesteryl esters occurs via a nonenzymatic way. Pro and con proofs related to the

prooxidant role of a-tocopherol were considered in Chapter 25 in connection with the study of

nonenzymatic lipid oxidation and in Chapter 29 dedicated to antioxidants. It should be stressed

that comparison of the possible effects of a-tocopherol and nitric oxide on LDL oxidation does

not support importance of a-tocopherol prooxidant activity. It should be mentioned that the

above data describing the activity of cholesteryl esters in LDL oxidation are in contradiction

with some earlier results. Thus in 1988, Sparrow et al. [35] suggested that the 15-LOX-catalyzed

oxidation of LDL is accelerated in the presence of phospholipase A2, i.e., the hydrolysis of

cholesterol esters is an important step in LDL oxidation.

26.1.4 LOX-CATALYZED COOXIDATION OF SUBSTRATES

One of the most convincing proofs of free radical mechanism of the LOX catalysis is the

ability of LOX systems to oxidize various organic molecules to their free radicals. Numerous

substrates are cooxidized by LOXs to form free radicals as intermediates. Lund et al. [36]

showed that cooxidation of cholesterol with linoleic acid by soybean LOX under aerobic

conditions resulted in the formation of a mixture of 7-oxygenated products. It was suggested

that this reaction proceeded by a nonenzymatic pathway, in which the carbon-centered

radical of linoleic acid abstracted a hydrogen atom directly from cholesterol molecule. By

similar mechanism, linoleic acid–mammalian 15-LOX system supposedly oxidizes NADH

and NADPH [37]. It was suggested that NADPH is oxidized by a free radical formed during

enzymatic cycle while NADH oxidation does not occur at the active site of the enzyme. LOX-

catalyzed oxidation of Trolox C [38] and diethylstilbestol, a synthetic carcinogenic estrogen,

[39] in the presence of hydrogen peroxide yielded corresponding phenoxyl radicals, semiqui-

nones, and quinones.

One of numerous examples of LOX-catalyzed cooxidation reactions is the oxidation and

demethylation of amino derivatives of aromatic compounds. Oxidation of such compounds

as 4-aminobiphenyl, a component of tobacco smoke, phenothiazine tranquillizers, and others

is supposed to be the origin of their damaging effects including reproductive toxicity. Thus,

LOX-catalyzed cooxidation of phenothiazine derivatives with hydrogen peroxide resulted in

the formation of cation radicals [40]. Soybean LOX and human term placenta LOX catalyzed

the free radical-mediated cooxidation of 4-aminobiphenyl to toxic intermediates [41]. It has

been suggested that demethylation of aminopyrine by soybean LOX is mediated by the cation

radicals and neutral radicals [42]. Similarly, soybean and human term placenta LOXs cata-

lyzed N-demethylation of phenothiazines [43] and derivatives of N,N-dimethylaniline [44] and

the formation of glutathione conjugate from ethacrynic acid and p-aminophenol [45,46].
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LOX–hydrogen peroxide system catalyzed the conversion of 5,6-dihydroxyindole and 5,6-

dihydroxyindole-2-carboxylic acid, which are important intermediates of melanogenesis, into

melanin pigments [47].

26.1.5 OXYGEN RADICAL FORMATION BY LOX-CATALYZED REACTIONS

In 1985, Fischer and Adams [48] found that LOX inhibitors such as nordihydroguaiaretic

acid inhibited TPA-induced chemiluminescent response in mouse epidermal cells. These

findings suggested that at least a part of TPA-induced superoxide production by these cells

was due to LOX-catalyzed arachidonate oxidation. Kukreja et al. [49] showed that the

oxidation of linoleic and arachidonic acids by LOX is accompanied by superoxide formation.

As superoxide production was observed only in the presence of NADH and NADPH, it was

suggested that superoxide was formed by the oxidation of NAD and NADP radicals. This

proposal has been confirmed in a subsequent study [50]. Jahn and Hansch [51] showed that

superoxide generation by the arachidonic-stimulated human platelets was inhibited by LOX

inhibitors, suggesting the LOX pathway of superoxide formation. Similarly, Tanaka et al. [52]

found that the formation of superoxide by arachidonate, leukotriene B4, or C5a-stimulated

human leukocytes depended on LOX inhibition. Chamulitrat et al. [53] demonstrated super-

oxide formation during the oxidation of polyunsaturated acids by soybean LOX using

spin-trapping with DMPO. Superoxide production was also observed during soybean

LOX-mediated cooxidation of reduced glutathione with linoleic and arachidonic acids [54].

LOX-dependent superoxide production was also registered under ex vivo conditions [55].

It has been shown that the intravenous administration of lipopolysaccharide to rats stimu-

lated superoxide production by alveolar and peritoneal macrophages. O’Donnell and Azzi

[56] proposed that a relatively high rate of superoxide production by cultured human

fibroblasts in the presence of NADH was relevant to 15-LOX-catalyzed oxidation of unsat-

urated acids and was independent of NADPH oxidase, prostaglandin H synthase, xanthine

oxidase, and cytochrome P-450 activation or mitochondrial respiration. LOX might also be

involved in the superoxide production by epidermal growth factor-stimulated pheochromo-

cytoma cells [57].

Thus, LOX-catalyzed oxidative processes are apparently effective producers of superoxide

in cell-free and cellular systems. (It has also been found that the arachidonate oxidation by

soybean LOX induced a high level of lucigenin-amplified CL, which was completely inhibited

by SOD; LG Korkina and TB Suslova, unpublished data.) It is obvious that superoxide

formation by LOX systems cannot be described by the traditional mechanism (Reactions (1)–

(7)). There are various possibilities of superoxide formation during the oxidation of unsatur-

ated compounds; one of them is the decomposition of hydroperoxides to alkoxyl radicals.

These radicals are able to rearrange into hydroxylalkyl radicals, which form unstable peroxyl

radicals, capable of producing superoxide in the reaction with dioxygen.

ROOHþ Fe2þ ¼) RO
. þHO� þ Fe3þ (8)

RO
. () HOR

.
(9)

HOR
. þO2 ¼) HOROO

. ¼) O2
.� (10)

This mechanism must of course be considered purely hypothetical.

26.1.6 EFFECTS OF NITROGEN OXIDES ON LOX-CATALYZED PROCESSES

At present, there is growing interest in the study of the effects of nitrogen oxides on LOX-

catalyzed processes. It has been shown that nitric oxide is able to inhibit LOX-catalyzed lipid
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peroxidation [58,59]. Kanner et al. [58] proposed that the inhibitory effect of nitric oxide may

be explained by: (a) the reduction of the active ferric form of the enzyme to the inactive

ferrous form; (b) the competition for the iron side available for exogenous ligands; and (c) the

reaction with enzymatic free radicals. Later on, the mechanism of NO interaction with LOXs

has been discussed in detail. Rubbo et al. [60] proposed that the inhibition of LOX-catalyzed

liposome and LDL oxidation by nitric oxide depended on the reaction with alkoxyl and

peroxyl radicals formed during the enzymatic catalytic cycle. However, nitric oxide may both

activate and inhibit LOX [61,62]. Holzhutter et al. [62] suggested that NO rapidly and

reversibly binds to the inactive ferrous form of LOX with subsequent slow irreversible

conversion of the Fe2þ–NO complex into the active ferric form.

Nonetheless, the stimulatory effect of nitric oxide is probably not very important at low

physiological NO concentrations. O’Donnell et al. [63] proposed a scheme for the interaction

of 15-LOX with low nitric oxide concentrations, which included three major pathways

(Figure 26.6). (i) The interaction of NO with the enzyme during activation by hydroperoxide,

which is accompanied by the formation of nitroxyl anion NO�. (ii) Reaction of NO with

EredLOO
.
radical. (iii) The formation of the E–Fe2þ–NO complex at higher NO concentra-

tions, which decomposes forming the active form of enzyme Eox. It was also pointed out that

the reaction of nitric oxide with 15-LOX inhibited the NO-dependent activation of soluble

guanylate cyclase and cGMP production [73].

Nitric oxide is not an only nitrogen compound, affecting LOX reactions. Thus it has been

found that alkylhydroxylamines and N-hydroxyurea derivatives inhibited soybean LOX,

reducing it to the inactive ferrous form [64]. It is interesting that peroxynitrite was unable
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FIGURE 26.6 Possible mechanisms of NO interaction with LOX-15. (From VB O’Donnell, KB Taylor,

S Parthasarathy, H Kuhn, D Koesling, A Friebe, A Bloodsworth, VM Darley-Usmar, BA Freeman.

J Biol Chem 274: 20083–20091, 1999. With permission.)
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to inhibit 12-LOX [52]. Correspondingly, superoxide reversed the NO inhibition of LOX,

forming peroxynitrite.

26.1.7 COMMENTS ON PATHOPHYSIOLOGICAL ACTIVITIES OF LOXS

The important role of LOXs in pathophysiological processes is well known. Here, we will

consider just some data concerning the involvement of LOXs in the development of athero-

sclerosis. Damaging effects of LOX-catalyzed processes are also discussed in Chapter 31. It

has been shown that LOX activity is strongly affected by oxidative stress in cells. For

example, LOX activity in cardiac myocytes characterized by the HETE formation was

insignificant under normoxic conditions but greatly increased after hypoxia–reoxygenation

[66]. Cell injury was observed simultaneously with the HETE production. It was concluded

that the arachidonate–LOX metabolic pathway plays an important role in reoxygenation-

induced myocardial cell injury.

The expression of 15-LOX in atherosclerotic lesions is one of the major causes of LDL

oxidative modification during atherosclerosis. To obtain the experimental evidence of a

principal role of 15-LOX in atherosclerosis under in vivo conditions, Kuhn et al. [67] studied

the structure of oxidized LDL isolated from the aorta of rabbits fed with a cholesterol-rich

diet. It was found that specific LOX products were present in early atherosclerotic lesions. On

the later stages of atherosclerosis the content of these products diminished while the amount

of products originating from nonenzymatic lipid peroxidation increased. It was concluded

that arachidonate 15-LOX is of pathophysiological importance at the early stages of athero-

sclerosis. Folcik et al. [68] demonstrated that 15-LOX contributed to the oxidation of LDL

in human atherosclerotic plaques because they observed an increase in the stereospecificity

of oxidation in oxidized products. Arachidonate 15-LOX is apparently more active in

young human lesions and therefore, may be of pathophysiological importance for earlier

atherosclerosis. In advanced human plaques nonenzymatic lipid peroxidation products

prevailed [69].

O’Donnell et al. [70] found that LOX and not cyclooxygenase, cytochrome P-450, NO

synthase, NADPH oxidase, xanthine oxidase, ribonucleotide reductase, or mitochondrial

respiratory chain is responsible for TNF-a-mediated apoptosis of murine fibrosarcoma

cells. 15-LOX activity was found to increase sharply in heart, lung, and vascular tissues of

rabbits by hypercholesterolemia [71]. Schnurr et al. [72] demonstrated that there is an inverse

regulation of 12/15-LOXs and phospholipid hydroperoxide glutathione peroxidases in cells,

which balanced the intracellular concentration of oxidized lipids.

26.2 LIPID PEROXIDATION AND FREE RADICAL PRODUCTION
CATALYZED BY PROSTAGLANDIN H SYNTHASES

26.2.1 MECHANISM OF REACTIONS CATALYZED BY PROSTAGLANDIN H SYNTHASES

Prostaglandin endoperoxide H synthases (PGHS) are enzymes, which catalyze the oxidation

of AA by dioxygen into prostaglandin PGH2, the first step of biosynthesis of prostanoids.

PGH2 is further transformed by other enzymes into prostaglandins and thromboxane (Figure

26.7). There are two isoforms of prostaglandin H synthase: the constitutive PGHS-1 and

inducible PGHS-2, which despite sharing only 60% sequence identity, have very similar

catalytic sites. Although the reason for the existence of two PGHS isoenzymes is unknown,

both isoenzymes are frequently coexpressed in the same cell and independently channel

prostanoids to the extracellular milieu and the nucleus. Both isoenzymes are heme-containing

glycosylated proteins with two catalytic sites. PGHS-2 is undetectable in most mammalian
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tissues, but is rapidly expressed in fibroblasts, endothelial cells, and monocytes in response to

growth factors, tumor promotors, hormones, bacterial endotoxin, and cytokines. In contrast

to PGHS-2, PGHS-1 may be found in most tissues.

PGHS-1 and PGHS-2 exhibit two enzymatic activities: a cyclooxygenase activity, con-

verting AA into prostaglandin PGG2, and peroxidase activity transforming PGG2 into

prostaglandin PGH2 and other prostaglandins. The PGHS-catalyzed oxidation of AA should

be considered a special type of free radical lipid peroxidation. By the use of ESR spectro-

scopy, the formation of the carbon-centered AA free radical was shown in the reaction of AA

with ram seminal vesicle microsomes possessing high PGHS activity [74]. It has been shown in

subsequent studies [75,76] that the coupling between the peroxidase and cyclooxygenase

activities of PGHS resulted in the formation of tyrosyl radicals. Rapid electronic spectroscopy

study demonstrated that the interaction of PGHS with PGG2 led to the formation of an

intermediate (Complex I) within 2 ms with the rate constant of 1.4�107 l mol�1 s�1. During

the next 170 ms Complex I is converted into Complex II containing the tyrosyl cation radical

(the rate constant is 65 s�1) [75]. Karthein et al. [76] suggested that tyrosyl radical is able to

abstract a hydrogen atom from AA. This suggestion was questioned because the time course

of the production of tyrosyl radical seems to be not correlated with the time course of

metabolism of AA [77]. But later on, it has been demonstrated in anaerobic experiments

that tyrosyl radical is indeed able to abstract hydrogen atom from AA [78,79]. Furthermore,

the rapid kinetics study showed that the time courses of tyrosyl radical formation actually

coincide with the heme redox state changes in both PGHS-1 and PGHS-2 [80]. Therefore, the

mechanism of AA oxidation catalyzed by PGHS may be presented as follows (Figure 26.8)

[79]. Tyrosyl radical Fe(IV)Tyr
.
is formed by an internal electron transfer in the peroxidase

Compound I:

PGHSFe(V)Tyr () PGHSFe(IV)Tyr
.

(11)

Then, tyrosyl radical reacts with bound AA to form a bound AA free radical:

PGHSFe(IV)Tyr
. þAA ¼) PGHSFe(IV)TyrAA

.
(12)
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FIGURE 26.7 Products of PGHS-catalyzed oxidation of arachidonic acid.
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This radical reacts with dioxygen and rearranges into a PGG2 free radical:

PGHS Fe(IV)TyrAA
. þ 2O2 ¼) PGHSFe(IV)PGG2

.
(13)

In the last step of cyclooxygenase cycle tyrosyl radical is regenerated and PGG2 is released:

PGHSFe(IV)PGG2
. ¼) PGHSFe(IV)Tyr

. þ PGG2 (14)

It has been suggested that only one tyrosine residue, tyrosine 385, is oxidized into tyrosyl free

radical in cyclooxygenase cycle. This suggestion was confirmed by NO trapping of this tyrosyl

radical generated by prostaglandin H synthase [81]. It was found that the stoichiometry of

AA oxidation by prostaglandin H synthase AA/O2 is equal to ca. 2 [82,83].

Interesting data have been obtained by the modification of PGHS-1. Tsai et al. [84] found

that the replacement of the enzyme heme group by manganese protoporphyrin IX preserved

the cyclooxygenase activity but sharply decreased peroxidase activity of the enzyme. The

difference between native and modified enzymes is thought to originate from a very slow rate

of the substitution of a water molecule at the Mn3þ center by hydroperoxide. This process

becomes a rate-limiting step that retards the peroxidase reaction.

Thus, cyclooxygenase activity of prostaglandin H synthases is a physiological free radical

enzymatic oxidation, despite the suggestion that cyclization step may also proceed by carbo-

cation mechanism [85]. However, PGHS activity is regulated, stimulated, or inhibited by free

radicals or free radical scavengers. For example, nitric oxide (a free radical) is apparently able

to inhibit PGHS-1 activity [86], while peroxynitrite, the product of the reaction of NO with

superoxide activates the cyclooxygenase activity of both isoenzymes [87].

26.2.2 PRODUCTION AND INTERACTION WITH OXYGEN RADICALS

Similar to LOXs, cyclooxygenases may catalyze superoxide production in the presence of

NADH and NADPH [49]. It has been shown [88] that prostaglandin H synthase produced

oxygen radicals and hydrogen peroxide during the transformation of 2(3)-tert-butyl-4-
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FIGURE 26.8 Mechanism of PGHS-catalyzed arachidonate oxidation. (From A Tsai, G Palmer,

G Hiao, DC Swinney, RJ Kulmacz. J Biol Chem 273: 3888–3894, 1998. With permission.)
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hydroxyanisol into 2-tert-butylhydroquinone. Vasopressin stimulated cyclooxygenase-

dependent superoxide production after brain injury [89]. Didion et al. [90] suggested that

cyclooxygenase is responsible for an increase in superoxide levels in cerebral blood vessels

because it was greatly augmented upon exposure to AA and bradykinin. In addition, super-

oxide production was enhanced by the inhibition of endogenous SOD with diethyldithiocar-

bamate. It was also demonstrated [91] that LPS stimulation of murine peritoneal macrophages

resulted in the production of nitric oxide and prostaglandin PGE2, which was accompanied by

superoxide formation and the increased expression of COX-2. It has been suggested that

superoxide production might stimulate the AA release and PGE2 formation by COX-2.

Minegishi et al. [92] proposed that PGF2a induced the superoxide-mediated luteolysis (the

loss of the capacity to synthesize and secrete progesterone and the loss of luteal cells) in rats.

Reactive oxygen species can also inhibit cyclooxygenase activity. Thus Adler et al. [93]

showed that oxygen radicals and hydrogen peroxide generated by xanthine oxidase decreased

PGE2 and TxB2 production by glomerular mesangial cells. Cyanide-induced production of

active oxygen species inhibited COX-2 activity (as well as the activities of LOX and NO

synthase) in cerebellar granule cells [94]. Superoxide is possibly involved in the regulation of

PGE2 production in mouse peritoneal macrophages [95].

26.2.3 CYCLOOXYGENASE-CATALYZED COOXIDATION OF SUBSTRATES

Similar to peroxidases (Chapter 22) and LOXs (see above), cyclooxygenases are capable of

catalyzing the oxidation of substrates during the reduction of PGG2 to PGH2. Potter and

Hinson [96] proposed that prostaglandin H synthase catalyzed the oxidation of acetamino-

phen by both one-electron and two-electron mechanisms. Formosa et al. [91] showed that

3-methylindole, which causes a highly tissue- and species-selective lesion of the lung, is

cooxidized with AA by PGHS. Similarly, PGHS (and LOX) oxidized presumably carcino-

genic food antioxidant 2(3)-tert-butyl-4-hydroxyanisole (BHA), producing 2-tert-butyl-

benzoquinone [97]. Caffeic acid, which is a moderate stimulator of PGHS cyclooxygenase

activity, reacted with PGHS Compound II with the rate constant of 1.25+0.1�106 l mol�1

s�1 [97]. Samokyszyn et al. [98] suggested that PGHS oxidized all trans (E)-retinoic acid by a

free radical mechanism. Using spin-trapping, these authors showed in subsequent work [99]

that PGHS-catalyzed oxidation of retinoic acids resulted in the formation of C4 carbon-

centered free radicals, which subsequently reacted with dioxygen to form retinoid-derived

peroxyl radicals.

Parman et al. [100] studied the mechanism of PGHS-catalyzed oxidation of phenytoin

(diphenylhydantoin), an anticonvulsant drug, which exhibits teratogenic effects in humans

and animals. It was suggested that phenytoin and its analogs are oxidized into imidyl free

radicals, which are converted to carbon-centered free radicals with an isocyanate substituent

by ring opening. The latter can covalently bind to embryonic macromolecules with double

bonds including DNA and proteins and initiate macromolecular damage (Figure 26.9).

Moreover, the authors proposed another mechanism of free radical-mediated damage with

the participation of oxygen radicals (Figure 26.9). The formation of free radicals of phenytoin

in PGHS-catalyzed oxidation was supported by EPR spin-trapping experiments.

26.2.4 EFFECTS OF REACTIVE NITROGEN SPECIES ON PROSTAGLANDIN H-CATALYZED PROCESSES

It has already been mentioned earlier that similar to LOXs, prostaglandin H synthases can be

activated or inhibited by reactive nitrogen species. Nitric oxide may exhibit the inhibitory

[58,65,86,101–104] or stimulatory effects [105–110] on PGHSs. Inhibitory effects depend on

the ability of nitric oxide to reduce the ferric enzyme to the inactive ferrous form, competition
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for the iron site available for exogenous ligands, the interaction of NO with peroxyl radicals

[58], or regulation of the expression of cyclooxygenase-2 [103].

Among possible directions of the interaction of nitric oxide with PGSH-1, namely, the

formation of nitrosyl complex with ferric heme [112], the reaction with tyrosyl radical [81],

and the participation in catalytic cycle as a reducing peroxidase substrate [113]) the last of the

mentioned mechanisms is the most probable in vivo pathway [111]. Indeed, the formation of a

nitrosyl complex is unlikely due to the low in vivo NO concentration and the suppression of

reaction of NO with tyrosyl radical by AA. It was also found that the consumption of nitric

oxide by PGHS-1 during platelet aggregation inhibited cGMP generation.

Although many experimental data showed the stimulatory effect of nitric oxide on

prostaglandin H synthase [105–110], a genuine stimulator of PGHS under the conditions

studied was probably peroxynitrite and not NO [87]. Peroxynitrite, an inorganic hydro-

peroxide, is able to stimulate PGHS as a substrate for peroxidase activity and an activator

of cyclooxygenase activity. It is important that prostaglandin H synthase and nitric oxide

synthase can be simultaneously stimulated in cells. Thus, it is possible that there is ‘‘con-

certed’’ mechanism of superoxide- and peroxynitrite-mediated stimulation of prostaglandin

production by three prooxidant enzymes (NADPH oxidase, NO synthase, and prostaglandin

H synthase) (Figure 26.10). Recently, Beharka et al. [114] proposed that the inhibitory effect

of vitamin E on increased PGHS-2-mediated prostaglandin production in macrophages from

old mice is a consequence of the suppression of peroxynitrite-induced cyclooxygenase activ-

ity. Boulos et al. [115] found out that in the absence of AA peroxynitrite inhibits cyclo-

oxygenase activity in human platelets by the nitration of tyrosine residues.

26.3 OXIDATION BY LINOLEATE DIOL SYNTHASE

LOXs and prostaglandin H synthases are the most important but not the only enzyme-

catalyzed oxidative processes in biological systems. One of the similar enzymes is linoleate

diol oxidase (LDS), which was isolated from the fungus Gaeumannomyces graminis. In contrast

to prostaglandin H synthases, LDS exhibits hydroperoxide isomerase and not peroxidase

activity (Figure 26.11). As follows from Figure 26.11, LDS catalyzes the oxidation of linoleic

acid into two products: 8R-hydroperoxyoctadecadienoic acid (8-HPODE) and 7S,8S-

dihydroxyoctadecadienoic acid (7,8-D-HODE). A hypothetical mechanism of LDS catalytic

activity is presented in Figure 26.12 [116]. In accord with this mechanism the catalytic cycle is

initiated by the reduction of 8-HPODE to 8-HODE, yielding ferryl oxygen complex containing

porphyrin p-cation radical (Compound I). Compound I was rapidly reduced to Compound II,

and tyrosyl free radical is formed. Tyrosyl radical abstracts hydrogen atom from linoleic acid

(18:2) and the alkyl radical formed adds to dioxygen yielding peroxyl radical. The formed

peroxyl radical is converted into 8-HPODE and regenerates tyrosyl radical. Linoleate diol

synthase has important physiological function in funguses.

NADPH oxidase    ⇒    O2
•−

Arachidonate

−OONO    +     PGH synthase PGE2    +    PGD2

NO synthase    ⇒    NO

FIGURE 26.10 Superoxide- and NO-mediated stimulation of prostaglandin production.
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27 Oxidation of Proteins

Similar to lipids the oxidation of proteins has already been studied for more than 20 years.

Before discussing the data on protein oxidation, it should be mentioned that many associated

questions were already considered in previous chapters. For example, the oxidation of

lipoproteins, which is closely connected with the problems of nonenzymatic lipid peroxidation

was discussed in Chapter 25. Many questions on the interaction of superoxide and nitric

oxide with enzymes including the inhibition of enzymatic activities of prooxidant and anti-

oxidant enzymes are considered in Chapters 22 and 30. Therefore, the findings reported

in those chapters should be taken into account for considering the data presented in this

chapter.

27.1 FREE RADICAL MECHANISMS OF PROTEIN OXIDATION

In earlier studies the in vitro transition metal-catalyzed oxidation of proteins and the inter-

action of proteins with free radicals have been studied. In 1983, Levine [1] showed that the

oxidative inactivation of enzymes and the oxidative modification of proteins resulted in the

formation of protein carbonyl derivatives. These derivatives easily react with dinitrophenyl-

hydrazine (DNPH) to form protein hydrazones, which were used for the detection of protein

carbonyl content. Using this method and spin-trapping with PBN, it has been demonstrated

[2,3] that protein oxidation and inactivation of glutamine synthetase (a key enzyme in

the regulation of amino acid metabolism and the brain L-glutamate and g-aminobutyric

acid levels) were sharply enhanced during ischemia- and reperfusion-induced injury in gerbil

brain.

27.1.1 FREE RADICAL INITIATION OF PROTEIN OXIDATION

Dean et al. [4] has studied the reaction of radiolytically generated hydroxyl radicals with

bovine serum albumin (BSA) by chromatographic methods. It was found that in the presence

of dioxygen this reaction led to the BSA fragmentation and formation of low molecular

weight peptides. In the absence of dioxygen (under anaerobic conditions) hydroxyl radicals

resulted in protein crosslinking. Other free radicals (superoxide, hydroperoxyl radical, and

peroxyl radicals) did not react with BSA. However, similar to hydroxyl radical, peroxyl

radicals induced a greater susceptibility of proteins to enzymatic hydrolysis. It has also

been found that free radicals increased proteolysis in mitochondria and macrophages. Dean

et al. [4] suggested that proteolysis might thus be considered as a component of cellular

defense system. In 1993, Simpson et al. [5] found that hydroxyl radicals oxidized protein

tyrosine residues to DOPA; it has been suggested that protein-bound DOPA is the main

reducing moiety formed in oxidized proteins.

Davies and his co-workers [6,7] studied in detail the interaction of various reactive oxygen

species with proteins. It was found that the hydroxyl radicals formed covalently bound
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protein aggregates with most proteins, but practically no fragmentation was observed.

Drastic difference occurred between the effects of hydroxyl radical and superoxide alone

and the simultaneous effect of HO
.þO2

.�. Superoxide alone did not cause aggregation,

fragmentation, or some other changes in protein structure. However, the HO
.þO2

.� com-

bination induced a more extensive protein fragmentation even than hydroxyl radical alone

[6]. Furthermore, this combination caused a multifold increase in proteolytic susceptibility

of oxidatively damaged BSA [7]. These findings are really confusing because superoxide

and hydroxyl radicals react with each other with a diffusion-controlled rate to form inactive

hydroxyl anion and dioxygen:

O2
.� þHO

. ¼) O2 þHO� (1)

Therefore, the enhancement of protein damage by the HO
.þO2

.� combination is only

possible if both free radicals react with proteins independently.

The possibility of protein modification by active oxygen species has been studied with

various proteins. Jones et al. [8] concluded that physiological concentrations of superoxide or

hydroxyl radicals cannot modulate the functions of heart fatty acid-binding protein. In

contrast, hydroxyl radicals affected myofibrillar calcium-ATPase activity and protein struc-

ture in rat heart [9]. Suzuki et al. [10] also found that active oxygen species produced by

xanthine oxidase decreased calcium-stimulated ATPase activity and thiol group content

in rat heart myofibrils. These effects of oxygen species were completely prevented by

SODþ catalase. It has also been demonstrated that the xanthine–xanthine oxidase system

inhibited creatine kinase activity in rat heart myofibrils that could be an origin of cardiac

dysfunction [11]. Active oxygen species produced by xanthine oxidase oxidized the thiol

groups of protein human plasma and of BSA [12]. Protein thiol groups can be considered

as sacrificial antioxidants capable of preventing plasma lipid peroxidation. Neuzil et al. [13]

suggested that protein oxidation by oxygen radicals may occur by chain mechanism.

Recently, Czapski et al. [14] studied the protein oxidation of human umbilical-vein

endothelial cells (HUVEC) by PMA-stimulated human neutrophils and horseradish peroxi-

dase–hydrogen peroxide system. Active oxygen species produced by neutrophils oxidized

extracellular proteins but not the intracellular proteins of HUVEC, suggesting that the

oxygen radical-mediated oxidation is restricted to proteins in the medium. Echtay et al. [15]

demonstrated that superoxide increased mitochondrial proton conductance through the

activation of uncoupling proteins. It has been suggested that the interaction of superoxide

with uncoupling proteins could be a mechanism for the reduction of oxygen radical levels

inside mitochondria. Besides superoxide and hydroxyl radicals, a very active CO2
.� radical

may participate in protein oxidation. For example, it has been shown that CO2
.� rapidly

reacts with galactose oxidase (rate constant � 6.5�108 l mol�1 s�1) [16]. Much earlier

Favaudon et al. [17] showed that CO2
.� induced cleavage of disulfide bonds in aponeocarzi-

nostatin, an aporiboflavin-binding protein, and bovine immunoglobulin.

Many prooxidants initiate protein oxidation via the formation of oxygen radicals and

other free radicals. In 1990, Fagian et al. [18] showed that calcium ionsþ diamide, a thiol

oxidant, decreased submitochondrial membrane potential probably due to the formation of

protein aggregates via the thiol-crosslinking. Free radical-mediated modification of glycer-

aldehyde-3-phosphate dehydrogenase (GAPDH) occurred by both nitric oxide- and super-

oxide-initiated pathways. It has been found that GAPDH was covalently modified by NAD

in the presence of nitric oxide [19]. On the other hand, NADH-induced GAPDH modification

was stimulated by thiols probably through superoxide formation [20]. Free thiyl radicals

formed by FAD-dependent oxidation of the 2-oxo acid dehydrogenase complex inactivated

dehydrogenase catalytic intermediates [21].
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27.1.2 METAL ION-CATALYZED OXIDATION OF PROTEINS

Many prooxidant systems and free radicals (Figure 27.1) are able to initiate protein oxidation,

but it has been proposed that the metal-catalyzed oxidation is a major pathway of protein

modification under normal conditions [22]. During 1980 to 1990, Stadtman and his coworkers

(their works reviewed in Ref. [23] ) proposed the mechanism of metal ion-catalyzed protein

oxidation. It has been shown [2] that the inactivation of glutamine synthetase by different

metal catalyzed oxidation systems was mediated by hydrogen peroxide and ferrous ions. On

these grounds, it was suggested that ferrous ions bind to a metal-binding site of the enzyme to

form the ferrous ion–enzyme complex, which, reacting with hydrogen peroxide, generates

hydroxyl or hydroxyl-like free radicals. These active oxygen radicals reacted preferentially

with the side chains of amino acid residues, yielding carbonyl derivatives, inducing the loss of

catalytic activity and increasing protein susceptibility to proteolytic degradation.

Metal-dependent initiation of protein oxidation may have various origins. Thus Davies

et al. [24] demonstrated that protein hydroperoxides formed in the presence of free radical-

producing systems decomposed by ferrous complexes, initiating novel processes of fragmen-

tation and rearrangement of amino acid residues. For example, the degradation of a hydro-

peroxide derivative of glutamic acid resulted in its decarboxylation and the formation of

CO2
.� radical. Similarly, hydroperoxides of unsaturated fatty acids drastically enhanced the

oxidative modification of proteins initiated by the ascorbate–iron system [25]. It was also

shown that the ability of hydroperoxides to promote carbonyl formation depended on the

degree of unsaturation and increased in the order of linoleate < linolenate < arachidonate. It

should be noted that the most preferred targets for protein oxidation were lysine residues.

BSA was oxidized by the cupric–quercetin complex probably through binding to trypto-

phan residue [26]. Iwai et al. [27] showed that the iron regulatory protein 2 (IRP2) responsible
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(From ER Stadtman, RL Levine. Ann NY Acad Sci 899: 191–208, 2000. With permission.)
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for the regulation of expression of genes of iron metabolism is oxidized by the systems

containing iron ions. As a result, significant iron-dependent carbonylation of IRP2 contain-

ing arginine, lysine, proline, and threonine residues was observed. Iron can stimulate protein

oxidation in patients suffering from iron-deficient anemia after the treatment with iron-

containing drugs. Thus, the administration of iron saccharide to hemodialysis patients

induced an increase in protein oxidation in the blood [28].

Cupric ions catalyzed the oxidative deamination of the BSA lysine residue by various

carbohydrates at physiological pH and temperature [29]. It was also found that the levels of

a-aminoadipic-d-semialdehyde residue, the oxidative deamination product of lysine, were

much higher in streptozotocin-induced diabetic rats than in control animals. Efficiency of

transition metal-stimulated protein oxidation may be decreased by ligands capable of forming

inactive iron–ligand complexes. Thus Breccia et al. [30] demonstrated that polyethyleneimine

protected muscle lactate dehydrogenase from oxidation by the cupric- and ferrous–hydrogen

peroxide systems through the formation of inactive metal–polyethyleneimine complexes.

Although metal-catalyzed protein oxidation is undoubtedly a very effective oxidative

process, the origin of free metal ions under in vivo conditions is still uncertain (see Chapter

21). However, protein oxidation can probably be initiated by metal-containing enzymes.

Mukhopadhyay and Chatterjee [31] have shown that NADPH-stimulated oxidation of

microsomal proteins was mediated by cytochrome P-450 and occurred in the absence of

free metal ions. It is important that in contrast to metal ion-stimulated oxidation of proteins,

ascorbate inhibited and not enhanced P-450-dependent protein oxidation reacting with the

oxygenated P-450 complex. The following mechanism of P-450-dependent oxidation of the

side chain protein amino acid residues has been proposed:

(P450)Fe2þ þO2
.�O2 () (P450)Fe2þO2

.� (2)

RCH2NH2 þ (P450)Fe2þO2
.� þHþ ¼) RCH(:)NH2 þ (P450)Fe3þ þH2O2 (3)

RCH(:)NH2 ¼) RCH¼¼NH (4)

RCH¼¼NHþH2O ¼) RCHO þNH3 (5)

Choi et al. [32] showed that NADPH stimulated the modification of microsomal proteins,

which was probably dependent on lipid peroxidation and inhibited by iron chelators.

27.1.3 PROTEIN OXIDATION INITIATED BY PEROXYNITRITE, NITRIC OXIDE, AND HYPOCLORITE

Numerous studies demonstrate that peroxynitrite is a very reactive compound, which easily

reacts with many biomolecules including proteins (see Chapter 21). Earlier studies [33,34] have

already suggested that peroxynitrite might play an important role in nitration and oxidation of

proteins. Later on, it was found that the summary effect of peroxynitrite on proteins turns out

to be even more complicated. Berlett et al. [35] found that peroxynitrite reacts with glutamine

synthetase by two ways: nitrating tyrosine residues and oxidizing methionine residues. Both

reactions depended on carbon dioxide. In the absence of CO2, peroxynitrite oxidized methio-

nine residues, but at physiological CO2 concentrations peroxynitrite nitrated tyrosine residues,

while the oxidation of methionine residues was inhibited. It has been suggested that the effect

CO2 on the interaction of peroxynitrite with proteins is explained by the formation of nitroso-

peroxocarboxylate ONOOCOO�, which is an effective nitrating agent.

In contrast to the findings obtained in Ref. [34], it was concluded [36,37] that exposure of

proteins to peroxynitrite leads to a very small increase in carbonyl content at physiological

pH and CO2 concentration. At the same time, carbonyl contents in glutamine synthetase and

BSA increased in the absence of CO2. These data show the importance of CO2 in the
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regulation of prooxidant effect of peroxynitrite on proteins. Szabo et al. [38] suggested that

endogenously produced peroxynitrite induced protein oxidation in mitochondria and nucleus

of immunostimulated macrophages. Similarly, Di Stasi et al. [39] suggested that peroxynitrite

induced tyrosine nitration and increased tyrosine phosphorylation of proteins from synapto-

somes. However, Pfeiffer et al. [40] later concluded that peroxynitrite apparently is not an

important factor of protein tyrosine nitration in cytokine-activated murine macrophages.

Recently, Gunther et al. [41] proposed that nitric oxide may directly react with enzymes

without intermediate formation of peroxynitrite. It is known that the oxidation of arachido-

nic acid by prostaglandin H oxidase is mediated by the formation of enzyme tyrosyl radical

(see Chapter 26). Correspondingly, it has been suggested that NO is able to react with this

radical to form the tyrosine iminoxyl radical and then nitrotyrosine. Therefore, the NO-

dependent nitration of protein tyrosine residue may occur without the formation of peroxy-

nitrite or other nitrogen oxides.

Another initiator of protein oxidation of biological significance is hypochlorite (hypochlor-

ous acid). Hypochlorite is produced in vivo by myeloperoxidase from hydrogen peroxide and

chloride (Chapter 22). In 1995, Domigan et al. [42] showed that the myeloperoxidase–hydrogen

peroxide–chloride system of stimulated human neutrophils chlorinated tyrosine residue in the

peptide Gly-Gly-Tyr-Arg. It has been proposed that hypochlorite initially reacts with the

peptide amino group yielding chloramine, which further reacts with tyrosine residue converting

it into chlorotyrosine. Pattison and Davies [43] determined the rate constants for the reaction of

hypochlorous acid with protein side chains (Table 27.1). It is seen that the rate constants for the

reaction of HOCl with peptide bonds varied by four orders of magnitude.

HOCl-mediated protein oxidation accelerates under pathophysiological conditions. Thus,

proteins from extracellular matrix obtained from advanced human atherosclerotic lesions

contained the enhanced levels of oxidized amino acids (DOPA and dityrosine) compared to

healthy arterial tissue [44]. It was also found that superoxide enhanced the prooxidant effect of

hypochlorite in protein oxidation supposedly by the decomposition of chloramines and chlor-

amides forming nitrogen-centered free radicals and increasing protein fragmentation [45]. In

addition to chlorination, hypochlorite is able to oxidize proteins. The most readily oxidized

amino acid residue of protein ismethionine.Methionine is reversibly oxidized bymanyoxidants

including hypochlorite to methionine sulfide and irreversibly to methionine sulfone [46]:

CH3SCH2CH2CH(NH2)COOH () CH3S(O)CH2CH2CH(NH2)COOH (6)

Methionine Methionine sulfide

CH3S(O)CH2CH2CH(NH2)COOH ¼) CH3S(O2)CH2CH2CH(NH2)COOH (7)

Methionine sulfone

TABLE 27.1
Rate Constants for the Reaction of

Hypochlorous Acid with Proteins [43]

Rate Constant (3107) (l mol21 s21)

Methionine residue 3.8

Cysteine residue 3.0

Cystine residue 0.016

Histidine residue ca. 0.01
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Chen et al. [47] demonstrated that the reaction of HOCl with cytochrome c increased

cytochrome peroxidase activity by the oxidation of the methionine residue. Methionine

oxidation also significantly decreased the efficiency of cytochrome c as a mitochondrial

electron carrier. HOCl, HOBr, and HOI are also able to oxidize (FeII)cytochrome c [48].

27.2 SOME EXAMPLES OF OXIDATIVE PROCESSES WITH THE
PARTICIPATION OF PROTEINS

Oxidation of hemoproteins hemoglobin (Hb) and myoglobin (Mb) has been extensively

studied and discussed in many reviews (see, for example, Refs. [49,50]). In contrast to other

proteins, free radicals have an additional target in hemoproteins for attack, namely, metal

atom. For example, in 1982, Weiss [51] suggested that the oxidation of Hb to metHb in

erythrocytes by PMA-stimulated neutrophils was mediated by superoxide or hydrogen per-

oxide. It has been established that free radical attack on the heme group of hemoproteins

involves one- or two-electron steps and leads to the denaturation of globin structure. Oxy-

hemoglobin (HbO2) was oxidized to metHb via the oxidation of ferrous ion to ferric ion with

further conversion to hemichrome [52]. Hb and Mb redox reactions may stimulate various

pathophysiological processes in the living organism [50].

There is a group of enzymes, which are especially prone to oxidative damage initiated by

active oxygen and nitrogen species. These proteins contain metal complexes susceptible to free

radical attack. The inactivation or destruction of two such enzymes, aconitase containing

the [4Fe–4S] cluster and alcohol dehydrogenase containing the zinc dithiolate center by super-

oxide and peroxynitrite was considered in Chapter 21. Another enzyme susceptible to oxidative

damage is calcineurin. Calcineurin (protein phosphatase 2B) is the calmodulin-binding serine/

threonine protein phosphatase, which plays a critical role in the coupling of calcium signals to

cellular responses [53]. In 1996, Wang et al. [54] suggested that superoxide inactivated calci-

neurin reacting with its Fe2þ�Zn2þ catalytic center. These authors found that the activity of

calcineurin increased in the presence of SOD apparently due to the dismutation of superoxide.

Although it has been suggested that native calcineurin exists in a redox-insensitive Fe3þ�Zn2þ

form [55], recent studies confirmed that native calcineurin is a catalytically active Fe2þ�Zn2þ

protein [56,57]. It is interesting that nitric oxide suppressed the inhibitory effect of superoxide

[58]. Therefore, the formedperoxynitrite is apparently unable to inactivate the enzyme.Another

confirmation of free radical-mediated oxidative damage of calcineurin was obtained from the

study of the effects of antioxidants. Thus, it has been shown [56] that the inhibition of the

phosphatase activity of calcineurin by superoxide, hydrogen peroxide, or glutathione disulfide

was reversed in the presence of ascorbate, a-lipoic acid, N-acetylcysteine, and glutathione.

Agbas et al. [59] showed that superoxide modified and inactivated neuronal receptor-like

protein complex having glutamate/N-methyl-D-aspartate receptor characteristics. It was

found that superoxide produced by the xanthine–xanthine oxidase system strongly inhibited

L-[3H]glutamate binding, because superoxide is a more active inhibitor than hydrogen per-

oxide. The authors proposed that superoxide modified protein cysteine residues. Membrane-

bound anion exchange protein 2 (AE2) was found to be able to transport superoxide to the

extracellular matrix in addition to its major function to mediate chloride–bicarbonate

exchange [60]. These authors have shown that active oxygen species stimulated the protein

and AE2 mRNA expression.

27.3 COMPETITION BETWEEN PROTEIN AND LIPID OXIDATION

Free radical attack on cells can be directed on many biological molecules including lipids,

proteins, and nucleic acids. Several studies suggested that proteins could be the most vulner-
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able targets. Caraceni et al. [61,62] concluded that during postanoxic reoxygenation protein

oxidation apparently occurs before lipid peroxidation or nucleic acid oxidation in rat hepa-

tocytes. It was also found [61] that after anoxia hepatocytes produced reactive oxygen species,

and that reoxygenation injury was correlated with the production of oxygen species but not

lipid peroxidation. In subsequent work these authors showed [62] that metal ion-catalyzed

protein oxidation is an important factor in postanoxic reoxygenation-induced injury of

hepatocytes while cellular DNA and RNA free radical-mediated damage is unimportant

during the early stages of reoxygenation. Oxidative modification of proteins characterized

by an increase in carbonyl groups was supposed to be an early event following exposure of

endothelial cells to hydrogen peroxide [63]. Gieseg et al. [64] demonstrated that peroxyl

radicals initiated protein oxidation in cells when no lipid peroxidation was still detected. It

has been also suggested that proteins are among the primary and critical targets in free

radical-mediated cytolysis [65].

In contrast to numerous literature data, which indicate that protein oxidation, as a rule,

precedes lipid peroxidation, Parinandi et al. [66] found that the modification of proteins in rat

myocardial membranes exposed to prooxidants (ferrous ion/ascorbate, cupric ion/tert-butyl-

hydroperoxide, linoleic acid hydroperoxide, and soybean lipoxygenase) accompanied lipid

peroxidation initiated by these prooxidant systems.

27.4 INHIBITION OF PROTEIN OXIDATION BY ANTIOXIDANTS
AND FREE RADICAL SCAVENGERS

Similar to lipids, proteins can be protected from oxidation by antioxidants and free radical

scavengers. For example, the formation of protein carbonyls in rat liver microsomes was

inhibited by glutathione [67]. Vitamin E inhibited protein oxidation in rat skeletal muscle [68].

Forsmark-Andree et al. [69] found that Fe3þADP and ascorbate initiated both protein

carbonylation and lipid peroxidation in beef heart submitochondrial particles, which was

inhibited by endogenous ubiquinone but not vitamin E. Jain and Palmer [70] found that

vitamin E inhibited the glycation of hemoglobin in erythrocytes supposedly by indirect way,

namely through the suppression of the formation of lipid peroxidation products. Similarly,

Onorato et al. [71] proposed that pyridoxamine, an inhibitor of advanced glycation reactions

inhibited protein modification by reacting with active oxygen species formed during lipid

peroxidation. Teng et al. [72] showed that proteins in heart homogenates were much more

resistant to peroxynitrite-mediated nitration than proteins in brain homogenates. These

authors concluded that the resistance of heart proteins to oxidation depended on the presence

in heart homogenates of urate, which provided a significant antioxidant defense against

peroxynitrite- and nitric oxide-mediated oxidation.

The effects of antioxidants on protein oxidation were also studied in animal experiments.

Barja et al. [73] demonstrated that feeding guinea pigs with vitamin C decreased endogenous

protein oxidative damage in the liver. Administration of the mixture of antioxidants contain-

ing Trolox C, ascorbic palmitate, acetylcysteine, b-carotene, ubiquinones 9 and 10, and

(þ)-catechin in addition to vitamin E and selenium to rats inhibited heme protein oxidation

of kidney homogenates more efficiently than vitamin Eþ selenium [74].

27.5 REPAIRING AND PROTEOLYSIS OF OXIDIZED PROTEINS

In contrast to nucleic acids, which can be repaired after oxidative damage by excision and

insertion mechanisms (see Chapter 28), the repair of oxidized proteins does not occur except

the oxidized sulfur-containing amino acid residues [22]. Instead, oxidized proteins are
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degraded to amino acids by various endogenous proteases. It has been already shown that

protein methionine residues (Met) are easily converted to methionine sulfoxide derivatives

(MetO) (Reaction (6)). It is important that Reaction (6) can be reversed by the thioredoxin-

dependent peptide methionine sulfoxide reductase (msrA) widely distributed in animal tissues

and bacteria. It has been suggested [22] that an antioxidant cycle exists, which is able to repair

oxidized methionine residues in proteins:

mrsA

MsrA MeO þ thioredoxin(SH)2 ¼) Metþ thioredoxin(S-S)þH2O

thioredoxin reductase (8)

thioredoxin(S-S) þ NADPHþHþ ¼) thioredoxin(SH)2 þNADP
þ

(9)

Another interesting mechanism of the repair of amino acid residues of LDL apolipoprotein

B100 by flavonoids has been recently described [75]. The authors of this work suggested that

LDL-bound quercetin (but not rutin) repaired the tyrosine free radical by intramolecular

electron transfer.

Oxidation and free radical-induced degradation and modification of proteins may be a

cause of proteolysis [4,76,77]. Of special importance was a finding that free radical modifica-

tion of proteins (BSA) led to an increase in their susceptibility to enzymatic proteolysis [78]. It

was proposed that this phenomenon might be of biological significance as a pathway for

removing damaging proteins. In series of publications, Davies and his coworkers [6,7,79,80]

thoroughly studied the relationship between protein oxidation and proteolysis. It was found

[6] that many hydroxyl radical-modified proteins are proteolytically degraded up to 50 times

faster than untreated proteins. Oxidation accelerated proteolysis of erythrocytes [79] and

denatured proteins [7]. While various proteolytic enzymes are apparently involved in the

degradation of oxidatively damaged proteins in bacteria, the multicatalytic proteinase com-

plex proteasome is responsible for the proteolysis of oxidized proteins in rat liver cells and

rabbit, human, and bovine erythrocytes and reticulocytes [80].

Cervera and Levine [81] studied the mechanism of oxidative modification of glutamine

synthetase from Escherichia coli. It was found that active oxygen species initially caused

inactivation of the enzyme and generated a more hydrophilic protein, which still was not a

substrate for the protease. Continuous action of oxygen species resulted in the formation of

oxidized protein subjected to the proteolytic attack of protease.
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28 DNA Oxidative Damage

The amount of work dedicated to the study of DNA oxidative damage is large enough to

successfully compete with the studies on lipid peroxidation (Chapters 25 and 26). DNA

molecule is an easy target for the attack of many oxidants including free radicals, transition

metal ions, and active oxygen and nitrogen species. On the other hand, specific effective

repairing mechanisms protect nucleic acids from oxidative damage. This chapter is dedicated

to the consideration of mechanisms of free radical damage and repairing DNA.

28.1 HYDROXYL RADICAL-MEDIATED DNA DAMAGE

28.1.1 MECHANISM OF REACTIONS OF HYDROXYL RADICALS WITH DNA

The reactions of hydroxyl radicals with DNA have been thoroughly studied in connection

with the damaging effects of ionizing radiation on DNA. (The problem of the formation of

hydroxyl radicals in biological systems has been discussed in Chapter 21.) Although it is

doubtful that free hydroxyl radicals may be formed in cells and tissue without external

irradiation, the results of radiobiological studies can be compared with the effects on DNA

of the reactive oxygen species (ferryl and perferryl ions or hydroxyl radicals formed by site-

specific mechanism) generated by the Fenton reaction and the other oxygen radical-produced

systems. An important peculiarity of the free radical-mediated damage to a DNA molecule is

the multiple ways of free radical attack. The most common directions are base modifications

[1–3]. (Some of the base modifications are shown in Figure 28.1). Another important direc-

tion of DNA damage under oxidative stress is strand cleavage. Hydroxyl radicals easily

abstract a hydrogen atom from the DNA deoxyribose sugar moiety, resulting in the forma-

tion of single DNA strands (SSBs) [4]. SSBs are not necessarily lethal and can be enzymati-

cally repaired because DNA is held together by the other strand. Cell death originates from

double-stranded breaks (DSBs), which occur near to each other on both strands. DSBs may

be the result of a multiple hydroxyl radical attack [5].

There is a competition between the addition of hydroxyl radicals to DNA bases and

hydrogen atom abstraction from DNA sugars. It has been found that addition to the double

bonds of single-stranded polyribonucleotide is much more preferable to H-abstraction reac-

tion [6]. However, hydrogen atom abstraction becomes more favorable for double-stranded

nucleic acids [7]. Although hydrogen atom abstraction can occur from all the sugar carbon

atoms, the abstraction from C-4’ is probably the most important (Reaction (1), Figure 28.2)

[4]. As seen from this figure, one of the possible ways of DNA disruption under aerobic

condition is the formation of DNA-3’-phosphoglycolate (I), propenal base (II), and DNA-5’-
phosphate (III).
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28.1.2 REACTIONS OF HYDROXYL AND HYDROXYL-LIKE RADICALS PRODUCED BY THE FENTON

REACTION WITH NUCLEIC ACIDS

Transition metal-catalyzed decomposition of hydrogen peroxide (the Fenton reaction) has

been frequently used for studying hydroxyl-mediated DNA damage. As discussed earlier

(Chapter 21), this system is not specific for the production only free hydroxyl radicals but

also ‘‘hydroxyl-like’’ ferryl and perferryl complexes. Correspondingly, DNA free radical

damage in this system may depend on all such active oxygen species. Therefore, although

the effects of radiolytically produced hydroxyl radicals and those produced by the Fenton

reaction are quite similar, there might be some differences, for example, due to the direct

participation of iron ions in product formation [8].

In 1981, Floyd [9] demonstrated that ferrous ions form Fe2þ–DNA complexes, which are

genuine catalysts of hydroxyl radical generation in the presence of hydrogen peroxide.

Hydroxyl radicals measured as DMPO–OH complexes attack DNA to form aldehydes. In

subsequent studies Park and Floyd [10,11] showed that hydroxyl radicals generated by the

thiol/Fe3þ/dioxygen system induce DNA strand breaks and the formation of 8-hydroxy-2’-
deoxyguanosine (8-OHdG). Ascorbate/iron mixture (the Udenfriend system), which produces

hydroxyl radicals via the Fenton reaction, is also able to damage PBR322 plasmid DNA [12].

Aruoma et al. [13] suggested that damage to the DNA bases by the ferric ion chelate/hydrogen

peroxide system was mediated by hydroxyl radicals, although the mechanism of their forma-

tion in this system is uncertain. Nunoshiba et al. [14] recently demonstrated the hydroxyl

radical-mediated DNA damage under in vivo conditions. The augmentation of hydroxyl

radical production and an increase in oxidative DNA lesions such as 7,8-dihydro-8-oxogua-

nine and 1,2-dihydro-2-oxoadenine have been detected in aerobically grown Escherichia coli

cells lacking in both SOD and the repressor of iron uptake (Fur). It was concluded that the

enhancement of iron and superoxide in this E. coli strain caused an increase in the ferrous ion

level and hydroxyl radical formation via the Fenton reaction.

The data presented above are based on the assumption that hydroxyl-mediated DNA

damage must depend on iron ion and hydrogen peroxide contents. Itoh et al. [15] showed that
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ferrous or ferric ions markedly enhanced the free radical damage of mitochondrial mtDNA in

rat hepatoma cells. The substitution of zinc finger by iron caused DNA damage under in vitro

and in vivo conditions [16]. Iron-catalyzed DNA oxidation increased with the augmentation

of hydrogen peroxide level in liposomal system [17]. Important results concerning the in vivo

effects of iron on mitochondria DNA have been recently demonstrated by Ames and his

coworkers [18]. These authors have found that both iron deficiency and iron excess damaged

mtDNA in rats. While the effect of iron overloading is well understandable, the interpretation

of damaging effect of iron deficiency is not so simple. It has been suggested that this effect

may depend on various factors such as uncoupling mitochondria, gastrointestinal upregula-

tion of iron absorption, hepatic copper accumulation, loss of activity of iron-containing

repair enzymes, and the changes in the cellular iron homeostasis system.

Despite long-standing hypothesis that ferrous ions, the catalysts in the Fenton reaction,

are formed by the reduction of ferric ions with superoxide, there are still reservations in the

efficiency of this reaction. It has been proposed that superoxide is able to release ferrous ions

from storage proteins or enzymatic [4Fe–4S] clusters [19] (see Chapter 21). An increase in free

iron released by superoxide from [4Fe–4S] clusters of damaged dehydrogenases greatly

enhanced hydrogen peroxide-induced DNA damage.

One of the most surprising facts concerning DNA damage by hydroxyl radicals produced

via the Fenton reaction is that DNA disruption catalyzed with the iron ion/hydrogen peroxide

system is about 50 times slower than with copper ion/hydrogen peroxide [20]. This is really

surprising because in any other oxidative systems the use of copper ions as the catalysts of the

Fenton reaction gives very poor results. In 1981, Samuni et al. [21] proposed ‘‘a site-specific’’

mechanism for the copper-catalyzed Fenton reaction, in which the catalytically active

copper compound is a cuprous–biomolecule complex. The formation of tertnary complex

of CuL2
þ with DNA is of importance for the Cu-catalyzed Fenton reaction because unbound

CuL2
þ may catalyze superoxide dismutation more efficiently than hydrogen peroxide decom-

position and the formation of hydroxyl radicals [22]. Typical hydroxyl radical scavengers tert-

butanol or formate do not affect Cu-catalyzed DNA degradation that supports the site-

specific mechanism of the process [20].

Gutteridge and Halliwell [23] have shown that copper–phenanthroline complex catalyzed

DNA disruption in the presence of reductants such as NADH, 2-mercapoethanol, or super-

oxide produced by xanthine oxidase. In accord with site-specific mechanism hydroxyl radical

scavengers did not suppress DNA disruption. Site-specific mechanism has been proposed

for the copperþ hydrogen peroxide DNA oxidative damage at polyguanosines [24]. Aruoma

et al. [25] demonstrated that major products of damage to the DNA bases induced by

copper ionþ hydrogen peroxide were cytosine glycol, thymine glycol, 8-hydroxyadenine,

and 8-hydroxyguanine. Parsons and Morrison [26] found that the copper/Dopa/ascorbate

system induced DNA breaks in human melanoma cells.

28.2 SUPEROXIDE-DEPENDENT DNA DAMAGE

Numerous studies suggest an important role of superoxide in the oxidation of DNA. Because

it has long been shown that superoxide itself is virtually unreactive with DNA [27], it is a

common knowledge that its role is to reduce ferric ions to ferrous ions, which are genuine

catalysts of the Fenton reaction. Therefore, it is usually accepted that the superoxide initi-

ation of DNA damage includes, as an obligatory step, the formation of hydroxyl or hydroxyl-

like radicals. On the other hand, Dix et al. [28] suggested that the perhydroxyl radical can

abstract 5’-hydrogen atom from the deoxyribose ring, and that the 5’-hydrogen abstraction

mechanism may be specific one for the reaction of HOO
.
. However, owing to a low concen-

tration of perhydroxyl radicals at physiological pH, the significance of their reactions in
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biological systems remains uncertain. Cunningham et al. [29] demonstrated that the incuba-

tion of rodent and human cells with KO2 (which dissociates to O2
.� and Kþ in aqueous

solution) resulted in the single-strand DNA breaks in these cells, but authors do not exclude

the formation of hydroxyl radicals.

28.3 DNA DAMAGE BY ENZYMATIC SUPEROXIDE PRODUCTION

Xanthine oxidase, a widely used source of superoxide, has been frequently applied for the

study of the effects of superoxide on DNA oxidation. Rozenberg-Arska et al. [30] have shown

that xanthine oxidase plus excess iron induced chromosomal and plasmid DNA injury, which

was supposedly mediated by hydroxyl radicals. Ito et al. [31] compared the inactivation of

Bacillus subtilis transforming DNA by potassium superoxide and the xanthine–xanthine

oxidase system. It was found that xanthine oxidase but not KO2 was a source of free radical

mediated DNA inactivation apparently due to the conversion of superoxide to hydroxyl

radicals in the presence of iron ions. Deno and Fridovich [32] also supposed that the single

strand scission formation after exposure of DNA plasmid to xanthine oxidase was mediated

by hydroxyl radical formation. Oxygen radicals produced by xanthine oxidase induced DNA

strand breakage in promotable and nonpromotable JB6 mouse epidermal cells [33].

Grishko et al. [34] studied mitochondrial DNA damage in pulmonary vascular endothelial

cells induced by external superoxide producer xanthine oxidase and intercellular producer

menadione. These authors found that both xanthine oxidase- and menadione-generated

oxygen radicals caused severe damage to the mitochondrial genome in lung endothelial cells

with no significant effects on nuclear DNA. These results confirm previous data [35,36] on a

greater sensitivity of mtDNA to oxidative stress compared with nuclear DNA due to the lack

of protective histone proteins.

28.3.1 PHAGOCYTE-STIMULATED DNA DAMAGE

As phagocytes are effective producers of superoxide, one can expect that the stimulation of

oxygen radical production by phagocytosing cells may result in DNA oxidation. This pro-

posal was supported by numerous experimental data. One of the first studies discussing the

role of superoxide in the induction of DNA strand scission was published by Lesko et al. [37]

in 1980. Birnboim and his coworkers [38–40] demonstrated that PMA-stimulated human

leukocytes induced DNA strand breakage. It has been suggested that superoxide- and

hydrogen peroxide-induced DNA damage could be distinguished by the use of catalase and

SOD [40]. Furthermore, it was found that the PMA-stimulated strand breaks caused by

superoxide are not readily repaired in contrast to those induced by radiolytically formed

hydroxyl radicals. Floyd et al. [41] has also showed that the stimulation of human granulo-

cytes with tetradeconylphorbol acetate (TPA) resulted in the formation of high levels of

8-OHdG in the DNA of the treated cells.

Jackson et al. [42] studied the base damage in calf thymus DNA induced by PMA-

stimulated neutrophils in the presence or absence of exogenous iron ions. Several oxidation

products such as cytosine glycol, thymine glycol, 4,6-diamino-5-formamidopyrimidine,

8-hydroxyadenine, 2,6-diamino-4-hydroxy-5-formamidopyridine, and 8-hydroxyguanine

were identified. It has been proposed that DNA damage was mediated by hydroxyl radicals

because the yield of base modifications increased with increasing added iron ions and

diminished in the presence of iron chelators. Moreover, the chemical structures of base

modifications were the same as those formed by radiolytically generated hydroxyl radicals.

Lewis et al. [43] concluded that oxidative DNA damage induced by activated macrophages

depended not only on hydrogen peroxide but also on lipoxygenase products of arachidonic
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acid metabolism. Oxygen radicals released by human neutrophil-like dimethylsulfoxide-

differentiated HL60 cells induced DNA damage characterized by the formation of

8-OHdG, which was supposedly mediated by hydroxyl radicals [44]. It is interesting that

lipophilic chelator 1,10-phenantroline either inhibited or stimulated DNA strand breaks in

human granulocytes [45]. It has been proposed that the effect of 1,10-phenantroline depended

on the formation of its DNA-damaging copper complex or inhibiting iron complex.

Thus, all the above studies suggest the transformation of superoxide produced by phago-

cytes into hydroxyl radicals via an iron-dependent mechanism during oxygen radical medi-

ated DNA damage. However, it has been recently proposed that the conversion of superoxide

into hydroxyl radicals may occur without iron ions. Thus Shen and Hazen [46] found that

exposure of DNA to stimulated neutrophils or eosinophils in the presence of iron chelators

resulted in the formation of 8-OHdG, which was inhibited by peroxidase inhibitors, hypo-

chlorite scavengers, catalase, and SOD. It has been suggested that the peroxidase/hydrogen

peroxide/chloride system of leukocytes is responsible for hydroxyl radical-mediated DNA

damage.

Another mechanism of myeloperoxidase-initiated DNA damage by neutrophils has been

proposed by Henderson et al. [47]. These authors showed that the myeloperoxidase/hydrogen

peroxide/chloride system catalyzed the chlorination of 2’-deoxycytidine into 5-chloro-2’-
deoxycytidine. As HOCl is unable to react with 2’-deoxycytidine in the absence of Cl�, it

was concluded that in this case a genuine active intermediate was molecular chlorine formed

by Reactions (2) and (3):

Cl� þH2O2 þHþ ¼) HOClþH2O (2)

HOClþHþ þ Cl�() Cl2 þH2O (3)

Furthermore, it was found that stimulated human neutrophils are able to produce 5-chloro-

2’-deoxycytidine and that the myeloperoxidase system generates just the same levels of

5-chlorocytosine in DNA and RNA in vitro (Reaction (4), Figure 28.3). It is possible that

myeloperoxidase-generated chlorinated products may modify nuclear acids of pathogens and

nuclear acids in host cells during inflammation. Hawkins et al. [48] suggested that DNA

oxidation may be initiated by protein chloramines formed in the reaction of HOCl with

histones in the nucleosome.

An interesting example of DNA damage by superoxide and hydrogen peroxide produced

by microbes has been recently described by Huycke et al. [49]. These authors have showed

that reactive oxygen species produced by Enterococcus faecalis, a microorganism of the

human intestinal tract, oxidized DNA in Chinese hamster ovary and intestinal epithelial cells.

(4)
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FIGURE 28.3 Myeloperoxidase-catalyzed chlorination of DNA and RNA (Reaction 4).

Denisov / Oxidation and Antioxidants in Organic Chemistry and Biology DK1162_c028 Final Proof page 824 4.2.2005 11:00am

© 2005 by Taylor & Francis Group.



28.4 REACTIVE OXYGEN SPECIES AS MEDIATORS OF DRUG- AND
XENOBIOTIC-INDUCED DNA DAMAGE

Many organic and inorganic compounds, fibers, and particles are capable of damaging

nucleic acids by generating reactive oxygen species via the reduction of dioxygen. These

stimuli include different classes of organic compounds, classic prooxidants (anticancer anti-

biotics, various quinones, asbestos fibers, and so on), and even antioxidants, which can be

oxidized in the presence of transition metal ions.

28.4.1 EFFECTS OF PROOXIDANTS

Anticancer antibiotic anthracyclines are efficient prooxidants capable of initiating many

oxidative processes such as overproduction of superoxide, lipid peroxidation, and free

radical-mediated DNA damage. It is believed that the prooxidant activity of anthracyclines

and particularly the most important antibiotic doxorubicin (Adriamycin) is a cause of their

adverse side effects, first of all cardiotoxicity. Although it is known that doxorubicin inter-

calates easily to DNA inhibiting both RNA transcription and DNA replication [50], a major

damaging effect on DNA induced by anthracyclines is mediated by free radicals [51,52]. The

reduction of doxorubucin to semiquinone by NADPH cytochrome P-450 reductase stimu-

lated DNA damage, which was supposedly mediated by the formation of oxygen radicals [53].

Similar mechanism of oxygen radical-mediated DNA damage has been proposed by Rowley

and Halliwell [54]. As the formation of hydroxyl radicals had to occur in the presence of iron

ions, subsequent works on anthracycline-stimulated DNA damage were centered on the

effects of iron–anthracycline complexes. Muindi et al. [55] have shown that the Fe3þ–

doxorubicin complex and ternary DNA–Fe3þ–doxorubicin complexes acquired the ability

to cleave DNA. Similarly, Eliot et al. [56] demonstrated the oxidative destruction of DNA by

the 2:1 Fe3þ–doxorubicin complex.

Another anticancer antibiotic able to induce DNA damage is bleomycin. It has been

shown that superoxide enhanced DNA breakage by bleomycin [57]. Sausville et al. [58]

demonstrated the important role of ferrous ions and dioxygen in the degradation of DNA

by bleomycin. Iron chelators and Cu2þ, Zn2þ, and Co2þ ions inhibited DNA degradation by

bleomycinþFe2þ. It has been suggested that DNA degradation depended on the oxidation of

Fe2þ–bleomycin–DNA complex [59]. ‘‘Activated’’ bleomycin (bleomycinþFe2þ) induced the

oxygen-dependent DNA strand scission, resulting in the cleavage of the deoxyribose

C3’��C4’ bond and the production of propenals, 5’-phosphate, and 3’-phosphoglycolate [60].

Many other antibiotics and drugs are able to induce free radical-mediated DNA damage.

For example, the hydroxy derivative of anticancer drug VP-16 generated DNA nicking

supposedly by iron-dependent free radical mechanism [61]. Protein-containing anticancer

antibiotic neocarzinostatin induced DNA disruption probably via a hydrogen atom abstrac-

tion from the deoxyribose C-5’ [62]. The reaction, accompanied by superoxide formation,

however, did not participate in DNA damage. Shoji et al. [63] showed that tumor necrosis

factor-a (TNF-a) induced DNA damage in L929 cells in the presence of actinomycin D

supposedly due to the increased mitochondrial formation of oxygen radicals. Ye and Bodell

[64] have shown that microsomal activation of antiestrogen drug tamoxifen and its metabolite

4-hydroxytamoxifen resulted in DNA damage, demonstrated by an increase in 8-OHdG level,

which was inhibited by antioxidant enzymes and free radical scavengers. Free radical-

mediated DNA damage may be a cause of tamoxifen carcinogenic effect.

Many quinones (including anthracyclines considered above) are well-known prooxidants

that makes them potential DNA damaging agents. It has been shown that menadione

(2-methyl-1,4-naphthoquinone), a redox cycling quinone, induced single- and double-strand
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DNA breaks in human MCF-7 cells [65]. Damaging effect of menadione was probably

mediated by hydroxyl radicals as it was demonstrated by ESR spin-trapping method. The

analogs of menadione 2-methylmethoxynaphthoquinone and 2-chloromethylnaphtho-

quinone also stimulated DNA damage through the formation of superoxide and other free

radicals [66]. Similar effects have been shown for hydroquinone, catechol, benzoquinone, and

benzenetriol [67,68].

Polyunsaturated fatty acids such as linoleic and arachidonic acids induced specific geno-

toxic damage through DNA disruption [69]. DNA damage appears to depend on the degree

of fatty acid unsaturation because monounsaturated oleic acid was inactive. ESR spin-

trapping demonstrated superoxide formation in this process. 5-Aminolevulinic acid, a heme

precursor, produced oxidative DNA damage including strand breaks and 8-OHdG forma-

tion, which was mediated by superoxide and transition metals [70].

Lynn et al. [71] demonstrated the damaging effect of arsenite on DNA. It has been shown

that arsenite at low concentrations increased DNA oxidative damage in vascular smooth

muscle cells (VSMCs) that can be a cause of arsenite-induced atherosclerosis. Bruskov et al.

[72] found that heat induced the formation of 8-oxoguanine in DNA solution at pH 6.8,

which was supposedly mediated by oxygen radicals.

28.4.2 DAMAGING EFFECTS OF ANTIOXIDANTS

Inhibition of free radical-mediated DNA damage by antioxidants has been shown in many

studies (see below). However, many antioxidants and chelators, which can be oxidized by

dioxygen in the presence of transition metals or form reactive metal ion complexes, are also

able to stimulate DNA oxidation. Kanabus-Kaminka et al. [73] showed that cysteamine, a

radioprotector and free radical scavenger, N-acetylcysteine (NAC), and ascorbate may induce

DNA strand breaks under certain conditions by forming hydrogen peroxide during oxida-

tion. Similar conclusion was later drawn by Oikawa et al. [74], who demonstrated the NAC

induced metal-dependent hydrogen peroxide formation and, subsequently, the damage to

cellular and isolated DNA.

However, particularly effective prooxidants turn out to be the transition metal complexes

of flavonoids containing the easily oxidizable phenolic hydroxyl groups. One of the most

effective DNA-damaging flavonoids is quercetin, which induces strand scission in DNA in the

presence of cupric ions [75–77]. The mechanism of DNA destruction in the presence of

quercetin is still uncertain, although the reduction of cupric into cuprous ions inside the

Cu–quercetin or Cu–quercetin–DNA complexes with subsequent formation of oxygen rad-

icals seems to be the most probable mechanism. Other flavonoids such as kaempferol [78],

morin, and naringenin [79] are also able to induce nuclear DNA damage. In many cases,

antioxidant enzymes and hydroxyl radical scavengers did not influence or even enhance DNA

damage. It has been suggested that DNA damage was mediated by hydroxyl radicals via a

site-specific mechanism; another possibility is the formation of peroxyl radicals during the

oxidation of nuclear membrane lipids [80].

Glutathione may also initiate DNA damage. Thomas et al. [80] showed that glutathione-

stimulated DNA strand breakage was inhibited by SOD and catalase, while DNA damage in

human lymphocytes incubated with glutathione was not. This difference is not easily under-

standable. Giulivi and Cadenas [81] studied the damaging effect of mitochondrial glutathione

on mitochondrial DNA, based on the 8-HOdG formation. The mechanism of DNA oxida-

tion mediated by the reduction of Cu–DNA complexes by glutathione has been proposed.

The possible prooxidant effects of a major lipophilic antioxidant vitamin E (a-tocopherol)

have already been discussed in Chapter 25. Yamashita et al. [82] showed that a-tocopherol

induced extensive DNA damage including base modification and strand breakage in the
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presence of cupric ions. Catalase and bathocuproine inhibited DNA oxidation, and ESR

spin-trapping confirmed the formation of hydroxyl radicals. It has been suggested that DNA

damage was mediated by hydroxyl radicals through a site-specific mechanism.

Vitamin A (retinol) is not a classic antioxidant although it is frequently related to a group

of ‘‘antioxidant vitamins’’ E, C, and A. Murata and Kawanishi [83] found that retinol and its

derivative retinal induced the formation of 8-HOdG in HL-60 cells. This process was sup-

posedly mediated by hydroxyl radicals formed from hydrogen peroxide (the product of

superoxide dismutation) and endogenous transition metal ions.

DNA damage by iron chelators has been shown by Cragg et al. [84]. These authors

showed that various iron chelators affected the hydrogen peroxide-mediated DNA damage

in iron-loaded liver cells in different ways. Thus, desferrithiocin was protective and desferri-

oxamine had no effect, while 1,2-dimethyl-3-hydroxypyrid-4-one (L1) enhanced oxidative

DNA damage. It has been suggested that the oxidative effect of L1 depended on stoichio-

metry of Fe—L1 complexes.

28.4.3 DAMAGING EFFECTS OF MINERAL DUSTS AND FIBERS

The stimulation of oxidative processes by mineral dusts and fibers is well known. Their DNA

damaging effects may originate from direct interaction with nucleic acids or cells and from the

stimulation of oxygen radical release by phagocytes. For example, Livingston et al. [85]

showed that asbestos fibers induced sister chromatid exchanges in Chinese hamster ovarian

fibroblast cells. On the other hand, mineral dusts and fibers are able to stimulate oxygen

radical production by phagocytes [86]. Damaging effects of mineral dusts and fibers strongly

depend on absorbed iron ions. It has been shown that removing iron ions from the particle

surface sharply decreased luminol-amplified CL (characterized the formation of hydroxyl or

hydroxyl-like radicals, which are responsible for oxidative damage) and enhanced lucigenin-

amplified CL (characterized the formation of innocuous superoxide) by phagocytes [87].

Lund and Aust [88] showed that DNA SSBs induced by asbestos fibers are directly related

to asbestos iron content. Correspondingly, the iron chelator desferrioxamine completely

inhibited DNA damage. Crocidolite, one of the most carcinogenic asbestos fibers, induced

the formation of 8-OHdG in cellular DNA of PMA-differential human promyelocytic leuke-

mia cells HL60 [89]. Since 8-OHdG formation was not correlated with oxygen radical

generation, it was proposed that crocidolite might convert innocuous superoxides into

reactive hydroxyl radicals. Dong et al. [90] demonstrated that crocidolite and chrysotile

asbestos fibers damaged DNA in rat pleural mesothelial cells. Fung et al. [91] confirmed

the formation of 8-OHdG after the treatment of DNA from rat pleural mesothelial cells and

human mesothelial cell line with crocidolite asbestos.

28.5 DNA DAMAGE BY REACTIVE NITROGEN SPECIES

Prooxidant activity of nitric oxide, peroxynitrite, and other reactive nitrogen oxides has been

already discussed in previous the chapters (21, 25, and 27) in connection with their oxidative

effects on lipids, proteins, and other biomolecules. Similarly, reactive nitrogen species are

capable of inducing DNA oxidative damage. In 1993, Delaney et al. [92] suggested that the

levels of endogenous nitric oxide generated by interleukin-1b-induced NO synthase are

sufficiently high to cause DNA damage in rat islets of Langerhans and HIT-T15 cells. In

subsequent work [93] these authors showed that SOD did not inhibit DNA damage; there-

fore, it was concluded that superoxide and peroxynitrite did not participate in oxidation.

However, deRojas-Walker et al. [94] demonstrated that peroxynitrite formed from NO and

superoxide is responsible for the oxidative damage in macrophage DNA. Similarly, Salgo
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et al. [95] showed that peroxynitrite caused SSBs in pBR322 supercoiled DNA, although

hydroxyl radical scavengers did not inhibit DNA damage. In contrast, Inoue and Kawanishi

[96] demonstrated that hydroxyl radical scavengers inhibited 8-OHdG formation in DNA

oxidative damage by peroxynitrite. Epe et al. [97] concluded that DNA damage induced by

peroxynitrite is different from that caused by hydroxyl radicals or singlet dioxygen.

Peroxynitrite is apparently able to damage DNA by various ways. Thus, Treyakova et al.

[98] showed that the peroxynitrite treatment of pUC19 plasmid resulted in the formation of

single-strand breaks from the direct sugar damage as well as nucleobase modifications.

Carbon dioxide increased the damage of nucleobases and suppressed deoxyribose oxidation.

When synthetic oligonucleotides were used in the reaction with peroxynitrite, 8-nitroguanine

(8-nitro-G) was identified in the reaction mixture. In contrast to the reaction of peroxynitrite

with DNA, where 8-nitro-G is rapidly formed by the decomposition of 8-nitroguanosine, the

latter was identified in the reaction of peroxynitrite with cellular RNA [99]. Watanabe et al.

[100] showed that activated microphages increased the 8-OHdG level and DNA single-strands

in cocultured hepatocytes producing nitric oxide and peroxynitrite. Phoa and Epe [101]

demonstrated that compared to peroxynitrite, DNA damage by nitric oxide is relatively

small and that NO can even be protective against DNA single-strand break formation caused

by hydrogen peroxide. However, at the same time NO is able to inhibit selectively the repair

of oxidative DNA base modifications.

A very important consequence of DNA single-strand breakage is the activation of poly

(ADP–ribose) synthetase (PARS). PARS is a protein-modifying and nucleotide-polymerizing

enzyme, which causes the cleavage of NADþ into ADP–ribose and nicotinamide. Then,

PARS polymerizes ADP–ribose into poly(ADP) ribose. Peroxynitrite is a very potent trigger

of DNA strand breakage and an activator of PARS [102]. Szabo et al. [102] proposed that

DNA damage and PARS activation play a central role in peroxynitrite-mediated cell injury.

Peroxynitrite-induced PARS activation could be important in the development of hemor-

rhagic shock [103,104], in vitro fibroblast injury, and in vivo arthritis development [105].

Another possible DNA damaging nitrogen species is nitroxyl anion. As discussed in

Chapter 21, NO� is a very reactive species capable of reacting with many biomolecules,

although the probability of its formation in biological systems is still questionable. Ohshima

et al. [106] suggested that nitroxyl anion is responsible for DNA strand breakage and

deoxyribose oxidation during the decomposition of Angeli’s salt. The conversion of NO�

to NO by electron acceptors, ferricyanide and 4-HO-TEMPO, inhibited DNA damage by

Angeli’s salt, supporting the proposal that nitric oxide is not a mediator of this process [107].

28.6 REPAIR OF FREE RADICAL-MEDIATED DNA DAMAGE

There is an enzymatic mechanism of DNA damage repair, which is responsible for recogni-

tion, discharge, and replacement of damaging structures with normal ones. On the other

hand, carbon radicals formed on the DNA backbone can be repaired by the interaction with

antioxidants. Practically all traditional antioxidants and free radical scavengers have been

described to inhibit free radical-mediated DNA damage.

As in the oxidation of many other biomolecules, ascorbic acid causes both inhibitory and

stimulatory action on DNA oxidation by free radicals depending on its concentration, the

presence of iron, etc. For example, the protective effect of ascorbic acid on hydrogen peroxide-

stimulated DNA damage in human lymphocytes increased with its increasing concentration

[108].On the other hand, it was found that ascorbate significantly enhancedDNAdamage in rat

liver nuclei in the presence of iron ions in a concentration-dependent manner [109]. However, it

is possible that ascorbate is mainly protective in vivo. Thus, Fraga et al. [110] showed that

dietary ascorbic acid protects human sperm from endogenous oxidative DNA damage.

Denisov / Oxidation and Antioxidants in Organic Chemistry and Biology DK1162_c028 Final Proof page 828 4.2.2005 11:00am

© 2005 by Taylor & Francis Group.



Salgo and Pryor [111] studied the effect of Trolox C (a water-soluble analog of vitamin E)

on peroxynitrite-mediated DNA damage in rat thymocytes. They proposed that peroxynitrite

mediated the formation of TBAR products, which caused the DNA–protein crosslinks. The

latter were inhibited by the posttreatment of cells with Trolox. However, Trolox produced

no effects on hydrogen peroxide- or bleomycin-induced DNA damage in human lympho-

cytes [108].

Flavonoids and flavones seem to be the most widely studied inhibitors of free radical

DNA oxidation. In 1992, Korkina et al. [87] showed that flavonoid rutin was a more effective

inhibitor of chromatid breaks in cultured lymphocytes than ascorbic acid. Wei et al. [112]

studied the inhibition of 8-OHdG formation in calf thymus DNA by soybean isoflavone

genistein when exposed to UV irradiation or the hydroxyl radical-producing Fenton reaction.

Similarly, Yen and Lai [113] demonstrated the inhibition of peroxynitrite-induced DNA

degradation by isoflavones genistein and daidzein. It has been proposed that the inhibition

of DNA damage by genistein suggests its potential anticarcinogenic activity. Noroozi et al.

[114] studied the inhibitory effects of flavonoids on the hydrogen peroxide-initiated oxidative

DNA damage to human lymphocytes. The efficiency of flavonoids decreased in the range of

luteolin>myricetin> quercetin> kaempferol> quercitrin> apigenin> quercetin-3-glucoside

> rutin. Most of the flavonoids were more effective inhibitors than ascorbic acid.

As discussed above, flavonoids not only inhibit but also cause DNA oxidation. Ohshima

et al. [115] compared the antioxidant and prooxidant effects of flavonoids on DNA damage

induced by nitric oxide, peroxynitrite, and nitroxyl anion. Only flavonoids containing an

ortho-trihydroxyl group in the B ring (delphinidine, epigallocatechin gallate, and myricetin)

or in the A ring (for example, quercetagetin) were able to enhance single-strand breakage

induced by a NO-producing system. It has been suggested that the prooxidant effect of these

flavonoids was due to the formation of some reactive nitrogen species in their reaction with

nitric oxide, although the mechanism of such reactions is unknown. Later on, Johnson and

Loo [116] showed that epigallocatechin gallate and quercetin inhibited hydrogen peroxide-

and peroxynitrite-induced DNA damage at low concentrations but enhanced it at high

concentrations.

Abalea et al. [117] demonstrated a high efficiency of flavonoid myricetin at the inhibition

of iron-induced DNA damage in primary rat hepatocyte cultures. It was found that myricetin

not only efficiently suppressed the accumulation of DNA oxidation products but also

activated DNA repair pathways. Quercetin and myricetin but not rutin and kaempferol

suppressed hydrogen peroxide-mediated DNA strand breakage in human colonocyte

Caco-2 cells [118]. However, Aherne and O’Brien [119] showed that all three flavonoids

myricetin, quercetin, and rutin significantly protected Caco-2 and Hep G2 cells against

hydrogen peroxide-mediated DNA damage. In subsequent studies these authors have studied

the mechanism of protection by quercetin and rutin against tert-butylhydroperoxide- and

menadione-induced DNA damage in Caco-2 cells [120]. It was found that the iron chelator

desferrioxamine, quercetin, and rutin but not 2,6-di-tert-4-methylphenol (BHT) protected

against tert-BOOH-induced DNA single strand break formation. It has been shown earlier

[121] that the difference between the inhibitory effects on free radical-mediated processes

between flavonoids quercetin and rutin and the classic antioxidant BHT is due to the ability

of flavonoids to chelate iron ions. Thus, the effects of flavonoids and desferrioxamine indicate

iron-initiated free radical-mediated mechanism of tert-BOOH-induced DNA damage. In the

case of menadione BHT was capable of reducing DNA damage, suggesting the contribution

of peroxyl radicals in this process.

Antioxidant enzymes also protect against free radical-mediated DNA degradation. For

example, SOD and catalase as well as PARS inhibitors suppressed alloxan- and streptozotocin-

induced islet DNA strand breaks [122]. Uric acid inhibited single-strand DNA breaks induced
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by the xanthine oxidase–acetaldehyde–ferrous ions and hematin–hydroperoxide systems [123].

Tomasetti et al. [124] proposed that ubihydroquinone-10 and ubiquinone-10 may diminish

DNA damage in human lymphocytes. Hydroxytyrosol, a component of virgin olive oil, has

been shown to be highly protective against DNA damage by peroxynitrite [125].

Metallothioneins (MTs), low molecular weight proteins, have been shown to exhibit

antioxidant properties in various free radical-mediated processes. Thus, it has long ago

been shown that metallothionein inhibited DNA radiation damage [126] and hydroxyl

radical-mediated DNA degradation [127]. In contrast, Muller et al. [128] demonstrated the

ability of Cd/Zn-MD to stimulate DNA strand breaks. Cai et al. [129] studied the effects of

Zn-MD on DNA damage induced by copper and iron ions in the presence of hydrogen

peroxide and ascorbate. These authors found that Zn-MD inhibited cupric ion-stimulated

DNA double-strand breaks but was ineffective in protecting DNA from iron-induced dam-

age. It has been suggested that the protective effect of Zn-MD on DNA degradation may be

explained by the sequestering of copper to prevent copper-catalyzed formation of oxygen

radicals and by free radical scavenging. MT inhibited plasmid DNA damage by peroxynitrite

[130]. Another zinc-containing protein, a sensitive to apoptosis gene (SAG) protein, a metal

chelator, and a reactive oxygen species scavenger, markedly protected single strand breaks

in supercoiled plasmid DNA and 8-OHdG formation in calf thymus DNA induced by

peroxynitrite [131].
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29 Antioxidants

There are three major types of compounds, which can directly suppress free radical forma-

tion: antioxidants, free radical scavengers, and chelators. (Antioxidants and free radical

scavengers are usually considered to be synonyms, although not always. For example, ethanol

is a hydroxyl radical scavenger but was never regarded as an antioxidant. Antioxidant is the

oldest term, which at the beginning had been applied for the description of inhibitors of

oxidative processes, which are able to react with peroxyl radicals. Now, this term is frequently

applied to all free radical inhibitors.) In addition to direct antioxidants, there are two other

important groups of free radical inhibitors: antioxidant enzymes (Chapter 25) and the

compounds possessing indirect antioxidative properties. Compounds having indirect antiox-

idative properties may affect the formation of free radicals by an indirect way, for example by

inhibiting the activity of prooxidant enzymes.

Direct free radical inhibitors suppress free radical formation by reacting with free radicals

to form new inactive radicals (Reactions (1) and (2)) or chelating catalytically active transition

metals to form inactive complexes:

HO
. þAntH ¼) H2OþAnt

.
(1)

ROO
. þAntH ¼) ROOHþAnt

.
(2)

Recently, Kirsch and De Groot [1] pointed out at another possible mode of antioxidant

activity, namely, ‘‘repairing’’ of biomolecules by the interaction of the forming free radicals

with antioxidants (Reactions (3) and (4)).

ROO
.
or HO

. þRH ¼) ROOH or H2OþR
.

(3)

R
. þAntH ¼) RHþAnt

.
(4)

These authors supposed that the ‘‘repairing’’ function of antioxidants may be even more

important compared to scavenging reactive free radicals. However, although Reactions (3)

and (4) may occur in biological systems, it is very difficult to estimate their importance. First

of all, there is always a competition between the ‘‘repairing’’ Reaction (4) and the reaction of

the biomolecule free radical R
.
with dioxygen (Reaction (5)):

R
. þO2 ¼) ROO

.
(5)

ROO
. þAntH ¼) ROOHþAnt

.
(2)

As the rate constant of Reaction (5) is many orders of magnitude higher than that of Reaction

(4), the probability of ‘‘repairing’’ function seems to be very small.

The best known and undoubtedly most important natural antioxidants are a-tocopherol

(vitamin E) and ascorbic acid (vitamin C), which are major biological antioxidants in lipid
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and aqueous phases, respectively. There is a tremendous amount of publications and reviews

(for example, Refs. [2–9]) dedicated to chemical and biological properties of these vitamins;

the most important studies are considered below.

29.1 VITAMIN E

29.1.1 ANTIOXIDANT AND PROOXIDANT ACTIVITY OF VITAMIN E

a-Tocopherol is a lipid-soluble phenolic derivative (Figure 29.1), having a very active hy-

droxyl group, which is responsible for a great antioxidant capacity of this vitamin. Indeed, it

has been shown that the rate constants for the reactions of a-tocopherol with HOO
.
and

ROO
.
radicals (Reactions (6) and (7)) are sufficiently high (about 2� 105 l mol�1 s�1) [10].

HOO
. þ a-TocH ¼) HOOHþ a-Toc

.
(6)

ROO
. þ a-TocH ¼) ROOHþ a-Toc

.
(7)

O2
.� þ a-TocH ¼) HOO� þ a-Toc

.
(8)

O2
.� þ a-TocH ¼) HOO

. þ a-Toc� (9)

In contrast, a-tocopherol is not a scavenger of superoxide. Earlier, it has been suggested that

superoxide is able to abstract a hydrogen atom from a-tocopherol with a rate constant of

about 103 to 104 l mol�1 s�1 (Reaction (8); the incorrectness of these data is discussed in Ref.

[2] ). Actually, superoxide is unable to abstract a hydrogen atom even from very active organic

compounds [2], and can only deprotonize a-tocopherol with rate constants of 6 l mol�1 s�1 in

85% ethanol [10] and 0.6 l mol�1 s�1 in acetonitrile [11].

α-Tocopherol

H

3

HO

MeMe

Me

Me

OH

OH

Me
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O

Me
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Me

Me
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H
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O
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FIGURE 29.1 Members of vitamin E ‘‘family.’’
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It is surprising, but the in vivo free radical scavenging activity of a-tocopherol has been

questioned. (These disagreements are thoroughly discussed in earlier studies by McCay and

coworkers [12,13].) Nonetheless, convincing chemical and biochemical findings for free

radical scavenging activity of a-tocopherol were later obtained [14–16]. For example, it was

shown that a-tocopheroxyl radical identified by its ESR spectrum was formed during auto-

oxidation of lipids [15] and in the iron-initiated peroxidation of phosphatidylcholine lipo-

somes [16]. Burton et al. [17] stated that vitamin E is the only lipid-soluble antioxidant in

human blood plasma and erythrocytes.

Similar to many other antioxidants, a-tocopherol may manifest prooxidant effects under

certain conditions. In 1986 Terao and Matsushita [18] have shown that a-tocopherol en-

hanced autoxidation of linoleic acid. Stocker and coworkers [7] studied in detail the proox-

idant effect of a-tocopherol on LDL oxidation. It was suggested that a-tocopheroxyl radical

is able to abstract a hydrogen atom from unsaturated fatty acids and initiate lipid peroxida-

tion. Stimulatory effect of a-tocopherol was inhibited by many antioxidants and free radical

scavengers [19]. Recently, it has been found that a-tocopherol enhanced in vivo lipid perox-

idation in cigarette smokers consuming a high polyunsaturated fat diet [20]. Similar to a-

tocopherol, both antioxidant and prooxidant activities have been found for its model com-

pound Trolox C (Figure 29.2) [21]. This water-soluble analog of vitamin E stimulated or

inhibited copper-initiated LDL oxidation depending on the time of Trolox addition, but its

effect was always antioxidative when oxidation was initiated by peroxyl radicals.

The mechanism of prooxidant effect of a-tocopherol in aqueous lipid dispersions such as

LDLs has been studied [22]. This so-called tocopherol-mediated peroxidation is considered in

detail in Chapter 25, however, in this chapter we should like to return once more to the

question of possible prooxidant activity of vitamin E. The antioxidant effect of a-tocopherol

on lipid peroxidation including LDL oxidation is well established in both in vitro and in vivo

systems (see, for example, Refs. [3,4] and many other references throughout this book).

However, Ingold et al. [22] suggested that despite its undoubted high antioxidant efficiency

in homogenous solution a-tocopherol can become a chain transfer agent in aqueous LDL

Tocol

H

3

HO
Me

Me

O

Trolox

HO

Me

Me

Me

Me
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suspensions. This proposal was based on experimental findings that LDL oxidation proceeds

more effectively in the presence of a-tocopherol than in its absence. In contrast, available

kinetic and thermodynamic data indicate that the abstraction reactions of a-tocopheroxyl

radical are very slow.

a-Toc
. þ LH ¼) a-TocHþ L

.
(10)

(Here, LH is a lipid-containing bisallylic methylene groups.)

The rate constant for the reaction of a-tocopheroxyl radical with unsaturated fatty acids is

very small (k10¼ 0.02–0.08 l mol�1 s�1 [23,24]. The dissociation energy of the a-Toc–H bond

is also relatively low (76 kcal mol�1 [25]). In contrast, the rate constants for the reactions of

free radicals with a-tocopherol are about 106 to 107 times higher (for example, k7 is about

2� 105 l mol�1 s�1 [10]). Therefore, the antioxidant activity of a-tocopherol must prevail on

its activity as a chain transfer agent. However, Ingold et al. [22] pointed out that a mean

lifetime of tocopheroxyl radical in the LDL particle could be as high as 12.5 s, and due to this

Reaction (10) might be significant.

Although vitamin E and a-tocopherol are frequently considered to be synonyms, vitamin

E is actually a name corresponding to a group of natural phenolic compounds comprising

four tocopherols (a, b, d, g, distinguished by a number of methyl substituents) and four

tocotrienols. In addition, it has been assumed that the by-products of a-tocopherol oxidation

a-tocopherolquinone and a-tocopherolhydroquinone (Figure 29.1) can also be the very

effective inhibitors of lipid peroxidation [26]. Shi et al. compared the antioxidant activities

of a-tocopherol, a-tocopherolhydroquinone, and ubihydroquinone Q10 in several model

systems [27]. It is interesting that although the relative reactivities of a-tocopherolhydroqui-

none and ubihydroquinone Q10 toward galvinoxyl (a stable phenoxyl radical) and peroxyl

radicals were much greater than that of a-tocopherol, the latter was the most efficient

antioxidant in the oxidation of methyl linoleate. Both a-tocopherolhydroquinone and ubihy-

droquinone Q10 reduced a-tocopheroxyl radical into a-tocopherol. Neuzil et al. [28] found

that a-tocopherolhydroquinone effectively inhibited LDL oxidation. This compound associ-

ated with LDL, reduced the LDL’s ubiquinone to ubihydroquinone, and suppressed the

formation of a-tocopheroxyl radical. Appenroth et al. [29] showed that the metabolite of

g-tocopherol LLU-a [2,7,7-trimethyl-2-(carboxyethyl)-6-hydroxychroman] is a more effective

inhibitor of iron-stimulated lipid peroxidation and luminol- or lucigenin-amplified CL than

a- and g-tocopherols. These authors also showed that LLU-a was protective against

T1-stimulated nephrotoxicity at least partly due to its antioxidant activity.

It should be noted that pharmacological vitamin E is not a free natural RRR-a-tocopherol

or synthetic All rac a-tocopherol but its acetate ester. a-Tocopheryl acetate has the phenolic

hydroxyl group blocked and therefore, is not a genuine antioxidant, but this compound is

very rapidly hydrolyzed in vivo into a-tocopherol. It is interesting that the biological activity

of a-tocopheryl acetate is the same as that of a-tocopherol in humans but significantly lower

in rats [30]. (‘‘A man is not a rat!’’ Professor KU Ingold.)

29.1.2 BIOLOGICAL ACTIVITY

As already mentioned, a great deal of work has been dedicated to the study of biological

activity of vitamin E under physiological and pathophysiological conditions. The efficiency of

vitamin E in suppressing free radical-mediated damage and the complete absence of toxicity

together with its important vitamin activity makes this compound a potential important

medicine in the treatment of many pathologies associated with the overproduction of free

radicals.

Denisov / Oxidation and Antioxidants in Organic Chemistry and Biology DK1162_c029 Final Proof page 838 2.2.2005 5:56pm

© 2005 by Taylor & Francis Group.



a-Tocopherol is the most abundant and probably most effective in vivo antioxidant from

all the forms of vitamin E. For a long time this fact was not fully understood because from the

chemical point of view, missing one or two methyl substituents in the phenolic nucleus, should

not strongly affect the free radical scavenging activity of the tocopherol molecule. Nonethe-

less, it was found that in humans a-tocopherol preferably appears in the plasma after passage

of all components of vitamin E through the liver [31]. Later on, it has been shown that the

plasma preference for a-tocopherol is a consequence of the selection by the hepatic a-

tocopherol transfer protein [32]. It is now known that two a-tocopherol-binding proteins

(TBP) are responsible for the regulation of a-tocopherol concentrations in plasma (30 kDa

TBP) and for its intracellular distribution (15 kDa TBP) [33]. The 30-kDa TBP is unique to

hepatocytes while 15 kDa presents in all major tissues.

Although a-tocopherol is considered to be the most effective antioxidant form of vitamin

E group, the effects of other tocopherols continue to draw attention. Thus, Li et al. [34]

studied the effects of a-, g-, and d-tocopherols on human platelets. It was found that all

tocopherols are equally efficient in suppression of lipid peroxidation and platelet aggregation,

but their combination in the concentrations found in nature was more potent than individual

tocopherols. The activities of different tocopherols may significantly differ in the processes

initiated by peroxynitrite and other nitrogen species. Thus, Christen et al. [35] found that

g-tocopherol was a more effective inhibitor of liposomal peroxidation (but not LDL oxida-

tion) initiated by peroxynitrite than a-tocopherol. Furthermore, the mechanisms of inhibitory

action of these tocopherols are different: a-tocopherol reacts as a free radical scavenger

oxidizing into a-tocopherolquinone while g-tocopherol is nitrated at 5-position by a nucleo-

philic mechanism forming o-quinone as the end-product. Christen et al. believe that nucleo-

philic trapping of lipid-soluble nitrogen species and other electrophilic mutagens may be still

unknown nonantioxidant inhibitory activity of g-tocopherol and some other classic antioxi-

dants. It was suggested that the presence of both tocopherols is needed in vivo for optimal

protection from free radical-mediated damage. The authors also argue that g-tocopherol is

more important than a-tocopherol for the prevention of cardiovascular disease.

It is important that there is equilibrium in the distribution of vitamin E between the

plasma and erythrocytes in a living organism, with the content of vitamin in plasma about

threefold higher [12]. The membrane structure is a critical factor for recognition of how much

vitamin E the membrane may absorb. It means that notwithstanding how much vitamin was

consumed, its content in the membrane is inherently limited.

Numerous studies demonstrate inhibitory effects of vitamin E on free radical-mediated

processes. For example, Zhang et al. [36] showed that the pretreatment of isolated rat

hepatocytes with a-tocopheryl succinate protected mitochondria from oxidative damage. In

another study [37] these authors showed that a-tocopheryl succinate inhibited rotenone-

induced mitochondrial lipid peroxidation. Cachia et al. [38] found that the normal content

of a-tocopherol in LDL (the a-tocopherol/apoB molar ratio is 6 to 8) is important for a

decrease in monocyte superoxide production, which is involved in LDL oxidation. Beharka

et al. [39] showed that vitamin E inhibited cyclooxygenase activity in macrophages from old

mice, which responsible for the production of proinflammatory prostaglandin PGE2 through

the interaction with peroxynitrite. Vitamin E supplementation diminished enzymatic and

nonenzymatic lipid peroxidation in rats (measured by the levels of F2-isoprostanes and

PGF2a metabolite) in blood, urine, and liver [40]. Intraperitoneal administration of

a-tocopherol to rats suppressed ascorbate-initiated lipid peroxidation in mitochondria and

microsomes isolated from rat liver [41]. Similarly, vitamin E effectively inhibited carbon

tetrachloride-initiated lipid peroxidation in mice [42]. It was found that intravenous therapy

with vitamin E-containing liposomes decreased mouse mortality by nearly 90% when a lethal

dose of carbon tetrachloride was given. Endogenous vitamin E is apparently the most efficient
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antioxidant in rat brain homogenate because it is first depleted before membrane lipid and

membrane-bound proteins showed some oxidative destruction [43]. Vitamin E was effective in

suppression of oxidative damage to rat blood and tissue in in vivo experiments in diets

supplemented with both fat-soluble and water-soluble antioxidants (selenium, Trolox C,

ascorbate palmitate, acetylcysteine, ubiquinone Qo, ubiquinone Q10, b-carotene, canthax-

anthin, and (þ)-catechin) [44].

To estimate the importance of structural factors on the inhibitory activity of vitamin E in

free radical-mediated damaging processes, Kaneko et al. [45] studied protection by a-toco-

pherol and its model analogs tocol, 2,2,5,7,8-pentamethylchroman-6-ol (PMC), and trolox C

(Figure 29.2) against linoleic acid hydroperoxide-induced toxicity to cultured human umbil-

ical vein cells. Preincubation of cells with antioxidants resulted in efficient protection by

a-tocopherol and PMC but not with tocol and Trolox C. Although the loss of three methyl

substituents in tocol may affect the reactivity of the phenolic hydroxyl in this compound, free

radical scavenging activity of water-soluble Trolox C should be equal to that of a-tocopherol.

Therefore, the inhibitory effects of phenolic compounds in cells depend not only on their

reactivity as free radical scavengers but also on their incorporation rate into cells.

The efficiency of vitamin E in the suppression of free radical-mediated damage induced by

iron overload has been studied in animals and humans. Galleano and Puntarulo [46] showed

that iron overload increased lipid and protein peroxidation in rat liver. Vitamin E supple-

mentation successfully suppressed these effects and led to an increase in a-tocopherol,

ubiquinone-9, and ubiquinone-10 contents in liver. Important results were obtained by

Roob et al. [47] who found that vitamin E supplementation attenuated lipid peroxidation

(measured as plasma MDA and plasma lipid peroxides) in patients on hemodialysis after

receiving iron hydroxide sucrose complex intravenously during hemodialysis session. These

findings support the proposal that iron overload enhances free radical-mediated damage in

humans.

29.1.3 EFFECTS OF VITAMIN E SUPPLEMENTATION IN AGING AND HEART DISEASES

Many studies are dedicated to the study of favorable effects of vitamin E on various

pathological disorders in humans and animals. As mentioned, the effects of vitamin E

supplementation during the treatment of various pathological processes are mostly consid-

ered in Chapter 29. In this chapter, I would like only to draw attention to some findings

describing the effects of vitamin E in aging and heart diseases because these data characterize

its in vivo antioxidant activity. Unfortunately, the data on the protective effects of vitamin E

in humans and animals remain highly controversial. For example, it was found that healthy,

very old people with the highest plasma vitamin E level have the lowest risk of cardiovascular

events [48]. On the other hand, no significant effects of vitamin E on lipid peroxidation in

healthy people measured via urinary 4-hydroxynonenal and isoprostane formation was found

[49].

Recently, it has been found that the content of vitamin E in the aorta of old rats is

extremely high (about 70 times greater) as compared with young animals [50]. An increase

in vitamin E was paralleled by an increase in superoxide production. The authors assumed

that vitamin E content increases with age in order to diminish oxidative damage to vascular

tissue. These findings also suggest that high levels of vitamin E can be accumulated from a

normal diet to suppress oxidative stress-associated vascular aging. Critical consideration of

the effects of vitamin E, vitamin C, and b-carotene on oxidative damage in humans is given by

McCall and Frei [51]. These authors concluded that there are scarce evidences of positive

effects of these antioxidants on lipid damage in both smokers and nonsmokers. However,

much more favorite conclusions were made by Pryor [52] based on clinical trials on the
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supplementation of vitamin E to patients with heart disease. He pointed out that there is

‘‘little doubt that vitamin E provides significant protection both to those (patients) without

diagnosed heart conditions and to those with proven heart disease.’’ Furthermore, it was

concluded that the supplemental level of vitamin E from 100 to 800 IU a day is safe. It must

be also noted that surprisingly good results have been obtained in Cambridge Heart Anti-

oxidant Study (CHAOS) [6], where it was found that high doses (400–800 IU/day) of vitamin

E produced a 77% reduction in the occurrence of myocardial infraction and a 50% reduction

in all cardiovascular events.

29.1.4 SYNTHETIC ANALOGS OF VITAMIN E

For a long time attempts have been made to develop synthetic analogs of vitamin E with

improved antioxidant activities or different physicochemical properties. The most known

synthetic analog of a-tocopherol is probably Trolox (Trolox C, Figure 29.2), which was

synthesized with the purpose to have a water-soluble antioxidant with the properties of

vitamin E. Some findings obtained with the use of Trolox are cited above. Recently, the

novel analog of vitamin E has been synthesized, which contains two active parts: the

a-tocopheryl moiety and the NO synthase inhibitor pharmacophore [53] (Figure 29.3). This

compound turns out to be a very efficient antioxidant (with I50 value equal to 0.29 mmol l�1

for the inhibition of iron-initiated lipid peroxidation of rat brain homogenate) and a neuro-

protective agent.

a-Tocopherol may exhibit physiological functions distinct from its antioxidant effects,

and acts as a signaling molecule in vascular smooth muscle cells (5,6), suppressing cell–cell

adhesion [54], inactivating protein kinase c [55], etc., but similar topics are naturally out of the

scope of this book.

29.2 VITAMIN C

29.2.1 ANTIOXIDANT AND PROOXIDANT ACTIVITY OF VITAMIN C

Vitamin C (ascorbic acid) is probably the most known vitamin in the world. Its legendary

fame is based on the two events: its exceptionally important role in the treatment of scurvy

and Linus Pauling’s proposal to use the huge doses of ascorbic acid for the prevention of

common cold. The latter proposal, based obviously on the antioxidant properties of ascorbic

acid, generated numerous studies and was frequently disputed, but many people (me includ-

ing) successfully apply ascorbic acid for the treatment of starting stage of common cold.

BN 80933

O

N N N NH

S

H
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O

FIGURE 29.3 Analog of vitamin E-containing the a-tocopheryl moiety and the NO synthase inhibitor

pharmacophore.
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Ascorbic acid (which mostly present in biological systems as ascorbate anion (pKa¼ 4.25)

has a very active hydroxyl group and therefore, is a very efficient free radical scavenger

(Figure 29.4). On the other hand, ascorbic acid is the very reactive reductant easily reducing

ferric into ferrous ions, the catalysts of the Fenton reaction. Oxidation and reduction

reactions of ascorbic acid with numerous oxidants and reductants are widely studied [2]. It

is interesting that similar to a-tocopherol (see, above) ascorbic acid reacts with superoxide

very slowly (k¼ 0.32+0.08 l mol�1 s�1) and only by deprotonation [11] but relatively quickly

with perhydroxyl radical (k¼ 1.6�104 l mol�1 s�1) [56]. Thus, ascorbic acid may be an

antioxidant or a prooxidant depending on conditions. It is interesting that the efficacy of

ascorbic acid in the treatment of scurvy is due to its ‘‘prooxidant’’ properties because ascorbic

acid is needed to reduce the active center metal ions of hydroxylases and oxygenases involved

in the biosynthesis of procollagen, carnitine, and neurotransmitters. Depletion in ascorbic

acid decreases the activities of these enzymes and causes the development of scurvy [57].

In vitro antioxidant and prooxidant properties of ascorbic acid have been clearly demon-

strated. It is understandable that the competition between antioxidant and prooxidant

activities of ascorbic acid depends on the rates of Reactions (11) and (12).

AH2 þR
. ¼) AH

. þRH (11)

AH2 þ Fe3þ ¼) AH
. þ Fe2þ þHþ (12)

Therefore, the total effect of ascorbic acid will depend on many factors, first of all, its

concentration and the concentrations of iron ions. For example, ascorbic acid in low con-

centrations enhanced lipid peroxidation in rat lung microsomes but inhibited it at higher

(above 4mM) concentrations [58]. Similarly, ascorbic acid stimulated iron-dependent liposo-

mal lipid peroxidation at low ferrous ion concentrations and inhibited it at higher ferrous ion

concentrations [59]. Opposite effects of ascorbic acid on free radical generation are typical not

only for lipid peroxidation. For example, ascorbic acid induced sister-chromatid exchanges in

cultured mammalian cells [60] but inhibited oxygen radical-mediated mutagenic effect of

fibers and particles on human lymphocytes [61]. In vitro prooxidant effects of ascorbic acid

have also been shown in hydroperoxide-initiated lipid peroxidation in rat liver microsomes

[62] and human lung cells [63]. Recently, it has been shown [64] that ascorbate increased

‘‘free’’ iron content and in vitro lipid peroxidation in the serum from iron-loading guinea pig.

29.2.2 BIOLOGICAL ACTIVITY

There are contradictory data on the effects of dietary ascorbic acid on free radical-mediated

damage in animals. Barja et al. [65] found that the administration of 660 mg/kg vitamin C to

guinea pigs for 5 weeks significantly decreased the levels of protein carbonyls and lipid

peroxidation products. On the other hand, the administration of 500 mg/kg vitamin C to

Ascorbic acid Ascorbate free radical

O
O

HO OH

CH(OH)CH2OH
O

O

HO O.

CH(OH)CH2OH

FIGURE 29.4 Ascorbic acid and ascorbate free radical.
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rats for 4 days markedly induced hepatic cytochrome P-450-linked monooxygenases and

stimulated the formation of large amounts of superoxide [66]. Origins of antioxidant or

prooxidant activity of vitamin C in these animal experiments are still unknown.

Despite numerous examples of prooxidant effects of ascorbic acid under the in vitro condi-

tions, there are still no irrefutable evidences of its prooxidant activity in humans. It might be

expected that the most pronounced prooxidant effect of ascorbic acid will be observed under

iron-overloading conditions. Thus, it has been proposed that ascorbate supplementation can be

harmful for persons with plasma containing ‘‘free’’ iron (nontransferrin-bound bleomycin-

chelatable iron). This form of iron was detected in patients with iron overload such as hemo-

chromatosis [67] or rheumatoid arthritis patients [68]. However, recent study [69] has shown

that despite the high levels of ascorbic acid and ‘‘free’’ iron in the plasma of preterm infants,

there was no difference in the lipid peroxidation end products such as F2-isoprostanes in the

plasma of those infants and infants without iron overload. This work and other studies [8]

showed that even under iron-overloading conditions ascorbic acid mainly exhibits antioxidant

effect although in the pathologies associated with iron overload, for example in thalassemia,

ascorbic acid supplementation could be dangerous [70] (see Chapter 29).

Recently, Carr and Frei reviewed studies on the antioxidant and prooxidant effects of

ascorbic acid [8]. These authors pointed out that a ‘‘highly controversial’’ work by Podmore

and coworkers [71] who found that the prooxidant effect of ascorbic acid supplementation to

healthy volunteers is much questionable. These authors demonstrated that of the 44 in vivo

studies, 38 showed the antioxidant effect of ascorbic acid, 14 showed no change, and only six

showed the enhancement of oxidative damage after ascorbate supplementation. It was

concluded that ascorbic acid is an antioxidant in biological fluids, animals, and humans,

both with and without iron supplementation.

Ellis et al. [72] recently studied the effects of short- and long-term vitamin C therapy in the

patients with chronic heart failure (CHF). It was found that oxygen radical production and

TBAR product formation were higher in patients with CHF than in control subjects. Both

short-term (intravenous) and long-term (oral) vitamin C therapy exhibited favorable effects

on the parameters of oxidative stress in patients: the treatments decreased oxygen radical

formation and the level of lipid peroxidation and improved flow-mediated dilation in brachial

artery. However, there was no correlation between changes in endothelial function and

oxidative stress.

29.2.3 INTERACTION BETWEEN VITAMINS E AND C

For a long time a great interest has been drawn to the study of in vitro (and later in vivo)

interaction between lipid-soluble vitamin E and water-soluble vitamin C. As far back as 1941,

Columbic and Mattill [73] showed that ascorbic acid enhanced antioxidant effects of tocoph-

erols in lard and cottonseed oil. Later on, Tappel [74] suggested that the a-tocopheroxyl

radical may react with ascorbate to regenerate vitamin E in biological systems. Eleven years

later, Packer et al. [75] measured the rate constant for Reaction (13), which turns out to be

high enough (1.55� 106 l mol�1 s�1).

a-Toc
. þAsc ¼) a-TocþAsc

.
(13)

Thus, vitamin C is able to replenish vitamin E, making the latter a much more efficient free

radical inhibitor in lipid membranes. In addition, it has been suggested [9] that ascorbic acid

can directly interact with the plasma membrane giving electrons to a trans-plasma membrane

oxidoreductase activity. This ascorbate reducing capacity is apparently transmitted into and

across the plasma membrane.
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The interaction of vitamin C with vitamin E has been studied in numerous publications

[12]. Leung et al. [76] found that the total inhibitory effect of relatively small concentrations of

both vitamins on iron-initiated peroxidation of phospholipid liposomes was generally equal

to the sum of their individual effects. However, the synergistic effect was observed at vitamin

higher concentrations. Niki et al. [77] studied the reaction of a-tocopheroxyl radical with

ascorbic acid and glutathione by ESR spectroscopy. Scarpa et al. [16] showed that the

antioxidant effect of a-tocopherol on peroxidation of soybean phosphatidylcholine liposomes

was maintained as long as ascorbate acid was present. The rate constant for Reaction (13) in

this heterogeneous system was found to be equal to 5�105 l mol�1 s�1. Negre-Salvayre et al.

[78] showed that the triple combination of a-tocopherol, ascorbic acid, and bioflavonoid

rutin is most effective in the suppression of superoxide formation and lipid peroxidation.

Inhibitory effects of ascorbic acid on the peroxidation of dilinoleoylphosphatidylcholine

lamellar liposomes initiated by azobis(2,4-dimethylvaleronitrile) were studied in combination

with a-tocopherol and trolox [79]. Ascorbate was an effective inhibitor of peroxidation in

aqueous phase but a very poor one in lipid phase. At the same time, ascorbate was an

excellent synergist with a-tocopherol and trolox. Synergistic effect of ascorbic acid and

a-tocopherol has also been shown in human blood plasma [80,81]. It should be mentioned

that the enzymatic mechanisms of recycling of ascorbic acid may also take place in living

systems. For example, the NADH-dependent reductase of ascorbate free radical is able to

recycle ascorbic acid at the inner face of the plasma membrane [82].

In the recent review Carr et al. [54] considered potential antiatherogenic mechanisms of

a-tocopherol and ascorbic acid. These authors concluded that these antioxidants are able to

inhibit LDL oxidation, leukocyte adhesion to the endothelium, and vascular endothelial

dysfunction. They also believe that ascorbic acid is more effective than a-tocopherol in the

inhibition of these pathophysiological processes due to its capacity of reacting with a wide

spectrum of oxygen and nitrogen free radicals and its ability to regenerate a-tocopherol.

Both vitamin E and vitamin C are able to react with peroxynitrite and suppress its toxic

effects in biological systems. For example, it has been shown [83] that peroxynitrite efficiently

oxidized both mitochondrial and synaptosomal a-tocopherol. Ascorbate protected against

peroxynitrite-induced oxidation reactions by the interaction with free radicals formed in these

reactions [84].

29.3 FLAVONOIDS

Flavonoids are a group of naturally occurring, low molecular weight polyphenols of plant

origin, which are derivatives of benzo-g-pyrone. These compounds are present in fruits and

vegetables regularly consumed by humans. The main sources of flavonoids are apples, onions,

berries, tea, beer, and wine. Most of these compounds belong to four main groups: flavones

(I), flavonols (II), flavanone (III), and flavanols (IV) (Figure 29.5). Members of these groups

differ by the number and the positions of hydroxyl substituents in rings A and B. However,

there are flavonoids, which do not belong to these groups but are of biological and pharma-

cological importance, for example, catechin, (þ)-cianidanol, and others.

Huge literature on biological functions of flavonoids and their antioxidant and free

radical scavenging activities successfully competes with work on antioxidant effects of vit-

amins E and C. Flavonoids have been reported to exert multiple biological effects and exhibit

antiinflammatory, antiallergic, antiviral, and anticancer activities [85–89]. However, consid-

ering flavonoids as the inhibitors of free radical-mediated processes, two types of their

reactions should be discussed: flavonoids as free radical scavengers (antioxidants) and flavo-

noids as metal chelators.
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29.3.1 FREE RADICAL SCAVENGING ACTIVITY

Antioxidant activity of flavonoids has already been shown about 40 years ago [90,91]. (Early

data on antioxidant flavonoid activity are cited in Ref. [92].) Flavonoids are polyphenols, and

therefore, their antioxidant activity depends on the reactivity of hydroxyl substituents in

hydrogen atom abstraction reactions. As in the case of vitamins E and C, the most studied

(and most important) reactions are the reactions with peroxyl radicals [14], hydroxyl radicals

[15], and superoxide [16].

ROO
. þ FlOH ¼) ROOHþ FlO

.
(14)

HO
. þ FlOH ¼) H2Oþ FlO

.
(15)

(The values of rate constants for these reactions are cited in Tables 29.1–29.3.) (As expected,

hydroxyl radicals react with flavonoids with a diffusion-controlled reaction rate about 109

l mol�1 s�1, while the rate constants for significantly less reactive peroxyl radicals are usually

of (0.1–1)�107 l mol�1 s�1. As seen from Table 29.3, flavonoids react with superoxide with

the rate constants of (0.1–5)�104 l mol�1 s�1. This reaction is of great importance because the

capacity of flavonoids to scavenge superoxide makes these compounds useful pharmaceutical

agents for the treatment of the diseases associated with free radical overproduction. However,

superoxide cannot abstract a hydrogen atom even from the most active bisallylic methylene

groups. Therefore, the most probable mechanism of this reaction is a concerted abstraction of

a proton and a hydrogen atom by superoxide from o-hydroxyls of the flavonoid molecule

(Reaction (16), Figure 29.6) [93].

As mentioned above, in contrast to classic antioxidant vitamins E and C, flavonoids are

able to inhibit free radical formation as free radical scavengers and the chelators of transition

metals. As far as chelators are concerned their inhibitory activity is a consequence of the

formation of transition metal complexes incapable of catalyzing the formation of hydroxyl

radicals by the Fenton reaction. In addition, as shown below, some of these complexes, for

example, iron– and copper–rutin complexes, may acquire additional antioxidant activity.

I.  Flavones II. Flavonols III.  Flavanones

IV.  Flavanols Catechin (+)-Cyanidanol

A

O

O

C

B
O

O

O

O

OH

O

O

OH

OH

OH

HO

OH

O

OH

HO

OH

O

OH

OH

OH

FIGURE 29.5 Major classes of flavonoids.
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The ability of flavonoids (quercetin and rutin) to react with superoxide has been shown in

both aqueous and aprotic media [59,94]. Then, the inhibitory activity of flavonoids in various

enzymatic and nonenzymatic superoxide-producing systems has been studied. It was found

that flavonoids may inhibit superoxide production by xanthine oxidase by both the scaven-

ging of superoxide and the inhibition of enzyme activity, with the ratio of these two mech-

anisms depending on the structures of flavonoids (Table 29.4). As seen from Table 29.4, the

data obtained by different authors may significantly differ. For example, in recent work [107]

it was found that rutin was ineffective in the inhibition of xanthine oxidase that contradicts

the previous results [108,109]. The origins of such big differences are unknown.

In addition to xanthine oxidase, flavonoids are able to inhibit the activity of a wide

range of enzymes. These inhibitory effects of flavonoids may depend both on their free

radical scavenging and chelating properties. Thus, it has been shown that flavonoids inhibit

TABLE 29.1
Rate Constants for Reaction of Peroxyl Radical ROO.

with Flavonoids and Related Compounds (Kinetic

Chemiluminescence Experiments) [102]

Compound k15 3 107 (l mol21 s21)

Quercetin 2.1

Dihydroquercetin 1.9

Luteolin 2.2

Catechin 0.66

Fisetin 1.2

Naringenin 0.00034

Kaempferol 0.1

Caffeic acid 1.5

3,5-ditert-butylcatechol 1.9

Nordihydroguaiaretic acid 1.0

TABLE 29.2
Rate Constants for the Reaction of Hydroxyl Radical with Flavonoids

and Related Compounds (Pulse-Radiolytic Experiments)

Compound k14 3 109 l mol21 s21 Ref.

Baicalin 77 [103]a

(þ)-Catechin 2.2 [104]

(�)-Epicatechin 1.0 [104]

Pycnogenol 1.8 [104]

(�)-Epigallocatechin 4.7 [104]

(�)-Epicatechin gallate 5.8 [104]

(�)-Epigallocatechin gallate 7.1 [104]

Propylgallate 3.1 [104]

b-Glucogallin 4.4–16 [104]

Pentagalloyl glucose 37–71 [104]

aCompetition experiments with DMPO.
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cyclooxygenase [95], lipoxygenase [96,97], microsomal monooxygenase [98], and glutathione

S-transferase [99]. Beyeler et al. [98] proposed that the inhibition by flavonones and (þ)-

cyanidanol of microsomal monooxygenase activity was a consequence of the formation of a

complex with cytochrome P450 via ligand binding. Hodnick et al. [100] showed that many

flavonoids having a catechol moiety in the ring B inhibited mitochondrial succinoxidase and

HADN oxidase activities. It was suggested that the primary inhibition site was complex I

OH

OH

+   O2
•− +   H2O2 [16]

O

O

OH

O−

O•

O

O

OH

FIGURE 29.6 Mechanism of reaction of superoxide with flavonoids having two o-hydroxyl substituents.

TABLE 29.3
Rate Constants for Reaction of Superoxide with Flavonoids

and Related Compounds (Pulse-Radiolysis Experiments)

Compound k163104 (l mol21 s21) Ref.

Quercetin 4.7 [105]

17 [106]

Rutin 5.1 [105]

5.0 [106]

Hesperetin 0.59 [105]

Hesperidin 2.8 [105]

Kaempferol 0.24 [105]

Galangin 0.088 [105]

Fisetin 1.3 [105]

Catechin 1.8 [105]

(þ)-Catechin 6.4 [104]

(�)-Epicatechin 6.8 [104]

Pycnogenol 43 [104]

(�)-Epigallocatechin 41 [104]

(�)-Epicatechin gallate 43 [104]

(�)-Epigallocatechin gallate 65 [104]

Propylgallate 26 [104]

b-Glucogallin 65 [104]

Pentagalloyl glucose 103 [104]

Biacalin 320 [103]a

Dihydroquercetin 15 [106]

aCompetition experiments with DMPO.
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TABLE 29.4
I50 Values (mmol l21) of Flavonoids for the Inhibition of Xanthine Oxidase and Scavenging

Superoxide Ion

No Flavonoid

I50 for Xanthine

Oxidase Inhibition

I50 for Superoxide

Scavenging Ref.

1 (+) Taxifolin >100 1.73+ 0.12 [108]

2 (þ)-Catechin >100 1.61+ 0.04; 46.0+ 5.0 [108,110]

3 (�)-Epicatechin >100 1.59+ 0.08; 11.8+ 1.0 [108,110]

4 (�)-Epigallocatechin >100 0.48+ 0.02 [108]

5 4’-hydroxyflavanone >30 >18 [108]

6 Naringenin >50 >50 [108]

7 7-hydroxyflavanone 38+ 7 >100 [108]

8 Chrysin 0.84+ 0.13 1.87+ 0.21 [108]

73.2+ 2.3 [110]

9 Apigenin 0.70+ 0.23 1.33+ 0.04 [108]

10 Luteolin 0.55+ 0.04 1.13+ 0.16 [108]

11 Baicalein 2.79+ 0.01 2.72+ 0.02 [108]

21.2+ 4.0 [110]

3.12 370.33 [111]

12 3-Hydroxyflavone >100 >100 [108]

>300 [110]

13 Galangin 1.80+ 0.07 6.74+ 0.32 [108]

151.8+ 41.9 [110]

14 Kaempferol 1.06+ 0.03 0.84+ 0.04 [108]

24.5+ 4.6 [110]

15 Quercetin 2.62+ 0.13 1.63+ 0.02 [108]

10.1+ 1.1

42.3+ 1.8a) [109]

12.5+ 0.9 b) [109]

51.8+ 2.8 [110]

16 Rutin 52.2+ 0.6 10.6+ 1.6 [108]

37.8+ 0.9

42.7+ 1.4a [109]

15.4+ 0.6b [109]

20.4+ 1.5 [110]

17 Fisetin 4.33+ 0.19 1.84+ 0.07 [108]

12.2+ 3.3 [110]

18 Morin 10.1+ 0.70 9.1+ 0.08 [108]

188.8+ 27.8 [110]

19 Myricetin 2.38+ 0.13 0.33+ 0.03 [108]

16.5+ 1.3

20.1+ 1.1a [109]

14.3+ 0.8b [109]

12.5+ 0.5 [110]

20 Baicalin 215.19 224.12 [111]

21 Wogonin 157.38 300.1 [111]

aMeasured on the basis of NBT reduction by xanthine oxidase.
bGeneration of superoxide by the NADHþphenazine methosulfate system was measured on the basis of NBT

reduction.
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(NADH–ubiquinone reductase) and the second one was complex II (succinate–ubiquinone

reductase). Chiesi and Schwaller [101] found that quercetin and tannin inhibited neuronal

constitutive endothelial NO synthase.

It should be noted that the number and positions of hydroxyl groups and the size of

conjugated system are the important factors of flavonoid antioxidant and prooxidant activity.

While hydroxyl radicals react with flavonoids indiscriminately, the most reactive compounds,

capable of reacting with peroxyl and especially superoxide, are having two o-hydroxyl groups

in the B-ring. (For superoxide it supports the proposal for a concerted mechanism.) On the

other hand, the occurrence of three hydroxyl groups in B-ring leads to prooxidant activity in

some flavonoids.

Can flavonoids react with nitric oxide, another physiological free radical? This is an

important question due to the participation of NO in many pathophysiological processes. It

has been suggested that nitric oxide reacts with phenols including a-tocopherol by abstracting

hydrogen atom and producing phenoxyl radicals [112]. Acker et al. [113] studied the reaction

of NO (gas) with several flavonoids including rutin, for which the rate constant was about

10 l mol�1 s�1. The mechanism of this reaction is unknown. Kim et al. [114] investigated the

effects of flavonoids on NO production by LPS-stimulated macrophages. They have found

that flavonoids apigenin, luteolin, tectorigenin, and quercetin inhibited nitric oxide produc-

tion by these cells, but the most probable mechanism of flavonoid activity is the suppression

of induced NO synthase and not the interaction with NO. Flavonoids catechin, epicatechin,

and taxifolin also inhibited NO production by interferon-g-stimulated macrophages [115]. In

this work it has been suggested that the inhibitory effects of flavonoids might be mediated by

the combination of NO scavenging and the inhibition of induced NO synthase activity or

iNOS mPNA expression.

29.3.2 PROTECTION AGAINST FREE RADICAL-MEDIATED DAMAGE

The ability of flavonoids to scavenge superoxide is one of major mechanisms of their

protective activity against cellular free radical-mediated damage. As far back as 1980, Berton

et al. [116] found that quercetin suppressed the concanavalin A-induced activation of PMNs.

Later on, the suppression of cellular damage by flavonoids has been studied in numerous

papers. Thus it has been shown that quercetin, kaempferol, catechin, and taxifolin reduced

cytotoxicity of superoxide and hydrogen peroxide in Chinese hamster lung fibroblast V79

cells [117]. Quercetin, luteolin, and 5,7,3’,4’-tetrahydroxy-3-methoxy flavone suppressed

fMLP- and PMA-stimulated superoxide production by human neutrophils [118]. Ishige

et al. [119] studied the effects of flavonoids on neuronal cells in model system (the mouse

hippocampal cell line HT-22), in which exogenous glutamate was applied to inhibit cystine

uptake and deplete intracellular glutathione that stimulated oxygen radical production and

ultimately caused neuronal death. It was found that glutamate toxicity was suppressed only

by flavonoids with the hydroxylated C-3 carbon atom and unsaturated C-ring.

Dietary flavonoids epicatechin and kaempferol protected neurons against the oxidized

LDL-induced apoptosis involved c-Jun N-terminal kinase (JNK), c-Jun, and captase-3 [120].

Flavonoid silibinin (used for the treatment of liver disease) was an effective scavenger of

hypochlorite (I50¼ 7 mmol l�1) but not superoxide (I50> 200 mmol l�1) [121]. Apparently

through scavenging HOCl, silibinin inhibited the formation of leukotrienes LTB4 and

LTC4/D4/F4 produced by human granulocytes (which are especially important in inflamma-

tory reactions), PGE2 formation by human monocytes, TXB2 formation by human platelets,

and 6-K-PGf1-a formation by human endothelial cells. It has been concluded that inflam-

mation in humans can be suppressed by the administration of usual clinical doses of silibinin.
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Flavonoid baicalein, which is believed to be one of the most important components of

Japanese Kampo (traditional herbal) medicine, was found to be an effective scavenger of

superoxide and hydroxyl radicals and the inhibitor of iron-induced in vivo lipid peroxidation

in gerbils [122].

The effects of flavonoids on in vitro and in vivo lipid peroxidation have been thoroughly

studied [123]. Torel et al. [124] found that the inhibitory effects of flavonoids on autoxidation

of linoleic acid increased in the order fustin < catechin < quercetin < rutin¼ luteolin <

kaempferol < morin. Robak and Gryglewski [109] determined I50 values for the inhibition

of ascorbate-stimulated lipid peroxidation of boiled rat liver microsomes. All the flavonoids

studied were very effective inhibitors of lipid peroxidation in model system, with I50 values

changing from 1.4 mmol l�1 for myricetin to 71.9 mmol l�1 for rutin. However, as seen below,

these I50 values differed significantly from those determined in other in vitro systems. Terao

et al. [125] described the protective effect of epicatechin, epicatechin gallate, and quercetin on

lipid peroxidation of phospholipid bilayers.

Numerous studies were dedicated to the effects of flavonoids on microsomal and mito-

chondrial lipid peroxidation. Kaempferol, quercetin, 7,8-dihydroxyflavone and D-catechin

inhibited lipid peroxidation of light mitochondrial fraction from the rat liver initiated by the

xanthine oxidase system [126]. Catechin, rutin, and naringin inhibited microsomal lipid

peroxidation, xanthine oxidase activity, and DNA cleavage [127]. Myricetin inhibited ferric

nitrilotriacetate-induced DNA oxidation and lipid peroxidation in primary rat hepatocyte

cultures and activated DNA repair process [128].

29.3.3 COMPARISON OF FREE RADICAL SCAVENGING AND CHELATING ACTIVITIES

Free radical scavenging and chelating activities of quercetin and rutin have been studied [59],

comparing the effects of these flavonoids on liposomal and microsomal lipid peroxidation with

that of classic antioxidant 3,5-di-tert-butyl-4-hydroxytoluene (BHT), which has no chelating

activity. Both flavonoids inhibited lipid peroxidation of lecithin liposomes and NADPH- and

carbon tetrachloride-dependent peroxidation of rat liver microsomes. However, the efficiency

of flavonoids (especially rutin) was much higher in NADPH-stimulate than in carbon tetra-

chloride-stimulated peroxidation, in contrast to the absence of any difference in the inhibitory

effects of BHT (Table 29.5). It is known that microsomal NADPH-dependent lipid peroxida-

tion is catalyzed by NADPH cytochrome P-450 reductase in the presence iron ions. On the

other hand, carbon tetrachloride is oxidized to the CCl3
. radical by cytochrome P-450 in the

absence of iron ions. Therefore, the findings cited in Table 29.5 suggest that rutin and quercetin

inhibit the CCl4-dependent microsomal lipid peroxidation by scavenging mechanism and

NADPH-dependent peroxidation by chelating mechanism.

TABLE 29.5
I50 Values (mmol l21) of Flavonoids and BHT for the Inhibition of NADPH-

Dependent- (I) and CCl4-Dependent (II) Microsomal Lipid Peroxidation

I50 for (I) I50 for (II)

Quercetin 4.5 6.0

Rutin 16 116

BHT 1.25 1.3

Adapted from: IB Afanas’ev, AI Dorozhko, AV Brodskii, VA Kostyuk, AI Potapovitch.

Biochem Pharmacol 38: 1763–1769, 1989.
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Kozlov et al. [129] studied the mechanism of inhibitory action of several chelators

including rutin, EDTA, phenanthrolone, and ADP on lipid peroxidation in rat brain hom-

ogenates. It was found that the inhibitory effects of these compounds well correlated with the

rates of ferrous ion oxidation in solution and brain homogenates. These findings confirm the

proposal that rutin inhibits iron-dependent lipid peroxidation by chelating mechanism form-

ing Fe2þ–rutin complex and oxidizing an active ferrous ion into inactive ferric ion inside the

complex. Chelating mechanism of the inhibitory activity of flavonoids was also suggested in

the experiments with iron-loaded rat hepatocytes [130]. The ability of three flavonoids

catechin, quercetin, and diosmetin to remove iron from iron-loaded hepatocytes correlated

well with the inhibition of lipid peroxidation and intracellular enzyme release from hepato-

cytes. In the subsequent work [131] these authors showed that flavonoid myricetin inhibited

lipid peroxidation in iron-treated rat hepatocytes forming, as an intermediate, relatively

stable phenoxyl radical.

Ex vivo study of iron-overloaded rats [132] confirmed the suppression of iron-stimulated

lipid peroxidation with rutin. Iron-overloaded rats were administrated interperitoneal injec-

tions of rutin solution during 10 days, and the levels of nonheme iron and MDA in liver

microsomes were determined (Table 29.6). There are two interesting findings in these experi-

ments. The first one is that rutin does not affect lipid peroxidation in normal animals (control

group) but sharply diminished the MDA content in IOL rats. The second one is that despite

the inhibition of lipid peroxidation in IOL rats, rutin did not change the level of nonheme

iron. Thus, in these ex vivo animal experiments rutin inhibited lipid peroxidation mainly by

chelating mechanism forming the inactive iron–rutin complexes and not by removing active

iron from rats. It should be noted that Acker et al. [133] was unable to find difference in the

inhibitory effects of flavonoids on iron-dependent and iron-independent lipid peroxidation.

The above findings are supported in the other studies of the inhibitory effects of flavo-

noids on iron-stimulated lipid peroxidation. Quercetin was found to be an inhibitor of iron-

stimulated hepatic microsomal lipid peroxidation (I50¼ 200 mmol l�1) [134]. Flavonoids

eriodictyol, luteolin, quercetin, and taxifolin inhibited ascorbate and ferrous ion-stimulated

MDA formation and oxidative stress (measured by fluorescence of 2’,7’-dichlorodihydro-

fluorescein) in cultured retinal cells [135]. It should be mentioned that in recent work Heijnen

et al. [136] revised the structure–activity relationship for the protective effects of flavonoids

against lipid peroxidation.

It must be noted that the inhibitory effects of flavonoids and other antioxidants in

nonhomogenous biological systems can depend not only on their reactivities in reactions

with free radicals (the chain-breaking activities) but also on the interaction with biomem-

branes. Thus, Saija et al. [137] compared the antioxidant effects and the interaction with

biomembranes of four flavonoids quercetin, hesperetin, naringen, and rutin in iron-induced

TABLE 29.6
Effects of Rutin on the Nonheme Iron and MDA Levels in Liver

Microsomes of Iron Overloaded (IOL) Rats [132]

Groups of Rats Nonheme Iron (nmol mg protein21) MDA (nmol mg protein21)

Control group 18.4+ 5.1 3.0+ 0.9

Controlþ rutin 19.6+ 4.0 4.3+ 2.7

IOL group 60.1+ 10.4 4.9+ 0.1

IOLþ rutin 67.0+ 1.5 1.2+ 0.3
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linoleate peroxidation and in the autoxidation of rat cerebral membranes [137]. These authors

found that quercetin showed the deepest interaction with biomembranes supposedly due to

planar conformation while rutin was unable to penetrate lipid membrane due to low liposo-

lubility (log k’¼�0.115). Owing to this, rutin exhibited decreased antioxidant activity in the

autoxidation of rat cerebral membranes (where free radicals were generated within mem-

branes) in comparison with the peroxidation of linoleate in solution. However, the findings

cited in Table 29.7 seem to contradict that conclusion because rutin remains a much more

effective antioxidant than lipid-soluble hesperetin and naringenin, and therefore, free radical

scavenging activity probably continues to be the most important factor of antioxidant activity

of flavonoids.

29.3.4 INHIBITION OF FREE RADICAL-MEDIATED DAMAGE IN CELLS

Several studies discuss the inhibitory effect of flavonoids on free radical formation in eryth-

rocytes. Maridonneau-Parini et al. [138] developed experimental model for free radical-

mediated damage in erythrocytes based on the incubation of cells with phenazine methosul-

fate (PMS, an intracellular generator of oxygen radicals) and diethyldithiocarbamate (DDC,

SOD inhibitor). In this system the enhanced free radical damage was characterized by an

increase in lipid peroxidation and passive potassium permeability. Although all the flavo-

noids studied decreased free radical damage in erythrocytes (measured via the reduction of

nitroblue tetrazolium (NBT)), with morin and rutin as the most efficient inhibitors, not all of

them suppressed the oxygen radical-stimulated potassium permeability. Furthermore, flavo-

noids affected differently membrane lipid peroxidation: for example, kaempferol inhibited

peroxidation, rutin had no effect, and myricetin exhibited prooxidant activity. (The activity of

myricetin is not surprising because, as mentioned above, flavonoids with three hydroxyl

groups in the B ring such as myricetin are easily oxidized to produce oxygen radicals.)

Quercetin and rutin suppressed photosensitized hemolysis of human erythrocytes with I50

values equal to 40 mmol l�1 and 150 mmol l�1, respectively [139]. Suppression of photohemo-

lysis was accompanied by inhibition of lipid peroxidation. Morin inhibited oxygen radical-

mediated damage induced by superoxide or peroxyl radicals to the human cells in the

cardiovascular system, erythrocytes, ventricular myocytes, and saphenous vein endothelial

cells [140]. Rutin protected against hemoglobin oxidation inside erythrocytes stimulated by

prooxidant primaquine [141].

It is known that the toxic effects of some solid particles and fibers (latex, zeolite, asbestos

fibers, etc.) depend on the stimulation of free radical production. Therefore, the inhibitory

effects of flavonoids on particle-mediated damaging processes might be expected. Thus, rutin

TABLE 29.7
I50 Values (mmol l21) of Flavonoids for Iron-Induced Linoleate Peroxidation (I)

and Autoxidation of Rat Cerebral Membranes (II) and Log Capacity factor log k ’

Flavonoids I50 for (I) I50 for (II) log k ’

Quercetin 28.61 3.09 0.510

Hesperetin 17.20 148.27 0.530

Naringenin 565 321.8 0.458

Rutin 6.77 27.50 �0.115

Adapted from: A Saija, M Scalese, M Lanza, D Marzullo, F Bonina, F Castelli. Free Radic Biol Med 19:

481–486, 1995.
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(and iron–rutin complex, see below) inhibited particle-induced free radical-mediated cellular

processes [142]. Korkina et al. [61] studied the effect of rutin on oxygen radical production by

peritoneal macrophages stimulated with asbestos chrysotile fibers and zeolite particles. Rutin

very efficiently inhibited luminol-amplified CL produced by these cells with I50 values equal

to about 0.5 mmol l�1 compared to ascorbic acid with I50 equal to about 50 mmol l�1. Rutin

also suppressed cytogenetic effects of latex and zeolite particles and chrysotile fibers on

cultured lymphocytes [61]. Rutin and quercetin inhibited superoxide production and free

radical-mediated processes such as the formation of TBAR products and LDL release

induced by asbestos-stimulated macrophages [143]. Later on, it has been suggested [106]

that rutin and quercetin protect erythrocytes from asbestos-dependent free radical-mediated

damage owing to their chelating properties, attaching to the asbestos surface on the sites

responsible for free radical generation. Dihydroquercetin was inactive in this process. Asbes-

tos-induced injury of peritoneal macrophages and erythrocytes was also effectively inhibited

by green tea extract and its major flavonoid components (�)-epicatechin gallate and

(�)-epigallocatechin gallate [144].

29.3.5 INHIBITION LDL OXIDATION AND ENZYMATIC LIPID PEROXIDATION

Flavonoids exhibit protective action against LDL oxidation. It has been shown [145] that the

pretreatment of macrophages and endothelial cells with tea flavonoids such as theaflavin

digallate diminished cell-mediated LDL oxidation probably due to the interaction with

superoxide and the chelation of iron ions. Quercetin and epicatechin inhibited LDL oxidation

catalyzed by mammalian 15-lipoxygenase, and are much more effective antioxidants than

ascorbic acid and a-tocopherol [146]. Luteolin, rutin, quercetin, and catechin suppressed

copper-stimulated LDL oxidation and protected endogenous urate from oxidative degrad-

ation [147]. Quercetin was also able to suppress peroxynitrite-induced oxidative modification

of LDL [148].

As already noted, the effects of flavonoids on enzymatic lipoxygenase- and cyclooxygen-

ase-catalyzed lipid peroxidation are quite complicated. Robak et al. [149] has shown that

many flavonoids stimulated cyclooxygenase, although some of them are the inhibitors of

soybean lipoxygenase. Ratty et al. [97] found that all flavonoids studied (quercetin, querce-

trin, rutin, myricetin, morin, and others) inhibited to some degree soybean lipoxygenase

activity. Quercetin was the most potent inhibitor of lipoxygenase activity in liposomal

suspension (about 42%) while other flavonoids inhibited the enzyme by about 14–23%.

29.3.6 OTHER EXAMPLES OF PROTECTIVE ACTIVITY OF FLAVONOIDS AGAINST FREE

RADICAL-MEDIATED DAMAGE IN BIOLOGICAL SYSTEMS

In addition to already considered inhibitory effects of flavonoids on free radical-mediated

damage in cell-free and cellular systems, flavonoids showed protective activity against many

other damaging processes in the biological systems under oxidative stress. Thus quercetin

administrated intraperitoneally to rats before irradiation with UVA light decreased MDA

level significantly and enhanced SOD and catalase activities in the liver [150]. Ginkgo biloba

extract containing 33% flavone glycosides, mostly quercetin and kaempferol derivatives,

significantly inhibited cutaneous blood flux (the indicator of skin inflammatory level) [151].

Another flavonoid, with good efficacy in the treatment against UV-radiation-induced oxida-

tive stress in the skin, is the green tea constituent (�)-epigallocatechin-3-gallate [152]. It was

found that the application of this flavonoid before UV exposure markedly decreased hydro-

gen peroxide and nitric oxide production in both epidermis and dermis. (�)-Epigallocatechin-

3-gallate pretreatment also suppressed UV-induced infiltration of inflammatory leukocytes
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into the skin, which are the major producers of oxygen radicals, and inhibited UV-induced

epidermal lipid peroxidation. Morin hydrate minimized free radical-mediated damage to

cardiovascular cells by anticancer drugs [153].

Feeding rabbits with the citrus flavonoid naringin, a potent cholesterol-lowering agent,

did not affect plasma and hepatic lipid peroxidation but significantly increased the level of

plasma vitamin E, enhanced SOD and catalase activities, and upregulated the gene expres-

sions of SOD, catalase, and GSH-peroxidase [154]. Pretreatment with quercetin reduced

MDA and nitric oxide levels in the brain of rats subjected to endotoxin-induced shock

[155]. Supplementation of a rat diet with 4(G)-a-glucopyranosylrutin (G-rutin) significantly

decreased urinary excretion of thymine glycol and thymidine glycol, the indices of DNA base

damage in the whole body, and the protein carbonyl contents, the characteristics of protein

oxidation [156].

The application of flavonoids for the treatment of various diseases associated with free

radical overproduction is considered in Chapter 29. However, it seems useful to discuss here

some studies describing the activity of flavonoids under certain pathophysiological condi-

tions. Oral pretreatment with rutin of rats, in which gastric lesions were induced by the

administration of 100% ethanol, resulted in the reduction of the area of gastric lesions [157].

Rutin was found to be an effective inhibitor of TBAR products in the gastric mucosa induced

by 50% ethanol [158]. Rutin and quercetin were active in the reduction of azoxymethanol-

induced colonic neoplasma and focal area of dysplasia in the mice [159]. Chemopreventive

effects of quercetin and rutin were also shown in normal and azoxymethane-treated mouse

colon [160]. Flavonoids exhibited radioprotective effect on g-ray irradiated mice [161], which

was correlated with their antioxidative activity. Dietary flavones and flavonols protected

against the toxicity of the environmental contaminant dioxin [162]. Rutin inhibited ovariec-

tomy-induced osteopenia in rats [163].

29.3.7 ANTIOXIDANT EFFECT OF METAL–FLAVONOID COMPLEXES

Although the above data show the efficiency of flavonoids as antioxidants, free radical

scavengers, and chelators in suppression of free radical-mediated damage in biological

systems, it is desirable to enhance their antioxidant potential without radical altering their

structures and losing nontoxic properties of natural products. We suggested that this can be

achieved by the use of transition metal–flavonoid complexes, in which the flavonoid molecule

acquires an additional superoxide-dismuting center without the formation of new covalent

bonds. It has been known for a long time that polyphenols form stable complexes with many

two- and three-valence metal ions (see, for example, Ref. [164]). Although the structure of

metal–flavonoid complexes is not well determined, it is usually accepted that they have the 2:1

or even 3:1 flavonoid–metal ion stoichiometry; however, in real diluted biological solutions a

1:1 complex might be of importance.

In 1989, we showed [142] that the Fe2þ(rutin)2 complex is a more effective inhibitor than

rutin of asbestos-induced erythrocyte hemolysis and asbestos-stimulated oxygen radical

production by rat peritoneal macrophages. Later on, to evaluate the mechanisms of antioxi-

dant activities of iron–rutin and copper–rutin complexes, we compared the effects of these

complexes on iron-dependent liposomal and microsomal lipid peroxidation [165]. It was

found that the iron–rutin complex was by two to three times a more efficient inhibitor of

liposomal peroxidation than the copper–rutin complex, while the opposite tendency was

observed in NADPH-dependent microsomal peroxidation. On the other hand, the copper–

rutin complex was much more effective than the iron–rutin complex in the suppression of

microsomal superoxide production, indicating that the copper–rutin complex indeed acquired

additional SOD-dismuting activity because superoxide is an initiator of NADPH-dependent
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microsomal lipid peroxidation (Chapter 23). The participation of superoxide in liposomal

peroxidation where there are no superoxide producers is virtually impossible; as a result, the

iron–rutin complex exhibited a higher scavenging activity in this peroxidative process than its

copper analog.

Superoxide-dismuting activity of copper–rutin complex was confirmed by comparison of

the inhibitory effects of this complex and rutin on superoxide production by xanthine oxidase

and microsomes (measured via cytochrome c reduction and by lucigenin-amplified CL,

respectively) with their effects on microsomal lipid peroxidation [166]. An excellent correl-

ation between the inhibitory effects of both compounds on superoxide production and the

formation of TBAR products was found, but at the same time the effect of copper–rutin

complex was five to nine times higher due to its additional superoxide dismuting capacity.

Enhanced antioxidant activity of metal–rutin complexes has been confirmed in subsequent

in vitro and ex vivo studies [167]. In accord with previous findings iron–rutin and copper–rutin

complexes were more effective inhibitors than rutin of superoxide production by xanthine

oxidase, microsomal lipid peroxidation, and lucigenin-amplified CL produced by microsomes

(Table 29.8). (Only exception was a weak effect of iron–rutin complex on microsomal perox-

idation probably due to partial dissociation of the complex.) Iron–rutin and copper–rutin

complexes also efficiently inhibited oxygen radical production by zymosan-stimulated rat

peritoneal macrophages in the presence and absence of prooxidant antibiotic bleomycin,

where the copper–rutin complex was always the most effective inhibitor. These in vitro data

were compared with the ex vivo findings obtained in the experiments with bleomycin-treated

rats. This anticancer antibiotic possesses strong inflammatory and fibrotic activity, which, at

least in part, is derived from the stimulation of free radical production. It was found that the

administration of copper–rutin complex to bleomycin-treated rats was the most effective in

the suppression of inflammatory and fibrotic processes, sharply increasing the macrophage–

neutrophil ratio, decreasing the wet ling weight, lowering the content of total protein, and

decreasing hydroxyproline concentration. Similar to copper–rutin complex, iron–rutin com-

plex was quite effective in suppression of lung edema [167]. Thus, both metal–rutin complexes

studied turn out to be the effective suppressors of free radical-mediated pathophysiological

processes that makes them promising potential pharmaceutical agents.

Iron-, copper-, and zinc complexes of rutin, dihydroquercetin, and green tea epicatechins

were found to be much more efficient inhibitors than parent flavonoids of toxic effects of

chrysotile asbestos fibers on peritoneal macrophages and erythrocytes [168]. It was proposed

that in this case the enhanced activity of metal–flavonoid complexes was increased by the

absorption on chrysotile fibers.

O’Brien and coworkers [169,170] found that iron complexes of flavonoids and catechols

were much more effective than the noncomplexed parent compounds at preventing the

TABLE 29.8
I50 Values (mmol l21) for Inhibitory Effects of Metal–Rutin

Complexes and Rutin on Cytochrome c Reduction by Xanthine

Oxidase (I), Iron-Catalyzed Microsomal Lipid Peroxidation (II),

and Lucigenin-Amplified Microsomal CL (III) [167]

(I) (II) (III)

Rutin 35+ 0.3 90+ 10 20+ 3

Fe(rut)Cl3 22+ 2 >500 23+ 3

Cu(rut)Cl2 2.5+ 0.2 10+ 3 3+ 1
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hypoxic injury of hepatocytes and suppressing hydrogen peroxide formation. These findings

were also explained by the complexation of the compounds studied with iron ions that

increased their SOD activity. These authors also suggested that both ferric–ferrous and

hydroquinone–semiquinone redox cycling may be involved in SOD activity of iron–catechol

complexes. In subsequent work [171] it has been shown that iron–catecholamine and iron–

catechol complexes are more effective superoxide scavengers than noncomplexed catechols

and catecholamines. Brown et al. [172] found that the flavonoids capable of complexing

copper ions (quercetin, rutin, and luteolin) manifested enhanced activity in the inhibition of

copper-induced LDL peroxidation. It was also found that the formed copper–flavonoid

complexes had no prooxidant activities.

29.3.8 COMMENTS ON PROOXIDANT ACTIVITY OF FLAVONOIDS

As discussed above, many flavonoids are effective inhibitors of free radical-mediated pro-

cesses due to their free radical scavenging and chelating properties. However, flavonoids are

not a homogenous group of compounds with similar chemical properties, and as a result,

some of them are able to exhibit prooxidant activity by reducing dioxygen to superoxide and

other oxygen radicals. For example, Laughton et al. [173] found that hydroxyl radicals were

formed during autoxidation of quercetin and myricetin. Canada et al. [174] confirmed the

formation of hydroxyl radicals by flavonoid oxidation using DMPO as a spin-trapping agent.

The competition between antioxidant and prooxidant activity of flavonoids depends

firstly on their chemical structure. If we suppose that the oxidation of flavonoids (Reaction

(17)) takes place by one-electron transfer mechanism, then it must depend on the capacity of

flavonoids to donate an electron, i.e., on their one-electron oxidation potentials.

FlOH þO2 ¼) FlO
. þO2

.� þHþ (17)

Bors et al. [175] determined the rate constants and equilibrium constants for the reactions of

flavonoids with ascorbate (Reaction (18)) by a pulse-radiolysis method and on their basis

calculated the one-electron oxidation potentials of flavonoids (Table 29.9).

FlO� þAH
. () FlO

. þAH� (18)

It is interesting that only dihydroquercetin has the redox potential much lower than that of

ascorbate (282 mV) and kaempferol, luteolin, and fisetin have the values close to ascorbate.

TABLE 29.9
Rate Constants (l mol21 s21) and Equilibrium Constants for the Reactions of Flavonoids

with Ascorbate and One-Electron Oxidation Potentials (mV) of Flavonoids

Flavonoid k18 (3105) k218 (3105) Keq 5 k18/k218 E1
o (V)

Dihydroquercetin 120+ 25 1.60+ 0.40 74.4 83

Kaempferol 28.0+ 14.0 52.0+ 7.0 0.54 209

Luteolin 1.55+ 0.35 99.0+ 17.0 0.016 299

Fisetin 0.385+ 0.045 0.865+ 0.180 0.44 214

Quercetin 0.016+ 0.003 47.5+ 10.5 0.00033 398

Rutin 0.52+ 0.015 12.5+ 0.5 0.041 275

Adapted from: W Bors, C Michel, S Schikova. Free Radic Biol Med 19: 45–52, 1995.
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Therefore, depending on their structures, flavonoids may reduce the ascorbate radical or

oxidize ascorbate, exhibiting antioxidant or prooxidant properties in the systems containing

flavonoids and ascorbate together.

Although no good quantitative correlation between redox potentials of flavonoids and

their prooxidant activities still was not documented, a relationship between the prooxidant

toxicity of flavonoids to HL-60 cells and redox potentials apparently takes place [176].

However, there is a simple characteristic of possible prooxidant activity of flavonoids,

which increases with an increase in reactive hydroxyl groups in the B ring. From this point

of view, the prooxidant activity of flavonoids should increase in the range: kaempferol

< quercetin < myricetin (Figure 29.7). Thus, for many flavonoids the ratio of their antioxidant

and prooxidant activities must depend on the competition between Reactions (14) and (15)

and Reaction (17).

Possible prooxidant effect of catechins from green tea, (�)-epicatechin, (�)-epicatechin

gallate, (�)-epigallocatechin, and (�)-epigallocatechin gallate may originate from their aut-

oxidation, which is accompanied by the formation of superoxide and semiquinone free

radicals [177]. Autoxidation of catechins was accelerated by cupric ions. Some studies suggest

that transition metal ions are catalysts of flavonoid oxidation, but this process again strongly

depends on the flavonoid structure. For example, flavonols myricetin, quercetin, fisetin, and

kaempferol inhibit metal-induced lipid peroxidation, while flavones luteolin, apigenin, and

chrysin were antioxidative at low iron concentrations but prooxidative at high iron concen-

trations [178]. Some other flavonoids such as naringenin also enhanced iron-dependent lipid

peroxidation [179]. It is also possible that antioxidant and prooxidant effects of flavonoids

depend on the nature of metal–flavonoid complexes. As shown above, ‘‘tight’’ iron– and

copper–rutin complexes behave themselves as even more effective antioxidants than parent

flavonoids. However, when metal–flavonoid complexes not so tightly bound, the flavonoid

molecule is easily oxidized inside of the complex.

Another mode of prooxidant activity of flavonoids was recently observed by Galati et al.

[180]. These authors have shown that flavone apigenin and flavanones naringin and narin-

genin are responsible for the extensive glutathione oxidation in the presence of peroxidase. It

was proposed that the phenoxyl radicals formed during the oxidation of flavonoids react with

GSH, producing superoxide and oxidized glutathione as final products:

FlO
. þGSH ¼) FlOH þGS

.
(19)

GS
. þGS� ¼) GSSG

.� (20)

GSSG
.� þO2 ¼) GSSGþO2

.� (21)

Cytotoxic prooxidant effects of flavonoids can also be a consequence of their enzymatic

oxidation. For example, it was found that quercetin was oxidized by lactate peroxide to form

semiquinone and quinone [181].

29.4 PHENOLIC COMPOUNDS OTHER THAN FLAVONOIDS

There are numerous other polyphenolic compounds possessing in vitro and in vivo antioxi-

dative activity. Several examples of these compounds are cited below. One of nonflavonoid

polyphenols of particular interest is resveratrol (3,5,4’-trihydroxy-trans-stilbene, Figure 29.8),

which has been identified as a potential cancer chemopreventive agent and an antimutagen

[182]. It has been found that resveratrol is the efficient inhibitor of cyclooxygenase and the

inhibitor of free radical-mediated cellular processes. For example, resveratrol is a better free

radical scavenger than a-tocopherol or ascorbic acid but has nearly the same activity as
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FIGURE 29.7 Structures of flavonoids possessing different antioxidant and prooxidant properties.
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flavonoids epicatechin and quercetin [183]. In 1993, Frankel et al. [184] showed that resver-

atrol is able to inhibit copper-initiated LDL oxidation. Fremont et al. [185] found that

resveratrol is even a more effective inhibitor of copper-induced LDL oxidation compared

to flavonoids. Brito et al. [186] have shown that resveratrol inhibits peroxynitrite- and

ferrylmyoglobin-stimulated LDL oxidation. In the latter case the reduction of ferrylmyoglo-

bin into metmyoglobin was observed.

A comparison with its different derivatives shows that 4’-OH is not a sole reactive group

responsible for the antioxidant activity of resveratrol, while the trans-conformation is abso-

lutely necessary for the inhibition of cell proliferation [187]. However, similar to flavonoids

resveratrol may exhibit prooxidant properties, for example to promote DNA fragmentation,

although its prooxidant activity seems to be unimportant under physiological conditions [188].

There is the often-overlooked group of polyphenols containing the derivatives of hydro-

xycinnamic and hydroxybenzoic acids such as caffeic, chlorogenic, and gallic acids

(Figure 29.8), which occur in food and exhibit certain antioxidant activity. For example,

some caffeic acid esters isolated from propolis from honeybee hives showed antiinflammatory

Resveratrol Gallic acid
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MK-447 Probucol

HOOC

HO

HO
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FIGURE 29.8 Phenolic compounds other than flavonoids.
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activity. Wu et al. [189] showed that propyl gallate, traditionally used as a preservative in food

and fuel, is an effective hepatoprotector with antioxidative activity. Thus, propyl gallate

protected hepatocytes and hepatic vascular endothelial cells against superoxide produced

by xanthine oxidase or menadione and inhibited lipid peroxidation. Cos et al. [190] measured

the antioxidant activities of many phenolic acid derivatives. It has been found that gallic,

protocatechuic, caffeic, and chlorogenic acids are good inhibitors of microsomal lipid perox-

idation with I50 values of 1.5–11.5 mmol l�1. (Corresponding I50 values for quercetin and rutin

in their experiments were 0.95 and 26.5 mmol l�1.) These findings show that phenolic acids are

good competitors of traditional flavonoids as natural antioxidants.

It has been shown [191] that flavonolignans (the derivatives of flavonoids) inhibited

superoxide release by PMA-stimulated human leukocytes. Efficiency of flavonolignans such

as silybin, isosilybin, and silychristin was comparable with that of a-tocopherol. Major

polyphenolic components of rosemary extract carnosic acid and carnosol (Figure 29.8)

rapidly reacted with trichloroperoxyl and hydroxyl radicals and inhibited liposomal and

microsomal lipid peroxidation [192]. However, similar to some flavonoids these compounds

exhibited prooxidant effect enhancing bleomycin-stimulated DNA damage. Gossypol, an-

other polyphenolic plant pigment and male contraceptive efficiently inhibited myocardial

phospholipid peroxidation at low concentrations [193].

Among many synthetic phenols with antioxidative activity, two compounds, namely, the

nonsteroidal antiinflammatory drug 2-aminomethyl-4-tert-butyl-6-iodophenol (MK-447) and

probucol are of certain interest (Figure 29.8). Cheesman and Forni [194] have shown that

MK-447 inhibited rat liver microsomal lipid peroxidation, and therefore, its antiinflamma-

tory function may be a consequence of its free radical scavenging activity. Probucol, a

pharmacological agent now widely applied in heart therapy, has two phenolic hydroxyl

groups and therefore, should be an effective antioxidant. Indeed, probucol is the effective

inhibitor of LDL oxidation [195,196], although its inhibitory effect is independent of the

reactions with superoxide and peroxyl radicals [197]. Probucol exhibits synergistic effect in

combination with ascorbic acid (see below).

29.5 THIOLS

All reduced thiols contain very active SH groups and therefore, are potentially efficient

antioxidants. There are numerous endogenous and synthetic thiols, which have already

been studied and applied as antioxidative drugs and food supplements, but the most import-

ant antioxidant thiols are undoubtedly lipoic acid and glutathione.

29.5.1 LIPOIC ACID

Lipoic acid (the other names are a-lipoic acid or thioctic acid) (Figure 29.9) is a natural

compound, which presents in most kinds of cells. Lipoic acid (LA) is contained in many food

products, in particular in meat, but it is also synthesized in human organism from fatty acids.

Earlier, it has been shown that in humans lipoic acid functions as a component of the

pyruvate dehydrogenase complex. However, later on, attention has been drawn to the

possible antioxidant activity of the reduced form of lipoic acid, dihydrolipoic acid (DHLA)

(Figure 29.9).

Chemical, biological, and pharmacological properties of lipoic acid as well as its thera-

peutic effects in several diseases (diabetes mellitus, liver cirrhosis, polyneuritis, etc.) are

reviewed [198,199]. It is evident from the chemical structures of LA and DHLA that only

DHLA may be an efficient scavenger of all oxygen radicals, while LA should be active only in

the reactions with highly reactive hydroxyl radicals. On the other hand, DHLA must be easily
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oxidized especially in the presence of transition metal ions. Antioxidant and prooxidant

properties of LA and DHLA have been considered earlier [200].

In 1988 Bast and Haenen [201] reported that both LA and DHLA did not affect iron-

stimulated microsomal lipid peroxidation. However, Scholich et al. [202] found that DHLA

inhibited NADPH-stimulated microsomal lipid peroxidation in the presence of iron–ADP

complex. Inhibitory effect was observed only in the presence of a-tocopherol, suggesting that

some interaction takes place between these two antioxidants. Stimulatory and inhibitory

effects of DHLA have also been shown in other transition metal-stimulated lipid peroxidation

systems [203,204]. Later on, the ability of DHLA (but not LA) to react with water-soluble and

lipid-soluble peroxyl radicals has been proven [205]. But it is possible that the double

(stimulatory and inhibitory) effect of DHLA on lipid peroxidation originates from sub-

sequent reactions of the DHLA free radical, capable of participating in new initiating

processes.

Conflicting data were also received for the reactions of LA and DHLA with hydroxyl

radicals and superoxide. Suzuki et al. [206] found that both LA and DHLA inhibited the

formation of DMPO–OH adducts formed in the Fenton reaction. However, Scott et al. [207]

concluded that only LA is a powerful scavenger of hydroxyl radicals while DHLA accelerated

iron-catalyzed hydroxyl radical formation and lipid peroxidation.

Neither Suzuki et al. [206] nor Scott et al. [207] found any effect of LA on superoxide

production by xanthine oxidase. Scott et al. also concluded that DHLA is incapable of

reacting with superoxide. The last conclusion seems highly improbable. The ability of

superoxide to react with thiols with the rate constants equal to 105 to 106 l mol�1 s�1 has

been shown in chemical studies [208]. Dikalov et al. [209] estimated the rate constant for the

reaction of DHLA with superoxide as (4.8+2)�105 l mol�1 s�1 using the competition experi-

ments with spin trap DMPO, which is very close to the previous value of (7.3+0.24)�105

l mol�1 s�1 reported for this reaction [210]. Negative results obtained by Scott et al. [207] are

probably explained by the use of unreliable NBT assay for superoxide detection [211].

The recent work by Winterbourn and Metodiewa [211] demonstrated that the above

values for the rate constant of reaction of DHLA with superoxide might be overestimated.

These authors studied the reactions of superoxide with several thiols, glutathione, cysteine,

cysteamine, penicillamine, N-acetylcysteine, dithiothreitol, and captopril and found that

thiols reacted with superoxide by a chain mechanism with the regeneration of superoxide.

They suggested that the rate constants for the reactions of thiols with superoxide could not be

more than 103 l mol�1 s�1.

These findings may or may not be applied to DHLA. The chain mechanism of reaction of

thiols with superoxide suggests that the first step of this reaction is the oxidation of thiols:

O2
.� þGSH ¼) [GSO2H]

.� ¼) GSO
. þHO

.� (22)

DHLALA

SH SH

COOH

SS

COOH

γ-L-Glutamyl-L-cysteinyl-glycine
Glutathione (GSH)

HSCH2CH(NHAc)COOH
N-Acetylcysteine (NAC)

FIGURE 29.9 Major thiolic antioxidants.
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(Here, thiol is glutathione.) On subsequent steps O2
.� is regenerated by one-electron oxida-

tion of GSSG:

GSO
. þGS� ¼) GSO� þGS

.
(23)

GS
. þGS� ¼) GSSG

.� (20)

GSSG
.� þO2 ¼) GSSGþO2

.� (21)

Regeneration of superoxide during the oxidation of thiols hints at the possible prooxidant

effect of these antioxidants. This suggestion was recently confirmed by Mottley and Mason

[212] who have showed that superoxide was formed in the oxidation of DHLA by horseradish

peroxidase in the presence of phenol. However, DHLA is dithiolic compound and the other

mechanisms such as the concerted mechanism, which has been proposed earlier for flavonoids

may be realized (Figure 29.6).

LA and DHLA exhibited opposite effects on oxygen radical production by lipoxygenase,

NADPH oxidase, and phagocytes [200]. It is interesting that the activity of lipoic acid was, as

a rule, stimulatory in these oxygen radical-producing systems: LA stimulated SOD-inhibita-

ble lucigenin-amplified CL produced during the peroxidation of linolenic acid catalyzed by

soybean lipoxygenase and the cytochrome c reduction by leukocyte NADPH oxidase. Simi-

larly, LA stimulated spontaneous superoxide production by leukocytes and macrophages. In

contrast, LA inhibited oxygen radical production by latex- and PMA-stimulated leukocytes

and macrophages probably due its incapability to compete with these stimuli for the activa-

tion of phagocytic NADPH oxidase. On the contrary, DHLA was always inhibitory in cell-

free and cellular superoxide-generating systems due to direct scavenging of superoxide.

It should be mentioned that the inhibition of superoxide overproduction and lipid peroxi-

dation by lipoic acid has been recently shown in animal models of diabetes mellitus. The

administration of LA to streptozotocin-diabetic rats suppressed the formation of lipid per-

oxidation products [213]. In another study the supplementation of glucose-fed rats with lipoic

acid suppressed aorta superoxide overproduction as well as an increase in blood pressure and

insulin resistance [214].

Several studies suggest that LA and DHLA form complexes with metals (Mn2þ, Cu2þ,

Zn2þ, Cd2þ, and Fe2þ/Fe3þ) [215–218]. However, in detailed study of the interaction of LA

and DHLA with iron ions no formation of iron–LA complexes was found [217]. As vicinal

dithiol, DHLA must undoubtedly form metal complexes. However, the high prooxidant

activity of DHLA makes these complexes, especially with transition metals, highly unstable.

Indeed, it was found that the Fe2þ–DHLA complex is formed only under anerobic conditions

and it is rapidly converted into Fe3þ–DHLA complex, which in turn decomposed into Fe2þ

and LA [217]. Because of this, the Fe3þ/DHLA system may initiate the formation of hydroxyl

radicals in the presence of hydrogen peroxide through the Fenton reaction. Lodge et al. [218]

proposed that the formation of Cu2þ–DHLA complex suppressed LDL oxidation. However,

these authors also found that this complex is unstable and may be prooxidative due to the

intracomplex reduction of Cu2þ ion.

29.5.2 GLUTATHIONE

Another important thiolic antioxidant is glutathione. Glutathione is a tripeptide (g-L-

glutamyl-L-cysteinyl-glycine, GSH), which is the most abundant thiol presenting in mamma-

lian cells with concentrations of 1 to 10 mmol l�1. Glutathione is synthesized by two enzymes,

g-glutamylcysteine synthase and glutathione synthase. There are many functions of glu-

tathione in an organism such as the participation in metabolism, transport, catalysis,
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maintenance of thiol moieties of proteins, etc. As a redox-cycling compound, glutathione may

function in two ways: as a free radical scavenger and as an electron donor in the enzymatic

redox cycle of glutathione peroxidase and glutathione reductase catalyzing the reduction of

peroxides. (The last function of glutathione is considered in Chapter 30.)

Ascorbic acid and GSH are the most important in vivo water-soluble antioxidants, which

may manifest synergistic effect (see below). The antioxidant activity of glutathione is espe-

cially important in the brain, which contains relatively low levels of SOD, catalase, and

glutathione peroxidase. In this case the alteration of GSH metabolism may contribute to

the pathogenesis of neurodegenerative diseases such as Parkinson’s disease [219]. It is possible

that one of the protective functions of GSH in brain is the interaction with nitric oxide. It has

been shown that GSH reacts with NO to form S-nitrosoglutathione [220]. Canals et al. [221]

found that the depletion of glutathione by the GSH synthesis inhibitor L-buthionine-(S,R)-

sulfoximine in fetal midbraine cultures drastically enhanced the toxic effect of nitric oxide in

these cells. Recently, Ford et al. [222] showed that glutathione and cysteine are the effective

scavengers of another important biological nitrogen radical NO2, reacting with radical with

rate constants of about 2�107 and 5�107 l mol�1 s�1, respectively.

Since glutathione is synthesized in cells in relatively huge amounts, it is seldom applied as

pharmacological antioxidant. Furthermore, the mechanism of its antioxidant activity is not

so simple as that of vitamins E and C. The major reason is that the GS. radical formed during

scavenging of free radicals by GSH does not disappear by dimerization but participates in the

chain reaction, producing superoxide (Reactions (20)–(23)). Furthermore, it has recently been

shown that contrary to previous findings the rate constant for the reaction of GSH with

superoxide is relatively small (200–1000 l mol�1 s�1) [211,223].

It has been shown that glutathionyl radicals may participate in various potentially

damaging processes. Sampath and Caughey [224] showed that the addition of GSH to aerobic

solution of hemoglobin resulted in the heme and protein oxidation. Similar to dihydrolipoic

acid, glutathione is easily oxidized by horseradish peroxidase (HRP) to the glutathionyl

radical [225]. On the other hand, glutathione may intervene into the redox cycling of

oxidizable drugs reducing the formed radical cations (RC) [226].

RC
.þ þGSH () RCþGS

. þHþ (24)

It is interesting that the equilibrium of Reaction (24) is actually shifted to the left (K24 is of the

order of 10�4, but due to the rapid removing GS. in following reactions (for example,

Reaction (20)) from reaction mixture, glutathione is a good reductant of drug radical cations.

Very interesting mechanism of the enhanced glutathione antioxidant activity in the

presence of SOD was offered by Winterbourn [227]. She pointed out that the interaction of

all free radicals with glutathione resulted in the formation of superoxide as the only final

active species ‘‘a free radical sink.’’ Therefore, the mixture of glutathione together with SOD

may be considered as a ‘‘universal’’ scavenger of free radicals of any structure.

Unfortunately, later findings questioned the reliability of free radical sink hypothesis.

Using the known values of rate constants, Wardman [228] calculated that in well oxygenated

tissue not more than 20% of GS. radicals are able to react with GS� to form GSSG.�

(Reaction (20)) and generate superoxide by Reaction (21). Furthermore, in the presence of

ascorbate this amount fall down to 3%. Similarly, Sturgeon et al. [229] showed that in the

tyrosyl radical-generating system, containing ascorbate and glutathione, ascorbate success-

fully competed with glutathione to form the ascorbate radical and diminished GS. formation.

Thus, the GSHþ SOD system cannot apparently function as effective ‘‘universal’’ scavenger

of free radicals.
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29.5.3 N-ACETYLCYSTEINE AND TETRADECYLTHIOACETIC ACID

N-Acetylcysteine (NAC) is a thiolic compound, which is applied in clinical practice since the

mid-1950s. As NAC has been used for the treatment of some inflammatory disorders con-

nected, for example, with redox cycling of xenobiotics or exposure to environmental pollu-

tants and cigarette smoke, it has been proposed that this compound is possessing antioxidant

activity similar to other thiols. It has been shown that NAC reacts with free radicals to form

thiyl radicals and NAC disulfide, the latter as a final product [230]. NAC is an excellent

scavenger of hydroxyl radicals (the rate constant is equal to 1.36�1010 l mol�1 s�1 [231].

There were different estimates of its rate constant with superoxide, but as in the case of other

thiols, this reaction is a rather slow one with the rate constant from 10 to 103 l mol�1 s�1 [211].

Nonetheless, NAC is apparently able to suppress superoxide-mediated toxic effects in cells

[232]. Another possible mode of NAC antioxidant activity is the enhancement of cellular

concentrations of cysteine and glutathione [230]. It has recently been shown [233] that NAC is

able to suppress redox regulation of mitogen-activated protein kinase (MAPK(p38))-medi-

ated proinflammatory cytokine production in the alveolar epithelium. NAC induced intra-

cellular accumulation of GSH and reduced the concentration of GSSG.

There are other synthetic and natural thiolic compounds possessing antioxidant activity.

One such compound is tetradecylthioacetic acid (TTA), which inhibited the iron–ascorbate-

induced microsomal lipid peroxidation [234]. Its Se analog exhibited even a more profound

antioxidative effect.

29.6 UBIQUINONES

Ubiquinones (coenzymes Q) Q9 and Q10 are essential cofactors (electron carriers) in the

mitochondrial electron transport chain. They play a key role shuttling electrons from

NADH and succinate dehydrogenases to the cytochrome b–c1 complex in the inner mito-

chondrial membrane. Ubiquinones are lipid-soluble compounds containing a redox active

quinoid ring and a ‘‘tail’’ of 50 (Q10) or 45 (Q9) carbon atoms (Figure 29.10). The predom-

inant ubiquinone in humans is Q10 while in rodents it is Q9. Ubiquinones are especially

abundant in the mitochondrial respiratory chain where their concentration is about 100 times

higher than that of other electron carriers. Ubihydroquinone Q10 is also found in LDL where

it supposedly exhibits the antioxidant activity (see Chapter 23).

Contemporary interest in ubiquinones is explained by their potential antioxidant activity

and the possibility of using these nontoxic natural compounds as pharmaceutical agents. But

it should be noted that ubiquinones are not vitamins and that they are synthesized in humans.

Taking into account a high level of ubiquinones in mitochondria, the effective supplementa-

tion of ubiquinones to fight against free radical-mediated damage seems to be a hard task.

There are two kinds of redox interactions, in which ubiquinones can manifest their

antioxidant activity: the reactions with quinone and hydroquinone forms. It is assumed

that the ubiquinone–ubisemiquinone pair (Figure 29.10) is an electron carrier in mitochon-

drial respiratory chain. There are numerous studies [235] suggesting that superoxide is formed

during the one-electron oxidation of ubisemiquinones (Reaction (25)). As this reaction is a

reversible one, its direction depends on one-electron reduction potentials of semiquinone and

dioxygen.

Q
.� þO2 () QþO2

.� (25)

However, ubiquinones are water nonsoluble compounds, and it is impossible to measure their

reduction potentials in aqueous solution. Fortunately, it is possible to measure directly the
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equilibrium constants K25 for Reaction (25) in aprotic media. It was found that K25¼ 2–3 for

ubiquinones in dimethylformamide [236]. Accepting these values as a rough estimate of the

equilibrium constants in lipid membranes and taking into account that ubiquinone concen-

trations in mitochondria are much greater than that of dioxygen, one may suggest that the

equilibrium of Reaction (25) in biological systems is sharply shifted to the left. As semiqui-

nones are inactive radical-anions, ubiquinones may indeed exhibit antioxidant activity as

superoxide scavengers under in vivo conditions.

As already mentioned, another mechanism of antioxidant activity of ubiquinones is

scavenging of free radicals by ubihydroquinones (Reaction (26)):

QHþROO
. ¼) Q

. þROOH (26)

(This mechanism is now considered to be of importance for the protection of LDL against

oxidation stress, Chapter 25.) The antioxidant effect of ubiquinones on lipid peroxidation was

first shown in 1980 [237]. In 1987 Solaini et al. [238] showed that the depletion of beef heart

mitochondria from ubiquinone enhanced the iron–adriamycin-initiated lipid peroxidation

whereas the reincorporation of ubiquinone in mitochondria depressed lipid peroxidation. It

was concluded that ubiquinone is able to protect mitochondria against the prooxidant effect

of adriamycin. Inhibition of in vitro and in vivo liposomal, microsomal, and mitochondrial

lipid peroxidation has also been shown in studies by Beyer [239] and Frei et al. [240]. Later on,

it was suggested that ubihydroquinones inhibit lipid peroxidation only in cooperation with

vitamin E [241]. However, simultaneous presence of ubihydroquinone and vitamin E appar-

ently is not always necessary [242], although the synergistic interaction of these antioxidants

may take place (see below). It has been shown that the enzymatic reduction of ubiquinones to

ubihydroquinones is catalyzed by NADH-dependent plasma membrane reductase and

NADPH-dependent cytosolic ubiquinone reductase [243,244].

n = 9 or 10
Ubiquinone

O

O

CH3O

CH3O (CH2CH=CMeCH2)nH

CH3

OH

OH
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Ubihydroquinone

CH3O

CH3O (CH2CH=CMeCH2)nH

CH3

n = 9 or 10
Ubisemiquinone

O•

O−
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CH3O (CH2CH=CMeCH2)nH
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FIGURE 29.10 Ubiquinone, ubihydroquinone, and ubisemiquinone.

Denisov / Oxidation and Antioxidants in Organic Chemistry and Biology DK1162_c029 Final Proof page 865 2.2.2005 5:56pm

© 2005 by Taylor & Francis Group.



Peroxyl radicals are not only ones, which are able to react with ubihydroquinones.

Poderoso et al. [245] showed that the short-chain ubihydroquinones Qo and Q2 are oxidized

by nitric oxide with the rate constants of 0.49�104 and 1.6�104 l mol�1 s�1, respectively. The

reaction apparently proceeded by one-electron transfer mechanism because the formation of

intermediate semiquinone radicals has been registered.

The antioxidant activity of ubiquinones has been demonstrated in the in vitro and in vivo

studies. Takahashi et al. [246] compared the prooxidant effects of hydrogen peroxide on

hepatocytes isolated from rats injected with ubiquinone Q10 and control rats. It was found

that the TBAR product formation was nearly completely suppressed in Q10 hepatocytes and

that these cells exhibited a higher cell viability and lower release of lactate dehydrogenase

than control hepatocytes. Recently, it has been found that ubihydroquinone Q10 improved

platelet mitochondrial function and protected the cells from oxidative injury [247]. In con-

trast, ubiquinone was practically ineffective under similar conditions. Ubiquinone Q10 can

apparently exert neuroprotective effect since it has been shown that its oral administration

to rats attenuated striatal lesions induced by 3-nitropropinic acid [248]. Raitakari et al.

[249] concluded that dietary supplementation of ubiquinone Q10 decreased ex vivo LDL

oxidation in humans. However, the last analysis of their own and literature data performed

by Kaikkonen et al. [250] showed that there are no reliable data supporting the existence of

any antioxidant effect of Q10 under in vitro or ex vivo conditions at high radical flux.

Inefficiency of Q10 supplementation probably depends on its very small plasma concentration

at high radical flux conditions and the absence of regeneration mechanism for ubiquinone in

plasma ex vivo or isolated LDL. On the other hand, it has been suggested that ubiquinone Q10

may exhibit antioxidant activity under low radical flux conditions mainly through the

regeneration of vitamin E. Rosenfeldt et al. [251] concluded that the administration of Q10

to the elderly improved the efficiency of mitochondrial energy production and reduced free

radical-mediated myocardial damage.

The administration of Q10 or quercetin to rats protected against endotoxin-induced shock

in rat brain [252]. It was found that the pretreatment with these antioxidants diminished the

shock-induced increase in brain MDA and nitric oxide levels. Interesting data have been

obtained by Yamamura et al. [253] who showed that ubiquinone Q10 is able to play a double

role in mitochondria. It was found that on the one hand, Q10 enhanced the release of

hydrogen peroxide from antimycin A- or calcium-treated mitochondria, but on the other

hand, it inhibited mitochondrial lipid peroxidation. It was proposed that Q10 acts as a

prooxidant participating in redox signaling and as an antioxidant suppressing permeability

transition and cytochrome c release.

From chemical point of view, efficient free radical scavengers must contain substituents

with the very weak C��H, O��H, or S��H bonds, from which reactive free radicals are able to

abstract a hydrogen atom. It can be seen that the antioxidants discussed above (ascorbic acid,

a-tocopherol, ubihydroquinones, glutathione, etc) fall under this category. However, many

other compounds manifest free radical scavenging activity in in vitro and in vivo systems.

29.7 QUINONES

In the case of ubiquinones we have already considered the ability of quinones to react with

superoxide and other free radicals. Naphthoquinones, vitamin K and its derivatives, especially

menadione, are the well known producers of superoxide through redox cycling with dioxygen.

However, in 1985, Canfield et al. [254] have shown that vitamin K quinone reduced the

oxidation of linoleic acid while vitamin K hydroquinone stimulated lipid peroxidation. Sur-

prisingly, later on, conflicting results were reported by Vervoort et al. [255] who found that only

hydroquinones of vitamin K and its analogs inhibited microsomal lipid peroxidation.
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29.8 URIC ACID

Another physiologically important antioxidant is uric acid. Uric acid (2,6,8-purinetrione)

contains two active hydroxyl groups in the purine heterocycle (Figure 29.11), which are

responsible for its free radical scavenging activity. In 1981, Ames et al. [256] showed that

the physiological plasma concentrations of uric acid protected erythrocytes against free

radical-mediated damage. Antioxidant effects of uric acid have been shown in many other

in vitro and in vivo systems. Free radical scavenging activity of uric acid was supported by the

identification of urate free radicals [257]. Uric acid was found to be a major antioxidant in

human airway mucosal surfaces [258].

In 1998, Schlotte et al. [259] showed that uric acid inhibited LDL oxidation. However,

subsequent studies showed that in the case of copper-initiated LDL oxidation uric acid

behaves itself as prooxidant [260,261]. It has been suggested that in this case uric acid

enhances LDL oxidation by the reduction of cupric into cuprous ions and that the prooxidant

effect of uric acid may be prevented by ascorbate. On the other hand, urate radicals formed

during the interaction of uric acid with peroxyl radicals are able to react with other com-

pounds, for example, flavonoids [262], and by that participate in the propagation of free

radical damaging reactions. In addition to the inhibition of oxygen radical-mediated pro-

cesses, uric acid is an effective scavenger of peroxynitrite [263].

29.9 STEROIDS

Some steroid molecules (estrone, estradiol, and estriol) have phenolic hydroxyl in the ring A

(Figure 29.12) and therefore, are able to react as free radical scavengers. In 1987, Japanese

authors [264,265] showed that all these compounds inhibited iron–adriamycin- or iron–ADP–

ascorbate-dependent phospholipid and liposomal lipid peroxidation. Later on, most attention

was drawn to the study of antioxidative properties of estradiol-17b (estrogen E2); it has been

proposed that E2 antioxidant activity may contribute to cardioprotection observed after

estrogen therapy in postmenopausal women. The necessity for the phenolic hydroxyl has

been shown by studying the effects of several estrogens on LDL oxidation. It was found [266]
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FIGURE 29.11 Vitamin K and uric acid.
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that only estrdiol-17b but not testosterone (having no phenolic hydroxyl) or estrdiol-17b

benzoate (with the blocked HO group) inhibited lipid peroxidation. The ability of estradiol-

17b to inhibit LDL oxidation and DNA damage has been shown in several studies [267–270].

Estradiol-17b also inhibited lipid peroxidation in rat liver microsomes [271]. Ayres et al. [270]

concluded that the inhibitory effect of estradiol-17b is due to its interaction with hydrogen

peroxide, superoxide, and hydroperoxyl radical. Ascorbic acid drastically enhanced the

antioxidant activity of estradiol-17b in human aortic endothelial cells [272].

Winterle et al. [273] determined the rate constant for the reaction of estradiol-17b with

peroxyl radicals as 105 l mol�1s�1 and the dissociation energy of the phenolic O��H bond as

85+2 kcal mol�1. However, it is most surprising that the rate constants of the phenoxyl

radical E2O
. for hydrogen atom abstraction from a-tocopherol and ascorbic acid are found to

be unusually high (108�109 l mol�1 s�1). It means that estradiol-17b is extremely rapidly

regenerated in the presence of a-tocopherol and ascorbic acid, but at the same time, E2O
. is

able to initiate oxidative processes in the absence of these antioxidants. There are the other

steroid analogs containing phenolic hydroxyl groups, which are also capable of exhibiting

antioxidant activity. For example, LY-139478, a nonsteroidal estradiol receptor modulator,

was about a 15-fold more effective free radical scavenger than estradiol-17b during the

inhibition of copper-initiated LDL peroxidation [274].

Another group of steroids, whose antioxidative properties are widely discussed in litera-

ture, is 21-amino steroids (lazaroids). In 1987, Braughler et al. [275] reported the results of

their investigation of antioxidative properties of two lazaroids, 21-[4-(2,6-di-1-pyrrolidinyl-

4-pyrimidinyl)-1-piperazinyl]-16a-methylpregna-1,4,9(11)-tiene-3,20-dione monomethane

sulfonate (U74006F) and 21-[4-(3,6-bis(diethylamino)-2-pyridinyl)-1-piperazinyl]-16a-

methylpregna-1,4,9(11)-triene-3,20-dione hydrochloride (U74500A) (Figure 29.13). These

authors concluded that 21-amino steroids are potent inhibitors of iron-dependent lipid
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FIGURE 29.12 Antioxidant steroids.
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peroxidation and that their efficacy may be compared with that of a-tocopherol. However, as

seen from Figure 29.13, lazaroids have no active substituents capable of reacting with free

radicals. In subsequent work [276] it has been shown that despite a great efficacy in iron-

dependent lipid peroxidation, U74006F and U74500A are considerably less effective free

radical scavengers compared to a-tocopherol.

It is obvious that lazaroids cannot be effective scavengers of free radicals excepting highly

reactive hydroxyl radicals. Therefore, the ‘‘second generation’’ lazaroid U-78517F (Figure

29.13) was synthesized, which was supposed to have a much greater antioxidant activity. This
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FIGURE 29.13 Major lazaroids.
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compound indeed turned out to be an effective in vitro and in vivo free radical scavenger

[277,278]. U-83836E also effectively inhibited free radical-mediated damage in endothelial

cells injured by hypoxia–reoxygenation [279]. Furthermore, it was found that lazaroids can

inhibit free radical damaging processes by reacting with peroxynitrite. Thus, Fici et al. [280]

found that lazaroids U-74006F and U-74500A suppressed peroxynitrite toxic effect in rat

cerebellar granule cells with I50 values of about 100 mmol l�1.

It seems worthy to comment on the name ‘‘second generation’’ lazaroid. Looking at the

structure of U-83836E, one may wonder why this compound is associated with 12-amino

steroids at all, whereas it is just another model of a-tocopherol and should be compared not

with ‘‘first generation’’ lazaroids but with the synthetic analogs of vitamin E (see above).

29.10 CALCIUM ANTAGONISTS AND b-BLOCKERS

Calcium antagonists and b-adrenergic receptor blockers are well-known drugs widely used

for the treatment of cardiovascular disorders. It has been suggested that some of these

compounds also exhibit antioxidative activity. The mechanisms of antioxidative activity of

calcium antagonists and b-blockers are, as a rule, uncertain because their structures are

widely varied and free radical scavenging substituents such as phenolic hydroxyl groups are

rarely present. Therefore, in many cases these compounds should be considered as indirect

antioxidants, which may affect free radical production in some ways without direct inter-

action with free radicals or be metabolized into genuine radical scavengers. In addition, it

seems that the antioxidant activity of calcium antagonists and b-blockers is independent of

their therapeutic activities because both active and inactive stereoisomers of these compounds

are the equally active antioxidants [281].

Mak and Weglicki [282] have found that calcium blockers (antagonists) nifedipine,

verapamil, and some others (Figure 29.14) inhibited iron-dependent lipid peroxidation of

sarcolemmal membranes. Furthermore, it has been found that calcium blockers are able to

inhibit LDL oxidation. Thus, calcium antagonists of dihydropyridine-type (verapamil, nife-

dipine, amlodipine, isradipine, and lacidepine) inhibited copper-initiated LDL oxidation

although their inhibitory effect was smaller comparing to vitamin E [283]. Rojstaczer and

Triggle [284] measured the inhibitory effects of several calcium antagonists on copper- and

monocyte-induced LDL oxidation and found out that the inhibitory activity of these com-

pounds decreased in the range of felodipine > 2-chloro analog of nifedipine > nifedipine >
amlodipine, verapamil, nitrendipine > diltiazem. Similarly, calcium blockers inhibited LDL
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FIGURE 29.14 Specimens of calcium blockers.
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degradation. It was suggested that the antioxidant effects of these compounds strongly

depended on the 2-substitutent of the phenyl ring. Sobala et al. [285] found that calcium

antagonists inhibited the oxidation of both native LDL and their advanced glycation

end products but affect very slightly initial glycation reactions, such as Amadori product

formation.

Napoli et al. [286] found that the nifedipine treatment of stroke-prone spontaneously

hypertensive rats (SPSHR) suppressed the plasma and LDL oxidation and the formation of

oxidation-specific epitopes and increased the survival of rats independently of blood pressure

modification. Their results suggest that the protective effects of calcium blockers of dihydro-

pyridine-type on cerebral ischemia and stroke may, at least in part, depend on their antioxi-

dant activity. In vivo antioxidant effect of nilvadipine on LDL oxidation has been studied in

hypertensive patients with high risk of atherosclerosis [287]. It was found that there was a

significant decrease in the level of LDL cholesterol oxidation in patients after nilvadipine

treatment.

Calcium antagonists are able to affect nitric oxide production and suppress the peroxyni-

trite-induced damage. Thus, nifedipine enhanced the bioavailability of endothelial NO in

porcine endothelial cell cultures supposedly through an antioxidative mechanism [288].

Pretreatment with nisoldipine, a vascular-selective calcium blocker of dihydropyridine-type,

of confluent bovine aortic endothelial cells suppressed the peroxynitrite-induced GSH loss

and increased cell survival [289].

Similar to dihydropyridine calcium blockers, many b-adrenoreceptor antagonists exhibit

antioxidant activity. Mak and Weglinski [290] showed that the pretreatment of canine

myocytic sarcolemmal membranes with b-adrenoreceptor antagonists (propranolol, pindolol,

metoprolol, atenolol, or sotalol) (Figure 29.15) inhibited superoxide-induced sarcolemmal
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peroxidation. Jenkins et al. [291] showed that propranolol, dilevolol, labevolol, and meto-

prolol inhibited to some degree lipid peroxidation in the homogenates or liposomes of adult

rat hearts, while atenolol was completely inactive. It has been supposed that the inhibitory

efficiency of these compounds was related to their lipophilicity. Janero et al. [292] suggested

that the antioxidant effect of propranolol is not a consequence of its free radical scavenging

activity but is due the inhibition of xanthine oxidase, one of major producer of superoxide.

The absence of substituents with free radical scavenging properties in most of the

b-blockers makes doubtful their efficacy as powerful antioxidants. Arouma et al. [293] tested

the antioxidative properties of several b-blockers in reactions with superoxide, hydroxyl

radicals, hydrogen peroxide, and hypochlorous acid. It was demonstrated that most of the

compounds tested were inactive in these experiments. Nonetheless, propranolol, verapamil,

and flunarizine effectively inhibited iron–ascorbate-stimulated microsomal lipid peroxidation

and all drugs (excluding flunarizine) were effective scavengers of hydroxyl radicals. Contrary

to Janero et al. [292], these authors did not find the inhibition of xanthine oxidase by

propranolol. It was concluded that b-blockers are not the effective in vivo antioxidants.

Despite this criticism, many studies considering the antioxidant effects of b-adrenorecep-

tor antagonists continue to be published. Special attention is now drawn to b-blocker

carvedilol and its hydroxylated derivative (BM 910228 or SB 211475) (Figure 29.15). These

compounds seem to be the most efficient antioxidants among b-adrenoreceptor antagonists

and calcium blockers and, in some systems, among all known antioxidants. Yue et al. [294]

found that carvedilol inhibited macrophage- and copper-induced LDL oxidation with I50

values of 3.8 and 17 mmol l�1, respectively. Under the same conditions, propranolol and

atenolol were inactive. Carvedilol similarly inhibited iron-initiated lipid peroxidation in the

rat brain homogenate (I50 value is equal to 8.1 mmol l�1), while corresponding I50 values for

propranolol, atenolol, labetalol, and some other b-blockers were over 1.0 mmol l�1 [295].

Carvedilol was again a much more effective inhibitor of lipid peroxidation and glutathione

depletion in bovine endothelial cells compared to other b-blockers (propranolol, labetalol,

pindolol, atenolol, and celiprolol) [296]. In addition, carvedilol protected against oxygen

radical-mediated cell damage measured via lactate dehydrogenase release (I50¼ 4.1 mmol l�1).

High antioxidative activity carvedilol has been shown in isolated rat heart mitochondria

[297] and in the protection against myocardial injury in postischemic rat hearts [281].

Carvedilol also preserved tissue GSL content and diminished peroxynitrite-induced tissue

injury in hypercholesterolemic rabbits [298]. Habon et al. [299] showed that carvedilol

significantly decreased the ischemia–reperfusion-stimulated free radical formation and lipid

peroxidation in rat hearts. Very small I50 values have been obtained for the metabolite of

carvedilol SB 211475 in the iron–ascorbate-initiated lipid peroxidation of brain homogenate

(0.28 mmol l�1), mouse macrophage-stimulated LDL oxidation (0.043 mmol l�1), the

hydroxyl-initiated lipid peroxidation of bovine pulmonary artery endothelial cells

(0.15 mmol l�1), the cell damage measured by LDL release (0.16 mmol l�1), and the promotion

of cell survival (0.13 mmol l�1) [300]. SB 211475 also inhibited superoxide production by

PMA-stimulated human neutrophils.

The mechanism of high antioxidant activity of carvedilol is widely discussed in literature.

There are puzzling data on its reactivity in the reactions with free radicals of different

structure. For example, Kramer and Wegliski [281] demonstrated that carvedilol and BM

910228 practically did not influence the hydroxyl radical production measured via the

DMPO��OH adduct formation. At the same time, both compounds were the extremely

efficient ‘‘chain-breaking’’ antioxidants in the reaction with peroxyl radicals. These findings

of course question a high free radical scavenging activity of carvedilol. Nonetheless, Oettl et al.

[301] suggested that carvedilol inhibited the peroxyl radical-initiated LDL oxidation through

a radical-scavenging mechanism. Unfortunately, nobody was able to measure the rate con-
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stants for the reactions of carvedilol with free radicals. And furthermore, Noguchi et al. [302]

showed that carvedilol had a poor reactivity toward phenoxyl, alkoxyl, and peroxyl radicals

in acetontrile solution. Moreover, it did not inhibit the peroxyl radical-initiated oxidation of

linoleate or phosphatidylcholine liposomal membranes or the oxidation of isolated LDL

initiated by peroxyl radicals or copper ions. At the same time, carvedilol completely inhibited

iron-stimulated peroxidation of methyl linoleate micelles.

As free radical-scavenging activity of carvedilol seems to be doubtful, two other possible

mechanisms of its antioxidative effects have been discussed: iron chelating and membrane

biophysical interaction. Oettl et al. [301] and Noguchi et al. [302] suggested that carvedilol is

able to chelate iron ions with binding constant of about 105 l mol�1. However, the carvedilol

structure is not typical of efficient chelators (see below). On the other hand, it has been

found that carvedilol binds to liposomal membranes with the binding constant of the order of

104 l mol�1 [303]. (Similarly, the membrane-stabilizing mechanism of antioxidative activity

of b-blockers has been proposed for propranolol [304] and the metabolite SB 211475

[305]. In the latter work it was suggested that the intercalation of SB 211475 into the

glycerol phosphate–hydrocarbon interface makes the membrane more resistant to lipid

peroxidation.)

Regarding the proposed mechanisms of carvedilol antioxidative activity, membrane

stabilization through the biophysical interaction of carvedilol with the membrane seems to

be the most reliable one. However, a higher antioxidant activity of the metabolite SB 211475

leads to another explanation. In contrast to the parent carvedilol, SB 211475 has the active

free radical scavenging phenolic hydroxyl, which is apparently responsible for its enhanced

antioxidant activity. Thus, we may suggest that the in vivo antioxidant activity of carvedilol is

due to its converting into active metabolites, which, for example, may be formed in the

reactions with ‘‘primary’’ free radicals such as hydroxyl radicals.

Completing the discussion on the antioxidant properties of b-blockers, we should like to

comment on the study of in vivo effects of carvedilol in humans. Recently, it has been shown

[306] that the administration of small doses of carvedilol (3.125 mg twice a day) significantly

decreased oxygen radical production by blood leukocytes and monocytes and the levels of

m- and o-tyrosine supposedly formed as a result of oxidative conversion of phenylalanine.

Thus, regardless of the mechanisms, carvedilol does exhibit in vivo antioxidant activity.

29.11 PYRROLOPYRIMIDINES

Pyrrolopyrimidines (Figure 29.16) were synthesized and studied as effective in vitro and

in vivo antioxidants possessing neuroprotective activity in brain injury and ischemia models

due to the improved ability to penetrate blood–brain barrier and achieve the neural tissue

compared to the other antioxidants, for example, lazaroids. Greater efficacy of pyrrolopyr-

imidines has been shown in permanent and temporary focal cerebral ischemia [307]. Pyrro-

lopyrimidines are also very effective inhibitors of lipid peroxidation: for example, IC50 values

for pyrrolopyrimidines are 0.3–10.6 mmol l�1 compared to IC50¼ 26.4 mmol l�1 for lazaroid

U-74006F [307]. It was demonstrated [308] that pyrrolopyrimidines are able to inhibit

peroxynitrite-induced damaging processes such as tyrosine nitration in erythrocytes. Lauder-

back et al. [309] found the enhanced antioxidant activity of pyrrolopyrimidine U101033E in

aqueous cell-free solution.

Similar to some other antioxidants, pyrrolopyrimidines do not contain active free radical

scavenging groups such as phenolic or thiolic substituents. At present, at least two different

mechanisms of their antioxidant activity have been proposed [307]. It was suggested that

pyrrolopyrimidines, which are electron donating compounds, can be oxidized by hydroxyl

or peroxyl radicals or hydroxylated by cytochrome P-450 forming phenolic metabolite

Denisov / Oxidation and Antioxidants in Organic Chemistry and Biology DK1162_c029 Final Proof page 873 2.2.2005 5:56pm

© 2005 by Taylor & Francis Group.



(Figure 29.17). The first mechanism is untypical one for classical antioxidants and probably

may be considered as a novel mode of antioxidant activity. The second one is typical for

indirect antioxidants.

29.12 NADPH

NADPH might be considered as an indirect antioxidant due to its function as the reductant of

various oxidized substrates, for example in the re-reduction of GSSG into GSH. However, it

has recently been shown [1] that NADPH possesses the free radical scavenging activity

reacting with such free radicals as CO3
.�, NO2

.
, ROO

.
and RO

.
. It should be noted that the

efficiency of NADPH may increase under in vivo conditions due to its regeneration by

numerous enzymes.

29.13 b-CAROTENE

b-Carotene (Figure 29.18) is a nutrient presented in fresh fruits and vegetables. For some time

this unsaturated hydrocarbon and its derivatives carotenoids were considered to be the

efficient antioxidants and free radical scavengers. Indeed, it is seen from its chemical structure

that b-carotene should be very reactive in the reactions with free radicals. For example, it

rapidly reacts with the
.
NO2 radical by one-electron transfer mechanism with the rate

constant equal to 1.1� 109 l mol�1 s�1 and with the glutathione free radical by addition

mechanism with the rate constant equal to 2.2� 108 l mol�1 s�1 [310]. Burton and Ingold

[311] demonstrated the unusual high antioxidant and free radical scavenging activity of

b-carotene. This work was followed by many in vivo studies of antioxidant effects

of b-carotene [312]. Other modes of possible antioxidant action of b-carotene are the

suppression of singlet oxygen formation [313] and the reaction with peroxynitrite [314].

In spite of a high reactivity of b-carotene in free radical reactions and marked antioxidant

effects in in vitro systems, b-carotene did not show itself as an effective in vivo antioxidant.

Furthermore, recent clinical trials suggested that the administration of b-carotene may be

useless or even harmful to patients with heart and some other diseases, especially to smokers.

One might suspect that one of the major reasons of toxic in vivo effects of b-carotene might

be the formation of prooxidative compounds during b-carotene oxidation. In contrast to
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FIGURE 29.16 Pyrrolopyrimidines.
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a-tocopherol, which forms a relatively inactive a-tocopheroxyl radical in the reactions with

free radicals, b-carotene free radical formed in oxidative processes is rapidly decomposed to

form potentially reactive compounds. It is possibly the reason why b-carotene manifests

prooxidant activity at 100% oxygen [311]. This proposal is supported by recent work [315]

where it was found that oxidized b-carotene and the carotenoid lycopene induced oxidative

DNA damage.

29.14 MELATONIN

Melatonin, N-acetyl-5-methoxytryptamine (Figure 29.19), is a pineal hormone, which is

synthesized from tryptophan mainly in pineal gland. Last 10 years showed a big interest in

the possible antioxidative activity of melatonin, especially under in vivo conditions [316,317].

It has been shown that melatonin is an effective scavenger of hydroxyl radicals, nitric oxide,

and peroxynitrite [316]. Melatonin is a moderate inhibitor of the iron-initiated peroxidation

of brain phospholipid liposomes (IC50¼ 210 mmol l�1) [318] and soybean phosphatidylcho-

line liposomes [319], although the early conclusion that melatonin may be twice as effective as

trolox [320] is wrong. These findings also suggest that melatonin is able to inhibit homocys-

tine-induced lipid peroxidation of brain homogenates (which suggests the possibility of using

melatonin as therapeutic agent in reducing cardiovascular disease) [321]. Baydas et al. [322]

also proposed that melatonin is a more efficient inhibitor of lipid peroxidation in rats with

streptozocin-induced diabetes mellitus compared to vitamin E.

Despite a very optimistic estimate of antioxidant activity of melatonin [323], the thorough

1999 study [324] showed that melatonin possessed no free radical scavenging activity against

peroxyl radicals in homogenous and heterogeneous systems but exhibited some inhibitory

activity in iron-initiated lipid peroxidation. Summarizing the up-to-date findings on antiox-

idative activity of melatonin, the following might be said:

(1) Melatonin is a good scavenger of hydroxyl radicals reacting with them with the rate

constant of about 1010 l�1 mol�1 [316]. However, it should be noted that practically all

Carotene

FIGURE 29.18 Structure of carotene.

Melatonin

NHCOMeMeO

N
H

FIGURE 29.19 Structure of melatonin.
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antioxidants and many biological substrates possess the same hydroxyl radical scav-

enging activity because the most rate constants of hydroxyl radical reactions are

diffusion-controlled ones. Furthermore, the role of hydroxyl radicals as the initiators

of peroxidative processes is doubtful (Chapter 25).

(2) Despite some literature data, melatonin is not a free radical scavenger because it does

not contain the substituents with a weak C��H or O��H bonds. Suggestions that

melatonin may reduce free radicals through a one-electron transfer mechanism are

very interesting but they still were not confirmed by any kinetic measurements.

(3) Melatonin probably manifests some chelating activity although its structure is very

different from the structures of effective chelators (see below).

(4) Melatonin might be an indirect in vivo antioxidant, getting metabolized into a genuine

free radical scavenger in some enzymatic processes.

29.15 EBSELEN

Although selen is a very toxic element, some of its derivatives exhibit a relatively low toxicity

and certain antioxidant activity. The most well known selen-containing antioxidant is ebselen

(2-phenyl-1,2-benzoisoselenazol-3-(2H)-one, Figure 29.20), which was found to be an effect-

ive inhibitor of numerous free radical-mediated processes. The principal mode of the anti-

oxidant activity of ebselen is apparently its activity as a glutathione peroxidase mimic

(Chapter 30), although ebselen may probably also act as an antioxidant. There are early

studies showing the ability of ebselen to inhibit microsomal lipid peroxidation [325,326].

Subsequent studies demonstrated that the antioxidative activity of ebselen is derived from

the reduction of hydroperoxides and not from direct scavenging of free radicals [327,328].

This conclusion corresponds well to the ebselen chemical structure without efficient free

radical scavenging substituents.

Thomas and Jackson [329] have shown that ebselen inhibited copper-initiated LDL

oxidation in the presence of glutathione. Noguchi et al. [330] showed that the inhibitory

effect of ebselen on copper-initiated LDL was also observed without glutathione, while in the

case of radical-initiated LDL oxidation ebselen was inactive. However, it is possible that

ebselen may inhibit both copper- and peroxyl radical-initiated LDL oxidation although in the

latter case the inhibitory effect of ebselen depends on the size of peroxyl radical flux [331].

The inhibitory effect of ebselen on LDL oxidation also depends on its ability to reduce LDL

hydroperoxides.

Another mode of antioxidant activity of ebselen is the suppression of peroxynitrite

formation. Ebselen rapidly reacts with peroxynitrite to form ebselen Se-oxide [332]. Ebselen

Se-oxide is reduced by glutathione [333]; therefore, ebselen can be regenerated under in vivo

conditions by redox cycling (Figure 29.20).

ONOOH

GSH

Ebselen Ebselen Se-Oxide

N

O

Se

N

O

Se

O

FIGURE 29.20 Reaction of ebselen with peroxynitrite.
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29.16 METALLOTHIONEINS AND ZINC

Metallothioneins (MT) are unique 7-kDa proteins containing 20 cysteine molecules bounded

to seven zinc atoms, which form two clusters with bridging or terminal cysteine thiolates. A

main function of MT is to serve as a source for the distribution of zinc in cells, and this

function is connected with the MT redox activity, which is responsible for the regulation of

binding and release of zinc. It has been shown that the release of zinc is stimulated by MT

oxidation in the reaction with glutathione disulfide or other biological disulfides [334]. MT

redox properties led to a suggestion that MT may possesses antioxidant activity. The mech-

anism of MT antioxidant activity is of a special interest in connection with the possible

antioxidant effects of zinc. (Zinc can be substituted in MT by some other metals such as

copper or cadmium, but Ca–MT and Cu–MT exhibit manly prooxidant activity.)

Cai et al. [335] showed that MT inhibited copper-induced DNA damage and the reduction

of cupric ions into cuprous ions in the presence of hydrogen peroxide and ascorbate. It is

believed that the protective effect of MT against DNA damage could be about five times

higher compared to glutathione [336]. MT seem to be efficient inhibitors of peroxynitrite–

DNA damage and LDL oxidation [337]. Kumari et al. [338] found that hippocampal metal-

lothionein isoforms are scavengers of hydroxyl radicals and superoxide.

Despite the conclusions in the cited literature about direct MT interaction with free

radicals, the mechanism of MT antioxidant activity remains obscure. Markant and Pallauf

[339] concluded that cysteine groups and not zinc are responsible for the inhibition of lipid

peroxidation in hepatocytes. Maret and Vallee [340,341] also questioned the possibility of

direct scavenging of free radicals by MT and suggested that zinc release is a major mechanism

of antioxidant effects of metallothioneins.

Thus, the mechanism of MT antioxidant activity might be connected with the possible

antioxidant effect of zinc. Zinc is a nontransition metal and therefore, its participation in

redox processes is not really expected. The simplest mechanism of zinc antioxidant activity is

the competition with transition metal ions capable of initiating free radical-mediated pro-

cesses. For example, it has recently been shown [342] that zinc inhibited copper- and iron-

initiated liposomal peroxidation but had no effect on peroxidative processes initiated by free

radicals and peroxynitrite. These findings contradict the earlier results obtained by Coassin

et al. [343] who found no inhibitory effects of zinc on microsomal lipid peroxidation in

contrast to the inhibitory effects of manganese and cobalt. Yeomans et al. [344] showed

that the zinc–histidine complex is able to inhibit copper-induced LDL oxidation, but the

antioxidant effect of this complex obviously depended on histidine and not zinc because zinc

sulfate was ineffective. We proposed another mode of possible antioxidant effect of zinc [345].

It has been found that Zn and Mg aspartates inhibited oxygen radical production by xanthine

oxidase, NADPH oxidase, and human blood leukocytes. The antioxidant effect of these salts

supposedly was a consequence of the acceleration of spontaneous superoxide dismutation due

to increasing medium acidity.

29.17 METALLOPORPHYRINS

Recently, the high inhibitory efficiency of metalloporphyrins has been shown in lipid perox-

idation of rat brain homogenates [346]. It was found that manganese and cobalt porphyrins

were very effective inhibitors of lipid peroxidation while iron and especially zinc porphyrins

had very weak inhibitory activity, if any. For example, I50 values were equal to 21, 29, 212,

946 mmol l�1 for CoTBAP, MnTBAP, FeTBAP, and ZnTBAP, respectively, where TBAP is

5,10,15,20-tetrakis [4-carboxyphenyl]porphyrin; similar values were obtained for other por-

phyrin derivatives.
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The inhibition of lipid peroxidation by metalloporphyrins apparently depends on metal

ions because only compounds with transition metals were efficient inhibitors. Therefore, the

most probable mechanism of inhibitory effects of metalloporphyrins should be their dismut-

ing activity. Manganese metalloporphyrins seem to be more effective inhibitors than Trolox

(I50¼ 204 mmol l�1) and rutin (I50¼ 112 mmol l�1), and practically equal to SOD

(I50¼ 15 mmol l�1). The mechanism of inhibitory activity of manganese and zinc metallopor-

phyrins might be compared with that of copper– and iron–flavonoid complexes [167,168],

which exhibited enhanced antiradical properties due to additional superoxide-dismuting

activity.

29.18 LACTATE

Interest in the possible antioxidant activity of lactate appeared in connection with its pro-

duction during exhaustive exercise accompanied by increasing free radical formation. Grou-

sard et al. [347] proposed that under such conditions lactate might suppress oxidative stress by

reacting with oxygen radicals. As seen from the lactate structure (Figure 29.21), this com-

pound cannot be a scavenger of most free radicals excluding hydroxyl radicals. In accord with

this suggestion, Grousard et al. determined high reactivity of lactate in reaction with hydroxyl

radicals and its inability to inhibit lipid peroxidation. Surprisingly, they found that lactate

scavenged superoxide by an unknown mechanism.

29.19 ASPIRIN

Aspirin (acetylsalicylic acid) (Figure 29.21) is a widely applied drug for reducing ischemic

cardiovascular events in patients with coronary artery disease, hypertension, or at cardiovas-

cular risk. It is believed that the main protective function of aspirin is the inhibition of

cyclooxygenase; however, it has been recently proposed that aspirin may possess additional

antioxidant activity [348]. It was found that long-term aspirin treatment of normotensive and

hypertensive rats resulted in a decrease in vascular superoxide production by the inhibition of

NADPH oxidase activity.

CH3CH(OH)COO−

Lactate

NH2C-NHCH2CH2CH2-C-COOH

L-Arginine

NH H NH2

NH2CH2CH2SO3H

Taurine

OCOCH3

COOH

Aspirin

FIGURE 29.21 Structures of lactate, aspirin, L-arginine, and taurine.
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29.20 AMINO ACIDS

Similar to other indirect antioxidants, L-arginine (Figure 19.21), the substrate of NO

synthase, has no free radical scavenging substituents. However, it has been proposed [349]

that L-arginine inhibits myocardial contractility in buffer-perfused rat hearts by suppressing

oxygen radical generation by xanthine oxidase. It was proposed that this inhibitory effect of

L-arginine may be explained by the direct reaction with superoxide because D-arginine and the

inhibitor of NO synthase N(G)-nitro-L-arginine manifested similar cardioprotective effects in

this system.

Another amino acid taurine (Figure 29.21) is an effective scavenger of hypochlorous acid,

which is known to participate in tissue damage associated with reperfusion injury mediated by

neutrophils. Thus, taurine protected against the cytotoxic action of HOCl in neuronal cells

[350]. Furthermore, taurine was found to reduce hydroxyl radical-induced damage to DNA

[351]. Vohra and Hui [352] showed that the pretreatment of cultured neutrons with taurine

suppressed lipid peroxidation and the loss of glutathione peroxidase activity induced in these

cells by carbon tetrachloride.

29.21 VITAMIN B6

Vitamin B6 (pyridoxine) and its derivative pyridoxamine are apparently able to inhibit

superoxide production, reduce lipid peroxidation and glycosylation in high glucose-exposed

erythrocytes [353]. It was suggested that the suppression of oxidative stress in erythrocytes

may be a new mechanism by which these natural compounds inhibit the development of

complication in diabetes mellitus.

29.22 TARGETED ANTIOXIDANTS

A new method to suppress oxygen radical production by mitochondrial respiratory chain has

recently been proposed, namely, the use of antioxidants having a lipophilic cation [354–356].

For this purpose ubiquinone and tocopherol analogs (named MitoQ and MitoVitE, Figure

29.22) containing triphenylphosphonium cation have been synthesized. These so-called mito-

chondrial-targeted antioxidants are able to inhibit selectively mitochondrial oxidative damage

and prevent free radical-mediated cell death. It has been shown that because of the large

mitochondrial membrane potential, triphenylphosphonium cation accumulated within mito-

chondria with the antioxidant moiety inserted into the lipid bilayer. MitoVitE and MitoQ

inhibited iron-stimulated mitochondrial lipid peroxidation and prevented the disruption of

mitochondrial function. In addition, MitoQ protected mammalian cells from hydrogen

peroxide-induced apoptosis.

29.23 NATURAL ANTIOXIDANT MIXTURES

At present, considerable interest is drawn to the use of natural mixtures of antioxidants

isolated from various vegetable materials. Some authors claim that such mixtures manifest

stronger antioxidant effects than individual components due to synergistic interactions. It is

of course quite possible, but it should be noted that synergistic interactions are not a single

mechanism of the interaction between components; for example, the simultaneous presence of

the antioxidant and prooxidant flavonoids might diminish summary antioxidant effect of the

mixture. Furthermore, natural mixtures contain, as a rule, some unknown compounds, which

affect the summary effect by unknown manner.
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There are now probably thousands of supposedly antioxidant food supplements recom-

mended for the treatment and prophylaxis of various pathophysiological conditions. The

consideration of all these ‘‘antioxidant’’ compositions is of course outside the scope of this

book. Now we will just comment on several products, in which antioxidant activity was

shown in in vitro and in vivo studies. One of these natural antioxidant mixtures is pycnogenol.

Pycnogenol obtained from the bark of the French maritime pine Pinus maritima is a mixture

of many polyphenols, among them flavonoids (catechin, epicatechin, and taxifolin), con-

densed flavonoids (procyanidins), and phenolic acids (caffeic, ferulic, and p-hydroxybensoic

acids). It was found that pycnogenol efficiently inhibited many free radical-mediated pro-

cesses and protected vitamin E and glutathione from free radical attacks in cells [357–359].

Another well-known food supplement rich in flavonoids is Ginkgo biloba extract (GBE), a

natural product, which also exhibits strong antioxidant activity [360]. Shi and Niki [361]

compared free radical scavenging activity of GBE with that of individual antioxidants. It was

found that the activity was diminished in the range: propyl gallate>a-tocopher-

ol> quercetin>GBE ffi kaempferol. It has also been shown that GBE efficiently protected

human LDL against copper-initiated lipid peroxidation [362].

Prasad et al. [363] studied the use of garlic as an antioxidant for the prevention of

hypercholesterolemic atherosclerosis in rats. It was found that supplementation with garlic

decreased some parameters of oxidative stress such as aortic MDA and chemiluminescence in

rabbits fed with cholesterol diet. NAO, a natural antioxidant isolated and purified from

spinach containing flavonoids and coumaric acid derivatives, significantly improved the

survival of rats subjected to lipopolysaccharide treatment [364]. NAO also suppressed

MDA level in the heart, indicating the antioxidant mechanism of NAO protective activity.

It has been suggested [365] that grape extract reduced ischemia–reperfusion injury in rats by

functioning as in vivo antioxidant. Leonard et al. [366] also concluded that fruit and vegetable

juices are efficient inhibitors of lipid peroxidation initiated by hydroxyl radicals. Olive oil was

Mito Q

Mito Vit E

PPh3
+
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MeO

MeO
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FIGURE 29.22 Structures of targeted antioxidants.
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supposed to decrease the LDL cholesterol level and increase the HDL cholesterol level in the

heart by diminishing LDL oxidation [367].

In conclusion, it should be mentioned that there are numerous proposals for the applica-

tion of various food products having antioxidant activity for the protection against various

free radical-mediated pathologies. For example, it has been suggested that nutritional inter-

ventions such as increasing dietary intake of fruits and vegetables can decrease the age-related

declines in brain functions probably via the suppression of oxidative stress [368].

29.24 CHELATORS

Chelators of transition metals, mainly iron and copper, are usually considered as antioxidants

because of their ability to inhibit free radical-mediated damaging processes. Actually, the so-

called ‘‘chelating therapy’’ has been in the use probably even earlier than ‘‘antioxidant

therapy’’ because it is an obvious pathway to treat the development of pathologies depending

on metal overload (such as calcium overload in atherosclerosis or iron overload in thalas-

semia) with compounds capable of removing metals from an organism. Understanding of

chelators as antioxidants came later when much attention was drawn to the possibility of

in vivo hydroxyl radical formation via the Fenton reaction:

Fe2þ þH2O2 ¼) Fe3þ þHO
. þHO� (27)

It was found that various chelators are able to affect the hydroxyl radical formation in a

different way, namely, some chelators (EDTA) can increase the rate of the Fenton reaction,

while others (rutin) can inhibit it through the formation of inactive iron–chelator complexes.

At present, many natural and synthetic chelators have been studied as potential pharma-

cological agents for the treatment of iron or copper overload under various pathophysiolo-

gical conditions. (The chelating activity of flavonoids was already discussed above and the

application of chelators in thalassemia and some other pathologies is considered in Chapter

31.) There are specific thermodynamic demands to chelators to be efficient antioxidants [369].

We will consider just several chelators of potential therapeutic importance.

Chelators of iron, which are now widely applied for the treatment of patients with

thalassemia and other pathologies associated with iron overload, are the intravenous chelator

desferal (desferrioxamine) and oral chelator deferiprone (L1) (Figure 19.23, see also Chapter

31). Desferrioxamine (DFO) belongs to a class of natural compounds called siderophores

produced by microorganisms. The antioxidant activity of DFO has been studied and com-

pared with that of synthetic hydroxypyrid-4-nones (L1) and classic antioxidants (vitamin E).

It is known that chronic iron overload in humans is associated with hepatocellular damage.

Therefore, Morel et al. [370] studied the antioxidant effects of DFO, another siderophore

pyoverdin, and hydroxypyrid-4-ones on lipid peroxidation in primary hepatocyte culture.

These authors found that the efficacy of chelators to inhibit iron-stimulated lipid peroxida-

tion in hepatocytes decreased in the range of DFO> hydroxypyrid-4-ones> pyoverdin.

It seems that other siderophores are also less effective inhibitors of lipid peroxidation than

DFO [371].

Ponka et al. [372] showed that pyridoxal isonicotinoyl hydrazone (PIH, Figure 19.23) is an

iron chelating agent. Numerous studies showed the possibility of using this chelator for the

treatment of iron overload disease [373]. In subsequent studies the antioxidant activity of PIN

has been confirmed. For example, Hermes-Lima et al. [374,375] showed that PIN protected

plasmid pUC-18 DNA and 2-deoxyribose against hydroxyl radical damage.
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29.25 SYNERGISTIC INTERACTION OF ANTIOXIDANTS, FREE RADICAL
SCAVENGERS, AND CHELATORS

As already mentioned above, the simultaneous presence of several free radical inhibitors

may or may not exhibit synergistic effect. In 1991, Negre-Salvayre et al. [376] showed that

the compositions of rutin and ascorbic acid or rutin, ascorbic acid, and a-tocopherol syner-

gistically inhibited superoxide production and lipid peroxidation in linoleic acid ufasomes

and human erythrocytes. In subsequent studies [377,378] these authors demonstrated the

synergistic interaction of rutin, ascorbic acid, and a-tocopherol during the inhibition

of copper- or UV radiation-stimulated LDL oxidation, glutathione oxidation, and ATP

depletion in cultured endothelial cells. Kalyanaraman et al. [379] observed the synergistic

effect of probucolþ ascorbic acid combination on LDL oxidation. In this case the mechanism

of synergistic effect was explained by the regeneration of probucol via the reaction of

probucol phenoxyl radical with ascorbic acid similar to the above mentioned regeneration

of a-tocopherol by ascorbate. It has also been shown [380] that flavonoids 7-monohydrox-

yethylrutoside, fisetin, and naringenin are able to substitute a-tocopherol during regeneration

of glutathione and correspondingly enhance its protective effect against microsomal lipid

peroxidation.

Recently, the possible synergistic interaction between flavonoids has been thoroughly

discussed in connection with the cardioprotective effect of red wine and purple grape juice.
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Although it has been shown earlier [381] that the red wine phenolic compound trans-

resveratrol and flavonoid quercetin are protective against platelet aggregation and can

suppress eicosanoid synthesis, they were not effective as components of the whole red wine

or purple grape juice. This difference has been explained by the synergistic effects of flavo-

noids presented in these products. It was suggested that the antioxidant activity of flavonoids

of red wine and purple grape juice is responsible for the suppression of platelet aggregation,

an increase in platelet-derived NO release, a decrease in superoxide production [382], and the

inhibition of collagen-induced hydrogen peroxide production [383].
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30 Antioxidant Enzymes

30.1 SUPEROXIDE DISMUTASE: THE LATEST DEVELOPMENTS

Superoxide dismutase (SOD) is an antioxidant enzyme of great importance for the regulation

of free radical-mediated processes in biological systems. The discovery of SOD or more

exactly, the identification of erythrocuprein as a superoxide-dismuting enzyme by McCord

and Fridovich [1] in 1969 was a pivotal step in the development of free radical studies in

biology. Literature on SOD is overwhelming. At present about 24,000 references are cited in

Medline, three books entitled Superoxide Dismutase (edited by L.W. Oberley) have been

published by CRC Press from 1982 to 1985, and five International Conferences on Super-

oxide and Superoxide Dismutase have been held until 1989. Now, we will consider just the

latest findings relevant to the mechanisms of antioxidant and prooxidant activities of SODs

and their biological role.

30.1.1 MECHANISM OF SUPEROXIDE-DISMUTING ACTIVITY OF SODS

The mechanisms of superoxide-dismuting activity of SODs are well established. Dismutation

of superoxide occurs at copper, manganese, or iron centers of SOD isoenzymes CuZnSOD,

MnSOD, or FeSOD. These isoenzymes were isolated from a variety of sources, including

humans, animals, microbes, etc. In the case of CuZnSOD, dismutation process consists of two

stages: the one-electron transfer oxidation of superoxide by cupric form (Reaction (1)) and

the one-electron reduction of superoxide by cuprous form (Reaction (2)).

O2
.� þ Cu(II)ZnSOD ¼) O2 þ Cu(I)ZnSOD (1)

O2
.� þ Cu(I)ZnSODþ 2Hþ ¼) H2O2 þ Cu(II)ZnSOD (2)

Similar reactions are catalyzed by Mn and Fe centers of MnSOD and FeSOD. It is obvious

that before participation in Reaction (2), superoxide must be protonized to form hydroper-

oxyl radical HOO
.
by an outer-sphere or an intra-sphere mechanisms. All stages of dismuting

mechanism, including the measurement of elementary rate constants, have been thoroughly

studied earlier (see, for example, Ref. [2] ).

It is well known that most of the antioxidant enzymes and substrates can exhibit prooxidant

activity under certain conditions,mainly because many stages of the reactions catalyzed by such

enzymes are reversible. The question of possible prooxidant effects of SODs and the ability of

SODs to react with the other substrates than superoxide have been studied for a long time. It is

known that CuZnSOD is inactivated by the hydrogen peroxide formed. Hodgson and Frido-

vich [3] proposed that this inactivation depends on the reaction of hydrogen peroxide with the

oxidized form Cu(II)ZnSOD yielding the ‘‘bound’’ hydroxyl radicals.

Cu(II)ZnSODþH2O2 () Cu(I)ZnSODþO2
.� þ 2Hþ (3)

Cu(I)ZnSODþH2O2 ¼) (HO
.
)-Cu(II)ZnSODþHO� (4)
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The formed ‘‘bound’’ HO
.

is supposedly a reactive species capable of reacting with a

neighboring histidine at the active site and inactivates the enzyme. This prooxidant action

was referred to by the authors as the peroxidase activity of SOD.

However, it has been shown that the incubation of SOD with hydrogen peroxide in the

presence of spin-trap DMPO resulted in the appearance of the ESR spectrum of DMPO–OH

[4,5], apparently indicating the formation of free hydroxyl radicals during the inactivation of

SOD. Nonetheless, Sankarapandi and Zweier [6] disputed this proposal, pointing out that the

effects of hydroxyl radical scavengers ethanol, formate, and azide on the DMPO–OH spin

adduct formation did not correspond to those, which should be in the case of free hydroxyl

radicals. They suggested that in accordance with the Hodgson and Fridovich [3] proposal

hydroxyl radicals formed by Reaction (4) remain bound to cupric ion and may participate in

the substrate oxidation and the formation of DMPO–OH. Importantly, this reaction pro-

ceeded only in the presence of bicarbonate, which supposedly facilitated connection of the

hydrogen peroxide molecule to the active site.

However, the existence of an extremely reactive ‘‘bound’’ hydroxyl radical is questionable

because it is difficult to understand why it does not immediately react with adjacent molecules

(most of the reactions of hydroxyl radicals proceed with the rates close to a diffusion limit).

Therefore, the mechanism proposed by Zhang et al. [7,8] seems to be much more convincing.

They suggested that the genuine oxidizing free radical formed during SOD inactivation is the

bicarbonate radical anion CO3
.�, which is formed as a result of the oxidation of bicarbonate.

It has also been suggested that DMPO–OH is formed by the addition of water to an

intermediate of the reaction of DMPO with CO3
.� via a nucleophilic or electron transfer

mechanism.

Another mode of SOD prooxidant activity has been proposed by Offer et al. [9]. In 1973,

Rotilio et al. [10] showed that SOD can readily oxidize ferrocyanide. Offer et al. [9] found that

low SOD concentrations inhibited superoxide-induced oxidation of ferrocyanide, but SOD

becomes prooxidative at higher concentrations. As this reaction did not require hydrogen

peroxide, it was suggested that the prooxidant effect of enhanced SOD concentrations might

be explained by decreasing the steady state of superoxide and the direct oxidation of

ferrocyanide by SOD.

SOD is able to accelerate the oxidation of different substrates such as hydroquinone [11]

or tetracyclic catechol [12]. den Hartog et al. [13] showed that high concentrations of

CuZnSOD catalyzed the hydroxylation of coumarin 3-carboxylic acid. Winterbourn et al.

[14] demonstrated that CuZnSOD (but not MnSOD) stimulated the autoxidation of low

molecular weight thiols such as amino thiols, cysteine, cysteamine, and, to a less degree,

glutathione. These authors suggested that thiol oxidation occurs by a two-electron transfer

mechanism rather than through the mediation with superoxide; however, the observed

acceleration by adventitious metal ions remained unexplained. The oxidation of substrates

by CuZnSOD may be accompanied by the inactivation and the destruction of enzyme and the

release of copper [11]. Hydrogen peroxide inactivation of CuZnSOD can be suppressed by

nitric oxide [15]. Auchere and Capeillere-Blandin [16] demonstrated that CuZnSOD is easily

oxidized by MPO–hydrogen peroxide–chloride system.

30.1.2 SOD MIMICS AND SOD MODIFICATION

One of the major drawbacks of SOD as putative pharmaceutical agent is its small plasma

half-life. It has been suggested that this shortcoming might be corrected by the chemical

modification of SOD, for example, by binding to water-soluble polymers [17] or the entrap-

ment in liposomes [18]. However, it seems that the membrane-permeable, low molecular

weight compounds to be more promising for the use as SOD mimics. Two major types of
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SOD mimics have been developed: transition metal complexes and organic nitroxides. Among

metal complexes, salen–manganese complexes [19], the salicylate iron complex [20], and

Mn(III) meso-tetrakis(N-ethylpyridinium-2-yl)porphyrin [21] are thought to be effective

SOD mimics. SOD dismuting activity has also been suggested for copper–rutin complex

[22]. However, it has been suggested that the metal-containing SOD mimics might dissociate

in the presence of proteins, losing SOD activity and releasing toxic metal ions [23].

Another type of SOD mimics is organic nitroxides 2,2,6,6-tetramethylpiperidinoxyl (TPO

or TEMPO) and 3-carbamoyl-2,2,5,5-tetramethylpyrrolidinoxyl (3-CP). In 1988, Samuni

et al. [24] suggested that these compounds may catalyze superoxide dismutation. Before

discussing the mechanism of superoxide dismutation by SOD mimics, it is necessary to

consider the difference between scavenging and dismuting modes of superoxide inhibition.

Weiss et al. [25] stressed the well-known fact that the compound could be a SOD mimic if

only it catalytically destroys superoxide, while superoxide scavengers react with superoxide

stoichiometrically. Using stopped-flow kinetic method, these authors concluded that nitrox-

ides TEMPO and TEMPOL (4-hydroxy-2,2,6,6-tetramethylpiperidinoxyl) have no SOD-

dismuting activity. However, this conclusion has been contradicted in subsequent studies.

Krishna et al. [26] showed that the limitations of stopped-flow method used in Ref. [25] did

not permit to distinguish the catalytic activity of nitroxides and spontaneous superoxide

dismutation.

The mechanism of catalytic superoxide dismutation by nitroxides can be presented as

follows [27]:

RNO
. þHOO

. ¼) RNOþ þHOO� (5)

RNOþ þO2
.� ¼) RNO

. þO2 (6)

In this mechanism, RNO
.
and RNOþ are nitroxide radical and its oxoammonium cation. The

rate constants for Reactions (5) and (6) determined by pulse radiolysis are equal to:

k5¼ 1.2+0.1�108 for TPO and 1.3+0.1�106 l mol�1 s�1 for 3-CP and k6¼ 3.4+0.2�109

for TPO and 5.0+0.2�109 l mol�1 s�1 for 3-CP.

High values of reaction rates for the two dismutation steps confirm the ability of both

nitroxides TPO and 3-CP to be SOD mimics. However, as follows from the above mechanism,

hydroperoxyl radical and not superoxide must participate in the first dismutation step

(Reaction (5)). (As expected, a rate constant for the reaction of nitroxides with superoxide

is very low <103 l mol�1 s�1 [27].) Therefore, superoxide had to be protonated before

participating in Reaction (5), which will diminish the total catalytic process at physiological

pH and increase it at lower pH values.

30.1.3 BIOLOGICAL EFFECTS OF SOD

Biological effects of SODs are widely studied in many in vitro, ex vivo, and in vivo experi-

ments; many of these studies have already been considered throughout this book. Examples

of SOD application for the treatment of ‘‘free radical’’ pathologies are discussed in Chapter

31. Some studies related to the effects of SODs on free radical processes in cells and tissues are

discussed below.

The role of CuZnSOD on oxygen radical production in cerebral vessels has been studied.

Didion et al. [28] demonstrated that endogenous CuZnSOD diminished superoxide levels in

rabbit cerebral blood vessels and affected nitric oxide- and cyclooxygenase-mediated re-

sponses in cerebral microcirculation. A subsequent study by the same group [29] showed

increased superoxide production and vascular dysfunction in CuZnSOD-deficient mice.

Chang et al. [30] suggested that superoxide induced cytokines, which activated microglial
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cells and that CuZnSOD may exhibit neuroprotective function by suppression of microglial

activation. Marikovsky et al. [31] showed that overexpressing CuZnSOD in transgenic mice

induced a significant increase in the release of TNF-a and metalloproteinases from activated

peritoneal elicited macrophages that points out an important role of SOD in inflammation.

At present, much attention is focused on the role of extracellular SOD (EC-SOD) [32],

which is produced and secreted to the extracellular space by smooth muscle cells. Stralin and

Marklund [33] pointed out that various factors including histamine, vasopressin, angiotensin

II, and others may affect EC-SOD expression and change the susceptibility of the vascular

wall to superoxide. Oury et al. [34] has showed that hyperoxia caused depletion of pulmonary

EC-SOD: exposure to 100% dioxygen resulted in a significant decrease in EC-SOD levels in

the lungs and bronchoalveolar lavage fluid of mice.

The relationship between EC-SOD expression and NO production in cells is of a great

physiological and pathophysiological significance. In 1992, Oury et al. [35] demonstrated that

EC-SOD increased oxygen toxicity in central nervous system (CNS) by the inhibition of super-

oxide-mediated inactivationof nitric oxide. This conclusion is obviously erroneousonebecause,

as it iswell known that the interaction of superoxide andnitric oxide results in the formation of a

very toxic peroxynitrite. Indeed, the same authors recently showed that EC-SOD promoted

nitric oxide vasodilation by dismuting superoxide [36]. On the other hand, it has been found

that nitric oxide can downregulate the synthesis of EC-SOD by smooth muscle cells [37].

The important role of MnSOD in suppression of mitochondrial overproduction of oxygen

radicals has already been discussed in Chapter 23 and other chapters of this book. Placed within

the mitochondrial matrix, MnSOD catalyzes the dismutation of superoxide including cytosolic

superoxide, which can be scavenged by the mitochondria via a polarized inner membrane. It has

been shown that overexpression of MnSOD prevents apoptosis induced by TNF-a [38] or

peroxynitrite [39]. Kiningham et al. [40] showed that MnSOD overexpression protected murine

fibrosarcoma cells against cell death mediated by rotenone, adriamycin, or poly(ADP–ribose)

polymerase. MnSOD overexpression has also been found to protect lung epithelial cells against

hyperoxic injury [41]. MnSOD overexpression can be stimulated in endothelial cells by cyto-

kines IL-1 and TNF-a, LPS [42], and vascular endothelial growth factor [43].

30.2 SUPEROXIDE REDUCTASES

Recent discovery of superoxide reductases (SORs), the enzymes capable of reducing super-

oxide to hydrogen peroxide, added a second type of enzymes, which are able to catalytically

destroy superoxide in living organisms. These enzymes have been found in anerobic micro-

organisms and are supposedly needed for their protection against reactive oxygen species.

SORs apparently substitute SODs, although the advantages of superoxide reduction before

superoxide dismutation in anerobic organisms are still unclear.

Two types of SORs have been firstly described by Lombard et al. [44] and Jenney et al.

[45]. The first one is a small protein called desulfoferrodoxin (Dfx) found in anaerobic sulfate-

reducing bacteria Desulfoarculus baarsii containing two protein domains: iron center I and

iron center II [44]. Iron center II is supposed to be responsible for the superoxide reducing

activity. Another SOR has been isolated from anerobic archaea, Pyrococcus furiosus, which

has a unique mononuclear iron center [45]. Lombard et al. [46] and Jovanovic et al. [47]

also demonstrated that the Treponema pallidum protein of T. pallidum belongs to a new

class of SORs.

The kinetics and the mechanism of superoxide reduction by SORs have been studied by

several researchers. It was suggested that SORs react with superoxide via an inner-sphere

mechanism, binding superoxide at ferrous center to form a ferric–hydroperoxo intermediate

[46,48–50]. The rate constant for this reaction is equal to 108�109 l mol�1 s�1 [46,49]. This
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reaction is the first stage of the process, which is accompanied by the slow decomposition of

intermediate with a rate of 500–5000 s�1 [49].

There is still a possibility that SOR activity of the enzymes studied could be adventitious

[50], but on the whole, the experimental results are very convincing [51,52]. However, the

questions remained related to catalytic mechanism of SORs. In contrast to SODs, these

enzymes are unable to complete the catalytic cycle by themselves because they need reductants

for reducing the oxidized form of an enzyme. Therefore, it is possible that the mechanism of

superoxide reduction by SORs may change from catalytic to stoichiometric one depending on

the presence of additional reductants.

30.3 CATALASE

For many years heme-containing enzyme catalase, which decomposes hydrogen peroxide to

water and dioxygen, has been considered to be one of the major antioxidant enzymes. Similar

to peroxidases, catalase forms intermediates: CatFe(III)H2O2 complex (Compound I), Cat-

Fe(II)H2O2 (Compound II), and inactive superoxo complex of native enzyme CatFe(III)O2
.�

(Compound III) during the enzymatic cycle (see, for example, Ref. [53]). It is usually accepted

that the damaging effect of hydrogen peroxide depends on the formation of hydroxyl or

hydroxyl-like free radicals by the Fenton reaction. Therefore, the first target of hydroxyl

radical attack should be the catalase itself, and the enzyme must be protected against the

damaging effect of hydrogen peroxide.

Indeed, it has been shown that catalase is protected by NADPH. It was found that one

molecule of NADPH tightly bound to each of the four subunits of catalase in human

erythrocytes [54]. Kirkman et al. [55] demonstrated that physiologically realistic concentra-

tions of NADPH effectively protected catalase against the damaging effect of hydrogen

peroxide. It was proposed that NADPH protects catalase by suppression of the formation

of inactive enzyme form Compound II. Various mechanisms of NADPH protective activity,

including the formation of the intermediate state [56] and the one-electron reduction of

Compound II through electron tunneling [57], as well as other pathways besides the preven-

tion of Compound II formation [58] have been proposed.

Catalase (alone or together with SOD) has been applied in many experimental investiga-

tions; some examples are given below. In 1991, Koerner et al. [59] showed that catalaseþ SOD

reduced postischemic myocardial dysfunction in rabbits. Mao et al. [60] found that the high

levels of SOD catalyzed the formation of hydroxyl radicals in the presence of iron ions. The use

of SOD–catalase conjugates resulting in 80% normalization of normal mechanical function of

reperfused rat hearts, in which free SOD was toxic or failed to give any protection. Rojanasakul

et al. [61] proposed that hydroxyl radicals are formed in hydrogen peroxide-treated cells. To

fight iron-mediated hydroxyl radical formation, these authors applied transferrin–catalase

conjugate, which exhibited much improved protective effects on cells under oxidative stress

compared to free catalase. It has been shown that catalase and vitamins E and C protected rat

hepatocytes against bromobenzene-induced toxicity mediated by hydrogen peroxide [62].

Catalase and SOD protected renal epithelial cells against free radical injury induced by oxalate

or calcium oxalate monohydrate crystals [63].

The treatment of rats with acute lung injury, induced by the intra-alveolar formation

of IgG immune complexes of BSA, with catalase caused substantial protection or failed

to prevent lung injury depending on the time of catalase administration [64]. Catalase in

cytosol and mitochondria of the cells transfected with human catalase cDNA is capable of

protecting cells against oxidative stress [65]. Han et al. [66] showed that catalase inhibited

hydrogen peroxide upregulation of iNOS expression through NFkB activation in peritoneal

macrophages.
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30.4 GLUTATHIONE REDOX CYCLE

Glutathione redox cycle consists of NADPH, reduced glutathione GSH, glutathione reduc-

tase (GR), and glutathione peroxidase (GP) (Reactions (7) and (8)):

Glutathione reductase

NADPHþGSSRþHþ ¼) NADPþ þ 2GSH (7)

Glutathione peroxidase

2GSHþH2O2 ¼) GSSGþ 2H2O (8)

Glutathione peroxidase is a selenium-dependent enzyme, which rapidly detoxifies hydrogen

peroxide and various hydroperoxides. Suttorp et al. [67] showed that the impairment of

glutathione cycle resulted in an increase in the injury of pulmonary artery endothelial cells.

Glutathione cycle protected against endothelial cell injury induced by 15-HPETE, an arachi-

donate metabolite produced by 15-lipoxygenase-catalyzed oxidation [68].

Glutathione peroxidase plays an especially important role in mitochondria where catalase

is absent. There are two kinds of glutathione peroxidases, namely classic glutathione peroxi-

dase (cGP) and phospholipid hydroperoxide glutathione peroxidase (PHGP). The latter is the

only known intracellular antioxidant enzyme capable of directly reducing phospholipid

peroxides and cholesterol in the membrane. Thus, it has been shown that PHGP expression

protects cells from lipid hydroperoxide-mediated injury [69,70]. Arai et al. [71] demonstrated

that PHGP expression suppressed cell death caused by mitochondrial injury due to potassium

cyanide or rotenone.

Glutathione cycle plays an important protective role against the reactive drug intermedi-

ates. For example, the GP mimetic ebselen synergistically enhanced the cardioprotection by

SOD mimetic MnTBAP in doxorubicin-treated rat cardiomyocytes [72]. Glutathione peroxi-

dase exhibits strong protective effect against ischemic reperfusion injury. Yoshida et al. [73]

showed that the glutathione peroxidase knockout mice is more susceptible to myocardial

ischemia and reperfusion damage than normal mice. On the other hand, the overexpression of

glutathione peroxidase decreased necrotic and apoptotic cell death in transgenic mice [74]. In

subsequent work Ishibashi et al. [75] demonstrated that the overexpression of glutathione

peroxidase modulated inflammatory response in transgenic mice. Peng and Li [76] showed

that the induction of glutathione and the enzymes of glutathione cycle by the chemoprotective

agent 3H-1,2-dithiole-3-thione protected against oxidative cell injury in rat cardiomyocytes.

30.5 THIOREDOXIN REDUCTASE

Mammalian thioredoxin reductases are a family of selenium-containing pyridine nucleotide-

disulfide oxidoreductases. These enzymes catalyze NADPH-dependent reduction of the redox

protein thioredoxin (Trx), which contains a redox-active disulfide and dithiol group and by

itself may function as an efficient cytosolic antioxidant [77]. One of the functions of Trx/

thioredoxin reductase system is the NADPH-catalyzed reduction of protein disulfide [78]:

NADPHþ (thioredoxin reductase)S2 þHþ ¼) NADPþ þ (thioredoxin reductase)(SH)2 (9)

(thioredoxin reductase)(SH)2 þ TrxS2 ¼) (thioredoxin reductase)S2 þ Trx(SH)2 (10)

Trx(SH)2 þ (protein)S2 ¼) TrxS2 þ (protein)(SH)2 (11)

Mammalian thioredoxin reductase is able to reduce many substances in addition to thior-

edoxin such as insulin, vitamin K, alloxan, and others, while Escherichia coli enzyme is a
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highly specific for thioredoxins [79]. Nikitovic and Holmgren [80] have also shown that Trx/

thioredoxin reductase system cleaves S-nitrosoglutathione to form glutathione and nitric

oxide.

In 1986, the antioxidant effects of thioredoxin reductase were studied by Schallreuter et al.

[81]. It has been shown that thioredoxin reductase was contained in the plasma membrane

surface of human keratinocytes where it provided skin protection against free radical medi-

ated damage. Later on, the reductive activity of Trx/thioredoxin reductase system has been

shown for the reduction of ascorbyl radical to ascorbate [82], the redox regulation of NFkB

factor [83], and in the regulation of nitric oxide–nitric oxide synthase activities [84,85].

30.6 PHASE 2 ANTIOXIDANT ENZYMES AND ALKENAL/ONE
OXIDOREDUCTASE

Phase 2 enzymes (glutathione transferase, glucuronosyltransferases, NADPH:quinone reduc-

tase, heme oxygenase 1, and some others) are usually considered as protective enzymes

against electrophilic carcinogens. However, it is now recognized that many Phase 2 enzymes

exhibit indirect antioxidant properties. Gao et al. [86] found that the sulforaphane induction

of Phase 2 enzymes protected human adult retinal pigment epithelial cells from prooxidant

effects of menadione, tert-butyl hydroperoxide, 4-hydroxynonenal, and peroxynitrite. Similar

protective effects were demonstrated for human keratinocytes and murine leukemia cells.

Yang et al. [87] showed that glutathione S-transferases protect cells against lipid peroxida-

tion by catalyzing GSH-dependent reduction of hydrogen peroxide and phospholipid

hydroperoxides.

Dick et al. [88] studied the antioxidant effects of NADPH-dependent alkenal/one oxidor-

eductase (AO), also known as leukotriene B4 12-hydroxydehydrogenase, 15-oxoprostaglan-

din 13-reductase, and dithiolethione-inducible gene-1. It was found that AO catalyzed the

hydrogenation of many a,b-unsaturated aldehydes and ketones and protected against cyto-

toxic action of 4-hydroxy-2-nonenal.
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31 Free Radicals and Oxidative
Stress in Pathophysiological
Processes

For a long time the formation of free radicals and the development of oxidative stress in

living organisms have been considered as exclusively damaging factors, leading to various

pathophysiological events. This is not surprising because numerous studies showed that the

development of many diseases is associated with the overproduction of free radicals.

Although this fact cannot of course be an undeniable proof of the predominant role of free

radicals or oxidative stress in these pathologies, an excess in the formation of free radicals and

other reactive oxygen and nitrogen species pointed out at least a casual intervention of all

these reactive compounds in disease development. However, we now know that not only the

overproduction but also the insufficient formation of free radicals could also be a cause of

pathological disorders. Therefore, the main approach to the treatment and prevention of

pathologies associated or accompanied by free radical formation should be the regulation and

not simple suppression of their formation.

At present, numerous free radical studies related to many pathologies have been carried

out. The amount of these studies is really enormous and many of them are too far from the

scope of this book. The main topics of this chapter will be confined to the mechanism of free

radical formation and oxidative processes under pathophysiological conditions. We will

consider the possible role of free radicals in cardiovascular disorders, cancer, anemias,

inflammation, diabetes mellitus, rheumatoid arthritis, and some other diseases. Furthermore,

the possibilities of antioxidant and chelating therapies will be discussed.

31.1 CARDIOVASCULAR DISEASES

31.1.1 ISCHEMIA–REPERFUSION

Hypoxia (lack of oxygen relative to metabolic needs) and reoxygenation (reintroduction of

oxygen in hypoxic tissue) are two important origins of cellular injury [1]. It is believed that

reoxygenation injury is a cause of circulatory shock, myocardial ischemia, and stroke. (It is

well known that myocardial infraction and stroke, diseases due to ischemia, are common

cases of morbidity and mortality.) The enhancement of oxygen radical production during

reoxygenation has long been recognized as a cause of reoxygenation injury. The formation of

oxygen radicals under these pathophysiological conditions has been suggested based on the

inhibitory effects of antioxidant enzymes and hydroxyl radical scavengers [2–5] and later on

with the aid of ESR spin-trapping method [6].
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Cellular hypoxia may lead to different degrees of cell injury. Sublethal hypoxia can be

reversed without apparent consequences and can even be followed by enhanced resistance

to reoxygenation injury (named conditioning). Severe hypoxia–reoxygenation results in cell

death, necrosis, and apoptosis. It is of utmost importance to identify the sources responsible

for free radical production during ischemia–reperfusion. In 1985, McCord [7] proposed a

mechanism of superoxide formation in reperfusion. It is known that during ischemia xanthine

dehydrogenase is converted to xanthine oxidase and ATP is transformed to hypoxanthine

and xanthine. Thus, ischemia induces the formation of xanthine–xanthine oxidase system,

a producer of superoxide. McCord’s work has been followed by many studies with emphasis

on the importance of the xanthine oxide-catalyzed oxygen radical formation in ischemia–

reperfusion. As superoxide is a rather inactive free radical, it has been proposed that it be

converted to hydroxyl radicals, stimulating, for example, the release of ferrous ions from

ferritin [8].

Later on, the importance of xanthine oxidase as the producer of reoxygenation injury was

questioned at least in the cells with low or no xanthine oxidase activity. Thus, it has been

shown that human and rabbit hearts, which possess extremely low xanthine oxidase activity,

nonetheless, develop myocardial infractions and ischemia–reperfusion injury [9]. However,

recent studies supported the importance of the xanthine oxidase-catalyzed oxygen radical

generation. It has been showed that xanthine oxidase is partly responsible for reoxygenation

injury in bovine pulmonary artery endothelial cells [10], human umbilical vein and lympho-

blastic leukemia cells [11], and cerebral endothelial cells [12]. Zwang et al. [11] concluded that

xanthine dehydrogenase may catalyze superoxide formation without conversion to xanthine

oxidase using NADH instead of xanthine as a substrate.

Xanthine oxidase is not the only source of reactive species in ischemia–reoxygenation

injury. Another source of oxygen radicals is NADPH oxidase. For example, it has been

shown that endothelial NADPH oxidase produced reactive oxygen species in lungs exposed

to ischemia [13]. (The role of NADPH oxidase as a producer of oxygen radicals in tissue is

considered below.)

Mitochondrial production of oxygen and nitrogen reactive species is also increased during

hypoxia–reoxygenation injury. Anoxia (i.e., the absence of dioxygen) causes the reduction of

respiratory electron carriers and consequently, increases superoxide production by mitochon-

dria. Hypoxia also decreases MnSOD activity and protein or heme expression that causes an

increase in oxygen radical production. On the other hand, reoxygenation of hypoxic mito-

chondria induces mitochondrial complex I dysfunction and also augments superoxide pro-

duction [14]. Kim et al. [15] recently showed that cerebral ischemia–reperfusion in mice

caused the enhancement of mitochondrial superoxide production in neurons, which was

increased in mutant mice deficient in MnSOD.

It was earlier thought that activated neutrophils do not play an important role in

reoxygenation injury [1]. However, Duilio et al. [16] pointed out that this conclusion was

drawn from the experiments with brief episodes of ischemia resulted in myocardial stunning,

while neutrophil-mediated damage is expected after prolonged ischemia associated with

myocardial infraction. These authors demonstrated that neutrophils were a major source of

oxygen radicals in hearts reperfused under in vivo conditions after prolonged ischemia.

There are numerous examples of a critical role of reactive oxygen and nitrogen species in

ischemic injury. Thus, Manevich et al. [17] showed that the abrupt cessation of flow of flow-

adapted endothelial cells (simulated ischemia) caused an oxidative burst accompanied by the

production of oxygen radicals. It has long been known that oxidative processes occur in acute

renal ischemia–reperfusion [18]. Recently, Noiri et al. [19] concluded that peroxynitrite rather

than superoxide is responsible for lipid peroxidation and DNA damage during renal damage

in ischemic acute renal failure (ARF).
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31.1.2 ATHEROSCLEROSIS

Oxidative stress is involved in the pathogenesis of many cardiovascular pathologies, including

hypercholesterolemia, atherosclerosis, hypertension, diabetes mellitus, and heart failure. It is

a common knowledge that excess formation of reactive oxygen and nitrogen species is linked

with vascular lesion formation and functional defects. An important factor of atherosclerosis

development is the dysfunction of vascular endothelium induced by the reaction of super-

oxide with nitric oxide. It has been shown long ago that superoxide inactivated the endothe-

lium-derived relaxing factor (EDRF) [20]. Now EDRF is identified as nitric oxide; therefore,

it is understandable that EDRF inactivation is a result of the interaction of superoxide with

nitric oxide, which leads to the formation of peroxynitrite, a genuine reactive species respon-

sible for endothelial dysfunction. Thus the inhibition of nitric oxide production by this

mechanism leads to endothelial dysfunction, one of the earliest steps in the atherosclerotic

process.

The disturbance of balance between superoxide and nitric oxide occurs in a variety of

common disease states. For example, altered endothelium-dependent vascular relaxation due

to a decrease in NO formation has been shown in animal models of hypertension, diabetes,

cigarette smoking, and heart failure [21]. Miller et al. [22] suggested that a chronic animal

model atherosclerosis closely resembles the severity of atherosclerosis in patients. On the

whole, the results obtained in humans, for example, in hypertensive patients [23] correspond

well to animal experiments. It is important that endothelium-dependent vascular relaxation in

patients may be improved by ascorbic acid probably through the reaction with superoxide.

At present, a great attention is given to the role of angiotensin II (Ang II), a principal

effector of renin angiotensin system, in the development of atherosclerosis and other cardio-

vascular diseases [24]. Ang II induces oxidative stress through AT1 receptor and NADPH

oxidase activation [25,26]; the blockade of Ang II type 1 receptor prevents aortic superoxide

production in rats in vivo [27]. Rueckschloss et al. [28] showed that Ang II induced proather-

osclerotic oxidative stress in human endothelial cells by the expression of NADPH oxidase.

The blockade of AT1 receptor reduced oxidative stress and could be useful in the treatment of

patients with coronary disease. Zhang et al. [29] demonstrated that AT2 receptor mediated the

vasodilation of coronary arterioles. Ushio-Fukai et al. [30] showed that Ang II stimulated

intracellular oxygen radical production, leading to vascular smooth muscle hypertrophy.

The role of NADPH oxidase in the stimulation of oxidative stress during atherosclerosis

has been widely discussed. Recently, Barry-Lane et al. [31] demonstrated that mice lacking the

p47phox gene had lower aortic levels of superoxide production as compared to wild-type

mice. Although Hsich et al. [32] and Kirk et al. [33] did not find any change in superoxide

production under similar conditions, Griendling and Harrison [34] explained these contra-

dictions by difference in experimental conditions. Subsequent studies have shown that the

suppression of NADPH oxidase or SOD activities resulted in the inhibition or enhancement

of superoxide production, respectively. Thus, Bendal et al. [35] demonstrated the principal

role of a gp91phox-containing NADPH oxidase in angiotensin II-induced cardiac hyper-

trophy in mice. Wang et al. [36] showed that the formation of superoxide and 3-nitrotyrosine

increased in aortic endothelium and adventitia of Ang II-treated wild-type mice but not in the

mice expressing SOD. However, the in vivo effects of Ang II were supposedly mediated by the

other reactive oxygen species than superoxide or peroxynitrite. Nonetheless, Landmesser et al.

[37] demonstrated that a decrease in the in vivo Ang II hypertensive effect in mice depended

on NADPH oxidase-produced superoxide because it was markedly diminished in mice

deficient in p47phox. Hathaway et al. [38] also found that the development of moderately

severe atherosclerosis and regression of atherosclerosis in monkeys depended on the level

of superoxide production and NADPH oxidase activity. Chatterjee [39] proposed that
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glycosphingolopid lactosylceramide contributes to atherosclerosis through the activation of

NADPH oxidase. Zimmerman et al. [40] demonstrated the mediation by superoxide of Ang II

effects on central nervous system (CNS). It was found that the expression of SOD in the brain

of mice injected with Ang II abolished the changes in blood pressure and heart rate.

It is well known that atherogenesis is characterized by LDL oxidative modification. Kuhn

et al. [41] studied the mechanism of LDL oxidation on the different stages of atherogenesis.

Their data suggest that 15-lipoxygenase is involved in the oxidation of LDL in the early stages

of atherogenesis, while nonenzymatic arachidonate oxidation becomes more important in the

later stages. An increase in the products of linoleic acid oxidation (hydroxy fatty acids) has

been observed in the LDL of atherosclerotic patients [42].

31.1.3 MITOCHONDRIA AND NADPH OXIDASE AS INITIATORS OF OXYGEN RADICAL

OVERPRODUCTION IN HEART DISEASES

The above data suggest an important role of reactive oxygen species in the development of

heart diseases. This suggestion has been supported by many studies, which also demonstrated

a potential efficacy of antioxidants, free scavengers, and chelators in the treatment of these

diseases. Mitochondrial oxygen radical overproduction can probably be one of the critical

causes.

For example, Ide et al. [43] demonstrated the involvement of oxygen radicals produced by

mitochondria in heart failure myocytes from adult mongrel dogs, which could be responsible

for contractile dysfunction and structural damage to the myocardium. In a subsequent study

[44], using the same animal model, these authors suggested that hydroxyl radical formation

contributed to left ventricular failure. This work has been commented as an important

evidence of significance of mitochondrial oxygen radical overproduction in heart injury

[45]. However, it should be noted that the formation of hydroxyl radicals in the failing

myocardium is still questionable. Unfortunately, Ide et al. [44] failed to demonstrate definitely

that the hydroxyl spin-trapping adduct was formed in the reaction of hydroxyl radicals with a

spin trap and not during the decomposition of the hydroperoxyl spin adduct originating from

superoxide, for example, by conversion of hydroxyl radicals into ethanol radicals. Ballinger

et al. [46] also proposed that reactive oxygen and nitrogen species contribute to mitochondrial

oxidant production and DNA damage and stimulate the progression of atherosclerotic

lesions in humans.

MacCarthy et al. [47] showed that the treatment of isolated ejecting hearts from aortic-

banded guinea pigs with ascorbic acid and desferrioxamine restored left verticular relaxant

responses to NO agonists. On these grounds, it was proposed that an increase in oxygen

radical production is responsible for the impaired endothelial regulation of left verticular

relaxation. Hamilton et al. [48] showed that the inhibition of NADPH oxidase by apocynin

improved endothelial function in rat and human blood vessels by increasing nitric oxide

bioavailability, assuming that NADPH oxidase may be a novel target for drug intervention

in cardiovascular disease. Azumi et al. [49] demonstrated an importance of NADPH

oxidase-stimulated superoxide production in directional coronary atherectomy specimens

from patients with stable and unstable angina pectoris. They suggested that oxygen radicals

initiate LDL oxidation and probably play important role in pathogenesis of coronary

artery disease.

31.1.4 ANTIOXIDANTS AND HEART DISEASE

From earlier times when it has first been established that ischemia and hypoxia are the

potential causes of coronary heart disease and myocardial infraction [50,51], antioxidants
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have been considered as the possible candidates for the treatment of these diseases. Therefore,

it is not surprising that the well-known antioxidants vitamin E and SODþ catalase have been

applied in the first place in the prevention and therapy studies [50,52]. Recent studies of

animal models supported early proposals about the beneficial effects of vitamin E adminis-

tration for he prevention of endothelial dysfunction in heart failure [53]. Some data on

protective effects of vitamin E and C in heart diseases have already been considered in

Chapter 29. Finnish researchers also demonstrated that the supplementation of diet with

vitamins E, C, carotene, and selenium increased the resistance of atherogenic lipoproteins to

oxidative stress in human plasma [54] and that high serum vitamin E and selenium levels in

local diet correlated with low mortality from coronary heart disease in people from northern

Finland [55].

As noted in Chapter 29, Pryor’s estimate [56] of results of clinical trials on the treatment of

heart diseases with vitamin E is mainly positive. However, the final conclusions are not so

optimistic. Shihabi et al. [57] suggested that one of main reasons of the failure of large clinical

trials could be inefficiency of vitamin E to suppress free radical damage initiated by super-

oxide. Indeed, the present studies show that the most important directions of free radical

attack on tissue and cells are mediated by peroxynitrite and hypochlorous acid. As peroxyni-

trite is formed by the reaction of superoxide with nitric oxide, the enhanced superoxide

production in atherosclerosis might be a critical factor of free radical injury. However, as it

is rightly noted by Shihabi et al. [57], vitamin E is not an effective scavenger of superoxide.

Actually, vitamin E (a-tocopherol) cannot react with superoxide at all by free radical

abstraction mechanism because superoxide is able only to deprotonate a-tocopherol to

form even a more active perhydroxyl radical HOO
.
(Chapter 29). Of course, a-tocopherol

is the most effective scavenger of hydroxyl, peroxyl, alkoxyl, and alkyl radicals and, therefore,

can be useful for suppressing free radical damage to lipids and other biomolecules but is

ineffective on the superoxide-mediated initiation stages of free radical damage. The latest data

on the 6-year supplementation of vitamin Eþ vitamin C to healthy hypercholesterolemic

persons showed attenuation of the progression of carotid atherosclerosis especially in male

patients [58]. Nonetheless, the benefits of vitamin E supplementation for fighting against

cardiovascular disease are still not clear [59].

It should be stressed that among numerous natural and synthetic antioxidants, not many

are effective superoxide scavengers. These are quinones, some polyphenolic compounds, and

probably, thiols (Chapter 29). Therefore, it is not surprising that the use of traditional

antioxidants such as vitamin E in clinical trials still did not give successful results. From

these considerations, one may expect that flavonoids can exhibit better cardioprotector

activity. For example, Wu et al. [60] showed that the flavonoid purpurogallin protected rabbit

against myocardial ischemia–reperfusion injury. Shao et al. [61] demonstrated that another

flavonoid baicalein protected cardiomyocytes against oxidative stress by scavenging super-

oxide formed during ischemia–reperfusion. Recently, cardioprotective activity of ubiquinones

has been confirmed in ischemia–reperfusion experiments with rats, however, an increase in rat

myocardium resistance to reperfusion damage was found only for water-soluble ubiquinone

derivatives [62]. Another possible antioxidant capable of protecting heart proteins against

peroxynitrite-mediated protein oxidation is urate [63].

It has been found that the 3-hydroxy-3-methylglutaryl-CoA (HMG CoA) inhibitors

statins (atorvastatin, pravastatin, and cerivastatin), widely prescribed cholesterol-lowering

agents, are able to inhibit phorbol ester-stimulated superoxide formation in endothelial-intact

segments of the rat aorta [64] and suppress angiotensin II-mediated free radical production

[65]. Delbose et al. [66] found that statins inhibited NADPH oxidase-catalyzed PMA-induced

superoxide production by monocytes. It was suggested that statins can prevent or limit the

involvement of superoxide in the development of atherosclerosis. It is important that statin
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therapy may be useful in prevention of cardiac hypertrophy, a major cause of mortality

worldwide. Takemoto et al. [67] suggested that statins decreased superoxide production in rats

treated with Ang II infusion by the inhibition of Rho proteins. Cerivastatin protected against

the hypertension-based stroke in stroke-prone spontaneously hypertensive rats and inhibited

superoxide production and inflammation in brain [68]. Treatment of hypercholesterolemic

patients with atorvastatin reduced both LDL cholesterol and superoxide levels [69]. Similarly,

Lubrano et al. [70] found that the atorvastatin treatment of patients with familial hypercho-

lesterolemia reduced total plasma and LDL-cholesterol, NO2/NO3, and malondialdzhyde

(MDA) levels. Khan et al. [71] studied the effect of irbesartan, an Ang type 1 receptor

inhibitor, on vascular oxidative stress in patients with coronary artery disease. The treatment

with irbesartan significantly decreased peroxidation and superoxide production in patients.

Recently, it has been found that the iron chelator desferrioxamine improves NO-mediated,

endothelium-dependent vasodilation in patients with coronary artery disease [72]. Thus, it is

possible that iron availability is responsible for impaired NO activity in atherosclerosis.

31.1.5 HYPERTENSION

The possible involvement of free radicals in the development of hypertension has been

suspected for a long time. In 1988, Salonen et al. [73] demonstrated the marked elevation of

blood pressure for persons with the lowest levels of plasma ascorbic acid and serum selenium

concentrations. In subsequent studies these authors confirmed their first observations and

showed that the supplementation with antioxidant combination of ascorbic acid, selenium,

vitamin E, and carotene resulted in a significant decrease in diastonic blood pressure [74] and

enhanced the resistance of atherogenic lipoproteins in human plasma to oxidative stress [75].

Kristal et al. [76] demonstrated that hypertention is accompanied by priming of PMNs

although the enhancement of superoxide release was not correlated with the levels of blood

pressure. Russo et al. [77] showed that essential hypertension patients are characterized by

higher MDA levels and decreased SOD activities.

The mechanism of free radical-stimulated hypertension has been studied in animal

experiments. Kerr et al. [78] demonstrated the enhancement of superoxide production and

eNOS mRNA expression in spontaneously hypertensive stroke-prone rats. It was suggested

that a major producer of superoxide was NO synthase. In contrast, it has been shown that

NADPH oxidase is mainly responsible for the enhanced superoxide production in miner-

alocorticoid (deoxycorticosrerone acetate, DOCA) hypertensive rats characterized by low

Ang II level [79,80]. Beswick et al. [80] found that xanthine oxidase and uncoupled endothelial

NO synthase had no effect on superoxide production in the DOCA-salt rats, while the

inhibition of NADPH oxidase significantly decreased the formation of superoxide in aortic

rings. Chen et al. [81] suggested that the reduction of oxidative stress in stroke-prone

spontaneously hypertensive rats after supplementation with vitamin E and C was associated

with decreasing NADPH oxidase activity and increasing SOD activity. Ulker et al. [82] also

showed that endothelial NADPH oxidase is a major source of superoxide production

in spontaneously hypertensive rats and that vitamins E and C normalize endothelial dysfunc-

tion by regulation of endothelial NO synthase and NADPH oxidase activities. Increase in

vascular cell adhesion molecule-1 (VCAM-1) expression, which contributes to vascular

dysfunction in hypertension, can be suppressed in DOCA-salt hypertension rats by gene

transfer of MnSOD or eNOS [83]. Enhanced superoxide production and arterial pressure in

spontaneous hypertensive rats can be reduced by the treatment with the stable free radical

Tempol [84].

The accumulation of inflammatory cells (leukocytes and macrophages) in the arterial wall

is another inducer of hypertension. For example, it has been shown that NO blockade in

the aortas in L-Nitro arginine methyl ester(NAME)-treated rats resulted in the accumulation
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of macrophages in arteries accompanied by an increase in superoxide production and stimu-

lated the expression of specific adhesion molecules [85].

31.1.5.1 Preeclampsia

Preeclampsia is a hypertensive disorder of pregnancy leading to maternal hypertension. This

disease is one of the most significant health disorders of human pregnancy. Contemporary

studies demonstrated the importance of oxidative stress in preeclampsia, including the enhance-

ment of lipid peroxidation, formation of isoprostane 8-iso-PGF2a, an increase in nitrotyrosine

and nitrotyrosine residues in placenta, and an increase in xanthine oxidase activity [86].

Recently, Walsh et al. [87] and Barden et al. [88] confirmed the enhanced formation of

isoprostanes in preeclamptic placentas, which was correlated with the elevated MDA forma-

tion. Sikkema et al. [89] showed that superoxide formation was significantly increased in the

placental tissue of preeclamptic women while SOD activity was apparently reduced. Further-

more, it has been shown that N-formyl-Met-Leu-Phe-(FMLP) and PMA-stimulated neutro-

phils isolated from preeclampticwomenduring the third trimester producedmuchmore oxygen

radicals than normal cells [90]. Vaughan andWalsh [91] proposed that placental oxidative stress

in preeclampsia can be a consequence of maternal hyperlipidemia and increased iron levels.

31.1.6 HYPERGLYCEMIA AND DIABETES MELLITUS

31.1.6.1 Hyperglycemia-Induced Oxidative Stress in Diabetes

It has been shown that vascular disease accounts for most of the clinical complications of

diabetes mellitus. As hyperglycemia is a starting event of the development of diabetes

mellitus, the mechanisms of free radical formation stimulated by glucose have been thor-

oughly studied. Glycation of proteins is an important process taking place in diabetic

atherosclerosis. Hunt [92] considered the possible involvement of oxygen radicals in protein

glycation. This process consists of the formation of Schiff bases in the reaction of glucose with

proteins, which are transformed into so-called Amadori products; the latter again react with

proteins to form fluorescent adducts called Maillard products or advanced glycation end-

products (AGE) (Reaction (1) and (2)):

Glucoseþ protein ¼) RCH(OH)CH(OH)CH¼¼N��Pr

This is Schiff base

() RCH(OH)C(OH)¼¼CHNH��Pr ¼)
Schiff base

¼) RCH(OH)C(O)CH2NH��Pr () RC(OH)¼¼C(OH)CH2NH��Pr (1)

Amadori product Protein enediol

Amadori productþ protein ¼) AGE (Maillard products) (2)

It has been proposed [92] that oxygen radicals may be formed in the stage of glycoxidation

during the transition metal oxidation of protein enediol.

At present, the importance of the involvement of oxygen radicals in earlier stages of

hyperglycemia has been demonstrated. Three major pathways of hyperglycemia-stimulated

diabetic complications have been proposed: the activation of protein kinase C, the increased

formation of glucose-derivated AGE and the increased flux of glucose by the aldose reductase

pathway. However, Brownlee and coworkers [93] have recently suggested that all these

pathways occur due to the same reason: hyperglycemia-induced mitochondrial superoxide

overproduction. It has been also shown that hyperglycemia-induced mitochondrial
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superoxide production activates hexosamine pathway that may affect gene expression and

protein function, contributing to diabetic complications [94].

Furthermore, hyperglycemia increases oxygen radical production by mitochondrial elec-

tron transport chain in human platelets that may be an important factor of platelet dysfunction

in patients with diabetes mellitus [95]. Mitochondrially produced oxygen radicals are also

responsible for the activation of the cytokine-sensitive transcription factor NF-kB in insulin

producing cells, and the overexpression of MnSOD is beneficial for the survival of these cells

[96]. Recently, Brodsky et al. [97] demonstrated that glucose reduced NO production and

increased superoxide production by endothelial cells; both events can be restored to control

levels by cell-penetrated SOD mimic. It was also proposed that uncoupled mtNOS is an

important source of superoxide in endothelial cells. Gupta et al. [98] also showed that the

hyperglycemia-induced augmentation of endothelial superoxide production inhibited the

stimulatory effect of nitric oxide on vascular Naþ–Kþ–ATPase activity in smooth muscle cells.

The above findings suggest an important role of mitochondria-derived reactive oxygen

species in hyperglycemia and diabetes mellitus. However, other oxygen radical-producing

enzymes can also be of importance in the development of diabetes mellitus. Christ et al. [99]

has showed that exposure of porcine coronary segments to high glucose increased the expres-

sion of p22phox, indicating an importance of NADPH oxidase in chronic hyperglycemia-

induced endothelial dysfunction. HMG CoA inhibitor atorvastatin inhibited glucose-induced

superoxide production. This fact suggests that the beneficial effects of statins in diabetic

patients could be at least partly explained by their activities as superoxide scavengers. Guzik

et al. [100] studied vascular superoxide production in human blood vessels from diabetic

patients with coronary artery disease compared to nondiabetic patients. These authors dem-

onstrated that vessels from diabetic patients generated the enhanced amount of superoxide

from two major sources: vascular NADPH oxidase and unblocked endothelial NO synthase.

NADH oxidase and upregulated expression of p22phox mRNA are supposed to be the

sources of superoxide overproduction in type 2 diabetic rats [101]. Inoguchi et al. [102] showed

that high glucoseþ palmitate stimulated oxygen radical production via protein kinase-depen-

dent activation of NADPH oxidase in cultured vascular aortic smooth muscle and endothelial

cells. Hink et al. [103] suggested that NO synthase and NADPH oxidase are responsible for the

overproduction of superoxide in streptozotocin-induced diabetic rats. Venugopal et al. [104]

found that under hyperglycemic conditions superoxide release from human monocytes

depends on NADPH oxidase activity and not the mitochondrial superoxide production.

These authors proposed that hyperglycemia activated protein kinase C-a (PKC-a) and that

a-tocopherol inhibited superoxide production by the suppression of PKC-a activity.

An increase in hypoglycemia-induced oxygen radical production must affect NO-

dependent phenomena such as vasodilation, angiogenesis, and vascular maintenance through

the interaction of superoxide with nitric oxide. Damaging effect of oxygen radicals on NO-

dependent processes has been shown, but its mechanism seems not be limited only to the

direct reaction of superoxide with nitric oxide. Cosentino et al. [105] found that prolonged

exposure of human aortic endothelial cells to high glucose increased eNOS gene expression

and NO release but simultaneously significantly augmented superoxide generation. Tracht-

man et al. [106] suggested that high glucose caused the inhibition of nitric oxide production in

cultured rat mesangial cells by depletion of arginine, the substrate of NO synthase. In bovine

aortic endothelial cells hyperglycemia inhibited the activity of endothelial NO synthase by

67% supposedly via mitochondria superoxide overproduction [107]. Similarly, Noyman et al.

[108] showed that the pretreatment of bovine aortic endothelial cells with high glucose

resulted in a decrease in eNOS protein expression.

Napoli et al. [109] found that glycosylated LDL are more susceptible than normal LDL to

lipid peroxidation, which is mediated by superoxide. Correspondingly, glycosylated LDL
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produced the enhanced amount of superoxide on the treatment of aortic rings compared to

normal LDL [110]. Stronger impairment of endothelium-dependent dilation by oxidized

glycosylated LDL can be due to the interaction of superoxide with nitric oxide.

It is important that acute hyperglycemia may be a cause of oxidative damage not only in

diabetic patients but also in healthy subjects. Marfella et al. [111] showed that blood pressure

and nitrotyrosine content significantly increased in healthy subjects undergoing a hypergly-

cemic glucose clamp test. These authors suggested that nitrotyrosine, a marker of oxidative

stress, was formed via a peroxynitrite-dependent mechanism, although the peroxynitrite-

independent mechanism of tyrosine nitration also cannot be excluded [112].

31.1.6.2 Free Radical-Mediated Processes in Diabetes Mellitus

Earlier studies on oxygen radical-mediated processes in diabetes mellitus were concentrated

on the study of overproduction of oxygen radicals by leukocytes. Thus, it has been shown that

PMNs from diabetic patients exhibited significantly increased unstimulated superoxide pro-

duction [113,114]. Wierusz-Wysocka et al. [114] found that the PMN-enhanced superoxide

generation correlated well with the level of glycosylated hemoglobin HbA1. These results have

been later confirmed for type 2 diabetic patients [115]. It was also suggested that some

intracellular factors might be responsible for PMN priming and that the priming PMNs

contribute to chronic inflammation in diabetes. The relationship between enhanced super-

oxide production, endothelial dysfunction, and HbA1 level has been also shown in an animal

model of diabetic rats [116]. Josefsen et al. [117] demonstrated that the circulating monocytes

in newly diagnosed type 1 diabetes patients were activated, which could play a pathogenic role

in b-cell destruction.

Enhanced superoxide production by monocytes of patients with hypertriglyceridemia and

diabetes has also been shown [118]. Orie et al. [119] found that the activation of mononuclear

leukocytes with FMLP or phytohemagglutinin significantly increased oxygen radical produc-

tion in type 2 diabetic patients compared to controls. It is interesting that the stimulation of

diabetic platelets from type 1 diabetic children with platelet activating factor (PAF) resulted

in a decrease in oxygen radical production in diabetic group with respect to controls [120]. All

the above data point out at the involvement of oxygen radicals produced by unstimulated and

stimulated leukocytes in diabetes development.

Lipid peroxidation is another free radical-mediated process enhanced in diabetes mellitus.

It should be noted that some data obtained in animal models of diabetes could be misleading

and not related to real diabetic state. For example, the enhanced intracellular generation of

hydroxyl radicals has been shown in widely applied streptozotocin-induced model of diabetes

in rats [121]. However, Lubec et al. [122] later showed that streptozotocin itself and not the

diabetic state is responsible for the formation of hydroxyl radicals in this model.

Nonetheless, lipid and protein oxidation certainly occurs in diabetic patients. Dominguez

et al. [123] found that plasma MDA and protein carbonyl group levels were enhanced in type

1 diabetic children and adolescents, while the a-tocopherol:total lipid ratio decreased. Fur-

thermore, systemic oxidative stress presenting upon early diabetes onset was apparently

augmented in early adulthood. MDA content was significantly enhanced in erythrocytes

from noninsulin-dependent diabetes (NIDDM) patients with and without nephropathy

whereas SOD and catalase activities decreased [124]. The level of oxidative stress was greater

in NIDDM patients without nephropathy. Kesavulu et al. [125] has also found enhanced lipid

peroxidation and diminished SOD activity in NIDDH patients. Inouye et al. [126] proposed

that 9-hydroxy linoleic acid is a marker of phospholipid peroxidation in erythrocytes of

diabetic patients. It has been suggested that this product is formed via hydroxylation of

linoleic acid with hydroxyl radicals. Altavilla et al. [127] showed that the inhibition of lipid
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peroxidation restored impaired vascular endothelial growth factor expression and improved

wound healing diabetic mice. DNA damage is also a consequence of oxidative stress in

diabetes mellitus. Thus, Collins et al. [128] found the enhanced levels of strand breaks and

oxidized pyrimidines in diabetic patients.

It has already been noted above that hyperglycemia may affect nitric oxide production in

different ways. Mohan and Das [129] demonstrated that NO prevented b-cell damage in the

model of alloxan-induced diabetes in rats. However, far more important data on the role of

nitric oxide in diabetes development were obtained in the study of diabetic patients. Thus,

Kedziora-Kornatowska [130] showed that there is difference in superoxide and NO produc-

tion by the granulocytes from NIDDM patients: NO production was increased in diabetic

patients with and without diabetic nephropathy, while superoxide production was increased

or decreased in the same patients, respectively.

31.1.6.3 Antioxidants and Diabetes Mellitus

As in the case of other cardiovascular diseases, the possibility of antioxidant treatment of

diabetes mellitus has been studied in both animal models and diabetic patients. The treatment

of streptozotocin-induced diabetic rats with a-lipoic acid reduced superoxide production by

aorta and superoxide and peroxynitrite formation by arterioles providing circulation to the

region of the sciatic nerve, suppressed lipid peroxidation in serum, and improved lens

glutathione level [131]. In contrast, hydroxyethyl starch desferrioxamine had no effect on

the markers of oxidative stress in diabetic rats. Lipoic acid also suppressed hyperglycemia and

mitochondrial superoxide generation in hearts of glucose-treated rats [132].

Sanders et al. [133] found that although quercetin treatment of streptozotocin diabetic rats

diminished oxidized glutathione in brain and hepatic glutathione peroxidase activity, this

flavonoid enhanced hepatic lipid peroxidation, decreased hepatic glutathione level, and

increased renal and cardiac glutathione peroxidase activity. In authors’ opinion the partial

prooxidant effect of quercetin questions the efficacy of quercetin therapy in diabetic patients.

(Antioxidant and prooxidant activities of flavonoids are discussed in Chapter 29.) Adminis-

tration of endothelin antagonist J-104132 to streptozotocin-induced diabetic rats inhibited

the enhanced endothelin-1-stimulated superoxide production [134]. Interleukin-10 preserved

endothelium-dependent vasorelaxation in streptozotocin-induced diabetic mice probably by

reducing superoxide production by xanthine oxidase [135].

At present, antioxidants are extensively studied as supplements for the treatment diabetic

patients. Several clinical trials have been carried out with vitamin E. In 1991, Ceriello et al.

[136] showed that supplementation of vitamin E to insulin-requiring diabetic patients reduced

protein glycosylation without changing plasma glucose, probably due to the inhibition of the

Maillard reaction. Then, Paolisso et al. [137] found that vitamin E decreased glucose level and

improved insulin action in noninsulin-dependent diabetic patients. Recently, Jain et al. [138]

showed that vitamin E supplementation increased glutathione level and diminished lipid

peroxidation and HbA1 level in erythrocytes of type 1 diabetic children. Similarly, Skyrme-

Jones et al. [139] demonstrated that vitamin E supplementation improved endothelial vaso-

dilator function in type 1 diabetic children supposedly due to the suppression of LDL

oxidation. Devaraj et al. [140] used the urinary F2-isoprostane test for the estimate of

LDL oxidation in type 2 diabetics. They also found that LDL oxidation decreased after

vitamin E supplementation to patients.

Keenoy et al. [141] treated type 1 diabetic patients with Daflon 500, a mixture of

flavonoids diosmin (90%) and hesperdin (10%). It was found that flavonoid therapy resulted

in a decrease in the levels of the HbA1c hemoglobin and the in vitro oxidability of non-HDL

lipoproteins. Lipoic acid was found to improve microcirculation in patients with diabetic
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polyneuropathy [142]. De Mattia et al. [143] showed that the treatment of type 2 diabetic

patients with glicazide, a derivative of sulfonylurea possessing antioxidant properties,

improved antioxidant status and nitric oxide-mediated vasodilation in patients. Gargiulo

et al. [144] demonstrated that antidiabetic agent metformin diminished superoxide overpro-

duction in type 2 diabetic patients.

31.2 CANCER, CARCINOGENESIS, FREE RADICALS, AND ANTIOXIDANTS

In 1965–1967 a great interest has been attached to the possible role of free radicals in cancer

after studies by Emanuel and his coworkers who reported the excessive production of free

radicals in tumor cells (see, for example, Ref. [145] ). On these grounds the authors suggested

to apply antioxidant therapy for the treatment of cancer patients. Unfortunately, experimen-

tal proofs of overproduction of free radicals in cancer tissue turn out to be erroneous [146].

A new interest in the role of free radicals in cancer development emerged after the discovery of

superoxide and superoxide dismutases.

Numerous excellent reviews on the possible role of oxygen radicals in cancer and carcino-

genesis have been published 10–20 years ago [147–153]. Earliest studies have been much

concerned with the role of SOD in tumor cells. Despite some contradictory results, it is

general conclusion that tumor cells are usually characterized by lowered CuZnSOD activity

and always by lowered MnSOD activity [147]. The origin of SOD declining in cancer cells is

unknown. It has been suggested that MnSOD is not induced in cancer immortalized cells in

response to oxidative stress, but the reason of this is uncertain [154].

31.2.1 MECHANISMS OF FREE RADICAL REACTIONS IN TUMOR CELLS

There is a major difference between the role of free radicals in cancer and other pathologies

such as cardiovascular diseases, hypertension, diabetes mellitus, etc. In contrast to the latter

diseases where the sources of free radical overproduction are well established (vascular cells

and macrophages in cardiovascular diseases and leukocytes in inflammation), the origin and

the levels of free radical production in tumor cells are still uncertain.

Most researchers agreed that oxygen radicals participate in both initiation andpromotionof

cancer. At the initiation stage oxygen radicals together with various carcinogens may change

normal cellular genetic material to that of neoplastic genetic composition. At promotion stage

the participation of free radicals was firstly suggested on the grounds of the effects of organic

peroxides, which promoted cancer development [150]. As discussed in Chapter 28, the reaction

of oxygen radicals with DNA results in the formation of specific adducts such as 8-OHdG. This

is an important step of carcinogenesis because 8-OHdG is carcinogenic and its formation

correlates in many cases with cancer development [155]. Thus, Wei and Frenkel [156] suggested

that the 8-OHdG formation in mice is related to tumor promoting activity of phorbol ester-type

tumor promoters. Ogawa et al. [157] proposed that oxygen radicals mediated the formation of

8-OHdG during the synthetic estrogen induction of hepatocellular carcinomas in rats.

It is of importance that oxygen radical generation by leukemia cells can be enhanced or

diminished. In 1986, Mazzone et al. [158] was unable to receive stable data on superoxide

production by leukemic blast cells from patients with acute nonlymphocytic leukemia (ALL)

and AML chronic myeloid leukemia. However, later on, Korkina et al. [159] demonstrated that

nonstimulated and latex-stimulated blood leukocytes from acute nonlymphocytic leukemia

(ALL) and chronic myeloid leukemia (AML) children produced surprisingly low levels of

oxygen radicals but had high CuZnSOD and MnSOD activities. At the same time, chemother-

apy and following irradiation exposure sharply increased oxygen radical production measured

via luminol-amplified CL (indicating possibly the enhanced generation of hydroxyl or
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hydroxyl-like radicals) but drastically decreased SOD activities. It has also been shown that

the overproduction of oxygen radicals after chemotherapy and irradiation in the blood of

ALL and AML children can be diminished by supplementation of food supplement Bio-

Normalizer prepared by the fermentation of Carica papaya.

Enhanced level of typical hydroxyl radical-induced base lesions and the diminished

content of antioxidant enzymes were also observed in lymphocytes of ALL children [160].

Similarly, the levels of MDA and 8-OHdG were elevated while SOD and catalase activities

diminished in chronic lymphocytic leukemia (CLL) cells [161]. Babbs [162] proposed that the

enhanced hydroxyl radical generation in feces points out at intracolonic oxygen radical

formation as one of the factors for the high incidence of cancer in the colon and rectum. It

has been suggested that the 8-OHdG lesions induced by oxygen radicals and generated by

inflammatory leukocytes or carcinogens participate in the mutation of cancer-related genes

[163]. Another possible role of superoxide in cancer development has been suggested by

Pervaiz et al. [164]. These authors proposed that intracellular superoxide may regulate

tumor cell response to drug-induced cell death by affecting the caspase activation pathway.

The importance of inflammatory phagocytes in cancer promotion has been suggested for

a long time. Thus, Chong et al. [165] demonstrated that unstimulated and stimulated peri-

toneal macrophages induced tumor cell DNA strand breaks supposedly through the gener-

ation of oxygen radicals and arachidonate metabolites. Trulson et al. [166] showed that blood

monocytes from patients with renal cancer produced the enhanced amount of superoxide. It

has also been found that the superoxide mediated 12-O-tetradecanoylphorbol-13-acetate

TPA-induced promotion of neoplastic transformation in mouse epidermal JB6 cells [167].

Kim et al. [168] studied the mutagenicity of oxygen and nitrogen free radicals produced by

stimulated leukocytes. They showed that TPA-stimulated human promyelocytic leukemia

cells (HL-60) and LPS/IFN-g-stimulated murine macrophages induced 8-OHdG formation in

transgenic Chinese hamster ovary cells mediated by oxygen and nitrogen radicals.

Thus, oxygen radical production by leukocytes can be responsible for cancer develop-

ment. However, the levels of leukocyte oxygen radical generation depend on the type

of cancer. For example, PMNs and monocytes from peripheral blood of patients with lung

cancer produced a diminished amount of superoxide [169]. Timoshenko et al. [170] observed

the reduction of superoxide production in bronchial carcinoma patients after the incubation

of neutrophils with concanavalin A or human lectin, while neutrophils from breast cancer

patients exhibited no change in their activity. Chemotherapy of lung and colorectal carcin-

oma patients also reduced neutrophil superoxide production. Human ALL and AML cells

produced, as a rule, the diminished amounts of superoxide in response to PMA or FMLP

[171]. On the other hand total SOD activity was enhanced in AML cells but diminished in

ALL cells, while MnSOD in AML cells was very low. It has been proposed that decreased

superoxide production may be responsible for susceptibility to infections in cancer patients.

One should expect that nitrogen reactive species could also affect cancer development.

Similar to oxygen radicals, the effects of nitrogen species depend on many factors, cell types,

cancer types, etc. Thus, it has been shown that both nitric oxide and peroxynitrite formation

increased in erythrocytes from breast cancer patients with a subsequent increase in the

membrane rigidity under oxidative stress [172]. It was supposed that these mechanical

changes may cause shortening of the lifespan of erythrocytes and stimulate toxic anemia in

cancer patients. On the other hand, nitric oxide inhibited tumor cell growth in IFN-g-

activated rat neutrophils [173]. Haklar et al. [174] measured the content of reactive oxygen

and nitrogen species in cancerous tissues from colon and breast carcinoma cases. They found

that all reactive species including nitric oxide and peroxynitrite increased in cancerous colon

tissues with hypochlorite making a major contribution, while only superoxide significantly

increased in breast carcinoma. Thomas et al. [175] found that the TNF-a inhibition of

Denisov / Oxidation and Antioxidants in Organic Chemistry and Biology DK1162_c031 Final Proof page 916 2.2.2005 5:57pm

© 2005 by Taylor & Francis Group.



proliferation of pancreatic cancer cells was mediated by superoxide formation while endo-

genously generated nitric oxide suppressed this effect.

Numerous studies demonstrated that lipid peroxidation significantly decreased in cancer

cells and tissues (Ref. [176] and references therein). It has been proposed that this can be a

consequence of a decrease in the content of highly unsaturated fatty acids, the concentration

of cytochrome p-450, and the contents of NADPH, SOD, and catalase in tumors. Cheeseman

et al. [176] suggested that the reduction of lipid peroxidation in tumors may depend on both

the expression of malignant transformation and cell division. It should be mentioned that

Boyd and McGuire [177] demonstrated that there is a correlation between lipid peroxidation

and breast cancer risk in premenopausal women.

In agreement with the above consideration of the role of oxidative stress in cancer

development, it was found that tumor cells (thymocytes) are more sensitive to oxidative stress

than normal thymocytes [178]. There are apparently the other free radical-mediated damaging

processes, which can be more intensive in tumors. For example, it has been found that metHb

formation was significantly elevated in cancer patients [179].

31.2.2 THE TREATMENT OF CANCER WITH PROOXIDANTS

The ambiguity of cancer therapy directed on the regulation of free radical status of tumors is

because both prooxidants and antioxidants are able to act in two ways, suppressing or

stimulating cancer growth. One of the most efficient ways for fighting cancer is the use of

prooxidants, capable of destroying tumor cells. As stated above, superoxide produced by

inflammatory leukocytes participates in cancer promotion; nonetheless, it has been described

that the superoxide-producing systems can be applied for cancer treatment.

As early as 1958, Haddow et al. [180] demonstrated that xanthine oxidase exhibited

anticancer activity in mice. Later on, Yoshikawa et al. [181] showed that oxygen radicals

produced by the xanthine–xanthine oxidase system suppressed carcinomas growth in experi-

mental rabbit model. The antitumor effect of this system was inhibited by SOD and catalase.

However, therapeutic activity of native xanthine oxidase was compromised by its high

binding affinity to blood vessels that may cause systemic vascular damage. Because of this,

Sawa et al. [182] proposed to apply poly(ethylene glycol)-conjugated xanthine oxidase (PEG-

XO) for tumor-targeting chemotherapy. It was found that PEG-XO exhibited highly tumori-

tropic accumulation in tumor-bearing mice and that the PEG-XO treatment resulted in

significant suppression of tumor growth. It is of utmost importance that macromolecules

such as PEG-XO preferentially accumulate in solid tumor and not in healthy tissues.

Yamaguichi et al. [183] proposed that intracellular SOD is probably an important factor

in protecting leukemic and cancer cells against superoxide and irradiation. Therefore, the

damaging effect of superoxide might be enhanced by suppressing SOD activity in cancer cells.

Thus, Huang et al. [184] showed that some estrogen derivatives selectively killed human

leukemia cells but not normal lymphocytes through SOD inhibition and apoptosis induction.

The authors proposed that targeting SOD may be a promising approach to the selective

killing of cancer cells. It has also been suggested that malignant cells are more dependent on

SOD because they have higher superoxide and lower SOD levels [185].

The importance of superoxide-mediated damage to cancer cells was also demonstrated in

the experiments with overexpressed mitochondrial MnSOD. Hirose et al. [186] showed that

the overexpression of mitochondrial MnSOD enhanced the survival of human melanoma

cells exposed to cytokines IL-1 and TNF-a, anticancer antibiotics doxorubicin and mitomy-

cin C, and g-irradiation. Similarly, Motoori et al. [187] found that overexpression of MnSOD

reduced the levels of reactive oxygen species in mitochondria, the intracellular production of

4-hydroxy-2-nonenal, and prevented radiation-induced cell death in human hepatocellular
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carcinoma cells. Interestingly, MnSOD expression was not influenced by NO production

stimulated by irradiation. MnSOD deficiency also enhanced TPA-induced oxidative stress in

a skin cancer model [188].

It is possible that the anticancer activity of the most effective anticancer antibiotics such as

adriamycin (doxorubicin) depends on their ability to generate oxygen radicals. Mechanisms of

free radical-mediated anticancer activity of anthracycline antibiotics and their analogs have

been thoroughly studied and reviewed (see, for example, Refs. [189,190]). (The production of

oxygen radicals by anthracyclines is also considered in Chapters 21 and 25.) Both prooxidant

and antioxidant activities have been shown for flavonoids in normal and tumor cells (see below

and Chapter 21). We have already considered earlier the cytotoxic effects of flavonoids against

tumor cells [191]. Many flavonoids exhibit antiproliferative and antileukemic effects and

suppress cancer growth. It is possible that prooxidant activity of flavonoids might be respon-

sible for their anticancer effects, but such a suggestion still has no experimental support.

Similar to flavonoids, other antioxidants and cancer chemopreventive agents are able to

exhibit prooxidant action. Thus, the antioxidant N-acetylcysteine was found to increase the

formation of 8-OHdG in human leukemia cell line HL-60 [192]. It was suggested that NAC-

initiated DNA damage is mediated by reactive oxygen species formed by NACþ copper ions.

Spallholz et al. [193] suggested that the anticarcinogenic activity of L-selenomethionine,

L-Se-methylselenocysteine, and some other methylated selenium compounds depended on

the reduction of selenium compounds in the presence of glutathione to methylselenol and the

reduction by the last compound of dioxygen to superoxide.

It has been suggested that tamoxifen, one of the most effective therapeutic and chemo-

preventive agent for breast cancer, modulates protein kinase C through oxidative stress in

breast cancer cells [194]. Unfortunately, most breast cancers initially responsive to tamoxifen

treatment later become resistant. Schiff et al. [195] suggested that the conversion of breast

tumors to a tamoxifen-resistant phenotype is associated with oxidative stress and depends on

significantly enhanced SOD activity in tumors.

31.2.3 THE TREATMENT OF CANCER WITH ANTIOXIDANTS

As the involvement of free radicals in both the initiation and promotion stages of cancer has

been demonstrated (see above), it is reasonable to suggest that antioxidants may be applied

for cancer treatment and prevention. Therefore, already for a long time, the effects of many

antioxidants and antioxidant enzymes on cancer development have been studied under in vitro

and in vivo conditions. Naturally from the beginning, much attention has been drawn to the

study of possible SOD effects. Unfortunately, natural SOD has a short circulation lifetime

and unable to penetrate into cells. Therefore, various SOD mimics were studied as potential

anticancer drugs.

In 1983, Kensler et al. [196] demonstrated that copper complex copper(II)(3,5-diisopro-

pylsalicylic acid)2 (CuDIPS) exhibited SOD-mimetic activity, suppressing TPA-promoted

skin tumors in mice initiated with 7,12-dimethylbenz[a]anthracene. Although Oberley et al.

[197] questioned the SOD-mimetic mechanism of CuDIPS anticancer activity, the other

studies also supported the SOD mimetic activity of CuDIPS at both initiation and promotion

stages of carcinogenesis [198,199]. It should also be noted that in spite of the inefficiency of

natural SOD to penetrate the cellular membrane, Armato et al. [200] showed that exogenous

SOD is able to suppress the stimulation of neonatal rat hepatocyte growth by tumor

promotors. Much earlier, Kennedy [201] also concluded that SOD as well as SOD mimics

can decrease the induction of malignant transformation, at least in vitro. Burdon [202]

suggested that SOD and catalase are able to reduce the proliferation of hamster and rat

fibroblasts (nontransformed or oncogene transformed). Glaves [203] showed that SOD
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inhibited the release of lung carcinoma cells in rats. Cullen et al. [204] suggested that the

overexpression of MnSOD may be effective in growth suppression of pancreatic cancer.

In earlier years the effects of low-molecular-weight antioxidants (vitamins E, C, and

polyphenols) have been also extensively studied. Prasad and Rama [205] reviewed their

studies concerning the possible role of vitamin E in cancer treatment. It is of interest that

among various forms of vitamin E, only vitamin E succinate was effective in the inhibition of

differentiation and growth of mouse melanoma cells. It was also pointed out that vitamin E is

able to enhance radiation damage in tumor cells under in vitro and in vivo conditions.

London et al. [206] proposed that supplementation with vitamin E may reduce the risk of

developing breast cancer in women. Possible anticarcinogenic effect of vitamin C was sug-

gested based on its ability to block the formation nitrosamines, the inductors of various

tumors in animals [207]. However, the relevance of these animal studies in the prevention of

cancer development in humans is uncertain.

A more widely accepted practice was to supplement animals or cancer patients with a group

of so-called ‘‘antioxidant vitamins’’ A, C, and E plus carotene or some other carotenoids such

as licopene. (Actually, vitamin A and carotenoids are not genuine antioxidants and their

addition to ‘‘antioxidant group’’ may or may not improve total therapeutic or prophylactic

effects but not due to their free radical scavenging properties.) In 1984, Kahl [208] considered

the role of various antioxidants including vitamins E and C in cancer prevention but did not

find real benefits of their supplementation. Rotstein and Slaga [209] studied the effects of

antioxidants such as reduced glutathione, 2(3)-tert-butyl-4-hydroxyanisole (BHA), vitamin E,

CuDIPS, and NAC on tumor progression in the murine skin multistage carcinogenesis model.

Among these antioxidants only glutathione inhibited tumor progression to a significant degree.

Synthetic phenolic antioxidants 3,5-di-tert-butyl-4-hydroxytoluene (BHT) and BHA have also

been studied as potential cancer chemopreventive agents [210]. These compounds are efficient

free radical scavengers, but their well known toxicity and ability to damage different tissues or

even to promote cancer makes doubtful their usefulness for cancer treatment.

Thus, the above consideration of earlier studies dedicated to the study of antioxidants as

potential drugs for cancer treatment did not show any significant favorable effects of anti-

oxidant treatment. It could be the consequence of a double role of prooxidants and antioxi-

dants because both of them are capable of inhibiting and promoting cancer development.

However, the studies of antioxidants for cancer treatment have not been stopped, and to the

present day about 10,000 references are cited by Medline on this subject. Of course, it is

impossible to discuss all these studies in this book; therefore, we will consider here only the

several latest ones.

Radiation is one of the most important known environmental stimuli of cancer develop-

ment. This environmental factor becomes especially dangerous for humans living in the

areas affected by irradiation from nuclear accidents. Earlier we found that the administration

of a mixture of vitamin E and a-lipoic acid to children living in the area of Chernobyl

nuclear accident significantly and synergistically suppressed leukocyte oxygen radical over-

production [211]. Thus a-lipoic acid and a-lipoic acidþ vitamin E supplements may be of

interest as antioxidant preventive agents for the treatment of radiation-induced cancer

development.

Several contemporary studies seem to suggest the inhibitory effect of vitamin E on human

prostate cancer and some other tumor growth. Huang et al. [212] demonstrated a strong inverse

correlation between g-tocopherol and the risk of developing prostate cancer. Ni et al. [213]

showed that vitamin E succinate inhibited human prostate cancer cell growth by the regulation

of multiple molecules of the cell cycle. Malafa et al. [214] showed that vitamin E succinate

increased melanoma dormancy and inhibited melanoma angiogenesis via the inhibition of

vascular endothelial growth factor. Pace et al. [215] concluded that the supplementation
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of cancer patients receiving cisplatin chemotherapy with vitamin E decreased the incidence and

severity of peripheral neurotoxicity.

In some cases the protective effects of vitamin C on cancer development and oxidative

stress in tumor cells has been observed. Thus, it was found that experimental gastric tumors

apparently produced more oxygen radicals than normal gastric tissue and that the adminis-

tration of ascorbic acid reduced oxidative stress and gastric tumor incidence in rats [216].

Supplementation of various antioxidants (including vitamin C, a-lipoic acid, NAC, reduced

glutathione, and vitamin E) caused a decrease in reactive oxygen species production in cancer

patients [217]. However, Jacobs et al. [218] showed that only long-duration supplementation

of vitamin E but not vitamin C may reduce the risk of bladder cancer mortality.

In addition to their possible prooxidant activity (see above) polyphenols and flavonoids

may influence cancer cells via their antioxidant properties. Recently, Jang et al. [219] studied

cancer chemopreventive activity of resveratrol, a natural polyphenolic compound derived

from grapes (Chapter 29). These authors showed that resveratrol inhibited the development

of preneoplastic lesions in carcinogen-treated mouse mammary glands in culture and inhib-

ited tumorigenesis in a mouse skin cancer model. Flavonoids silymarin and silibinin also

exhibited antitumor-promoting effects at the stage I tumor promotion in mouse skin [220] and

manifested antiproliferative effects in rat prostate cancer cells [221].

31.3 INFLAMMATION

31.3.1 MECHANISMS OF FREE RADICAL-MEDIATED INFLAMMATORY PROCESSES

Since the work by Babior et al. [222], who demonstrated the extracellular release of super-

oxide and hydrogen peroxide by neutrophils during phagocytosis, a great deal of attention

has been drawn to the role of reactive oxygen species in inflammation. It became clear that

reactive oxygen species produced by neutrophils and macrophages not only kill microbes but

are also responsible for the tissue injury in acute inflammation. The mechanisms of oxygen

radical production by phagocytes are now well studied (see, for example, earlier reviews

[223,224]). The mechanisms of production of reactive oxygen and nitrogen species by

NADPH oxidase and other prooxidant enzymes are considered in Chapter 22.

As early as in 1976, Oyanagui [225] suggested that macrophage-produced superoxide

initiated inflammation in rat carrageenan food–edema model. Subsequent studies demon-

strated different ways of free radical participation in inflammatory processes. It has been

shown that superoxide (but not hydrogen peroxide) is able to stimulate the production of

interleukin 1-like factors from human peripheral blood monocytes and PMNs [226]. These

findings suggest that there is a feedback mechanism of inflammation, in which reactive

oxygen species stimulate the enhanced LI 1-like factor production that, in turn, increases

the formation of oxygen radicals.

Critical stage of inflammation is the starting of lipid peroxidation and the formation of

bioactive eicosanoids. It is now known that lipoxygenases, cyclooxygenases, cytochrome P450

monooxygenases, and peroxidases are enzymatic catalysts of these processes (Chapter 26).

Recently, using a peritonitis model of inflammation with MPO knockout mice, Zhang et al.

[227] showed that the peritinitis-stimulated formation of F2-isoprostanes, hydroxy- and

hydroperoxy-eicosatetraenoic acids, hydroxy- and hydroperoxy-octadecadienoic acids, and

their precursors, arachidonic and linoleic acids was suppressed in this model. It was con-

cluded that myeloperoxidase could be a major enzymatic catalyst of lipid peroxidation at

inflammatory sites.

Another pathway of the initiation of lipid peroxidation is the formation of peroxynitrite

from superoxide and nitric oxide. Kausalya and Nath [228] found that the FMLP-stimulated
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injury and killing of endothelial cells in PMN–endothelial cell coculture was inhibited by a

NO donor. However, other authors demonstrated the stimulatory effect of nitric oxide in

inflammation. Thus, Farivar et al. [229] suggested that NO produced by cardiac fibroblasts

might participate in inflammatory cardiac diseases. Zhang et al. [227] pointed out that MPO-

dependent formation of reactive nitrogen species might be a preferred pathway for the

initiation of lipid peroxidation at the inflammatory sites. Liu et al. [230] suggested that

excessive NO production as a consequence of NO synthase induction by glial cells is respon-

sible for brain inflammation and neurodegeneration.

Inflammatory processes play an important role in development of many pathologies. The

participation of inflammatory cells in the development of cardiovascular disease and cancer

has already been discussed above. Below, we will consider the other pathologies, in which

inflammation plays important and even deciding role.

31.3.2 RHEUMATOID ARTHRITIS

In rheumatoid arthritis (RA) the chronic inflammatory state exists in synovium where it is

characterized by the presence of monocytes in the pannus and PMNs in pannus and the

synovial fluid. It has been suggested that the oxygen radical production by PMNs and lipid

peroxidation products are responsible for the destruction of synovial tissues in rheumatoid

arthritis [231]. However, although the role of oxygen radicals in the initiation of free radical

damage in this disease is well established, there are different data on the levels of oxygen

radical production by RA neutrophils. Thus, in contrast to studies demonstrating an increase

in phagocytic superoxide production in rheumatic patients [232–235], no significant difference

has been found in other studies [236–240]. Davis et al. [241] even found depressed superoxide

production by neutrophils from patients with rheumatoid arthritis and neuropenia.

The observed differences in the levels of production of oxygen radicals by neutrophils and

monocytes depend on the nature of stimuli and some other reasons. However, in the case of

RA phagocytes the most important factor might be the prior priming of cells by TNF-a

[233,238] or IL-8 [235] in synovial fluid. For example, we have shown that spontaneous

oxygen radical production by RA neutrophils and monocytes is considerably enhanced in

comparison with healthy donors, whereas there was no significant difference between oxygen

radical production by PMA-stimulated RA and normal neutrophils [234]. NADPH oxidase is

a major enzyme responsible for oxygen radical production in RA and normal neutrophils and

monocytes. However, it was found [234] that superoxide production by RA neutrophils was

reduced in the presence of NO synthase inhibitor NMMA and enhanced by L-arginine, while

superoxide production by monocytes decreased in the presence of mitochondrial inhibitors

rotenone and antimycin A. Thus, NO synthase in neutrophils and mitochondria in monocytes

could be the additional producers of oxygen radicals in RA phagocytes.

Reactive nitrogen species are another factor of free radical damage in rheumatoid arth-

ritis, although their role is less studied than that of oxygen radicals. Stichtenoth and Frolich

[242] pointed out that the inhibition of nitric oxide synthesis had beneficial effects in humans.

Mazzetti et al. [243] found that IL-1b stimulated NO production in RA chondrocytes. We

demonstrated that NO synthase of RA neutrophils generated the enhanced amount of

peroxynitrite [234]. Nitric oxide and oxygen radicals are also important inducers of death

of human osteoarthritic synoviocytes [244].

It is of special interest that rheumatoid arthritis is one of the first examples of the extensive

antioxidant treatment of human patients. In previous years the most recommended pharma-

ceutical antioxidant agent has been SOD. In 1986, Wilsman [245] reviewed the results of

10 years of presumably successful clinical experience with CuZnSOD treatment of inflamma-

tory disorders including RA. Niwa et al. [246] recommended the application of liposomal
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CuZnSOD, which showed no toxicity and had various advantages compared to native SOD.

However, later on, Flohe [247] concluded that the systematic treatment of rheumatoid

arthritis by SOD yielded disappointing results.

In subsequent years the study of CuZnSOD and MnSOD have been prolonged in animal

inflammatory models. Dowling et al. [248] studied the effects of human recombinant MnSOD

and CuZnSOD in adjuvant mediated paw edema and carrageenan-induced synovitis models.

They demonstrated significant advantage of MnSOD in the suppression of inflammation in

these models although MnSOD exhibited both antiinflammatory and inflammatory action

depending on its concentration. Corvo et al. [249] demonstrated that the major limitation of

native SOD — its rapid elimination from the circulation, can be overcome by the use of small-

sized SOD PEG-liposomes. Iyama et al. [250] suggested that the transfer of extracellular SOD

gene may be an effective form of RA therapy. SOD low molecular mimetic M40403 is

apparently able to attenuate chronic inflammation in rat collagen-induced arthritis [251].

Treatment of RA patients with various drugs was shown to affect free radical production

by phagocytic cells. It was found that the therapy with gold compounds [252] and piroxicam

[237] diminished superoxide production in RA patients. Surprisingly, Hurst et al. [253]

reported that successful therapy with penicillamine or sodium aurothiomalate is accompanied

by an increase in superoxide production and serum thiol levels. The mechanism of this

phenomenon is unknown. Mur et al. [254] demonstrated that antirheumatic medication of

RA patients caused reducing cytokine priming of superoxide generation.

Antioxidant vitamins and chelators have been studied as the inhibitors of free radical

production in RA. In contrast to cardiovascular diseases, the effects of vitamin E and C on

RA development were not widely investigated. However, Harper et al. [255] recently demon-

strated that the treatment of vasculitis patients with vitamins E and C reduced superoxide

generation by neutrophils and may have an important role as adjuvant therapy. Antioxidative

flavonoids are apparently the efficient inhibitors of oxygen radical production by RA pha-

gocytes. Wittenborg et al. [256] reported the results of epidemiological study in RA patients

treated with oral enzyme-combination product Phlogenzym containing trypsin, bromelain,

and flavonoid rutin. These authors concluded that the treatment of patients with this

medicine might be even more successful that with nonsteroidal antiinflammatory drugs. We

compared the effects of SOD, catalase, rutin, mannitol, and desferrioxamine on oxygen

radical production by neutrophils from RA patients and normal subjects [234]. It is interest-

ing that only SOD and rutin exhibited strong inhibitory effects while catalase, mannitol

(hydroxyl radical scavenger), and desferrioxamine were ineffective. These findings show

that RA bloodstream leukocytes mainly produce superoxide and that the iron-catalyzed

formation of hydroxyl or hydroxyl-like radicals is of little importance in RA. It is interesting

to compare these data with the effects of rutin and mannitol on neutrophils from Fanconi

anemia patients where iron-catalyzed hydroxyl radical formation is of importance (see below).

It is known that peroxynitrite is able to induce DNA strand breakage, which activates

nuclear enzyme poly(ADP–ribose) synthase (PARS). Szabo et al. [257] showed that the

inhibition of PARS by oral treatment with lipophilic inhibitor 5-iodo-6-amino-1,2-benzopyr-

one delayed the onset of arthritis in rats. It is possible that infrared pulse laser therapy can be

useful for the treatment of RA patients [258].

31.3.3 LUNG DISEASES

Overproduction of oxygen radicals by inflammatory leukocytes in asthmatic patients has been

shown for a long time [259,260]. Vargas et al. [261] suggested that peripheral granulocytes of

patients with allergic bronchial asthma produced oxygen radicals in a hyperreactive state
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compared to control. Overproduction of superoxide and supposedly hydroxyl radicals in blood

cells from asthmatic children was correlated with the severity of asthma [262]. Plaza et al. [263]

pointed out at importance of the platelet lipoxygenase pathway of free radical production by

platelets from asthmatic patients. These authors also supposed that there is difference in

oxygen radical production in aspirin-tolerant and aspirin-intolerant patients. Enhanced lipid

peroxidation in mild asthmatics has also been demonstrated by the measurement of plasma

isoprostane level [264] and the elevation of exhaled ethane concentration [265].

The latest studies show that reactive nitrogen species play even more important role in

asthma development. It was found that exhaled nitrogen oxide, an indicator of eosinophilic

airway inflammation, is drastically enhanced in asthmatic patients. Correspondingly, it has

been shown that lung damage is characterized by the augmentation of nitrotyrosine and

iNOS expression in neutrophils, eosinophils, and macrophages in the airways of asthmatic

patients [266].

Lung tissue injury is also mediated by reactive oxygen and nitrogen species in another

inflammatory lung disease, acute respiratory distress syndrome (ARDS) [267]. Lamb et al.

[268] showed that bronchoalveolar lavage fluid from ARDS patients contained the enhanced

levels of dityrosine, chlorotyrosine, and nitrotyrosine, the products of neutrophil-mediated

hydroxylation, nitration, and chlorination. These findings indicate that enhanced oxidative

stress in the lungs of ARDS patients causes increased oxidative protein damage. Sittipunt et al.

[269] demonstrated the expression of iNOS at high levels in alveolar macrophages and the

accumulation of nitric oxide end products in the lungs of ARDS patients. It is possible that the

suppression of oxidative stress and the protection of the lungs of ARDS patients might be

achieved by the application of antioxidants. Thus, Ortolani et al. [270] showed that the

administration of rutin and NAC to patients with early ARDS reduced the amount of expired

ethane, decreased MDA concentration, and increased GSH level in the epithelial lining fluid.

Reactive oxygen and nitrogen species are also involved in the pathogenesis of asbestos-

mediated pulmonary diseases. Kamp et al. [271] demonstrated that oxygen radicals mediate

asbestos-induced toxicity to pulmonary cells including alveolar macrophages, epithelial cells,

mesothelial cells, and endothelial cells. Quinlan et al. [272] showed that the inhalation of

chrysotile asbestos by rats led to the appearance of inflammation and proliferation markers in

the lungs. Dorger et al. [273] recently showed the dual role of iNOS in acute asbestos-induced

lung injury. These authors found that iNOS deficiency enhanced inflammation in mice but

diminished free radical-mediated lung damage.

Cystic fibrosis is the most common lethal autosomal-recessive disease, in which oxidative

stress takes place at the airway surface [274]. This disease is characterized by chronic infection

and inflammation. Enhanced free radical formation in cystic fibrosis has been shown as early

as 1989 [275] and was confirmed in many following studies (see references in Ref. [274] ).

Contemporary studies also confirm the importance of oxidative stress in the development of

cystic fibrosis. Ciabattoni et al. [276] demonstrated the enhanced in vivo lipid peroxidation

and platelet activation in this disease. These authors found that urinary excretion of the

products of nonenzymatic lipid peroxidation PGF2a and TXB2 was significantly higher in

cystic fibrotic patients than in control subjects. It is of importance that vitamin E supple-

mentation resulted in the reduction of the levels of these products of peroxidation. Exhaled

ethane, a noninvasive marker of oxidative stress, has also been shown to increase in cystic

fibrosis patients [277].

It was found that nitric oxide plays a very important role in cystic fibrosis. In contrast to

most inflammatory airway diseases (for example, asthma), exhaled NO decreased in cystic

fibrosis, and nitric oxide deficiency may contribute to the bronchial obstruction [278]. Bebok

et al. [279] demonstrated that NO levels in the vicinity of airway cells during inflammation are
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sufficient to nitrate cystic fibrosis transmembrane conductance regulator (CFTR), causing its

degradation and decreased function. It has been suggested that CFTR degradation may

account for cystic fibrosis development occurring in chronic inflammatory lung diseases.

Morrissey et al. [280] concluded that cystic fibrosis is characterized by disordered NO airway

metabolism and protein nitration.

It has been shown that lung macrophages from patients with systemic sclerosis (SS)

produced the elevated levels of nitric oxide, superoxide, and peroxynitrite and expressed the

enhanced level of iNOS [281]. NAC administration reduced peroxynitrite production and

might be possibly recommended for the treatment SS patients. Solans et al. [282] found the

significant enhancement of lipid peroxidation in erythrocytes from SS patients. Cracowski

et al. [283] showed that in vivo lipid peroxidation was enhanced in scleroderma spectrum

disorders including SS and undifferentiated connective tissue disease.

Antioxidant therapy might be promising medication for the treatment of some lung

disorders. For example, lecithinized phosphatidylcholine–CuZnSOD suppressed the develop-

ment of bleomycin-induced pulmonary fibrosis in mice [284]; these findings could be of

relevance for the treatment of bleomycin-stimulated pulmonary fibrosis in humans. Davis

et al. [285] recently demonstrated that the treatment of premature infants with recombinant

human CuZnSOD may reduce early pulmonary injury.

31.3.4 SKIN INFLAMMATION

The formation of reactive oxygen and nitrogen species is of significant importance in the

pathogenesis of skin inflammation. In 1987, Niwa et al. [286] showed that that the level of

lipid peroxides and SOD activity considerably increased in the skin lesions of patients with

severe skin diseases. Polla et al. [287] found that peripheral blood monocytes but not

peripheral blood neutrophils from patients with atopic dermatitis were primed for superoxide

production. They suggested that the in vivo monocyte priming and enhanced super-

oxide production may be responsible for the pathogenesis of this skin disease. On the other

hand, Greenacre et al. [288] demonstrated that the induction of iNOS in neutrophils and

protein nitration are important stimuli of cutaneous inflammation in rats.

One of the common inducers of skin inflammation is skin exposure to UV irradiation. It

has been suggested that exposure to ultraviolet B (UVB) radiation may be a cause of cNOS

and xanthine oxidase activation of human keratinocytes and that such photo-induced

response may be involved in the pathogenesis of sunburn erythema and inflammation [289].

Antioxidant (�)-epigallocatechin-3-gallate from green tea decreased UVB exposure-induced

skin injury and might be possibly useful for protection against oxygen radical-mediated UVB-

stimulated inflammatory dermatoses, photoaging, and photocarcinogenesis [290]. Another

indirect antioxidant ebselen has been found to inhibit TPA-induced TBAR formation in

mouse skin and probably should be studied as a potential drug for the treatment of inflam-

mation-associated carcinogenesis [291].

Shingu et al. [292] found that sera from patients with systemic lupus erythematosus and

psoriasis vulgaris were resistant to hydrogen peroxide-mediated complement activation.

These authors suggested that reactive oxygen species produced by cytokine-activated fibro-

blasts have an important role in inflammation and subsequent tissue damage at skin lesions.

Er-rali et al. [293] demonstrated the enhanced superoxide production by dermal fibroblasts of

psoriatic patients. Although psoriasis is characterized by the overproduction of reactive

oxygen species, peculiarity of this disease is that the most common efficient therapeutic

agent applied for psoriasis treatment is prooxidant anthralin. The mechanism of skin inflam-

matory response and antipsoriatic efficiency of anthralin is uncertain, but it might be

suggested that its effects are due to the formation of anthralin and oxygen free radicals
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[294]. It has been proposed that anthralin-associated toxicity might be suppressed by system-

atic antioxidant administration [295]. The treatment of psoriatic patients with another drug

dithranol resulted in a decrease in in vivo oxygen radical generation [296].

31.3.5 BRAIN INFLAMMATORY DISEASES

Contemporary data suggest that inflammation in brain is closely associated with the patho-

genesis of degenerative neurologic pathologies such as Alzheimer’s disease, Parkinson’s

disease, multiple sclerosis, and amyotrophic lateral sclerosis. Brain inflammation is mediated

by the activation of glial cells, which produce a variety of proinflammatory and neurotoxic

factors and reactive oxygen and nitrogen species [230]. These brain inflammatory disorders

are considered below.

31.3.5.1 Multiple Sclerosis

The release of reactive oxygen species by monocytes or macrophages is supposed to be an

important factor for the destruction of CNS white matter in multiple sclerosis (MS) patho-

genesis [297,298]. Glabinski et al. [299] demonstrated an increase in PMA-stimulated super-

oxide production in the blood of MS patients. Subsequent studies showed an importance of

excessive NO formation by macrophages, microglia, and astrocytes in demyelinating lesions

in multiple sclerosis [300] probably through the upregulation of inducible NO synthase in MS

lesions [301]. As NO is a relatively unreactive reagent, it has been suggested that nitrotyrosine

residues in brain tissues from MS patients are probably formed in reactions with peroxynitrite

[302]. Thus, Hooper et al. [303] demonstrated that the administration of uric acid, a natural

scavenger of peroxynitrite, to mice with experimental allergic encephalomyelitis (an animal

model of MS) suppressed the invasion of inflammatory cells into CNS and prevented

development of disease. Mijkovic et al. [304] and Nazliel et al. [305] have found that the

level of nitric oxide metabolites was enhanced in cerebrospinal fluid of MS patients.

31.3.5.2 Amyotrophic Lateral Sclerosis

Amyotrophic lateral sclerosis (ALS) is a fatal motor neuron degenerative disease, which

characterized by a single-site mutation in the CuZnSOD gene. This fact suggests a possible

damaging role of free radicals in ALS. In 1999, Liu et al. [306] obtained an in vivo evidence for

the enhanced levels of hydroxyl radicals and hydrogen peroxide and the reduced level of

superoxide in ALS mutant mice. These findings indicate the transformation of innocuous

superoxide into highly reactive hydroxyl radicals in ALS in the absence of SOD. (Compare

the similar phenomenon in Fanconi anemia patients discussed below.) An early event of ALS is

mitochondrial dysfunction; therefore, the overexpression of mitochondrial antioxidant genes

MnSOD and GPX4 and preincubation with spin trap 5,5-dimethyl-1-pyrroline-N-oxide

(DMPO) prevented mutant SOD1-mediated motor neuron cell death and increased ALS-like

transgenic mouse survival [307].

31.3.5.3 Alzheimer’s Disease

Alzheimer’s disease (AD), a major dementing disorder of the elderly, draws an exclusive

interest of researchers working in the field of degenerative neurologic pathologies. The study

of oxidative stress in Alzheimer’s disease development is attaching a special interest; corres-

pondingly, numerous reviews on this subject have been published only during the last few

years [308–312]. Reactive oxygen and nitrogen species can be produced in AD by different

sources. It has been established that neurotic plagues in the brain of AD patients contain
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aluminosilicate deposits. Evans et al. [313,314] suggested that alumosilicates may stimulate

the production of reactive oxygen species by phagocytes in Alzheimer’s disease. Iron and

copper ions might also be important initiators of oxygen radical production because these

metals are present in significant concentrations in AD neutrophils and chelators are able to

suppress oxidative stress in Alzheimer’s disease [309]. Mitochondrial anomalies can be also

the source of free radical overproduction in AD brain [308].

It has been established that amyloid b-peptide (Ab) formed by the proteolytic cleavage of

the transmembrane amyloid precursor protein and, particularly its Ab(1–42) form, play a

central role in the AD pathogenesis. Ab(1–42) is able to induce lipid peroxidation and initiate

the formation of free radicals and reactive aldehydes [311]. The formation of isoprostanes,

another marker of oxidative stress, is also increasing in the presence of Ab [310,311]. Montine

et al. [315] demonstrated that lateral ventricular fluid from AD patients contains significantly

enhanced levels of F2-isoprostanes. In contrast to the above findings, Pratico et al. [316]

showed that an increase in lipid peroxidation and the formation of isoprostanes preceded Ab

formation in an animal model of Alzheimer’s disease. Tuppo et al. [317] found that the

concentrations of iPF2a-III isoprostane (the product of nonenzymatic lipid peroxidation)

and TXB2 thromboxane (the product of enzymatic peroxidation of arachidonic acid) were

essentially elevated in urine of patients with probable Alzheimer’s disease. It was also

suggested that peroxynitrite is a nitration agent of proteins, causing the enhancement of

nitrotyrosine and dityrosine formation in AD brain [310]. Xie et al. [318] demonstrated that

peroxynitrite is a mediator of the toxicity of Ab(1–42)-activated microglia in Alzheimer’s

disease. Ab is also able to activate NADPH oxidase in microglia, resulting in the production

of superoxide [319].

The above data demonstrate an important, possibly even critical role of oxidative stress in

AD pathogenesis. Therefore, it is reasonable to suggest that antioxidant administration could

be useful for the treatment of AD patients. Grundman [320] recently summarized the results

of clinical trial, in which vitamin E was administrated to AD patients with moderately severe

disease. It has been concluded that the treatment with vitamin E may delay and slow disease

progress in these patients.

31.3.5.4 Parkinson’s Disease

The hallmark of Parkinson’s disease (PD) is the destruction of dopaminergic neurons in the

substantia nigra. It has been suggested that the metabolism of dopamine may be a cause of

free radical generation [321]. However, there are other sources of free radical overproduction

in PD such as an increase in lipid peroxidation, a decrease in the level of reduced glutathione,

an increase in iron, and the inhibition of mitochondrial Complex I activity [322]. For example,

Berman and Hasting [323] found that dopamine quinone is able to stimulate mitochondrial

dysfunction. A recent study suggested that the loss of dopaminergic neurones in substantia

nigra with PD may be the consequence of the inflammation-induced proliferation of micro-

glia and macrophages expressing iNOS [324].

There were attempts to treat PD patients with antioxidants [325], but it seems that no

encouraging results have been achieved. As the changes of glutathione metabolism plays an

important role in the pathogenesis of neurodegenerative diseases, it was suggested that the

supplementation with glutathione could be useful for PD treatment. However, GSH pene-

trates the blood–brain barrier poorly; therefore, the treatment with glutathione precursors or

analogs could be more promising [321].

Oxidative stress induced by reactive oxygen species is described for many other brain

disorders of inflammatory and noninflammatory nature. Some examples of such disorders are

given below. Quick and Dugan [326] demonstrated superoxide-mediated damage of neurons
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in a model of ataxia–telangiectasia, an autosomal recessive disorder in children. The product

of nonenzymatic lipid peroxidation isoprostane 8-iso-PGF2a induced oxidant stress-induced

cerebral microvascular injury and brain damage [327]. Svenungsson et al. [328] showed that

the levels of nitric metabolites and proinflammatory cytokines increased in neuropsychiatric

lupus erythematosus. Fluid percussion brain injury was accompanied by superoxide produc-

tion through COX-2 activation [329]. An increase in the levels of isoprostane are also

observed in spinal cord injury [330] and traumatic brain injury [331].

31.3.6 KIDNEY DISEASES

In 1986, Diamond et al. [332] demonstrated an important role of oxygen radicals in amino-

nucleoside nephrosis and showed protective effects of SOD and allopurinol. Similarly, Adachi

et al. [333] showed that SOD inhibited lipid peroxidation in kidneys of rats with glomerular

nephritis. Recent studies confirm the participation of free radicals in various kidney disorders.

Zhou et al. [334] showed an increase in plasma NO levels and lipid peroxidation in plasma

and erythrocytes in chronic glomerulonephritis patients. At the same time, SOD, catalase,

and glutathione peroxidase activities in erythrocytes of these patients were significantly

decreased. In contrast, total and renal NOS activities were found to be reduced in glomer-

ulonephritis rat model of chronic renal disease supposedly due to an increase in circulating

endogenous NOS inhibitors [335]. Walpen et al. [336] pointed out that nitric oxide is a critical

mediator of several forms glomerulonephritis. These authors showed that the inhibition of

NO synthesis in a rat model of glomerulonephritis resulted in the reduction of macrophage

inflammatory protein 2 mRNA expression and attenuated neutrophil infiltration in the

glomerulus. Increased formation of nitric oxide and oxygen radicals has been shown in

acute renal failure (ARF) during sepsis [337]. It has been suggested that the superoxide

level increased in kidney during ARF due to a decrease in extracellular SOD that in turn

decreased vascular NO and caused renal vasoconstriction. Correspondingly, protective effect

of the SOD mimic metalloporphyrin on renal function has been found.

Lucchi et al. [338] found that the concentrations of conjugated linolenic acid (CLA) and

conjugated dienes were substantially reduced in the erythrocytes of patients with chronic

renal failure (CRF); at the same time CLA significantly increased in the plasma and adipose

tissue of the end-stage patients. Increased CLA levels in the end-stage CRF patients are

supposedly a consequence of reduced metabolism of CLA to conjugated dienes. Chen et al.

[339] showed that IgA from patients with IgA nephropathy may induce oxidative injury in

glomerular mesangial cells of patients with IgA nephropathy. Thamilselvan et al. [340]

suggested that the oxalate-induced free radical-mediated damage in renal epithelial cells

promoted the calcium oxalate stone formation.

31.3.7 LIVER DISEASES

A number of early in vitro studies demonstrated a considerable role of free radicals in liver

injury (see, for example, Proceedings of International Meeting on Free Radicals in Liver Injury

[341]). Later on, it was shown that chronic inflammation in the liver-induced oxidative DNA

damage stimulated chronic active hepatitis and increased the risk of hepatocarcinogenesis

[342,343]. Farinati et al. [344] showed that 8-OHdG content increased in circulating leukocytes

of patients with chronic hepatitis C virus (HCV) infection. DNA oxidative damage is sup-

posedly an early event of HCV-related hepatitis. The formation of isoprostanes in the liver of

carbon tetrachloride-treated rats can be suppressed by the administration of vitamin E [345].

An important factor in pathogenesis of chronic hepatitis C is iron overload. Casaril et al.

[346] found that even a mild increase in iron content caused additional free radical-mediated
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damage due to viral infection. It has long been suggested that oxygen radicals may directly

mediate cell damage in cirrhosis liver [347]. Kono et al. [348] proposed that oxygen radicals

produced by NADPH oxidase of hepatic Kupffer cells have a predominant role in the

pathogenesis of early alcohol-induced hepatitis. Yamamoto et al. [349] suggested that

the copper-catalyzed formation of hydroxyl radicals in the liver might be responsible for the

pathogenesis of acute hepatitis in Long-Evans Cinnamon rats, which similarly to patients

with Wilson’s disease, accumulate excess of copper.

31.3.8 SEPTIC SHOCK, PANCREATITIS, AND INFLAMMATORY BOWEL DISEASE

The formation of reactive oxygen and nitrogen species has been reported in many other

inflammatory disorders. We quote the most interesting (in our opinion) examples below.

Similar to the other inflammatory diseases, the overproduction of superoxide and nitric oxide

has been shown under septic conditions [350,351]. Fukuyama et al. [352] demonstrated the

formation of peroxynitrite in chronic renal failure patients with septic shock, which has been

suggested to be responsible for nitration of tyrosine residues. Macarthur et al. [353] proposed

that the inactivation of catecholamines by superoxide plays an important role in the patho-

genesis of septic shock. It has been suggested that antioxidants ascorbic acid and NAC may

improve the function of lymphocytes, which are important targets of endotoxins contributing

to oxygen radical overproduction by septic shock [354].

Free radicals are supposed to have a significant role in the progression of acute pancrea-

titis. The involvement of free radicals was firstly demonstrated in many animal models

[355,356]. Later on, it has been shown that the levels of superoxide and lipid peroxides

increased in the blood from patients with acute pancreatitis [357]. Rahman et al. [358]

found enhanced urinary nitrite excretion in patients with severe acute pacreatitis. It was

suggested that this fact is not simply a reflection of systemic inflammation but probably a

consequence of the endotoxin-mediated upregulation of inducible NO synthase.

Gionchetti et al. [359] found that superoxide production by circulating PMNs in untreated

patients with ulcerative colitis and Crohn’s disease in remission was significantly lower

compared to controls. Interestingly, later on, Oldenburg et al. [360] showed that oxygen

radical production by the whole blood in patients with the same pathologies has been

enhanced. This difference could depend on the use different methods of oxygen radical

detection, cytochrome c reduction in Ref. [359] and luminol-amplified CL in Ref. [360].

Miller et al. [361] showed that superoxide production, lipid peroxidation, and tyrosine

nitration were considerably enhanced in aortas from patients with abdominal aortic aneur-

ysm undergoing surgical repair. Increase in superoxide production was due to the expression

of NADPH oxidase.

31.4 IRON-CATALYZED PATHOPHYSIOLOGICAL DISORDERS

The catalytic effects of iron on free radical processes in biological systems have been con-

sidered in Chapter 21. It has been recognized for a long time that the appearance of ‘‘free’’

iron in blood and tissues may initiate cell injury and cause various pathophysiological

disorders. One of the first examples of the enhancement of oxygen radical production

catalyzed by high levels of nonprotein-bound iron in humans has been reported by Gutteridge

et al. [362] for the patients with neuronal ceroid lipofuscinoses. In subsequent work by these

authors [363] an increase in oxygen radical production catalyzed by ‘‘free’’ iron has been

demonstrated for patients with idiopathic hemochromatosis. Aust and White [364] proposed

that ischemia–reperfusion tissue damage is stimulated by iron release during reperfusion and

Denisov / Oxidation and Antioxidants in Organic Chemistry and Biology DK1162_c031 Final Proof page 928 2.2.2005 5:57pm

© 2005 by Taylor & Francis Group.



can be ameliorated by the use of chelators. It has also been suggested that iron-catalyzed

oxygen radical formation takes place after reperfusion of the ischemic bowel [365].

Iron-catalyzed free radical-mediated damage is supposed to be an important factor of

many diseases including those considered above. Sayre et al. [366] reviewed the role of iron-

mediated processes in Alzheimer’s disease, Parkinson’s disease, and some other neurodegen-

erative diseases. Hepatic iron deposition was found in chronic hepatitis C. Thus, Kageyama

et al. [367] identified enhanced hepatic iron accumulation and lipid peroxidation in patients

with hepatitis C that were decreased during interferon therapy. Jung et al. [368] demonstrated

in a model of sepsis that hepatocellular iron reduced the formation of nitrite and nitrate and

S-nitrosothiols and increased the production of reactive oxygen species. Carmine et al. [369]

found children with acute lymphoblastic leukemia undergoing chemotherapy characterized

by the enhanced plasma levels of iron that can be related to toxic side effects. Ogihara et al.

[370] also found nonprotein-bound iron in cerebrospinal fluid of newborn infants with

hypoxic ischemic encephalopathy as well as higher levels of dityrosine and ascorbic acid.

These authors suggested that iron-catalyzed formation of hydroxyl radicals occurs in the

CNS of children during asphyxiation. Below, we will consider the other pathologies associ-

ated with iron-stimulated free radical damage.

31.4.1 HEMOCHROMATOSIS AND HEMODIALYSIS OF PATIENTS

Hereditary hemochromatosis is a pathophysiological disorder characterized by disordered

iron metabolism and the accumulation of excessive iron in body organs. Hemochromatosis is

the origin of cirrhosis and liver failure; moreover, the risk of hepatocellular carcinoma is

increased by 200 times in hemochromatosis patients [371]. Stimulation of free radical forma-

tion in hemochromatosis patients has been shown earlier [363]. Increased lipid peroxidation

has also been shown in the kidneys of IOL animals [372,373]. Young et al. [374] demonstrated

that enhanced lipid peroxidation is accompanied by reduced antioxidant status in hemochro-

matosis patients. Using model of chronic experimental hemosiderosis in rats, Zhou et al. [375]

confirmed that chronic iron overload increased oxygen radical production and renal injury.

Hussain et al. [376] showed that the formation of reactive oxygen and nitrogen species by iron

overload in hemochromatosis resulted in mutations in the p53 tumor suppressor gene, the

most prominent genetic alteration in the development of human cancer.

Oxidative stress and inflammation are elevated in hemodialysis patients, which, at least

partly, might be initiated by intravenous iron administration. Thus, Tovbin et al. [377]

showed that the administration of iron saccharide to hemodialysis patients increased the

blood level of oxidized proteins. Similarly, an increase in the levels of free (‘‘nontransferrin-

bound’’ or ‘‘labile’’) iron has been shown in the plasma of hemodialysis patients [378]

including patients after intravenous iron saccharate infusion [379].

31.4.2 THALASSEMIA

Thalassemia (Tl) is a genetic disorder with wide variety of clinical phenotypes associated with

impaired synthesis of hemoglobin. These phenotypes are varied from clinically silent hetero-

zygous b-thalassemia to severe transfusion-dependent thalassemia major. The development

of this pathology leads to chronic anemia and increased dietary absorption, which results in

iron overload. Regular transfusion in patients increases the iron release from hemoglobin.

The enhancement of free radical production and suppression of antioxidant level have been

shown in patients with different forms of thalassemia. It has been suggested that the unstable

hemoglobin, excess of a-Hb subunits, and the high levels of cytosolic and membrane-bound
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iron are major sources of free radical overproduction by thalassemic erythrocytes. The

formation of highly reactive hydroxyl radicals was observed in b-thalassemic erythrocytes

in the presence of ascorbate [380]. The formation of hydroxyl radicals is apparently typical for

some other hemoglobinopathic erythrocytes such as sickle erythrocytes [381].

As hydroxyl or hydroxyl-like radicals are produced by the superoxide-driven Fenton

reaction, superoxide overproduction must also occur in thalassemic cells. First, it has been

shown by Grinberg et al. [382], who demonstrated that thalassemic erythrocytes produced the

enhanced amount of superoxide in comparison with normal cells in the presence of proox-

idant antimalarial drug primaquine. Later on, it has been found that the production of

superoxide and free radical-mediated damage (measured through the MetHb/Hb ratio) was

much higher in thalassemic erythrocytes even in the absence of prooxidants, although

quinones (menadione, 1,4-naphthoquinone-2-methyl-3-sulfonate) and primaquine further

increased oxidative stress [383]. Overproduction of superoxide was also observed in thalasse-

mic leukocytes [384].

Overproduction of free radicals by erythrocytes and leukocytes and iron overload result in

a sharp increase in free radical damage in Tl patients. Thus, Livrea et al. [385] found a twofold

increase in the levels of conjugated dienes, MDA, and protein carbonyls with respect to

control in serum from 42 b-thalassemic patients. Simultaneously, there was a decrease in the

content of antioxidant vitamins C (44%) and E (42%). It was suggested that the iron-induced

liver damage in thalassemia may play a major role in the depletion of antioxidant vitamins.

Plasma thiobarbituric acid-reactive substances (TBARS) and conjugated dienes were elevated

in b-thalassemic children compared to controls together with compensatory increase in SOD

activity [386]. The development of lipid peroxidation in thalassemic erythrocytes probably

depends on a decrease in reduced glutathione level and decreased catalase activity [387].

Another important characteristic of oxidative stress in thalassemia is LDL oxidative

modification. Livrea et al. [388] showed that the concentration of hydroperoxides in LDL

of thalassemia patients was equal to 22.60+12.84 nmol/mg LDL protein compared to

6.25+3.04 nmol/mg in control LDL. These authors proposed that the enhanced LDL oxida-

tion in thalassemia was connected with the depletion of vitamin E in LDL. Interestingly, these

findings contradict the suggestion about the prooxidant role of vitamin E (a-tocopherol) in

LDL oxidation (Chapter 25). It was proposed that LDL oxidation could be the origin of

atherogenetic risk in thalassemic patients.

The mechanism of the initiation of free radical-mediated damage in thalassemia is still

uncertain. Some data indicate an important role of excess a-hemoglobin chains in this

process. Thus, Scott et al. [389] showed that ‘‘model’’ beta-thalassemic cells with unpaired

a-hemoglobin chains entrapped within normal erythrocytes generated significantly greater

amounts of methemoglobin and intracellular hydrogen peroxide than did control cells.

a-Chains are also the most efficient oxidants of LDL protein ApoB [390]. Another possible

mechanism of free radical formation in thalassemic erythrocytes is ferric ion-mediated Hb

oxidation [391]. It has been proposed that the release of small amounts of free ions from

unpaired a-hemoglobin chains in b-thalassemic erythrocytes can initiate redox processes

catalyzed by the oxidation of reduced glutathione.

The most successful up-to-date treatment of thalassemic patients is chelating therapy,

which is based on patient’s lifetime application of iron chelators. Removal of excess iron is

supposed to be effective route for suppressing free radical-mediated damage. There is a great

number of studies showing successful treatment of thalassemic patients with intravenous

chelator desferal (desferrioxamine) and oral chelator deferiprone (L1). Biochemical studies

show the efficacy of both chelators in removal of excess iron. For example, the incubation of

thalassemic erythrocytes with 0.5 mmol l�1 L1 during 6 h resulted in 96% removal of mem-

brane-free iron [392]. It was demonstrated that L1 is able to remove pathologic deposits of
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chelatable iron from thalassemic and sickle erythrocyte membranes. Animal study confirmed

removing of pathologic free iron deposits from murine thalassemic erythrocytes and improve-

ment of erythrocyte survival after L1 therapy [393].

Unfortunately, the iron complexes of both chelators desferal and L1 are able to catalyze

the formation of oxygen radicals [394,395]. Cragg et al. [395] also showed that L1 exposure

markedly enhanced free radical-mediated DNA damage in iron-loaded liver cells. It has been

suggested that the prooxidant:antioxidant ratio of L1 activity depends on the composition of

complexes formed: a 1:3 Fe/L1 is supposed to be inactive in the production of free radicals

while the generation of radicals is possible at lower Fe/L1 ratios [395]. But it should be noted

that in real biological systems there is always equilibrium between iron–chelator complexes of

different composition.

Taking into account the possible prooxidant effect of chelators, the simultaneous appli-

cation of antioxidants and desferal or L1 might be useful in the treatment of thalassemic

patients. There are two major free radical-mediated damaging processes during chelating

therapy, which could be stopped by the application of antioxidants: the formation of free

radicals by the ferrous ion–chelator complexes and the peroxidation of lipids. Tesoriere et al.

[396] studied the effect of oral supplementation of vitamin E on lipid peroxidation in plasma

and the oxidative damage to LDL and erythrocytes in 15 b-thalassemia intermedia patients.

Low level of vitamin E and high level of MDA in plasma were normalized after 3 months,

while the low level of vitamin E in LDL became normal only after 9 months; however, the

level of conjugated dienes remained twice higher than control. Thus, in authors’ opinion oral

treatment with vitamin E improves the antioxidant:oxidant balance in plasma, LDL, and

erythrocytes in b-thalassemia intermedia patients.

Bioflavonoid rutin (vitamin P) was proposed to be useful antioxidant for the suppression

of free radical production in thalassemia [383]. Grinberg et al. [397] showed that rutin

protected hemoglobin inside the erythrocyte from primaquine-induced free radical-mediated

attack. We compared the protective effects of rutin and L1 on menadione-stimulated super-

oxide production by normal and thalassemic erythrocytes [383]. The most interesting finding

is the difference found between the inhibitory effects of these compounds on normal and

pathologic erythrocytes. Rutin was equally efficient in the suppression superoxide overpro-

duction by normal and thalassemic erythrocytes while L1 diminished superoxide production

by thalassemic cells and did not affect it in the case of normal cells (Figure 31.1). This fact is a

strong support of a traditional point of view that iron overload is a main source of free radical

damage in thalassemic erythrocytes.

31.4.3 SICKLE CELL DISEASE

It is known that erythrocytes from patients with sickle cell anemia contain various types of

abnormal iron deposits [398], which could be the origin of the overproduction of oxygen

radicals in these cells. Indeed, Hebbel et al. [399] has showed that sickle erythrocytes spon-

taneously generate approximately twice as much superoxide as normal erythrocytes. Later on,

it has been shown that these cells are also able to generate hydroxyl radicals catalyzed by three

types of ‘‘iron,’’ preexisting free iron, free iron released during oxidative stress, and iron that

cannot be chelated with desferrioxamine [400].

It has been proposed that a major source of oxygen radicals in sickle erythrocytes is

mutant hemoglobin HbS. However, although HbS showed an accelerated autoxidation rate

under in vitro conditions, its in vivo oxidative activity was not determined. Sheng et al. [401]

suggested that the observed oxidation rate of HbS is exaggerated by adventitious iron. Dias-

Da-Motta et al. [402] proposed that another source of enhanced superoxide production in

sickle cells are monocytes; in contrast, there is no difference in superoxide release by sickle
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and normal neutrophils. These authors suggested that enhanced monocyte superoxide gen-

eration caused the inactivation of nitric oxide (via the formation of peroxynitrite) and

additional tissue damage. Nath et al. [403] demonstrated an increase in lipid peroxidation

in the kidney of transgenic sickle mouse.

However, the latest findings completely changed the conception of the mechanism of free

radical damage in sickle cell disease. Aslan et al. [404] showed that in contrast to previous

reports [399,400] there is no significant difference in the rates of superoxide and hydrogen

peroxide production as well as in the levels of lipid peroxides between HbA and HbS cells.

Instead, it has been concluded that increased reactive oxygen species production in tissue is

possibly a major factor of impaired NO signaling and corresponding tissue damage. It has

also been suggested that hypoxia–reperfusion associated with sickle cell disease resulted in the

release of xanthine oxidase into circulation from hepatic cells. Superoxide produced by

xanthine oxidase reacts with NO and induced vascular dysfunction. A new mechanism

appears to allow considering sickle cell disease as a chronic inflammatory disease [405], in

which iron-catalyzed oxygen radical production is not a major damaging factor. Recently

Aslan et al. [406] demonstrated the increased rates of tissue reactive oxygen species produc-

tion, liver and kidney NOS2 expression, and tissue nitrotyrosine formation in humans with

sickle cell disease and murine sickle model.

31.4.4 FANCONI ANEMIA

Fanconi anemia (FA) is a rare usually fatal autosomal recessive disease with a life expectancy

of about 16 years. Although no differences in the activity of antioxidant enzymes (SOD,

catalase, and glutathione peroxidase) and the levels of reduced glutathione in FA were found

in comparison with controls, enhanced oxygen radical production have been shown in FA

cells. Thus, Nagasawa and Little [407] suggested that the suppression of cytotoxic effect of

mitomycin C on FA fibroblasts by SOD pointed out at superoxide-mediated cell damage.

Scarpa et al. [408] showed that superoxide production by FA erythrocytes was 2.3 times

higher than in controls while SOD activities were very similar. Later on, Malorni et al. [409]

found a decrease in the SOD and catalase activities and probable increase in superoxide

production by FA erythrocytes.

Effects of rutin and L1 on MD-stimulated cytochrome c
reduction by RBC and Th-RBC
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FIGURE 31.1 Effects of rutin and L1 on menadione-stimulated cytochrome c reduction normal and Tl

erythrocytes. (From IB Afanas’ev et al.Transfusion Sci 23: 237–238, 2000.)
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However, the major producers of oxygen radicals in Fanconi anemia are leukocytes and

not erythrocytes. It has been found that blood and bone marrow FA leukocytes produced

much more oxygen radicals than controls without stimulation or stimulated with concana-

valin A, SiO2, latex, and opsonized zymosan [410]. Another important finding was that FA

leukocytes not only released enhanced amount of oxygen radicals but that the concentration

of hydroxyl or hydroxyl-like radicals in these cells was also increased. (This conclusion was

made comparing the levels of lucigenin- and luminol-amplified CL by FA and normal

leukocytes.) As hydroxyl radicals are to be formed by the iron-catalyzed decomposition of

hydrogen peroxide (the Fenton reaction), these findings point out at the importance of iron-

mediated free radical damage in FA.

The importance of iron in the induction of oxidative stress in FA has already been

suggested. In 1987, Joenje et al. [411] supposed that reactive oxygen species may be involved

in the induction of chromosomal damage in FA. In 1989, Porfirio et al. [412] showed that the

iron chelator desferrioxamine reduced spontaneous chromosomal breakage of FA cells. The

involvement of iron-stimulated hydroxyl radical formation is also seen from the different

effects of free radical scavengers and iron chelators on FA and normal leukocytes. Thus,

hydroxyl radical scavengers rutin and mannitol were much more effective inhibitors of

oxygen radical release by FA leukocytes compared to normal cells, while SOD was about

five to ten times more effective in normal leukocytes [410]. It is important that the adminis-

tration of nontoxic flavonoid rutin (vitamin P) to FA children resulted in the significant

reduction of oxygen radical overproduction by blood leukocytes, a decrease in the amount of

chromosomal aberration, and the improvement of hematological characteristics and patients’

health [410,413]. On these grounds rutin has been recommended for the treatment of FA

patients. It should be noted that earlier hypersensitivity toward iron has been also shown for

FA lymphoblastoid cells [414].

While ‘‘free’’ iron is a catalyst of hydroxyl or hydroxyl-like radical overproduction by FA

leukocytes, the other stimuli might also exist, which are responsible for the enhancement of

the formation of superoxide, a precursor of hydroxyl radicals in the superoxide-dependent

Fenton reaction. Thus, Schultz and Shahidi [415] showed that such a stimulus could be

TNF-a, which was detected in the plasma of FA patients but not in healthy donors. Another

factor of enhanced oxidative stress in FA might be a low thioredoxin level, which may cause

an increasing DNA damage [416].

It has already been noted above that oxygen radical-mediated DNA damage is an

important element of oxidative stress in FA patients. Takeuchi and Morimoto [417] demon-

strated the increased formation of 8-OHdG, a product of DNA oxidation, in FA lympho-

blasts. Clarke et al. [418] showed that increased sensitivity of FA cells to mitomycin

C-induced apoptosis is due to oxygen radical overproduction and not DNA crosslinking. In

conclusion, the work by Pagano et al. [419] should be mentioned, which stressed the signifi-

cance of oxygen radical-mediated DNA damage in FA cells.

31.5 BLOOM’S SYNDROME AND DOWN SYNDROME

Bloom’s syndrome is a rare autosomal recessive disease characterized by a high level of

spontaneous chromosomal aberrations and sister chromatid exchange (SCE). Bloom’s syn-

drome involves exhibiting numerous clinical features including predisposition to cancer. The

importance of oxidative stress in Bloom’s syndrome follows from the overproduction of

superoxide, an increase in free radical-mediated damaging processes, and SOD induction

[420]. The capacity to produce elevated levels of oxygen radicals probably induces the

spontaneous chromosomal instability of Bloom’s cells and is responsible for the high inci-

dence of neoplasia in Bloom’ patients [421]. It should be noted that Emerit and Cerutti [422]
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applied exogenous SOD for the suppression of oxidative stress in Down’s syndrome, but

found no change in SCE rates.

Down’s syndrome caused by trisomy 21 is associated with premature aging, congenital

anomalies, and neurodevelopmental impairment. This neurodegenerative disorder is also

characterized by oxygen radical overproduction and enhanced SOD activity. Thus Colton

et al. [423] demonstrated the enhanced superoxide production by microglia from trisomy 16

mice, an animal model of Down’s syndrome. Busciglio and Yankner [424] showed that

Down’s neurons produced the three- to fourfold increase in the amount of reactive oxygen

species and the elevated level of lipid peroxidation that preceded neuronal death. It has been

suggested that the defective repair of oxidative damage in mitochondrial DNA is responsible

for the defective mitochondrial electron transport and the overproduction of superoxide in

Down’s syndrome [425]. Schuchmann and Heinemann [426] studied superoxide generation in

cultured hippocampal neurons from trisomy 16 mice (Ts16). They suggested that elevated

superoxide production by Ts16 neurons is probably caused by a deficient Complex I of

mitochondrial electron transport chain, which finally leads to neuronal cell death. Recently,

Capone et al. [427], using lucigenin-amplified CL, confirmed that mitochondrial superoxide

production increased in Down’s syndrome.

31.6 OTHER EXAMPLES OF FREE RADICAL FORMATION IN
PATHOPHYSIOLOGICAL DISORDERS

Some other examples of free radical formation in various pathologies are discussed below. (Of

course, they are only few examples among many others, which can be found in literature.)

Mitochondrial diseases are associated with superoxide overproduction [428] and cytochrome c

release [429]. For example, mitochondrial superoxide production apparently contributes to

hippocampal pathology produced by kainate [430]. It has been found that erythrocytes from

iron deficiency anemia are more susceptible to oxidative stress than normal cells but have a

good capacity for recovery [431]. The beneficial effects of treatment of iron deficiency anemia

with iron dextran and iron polymaltose complexes have been shown [432,433].

Shin et al. [434] found that rutin and harmaline (1-methyl-7-methoxy-3,4-dihydro-b-

carboline) exhibited beneficial protective effects against the development of the surgically

induced reflux oesophagitis. Enhanced levels of urinary NO metabolites and TBAR products

were found in migraine sufferers [435]. A significant decrease in NO synthesis and MDA

increase have been demonstrated in PMNs of schizophrenia patients [436]. Selvam [437]

suggested that oxalate-induced membrane injury in calcium oxalate stone disease is mediated

by superoxide and hydroxyl and peroxyl radicals. Yang et al. [438] demonstrated that the

production of reactive oxygen species significantly increased in fatty liver mitochondria of

obese mice. Dandona et al. [439] also showed an increase in reactive oxygen species produced

by leukocytes of obese subjects and demonstrated that dietary restriction and weight loss

reduced both reactive oxygen species generation by leukocytes and oxidative damage to

lipids, proteins, and amino acids.

31.7 FREE RADICALS IN AGING

31.7.1 THE LATEST DEVELOPMENTS

Since Harman’s famous work [440] on free radical theory of aging in 1956, numerous studies

have been dedicated to the development of his theory, which were reviewed by many authors

(see, for example, early reviews, Refs. [441–444]). There is of course no necessity and

possibility to discuss these reviews, which have been perfectly considered by their authors.
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The connection between free radical generation and aging has been demonstrated in early and

contemporary studies. Thus, the difference in oxygen radical production in cells from young

and old organisms has been shown [445,446]. Martins et al. [447] found a significant increase

in the formation of reactive oxygen species by granulocytes of healthy persons from 40 to 69

years of age in comparison with younger men. On the contrary, Phillips et al. [448] showed

that enhanced oxygen radical production occurs both in older and younger humans, but in

contrast to damaging effects in older age, it could be a normal physiological response in youth

when oxygen radicals act as signal transducers. Ide et al. [449] showed that the plasma

TBARS and urinary 8-iso-PGF2a levels were higher in healthy young men compared to

premenopausal women. These authors concluded that enhanced oxidative stress might be

one of the important factors of atherosclerotic diseases in men. Positive correlation probably

exists between mammalian life span and cellular resistance to oxidative stress [450]. In

contrast to previous proposal, no difference was found between the effects of ubiquinone

homologies on superoxide production and longevity in different mammals [451].

However, it should be noted that aging not always results in an increase in the formation

of reactive oxygen species especially if other pathophysiological dysfunctions occur. For

example, it has been shown that trauma and age-related decline in neutrophil function

cause a decrease in superoxide production and the immune response to bacteria in the elderly

[452]. Csiszar et al. [453] demonstrated that aging drastically changed the prooxidant:antioxi-

dant balance in young and aged rats. It was found that coronary arteriols of aged rats were

characterized by the enhanced superoxide and 3-nitrotyrosine formation, increased iNOS

mRNA expression, and decreased eNOS and COX-1 expressions. It has been concluded that

aging contributes to the development of oxidative stress through impairing of NO-mediated

dilations. Drew and Leeuwenburgh [454] recently discussed the role of reactive nitrogen

species and nitration in aging.

Despite inconclusive data at present, the study of antioxidants in protection against age-

related disorders remains promising. Diet supplementation with antioxidants resulted in a

significant increase in the mean life span of laboratory animals and reduced the risk of

arteriosclerosis [455]. Van der Loo et al. [456] demonstrated the accumulation of vitamin E

in plasma and major organs of 3-year-old rats not susceptible to atherosclerosis. It was

concluded that the accumulation of vitamin E in aged rats could be a compensatory mech-

anism of self-regulatory protective adaptation against cardiovascular aging. Cherubuni et al.

[457] also suggested that an appropriate level of vitamin E and a low level of LDL oxidation

in the elderly might be important for achieving advanced age without development of

atherosclerosis.

31.7.2 THE MITOCHONDRIAL THEORY OF AGING

Harman’s theory of aging predicts that the cells continuously exposed to reactive oxygen

species are progressively damaged. It has been suggested that oxidative damage to mitochon-

dria, which is a power source of oxygen radicals, can be a major determinant of the rate of

aging [458]. The theory postulates that oxygen radicals induce mutations in the mitochondrial

DNA (mtDNA) and that the accumulation of these mutations leads to errors in the mtDNA-

encoded polypeptides, defective electron transport, and the suppression of oxidative phos-

phorylation [459,460]. These disturbances may stimulate increased production of reactive

oxygen species and result in a ‘‘vicious’’ circle [461]. The best confirmation of mitochondrial

theory of aging is findings that mitochondrial superoxide production correlates with rates of

aging of various species [462,463]. Lenaz et al. [460] suggested that Complex I is a primary

target of superoxide attack in aging. Harman [464] also proposed that defective mitochondrial

Complex I in aging and Alzheimer’s disease is responsible for a decrease in endothelium
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calcium and a following increase in mitochondrial calcium pool, which amplifies superoxide

formation.

Recent development of mitochondrial theory of aging is so-called reductive hotspot

hypothesis. De Grey [465] proposed that the cells with suppressed oxidative phosphorylation

survive by reducing dioxygen at the plasma membrane rather than at the mitochondrial inner

membrane. Plasma membrane redox system is apparently an origin of the conversion of

superoxide into hydroxyl and peroxyl radicals and LDL oxidation. Morre et al. [466]

suggested that plasma membrane oxidoreductase links the accumulation of lesions in mito-

chondrial DNA to the formation of reactive oxygen species on the cell surface.
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32 Comments on Contemporary
Methods of Oxygen and
Nitrogen Free Radical
Detection

Detailed analysis of the experimental methods of reactive oxygen and nitrogen species

detection is outside the scope of this book. However, the consideration of the most important

contemporary analytical assays is necessary because the reliability of the data already con-

sidered strongly depends on the reliability of the methods applied.

32.1 DETECTION OF SUPEROXIDE IN BIOLOGICAL SYSTEMS

Early methods of superoxide detection are well known and described in many books and

reviews. They include cytochrome c reduction, nitroblue tetrazolium reduction, spin trapping,

etc. (see, for example, Ref. [1] ). The most efficient assays are based on the ability of super-

oxide to reduce some compounds by one-electron transfer mechanism because such processes

(Reaction (1)) proceed with high rates [2]:

O2
.� þA ¼) O2 þA

.� (1)

However, to be a quantitative assay of superoxide detection, Reaction (1) had to be an

exothermic reaction, i.e., the difference between the one-electron reduction potentials of

reagents DE o¼E o[O2
.�/O2]�E o[A

.�/A] must be <0. In this case the rate constants of Reac-

tion (1) will be sufficiently high (108�109 l mol�1 s�1). Among traditionally applied assays,

three compounds satisfy this condition: cytochrome c, lucigenin, and tetranitromethane

(Table 32.1).

32.1.1 CYTOCHROME C REDUCTION

SOD-inhibitable one-electron reduction of ferric cytochrome c is probably the most fre-

quently used method of superoxide detection.

O2
.� þ cyt: c(III) ¼) O2 þ cyt: c(II) (2)

Reaction (2) is an outer-sphere exothermic process (DE 0 is about �0.4 V) and therefore, the

equilibrium of this reaction is completely shifted to the right, i.e., the reoxidation of reduced

cytochrome c by dioxygen is impossible. However, the rate constant for Reaction (2)

(2.6+0.1�105 l mol�1 s�1) is unexpectedly low for the exothermic one-electron transfer
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reactions (usually 108�109 l mol�1 s�1) that limits the ability of cytochrome c to compete with

other electron acceptors such as quinones.

Possible errors due to the competition of cytochrome c reduction with the reversible

reduction of quinones by superoxide are frequently neglected. For example, it has been

found that quinones (Q), benzoquinone (BQ), and menadione (MD) enhanced the SOD-

inhibitable cytochrome c reduction by xanthine oxidase [6]. This seems to be a mystery

because only menadione may enhance superoxide production by redox cycling (E o[MD
.�]/

[MD]¼�0.20 V against E o[O2
.�]/[O2]¼�0.16 V) via Reactions (3) and (4), whereas for

benzoquinone (E o[BQ
.�]/[BQ]¼ þ0.099 V) Reaction (4) completely shifted to the left.

Enzyme

Q ¼) Q
.� (3)

Q
.� þO2 () QþO2

.� (4)

This proposal was supported by the measurement of superoxide production by lucigenin-

amplified CL (see below); it was found that only menadione enhanced CL in this system while

benzoquinone inhibited CL [6].

Increase in cytochrome c reduction in the presence of benzoquinone could be due to

Reaction (5).

BQ
.� þ cyt: c(III) ¼) BQ þ cyt: c(II) (5)

However, a more discouraged fact is that benzoquinone accelerated SOD-inhibitable part of

cytochrome c reduction, which is usually considered as a reliable proof of superoxide

formation. Such a phenomenon has been first shown by Winterbourn [7], who suggested

that SOD may shift the equilibrium of Reaction (4) to the right even for nonredox cycling

quinones. The artificial enhancement of superoxide production by SOD in the presence of

quinones was demonstrated in the experiments with lucigenin-amplified CL, in which benzo-

quinone was inhibitory [6].

The efficiency of superoxide assays strongly depend on the nature of superoxide produ-

cers. Significant difficulties arise in the detection of superoxide in cells and tissue. Cytochrome

c is unable to penetrate cell membranes and therefore, can be used only for the measurement

of extracellular superoxide. Furthermore, SOD-inhibitable cytochrome c reduction is difficult

to apply in nonphagocytic cells and tissue due to the complications of measuring low rates of

superoxide release, direct reduction of cytochrome c by cellular enzymes, the reoxidation of

reduced cytochrome by hydrogen peroxide, etc. [8]. Moreover, in nonphagocytic cells super-

oxide is formed exclusively inside the cells and is not released outside as in phagocytes. These

circumstances severely limit the number of analytical methods, which can be used for super-

oxide detection in vasculature.

TABLE 32.1
DEo and Rate Constants for Reaction (1) with Cytochrome c,

Lucigenin, and Tetranitromethane

DEo (V) k1 (l mol21 s21) Ref.

Cytochrome c About �0.4 2.6+ 0.1� 105 [3]

Lucigenin �0.35 108 [4]

Tetranitromethane 2� 109 [5]
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It has earlier been suggested to make cytochrome c a more specific reagent for superoxide

detection by its acetylation or succinoylation [9–11]. It was proposed that acetylation and

succinoylation must cause a greater decrease in the reaction of cytochrome c with NADPH

cytochrome P-450 reductase than with superoxide due to a decrease in the electrostatic charge

of native cytochrome c [12]. However, the rate constant for the most selective succinoylated

cytochrome c became about 10% of native cytochrome [13], making this assay even less

sensitive.

32.1.2 SPIN-TRAPPING

In 1974, Harbour et al. [14] demonstrated that superoxide reacts with 5,5-dimethyl-1-pyrro-

line-N-oxide (DMPO), forming a spin-adduct DMPO–OOH, which is easily identified by its

ESR spectrum (Figure 32.1) Unfortunately, this spin-adduct is rather unstable (the half-life of

DMPO–OOH is changed from 27 s at pH 9 to 91 s at pH 5 [15]). Another disadvantage of

using DMPO is a low rate of reaction with superoxide (see below). Nonetheless, the applica-

tion of spin trapping is of a great worth — it is the only direct method of superoxide

identification as free radical in biological systems.

Spin trapping has been widely used for superoxide detection in various in vitro systems

[16]: this method was applied for the study of microsomal reduction of nitro compounds [17],

microsomal lipid peroxidation [18], xanthine–xanthine oxidase system [19], etc. As DMPO–

OOH adduct quickly decomposes yielding DMPO–OH, the latter is frequently used for the

measurement of superoxide formation. (Discrimination between spin trapping of superoxide

and hydroxyl radicals by DMPO can be performed by the application of hydroxyl radical

scavengers, see below.) For example, Mansbach et al. [20] showed that the incubation of

cultured enterocytes with menadione or nitrazepam in the presence of DMPO resulted in the

formation of DMPO–OH signal, which supposedly originated from the reduction of DMPO–

OOH adduct by glutathione peroxidase.

N

O

N

O

DMPO

N

OH

CP-H

N

OH

O

TEMPONEH

R

R=(C3H7O)2P(O) R=(C4H9O)2P(O)

DPPMPO DBPMPO

FIGURE 32.1 Spin traps.
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Several methods were developed for diminishing the shortcomings of DMPO application.

Thus, Souza et al. [21] developed procedure, which permits to take into account DMPO–OH

decay during ESR measurement in rat aorta rings. Although this method may reduce the

inaccuracy of measuring ESR signal, it cannot rule out the most important shortcoming — a

very low rate of DMPO reaction with superoxide. It has also recently been proposed to use

b-cyclodextrins to augment the stability of DMPO–OOH complexes [22]. It was found

that the half-life of DMPO–OOH was sevenfold enhanced in the presence of methylated

b-cyclodextrin.

Another approach to this problem is a search for the other more effective spin traps.

Frejaville et al. [23] demonstrated that the half-life of spin-adduct of superoxide with

5-(diethoxyphosphoryl)-5-methyl-1-pyrroline-N-oxide (DEMPO) is about tenfold longer

than that of DMPO–OOH. Despite a much more efficiency of this spin trap, its hydrophilic

properties limit its use for superoxide detection in lipid membranes. Stolze et al. [24] studied

the efficiency of some lipophilic derivatives of DEMPO in the reaction with superoxide. These

authors demonstrated a higher stability of superoxide spin-adducts with 5-(di-n-propoxypho-

sphoryl)-5-methyl-1-pyrroline-N-oxide (DPPMPO) and 5-(di-n-butoxyphosphoryl)-5-methyl-

1-pyrroline-N-oxide (DBPMPO) (lifetimes are equal to 7 and 8min in phosphate buffer and

28 and 16 min in toluene and ethanol).

Another type of spin traps, which have been recommended for the detection of super-

oxide, are the derivatives of hydroxylamine. In 1982, Rosen et al. [25] showed that superoxide

is able to oxidize the hydroxylamine derivative 2-ethyl-1-hydroxy-2,5,5-trimethyl-3-oxazoli-

dine (OXANOH) to corresponding free radical 2-ethyl-1-hydroxy-2,5,5-trimethyl-3-

oxazolidinoxyl (OXANO). Although this radical is very stable and easily identified by its

ESR spectrum, it is also easily reduced by ascorbic acid and other reductants. Furthermore,

OXANOH and other hydroxylamines are oxidized by dioxygen in the presence of transition

metal ions to form superoxide, and therefore, superoxide detection must be carried out in the

presence of chelators.

Later on, other hydroxylamine derivatives such as 1-hydroxy-2,2,6,6-tetramethyl-4-

oxo-piperidine (TEMPONEH) and 1-hydroxy-3-carboxy-pyrrolidine (CP-3) have been used

for superoxide detection [26]. It was found that these spin traps react with both superoxide

and peroxynitrite and that they might be applied for quantification of these reactive species

[27]. The CP-3 radical is less predisposed to reduction by ascorbic acid and therefore is

probably more suitable for superoxide detection in biological systems.

Unfortunately, due to the above shortcomings of hydroxylamine derivatives as spin traps,

the uncertainties of the mechanism of their reactions with superoxide are added. Although it

is supposed that nitroxide radicals are formed by oxidation with superoxide (Reaction (6)),

this reaction cannot be an elemental stage because superoxide cannot abstract a hydrogen

atom.

R2NOH þO2
.� þHþ ¼) R2NO

. þH2O2 (6)

It has earlier been proposed (Ref. [2], p. 70) that this reaction may proceed through the

deprotonation–oxidation mechanism:

R2NOHþO2
.� ¼) R2NO� þHOO

.
(7)

R2NO� þO2 ¼) R2NO
. þO2

.� (8)

But in this case spin trapping with hydroxylamine may artificially enhance superoxide

production through redox cycling. On the other hand, hydroxylamines are probably able to

react directly with perhydroxyl HOO
.
.
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R2NOH þHOO
. ¼) R2NO

. þH2O2 (9)

However, the concentration of perhydroxyl is about 1000 times less than superoxide at

physiological pH (Chapter 21), and therefore Reaction (9) is apparently of no importance.

There is also a big uncertainty in published rate constants for Reaction (6). In Refs.

[25–27] these rate constants are found to be of 103�104 l mol�1 s�1. However, these values are

apparently overestimated because Bielski et al. [28] earlier showed that the rate constant for

the reaction of superoxide with hydroxylamine does not exceed 30 l mol�1 s�1. Thus, the use

of hydroxylamines as spin traps for superoxide detection has several disadvantages.

32.1.3 LUCIGENIN-AMPLIFIED CL AS A SENSITIVE AND SPECIFIC ASSAY OF SUPEROXIDE

DETECTION

Lucigenin (bis-N-methylacridinium)-amplified CL, which is produced by Reactions (10), (11),

or Reactions (12), (11), is probably the most specific assay of superoxide detection.

O2
.� þ Luc2þ ¼) O2 þ Lucþ (10)

O2
.� þ Lucþ ¼) LucO2 (decomposition) ¼) hn (11)

reduced enzymeþ Luc2þ ¼) oxidized enzymeþ Lucþ (12)

Lucþ þO2 ¼) Luc2þ þO2
.� (13)

CL is produced during the decomposition of excited dioxetane intermediate LucO2. Recently,

Okajima and Ohsaka [29] confirmed that simultaneously electrogenerated O2
.� and Lucþ

produced CL by the decomposition of LucO2.

The efficiency and specificity of this method depends on the irreversibility of the whole

process due to a high rate constant and favorable thermodynamics of Reaction (10) [4] and a

high rate of subsequent Reaction (11) (which is the recombination of a free radical anion and

a free radical cation with the diffusion rate constant of about 109 l mol�1 s�1).

Since 1960, when Totter et al. [30] proposed that lucigenin-amplified CL produced in the

reactions catalyzed by xanthine oxidase is mediated by oxygen radicals, this method has been

widely applied for superoxide detection in cell-free and cellular systems and later on in tissue.

Weimann et al. [31] observed the superoxide-mediated lucigenin-amplified CL during

NADPH oxidation in rat liver microsomes. Gyllenhammar [32] showed that lucigenin-amp-

lified CL can be used for the study of kinetics of superoxide generation by stimulated

neutrophils. Kahl et al. [33] applied lucigenin-amplified CL for the determination of antioxi-

dant efficacy by the suppression of microsomal superoxide production. It has also been

shown that the intensity of lucigenin-amplified CL produced by microsomes can be signifi-

cantly enhanced in the presence of detergents [34,35].

Lucigenin-amplified CL has also been widely used for the detection and measurement of

superoxide production by phagocytic and nonphagocytic cells and tissue. It turned out to be

an especially effective assay for measuring weak intracellular superoxide production by

nonphagocytic cells and tissue where other methods such as cytochrome c reduction are

ineffective [8]. Below, we are quoting just several studies among numerous examples of

successful application of lucigenin-amplified CL for the detection of superoxide production.

Thus, Omar et al. [36] applied this method for the measurement of superoxide production in

vascular tissue. With the aid of lucigenin-amplified CL the enhanced superoxide production

has been registered during many pathophysiological disorders such as hypercholesterolemia

[37], atherosclerosis [38], diabetes mellitus [39], angiotensin II-mediated hypertension [40], etc.

Miller et al. [41] showed that superoxide levels (measured by lucigenin-amplified CL) were
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2.5 times higher in the abdominal aortic aneurysm segments compared to the adjacent

nonaneurysmal aorta segments from patients undergoing surgical repair.

Important studies were performed by Trush and coworkers [42], who showed the advan-

tages of applying lucigenin-amplified CL for the measurement of superoxide production by

mitochondria in unstimulated monocytes and macrophages as well as by isolated mitochon-

dria [43,44]. Later on, these authors have shown that mitochondrial superoxide production

measured by lucigenin-amplified CL increased in the liver of rats treated with the promoter of

hepatocarcinogenesis ethinyl estradiol [45], in liver from obese mice [46], and in children with

Down syndrome [47].

However, the use of lucigenin-amplified CL has been recently criticized due to its possible

overestimation of superoxide production via redox cycling. A principal reason for this

proposal was the fact that in some cases the level of superoxide measured by CL was higher

than that determined by other methods such as cytochrome c reduction or spin trapping. This

criticism has been started by Liochev and Fridovich [48], who found that lucigenin enhanced

the reduction of cytochrome c in the reactions catalyzed by xanthine oxidase and some other

enzymes. These authors concluded that lucigenin enhanced superoxide production via redox

cycling. Artificial enhancement of superoxide production due to the redox cycling of lucigenin

has also been proposed by other authors [49–53].

The reliability of lucigenin-amplified CL as a highly selective and sensitive assay of

superoxide detection has been recently reviewed [54,55]. There are three major facts, which

supposedly point out at the redox cycling of lucigenin: the augmentation of cytochrome c

reduction, an increase in CL with increasing lucigenin concentration, and the enhancement of

dioxygen consumption in the presence of lucigenin. Redox cycling of lucigenin consists of two

stages (Reactions (12) and (13)). There is no doubt that lucigenin can be reduced by some

enzymatic systems to lucigenin semiquinone (Reaction (12)); for example, it has been shown

that lucigenin is directly reduced by xanthine oxidase with NADH as a substrate but not with

xanthine [4]. However, thermodynamic consideration shows that the second stage of redox

cycling Reaction (13) is unfavorable.

In 1969, Legg and Hercules [56] measured the difference between the one-electron reduction

potentials of lucigenin and dioxygen in DMF, DEo¼Eo[Luc
.�/Luc]�Eo[O2

.�/O2]¼ 0.6 V.

Estimate of this difference in aqueous solution yields DEo¼ 0.35 V [4]. It means that the

equilibrium of Reaction (10) is completely shifted to the right, i.e., the back reaction (Reaction

(13)) is virtually impossible. (As already mentioned, the following Reaction (11) must have a

diffusion rate constant of about 109 l mol�1 s�1 and will shift even more the equilibrium of

Reaction (10) to the right.) Thus, the acceleration of cytochrome c reduction by lucigenin in

enzymatic reactions observed in Ref. [48] could not be a consequence of lucigenin redox cycling.

Correspondingly, it has been suggested that in this system lucigenin is acting as a mediator of

electron transfer from superoxide to cytochrome [4].

It should be mentioned that Spasojevic et al. [57] recently determined the two-electron

reduction potential of lucigenin in water as �0.14 V. As this value is close to the one-

electron reduction potential of dioxygen Eo[O2
.�/O2]¼�0.16 V, these authors regarded

their finding as a support for lucigenin redox cycling. However, it has been demonstrated

long ago that two-electron reduction potentials cannot be used for the calculation of equi-

librium for one-electron transfer processes [58].

Another factor, which is considered in some studies [49–53] to be a proof of lucigenin

redox cycling, is an increase in CL intensity with increasing lucigenin concentration. Actually,

there are many reasons for a dependence of the CL response on lucigenin concentrations

except redox cycling. For example, the amount of lucigenin could be insufficient to scavenge

all superoxide produced by Reaction (10) or the rate of penetration of the cellular membrane
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by lucigenin is too low. Surprisingly, only redox cycling has been considered in literature as an

origin of the dependence of lucigenin-amplified CL on lucigenin concentration.

Analysis of literature data shows that in many cases the intensity of lucigenin-amplified

CL does not depend on lucigenin concentration at all (Figure 4B of Ref. [4]; CL produced by

xanthine oxidase was independent of 50–200 mM lucigenin. Figures 1A and 2A of Ref. [51],

CL produced by vascular homogenates and artery rings without the addition of NADH or

NADPH was independent of 5–250 mM lucigenin.) There are also examples of level off or

even a decrease in CL with increasing lucigenin concentration [32], which of course disagree

with the possibility of redox cycling. In recent work Li and Shah [59] also showed that

lucigenin-amplified CL produced by NADPH-stimulated endothelial cells very slowly

increased or leveled off in the 10–400 mM concentration range of lucigenin. It is interesting

that the NADH-stimulated CL sharply increased under the same conditions, pointing out a

completely different mechanism of lucigenin-amplified CL. Nonredox cycling mechanism of

lucigenin-amplified CL in these cells was supported by findings that there was the same

dependence of superoxide formation measured by SOD-inhibitable cytochrome c reduction

on cytochrome concentration. (We believe that nobody still suggested the possibility of

cytochrome c redox cycling.)

Since redox cycling of lucigenin must stimulate dioxygen consumption by Reaction (13), it

has been proposed that comparison of superoxide formation and dioxygen consumption

might be useful for the verification of conditions where redox cycling can be neglected.

Trush and coworkers [55,60] demonstrated that in most systems dioxygen consumption is

negligible at lucigenin concentrations lower than 100 mM and increases in higher concentra-

tions. But it does not mean that an increase in dioxygen consumption always originates from

the redox cycling of lucigenin. Thus, Souza et al. [21] found that superoxide production by rat

aorta homogenates in the presence of NADPH or NADH was about three times lower than

dioxygen consumption and that superoxide production in aorta rings was five to six times

lower than dioxygen consumption. These authors pointed out that dioxygen consumption

could not be reliable measure of redox cycling.

The most convincing proof of the reliability of lucigenin-amplified CL as the method of

superoxide detection is its comparison with other methods (Table 32.2). It is seen that the

excellent correlations between various assays have been obtained by different authors. A

comparison of these correlations shows one typical error frequently made at the interpret-

ation of lucigenin CL data. We have shown [61] that the proportionality coefficients (slopes in

Table 32.2) (Figure 32.2) for the correlations between lucigenin-amplified CL and cytochrome

c reduction and epinephrine oxidation differ in different systems. Therefore, it is impossible to

use the calibration data received for one system in calculations for other systems. For

example, Sohn et al. [53] demonstrated an excellent correlation between lucigenin-amplified

CL and cytochrome c reduction measurements of superoxide generation by xanthine–xan-

thine oxidase. Then, they used this correlation for the construction of the ‘‘expected’’ values

for CL in the NADH/cell lysate system and found out that experimental values were much

higher than the ‘‘expected’’ ones. However, they did not take into account that proportion-

ality coefficients for these two systems are different and therefore, the calculated ‘‘expected’’

values are wrong ones.

32.1.4 OTHER CHEMILUMINESCENT METHODS OF SUPEROXIDE DETECTION

Another well-known CL amplifier, which is also frequently used for superoxide detection in

biological systems, is luminol (5-amino-2,3-dihydro-1,4-phthalazinedione). It has been pro-

posed that luminol semiquinone reacts with superoxide to form the peroxide intermediate,

whose decomposition is accompanied by chemiluminescence [62].
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oxidant

Lum ¼) Lum
.

(14)

Lum
. þO2

.� þHþ ¼) LumO2 (15)

decomposition

LumO2 ¼) hn (16)

Lum
. þO2 ¼) Lumþ þO2

.� (17)

Although the use of luminol-amplified CL for superoxide detection in cell-free and cellular

systems yielded many important data, which were confirmed by the other analytical methods,

these data are more questionable than in the case of lucigenin-amplified CL. At the first stage

(Reaction (14)) luminol must be oxidized to luminol semiquinone, and therefore, the whole
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FIGURE 32.2 Correlations between maximal chemiluminescence intensity (CL) and the rates of cyto-

chrome c reduction by the xanthine–XO and NADH–XO systems [61]. Line 1, xanthine–XO and line 2,

NADH–XO (in this case CL values were multiplied by 10.)

TABLE 32.2
Correlations between Lucigenin-Amplified CL and SOD-Inhibited Cytochrome c Reduction

or Epinephrine Oxidation

Superoxide Producer Correlation Coefficient Slope Ref.

Xanthine–xanthine oxidase 0.979 41.5 [61]

Xanthine–xanthine oxidase 0.99 [59]

Xanthine–xanthine oxidase 0.997 [48]

NADH-xanthine oxidase 0.978 0.47 [61]

MCLA-amplified CLa) 0.998 [53]

PMA-stimulated neutrophils 0.978 92 [61]

PMA-stimulated monocytes 0.992 105 [61]

TPA-stimulated monocyte/macrophages 0.98 [59]

PMA-stimulated WBC 0.930 10.8 [61]

Zymosan-stimulated WBC 0.994 5500 [61]

NADH-stimulated SMPb) 0.97 (epinephrine) [43]

aCalculated from data presented in Ref. [53] (see text).
bSMP are submitochondrial particles.
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process is dependent on a suitable oxidant. Very good oxidants of luminol are peroxides

(HRP and myeloperoxidase), the latter is probably responsible for luminol-amplified CL

produced by neutrophils. Such CL response is inhibited by SOD, confirming the participation

of superoxide (Reaction (15)) [63,64].

There are also other drawbacks of luminol CL assay, for example, the possibility of

superoxide generation by Reaction (17) and a dependence of the decomposition rate of

Reaction (16) and the quantum yield of luminescence from pH [62]. Nonetheless, very

interesting findings might be obtained from comparison of the measurement of lucigenin-

and luminol-amplified CL. It has been suggested [63] that the oxidants responsible for the

reduction of luminol by xanthine oxidase could be hydroxyl radicals or ferryl or perferryl

complexes formed by the Fenton reaction. In this case superoxide participates in the stimu-

lation of luminol-amplified CL in two stages, reducing ferric ions to ferrous ions and

participating in Reaction (15). We suggested [65] that comparison of lucigenin and luminol

CL produced by neutrophils from healthy people and patients with iron-overloading path-

ologies can be used for the characterization of iron-induced damage in these pathologies

(Chapter 31). Recently, Rose and Waite [66] confirmed that ferrous ions indeed induced

luminol-amplified CL in the presence of dioxygen.

In addition to superoxide and hydroxyl radicals, luminol produces CL in the reaction with

peroxynitrite [67]. To discriminate between superoxide- and peroxynitrite-induced CL, the

use of lucigenin-amplified CL has been recommended [68] because peroxynitrite does not

interfere in this assay. Another way is to apply the inhibitors of peroxynitrite to distinguish

between superoxide- and peroxynitrite-induced luminol CL.

At present, other CL amplifiers are recommended for the detection of superoxide in cells

and tissue such as coelenterazine (2-(4-hydroxybenzyl)-6-(4-hydroxyphenyl)-8-benzyl-3,7-

dihydroimidazo[1,2-a]pyrazin-3-one]) and its analogs CLA (2-methyl-6-phenyl-3,7-dihydroi-

midazo[1,2-a]pyrazin-3-one]) and MCLA [2-methyl-6-(4-methoxyphenyl)-3,7-dihydroimi-

dazo[1,2-a]pyrazin-3-one]). It has been suggested that the origin of CL produced by these

compounds is the oxidation of the acetamidopyrazine moiety [69,70]. Unfortunately, to our

knowledge, there are still no reliable thermodynamic and kinetic data to validate the appli-

cation of the above CL amplifiers for superoxide detection. Reichl et al. [71] proposed to use

the photoprotein pholasin for the detection of superoxide and myeloperoxide activity in

stimulated neutrophils.

32.1.5 ADRENOCHROME (EPINEPHRINE) OXIDATION

One of the oldest methods of superoxide detection is the oxidation of epinephrine [72]. This

method has the typical disadvantages of oxidizable compounds due to the possibility of the

nonsuperoxide-mediated oxidation of epinephrine. Still, SOD-inhibitable epinephrine oxida-

tion might be used as a superoxide assay [72].

32.1.6 NITROBLUE TETRAZOLIUM REDUCTION

Nitroblue tetrazolium (NBT, 3,3’-(3,3’-dimethoxy-1,1’-biphenyl-4,4’-diyl)bis-2-(4-nitrophe-

nyl)-5-phenyl-2H-tetrazolium dichloride) is reduced by superoxide to formazan as a final

product, which can be measured spectrophotometrically [73]. Although the rate constant for

NBT reduction by superoxide is moderately high 5.88+0.12�104 l mol�1 s�1 [74], the

formation of formazan is not a simple one-electron transfer process, and the final product

is formed as a result of disproportionation of intermediate free radicals. Similar to cyto-

chrome c, NBT is easily reduced by the other reductants; that confines its application for

superoxide detection. Moreover, similar to epinephrine, NBT free radical is apparently

Denisov / Oxidation and Antioxidants in Organic Chemistry and Biology DK1162_c032 Final Proof page 959 2.2.2005 5:58pm

© 2005 by Taylor & Francis Group.



capable of reducing dioxygen to superoxide [75]. WST-1 (4-[3-(4-iodophenyl)-2-(4-nitrophe-

nyl)-2H-5-tetrazoliol]-1,3-benzene disulfonate sodium salt), a water-soluble NBT analog, is

also recommended for the application in spectrophotometric assay of superoxide [76,77].

Another sulfonated tetrazolium XTT ( (2,3-bis(2-methoxy-4-nitro-5-sulfophenyl)-2-tetrazo-

lium 5-carboxanilide) also forms a water-soluble formazan and is not directly reduced by

xanthine or glucose oxidases. However, XTT might be reduced by NADPH oxidases that

makes doubtful its application for the detection of superoxide in cells [78].

32.1.7 FLUORESCENT METHODS

Two fluorescent probes dihydroethidium (DHE) and dichlorodihydrofluorescein (DCFH)

are used for superoxide detection in biological systems [54]. Both assays are subjected to some

drawbacks such as the oxidation of cytochrome c, the dismutation of superoxide in the

presence of DHE [79], and the interaction of DCFH with hydrogen peroxide, hydroperoxides,

or peroxynitrite. Particularly big enhancement of DCF formation due to the oxidation of

cytochrome c is observed when cytochrome is released from mitochondria during cell death

[80]. Rota et al. [81,82] concluded that DCF fluorescence could not be a reliable assay of

superoxide detection in cells because superoxide is formed during the DCFH oxidation by

peroxidases. It has also been shown that DCFH is oxidized by heme, hemoglobin, myoglobin,

and cytochrome c [83]. However, recent work by Caldefie-Chezet et al. [84] showed that the

measurements of superoxide production by PMNs with the use of 2’-7’-dichlorofluorescin

diacetate flow cytometry correlated with the data obtained by lucigenin- and luminol-

amplified CL assays.

32.1.8 INTERACTION WITH ACONITASE

Gardner and Fridovich [85] proposed that the inactivation of aconitase might be used as an

assay of superoxide formation in cells. The mechanism of the interaction of superoxide with

aconitases has been considered in Chapter 21. As follows from data presented in that chapter,

peroxynitrite is also able to inactivate aconitases rapidly; therefore, this method cannot be a

specific assay of superoxide detection.

32.2 DETECTION OF HYDROXYL RADICALS

Several methods have been recommended for the detection of hydroxyl radicals in biological

systems. A main uncertainty of hydroxyl radical detection is that in contrast to superoxide, we

are not always sure that the reactive oxygen radicals under investigation are free hydroxyl

radicals and not ‘‘hydroxyl-like’’ species such as ferryl or perferryl ions. Well-known methods

based on the ability of hydroxyl radicals to hydroxylate aromatic compounds, degrade

deoxyribose [86], decarboxylate 14C-benzoic acid [87], and produce ethylene from methionine

[88,89] have been proposed, but they cannot unquestionably differentiate between free

hydroxyl and ‘‘hydroxyl-like’’ radicals. The development of ESR spin-trapping methods

[90,91] allows answering positively on the question concerning the formation of free hydroxyl

radicals, at least, under the in vitro conditions. In contrast to trapping of superoxide, the rate

constant for trapping of hydroxyl radicals by DMPO is very high (3.4� 109 l mol�1 s�1 [16]),

and therefore, DMPO spin trapping is a very effective direct method of hydroxyl radical

detection. The possible confusion with DMPO–OH formed at DMPO–OOH decomposition

is easily resolved by the use of ethanol; in its presence the formation of hydroxyl radicals is

confirmed by their conversion into radicals CH3CH(OH)
.
. However, there are other compli-

cations, which can compromise the DMPO spin trapping of hydroxyl radicals. For example,
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it has been demonstrated that the Fe3þ(DETAPAC) complex is able to react directly with

DMPO to form DMPO–OH adduct [92].

Oosthuizen and Greyling [93] recently investigated the possibility of using chemilumines-

cent methods for hydroxyl radical detection. These authors concluded that the lifetime of

hydroxyl radicals (10�9 s) is too short to produce a meaningful level of CL. However, in the

presence of carbonate the significant levels of luminol- and MCLA-amplified CL were

observed supposedly due to Reaction (18), in which the formed much more stable radical

CO3
.� is capable of interacting with luminol or MCLA.

HO
. þHCO�3 ¼) H2Oþ CO3

.� (18)

32.3 DETECTION OF NITRIC OXIDE

At present, several studies are dedicated to the development of methods for nitric oxide and

peroxynitrite detection (see for example Ref. [94] for review). Now, in addition to previous

analytical methods such as the reaction of NO with oxyhemoglobin, yielding nitrate and

metHb, and Griess reaction (the reaction of nitrite with sulfanilamide and N-(1-naphthyl)-

ethylenediamine), there are some more new specific assays. One of them is based on the

formation of paramagnetic complex with iron-diethyldithiocarbamate (Fe-DETC). For ex-

ample, Vanin et al. [95] showed that the incubation of LPS-stimulated macrophages with

DETC resulted in the appearance of an ESR spectrum of NOFe(DETC)2. In 1997, Xia and

Zweier [96] demonstrated that nitric oxide produced by NO synthase formed NOFe(DETC)2
while NO�, another active nitrogen species, which can supposedly be produced by NO

synthase, was undetectable. In contrast, Komarov et al. [97] found that iron N-methyl-D-

glucamine dithiocarbamate (Fe-MGD) formed paramagnetic complex with NO� and NOþ

under aerobic conditions. Correspondingly, these authors questioned the possibility to dis-

criminate the formation of nitric oxide and other nitrogen species by the use of iron–

dithiocarbamate complexes. However, subsequent researchers [98,99] concluded that the

accurate use of Fe2þ�MGD allows to register only nitric oxide formation because no ESR

signal was observed when nitroxyl ion was generated from Angeli’s salt. Nonetheless, it

should be taken into account that the redox chemistry of iron–dithiocarbamate complexes

is very complicated.

Another important ESR method of NO detection is based on the interaction of NO with

the stable radical phenyl-4,4,5,5-tetramethylimidazoline-1-oxyl (PTIO) and its derivatives

carboxy-PTIO or trimethylammonio-PTIO [100]. It is interesting that in this assay NO

reduces stable free radical PTIO to another stable free radical PTI and the NO2 radical,

and the reaction can be monitored by both a decrease in the ESR PTIO spectrum and an

increase in the ESR PTI spectrum [101].

PTIO(NO
.
)(��NO)þ .

NO ¼) PTIO(NO
.
)(��N)þ .

NO2 (19)

Kelm et al. [102] proposed a simple method of simultaneous spectroscopic detection of nitric

oxide and superoxide based on NO-induced oxidation of oxyhemoglobin to methemoglobin

and superoxide-mediated reduction of cytochrome c.

32.4 DETECTION OF PEROXYNITRITE

Dihydrorhodamine 123 (DHR) and DCFH are widely used for the detection of peroxynitrite.

Peroxynitrite oxidizes DHR and DCFH with efficiency equal to 38% and 44%, respectively
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[103]. Possel et al. [104] also concluded that DCFH is more sensitive to peroxynitrite

oxidation than DHR. Unfortunately, both compounds are oxidized by other reactive species

(for example, DCFH by superoxide and DHR by HOCl), and therefore, their use for

peroxynitrite detection must be confirmed by the other methods.

As mentioned above, the formation of peroxynitrite might be measured by luminol-

amplified CL [67]. CL response was greatly augmented by bicarbonate and inhibited by

SOD. Radi et al. [67] proposed the following mechanism of carbonate-enhanced luminol

CL stimulated by peroxynitrite:

ONOO� þHCO3
� þHþ ¼) ONOOC(O)O� þH2O (20)

ONOOC(O)O� þ LH� ¼) L
.� þO2

.� þNO� þ CO2 þHþ (21)

Luminol semiquinone is further oxidized to luminol endoperoxide, which elicited CL at

decomposition. It should be added that in our experiments peroxynitrite-stimulated luminol

CL in cells was enhanced in the presence of the NO synthase substrate L-arginine and sharply

diminished in the presence of NO synthase inhibitors. Thus, the application of substrates and

inhibitors of NO synthases may discriminate luminol-amplified CL stimulated by superoxide

and peroxynitrite.

The formation of peroxynitrite in cells and tissue is frequently characterized by the

formation of nitrotyrosine. The formation of nitrotyrosine is not a very specific assay of

peroxynitrite detection because the other nitrogen oxide may also take part in this process,

but peroxynitrite is undoubtedly the most efficient nitrating agent. (Mechanism of tyrosine

nitration by peroxynitrite and other reactive nitrogen compounds has been considered in

Chapters 21 and 22.)
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