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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 O, (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 O,"™ 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 1
and IT 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 1.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

Ar,OH sterically nonhindered phenol

Ar,O° sterically nonhindered phenoxyl radical
Ar,OH sterically hindered phenol

Ar,O’ 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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PBD
PDMB
PE
PEA
PFE
PH
PIB
PIP
PMMA
PMP
PO,
PP

PS
PVA
PVM

QH;
RH
R'H
R’H
R*H
RN,R
ROOH
ROOR

RO’
ROy

SA

SDS
SSR
TEMPO
TS

uv

macroradical

polybutadiene
polydimethylbutadiene
polyethylene

polyethyl acrylate
polyfluoroethylene

polymer

polyisobutylene

polyisopentene

polymethyl methacrylate
polymethylpentene

peroxyl macroradical
polypropylene

polystyrene

polyvinyl acetate

polymethylvinyl ether

acceptor reacting with alkyl radicals, quinone
hydroquinone

organic substance reacting with its C—H bond
aliphatic or alicyclic hydrocarbon
olefin hydrocarbon

alkylaromatic hydrocarbon

azo compound

hydroperoxide

peroxide

alkyl radical

alkoxyl radical

peroxyl radical

antioxidant decomposing hydroperoxide
surfactant

sodium dodecylsulfate
stereoregular synthetic resin
2,2,6,6-tetramethylpiperidin- N-oxyl
transition state

ultraviolet light
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List of Physicochemical Symbols

Symbol
A

Description

pre-exponential factor in Arrhenius equation of
reaction rate constant k = A x exp (—E/RT)

pre-exponential factor of reaction rate constant per
attacked atom among bonds with equireactivity
2b? is the force constant of chemical bond
diffusion coefficient

dissociation energy of Y-X bond

probability of formed free radical pair to escape
the cage of solvent or polymer

base of natural logarithms

activation energy of reaction in Arrhenius
equation of reaction rate constant

activation energy of reaction in parabolic model
of bimolecular reaction; E.= E+ 0.5ALv—0.5RT
stoichiometric coefficient of free radical accepting
by acceptor of free radicals

radiochemical yield of products

Gibbs energy of reaction under standard conditions
(298K, 1 atm)

enthalpy of reaction (298 K, 1 atm)

enthalpy of transition state

enthalpy of reaction that includes difference of
zero vibration energies of reacting bonds
enthalpy of molecule formation under standard
conditions (298 K, 1 atm)

enthalpy of molecule evaporation under standard
conditions (298 K, 1 atm)

Planck constant, 4= 6.626075 x 10~**

intencity of chemiluminescence

equilibrium constant, RT In K= —AG°

reaction rate constant

rate constant of acceptor reaction with free radicals
rate constant of decomposition of initiator to free
radicals

rate constant of diffusion controlled reaction

rate constant of initiation (free radicals formation)

rate constant of induced decomposition of initiator
rate constant of isomerization
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Unit

s~! (unimolecular reaction),
L mol~' s™! (bimolecular),

L* mol % s~! (trimolecular)
same units as for 4

le/Z 1,1,10171/2 1’1’171

e=2.718282
kJ mol™!

kJ mol™!

Molecule/100 eV
kJ mol™!

kJ mol™!
kJ mol ™!
kJ mol™!

kJ mol™!
kJ mol ™!

Js
Quant s~
(mol/L)*"

s~ ! (unimolecular),

L mol~! s~ (bimolecular),
L* mol 2 s ! (trimolecular)

L mol's™!
5!

1

L mol !s™!

s~! (unimolecular reaction),
L mol~' s™! (bimolecular)
LY2 mol~12 s~

s—l



ky reaction rate constant in the liquid phase s~'or Lmol™!s™

km rate constant of initiator decomposition to s~
molecular products
kp rate constant of chain propagation L mol™!s™!
ks reaction rate constant in the solid phase s~ 'or Lmol™!s™
ky rate constant of chain termination L mol's™!
L Avogadro’s number, L=6.02214 x 10%* mol !
np refractive index
An molecular change in a reaction
P pressure Pa
R gas constant, R=8.314510 Jmol ' K™!
r ratio of rate konstants of chain propagation in
co-oxidation, ry =kp11/kp12
r ratio of rate konstants of chain propagation in
co-oxidation, ry = kyn/kpoi
'R radius of radical R m
'A_B length of A-B bond m

S%RH) entropy of formation of RH in gas phase under Jmol ' K™!
standard conditions

AS# entropy of activation Jmol ' K™!
S surface cm? L™

t time s

T absolute temperature K

QO (RH) molecular partition function of RH

o7 molecular partition function of transition state

v reaction rate mol L' s~
Vi rate of initiation reaction mol L1 s7!
Vio rate of thermal initiation reaction mol L1 s7!
Vind rate of induced decomposition of initiator mol L' s7!
AV# change of molecular volume due to formation cm® mol ™!

of the transition state, AV# = V7 (transition state)
— V (reactants)

o ratio b;/b¢ of the attacked (b;) and forming
(by) bonds
o percentage of polymer cristallinity %
or coefficient of linear temperature expansion K™!
v degree of stretching of polymer film
€ dielectric constant of solvent
€ molar absorption coefficient L mol ™' cm™'
M viscosity Pas
M quantum yield of chemiluminescence
K ionic strength, k = 0.53¢; z?, ¢; and z; are mol 17!
concentration and charge of i-th ion in solution
K effective rate of dioxygen solvation in the sample st
of oxidized substance
N Henry’s coefficient of dioxygen solving mol L™! Pa™!
A Wavelength of light m
v dipole moment of molecule D
Vi frequency of valence vibration of the reacting bond s~'
2 frequency of valence vibration of the forming bond s~!
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1

frequency of free radical R" rotation 2ms”

ratio of circumference to diameter of a circle w=23.141592
density kg m~?
induction period of reaction s

ratio of rate constants of chain termination in
co-oxidation, & =k o/(ku1 kpo)'?
quantum yield

& ea7°ay
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List of Biochemical Abbreviations

AA, arachidonic acid

AE2, membrane-bound anion exchange protein 2

Antl, 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

c¢GP, classic glutathione peroxidase

Ch18:2-O0H, cholesteryl linoleate hydroperoxide

CIDNP, "N 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-1-pyrroline- N-oxide

DNPH, dinitrophenylhydrazine

DOPA, dihydroxyphenylalanine

DOPAC, 3,4-dihydroxyphenylacetic acid

Dox, doxorubicin

DPPMPO, 5-(di-n-propoxyphosphoryl)-5-methyl-I-pyrroline- N-oxide
DSBs, double-stranded breaks
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EC-SOD, extracellular SOD

EDREF, the endothelium-derived relaxing factor
9EE-Ch18:2-O0H, cholesteryl 9-hydroperoxy-10E, 12E-octadecadienoate
13EE-Ch18:2-O0H, 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-O0H, cholesteryl 9-hydroperoxy-10E,12Z-octadecadienoate
FA, Fanconi anemia

FeDETC, iron-diethyldithiocarbamate

Fe-MGD, iron-methyl-p-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, 6 R-tetrahydrobiopterin

HDL, high-density lipoproteins

12-HETE, 12-hydroxyeicosatetraenoic acid

HL60, human promyelocytic leukemia cells

4-HNE, 4-hydroxynonenal

7,8-p-HODE, 78,8S-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, 8 R-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-v, interferon-y

IOL, iron-overload

IRP, iron regulatory protein

IsoLG, isolevuglandin

JNK, c-Jun N-terminal kinase

K atp, ATP-sensitive Kt 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

LTA,, leukotriene A4

LTB,, leukotriene By

LTC,4, 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, N"-hydroxy-L-arginine

8-nitro-G, 8-nitroguanine

NMDA, N-methyl-p-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-I-hydroxy-2,5,5-trimethyl-3-oxazolidinoxyl

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

0OZ, 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

PGE,, prostaglandin
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PGHS, prostaglandin endoperoxide H synthase

PGI,, 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-1-oxyl

p38 MAPK, p38 mitogen-activated protein kinase

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

RBCEQC, 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

TXB,

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
S-carboxanilide

13ZE-Ch18:2-O0H, cholesteryl 13-hydroperoxy-9Z,11E-octadecadienoate

© 2005 by Taylor & Francis Group.



Part |

Chemistry and Kinetics of
Organic Compounds
Oxidation by Dioxygen

© 2005 by Taylor & Francis Group.



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, SO,, FeO, H,S, AsH3, SbHj,
and organic compounds [3-12]. Shonbein [13] put forward the hypothesis of participation of
free charged oxygen atoms (“ozone” O~ and “antozone” O™") in oxidation. He considered the
oxygen of air as a monoatomic molecule, which can be in passive “O°” and active (O~ and
O™) forms and proposed the following general scheme of oxidation:

A+20° — A+0 +07
A + 0O~ — AO (ozonide)
H,0 + Ot — H,0, (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:

Zn + 2H,0 + 0, — Zn(OH), + H,0,

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 SO, during the oxidation of As,O3; was treated
according to the following scheme:
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As,03 + 20, + 2H, — As,Os5 + 2H,0,
SO, + H,O, — SOz + H,O

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:

A+0;, — AO,
AO, + A — 2A0

The phenomenon of chemical induction was intensively studied by Jorissen [33-37]. He
discovered that indigo was not oxidized by dioxygen but was simultancously 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” AO, 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 AO, was the primary product of the substrate A oxida-
tion, which then reacts with acceptor B:

AO; +B — AO +BO
Water hydrolyzes the formed moloxide with the formation of hydrogen peroxide:
AO, + H,O — AO + H,0O,

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

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

1768-1777

1774

1774-1777

1818

1835

1858

1876

1879

1882

1897

1900

1900

1905

1912

1925

1926

1928
1932-1933

1936-1937

1936

1942

1943

1944
1950

1953

Phenomena, Conception

Discovery of dioxygen

Discovery of dioxygen

Discovery of dioxygen

Discovery of hydrogen peroxide

Benzaldehyde was found to be oxidized by dioxygen to
benzoic acid

Activation of oxygen in oxidation. Hypothetical scheme:

A+20°—=A4+0"+0"

A+0~ — AO, H,0+ 0" — H,0,

The first observation of hydrocarbon oxidation by dioxygen

Paraffins were oxidized by dioxygen to carbon acids

Hydrogen peroxide was isolated as the primary product
of metal oxidation

Zn +2H,0 + O, — Zn(OH), + H,0,

The peroxide theory of oxidation. General scheme:

A+0; — AO,, AO,+ A — 2A0

Hydrogen peroxide was supposed as an intermediate
product of oxidation

Perbenzoic acid was isolated as the product of
benzaldehyde oxidation

The theory of induced oxidation of organic and inorganic
compounds was worked out.

First experiments on the autoxidation of toluene were performed;
the benzoic acid was found as the product of oxidation

Polymeric peroxide was synthesized by oxidation
of 1,1-diphenylethylene

n0O, +nPh,CH=CH, — (~Ph,CCOO~),

Methylbenzenes were oxidized, and substituted benzaldehydes were
found among the products

Isolation of cyclohexene peroxide as the product of autoxidation

Tetralyl hydroperoxide was isolated as the product of tetralin
autoxidation

Peroxide formed in cyclohexene oxidation was proved to be
the hydroperoxide

Oxidation of olefins was postulated as the reaction:
RCH=CHCH,R' + 0, — RCH=CHCH(OOH)R'

Indanyl hydroperoxide was isolated as the product of
indane oxidation

Isolation of 1-phenylethyl hydroperoxide in the result of
ethylbenzene oxidation

Isolation of cumyl hydroperoxide

Hydroperoxide MeCH(OOH)CH,Bu was isolated among the
products of heptane autoxidation by dioxygen

Decane was proved to be oxidized by all CH, groups with equal rates

Author
K. W. Scheele
J. Priestley
A. L. Lavoisier
L. J. Thenard
J. Liebich
C. F. Shonbein
C. Engler
C. Engler
W. Traube
A. N. Bach, C. Engler
F. Haber
A. Bayer, V. Villiger
N. A. Shilov

G. Ciamician, P. Silber

H. Staudinger.

H. N. Stephens

H. N. Stephens.

M. Hartman, M. Seiberth,
H. Hock, W. Susemihl

R. Criegee, H. Hock

A. Rieche

H. Hock and S. Lang

H. Hock and S. Lang

H. Hock and S. Lang
K. I. Ivanov

J. L. Benton and
M. M. Wirth
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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) + O, — PhC(0)00*
PhC(0)0O" + PhCH(O) — PhC(0)OOH + 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.

Me,C'CH,CHMe; + O, — Me,C(00")CH,CHMe,
Me,C(00")CH,CHMe, — Me,C(OOH)CH,C Me,
Me,C(OOH)CH,C"Me, + 0 — Me;C(OOH)CH,C(00")Me,
Me,C(OOH)CH,C(O0")Me; + RH —s Me,C(OOH)CH,C(OOH)Me; + R°

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 H, + O, 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 (H, 4+ O,) 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 Ph;C* M. Gomberg [47]
1913 Discovery of the chain mechanism of the reaction H, + Cl, 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 H. Backstrom [51]
to be the chain reaction (@ >> 1)

1928-1930  Hinshelwood suggested the chain branching mechanism for C. Hinshelwood [50]
reaction H, + O,

1931 The formation of active hydroxyl radical in reaction Fe** with F. Haber and [61]
hydrogen peroxide was supposed: Fe*" + H,0, — R. Willstatter
Fe’* + HO" + HO™

1932 The chain mechanism of hydrogen peroxide decay under catalytic =~ F. Haber and [62]
action of transition metal ions was postulated J. Weiss

1933 Radical Ph;C" initiates the oxidation of olefins and aldehydes K. Ziegler [63]

1934 Backstrom proposed the chain mechanism of benzaldehyde H. Backstrom [52]
oxidation: PhC*(O) + O, — PhC(0)00";
PhC(0)O0* + PhCH(O) — PhC(O)OOH + PhC*(O)

1934 Semenov put forward the concept of slow hydrocarbon oxidation ~ N. N. Semenov [49]
as the chain reaction with degenerate branching

1946 Bolland and Gee received the empirical equation for the rate of J. L. Bolland and [53]
hydrocarbons oxidation: v ~ [Initiator]"? x [RH] x F(pO,) and G. Gee
proposed the kinetic scheme of chain mechanism of
hydrocarbon oxidation

1946 Experimental evidence of hydroxyl radicals generation in reaction  J. H. Baxendale, [64]
Fe’™ + H,05: Fe** + H,0, — Fe’™ + HO" + HO™ M. G. Evans,

and G. S. Park

1951 The reaction of chain generation: RCHO + O, — RC*(O) + HO,®  H. R. Cooper and [58]
was kinetically evidenced H. W. Melville

1951 The cyclic mechanism of free radicals generation in oxidation of C. Bawn and [65]
aldehydes catalyzed by transition metal ions was demonstrated J. Williamson

1951 Experimental evidence of alkoxyl radicals formation in the M. S. Kharash, [66]
reaction of Fe?* with hydroperoxide: Fe?* + ROOH — F. S. Arimoto,
Fe’" +RO"+HO™ and W. Nudenberg

1953 Bimolecular reaction of hydroperoxide decomposition to free L. Bateman, [67]
radicals was discovered: ROOH + ROOH — H. Hughes, and
RO’ +H,0+ ROO* A. Moris

1956 The reaction of chain generation P\CH=CH, + O, — free A. A. Miller and [54]
radicals was experimentally proved F. R. Mayo

1956 Miller and Mayo studied the styrene oxidation and came to A.A. Miller and [54]
conclusion that this chain reaction occurs via addition of F.R. Mayo
peroxyl radical to double bond of styrene with formation of
polyperoxide as a product

1957 Dihydroperoxides were found to be the primary products of F. F. Rust [55]
branched alkanes oxidation. The intramolecular peroxyl radical
reaction was proposed

1957 Russell proposed the mechanism of disproportionation of primary ~ G. A. Russell [68]
and secondary peroxyl radicals: 2R'R?CHOO* — R'R?C(0)
+0,+R'R*CHOH

continued
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TABLE 1.2

Chronological Table of the Main Concepts and Experimental Findings of Chain Theory
of Hydrocarbon Oxidation—continued

Year

1959

1960

1960-1961

1961

1962

1964

1964

1965

1967

1967

1968

Event

Chemiluminescence in the liquid-phase hydrocarbon oxidation
was discovered. It was proved to be the result of secondary
peroxyl radicals disproportionation

Hydroperoxide reacts with hydrocarbon with free radical
generation: ROOH + RH — RO*+ H,0 +R*

Trimolecular reaction of chain generation: RH + O, + RH
— R*+ H,0; + R* was predicted and experimentally
evidenced

Peroxyl radical of oxidized cumene was evidenced by EPR
technique. The EPR spectrum was identified

Interaction of hydroperoxide with ketones with rapid chain
generation was studied. The following mechanism:
ROOH + O=CR'R? < Peroxide — Free radicals was
proposed

Generation of free radicals by the reaction of hydroperoxide
with alcohol was evidenced

Chain initiation by the following reaction of hydroperoxide
with styrene was discovered: PhCH=CH, + ROOH —
PhC*HCH,OH + RO*

Chain generation by reaction ROOH with R!C(O)OH was
observed

Mineral acids were found to split hydroperoxides catalytically
into free radicals: 2ROOH + H" — RO*+ROO" + H;0™"

The high rate of exchange reaction RO,*+R'OOH —
ROOH + R'0," was used to develop a special method
for the measurement of rate constants of the reaction:
ROZ. + R,H i ROOH + Ri‘.

The isotope effect was measured in the reaction of peroxyl
radical with deuterated cumene (PhMe,CH and PhMe,CD)

Author

R. F. Vasi’ev,
O. N. Karpukhin, and
V. Ya Shlyapintokh
Z. K. Maizus,
1. P. Skibida, and
N. M. Emanuel
E. T. Denisov

Ya. S. Lebedev,
V. F. Tsepalov, and
V. Ya. Shlyapintokh
E. T. Denisov

E. T. Denisov

E. T. Denisov and
L. N. Denisova

L. G. Privalova,
Z. K. Maizus, and
N. M. Emanuel

V. M. Solyanikov and
E. T. Denisov

J. A. Howard,

W. J. Schwalm, and
K. U. Ingold

J. A. Howard,
K. U. Ingold, and
M. Symonds

Ref.

[69]

[70]

[59,60]

(71]

[72]

(73]

[74]

[75]

[70]

[77]

(78]

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]:

RH+ 0O, — R+ HOy'

RCH=CH; + O, — RC'HCH,00’

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 RH + O, was predicted
in 1960 and experimentally proved in 1961 [59,60].
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2RH + O, — 2R + H,0,

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].
3-Heptene,
RH Ethyl linoleate 2,6-dimethyl- Benzene, 1,4-diisopropyl- Cumene
T (K) 328 333 363 363
A[O5] (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 RO,"+ RH.

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 —CH,O0H >CHOOH >COOH
AH (kJ mol™") —73.8+3.4 —89.6+2.4 —108.4
AAH (kJ mol™) 0 —15.8 —34.6
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TABLE 1.3
Synthesis of ROOH by RH Oxidation in the Liquid Phase (pO, = 10° Pa)

Hydroperoxide T (K) Procedure of Oxidation (n‘:::ih:/;) Ref.
Me;COOH 398 Autoxidation 27.6 [84]
Me,C(OOH)(CH,),CHMe, 390 Autoxidation 3.8 [55]
Me,C(OOH)(CH,),C(OOH)Me, 390 Autoxidation 1.9 [55]
Me,C(OOH)(CH,),CHMe, 352 Photooxidation [85]
Me,C(OOH)CH(OOH)(CH,);CHMe, 352 Photooxidation [85]

<:>/0\ 428 Autoxidation 6.0 [86]
O—H

<:><0\ 353 Photooxidation 5.0 [87]
O—H

QOOH 423 Autoxidation 18.0 [88]

>_<:><)\ 383 Autoxidation 3.0 [89]
O—H

0/0_ H 343 Photooxidation 1.5 [90]
CH,=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]
CH,=CHCH(OOH)CH,Bu 348 Autoxidation 1.35 [92]
CH,=CMeCH(OOH)CH,Bu 348 Autoxidation 0.55 [92]
E>/O\O, H 296 Photooxidation [93]
C>/0\ 328 Autoxidation 3.5 [92]

O—H
C>/0\O_ . 303 Autoxidation 20.0 [41,94]
o 308 Autoxidation 21.0 [95,96]
“o-H
H 333 Autoxidation 8.0 97
O0-0
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TABLE 1.3
Synthesis of ROOH by RH Oxidation in the Liquid Phase (pO, = 10> Pa)—continued

Hydroperoxide T (K) Procedure of Oxidation (nY1:fllg/;) Ref.
o 323 Photooxidation [98]
PhCH,0O0H 363 Autoxidation 0.03 [99]
C O‘O\H 333 Photooxidation [100]
PhCH(OOH)CH; 363 Autoxidation 0.59 [99]
PhMe,COOH 363 Autoxidation 28.5 [101]
PhMe,COOH 363 Autoxidation 2.5 [99]
PhCH(OOH)Pr 353 Photooxidation 1.5 [45]
Ph,CHOOH 338 Photooxidation [102]
Ph,MeCOOH 338 Autoxidation 18.5 [103]
E><0‘ QH 363 Autoxidation 1.9 [99]
Ph

<:><o—q 388 Autoxidation 8.3 [104]

Ph H

2 C E LO~—H 363 Autoxidation 24.0 [99]
o

;0_0\H 363 Autoxidation 3.1 [99]
H 363 Autoxidation 7.8 [99]
0-0

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:

M62CHCH2CH2CHM€2 + 202 — M62C(OOH)CH2CH2C(OOH)M62

The yield of dihydroperoxide depends on the common position of two tertiary C—H bonds
[55].
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TABLE 1.4
Comparison of the Formation Enthalpies AH;" of Hydroperoxides and Hydrocarbons

[105,106]
—AHY(RH) —AH?(RO,H) AH{ (RH)-AH?(RO,H) S’(ROOH)

Hydroperoxide (k) mol™) (k) mol™) (k) mol™) (J mol' K™)
CH;00H 74.5 130.5 56.0 282.4
MeCH,O0H 84.1 169.4 85.3
Me,CHOOH 104.6 198.3 93.7
PrCH,00H 126.4 205.0 78.6 393.8
Me;COOH 134.3 2427 108.4 360.6
BuCH,0O0H 146.4 217.6 71.2 433.2
PrMeCHOOH 146.4 2343 87.9 430.7
Bu(CH,),00H 166.9 238.5 71.6 472.6
BuMeCHOOH 167.2 255.2 88.0 470.1
BuCH,CHMeOOH 187.4 276.1 88.7 509.5

O/O\ 123.1 229.9 106.8
O—H

<:><)\ 154.8 263.3 108.5
O—H

O/O—H 182.3 277.8 95.5
PhMe,COOH -39 85.4 89.3

Pentane, Pentane, Hexane,
Hydrocarbon 2,3-dimethyl- 2,4-dimethyl- 2,5-dimethyl-
[ROOH]J/[O] (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 Cycric AND PoLYMERIC PEROXIDES

Hydrocarbons with conjugated double bonds are oxidized with the formation of cyclic
peroxides [46,80,82], for example:

SRREN.
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In parallel with cyclic peroxides polymeric peroxides are formed:

D o — T

Monomers, such as styrene or methyl methacrylate, are oxidized to oligomeric peroxides also
[107]:

nPhCH=CH; + nO; — (—CHPhCH;0,—),
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.%):
Hexadecene, 3, 7, 11, 2-Octene, 1-Nonene,
Hydrocarbon 15-tetramethyl- 2,6-dimethyl- 2-Heptene 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:
~CH,C'HPh + O, — ~CH,;CH(OO")Ph
~CH,CHPhOO"® + CH,=CHPh — ~CH;CHPhOOCH,C'HPh
~CH,CHPhOOCH,C"HPh — ~CH,CHPhO" + ,A_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 Me;C H Br cl CF;

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 RCH,OOH is an unstable molecule
and is decomposed into aldehyde, acid, and dihydrogen through the interaction with formed
aldehyde [111].
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RCH;00H + RCH(O) = RCH,00CH(OH)R

RCH,;00CH(OH)R — RCH(O) + H, + RC(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.

RCH,O0CH(OH)R + AH — RCH,00CH(OH;)R + A~
RCH,O0CH(OH;)R — RCH,OOC"HR + H,0
RCH,0O0C*HR + A~ — RCH,0OC(O)R + HA

The hydroperoxide group weakens the a-C—H bonds, and the peroxyl radical of the oxidized
hydrocarbon attacks this group with aldehyde formation.

RO,’ + RCH,O0H — ROOH + RCH(O) + HO'

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]):
R'R’CHOOH = R'R*CHOH + 0.50,
R'R’CHOOH = R'R?*C(0) + H,O

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’ 4+ HO’
ROOH + HY — RO+ H,O0+ Y’
ROOH + CH,=CHR — RO’ + HOCH,C'HR
RO+ RH — ROH + R’

In parallel, they are formed by the disproportionation of peroxyl radicals [68].
R!R2CHO;’ + R'R*CHO," — R'R2CHOH + O, + R'R?C(0)

In addition, hydroperoxides are hydrolyzed under the catalytic action of acid formed in the
oxidized hydrocarbon [46,83].

ROOH + HA — ROOH; + A~
ROOH; + H,0 — ROH + H,0, + H*

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]:

R'R’R’COOH — R'R?R3}CO’ + HO*
R'R’R3CO" + RH — R!R?R3COH + R*
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TABLE 1.5
Comparison of the Formation Enthalpies AH;” of Hydrocarbons and
Alcohols [105]

—AH{(RH) —AH{(ROH) AHP (RH)-AH?(ROH)
Alcohol (ROH) (k) mol™) (k) mol™) (k) mol™)
CH,0H 74.5 201.7 127.2
MeCH,OH 84.1 234.7 150.6
EtCH,OH 104.6 254.8 150.2
Me,CHOH 104.6 272.4 167.8
PrCH,OH 126.4 274.9 148.5
Me;COH 134.3 312.5 178.2
BuCH,OH 146.4 296.4 150.2
PrMeCHOH 146.4 313.8 167.4
Et,CHOH 146.4 315.5 169.7

H 123.4 290.0 166.6
()
<:><)—H 154.8 359.8 205.0

CH,=CHCH,0OH -20.1 125.5 145.6
PhCH,OH -50.2 100.4 150.6
PhMeCHOH -29.3 138.2 167.5
PhMe,COH -39 191.4 195.3

Along with this reaction, the alkoxyl radicals are formed by the recombination of the tertiary
peroxyl radical (see Chapter 2).

R'R’R3COO’ + R'R?R3’COO" — 2R'R?*R3}CO" + 0,

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 —CH,OH >CHOH >COH
AH (kJ mol ™) —149.940.8 —~167.6+0.2 —~178.2
AAH (kJ mol™!) 0 -17.7 —28.3
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1.4.3 KEeTONES

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].

RO," + R'R?’CHOOH — ROOH + R!'R*C'OOH
R'R’C'OOH — R;R,C(0O) + HO"

2. Acids catalyze the decomposition of secondary hydroperoxide with the formation of
carbonyl compounds [46,83].

R'R’CHOOH + HA — R'R?’CHOOH," + A~
R'R?’CHOOH," — R!'R?>C(0) + H;0*

3. Acid catalyzes the decomposition of tertiary a-arylhydroperoxide and gives phenol and
ketone [46,84].

PhR'R2COOH + HA — PhR!'R?COOH," + A~
PhR!'R?COOH, " + H,O — PhOH + R'R?>C(0) + H;0™

4. Tertiary hydroperoxide is decomposed to alkoxyl and peroxyl radicals, for example [67]:
2R'R’R’COOH — R'R’R’*CO’ + H,0 + R'R?R*COO’
In turn, the formed alkoxyl radical splits into ketone and the alkyl radical.
R!R’R*CO* — R'R?*C(0) +R5"

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

RCH; + O, = RCH(O) + H,O
and

R!CH,R? + 0, = R!C(O)R? 4+ H,0

The mean AH value for the first reaction is AH = —325.34+2.4kJ mol~! and for the second
one AH=—354.8+1.5kJ mol .

1.4.4 Acips

Carboxylic acids are the products of the oxidation of aldehydes (see Chapter 06).

RC(O)H + 0, = RC(0)0OOH
RC(O)H + RC(0)OOH = 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]

R'C(0)CH,R? + O, = R'C(O)CH(OOH)R?
R!C(O)CH(OOH)R? = R'C(0)OH + R>CH(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(0)OOH + R!C(0)CH,R?> — RC(0)OH + R!C(0)OCH,R?
R'C(0O)OCH,R? + H,0 — R'C(0)OH + R*CH,OH
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 AH; of Aldehydes, Ketones, Acids, and Parent
Hydrocarbons [105]

—AH? (RMe) —AHP(RCHO) AHP(RMe) —AH(RMe + O,)
RCH(O) (k) mol™") (k) mol™") —AH{(RCHO) (k) mol™") (k) mol™")
H,C(0) 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
CH,=CHCHO —-20.1 75.3 95.4 337.2
PhCH(O) —50.2 37.7 87.9 329.7
—AH{P(RH) —AHP(R'COR?) AHP(RH) —AH(RH + O,)
R'C(O)R? (k) mol™") (k) mol™") —AHL(R'COR?) (k) mol™") (k) mol™")
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
PhCH,Me -29.3 86.6 115.9 357.7
—AH? (RMe) —AH{(RCOOH) AHP(RMe) —AH(RMe + 1.50,)
RC(O)OH (k) mol™") (k) mol™") —AH(RCOOH) (kJ mol™") (k) mol™")
HC(O)OH 74.5 378.7 304.2 546.0
CH;C(O)OH 84.1 4322 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
CH,—CHCO,H —20.1 336.2 356.3 598.1
PhC(O)OH —50.2 294.1 3443 586.1
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TABLE 1.7

The Thermochemical Scale of the Oxidation of Aliphatic Hydrocarbons

Group AH (k) mol™") Group AH (k) mol™") AH (k) mol™")
—CH; 0.0 >CH, 0.0 0.0
—CH,00H —74

>CHOOH —-90
—108
—CH,0H —150
>CHOH —168
—178
—CH(O) + H,0 -325
>C=0+ H,0 —355
—COOH + H,0 —587
RCH; + 1.50, = RC(0)OH + H,O

is AH=—586.8+2.6kJ mol~'. The general stoichiometric scheme of the oxidation of ali-

phatic and alkylaromatic hydrocarbons includes the following stages:

Hydrocarbon + O,
sec-Hydroperoxide
prim-Hydroperoxide
Alcohol + 0.50,
Ketone

Aldehyde

Peracid + ketone
Peracid + aldehyde

— Hydroperoxide
— Alcohol + ketone
— Aldehyde + acid
— Ketone

— Acid + aldehyde
— Peracid

— Acid + lactone
— 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
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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-saturated molecule has an even number of electrons. Therefore, the reaction
of a radical or an atom with a molecule will inevitably give rise to another atom or radical [1-3]:

RO;"+ HR — ROOH + R’
RO;" + CH,=CHR — ROOCH,C'HR

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

Me,C(0OO")CH,CHMe; — Me,C(OOH)CH,C " Me,
R!R?2C(0O0")OH — R!R?C=0 + HO,"
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,
RO;' +R" — ROOR
RO;" +RO;" — ROOR + O,

2.1.2 ConbitioN of Cycricity oF RabicAL 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);COOC(CHj3); — 2(CHj3);CO*
(CH3);CO" + RH — (CH3);COH + R°
(CH3);CO" — CHj' + CH3COCH;
CH;' 4+ R* — CH3R
R+ R"— RR
R’ + R’ — RH + alkene

It can be seen that the decomposing peroxide gives rise to a number of radicals, viz,
(CH5);CO°, C'Hj, 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:

ROOH>< R’ >/ 0,
RH RO,
What is the difference between the systems initiator—RH and initiator—-RH-O, 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

RO, + HR — ROOH + R’
and the termination of chains occur via reaction
RO, +R0O," — ROOR + O,

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 CH,—=CHX 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

(1) The principle of free-valence persistence holds
(i1) Radicals are continuously generated
(ii1) 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 CoMmPpETITION 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 AG <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

Me;CH + O, — Me;COOH

is exothermic (AH = —108.4 kJ mol ') 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
k=24Lmol™ ' s™' (400K, see later), and the oxygen molecule does it with k=1.2x 107"
Lmol 's™! (400K, Chapter 4). Such a great difference is related to the fact that the first
reaction proceeds with enthalpy AH =43.3kJmol ', and the second reaction is very endo-
thermic (AH = 188.8 kI mol ™). 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) =365.5kJmol ', and in radical H—O, it is only 220 kJ mol .

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
k=68Lmol 's™!, and dioxygen adds with k=5.6 x 10"'°Lmol~'s™' (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 (AH=—100kJmol™ ') and the second reaction is endothermic (AH =125kJ
mol ™). 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 AH values
for molecules (RH) and radicals (R") [5,6].

RH MeCH; PhMe,CH MeCH,OH PhMe,COOH
AH(RH) (kJmol™) —84.7 3.9 —234.8 —85.3
R’ MeCH,’ PhMe,C" MeCH,O’ PhMe,COO’
AH(R") (kJ mol™!) 119.0 140.6 —53.0 55.3
AHR")—AH(RH) (kJ mol™") 203.7 136.7 181.8 140.6

It is seen that this difference ranges from 137 to 204 kJ mol !, 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

M€3CH + 02 — Me3COOH

is exothermic (AH=—108.4kJmol™') but does not proceed due to the huge activation
energy. At the same time, the reaction

Me,PhCOO" + Me,PhCH — Me,PhCOOH + Me, PhC”

has AH = —3.9kJ mol ' and occurs with an activation energy of only 43 kJ mol ' 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 RH + O, — 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 (@) of photooxidation products is sufficiently higher than unity.
Here are several examples [12].

Hydrocarbon Cyclohexene Cyclohexene, 1-methyl- Dihydromyrcene Ethyl linoleate

@ (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]:

[ —r (vi)

R+ 0, — ROy’ (kpl)
RO;'+ RH — ROOH + R°® (kp)
R'+ R’ — RR (2ky1)

R*+ RO, — ROOR (2ky)
RO;" + RO, — Molecular products (2ky)

The reaction of the alkyl radical with dioxygen proceeds with a high rate constant of 10° to
10° Lmol ! s!, and alkyl radicals are rapidly converted into peroxyl radicals, providing the
concentration of dissolved dioxygen in hydrocarbon at pO,=0.1-1atm higher than
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10~*mol L', 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 RO,"+ RH. In the presence of the initiator
I, initiation by the formed hydroperoxide is insignificant, so that the rate of initiation
v ~ ki[I]. When conditions are quasistationary, v; = 2k JRO,’]?, chains are long (kp[RH][RO,’]
> 1;), and the rate of chain oxidation is the following:

v = kp(2k)V[RH]Y? 2.1)

The values of the kp(Zkt)_” 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 2k, [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 = v + kp(2ky) A [RH!. (2.2)
The chain length is the following:
v = ko [RH][RO,"]/vi = kp(2k)A[RH]v /2. (2.3)

Therefore, v diminishes with the increasing initiation rate. At v; > kp2(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/ % increases with temperature, so that for
each hydrocarbon the temperature 7,,;, exists, below which oxidation occurs as a nonchain
process at v;=const. The values of Ty, calculated for several hydrocarbons oxidized with
v;i=10""molL™'s™! are given below [2].

Hydrocarbon Cyclohexane Ethylbenzene Tetralin Cumene

Tnin (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:

RTpin = (E, — 0.5E)/{ In[RH] — 0.5In v; + In 4, — 0.5In A4} 2.4)

The quasistationary pattern of chain oxidation of RH is established in a definite time
t=0.74(vy/2k,)~ " [12]. For v; varying from 107% to 10 *mol L' s™! and 2k, varying from
10* to 10° Lmol ™" s™!, 7 ranges from 0.1 to 100s.

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]:

Vi GZT —1

[RO;] = %XW’

2.5)

where T = t/2kv;.
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TABLE 2.1

Values of Ratio kp/+/2k; for Oxidation of Hydrocarbons

kol /2Ky
Hydrocarbon Solvent T(K) (Lmol™" s™")1/2 Ref.
Aliphatic Hydrocarbons
Butane Butane 373-398 7.02 % 10° exp(—64.0/RT) [20]
Pentane Pentane 253-303 1.34 % 10° exp(—59.0/RT) [21]
Decane Decane 283-355 2.97 x 10° exp(—58.3/RT) [22]
Decane Decane 323 6.50 x 107> [23]
Tetradecane Tetradecane 323 1.37x 107* 23]
Hexadecane Hexadecane 323 1.53x 107* [23]
Butane, 2-methyl- Butane, 2-methyl- 387-423 5.9 x 10* exp(—50.6/RT) [24]
Butane, 2,3-dimethyl- Butane, 2,3-dimethyl 333 6.10x 107* [25]
Pentane, 2,4-dimethyl- Pentane, 2,4-dimethyl- 323-398 1.0 x 10* exp(—44.8/RT) [26]
Methylcyclopentane Methylcyclopentane 333 1.60 x 10~* [25]
Cyclohexane Cyclohexane 403-433 1.9x 10* exp(—54.0/RT) [27]
Cyclohexane Cyclohexane 333 2.50x 1073 [25]
Methylcyclohexane Methylcyclohexane 333 9.50 x 1073 [25]
Pinane Pinane 333 1.72x 1073 [25]
Decalin Decalin 333 9.0% 1073 [25]
Olefins

1-Butene 1-Butene 333 1.68 x 10* exp(—45.8/RT) [25]
1-Butene 1-Butene 333 1.10x 1073 [25]
2-Butene 2-Butene 333 1.24x 1077 [25]
2-Butene 2,3-dimethyl- 2-Butene 2,3-dimethyl- 333 2.73 x 10° exp(—47.4/RT) [25]
2-Butene 2,3-dimethyl- 2-Butene 2,3-dimethyl- 333 1.00 x 1072 [25]
1-Hexene 1-Hexene 333 3.70x 1074 [25]
3-Heptene 3-Heptene 303 540 %1074 [28]
1-Octene 1-Octene 303 6.20x 1073 [28]
1-Octene 1-Octene 373-393 1.69 x 10° exp(—41.1/RT) [29]
1,4-Pentadiene 1,4-Pentadiene 303 420x107* [28]
Methyl oleate Methyl oleate 303 8.90 x 107* [28]
Methyl linoleate Methyl linoleate 303 2.10x 1072 [28]
Ethyl linoleate Ethyl linoleate 284 8.10x 1072 [30]
Methyl linolenate Methyl linolenate 303 3.90 x 1072 [28]
Cyclopentene Cyclopentene 303 2.80x 1073 [28]
Cyclohexene Cyclohexene 323 1.0 x 10% exp(—26.5/RT) [31]
Cyclohexene Cyclohexene 303 2.30%x 1073 [28]
Cyclohexene Cyclohexene 288 6.70 x 10~* [29]
Cyclohexene Cyclohexene 333 5101073 [25]
1-Methylcyclohexene 1-Methylcyclohexene 288 1.55% 1073 [30]
1,3-Cyclohexadiene 1,3-Cyclohexadiene 303 0.10 [28]
1,4-Cyclohexadiene Decane 303 3.61 x 10* exp(—38.3/RT) [32]
1,4-Cyclohexadiene 1,4-Cyclohexadiene 303 3.90 x 1072 [28]
Limonene Limonene 313-353 1.10 x 10* exp(—38.1/RT) [33]
Dihydromyrcene Dihydromyrcene 288 5.00x 1074 [30]
5-Decyne 5-Decyne 303 7.40 x 107* [28]
continued
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TABLE 2.1

Values of Ratio kp/+/2k; for Oxidation of Hydrocarbons—continued

Hydrocarbon

Toluene

Toluene

Toluene

Toluene

m-Xylene

m-Xylene

m-Xylene

o0-Xylene

0-Xylene

o0-Xylene

p-Xylene

p-Xylene

p-Xylene

Benzene, 1,3,5-trimethyl-

Benzene, 1,3,5-trimethyl-

Benzene, 1,2,4-trimethyl-

Benzene, 1,2,4-trimethyl-

Benzene,
1,2,4,5-tetramethyl-

Pentamethyl benzene

Hexamethyl benzene

Ethylbenzene

Ethylbenzene

Ethylbenzene

Ethylbenzene

Ethylbenzene

Ethylbenzene

Propylbenzene

Propylbenzene

Butylbenzene

Hexylbenzene

Cumene

Cumene

Cumene

Cumene

Cumene

Cumene

Cumene

Izoamylbenzene

Neopentylbenzene

p-Cymene

Diphenylmethane

Diphenylmethane

Diphenylmethane

1,1-Diphenylethane

1,1-Diphenylethane

1,1-Diphenylethane
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Solvent

T (K)

Alkylaromatic Hydrocarbons

Toluene

Toluene

Toluene

Toluene

m-Xylene

m-Xylene

m-Xylene

0-Xylene

0-Xylene

0-Xylene

p-Xylene

p-Xylene

p-Xylene

Benzene, 1,3,5-trimethyl-

Benzene, 1,3,5-trimethyl-

Benzene, 1,2,4-trimethyl-

Benzene, 1,2,4-trimethyl-

Benzene,
1,2.4,5-tetramethyl-

Pentamethyl benzene

Hexamethyl benzene

Ethylbenzene/Chlorobenzene

Ethylbenzene
Ethylbenzene
Ethylbenzene
Ethylbenzene
Ethylbenzene
Propylbenzene
Propylbenzene
Butylbenzene
Hexylbenzene
Cumene

Cumene

Cumene

Cumene

Cumene

Cumene

Cumene
Izoamylbenzene
Neopentylbenzene
p-Cymene
Diphenylmethane
Diphenylmethane
Diphenylmethane
1,1-Diphenylethane
1,1-Diphenylethane
1,1-Diphenylethane

323-353
303
333
343-363
348
303
333
348
303
333
348
303
333
348
333
348
333
323-353

323-353
323-353
338-358
303-377
303
323-373
323-353
333
323-353
333
333
323-353
308-338
313-368
323-353
303
303
333
323-353
323-353
323-353
333
303
323-353
323-353
313-353
303
323-353

ko/v/2ky

((I_ m0|—1 s—1)1/2)

8.12 x 10* exp(—58.0/RT)
1.40x 107

530 %1073

9.1 x 10® exp(—53.8/RT)
2.50 x 10~

2.80x 107°

1.18 x 107*

330 x 1074

3.30x 1073

1.63x 107

3.20x 1074

490 x 107°

1.61 x 107*

330 x 1074

1.39x 107*

6.00x 1074

240 x 1074

4.26 x 10° exp(—44/RT)

8.80 x 10% exp(—37.0/RT)
8.04 x 10% exp(—34.0/RT)
4.02 x 10° exp(—44/RT)
2.51 x 107 exp(—36.0/RT)
2.10x 107*

2.19 x 10? exp(—35.6/RT)
5.71 x 10% exp(—38.0/RT)
530x 1074

9.90 x 10° exp(—55.0/RT)
2.22%107*

3.92x 1074

2.36 x 10° exp(—43/RT)
1.70 x 10? exp(—29.9/RT)
1.17 x 10? exp(—28.4/RT)
2.46 x 10 exp(—31.0/RT)
1.50 x 1073

2.60x 1073

3.56x 1073

2.83 x 10? exp(—62.0/RT)
2.17 x 10* exp(—50.0/RT)
2.97 x 10° exp(—89.0/RT)
1.10x 1073

4.00 x 107*

1.12 x 10% exp(—38.9/RT)
4.17 x 10" exp(—36.0/RT)
1.07 x 10 exp(—36.0/RT)
1.10x 1073

4.60 %1073

Ref.



TABLE 2.1

Values of Ratio kp/+/2k; for Oxidation of Hydrocarbons—continued

Hydrocarbon

1-Methylpropylbenzene
1-Methylpropylbenzene
1-Methylpropylbenzene
1-Methylbutylbenzene
Dicumylmethane
Phenylcyclopentane
Phenylcyclohexane
Phenylcyclohexane
Phenylcyclohexane
Allylbenzene
Crotylbenzene
Indan
Indene
Tetralin
Tetralin
Tetralin
Tetralin
Tetralin
Tetralin
1,2-Dihydronaphtalene
1,4-Dihydronaphtalene
9,10-Dihydroanthracene
9,10-Dihydroanthracene
1,2,3,4,5,6,7,8-
Octahydroanthracene
m-Isopropylpyridine
o-Isopropylpyridine
p-Isopropylpyridine
m-Methylpyridine
o-Methylpyridine
p-Methylpyridine
m-Ethylpyridine
o-Ethylpyridine
p-Ethylpyridine

Solvent

1-Methylpropylbenzene
1-Methylpropylbenzene
1-Methylpropylbenzene
1-Methylbutylbenzene
Dicumylmethane
Phenylcyclopentane
Phenylcyclohexane
Phenylcyclohexane
Phenylcyclohexane
Allylbenzene
Crotylbenzene
Indan
Indene
Tetralin
Tetralin
Tetralin
Tetralin
Tetralin
Tetralin
1,2-Dihydronaphtalene
1,4-Dihydronaphtalene
9,10-Dihydroanthracene
9,10-Dihydroanthracene
1,2,3,4,5,6,7,8-
Octahydroanthracene
m-Isopropylpyridine
o-Isopropylpyridine
p-Isopropyl pyridine
m-Methylpyridine
o-Methylpyridine
p-Methylpyridine
m-Ethylpyridine
o-Ethylpyridine
p-Ethylpyridine

T(K)

323-353
303
333
303
348
333
303
333
323-353
303
303
303
303
286-323
303
303
303
333
348
303
303
303
303
348

323-353
323-353
323-353
348
348
348
323-353
323-353
323-353

ko/v/2ky

((I_ m0|—1 s—1)1/2)

4.87 x 10* exp(—53.0/RT)
1.80 x 10~*

4.48 x 107

1.10x 107*

5.75%x 1073

2.90x 1073

1.50 x 10~*

6.00 x 107*

5.05 x 10% exp(—38.0/RT)
490 x 107*

420% 1073

1.70 x 1073

2.84 %1072

4.4 % 10" exp(—25.1/RT)
230x 1073

235%x 1073

2.85%x 1073

6.16x 1073

1.09 x 1072

2.75%x 1072

3.50 x 1072

7.90 x 1072

6.93x 1072

3.12x 1072

9.90 x 10 exp(—36.0/RT)
3.73 x 10% exp(—38.0/RT)
1.79 x 10% exp(—32.0/RT)
1.90 x 10~*
7.00 x 1073
1.10x 10*
6.93 x 10% exp(—39.0/RT)
2.70 x 10? exp(—38.0/RT)
8.70 x 102 exp(—41.0/RT)

Ref.

[42]
(41]
[25]
(28]
(34]
[25]
(28]
(23]
34
(28]
(28]
(28]
(28]
(43]
(28]
[44]
(43]
[25]
[30]
(44]
[44]
(28]
(44]
[30]

[34]
[34]
34
(34]
[34]
341
[34]
34
34

If the concentration of an initiator does not virtually change throughout the experiment,
then v;=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]:

where a =k, (2k,) ", ki=2ekq.
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,
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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 (pl) and are
terminated according to reaction (t1), so that the chain reaction rate becomes equal to [2,12]

m
_ i 2.
v=kplO)y 5, @7
In a wide range of [O,], the oxidation rate is related to [O,] and [RH] as [3,12,13]
[02] (vgo B )  kpke | kpka [RH] 28
[RH] V2 kalkt klz)lk[ [02] ’ '
where v, = kp(2k,)~[RH]y;'.
This sophisticated dependence can be approximated by a simpler formula [14]
v =vao(1+B[02] )7, (2.9)

where B is equal to [O,] such that v=0.5v,,. The ratio of chains terminated by each of
reactions: R"+R", R°"+R0O," and RO,"+ RO," 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.

[0,] (mol L™Y) 1078 1077 107 107° 1074
R+ Ry 10.0 1.1 0.1 2% 1073 3% 1073
VR + RO/ 89.7 95.4 72.8 21.0 2.7
VRO, +RO, ) 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: [O,] =y x pO,
where +y 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 pO,, the slower
the process of dioxygen diffusion from the gas phase into the liquid. Therefore, at low pO, 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]:

(OZ)gas = [Oz]liquid (K)
R"+ 0, — ROy (kp1)

In the absence of free radical initiation when [R*] =0, the dynamics of dioxygen dissolution in
the hydrocarbon obeys the simple equation

A2l p0s -~ 102) (2.10)
[02] = ypOa(1 — ), @.11)
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TABLE 2.2
Henry’s Coefficients y for Solubility of Dioxygen in Organic
Solvents (p is Density of Solvent at 298K in kg m~?) [46]

yx10%/

Solvent T (K) (mol L™" atm™")
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
0-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 (p=2810) 291 3.44
Methanol 298 10.2
Methyl acetate 298 11.2
Nonane 298 11.2
Octane 293 133
Paraffinic oil (p=880) 298 2.47
Pentane 298 17.7
Petrol (p=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 « is an effective coefficient of dioxygen dissolution in the hydrocarbon at the chosen
experimental conditions. The mean time of liquid saturation by dioxygen is s~ '. 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:

[02] = ypO; — vk ! (2.12)

Oxidation occurs in the kinetic regime when v < kypO,, and in diffusion regime when
v~ kypO,. 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:

By v
Y02 = — 77—+ (2.13)
av;'"—v K

Equation (2.13) can be used for the estimation of the B and « 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*+ 0O, — ROy,

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]:

CH;CH,; + O, — CH;CH,O00°

k=202 x 10"°7%% x exp (31.8/T)L mol's~!

CH;C'H, + O, — CH,=CH, + HOO*
k=141 x10*T"% x exp(990/RT)L mol 's!

CH;CH,00" — CH,=CH, + HOO"
k=17.14 x 10°T*% x exp (—14100/T)s~!
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TABLE 2.3
Enthalpies of Dioxygen Addition to Alkyl Radicals [13,47,48]

R —AH; (kJ mol™) R —AH; (kJ mol™)
C'H, 137.0 <:>' 142.6
MeC'H, 148.4 @ 63.0
Me,C'H 155.4 i 31.0
Me,;C" 152.8 CH,=CHCH,’ 110.0
PhMe,C’ 473 II Il 45.0
C'H,CI 122.4 C'Cly 92.0
C'HCl, 108.2 MeC'HCI 131.2

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 800K, the predominant reaction is the formation of olefin and HO,". 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 HO," 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+ 0O, = ROy’ K
RO, — R+ 0Oy kq

For example, cyclohexadienyl peroxyl radicals decompose back sufficiently rapidly, so that
the rate constant of decomposition k4 > k,[RH] [13]:

Radical T (K) K (L mol™") kg 57 E4 (k) mol™")
[ )
O 2
QO/ 303 0.16 13% 107 31.0
[ )
/O 4
QO 323 0.10 1.0 x 10
[ ]
_0
0
303 0.16 46 45.0
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TABLE 2.4

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

R
C'H,

C'H,

C'H,

CH,C'H,

CH,C'H,

EtC'H,

Me,C'H

PrC'H,

PrC'H,

EtMeC'H

Me,CHC'H,

Me;C”

Me(CH,);C'H,
Me(CH,),C'H,
Me,CC'H,
Me(CH,),C"'H,
Me(CH,);C"HMe
Me(CH,);C"HMe
Me(CH,),;C'HMe
Me(CH,),,C’HMe
Me(CH,),CH=CHC'H
CH=CH(CH,),COOH
Et(CH=CHCH,),CH=CH
C"H(CH,){COOH

OH

§ QQ¢

OH

© 2005 by Taylor & Francis Group.

Solvent

Water

Water, pH = 1.0
Water, pH = 3.0
Water, pH = 0.0
Water

Water, pH = 8.5
Water, pH = 1.0
Water, pH = 0.0
Water, pH = 8.5
Water, pH = 1.0
Water, pH = 1.0
Cyclohexane
Water, pH = 0.0
Water, pH = 0.0
Water, pH = 1.0
Water, pH = 1.0
Water, pH = 1.0
Decane
Hexadecane
Heptadecane

Linoleic acid

Linolenic acid

Water, pH = 1.0

Cyclohexane

Benzene

Water

Toluene, 3,5-bis-1,

1-dimethylethyl-

T (K)
296
298
298
298
298
298
298
298
298
298
298
300
298
298
298
298
298
298
298
298
295

295

298

298

300

298

298

k (L mol™'s™)

4.7 x 10°
4.1 x 10°
3.7 X 10°
2.1 x 10°
2.9 x 10°
1.9 x 10°
3.8 x 10°
1.8 x 10°
1.3 x 10°
3.2 X 10°
3.2 X 10°
4.9 x 10°
3.8 X 10°
3.9 x 10°
2.7 X 10°
2.4 X 10°
2.4 % 10°
4.8 x 10°
1.5 x 10°
1.5 x 10°
3.0 X 108

3.0 X 108

3.5 x 10°

2.0 X 10°

1.6 x 10°

1.5 x 108

9.0 X 107

Ref.
[49]
[50]
(51]
[50]
(52]
[53]
[50]
(50]
[53]
(50]
[50]
[54]
(50]
[50]
(50]
[50]
[50]
[55]
[56]
[56]
[57]

[57]

(50]

(58]

(54]

[59]

(58]



TABLE 2.4

Rate Constants of Dioxygen Addition to Alkyl Radicals

(Experimental Data)—continued

R* Solvent T (K) k (L mol~"s™) Ref.
C'H,Cl Water, pH = 1.0 298 1.9 x 10° [50]
C'H,Br Water, pH = 0.0 298 20 x 10° [50]
CH,C'HCI Water 298 9.0 x 10 [60]
CH,C"Cl, Water 298 1.5 x 10° [60]
CF;C'HCl1 Water/tert-Butanol 298 13 x 10° [61]
CH,CIC'HCI Water 298 9.7 x 10° [60]
N=CC'H: Water/Acetonitrile 298 1.3 x 10° [62]
Me,NC'H, Trimethylamine 298 3.5 x10° [63]
C'H,OH Water, pH = 10.7 298 42 x10° [64]
C'H,CH,0H Water, pH = 1.0 298 6.6 X 10° [65]
CH,C'HOH Water, pH = 7.0 298 46 % 10° [66]
CH,;CH,C'HOH Water, pH = 7.0 298 47 x 10° [66]
Me,C"OH 2-Propanol 300 3.9 X 10° [54]
Me,C"OH Acetonitrile 297 6.6 X 10° [67]
Me,CHC'HOH Water, pH = 7.0 298 34 x10° [66]
EtMeC'OH Water, pH = 7.0 298 40 x 10° [66]
HOCH=C'H Ethanol 295 1.0 x 10° [68]
C"H(OH)CH,OH Water, pH = 7.0 298 32 % 10° [66]
<:>.\ Acetonitrile 297 54 X 10° [67]

OH
C'(O)NH, Water 298 2.7 x 10° [69]
HC'(COOH), Water, pH = 0 298 1.6 X 10° [70]
HC'(CO0), Water, pH = 0 298 13 x 10° [70]
C'H,CO, Water, pH = 8.0 298 1.7 X 10° [71]
(CO,),C'OH Water 293 1.6 X 10° [72]
CH,C(O)C'H, Water 298 3.1 X 10° [73]
CH;C(0)OC’H, Water 298 14 x 10" [74]
C'H,C(0)OCH, Water RT 1.8 x 10° [74]
CHy' Water 293 33 % 10° [75]
o @ Water 288 27 % 10° [75]
e O_@ Water 293 32 x10° [75]
C¢H;C'H, Water, pH = 1.0 298 28 x 10° [50]
C4HsC'H, Benzene 300 29 X 10° [54]
CeHsC'H, Hexane 300 2.8 x 10° [54]
C¢H;C'H, Cyclohexane 300 24 % 10° [54]
C¢Hs5C'H, Hexadecane 300 1.0 x 10° [54]

continued
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TABLE 2.4

Rate Constants of Dioxygen Addition to Alkyl Radicals

(Experimental Data)—continued

R
C¢HsC'H,
CH;C'H,
C¢HsC'H,
C¢HsC'H,

Ot
m—{_H-tm,

F@aﬁ2

Br@aaz
O
-

PhC'HCH;
PhC'HOCH,
PhMe,C"
Ph,C'H

Ph,C"
EtCH,C'HCHj
Ph,NC'HCH,

Solvent

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

T (K)

300
300
294
298
298

298

298

298

298

294

323
293
323
294
293
323
300
298

293

297

297

297

297

297

k(L mol's™")

3.4 X 10°
2.5 % 10°
2.0 X 10°
2.6 X 10°
3.4 % 10°

1.7 x 10°

2.9 x 10°

1.3 x 10°

5.8 x 108

9.0 X 108

8.8 x 108
3.2 X 10°
9.0 X 108
7.5 % 108
1.2 x 10°
8.0 x 107
49 x 10°
2.0 X 10°

2.2 % 10°

6.3 X 10°
4.5 % 10°
3.9 x 10°
2.3 % 10°

43 x 10°

Ref.

[54]
154
[76]
7
77

7

77

771

7

[76]

[78]
(791
[54]
[76]
(80]
[78]
(54
[81]

[82]

(671

(671

(671

(671

(671
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The oxidation of such nonsaturated compounds proceeds through hydroperoxyl radical
formation by the reaction [13]:

[ 3
L]

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—O,, 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
Ph;C" with dioxygen is reversible:

Ph;C" + O; = Ph;COO’

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 60atm™'
(8 x 10° L mol ™!, 303 K). This value is close to K=25atm ™' at 300K (AH =38kJ mol ),
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].

o
O
/

C>. ' 02 = QO

The addition of dioxygen to the cyclohexadienyl radical is also reversible [86]. The following
thermodynamic parameters were estimated for such equilibrium: AH=21kJmol™' and
AS=-84Jmol ' K.

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—o=1.20 x 107" m) and in hydrogen peroxide (ro_o=1.45x 10~'"m).

The internal rotation around the C—O bond in the peroxyl radical occurs with the
energetic barrier Eo.. The height of the barrier depends on the substituent: the greater the
volume of substituent, the higher the barrier of internal rotation [97]:

RO, CH,0, MeCH,0," Me;CO,*
E.or (kJ mol ™) 2.5 5.7 9.2

ROZ' PhMeCHCOz' thCHOz' thMCCOZ.
E,or (kJ mol ™) 7.9 81.1 77.2
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TABLE 2.5
The Structural Parameters of Peroxyl Radicals

HOO* r(O—O0)[ x 10" (m)] r(H—0)[ x 10"° (m)] 6(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(0O—0)[ x 10" (m)] r(C—O0)[ x 10"°(m)] 6(COO0) (deg) Ref.
CH;0," 1.335 1.335 122.1 [96]
CH;0," 1.20 1.38 1125 [92]
CH;0," 1.195 1.44 1125 [99]
CH;0," 1.19 1.44 111 [100]
CH;0,* 1.19 1.44 110 [34]
MeCH,0,* 1.197 114 [101]
MeCH,0,* 1.333 1.363 127.1 [96]

The peroxyl radical is polar and possesses a high dipole moment w. For the values of w
calculated by the quantum-chemical method, see below [98, 102]:

Radical HO,® CH;0Oy’ MeCH,0,* Me,CHO,®
w (Debye) 1.94 2.07 2.38 245

Radical Me;CO,’ PhCH,0,* Ph,CHO,* PhMe,CO,"
« (Debye) 2.40 241 2.26 2.55

The spin density is concentrated on the last oxygen atom in the peroxyl radical R(CO)('O")
(about 80%). However, about 20% of the spin density is concentrated on the (?0) 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).
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TABLE 2.6
Spin and Electron Densities in Peroxyl Radicals [97]

ROO"® Spin Density Electron Density
H 20 o H 20 o
HOy® —0.021 0.2165 0.8065 0.1399 —0.0400 —0.0999
CH;50,° 0.0061 0.1952 0.8084 —0.0223 —0.0396 —0.1198
MeCH,0;° 0.0059 0.1944 0.8105 —0.0345 —0.0061 —0.1258
Me,CHO,® 0.0037 0.2064 0.7999 —0.0387 —0.0633 —0.1321
Me;CO,* 0.0 0.2099 0.7964 -0.0723 —0.1399
PhCH,0," 0.0052 0.1770 0.8113 —0.0611 —0.0911 —0.1340
PhMeCHO," 0.0061 0.2027 0.8038 —0.056 —0.0710 —0.1350
PhMe,CO,* 0.0 0.1878 0.8029 —0.0995 —0.1402
Ph,CHO," 0.0052 0.1770 0.8113 —0.0611 —0.0911 —0.1340
Ph,MeCO," 0.0 0.1878 0.8029 —0.0955 —0.1402

The electronic spectrum of the cyclohexylperoxyl radical has a maximum at A =275nm
with molar absorption coefficient £ =2.0 x 10° L mol~! cm ™" [103]. The dissociation energy
of the O—H bond in a hydroperoxide ROOH depends on the R structure [104-106]:

R H RCH, R1RCH R1R2R3C

D(O—H) (kJ mol™") 369.0 365.5 365.5 358.6

The values of enthalpies of peroxyl radical formation (AH°) calculated from the enthalpies of
hydroperoxide formation according to the thermochemical equation:

AHP(ROO") = AHY(ROOH) + D(O—H) — AH}(H") (2.14)

are presented in Table 2.7.
The enthalpy of peroxyl radical formation is related to AH(ROOH) by the following
relationship:

AHY(ROO") = AHY(ROOH) + AAH, (2.15)

where the increment AAH is 147.5kJ mol~' for primary and secondary alkyl hydroper-
oxides, and 140.6kJ mol ' for tertiary alkyl hydroperoxides. The increments for various
groups in the additive scheme of enthalpy AH; calculation for hydroperoxides have the
following values: AH(O—(C)(0O)) = —20.75+0.81 kJ mol~!, AH[(O)—OH] = —72.26 +1.2kJ
mol ™' [116]. The AAH increments for various groups in the calculation of enthalpy AH, of
peroxlides evaporation are AH[(0O)—O—(C)]=6.26kJ mol~', AH,[(O)—OH]=27.4kJ
mol ™ [117].
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TABLE 2.7
Enthalpies of Formation AHY (gas, 298 K) of Hydroperoxides and Peroxyl Radicals
and C—O;’ Bond Dissociation Energies in Peroxyl Radicals

-AH(ROOH) AHL(ROO") D(R-0,’)

Hydroperoxide (kJ mol™) (kJ mol™) (kJ mol™) Ref.
Methyl-, MeOOH 1322 15.3 131.7 [107,108]
ethyl-, EEOOH 169.4 -21.9 140.9 [108]
1-Methylethyl-, 198.3 -50.8 140.8 [108]
Me,CHOOH
Butyl-, PrCH,00H 205.0 -57.5 135.5 [107]
1,1-Dimethylethyl-, 242.0 -101.4 149.4 [107-109]
Me;COOH
Pentyl-, 217.6 -70.1 127.7 [107]
Me(CH,);CH,O0H
1-Methylbutyl-, 2343 -86.8 135.4 [107]
MePrCHOOH
1-Hexyl-, 237.8 -90.3 127.3 [107,110]
Me(CH,),CH,O0H
1-Methylpentyl, 252.6 -105.1 133.1 [107,110]
BuCH(OOH)Me
1-Ethylbutyl-, 245.1 -97.6 [110]
PrCH(OOH)Et
1-Heptyl-, 282.2 —-134.7 151.3 [107,110]
Bu(CH,);O0H
1-Methylhexyl-, 278.8 -131.3 139.7 [107,110]
BuCH,CH(OOH)Me
1-Ethylpentyl-, 282.1 —-134.6 142.8 [110]
BuCH(OOH)Et
1-Propylbutyl-, 269.1 -121.6 131.5 [110]
PrCH(OOH)Pr
1,1-Dimethyl-2-pentyn-4- -127.1 267.7 [111]
enyl-, CH>=CHC=C
CMe,O0H
1,1,4,4-tetramethyl-1,4- 428.6 —288.0 [112]
dihydro peroxybutane,

[HOOCMe,CH,],
cyclohexyl-, 214.9 -67.4 135.1 [110]
H
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TABLE 2.7

Enthalpies of Formation AHY (gas, 298 K) of Hydroperoxides and Peroxyl Radicals

and C—O;’ Bond Dissociation Energies in Peroxyl Radicals—continued

—-AH{(ROOH)
Hydroperoxide (k) mol™)

1-Methylcyclohexyl-, 270.3

/H
E-9-Decalyl-, 271.8

_O—H

D
1-Methyl-1-phenylethyl-, 85.3
PhMe,COOH
1-Tetralyl-, 104.5

H

H fo—o

AHL(ROO")
(k) mol™)

-129.7

-137.2

55.3

43.0

DR-0,’)
(k) mol™)

152.4

136.9

85.3

91.2

Ref.

[110]

[113]

[109,114]
[115]
[110]

2.4.2 ReactioN RO, + RH — ROOH + 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]:

RO,"+ RH — ROOH + R".

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 (PhMe,CD) ninefold slower than with the C—H bond (cumene, 303 K [118]). The
second isotope effect (ratio k,(PhMe,CH)/k,(Ph(CD3),CH) is close to unity, i.e., 1.06 per

C—D bond [118].

RD PhMe,CD
RO, Me;COO*
kp(HY/ky(D) 10
Ey—Ep (kJ mol™") 5.8

PhMe,CD

PhMe,COO*
9
5.5

Tetralin C;oD;,

Me;COO"
15.5
6.9
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The difference of activation energies in RO,  reactions with C—D and C—H bonds (6.1 + 0.6 kJ
mol ') is close to that of dissociation energies of these bonds (D¢ p—Dc— = 6.3kJ mol ™ 1).

The enthalpy of the RO, + RH reaction is determined by the strengths of disrupted and
newly formed bonds: AH= Dr_y—Droo_p- 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 ™' (see Chapter
7). The approximate linear dependence (Polany—Semenov relationship) between activation
energy E and enthalpy of reaction AH was observed with different £, values for hydrogen
atom abstraction from aliphatic (R'H), olefinic (R’H), and alkylaromatic (R*H) hydrocar-
bons [119]:

E =Ey+045AH. (2.16)

The pre-exponential factor Ac_py for the reaction RO, + RH per attacked C—H bond
differs for aliphatic hydrocarbons and for hydrocarbons, where the attacked C—H bond is
in the a-position to m-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 -
electrons with electrons of reaction center. When the peroxyl radical attacks the C—H bond
in neighborhood with the m-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 Ey and Ac__g are given here [119]:

R'H R'H R*H R*H
Eo (kJ mol™!) 40.4 54.3 46.3
Ac_y (L mol 's™h 10° 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)) = 23.03 — 0.0807 x Dr_p + 31.48(IP — EA)"! — 0.96 V', (2.17)

where Vg (cm?® mol™") is the volume of the substituent in the a-position to the reacting C—H
bond, the values of Dr_y, IP (ionization potential), and EA (electron affinity) are expressed
in kJ mol™" and k in L mol™' s™', 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"+ HEt) has the following characteristics
(Figure 2.1):

Reaction r(C—H)[ x 107"° (m)] r(O—H)[ x 107'° (m)] 0(CHO) (°) Method Ref.
HO,"+ CHy 1.295 1.176 180 MP2/6-16** [99]
EtO," + EtH 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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FIGURE 2.1 Geometry of transition state of reaction EtO," + EtH calculated by DFT method [120].

(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 RO,"+ RH, where RH is 2-methyl-
pentene-2, T=333 K [121], are presented below:

Solvent RH CeHe CeHe PhNO, PhNO,
(mol%) (1 000/0) (500/0) (900/0) (1 00/0) (200/0)
ky (Lmol™'s™") 42 8.1 11.5 1.8 0.9

The experimental values of rate constants and activation energies for the reaction of RO,
with hydrocarbons are given in Table 2.8. For the experimental methods of k, 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
(0) p)
4 PION _OH
o " OO H @ . o) .
_OH _OH

(0) . (©) .
Mo—o + RH — 0-OH + R
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TABLE 2.8

Rate Constants of the Hydrogen Atom Abstraction by Peroxyl Radicals from the

Hydrocarbons (RO, + RH — ROOH + R’)

RH

Me(CH,)sMe
Me(CH,),Me
Me(CH,)4Me
MeEt,CH
Me,CHCH,CHMe,
(Me,CHCH,),CHMe

ajslelele

Me,C=CMe,
Me,C=CHCH,Me
MeCH,CH=CHCH,Et
Me,CHCH=CHCHMe,
CH,=CHCH,CH,Bu
CH,=CHCH,CH=CH,
PrCH,C=CCH,Pr

0. 0000¢
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T (K)

323
323
323
303
373
313-353
333

403-433

333

333

323-358

303
313-333
303
303
303
303
303
303

303-323

333

303

288

298-318

288

303-323

E (k) mo|_1)

54.0

71.4

36.8

29.3

25.1

39.7

log A A
(L mol™ s_I)

5.28

7.43

10.70

6.40

5.46

4.93

7.61

k(350 K)
(L mol™ s_1)
0.10
0.22
0.30
8.0 X 107
0.23
0.39
0.71

0.35

0.43

0.40

2.60
8.09
1.40
2.30
1.00
14.0
2.80
7.00

12.2
10.0
5.40
0.65

15.30

48.44

[126]

[25]

[126]



TABLE 2.8
Rate Constants of the Hydrogen Atom Abstraction by Peroxyl Radicals from the
Hydrocarbons (RO, + RH — ROOH + R’)—continued

log A, A k (350 K)
RH T (K) E (k) mol™) Lmol™'s™  @mols™ Ref.

Q 288-308 34.7 7.05 7.44 [126]

@ 303 8.1 x 10 [28]

@ 303 1.5 x 103 [28]

PhCH;, 303 0.24 [28]

PhCH, 348 2.30 [34]

; 303 0.42 [28]
; 333 2.80 [25]

2 303 0.48 [28]

2 333 2.05 [25]
C 303 0.84 [28]
C 333 2.80 [25]

PhCH,Me 323-363 35.6 5.98 4.65 [38]

PhCH,Me 303 1.30 [28]

PhCHMe, 308-338 424 6.51 1.52 [39]

PhCHMe, 313-363 41.0 6.60 3.03 [127]

PhCHMe, 303 0.18 [28,41]

PhCHMe, 303 0.41 [40]

PhCHMe, 348 1.44 [34]

PhCH,Pr 303 0.56 [28]

PhCHMeEt 303 7.6 X 107 [41]

Ph,CH, 323-353 489 8.30 10.05 [38]

Ph,CH, 348 23.4 [34]

Ph,CH, 303 2.10 [28]

PhCH,CH,Ph 303 0.28 [28]

PhMePrCH 303 0.07 [128]

MePh,CH 313-353 50.6 8.57 10.43 [42]

Ph,CHMe 303 0.34 [28,41]

continued
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TABLE 2.8
Rate Constants of the Hydrogen Atom Abstraction by Peroxyl Radicals from the
Hydrocarbons (RO;" + RH — ROOH + R’)—continued

logA, A k (350 K)

RH T(K) Edmol™ (Lmols™) @mol's™ Ref.
Q_Q 348 5.10 [128]
<:>_© 348 1.00 [128]
<:>_© 303 0.06 28]
O_@ 348 2.20 [128]

C 348 24.0 [128]
©:> 303 4.8 28]
E:O 291-333 23.0 4.74 20.30 [129]
©i> 273-298 18.8 4.40 39.29 [45]

(;O 303 6.35 [28.41]
: C 348 55.6 [36]

303 3.30 X 102 [28,41]
Oi:@ 348 1.56 x 102 [36]
PhCH,CH=CH, 303 10.0 28]
PhCH,CH=CHMe 303 8.2 [28]
303 1.42 % 102 [28]
303 9.0 X 102 28]

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.
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TABLE 2.9
Rate Constants of Isomerization of Peroxyl Radicals (Experimental Data)

Peroxyl Radical Product T, (K) k (s™") Ref.
Me,C(O,")CH,CHMe, Me,C(OOH)CH,C"Me, 373 18 [26]
MeCH(O,")CH,CH,Me MeCH(OOH)CH,C*"HMe 373 0.87 [131]
Me,C(0,)(CH,),CHMe, Me>C(OOH)(CH,),C*Me 373 8.0 [13]
Me,CHCH,C(0,")Me CH,CHMe, Me,C*CH,C(OOH)MeCH,CHMe, 373 46 [132]
MeCH(O,")(CH,);;Me MeCH(OOH)CH,C*H(CH,)oMe 413 1.7 x 10? [133]
MeCH(O,")(CH.);sMe MeCH(OOH)CH,C*H(CH,),,Me 433 1.4 x 10 [134]
PhCH(O,")OCH,Ph PhCH(OOH)OC'HPh 303 86 [135]
PhCH(O,")OCH,Ph PhCH(OOH)OC HPh 323 1.1 x 10? [136]
PhCH(OOH)OCH(O,")Ph PhC*(OOH)OCH(OOH)Ph 323 9.5 [136]

2.4.4 ApbbitioN ofF PeroxyL RabpicAL TO THE DousLE 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]:

RO;" + CH,=CHX — ROOCH,C'HX
ROOCH,C'HX + O, — ROOCH,CHXOO"
ROOCH,CHXOO* + CH,=CHX — ROOCH,CHXOOCH,C'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 RO, addition to the mw-bond of
olefins are given below [13]:

Olefin Ethylene Propylene Hexene-1 Butene-1 Cyclohexene
T (K) 383 383 363 343 333
[ROORJ/[ROOH] (%) 100 50 33 26 44
Butene-1, Trimethyl Cyclo
Olefin Isobutene Trimethyl- ethylene Cyclopentene Octene
T (K) 353 343 333 323 343
[ROORJ/[ROOH] (%) 80 6 52 11 71

The rate constant of RO, addition to the w-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]:
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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's™ Ref.
CH,=CHEt CH,=CHCHMeO,’ 343 6.3 [13]
E-MeCH=CHMe E-MeCH=CHCH,0," 343 1.9 [13]
CH,=CMe, CH,=CMeCH,0,’ 353 3.8 [13]
CH,=CHBu (CH;);CO5’ 393 0.83 [138]
Me,C=CMe, Me;CO,” 393 22 [138]
Me,C=CMe, ~CH,CH(0,")Ph 323 1.3 X 102 [139]
Me,C=CMe, CF;CCL,0," 294 3.1 X 107 [140]
Me,C=CMe, CF,CIO, 294 8.3 X 107 [140]
Me,C=CMe, (CF3),CFO," 294 5.0 X 107 [140]
CH,=CHCMe, Me;CO,” 393 0.56 [138]
CH,=CHCMe, PhMe,CO,’ 393 0.66 [138]
PhCH=CH, HO,’ 323 78.8 [141]
PhCH=CH, Me;CO,’ 323 13.8 [141]
PhCH=CH, Me;CO,’ 303 1.3 [142]
PhCH=CH, Me;CO,” 393 40.0 [138]
PhCH=CH, PrCH,CO," 303 14.0 [44]
PhCH=CH, PhMe,CO,’ 323 21.1 [141]
PhCH=CH, PhMe,CO," 368 76.6 [143]
PhCH=CH, Ph,CHO,’ 303 16.0 [44]
PhCH=CH, CF;CCL,0," 294 57 X 103 [140]
PhCH=CH, 0-0" 303 8.65 [144]
PhCH=CH, cyclo-CgH,50," 323 1.10 X 10? [141]
PhCH=CH, ~CH,CH(O,")Ph 286-333 4.70 X 107 exp(-35.1/RT) [145]
PhCH=CH, ~CH,CH(O,")Ph 323 1.1 x 107 [146]
PhCD=CH, ~CH,CH(O,")Ph 286-333 2.29 % 108 exp(=39.7/RT) [147]
PhCD=CH, ~CH,CD(0,")Ph 286-313 2.516 x 108 exp(~39.7/RT) [147]
PhCH=CD, ~CD,CMe(O,")Ph 313 78 [147]
PhCD=CD, ~CD,CD(0,")Ph 313 55 [147]
C¢DsCH=CH, ~CH,CH(O,") C¢Ds 313 69 [147]

C Vi ~CH,CH(0,"Ph 323 56 [139]
Br

C / PhMe,CO," 368 57.9 [143]
Br
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TABLE 2.10
Rate Constants of the Addition of Peroxyl Radicals to the Double Bond of Olefins
(Experimental Data)—continued

Oxidizing Compound Peroxyl Radical T (K) k(L mol's™ Ref.
>‘/©/\ PhMe,CO,’ 368 84.4 [143]
/©/\ ~CH,CH(O,")Ph 323 45 [139]
CN
/@/\ o 313 91 [147]
o

@]
Z
O
Z
~

Cl\©/\ 0 303 101 [147]
O
Cl\©)\/R
Cl\©/\ o 313 1.0 X 102 [147]
()
C1\©)\/R
/©/\ PhMe,CO," 368 55.5 [143]
Cl
/@/\ ~CH,CH(0,")Ph 323 55 [139]
Cl
/@/\ o 313 1.2 x 10° [147]
O
Cl /©)\/R
Cl
/©/\ o 313 123 [147]
O
Cl /©)\/R
Cl
/©/\ ~CH,CH(O,")Ph 323 56 [139]
F
/@/\ ~CH,CH(0,")Ph 323 70 [139]
1
A PhMe,CO,’ 368 1.11 x 102 [143]
o
A o 286-333 1.41 X 107 exp(=30.1/RT) [145]
O
o

/
| i
]

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

Oxidizing Compound

SO
JON
JON

Vs

Vs

X
O
X
X
NO, \©/\
N02©A
o
CFy
PhMeC=CH,
PhMeC=CH,
PhMeC=CH,
PhMeC=CH,
PhMeC=CH,

PhMeC=CH,
PhMeC=CH,

PhMeC=CH,
PhMeC=CH,
PhMeC=CH,

PhMeC=CH,
PhCIC=CH,
MeCH=CHPh
MeCH=CHPh
MeCH=CHPh
E-PhCH=CHPh

E-PhCH=CHPh
Z-PhCH=CHPh
CH,=CPh,

© 2005 by Taylor & Francis Group.

Peroxyl Radical

~CH,CH(0,")Ph
~CH,CH(0,")Ph

PhMe,CO,"

PrCH,0,’
Me;CO,"
Me;CO,’
Me;CO,’
PhMe,CO,"
cyclo-CgH 50,

0-0°

O

Ph,CHO,"
~CH,CMe(COOMe)O,”
~CH,CMe(0,")Ph

~CH,CH(0,")Ph
PhMe,CO,’
Me;CO,’
PhMe,CO,"
~CHMeCHPhO,"
HO,"

MC3C02.
MC3C02.
Me,CO,"

T (K)

313

323

313

323

323

368

303
303
323
393
323
323
303

303
323
286-323

323
303
303
303
303
313-393

303
303
303

k (L mol™ 5_1)

123

69

83

40

41

25.5
2.9

47.0

34

2.19 x 107
16.0

25.0
13.0
6.6 X 10° exp(-33.7/RT)

98.0
3.9
2.5
4.2
51
1.20 X 108 exp(=37.7/RT)

0.44
0.12
9.2

Ref.

[147]

[139]

[147]

[139]

[139]

[143]

[44]
[142
[141
[138
[141
[141
[44]

[44]
[141]
[148]

[141]
[44]
[149
[118
[148
[141

[149]
[149]
[149]



TABLE 2.10

Rate Constants of the Addition of Peroxyl Radicals to the Double Bond of Olefins

(Experimental Data)—continued

Oxidizing Compound Peroxyl Radical T (K) k(L mol™s™) Ref.
@ CF,CCl,0,’ 294 2.1 X 10° [118]
C§ CF,CCl,0,’ 294 3.2 x 10° [118]
0-0" 303 1.2 x 102 [148]
.
0,o‘ 303 2.9 X 10? [28]
U
R 323-343 1.4 X 108 exp(=35.1/RT) [150]
(L
PhCH(O2")Me 323-358 1.1 X 109 exp(~18.6/RT) [151]
OOO PhCH,0,’ 323-353 1.2 X 1013 exp(—60.6/RT) [151]
MeCH=CHCH,0H CF;CCL0," 294 4.9 x 104 [140]
CH,=CMe CH,CH,0H  CF,CCLO0," 294 5.3 x 10* [140]
CH,=CHOEt Me;CO,’ 303 4.0 x 1072 [149]
CH,=CHC(O)Et Me;CO,’ 303 1.3 x 1072 [149]
CH,=CHC(O)Et ~CH,CH(C(0)Et)0," 303 2.7 [149]
Me,C=CHC(O)Me HO, 313-393 2.0 X 10% exp(~18.8/RT) [141]
CH,=CHOC(O)Me HO,’ 323 6.8 [141]
CH,—CHOC(O)Me Me,CO,’ 323 0.10 [141]
CH,=CHOC(O)Me PhMe,CO,’ 323 0.20 [141]
CH,=CHOC(0)Me cyclo-CgH, 50, 323 1.50 [141]
CH,=CHOC(0)Me ~CH,CH(0,"0C(O)Me 323 2.80 [141]
CH,=CHC(0)OMe ~CH,CH(O,")Ph 323 9.8 [141]
CH,=CMeC(0)OMe PhMe,CO," 323 1.8 [141]
CH,=CMeC(0)OMe Me;CO,’ 323 1.1 [141]
CH,=CMeC(0)OMe HO," 323 40 [141]
CH,=CMeC(0)OMe cyclo-CgH,50," 323 10.4 [141]
CH,=CMeC(0)OMe ~CH,CH(0,"Ph 323 12 [141]
CH,=CMeC(0)OMe ~CH,CMe(0,")C(0)Me 303-323 8.3 X 10% exp(=53.5/RT) [152]
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

Oxidizing Compound
Me,C=CHOC(O)Me
Me,C=CHOC(O)Me
E-MeCH=CHC(O)OMe
E-MeCH=CH C(O)OEt
CH,=CMeC(0)OBu
CH,=CMeC(0)
OCH,CHMe,
Z-EtOC(0O)
CH=CHC(0)OEt
E-EtOC(O)
CH=CHC(O)OEt

[(CH,=CHC(O)
OCH,],CMe,

[CH,=CHC(O)
OCH,),C

[CH,=C(CH;)C(O)
OCH,],C

CH,=CHC(O)NH,
CH,=CHC(O)NH,
CH,=CHC(O)NH,
CH,=CMeC(O)NH,
CH,=CMeC(O)NH,
CH,=CHCN
CH,=CHCN
CH,=CHCN
CH,=CHCN
CH,=CHCN
CH,=CHCN
CH,=CHCN
MeCH=CHCN

Peroxyl Radical
Me;CO,’
~CMe,CH(COOMe)O,"
HO,

HO,
~CH,CMe(COOBu)O,"
~CH,CMe(C(O)OCH,

CHMe,)0,"

HO,'

HOZ.

PhMe,CO,’

PhMe,CO,"

PhMe,CO,"

PhMe,CO,"
Me;CO,”
cyelo-CgH; 50,
Me;CO,’
cyelo-CgH; 50,
HO,'

Me;CO,"
PhMe,CO,’
cyclo-CgH 50,
~CH,CH(O,")Ph
~CH,CH(0,")CN
~CH,CH(0,")CN
~CHMeCH(CN)O,"

T (K)
303
303
313-393
313-393
303-323

323

313-393

313-393

323

323

323

323
323
323
323
323
323
323
323
323
323
323

303
303

k (L mol™’ 5_1)
1.0 1072
0.20
3.72 10° exp(~25.1/RT)
1.82 103 exp(-25.1/RT)
6.3 107 exp(—45.6/RT)

24

7.08 109 exp(41.4/RT)

5.37 10° exp(61.5/RT)

0.76

1.3

3.1

0.40
0.20

5.1
25
11
32
4.5

Ref.
[149]
[149]
[141]
[141]
[152]

[152]

[141]

[141]

[153]

[153]

[154]

[141]
[141]
[141]
[141]
[141]
[141]
[141]
[141]
[141]
[141]
[141]
[149]
[149]
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TABLE 2.11
Rate Constants and Activation Energies of the Decomposition of
Peroxyalkyl Radicals with Epoxide Formation ([13,139])

Monomer T (K) k(s™" E (k) mol™") log A, AGs™Y)
E-MeCH=CHMe 363 9.1 x 10° 339 12.1
CH,=CMePr 343 9.1 x 10° 33.9 12.1
Me,C=CHMe 333 6.7 x 10° 33.8 12.1
CH,—CHPh 323 7.6 x10° 53.6 12.5
CH,=CMePh 323 6.8 x 10* 47.7 12.5

X
368 3.8 x 10*
o
A
368 6.6 x 10*

368 4.7 x 10*
368 7.6 x 10*

368 2.4x%10*

333 2.9 x 107 34.2 12.8

343 4.5x 10 27.4 12.8

o
CF;
@ 323 45x10° 38.2 12.8

R. X o
Q — A X + RO
o

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' + RCH—=CHR — RC'HCH(OOH)R
RC'HCH(OOH)R + O, — RC(OO")HCH(OOH)R
RC(O0")HCH(OOH)R — RCH=C(OOH)R + HOO*

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
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TABLE 2.12

Thermodynamic Characteristics of Equilibrium ROOOOR <> 2 RO’

PrMe,C—
Me,CHMe,C—
Me,CHMe,C—
Me;CMe,C—
Me;CCH,Me,C—

Solvent

Dichloro methane
Dichlorodifluoromethane
2-Methylbutane
2-Methylbutane
Dichlorodifluoromethane
2-Methylbutane
Dichlorodifluoromethane
Cyclopropane
Dichlorodifluoromethane
2-Methylpentane
2,3-Dimethylbutane
2-Methylbutane
2,2,3-Trimethylbutane
Dichlorodifluoromethane

Dichlorodifluoromethane
Cyclopropane
Dichlorodifluoromethane
Dichlorodifluoromethane
Cumene

2-Methylbutane
Dichlorodifluoromethane

AH®
(k) mol™")

46.6
35.1
35.1
37.2
314
40.6
335
33.0
335
37.2
343
36.0
36.4
32.6

29.3

46.9
443
38.5

AS°
(Jmol™"K™")

222
136
125
151
121
184
105

63
138
163
142
138
159
130

59
84
125

146

201

134

K (200K)
(mol L™7)

0.27
8.6x 1073
23%x1073
1.5% 1072
1.3 x 1072
0.10

54x%x107%
47x107°
29x%x1072
6.3 x 1072
3.9%x 1072
6.4x1073
6.3 x 1072
1.9 x 1072

7.6 x107°
1.9x1074
6.0 x 1072

0.94

1.8 x 1072

8.8 x 107

[161]
[158]
[158]
[159]

[162]
[158]

different for tertiary and secondary alkylperoxyl radicals. The first step involves the reversible

formation of unstable tetroxide [12,13,15]:

2RO," — 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 CH,Cl, at 77K and oxidation of
1,1-dimethylethyl hydroperoxide with lead tetraacetate at 183 K in CH,Cl,. 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 47kJ mol .

The irreversible decay of tetroxide occurs as the result of the dissociation of the O—OR

bond to produce RO;" and RO’ radicals:

ROOOOR — RO3" + RO’

The results of estimation of the decomposition rate constants kq are collected in Table 2.13.
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TABLE 2.13
The Rate Constants and Activation Energies of Tetroxides Decomposition
ROOOOR — RO;" + RO’

R— Solvent E (k) mol™") log A, A(s™) k4(200K) (s™") Ref.
Me,CH— Dichlorodifluoromethane 40.2 10.3 0.63 [160]
Me;C— Dichlorodifluoromethane 71.5 16.7 1.06 x 1072 [157]
Me;C— 2-Methylbutane 73.2 16.6 3.04%x 1073 [157]
Me,PrC— 2-Methylpentane 76.1 19.6 0.53 [162]
BuCH,CHMe— Heptane 44.8 11.6 0.79 [158]
Me;CMe,C— 2,2.3-Trimethylbutane 67.8 17.5 0.21 [158]
Q— Cyclopentane 41.8 12.3 24.2 [156]
<:>— Cyclohexane 40.6 11.6 9.9 [156]
PhMe,C— Cumene 69.0 17.1 0.12 [157]

According to the quantum-chemical calculations and experimental findings, the BDEs
were found to be the following [21]:

D(ROO—OOR) = 35.0 £ 2.3kJ mol ™!
D(ROOO—OH) = 105.0 £ 2.0kJ mol~!
D(ROOO—OR) = 87.0 + 5.8 kJ mol ™!
D(ROOOO—R) = 266.1 + 5.0kJ mol ™!

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 O,. The chain termination includes the following stages in hydrocarbon
oxidation by tertiary the C—H bond [12,13,15,165,166]:

TABLE 2.14
The Enthalpies of Formation of Tetroxides [21]

Tetroxide —AH® (k) mol™") Tetroxide —AH® (k) mol™")
HOOOOH 136.0 EtOOOOMe 156.5
MeOOOOH 131.0 Me;COOOOMe 2314
EtOOOOH 163.2 EtOOOOEt 192.9
Me;COOOOH 246.0 Me;COOOOEt 265.7
MeOOOOMe 125.5 Me;COOO0CMes 349.0
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RO, + RO, — ROOOOR
ROOOOR — [RO;" + RO’
[RO;* + RO] — [RO" + RO] + O,
[RO" + RO'] — RO" + RO"
[RO" + RO'] — 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 10° to 10°
L mol~' s~ 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 RO;" — 2 RO™+ O, 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:

Me>PhCO" — PhC(O)Me + CH5"

The formed methyl radical adds dioxygen, and the methylperoxyl radical participates in
chain termination:

CHj;® + O, — CH;30;°
Me,PhCOO" + CH;0," — Me,PhCOH + CH,(0) + O,

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 Me,PhCOO" +
CH;0," 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 O,:

2R'R’HCOO" — R!'R?HCOOOOCHRR,
R'R’HCOOOOCHR'R? — R'R,C=0 + O, + HOCHR'R?

This reaction is very exothermic (e.g., AH=—405kJ mol ' for cyclohexyltetroxide) and
supposed to occur rapidly. The values of rate constants for primary and secondary RO,
cover the range at 300 K, 2k, = 10° to 10® L mol~' s~ (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:

5 R, 0-O° R, 0-Q R, R,
G — O —™ RRCO + 0O, +
; 2
R; H Ry -0 R, OH H
R,
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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(Lmol™"s™") Ref.
Me;CO," Me,CHPr 225-249 1.30 x 10'? exp(—35.1/RT) [167]
Me;CO,” Me(CH,),Me 303 8.51 x 10'° exp(—30.1/RT) [167]
Me;CO,* Et,MeCH 303 1.23 x 10" exp(—35.1/RT) [167]
Me;CO, O 303 1.10 x 10" exp(—35.6/RT) [167]
Me;CO," <:>7 303 1.48 x 10'% exp(—35.6/RT) [167]
Me;CO,* CeHe 309-338 1.41 x 10'° exp(—42.7/RT) [168]
Me;CO," CeH, 295-333 2.00 x 107 exp(—22.6/RT) [169]
Me;CO,* CeHe 295-333 2.51 x 10° exp(—18.8/RT) [169]
Me;CO,* CF,Cl, 253-303 3.16 x 10° exp(—21.3/RT) [158]
Me;CO," CCly 303 1.0x10° [170]
Me;CO,* CH;0H 295-333 1.58 x 10® exp(—26.4/RT) [169]
Me;CO,* Me;COOH 338 2.80 % 10° [15]
Me;CO," Me;COOH 295 42x10° [168]
Me;CO,* Me;COOCMe; 303 3.63 x 10" exp(—34.7/RT) [167]
EtMe,CO," CF.Cl, 253-303 5.01 x 10° exp(—19.7/RT) [158]
EtMe,CO," CcCly 303 4.50 x 10? [158]
Me,(Me,CH)CO.* ccl, 303 1.00 x 10° [170]
Me,(Me,CH)CO,* CF,Cl, 253-303 5.01 x 10° exp(—16.7/RT) [158]
Me,(Me,CH)CO," CH;OH 253-303 1.58 x 10° exp(—29.3/RT) [158]
Me(CH,),C(0,")Me, PrCHMe, 213-273 1.30 x 10" exp(—39.0/RT) [171]
Me;CC(05")Me, Me;CCHMe, 243-293 1.60 x 10° exp(—31.4/RT) [171]
Me,C(0,")CH,CHMe Me,CHCH,CHMe 243-293 2.60 x 10'® exp(—46.0/RT) [172]
CH,CHMeCHMe, CH,CHMeCHMe,

Me;CCH,Me,CO-® CF,Cl, 253-303 5.00 x 10° exp(—16.7/RT) [158]
Me;CCH,Me,CO-* CcCly 303 1.00 x 10° [158]
Me;CCH,Me,CO,® CH;0H 303 1.58 x 10° exp(—29.3/RT) [170]
E><>-0' CF,Cl, 253-303 3.16 x 107 exp(—23.8/RT) [158]
<:><0‘0 CF,Cl, 253-303 5.01 x 107 exp(—25.5/RT) [158]
<:><°‘0' <:>— 187-263 7.40 x 10® exp(—25.2/RT) [173]
Me,C=CHC(0,")Me Me,C—=CHCHMe 234-293 1.60 x 10" exp(—21.0/RT) [172]
CH,CHMeCHMe, CH,CHMeCHMe,
PhMe,CO,* PhMe,CH 164-243 1.60 x 10° exp(—25.1/RT) [127]
PhMe,CO," CeH, 253-303 3.98 x 10° exp(—28.7/RT) [158]
PhMe,CO,* ccl, 303 8.00 x 10° [170]
PhMe,CO,* PhMe,COOH 398 4.40 x 10* [174]
PhMe,CO," PhMe,COOH 338 8.00 x 10* [15]
PhMe,CO,* H,0 303 4.40 x 10* [158]
Me,(PhCH,)CO," cCl, 303 1.70 x 10* [170]
Ph,MeCO, CCly 303 6.40 x 10° [170]
Ph,MeCO,* CeHe 175-200 1.26 x 10% exp(—10.5/RT) [158]
MeEtPhCO,* MeEtPhCH 303-329 2.00 x 10° 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(Lmol™"s™") Ref.
©_<0‘0' _©_< 308338 2.00 x 10° [175]
—0 —Q

>: 50_0- ©_< 303 6.00 % 10* [118]
\O©_<0-0' \o©_< 303 4,00 x 10* [118]
—q . —Q

>—©—<° 0 >_©_< 303 3.00 x 10* [118]

(o] O
4©_<0;0° M 348 6.60 x 10° [176]
>_©_<0—0‘ >—©—< 348 1.10 x 10° [177]
;\: : . ;\: : 348 1.00 x 10° [177]
0-0
:%3—<0'0 :%3—< 348 1.00 x 10° [177]
5
: :/2 EO_O. :/2 348 3.20% 10 [177]
>:§;§:<0'0 >:§;§:< 348 8.00 x 10° [178]
Et,PhCO,* PhCHE, 348 2.70 x 10° [176]

/O.

o : |>—© 348 1.90 x 10° [176]
/O.

o : <>_© 348 8.00 x 10° [176]
/o.

i o C Q—@ 348 8.1% 10° [176]
/O.

O—@ 348 8.9 x 10° [176]

%
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TABLE 2.16
Rate Constants of the Reaction: 2RO, — 2RO’ + O, (Experimental Data)

Peroxyl Radical Solvent T(K) k(Lmol™'s™" Ref.
Me;CO>* CF.Cl, 253-303 5.00 x 10° exp(—36.4/RT) [158]
Me;CO,” CH;OH 295-333 2.51 x 10" exp(—39.7/RT) [169]
Me;CO>* CH;0H 295 8.20 x 10° [168]
Me;CO>* H,0 295 2.50 x 10* [168]
Me;CCH,Me,CO,* CH;OH 295-303 1.00 x 10" exp(—41.0/RT) [169]
PhMe,CO* CH;0H 295-303 5.00 x 10'° exp(—32.6/RT) [169]
PhMe,CO," CF,Cl, 295-303 5.00 x 10 exp(—30.5/RT) [158]
MeEtPhCO,* CH;OH 295-303 5.00 x 10'® exp(—23.0/RT) [169]

It can be seen that primary and secondary RO," 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 RO, [ky/kp = 1.9 for ethylbenzene, kyy/kp = 2.1 for styrene, and
kuy/kp=1.37 for diphenylmethane [179]). Because of this, RO," 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, 2k, =2 x 10’
and 3.8 x 10° L mol~! s™' for RO," 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 18kJ mol™') and does not occur rapidly. The pre-
exponential factor 4 of concerted decomposition should be less than value 10" s~!
[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 RO," 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]:

R!R?HCOOOOCHR'R? — [R!RZHCOOO" + R!R2CHO’]
[R'R?HCOOO® + R'R?CHO’] — R'R?*CHOH + R'R*C°'000
[R'R?HCOOO® + R'R?CHO’] — R'R?C(0) + R'R?HCOOOH

R'R2C'O00° — R'R*C(0)* +'0,
[R'R?HCOOO" + R'R2CHO’] — R'R?*C(0) + R'R*HCOH + O,
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[R'RZHCOOO’ + R'R?2CHO'] — R'R?HCOOOH + R'R2C(0)
R'R?HCOOOH — [R'R’HCO’ + HOO']
[R'R?’HCO* + HOO'] — R!R2C(0) + H,0,
[R'R*HCO® + HOO'] — R!R?CHOH + 0,

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 R'R?*C"O0O" biradical formed in the cage is a predecessor
of exited carbonyl compound and singlet dioxygen.

. The formation of hydrogen peroxide as the product of peroxyl radical reactions in the

cage [187-192].

. All reactions of this scheme are in accordance with the quantum-chemical law of

conservation of orbital symmetry [4].

. This scheme explains the high values of rate constants and the low activation energy of

such reactions (see Table 2.15).

. It can be seen that primary and secondary RO," radicals disproportionate in the cage

involving the «-C—H bond, which explains why the substitution of D in the a-position
for H retards the disproportionation of RO,". Because of this, RO," 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].

. The limiting step of the reaction between two peroxyl radicals is the homolytic splitting

of tetroxide. Such reactions occur with high pre-exponential factors (10'* to 10'¢ s™1).

. According to the concerted mechanism of tetroxide decomposition, the ratio of formed

amounts [alcohol]/[ketone]=1 should be temperature-independent. However, the
experimental study provided evidence for the dependence of this ratio on temperature.

RO’ BuOO* BuMeCHOO* cyclo-CsHyO0® cyclo-C¢H,,00°
T (K) 148 148 148 243
[ROHJ/[R'R?CO] 0.10 0.10 0.10 0.43
T (K) 373 373 373 343
[ROH])/[ R'R?CO] 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 HO,". 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(Lmol™"s™") Ref.
HO, 323 1.0 x 108 [157]
HO,* 303 1.34 % 10° [197]
CH;0,* 295 7.7 x 10® [198]
Me,CHO-® 210-300 7.24 % 107 exp(—10.3/RT) [199]
Me,CHO-® 293-396 5.0 x 10° exp(—20.0/RT) [200]
PrCH,0,* 303 4.0 x 107 [201]
BuCH,0," 253-303 5.0 x 10° exp(=9.1/RT) [21]
EtMeCHO," 193-257 1.0 x 10° exp(—11.3/RT) [202]
MePrCHO, 253-303 2.0 x 107 exp(—6.9/RT) [21]
BuMeCHO,* 283-320 2.88 x 107 exp(—8.4/RT) [203]
Me(CH,);MeCHO," 294-324 2.88 x 107 exp(—8.4/RT) [203]
Me(CH»)sMeCHO," 283-356 2.88 x 107 exp(—8.4/RT) [203]
Me(CH»)sMeCHO," 283-324 2.88 x 107 exp(—8.4/RT) [203]
Me(CH,);MeCHO," 283-355 2.88 x 107 exp(—8.4/RT) [203]
Me(CH,);MeCHO," 323 2.2 % 10° [23]
Me(CH,)sMeCHO," 284-355 2.88 x 107 exp(—8.4/RT) [203]
Me(CH,)sMeCHO," 323 2.9 % 10° [23]
CH;CH(O,")(CH,),¢CH3 293-358 2.88 x 107 exp(—8.4/RT) [203]
Me(CH,);3MeCHO," 323 3.1 x 106 [23]
Q 0/0' 175-200 4.0 x 10° exp(—10.9/RT) [204]
QO/O 285-333 1.95 x 107 exp(—5.4/RT) [205]

/O 6
d 298 8.6 x 10 [206]
/O 6
o 298 1.40 x 10 [206]

o
/
QO 345-417 1.30 x 10% exp(—7.8/RT) [207]

CH,—CHCH(0,")CH=CH, 303 1.10 % 10° [201]
Me,C—CHCH(O,")Me 313-333 2.50 x 107 exp(—5.0/RT) [125]
EtCH—CHCH(O,")Et 303 6.40 x 10° [201]
¢is-PrCH=CHCH(O,")Et 323 1.50 % 107 [206]
PhCH—CHCH,0,’ 303 44107 [208]
CH,—CHCH(0,")(CH,),Me 298 1.00 % 107 [209]
@ O/O 193-257 6.30 x 107 exp(—4.2/RT) [202]
PhCH,O," 303 3.0 x 108 210]
OO/O 282-319 5.62 x 107 exp(—8.3/RT) [211]
< > P70 348 2.6 x 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 mol™"s™" Ref.
o 313 8.6 x 10° [213]
(0]
0-0°
©:j 286-323 8.70 x 10° exp(—18.0/RT) [208]
0-0°
@(j 348 2.60 x 107 [214]
o’
O
: l 348 2.50 x 107 [214]
PhMeCHO,* 343-363 1.9 x 10° [38]
PhMeCHO-* 303 4.0%10° [210]
PhMeCHO, 323-353 1.30 x 10° exp(—9.4/RT) [215]
—@—( . 348 1.0 x 107 [216]
0-0
o 313-343 2.5x% 108 [150]
()9
b_( 348 1.10 x 107 217]
0-0°
\—©—< 348 1.0 x 107 [218]
0-0°
348 1.0x 107 [218]
0-0°
348 1.9 x 10° [218]
0-0°
348 3.3 % 10° [218]
0-0°
348 6.0 x 10° [218]
0-0°
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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(Lmol™'s™") Ref.

\ éi \/ 348 45x10° [218]
(0]
C
O
O
(@)

348 1.3 % 107 [217]

\ 6
348 9.0 10 [217]

348 1.6 x 107 [217]

348 1.5% 107 [217]

0-0°
/
>: 0-0°
o)
0-0°
1
: 0-0°
: 0-0°
2
348 2.3 %107 [217]
0-0°
2 .
0-0
/
0
N
0-0°
0-0°

N
N
O

—@—( 348 24107 [217]
_z/j 348 8.3 x 107 [34]
@-{ 348 2.3 %107 [34]
N
(/t\>—( 348 1.0 x 107 [34]
=
7
NN 348 3.2 %107 [34]
_ oo
EtPhCHO," 348 3.0 x 107 [216]
Ph,CHO-"* 303 1.6 x 10° [208]

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.
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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]:

R!R?’HCOOOOCHR!'R? — [R'R?HCOOO" + R'R’CHO"]
[R'R?HCOOO* + R'R2CHO’] — R'R?*CHOH + R'R*C'000"
R!'R?C'O00" — R!R*C(0)" + O,
R!R2C(0)* — R'R2C(O) + 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 (I.py) produced by oxidized hydrocarbon is the following:

I = 2kn[ROS°F, (2.18)

where 7 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 [O,], 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 1 k7
7 I—0+I—0[02], (2.19)

where 7 is the lifetime of the ketone in exited state (P*) and k& is the rate constant of quenching:
PP+0,—=P+0,

If quenching is a diffusion-controlled process (k=3 x 10°L mol' s'), the lifetime
T3 x 107" 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 (/ =mw;) 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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PFP+A — P+ A"
A* — A +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 (R'CH,R?) in the presence of
quencher Q and activator A includes the following stages [221-225]:

2R'R?CHOO" — R'R?CHOOOOCHR'R?
R'R?CHOOOOCHR'R? — [R'R?CHOOO" +*OCHR'R?]
[R'R?CHOOO" 4+ *OCH R!R?] — R'R*C°'000" + R!R?CHOH
R!R2C'O00" — R!R2C(0)" + O,

R!R?C(0)* — R!'R?C(0) + hvp )
R!R2C(0)" — R'R2C(0) (dy)
R'R?’C(0)* + Q — R'R?’C(0)+Q (kpQ)
R!'R’C(0)* + A — R'R?>C(0) + A* (ka)
A" — hva + A (fa)

A" — A (da)

A"+Q — A+Q (kaq)

According to this scheme, the intensity of CL is proportional to the rate of initiation (»;) and
depends on the concentrations of quenchers and activators. Some initiators, for example
AIBN and dibenzoyl peroxide, act as strong quenchers [221]:

I = fo[P T+ /AlA"] = {mp(1 = mpa) + Nampa t1p™ Wi (2.20)

where 7mp°*° is the quantum yield of ketone excitation, np=/fp(fp + dp + ka[Q])*1 is the
radiation quantum yield for P*, na =fa(fa +da + kAQ[Q])_1 is the radiation quantum yield
for A*, mpa =kpalAl(fp +fa+ kpolQ] +kpa[A]) ! is the probability of energy transfer. The
values of the overall CL quantum yield n are very low [221].

exc

Substance Cyclohexane Decane Ethylbenzene Butanone-2

M 10710 10710 107° 10710

The reason for the low values of 7 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] <« [RO>7] in oxidized
hydrocarbons at [0,] > 10"*mol L™! (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 *mol L™".
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
(i) 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’ + 0, = ROy
The rate constants of the recombination of alkyl radicals with peroxyl radicals
R’ + RO, — ROOR (ku)

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 + 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]:

CH;C'H, + CH;C'H, — C,H¢ + CH,=CH,.

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 RO, 2k (Lmol™" s77) 2k /2ko Ref.
O Me;CO," 4.5% 10° 0.36 [226]
BuC"HMe Me;CO,* 6.3 % 10° 0.19 [226]
Me(CH,),C"HMe Me;CO,* 1.9 % 10° 0.15 [226]
Me(CH,);C"HMe Me;CO>* 1.8 x 10° 0.28 [226]
O QO/O' 1.6 x 10° 0.13 [226]
Ph;C* Ph;CO," 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 AH°=—366.5kJ mol™' and AS°=
—192.4J mol~' K~'. The disproportionation of two ethyl radicals in the gas phase occurs
with enthalpy AH®=—270kJ mol~' and entropy AS®=—36.3J mol~' K.

The study of the recombination (k.) and the disproportionation (kg;s) of ethyl radicals
proved the dependence of the ratio kg;/k. on the solvent [230-232]. Stefani [231] found that
log(kgis/k.) is a linear function of the solubility &5, which is equal to the square root of the
cohesive energy density of the solvents (D..):

log (kais/kc) = ads + b (2.21)

The latter depends on the energy of evaporation (U,y):

Uy AH. —RT

D
ce v M /P

(2.22)

where V' is the molecular volume, AH.,, is the enthalpy of solvent evaporation, M and p are
the molecular weight and density of solvent, respectively. The dependence of the ratio kg;s/k.
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 kg;/k. 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]):

v = 2kp[R'] = 32wDrrr[RT (2.23)

where Dgr and rg are the diffusion coefficient and radius of the radical, respectively. Accord-
ing to Stokes’s law

Dgr = kT /6wrgm, (2.24)
and the rate constant of diffusion-controlled reaction is inversely proportional to viscosity:

kp = 16kT /3n = const. x T'/n (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 (2k;) of Alkyl Radical Combination in Solution (k = k. + Kkg;s)

R

C°H;

C°H;

C°H;

C°Hj;

MeC H,
MeC'H,
MeC°H,
EtC'H,

EtC'H,

EtC'H,

BuC°H,
BuC°H,
BuC'H,
BuCH,C'H,
BuCH,C"H,
BuCH,C'H,
BuCH,C'H,
BuCH,C"H,
Me(CH,)sCH,
Me(CH,)6C H,
Me(CH,),C'H,
Me(CH,)sCH,
Me(CH,),0C'H,
Me(CH»)10C"H,
Me(CH,)11C'H,
Me(CH>)14C"H,
Me(CH>)16C"H,
Me,C°'H
Me,C'H
MeZC'H

MCzC’H

Me;CC*'HCHMe,
Me;C*
Me;C*
MesC*
Me;C*
Me;C*
MesC*
Me;C*
Me;C*
MesC*
Me;C*

Me;C*
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Solvent

Cyclohexane
Cyclohexane
Water, pH=35.5
Water
Ethane
Water, pH=35.5
Water, pH=4.4
Benzene
Cyclohexane
Water
Benzene
Cyclohexane
Toluene
Cyclohexane
Cyclopropane
Hexane
Hexane
Water
Heptane
Octane
Nonane
Decane
Dodecane
Cyclohexane
Tridecane
Hexadecane
Cyclohexane
Heptane
Hexadecane
3-Methyl-
3-pentanol
Tetraethyl
siloxane
Isooctane
Acetonitrile
Benzene
Benzene
Benzene
Benzene
Benzene
Cyclohexane
Cyclopentane
Decane
1,1-Dimethyl
ethanol
Dodecane

T (K)

298

218

298
279-340
98-196
298
278-341
298

298

298

298

298
192-292
298
190-232

298
298
273-333
279-349
284-322
283-333
278-347
298
291-352
293-358
298
313-353
312
333

333

298
266-349
298
292
281-351
298
298
298
170-330
291-351
287-356

294-366

E (k) mol™")

16.0
3.5

16.0

10.5

8.8
7.1

8.1
6.8
9.4
10.9
13.5

11.3
13.0

5.6

8.3

10.2

43
10.7
33

log (24),
AL mol™ s

12.30
10.11

12.19

12.30
11.6

11.26

11.27
10.94
11.34
11.62
11.80

11.44
11.74

10.87

11.30

11.57

10.78
11.65
11.16

11.62

2k; (298 K)
(Lmol™"s™)

8.9 x 10°
1.4x10°
2.48 x 10°
3.13 x 10°
3.14 x 10°
1.92 x 10°
2.43 x 10°
2.1 x 10%
1.7 % 10°
1.26 x 10°
2.0 x 10°
4.2 %108
2.88 x 10'°
2.2 x10°
1.14 x 10"
1.04 x 10'°
6.2 x 10°
2.4 % 10°
7.08 x 10°
5.60 x 10°
4.92 x 10°
5.12 x 10°
2.71 x 10°
2.4 % 10°
2.88 x 10°
2.89 x 10°
6.2 x 10°
7.73 x 10°
3.5% 10°
5.2 % 10°

8.0 x 10°

3.0 x 10°
7.00 x 10°
7.3 % 10°
5.7 x 10°
6.05 x 10°
8.0 x 10®
7.2 x 10%
2.5%10°
1.06 x 10
5.95 % 10°
3.82 x 101

436 x 10°



TABLE 2.19
Rate Constants (2k;) of Alkyl Radical Combination in Solution (k = k. + kg;s)—continued

PhC'H,
PhC'H,
PhC*H,
PhC'H,
PhC'H,
PhC*H,
PhC'H,

Solvent T (K)
Heptane 291-362
Hexadecane 296-363
Isobutane 170-330
3-Methyl- 3-pentanol 248-293
2-Methylpropane 188-262
Octane 294-364
Pentane 298
Tetradecane 294-365
Tridecane 298
Toluene 218
Cyclohexane 295
Benzene 298
Cyclohexane 298
Benzene 298
Cyclohexane 283-332
Cyclohexane 298
Cyclohexane 298
Methanol 298
Toluene 298
Toluene 222-331

E (k) mol™")

9.6
14.4
43
3.6
4.2
9.9

13.5

8.1

12.5

log (24),
AL mol s

11.63
12.03
10.78
11.32
10.2

11.58

11.93

10.70

11.90

2k(298 K)

(Lmol™'s™")

8.86 x 10°
3.21 x 10°
1.1 x10°
4.89 x 10"
291 % 10°
6.99 x 10°
5.4 % 10°
3.66 x 10°
1.8 x 10°
9.8 x 10°

2.0 10°

3.6x 108

6.0 x 10®

1.8 x 10°
1.91 x 10°
2.0 x 10°
4.0% 10°
1.36 x 10°
2.4 % 10°
5.12% 10°

1. Due to the unimolecular and bimolecular homolytic decomposition of hydroperoxide,

such as

ROOH — RO’ + HO®
ROOH + RH — RO’ + H,O + R*
ROOH + CH,=CHR — RO’ + HOCH,C'HR

In reactions of recombination of the tertiary peroxyl radical (see 2.1.3)

RO;" + ROy, — RO" + O, + RO*

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:
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R*+ 0O, — ROy’
RO,"+ RH — ROOH + R’
2R0O;" — 2RO + O,
RO+ RH — ROH + R’



3. In reactions of decay of alkyl radicals with the peroxide group (see 2.4.4):

RO," + CH,=CHR! — ROOCH,C'HR!
ROOCH,C'HR! — RO" + ¢yclo-[OCH,CHR']

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:

R!R’RCO" — R!C(O)R? + R*

The formed alkyl radical reacts with dioxygen in the oxidized hydrocarbon. Participating in
chain termination, the newly formed peroxyl radical accelerates it:

R+ 0O, — ROy’
RO, + RIR?RCOO" — R'R*RCOH + O, + Ketone

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

R!'R2C(0")CH,CH,CH,R —> R;R,C(OH)(CH,),C"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 RO, + RH
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 RO;" + RO’
with formation of alkoxyl radicals than in the reaction RO, + RH, 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 R'O" + RH — R'OH + R (Selected Experimental Data)

RH Solvent T (K) k(Lmol™'s™") Ref.
CH;0" + RH
CH, Gas phase 298 51.3 [260]
Me,CH, Gas phase 298 6.4 % 10° [261]
Me;CH Gas phase 298 1.8x10° [262]
Me,CHCHMe, Gas phase 373 4.0 % 10° [263]
Z—MeCH=CHMe CeH, 393 3.65 % 107 [264]
PhCH,Me C¢Hg 393 1.22 x 107 [264]
PhCH,Me C¢Hg 291 4.50 x 10° [264]
@7 CeH, 393 2.09 x 107 [264]
@— C¢Hg 393 1.51 x 107 [264]
PhCHMe, Ce¢Hg 393 1.33 % 107 [264]
Me;CO" + RH

MeCH,CH,Me Gas phase 298 2.14 x 10° [265]
Me,C Gas phase 298 4.48 x 10* [266]
Me(CH,);Me C¢Hg 318 7.1x10° [267]
Me(CH,),Me CeH, 318 9.1x10° [267]
Me(CH>)sMe CeH, 318 1.1 % 10° [267]
Me,CHCHMe, C¢Hg 318 7.8 x10° [267]
Me,CHCH,CHMe, C¢Hg 318 4.6 x10° [267]
Me;CCH,CHMe, CeH, 318 23x%10° [267]
O O 295 8.8 x 10° [267]
<:> Gas phase 298 6.45 x 10° [266]
<:> <:> 408 3.2 %107 [268]
<:>— C¢Hg 408 2.4 %107 [268]
CH,=CHCH; Gas phase 298 1.15x 10° [266]
Me,C=CMe, CeH, 300 1.5% 107 [269]
Me,C=CMe, Gas phase 298 3.48 x 10° [266]
CH,=CH(CH,)sMe CeH, 300 1.5 % 10° [269]
@ CeH;Cl 273 2.7 % 10° [270]
C> C¢Hs 300 5.8 x 10° [269]
@ Ce¢Hg 295 4.2 % 107 [271]
<:> C¢Hg 295 5.3 %107 [271]
O CeH, 300 2.6 x 10° [269]
PhCH;4 PhCH,/CHg 295 23x%10° [272]
PhCH>Me PhCH>Me 408 9.3 % 10° [273]
continued
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TABLE 2.20

Rate Constants of Reactions R'O" + RH — R'OH + R’ (Selected Experimental
Data)—continued

RH Solvent T (K) k(L mol™"s™") Ref.
PhCH,Me CgH5Cl 273 3.6x 10° [270]
PhCH,Me PhCH,Me/C¢Hg 295 1.05 x 10° [272]
PhCHMe, PhCHMe,/CsHg 295 8.7 % 10° [274]
PhCHMe, CeH, 318 1.2 % 10° [267]
PhCHMe, PhCHMe, 313 9.3x%10° [275]
PhCH,CH=CH, PhCl 273 45x%10° [270]

EtMe,CO" + RH
<:> CcCly 273 3.89 % 10* [276]
PhMe,CO" + RH

Me;CH>CHMe Me;CH,CHMe, 313 1.02 x 10° [275]
Me(CH,)oMe Me(CH>),oMe 426 2.75%x 107 [277]
<:> C¢Hs 303 1.22 x 10° [278]
4©— CCl, 313 1.04 x 10° [279]
PhMe,CH PhMe,CH 313 4.22%10° [275]
TABLE 2.21
Rate Constants of Decomposition of Alcoxyl Radicals: R'/R?RCO" —R'R*C(O) + R°

RO® Solvent T (K) E (kJ mol™") log A, A(s™) k (300K) (s™") Ref.
MeCH,0" Gas phase 468-488 73.2 13.40 4.52 [108]
Me;CO* Gas phase 393-453 69.0 13.50 30.6 [108]
Me;CO* H,O, pH=38.5 298 1.36 x 10° [280]
Me;CO* ClL,C=CHCI 303-343 72.8 15.5 6.68 x 10? [13]
MeEtCHO® Gas phase 298 59.8 14.30 773 % 10° [281]
EtMe,CO* ClL,C=CHCl 303-343 38.5 11.80 1.25%x10° [13]
O—o' Gas phase 298 2.90 x 10° [281]
<:>’0. Gas phase 298 6.39 x 10* [279]
O—o' Gas phase 298 1.40 x 108 [281]
Me,(CN)CO* CeHsCl 353 1.60 x 10° [282]
PhCH,CH,O* CeH, 238-300 20.2 10.89 2.36 % 107 [283]
PhMe,CO* C¢Hg 303 3.75 % 10° [279]
PhMe,CO" CgHsCl 303 5.54 % 10° [279]
PhMe,CO" Me;COH 303 5.84 % 10° [279]
PhMe,CO* CH;CN 303 6.33 % 10° [279]
PhMe,CO" MeCOOH 303 1.96 x 10° [279]
PhMe,CO* CCl, 296 227 % 10° [284]
PhMe,CO" CCly 303 2.63x10° [279]
PhMe,CO" CeH, 234-300 36.0 12.36 1.24 % 10° [285]
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TABLE 2.22
Enthalpies, Activation Energies and Rate Constants of Hydrogen Atom Intramolecular
Abstraction in Alcoxyl Radicals (Experimental and Calculated)

RO® AH (k) mol™") E (k) mol™") k (350K) (s™") Ref.
(C—H)H,(CH,),Me,CO* —15.0 30.1 6.44 x 10* [286]
(C—H)H,MeCHCH,Me,CO* —-15.0 29.8 7.14 x 10* [286]
Me(C—H)H(CH,),Me,CO* —24.2 23.4 6.44 x 10° [287]
Me,C(O°)(CH,)»(C—H)H, —15.2 29.3 2.5%10° [287]
Me,C(0°)(CH,),(C—H)HMe —252 25.4 6.4 x 10° [287]
Me,C(O")(CH,)»(C—H)Me, —37.2 21.1 1.4 x 10° [287]
Me,C(O*)CH,NH(C—H)HMe —58.6 14.0 3.3 %107 [287]
Me,C(0O*)CH,NMe(C—H)HMe —-70.1 10.5 1.1x 108 [287]
Me,C(O")CH,NH(C—H)Me, —80.2 7.7 1.4 x 108 [287]
Me,C(O*)CH,NMe(C—H)Me, —85.3 4.7 4.0 x 108 [287]
Me,C(0°)(CH,),(C—H)HOH -39.8 20.1 3.9 % 10° [287]
Me,C(O°)(CH,)»(C—H)MeOH —45.7 18.1 3.9 x 10° [287]
Me,C(0*)CH,C(0O)(C—H)H, —27.2 24.7 1.2 x 10° [287]
Me,C(0O*)CH,C(0)(C—H)HMe -394 20.3 3.8x10° [287]
Me,C(0")CH,C(0)(C—H)Me, —44.5 18.5 3.4 % 10° [287]
Me,C(O°)(CH,),(C—H)(0) —-51.6 16.2 7.6 x 10° [287]
Me,C(O°)(CH,),(C—H)HPh —68.5 14.0 3.3 % 10° [287]
Me,C(O")(CH,)»(C—H)MePh —82.5 9.9 6.6 x 10° [287]
Me,C(O°)(CH,)»,(C—H)HCH=CH, —87.4 13.4 4.0 % 10° [287]
Me,C(O°)(CH,)»,(C—H)MeCH=CH, -97.6 10.6 5.2 % 10° [287]

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—O, is weak (see earlier) and at 7>450K, 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'+ O, and
RO;"+ RH, with the formation of hydroperoxide as the primary product of oxidation.

Mechanism II. Reaction RO, + RH occurs slowly and tertiary peroxyl radicals
react more rapidly with the formation of alkoxyl radicals. Chain propagation includes
the following steps:

RO;"+RO;" — RO+ RO" + O,
RO+ RH — ROH +R*
R*+0, — ROy

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:
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log[RH]
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FIGURE 2.2 Topology of different mechanisms of hydrocarbon oxidation in gas and liquid phases in
coordinates: hydrocarbon oxidation (log[RH]) versus temperature (1/7)) [290].

RO;" + RO, — RO"+ RO+ O,
RR'R’CO" — R'R?*C(0) + RO
RO'+RH — ROH + R’
R'+ 0, — ROy’

The main products of oxidation are ketones and low-molecular weight alcohols.
Mechanism IV. When the peroxyl radical becomes unstable at high temperatures, it
reacts with dioxygen to form an olefin. The latter becomes the main product of oxidation:

RCH,C'HR' + 0, — HO; + RCH=CHR!'
HO,' + RCH,CH,R! — H,0, + RCH,C'HR!
H,0, — 2HO’

HO' + RCH,CH,R! — H,0 + RCH,C'HR!

The topology of all the four mechanisms in the coordinates log[RH] versus 1/7 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
100-200kJ mol~'. 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 PrN,CH,CH=—CH,
Bond 0—0 O—N C—N C—N
D (kJ mol’l) 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]:
R'0—OR? — R!O" + R*O

According to the transition state theory, the rate constant of unimolecular reaction (at high
pressure in the gas phase) is the following [5]:

kg =ko = e (g) eAS"/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—0O angles vibrations disappear.

© 2005 by Taylor & Francis Group.



As a result, the activation entropy of unimolecular decomposition AS* >0 and the
pre-exponential factor (4 = eRT(Lh)~" exp(AS*/R)) is sufficiently higher than eRT(Lh) ' ~
10" s™!. For many unimolecular reactions, AS * ~ 20-70 J mol ~' K~ '[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 AV# = V#_V is positive. The study of the decomposition of initiators with one
bond dissociation under high pressure gives evidence that AV # 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)0O—OR' — R* 4+ CO, +R"

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 10° s~'. The
following mechanism of decomposition was proposed in parallel with a simple dissociation of
one O—O bond [3,4]:

RC(O)OOR' — R* + CO, +R"

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(0O) and O—O. Among other products, carbon dioxide is formed as a result of
perester fragmentation. The formation of the m-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]:

Me;COOCMe,C(0)OOCMe; — Me3;CO”™ + MeCOMe + CO, + Me; CO’

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 Concerted
of One Bond Fragmentation

1. The activation energy is equal to the The activation energy of decay is sufficiently
dissociation energy of the weakest bond: lower than the BDE of the weakest bond:
(E~ D~ 140-160kJ mol ™! for peresters). (E~90-125kJ mol ™! for peresters).

2. The entropy of activation AS* > 0: The entropy of activation is low; for perester
AS#~40-100J mol~' K~ for peroxide decomposition AS#~ —10 to +10J
decomposition. mol ! K.

3. The dissociation of one bond leads to an Concerted decomposition occurs through the
increase in the volume of the molecule; compact transition state, and AV# is close to zero;
AV#21043cm® mol ™. AV#x—5to 10cm® mol ™.
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4. The rate constant of decay of symmetric The rate constants of decay of RN=NR
RN=NR and nonsymmetrical and RN=NR' azo-compounds are very different due
RN=NR! molecules are close due to a to their simultaneous dissociation.
low difference in the BDE of the R—N
bonds in these two molecules.

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 E, the rate constant of concerted decomposition k,, depends on n and E,, according to
the equation:

RT
ko — Ao n (n

(n—1)/2
e ﬁ) exp (—E,/RT), (3.2)

where Ag=A atn=1. When n=2,

k2 = AM ;M;Texp (—EQ/RT) (3.3)
7TE2

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 k4(o-substi-
tuted)/kyq(H) at 333 K are given below [3,4]:

0-CH=CHPh, 0-SCH3 0-SPh

67 140.000 250.000

We see a very strong influence of the ortho-substituent containing sulfur. The following
mechanism was proposed [3]:

_CMe;, S H,C o

P

H5C CH;

Disulfide was found to be the main product (yield 52.5%) of this perester decomposition.
Accelerating action of ortho-substituents with p- or m-electrons is due to the formation of an
intermediate bond of the O"---S or O°- - - C=C type in the transition state:
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Ph Oy ~OPh Oy OPh

o - T

(6]

This bond formation compensates (partially) the activation energy for dissociation of the
O—O0 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 k4 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, 7=433-463K) [11]:

Ph;SiOOCMe,;Ph — Ph;SiO” + PhMe,CO’ (ka)
Ph3;SiOOCMe,;Ph — PhOSiPh,OCMe,Ph (kis)

The rate constants k4 and k;, were estimated and found to be: log (kg/s ') =15.5—167/RT and
log (ki/s ') =8.2—104/RT, AS¥=39.7T mol ' K~ ' and AS#=—39.7J mol ' K~'. It is seen
that E4 > Ei, ASH >0 and AS < 0. Isomerization of this kind was not observed in the case of
aliphatic silane peroxides. Polyarylperoxysilanes take part in isomerization of this type [11]:

Ph,Si(OOCMes), — Ph(PhO)Si(OOCMe;)(OCMes)

Alkyl peroxyphosphates also undergo heterolytic isomerization simultaneously with homo-
lytic splitting [12]:

Me;COOP(O)Et, — MeOMe,PCOP(O)Et, (kis)
Me; COOP(O)Et, — Me;CO® + Et,P(0)O" (kq)
The rate constants of these reactions were found to be very close: kq=2.0 x 10>s~! and

kis=2.2x107°s"! (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 e = kj(2kq 4+ 2kis)~'. 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

v = kg[PhC(0)OOC(O)Ph] + king[PhC(O)OOC(0)Ph*/2 (3.4)

This dependence is the result of general occurrence of the homolytic decay of peroxide with
the rate constant k4 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(0)Ph — [PhCO," + PhCO,'] (k)
[PhCO," + PhCO,"] —> 2PhCO,"
[PhCO;" + PhCO,"] — [PhCO;" + Ph'] + CO,
[PhCO," + Ph'] — PhCO,' + Ph°
[PhCO," + Ph'] — PhC(O)OPh
PhCO,' + RH — PhCOOH + R*
Ph' + RH — PhH + R’
R’ + PhC(0)OOC(0)Ph — PhC(O)OR + PhCO’ (kp)
R'+ R’ — RR or RH + R'H (2k)

Empirical king = kY *kp(2k)~"* and k; = 2eky. The chain length depends on the ratio kp(2k,)"*:
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, kg=6.36 x 107's73 and kig=3.35x 107*L mol ? s~! for dibenzoyl peroxide
decomposition in cyclohexane at 353K [16]; and kg[I]=kind[I]’* at [PhC(O)OO-
C(O)Ph]=3.6 x 10 ?mol L™ ".

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 — 2¢ PhCO,* (kq)
PhCO>* + R'R?CHOH — PhCOOH + R;R,C'OH
R!R2C°OH + PhC(0)OOC(0O)Ph — R'R2C(0) + PhCO-H + PhCO-* (kp)
2R'R’C'OH — R!R?C(0) + R'R?CHOH (2ky)
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The kinetics of peroxide decomposition are described by Equation (3.4). However, the
values of kinqg =k, K 2(2kt)*1/ 2 are sufficiently higher.

3.1.4 PrrOXIDES

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’ + RO
[RO"+ RO’] — ROOR
[RO® 4+ RO’] — ROH + carbonyl compound
[RO"+ RO’] — RO® + RO’

The rate constants of dialkyl peroxide decomposition (kg4 and k;, k; = 2eky) are presented in
Table 3.1-Table 3.3.

The homolytic decomposition of diacyl peroxides proceeds via splitting of the weakest
O—O0 bond. The acyloxy radicals formed are very unstable and a cascade of cage reactions
follows this decomposition [4,42-46]:

CH;C(0)OOC(O)CH3; — [CH;3CO;" + CH3CO,"]
[CH3CO," + CH3CO,"] — CH3;C(0)O0OC(0O)CH;3
[CH3CO;" + CH3CO;"] — CH3CO;" + CH3COy"

[CH;CO;" + CH3;CO,"] — [CHj3" 4+ CH3CO;"] + CO,

[C'H; + CH3CO;] — C'Hj3 + CH3COy’

[C'H; + CH3CO,"] — CH3;C(O)OCH;

[C'H; + CH3CO;"] — [C'H; + C'H3] + CO,

[C'H; + CH3;] — CH; + CHj

[C'H; + C'H;3] — C,Hs
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 (k4) and initiation
(k;=2ekq) 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

e =k;/2ky 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]:

© 2005 by Taylor & Francis Group.



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 (k) mol™") log A, A(s™) kq, ki (400K) (s™) Ref.
kq
Gas phase 374-418 161.9 16.40 1.81x107° [20]
Gas phase 433-551 160.2 16.08 1.45x107° [21]
Gas phase 403-433 156.5 15.60 1.46x107° [22]
Gas phase 363-403 158.2 15.80 1.39x107° [23]
Gas phase 363-623 158.6 15.81 1.26x107° [23]
Gas phase 413-433 163.6 16.50 1.37x107° [24]
Gas phase 500-600 156.5 15.60 1.46x107° [25]
Acetic acid 388-403 137.1 13.54 433%x107° [26]
Acetonitrile 388-403 133.0 13.00 429 %1073 [26]
Aniline, N, N-dimethyl- 393-408 160.1 16.27 231%x107° [26]
Benzene 393-408 151.0 15.10 2.41x107° [26]
Benzoic acid, ethyl ester 393-408 151.7 15.19 2.40% 1073 [26]
Cyclohexane 393-408 174.1 17.98 1.76 x 1073 [26]
Cyclohexene 393-408 159.7 16.11 1.80x 107° [26]
Ethanol, 1,1-dimethyl- 393-408 146.3 14.60 3.13x 1077 [26]
Neopentyl butanoate 408-438 122.0 11.65 523 %1073 [27]
Neopentyl 2,2-dimethylpropanoate 408-438 144.8 14.32 2.58 x 1073 [27]
Neopentyl 3,3-dimethylbutanoate 408-438 141.5 14.05 3.73%x 1073 [27]
Neopentyl 2,2-dimethylbutanoate 408-438 148.2 14.74 244 %1073 [27]
Neopentyl 2-mehylbutanoate 408-438 115.2 10.73 486 x107° [27]
Neopentyl 2-methylpropanoate 408-438 135.7 13.18 2.88x 1073 [27]
Nitrobenzene 393-408 152.3 15.41 3.33% 1073 [26]
Nitroethane 393-408 151.9 15.31 2.98x107° [26]
Propanol, 1,1-dimethyl- 393-408 159.7 16.11 1.80x 1077 [26]
Tetrahydrofuran 393-408 158.6 16.13 2.63x107° [26]
Triethylamine 393-408 172.6 17.87 2.14x107° [26]
ki = 2Ekd

Benzene 373-398 150.6 15.10 2721073 [28]
Ethanol, 1-methyl- 359-411 146.4 14.64 3.33% 1073 [29]
Styrene 313-371 146.4 14.45 2.15%x107° [30]
Styrene 353-373 161.5 16.21 1.32x107° [31]
Styrene 363-373 157.3 15.86 2.08 %1073 [32]

RN=NR — R"+ N; + R’

Two mechanisms of azo-compound decomposition were discussed intensively in the
literature: concerted decomposition with simultaneous dissociation of two C—N bonds

RN=NR — R :---N=N:.---R — R"+ N; + R’

and nonconcerted decomposition with dissociation of one C—N bond followed by the fast
decomposition of the formed unstable RN=N" radical [3,4,66,67]:
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TABLE 3.2
Rate Constants of the Thermal Decay of Bis(1-Methyl-1-Phenylethyl) Peroxide
in Various Solvents

Solvent T (K) E (k) mol™") log A, A(s™T) kq, ki (400K) (s™) Ref.
kq
Cumene 383-423 144.3 14.63 6.12x107° [33]
Decane 373-413 143.5 14.57 6.78 x 1073 [26]
Dodecane 401-431 140.2 14.17 7.28 x 107° [34]
Styrene 368-378 166.9 17.76 9.24x 1073 [33]
ki = 2ekd

Benzene 373-398 146.0 14.70 431 %1073 [28]
Chlorobenzene 368-398 133.8 13.18 5.10x 1073 [35]
Paraffin oil 393-423 135.6 13.51 6.35x 1073 [36]
Octadiene-1,7 2,6-dimethyl- 393-423 133.9 13.26 5.95% 1073 [37]
Z-1,4-Polyisoprene 393-423 135.9 13.15 2.53x107° [38]
Mineral oil 393-423 141.8 14.43 8.19 % 1073 [39]
TABLE 3.3

Rate Constants of the Thermal Decay of Dialkyl Peroxides (k) in the Gas Phase
and Various Solvents

E log A, ki (400K)
Peroxide Solvent T (K) (k) mol™") AGs™Y (s™" Ref.
Diethyl-, EtOOEt Benzene/Styrene* 333-353 142.7 14.16 3.35% 1077 [40]
Bis(1-methylethyl)-, Benzene/Styrene* 333-353 156.0 15.27 7.92%x107° [40]
Me,CHOOCHMe,
Dibutyl-, BuOOBu Benzene/Styrene* 333-353 143.5 13.98 1.74x107° [41]
Bis(1-methylpropyl)-, Benzene/Styrene* 333-353 142.3 13.56 9.50 x 107° [40]
EtMeCHOOCHEtMe
Bis(2,2-dimethylpropyl)-, Styrene 353-373 145.6 15.48 2.93x107* [31]
Me;CCH,O0CH,CMes
Bis(1,1-dimethylpropyl)-, Styrene 353-383 157.8 16.19 3.83x107° [32]
EtMe,COOCCEtMe,
Bis(1-methyl-1-ethylpropyl)-, Styrene 353-383 159.0 16.55 6.12x107° [32]
Et,MeCOOCEt,Me

*-Benzene/Styrene (1:1 V/V).

RN=NR — R’ 4+ RN=N"’
RN=N' — R"+ N,

The nonconcerted mechanism of decomposition was observed by Szwarc et al. [67]. They
studied the photolytic decomposition of cyclopropyltrifluoromethyl diazene in the gas phase
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TABLE 3.4
The Rate Constants of the Thermal Decay of Diacetyl Peroxide in Different Solvents

Solvent T(K) E (k) mol™") log A, As™h k (353K) (s Ref.
kq
Gas phase 363-463 123.4 14.25 9.78 x 107> [47
Acetic acid 328-358 126.4 14.51 6.40x 1073 [48]
Benzene 328-358 135.1 15.93 8.69 x 1073 [48]
Carbon tetrachloride 333-373 139.7 16.43 573 %1073 [49]
Cyclohexane 328-358 1314 15.27 6.71 x 1073 [48]
Cyclohexene 333-373 133.5 15.59 6.85x 1073 [50]
1-Hexene 343-373 132.6 15.56 8.69 x 1073 [50]
Isooctane 328-358 134.7 15.82 7.73 x 1073 [48]
2-Methy-1-pentene 343-373 126.8 14.75 9.71 x 1073 [50]
1-Pentene 343-363 133.9 15.71 7.88 x 1073 [50]
Propionic acid 337.9-358.2 122.6 14.1 9.09x 1073 [48]
Toluene 323-353 138.1 16.31 7.50 x 1073 [51]
Toluene 323-353 129.7 15.05 721 %1073 [52]
ki = Zekd

Styrene 343 2.02 %1073 [53]

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:

F .
PNNE — DS e
[>\N,/N — I:;l\.l

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 simultancously. 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 CH;N5 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 CH3N3 radical is very short, i.e., 70 fsec. The
quantum-chemical calculations of cis- and frans-azomethane dissociation was performed [69].

The linear dependence between the activation energy of decomposition of the azo-
compounds RN,R 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 kg = 10'° x exp(—127.5/RT) s "
[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].
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TABLE 3.5
The Rate Constants of the Thermal Decay of Dibenzoyl Peroxide in Different Solvents

Solvent T (K) E (k) mol™") log A, As™Y kq, ki (353K)(s™") Ref.
kq
Acetic anhydride 333-353 128.5 14.90 7.69 % 1073 [15]
Benzene 353-363 128.5 14.04 1.06 x 1073 [54]
Benzene 333-353 123.8 13.64 2.10x107° [55]
tert-Butylbenzene 353-363 127.2 14.48 4.55x107° [54]
Cumene 318-353 120.5 13.08 1.78 x 1073 [56]
Cyclohexane 353-363 118.0 13.48 1.05x 107 [54]
Dioxane 333-353 125.5 14.18 4.07x107° [57]
Ethylbenzene 346.5-358 130.3 14.90 416 x 1073 [58]
Methylcyclohexane 353-363 128.5 14.79 597x 1073 [54]
Phenyl acetate 343-367.5 126.4 14.33 423%x107° [59]
Styrene 343-363 137.0 15.99 522%x 1073 [60]
Styrene 346-358 129.7 14.76 370 x 1073 [58]
Vinyl acetate 318-353 118.4 13.42 7.94 %1073 [17]
I(i = 2ekd

Acetone 373-393 130.1 15.31 1.15%x 107* [61]
Benzene 324-349 123.8 13.48 1.45%107° [62]
Carbon tetrachloride 332-350 136.8 15.68 2.74%x107° [63]
Chlorobenzene 378-388 110.2 12.12 6.51x 1073 [64]
Methyl acetate 322-327 123.8 13.82 3.17x107° [62]
Nitrobenzene 322-343 123.8 13.66 2.19%x107° [62]
Styrene 333-353 128.0 14.26 2.09 x 1073 [65]
Styrene 313-343 140.6 16.30 3.13x107° [53]
Toluene 322-343 123.8 13.86 3.48 x 1073 [62]

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 ExperiIMENTAL EvIDENCES FOR CAGE EFFECT

3.2.1.1 Quantum Yield

Quantum yield (@) 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 @ <1 was observed in the photo-
dissociation of I, Bro, RN>R:
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Molecule Solvent A(nm) T (K) /] Ref.

L ccl, 440 298 0.14 [73]
Br, ccl, 440 298 0.22 [74]

N—
O/ \O ccl, 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 [CoHg]/[N,] =0.015 [76]. This ratio
is low due to the fast reactions of the formed methyl radicals with propane:

CH;3;N=NCH; + hv — C'H3 + N, + C'H;
C'H; + Me,CH; — CHy + Me, CH[R']
R'+R"— R—R and RH + CH3;CH=CH,

In the liquid phase, this ratio was 0.65 due to the recombination of the methyl radical pair in
the cage:

CH;N—NCH; + hv — [C'H; + C'Hs] + N,
[CH; + CH3] — CyHs
[C'H; + C'Hs] — 2C°H;

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
CCly 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:

RN=NR — [R' + R’] + N,
[R' +R] — R—R
[R' + R] — 2R’
R*+0, — ROy’

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 '®0 isotope on the carbonyl group [78,79]. The reaction of acetyl peroxide
with NaOCHj; produces methyl acetate and all '®0O isotopes are contained in the carbonyl
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group. The transition of 'O 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 '®0 in the formed
O, was analyzed by mass spectometry. It was found that the scrambling of '"*O occurs during
the decomposition of peroxide. After some time of decomposition, the residue of peroxide
was found to contain peroxide with the 'O isotope in the carbonyl as well as peroxide groups.
This scrambling of %0 isotopes proves the cage recombination of acetoxyl radicals:

CH;C(**0)00C("*0)CH; — [CH3C'*00" + CH3C"00"]
[CH;C'8 00" + CH3C'*00'] — CH;C(0)'®0'*0C(0)CH3 (kse)
[CH;CB00" + CH3C'*00"] — C'H; + CO, + CH;CB00"
The amount of "0 in the carbonyl group of peroxide was found to decrease with time of

decomposition, and amount of '*0 in the peroxide group was found to increase (isooctane,
353K, [MeCOOOCOMe],=0.05mol L~ [79]):

t(s) 0 870 17400
130,/1%0, 0.00428 0.01451 0.02228
c(*oy/c(**0) 1.000 0.712 0.499

The rate constant of scrambling k. was found to increase with increasing viscosity of the
solvent [79]:

Solvent Isooctane Dodecane Octadecane Mineral Oil

ke 571 4.00 x 103 4.68 x 10° 5.25x10° 6.37 x 10°

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:
C,Hg, C,H3D3, and C,Dg in the ratio 1:2:1 [83,84]. This is the result of the reactions

CH;N=NCH; + hv — 2C'H; + N,
CD;N=NCD; + hv — 2C'D; + N,
CH; + CH; — CyHg
C'H; + C'D; — CH;CD;

C'D; + CD; — C,Dg
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In an isooctane solution, 75% of C,Hg and C,Dg were formed, which was due to the
recombination of the pairs C'Hz and C'Djs in the cage [83]:

CHyN—NCH; + hv — [C'H; + C'Hs] + N,
[C'H; 4+ C'H3] — C,;Hg

CD3N=NCD; + hv — [C'Ds + C'Ds] + N
[C'D;3 + CD3] — C,Dg

This difference in the yields of the symmetrical dimers in the liquid [75%] and the gas (25%)
phases (75—50 =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*N=NPh + /v — [PhMeEtC" + "NNPh] — Products
[PhMeEtC’ + "NNPh] — PhMeEtCN=NPh

Trans-isomer was found to be transformed virtually into the Z-isomer due to geminate
recombination:

E-PhMeEtCN=NPh + v — [PhMeEtC" + "NNPh] — Products
[PhMeE(C" + "NNPh] — Z-PhMeEtCN=NPh

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—N=NCH,Ph [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 PhMeEtCCH,Ph was found to be composed of 31% S,S-(—)(double retention),
48% meso (one inversion), and 21% R,R(+) double inversion. These results were interpreted
in terms of the competition between recombination (k.), diffusion (kp), and rotation (k) of
one of the optically active radicals with respect to another. The analysis of these data gave:
krotke =15, kplk.=2.5 [89]:

(-)DD — AZO — [D'+ D] — D—D(-)
[D*+ D] = [L" + D] — L—D(meso)
[L'+D]=[L"+L] — L-L(+)
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)OOCMe; = [RCO;" 4+ Me3CO’] — R™ + CO, 4+ Me;CO?

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 f; 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
i (%) 28 39 49

1,1-Dimethylethyl Peracetate, 403 K [82]

Solvent Hexane Nonane Paraffin
Ji (%) 6 12 2

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 i of the solvent. The
following empirical dependence for the photodecomposition of initiators was found

[91,92]:
Photoinitiator Equation Equation
CH;N=NCH;, (1—e) '=1.1465x107° 72 57! (3.5)
CF;N=NCF; (1—e) '=1.144.0x 1075 727! (3.6)
PhMe,CC(O)OOCMe; (1—e) '=1.24+575%x107° TVq! (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 (7= 318 K [93,94]).

Radical Pair Solvent e/(1—e)
Me;CO°, Me;CO® Isooctane 7.32
Me;CO°, N,, Me;CO*® Isooctane 9.01
Me;CO°, CO,, CO,, Me;CO* Isooctane 10.8
Me;CO°, Me;CO* White oil 0.32
Me;CO", N,, Me;CO* White oil 0.47
Me;CO°, CO,, CO,, Me;CO* White oil 0.85
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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 (AV¥—AV #) 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
CCly, 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. 'O 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:

The proof of radical ancestry for particular products

The identity and characteristics of radical precursors

The identity of pairs in which polarization occurs

Some information on radical pair separation

The direct observation of unstable diamagnetic reaction intermediates.

LNh LD =

3.2.2  MEecHANISTIC 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:

RN=NR — [R"+ N, + R’] (kq)
[R*+N; +R] — RR+ N, (ke)
[R*+N; +R]— R"+ N, + R’ (kp)

The probability of the radical pair to escape from geminate recombination (¢) depends on
the rate constants according to the following equation:

ke 1 6mLrrken

o4 =2 — =1 . .
e +kD [05RT + const. X 0 (3.9)

where rg 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 ry 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+aAE+AT+ATAE}’ (3.9)

l—e 2R an an?
where Ag = mk>(hv—Ep)"?/6mr, Ar= (1.5 mgkT )1/ 2/6mrg, o is the probability of the reaction
between two R’ per collision, my is the weight of radical R®, Ej is the dissociation energy of
the initiator, ry 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(0O)OOCMe; — [RCO;" + Me;CO’] (ka)
[RCO," + Me;CO’] — [R* + CO; + Me;CO’] (kg)
[R* + CO; + Me3CO’] — ROCMe; + CO, (ke)
[R* + CO; + Me;CO’] — R’ + CO; + Me;CO* (kp)

The yield (y) of the product of geminate pair recombination (ROCMej3) as a function of the
subsequent rate constants [104,105] is given by

1 kp kg
_1="tb_ % 3.10
y ke +kc (3.10)

If one takes into account the time dependence of kp, in the form (+* =2Dr)

1 1
Ll Vb 1 (3.11)
t 2rR —ro A1

where rg is the radius of the formed radical R, r is the distance between two radicals at 1 =0,
D is the diffusion coefficient of the radical. If D ~ ™!, we obtain the equation:

+-£ (3.12)

This equation helps to distinguish between the concerted and the nonconcerted decompos-
ition of the initiator (for concerted decomposition, kg = 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 ry at t=0. The acceptor of free radicals Q is
introduced into the solvent; it reacts with radicals with the rate constant k,. Two radicals
recombine with the rate constant k. when they come into contact at a distance 2rgr, where rg 1s
the radius of the radical R". Solvent is treated as continuum with viscosity n. 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 d*(nx)
dx?

—2k,n[Q] =0 (3.13)
The solution of this equation at 4k[Q]rr/D < 1 has the following simple form:
2rR —1
e=1-—1+48mrrD/ke) ", (3.14)
ro

Substituting the diffusion coefficient D into its expression in the Stokes—Einstein equation, we
have the equation:

6
1 ro < 4><10RT) (3.15)

l—e:ﬂ 3Lk.m

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 03;-0; 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*+ CCly — RCI+ CCls

Hydrochloric acid is formed in the oxidation of alcohols by ozone in carbon tetrachloride as
solvent [126]:
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TABLE 3.6
Kinetic Isotope Effect in Oxidation of Aliphatic Compounds by Ozone

Gas RD Solvent T(K) ku/ko Ref.
03-0, CgDy» Carbon tetrachloride 295 4.5 [122]
03-0, CgDi> Carbon tetrachloride 300 54 [127]
03-0, PhCD,0CMes Freon-11 273 4.1 [128]
05-0, PhCD,0OCMejs Freon-11 351 6.3 [128]
03-N, PhCD,0OCMejy Freon-11 273 3.8 [128]
03N, PhCD,0CMes Freon-11 195 6.7 [128]
03-0, PhCD,OCMe; Freon-11/Pyridine 195 4.2 [128]
03-N, PhCD,OCMejy Freon-11/Pyridine 195 3.7 [128]
03-N, PhCD,0CMe; Dichloromethane/Acetone 195 32 [128]
03-0, PhCD,OCMe; Acetone 273 4.5 [128]
O;-He PhCD,OCMe; Acetone 273 2.4 [128]
03-0, PhCD,0OCMes Pyridine 273 2.6 [128]
03-N, C¢HsCOD Butanone-2 273 1.4 [129]
0O3-N, CsHsCOD Carbon tetrachloride 273 2.2 [129]
03N, C¢HsCOD Pyridine 273 2.0 [129]
03-0, CH;CD,OH Chloroform 293 5.9 [130]
03-0, CD;CH,OH Carbon tetrachloride 293 1.2 [130]
03-0, CH;CH,OD Carbon tetrachloride 293 0.9 [130]
03-0, CD;CD,OD Carbon tetrachloride 293 7.1 [130]
03-0, CH;CH,OD D,0 293 1.2 [130]
03-0, CD;CD-,OD D,0O 293 6.3 [130]

R'R?’C’'OH + CCly — R'R>*C=0 + HCl + 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 (ky/kp) 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]:

M+03; —0,+0+M
accompanied by the reaction
O+RH — R’ + HO’

The enthalpy of ozone decomposition AH= Do, _o=107kJ mol~'. The most probable
reaction of initiation by ozone in solution is the abstraction reaction [133]:

RH + O3 — [R"+ HO3']
[R* + HO;'] — R’ 4+ HO5'
[R* + HO;'] — ROOOH

accompanied by the fast decomposition of the unstable hydrotrioxide and the hydrotrioxyl
radical:
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HO;" — HO + 0O,
ROOOH — RO;" + HO’

The rate constant of HO%decay is k ~ 10'°s! (300 K, quantum-chemical calculation [134]):

RH + O3 = [R" + HO57]
[R*+ HO;5] — R* 4+ HO53'
[R* 4+ HO3'] — ROOOH
HO3;" — HO™ + O,
HO'+RH — H,O + R’
ROOOH — ROy + HO’
The study of the detailed mechanism of free radical initiation (rate constant k;) and ozone

decay (rate constant ky) by the reaction with cyclohexane, cumene, and aldehydes gave the
following results (7'=298 K):

RH cyclo-C¢H1, Me,PhCH Me,PhCOOH PhCHO MeCHO
ki (Lmol™'s™h 1.1 x1073 1.6 x 1072 0.15 2.0 1.6
kg (Lmol™'s™h 1.8x 1073 0.32 0.11 2.0 2.7
e 0.30 2.5% 1072 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'O,, HO% 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 O,
and O3 [146-151]. It was observed that the rate of ozone consumption obeys the equation
[112]:

vo, = k1[RH][Os] + k2[RH][O5][0a] . (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'+ 03 — RO+ 0O,

and with chain termination in the reactions
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TABLE 3.7

Rate Constants of Ozone Reaction with Organic Compounds (Experimental Data)

RH

Me;CH
Me(CH,);Me
Me(CH,);Me
Me;CCH;
Me(CH,)4Me
Me,CHCHMe,
Et,CHMe
Et,CHMe
Me(CH,)sMe
Me,CHCHMEeEt
Me,CHCH,CHMe,
Me,CH(CH,);Me
EtMeCH(CH,),Me
Me(CH,)sMe
Me(CH,)sMe
Me(CH,)sMe
Me;CCHMeEt

Me(CH,);Me
M63CCH2CHMCEt
MeEtCH(CH,)sMe
Me;C(CH,),CHMe,

T T

28

T

I LT © T T T T =@

(20 5IEIE
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Solvent

Carbon tetrachloride
Carbon tetrachloride
Carbon tetrachloride
Carbon tetrachloride
Carbon tetrachloride
Carbon tetrachloride
Carbon tetrachloride
Carbon tetrachloride
Carbon tetrachloride
Carbon tetrachloride
Carbon tetrachloride
Carbon tetrachloride
Carbon tetrachloride
Carbon tetrachloride
Carbon tetrachloride
Carbon tetrachloride
Carbon tetrachloride
Carbon tetrachloride
Octane

Carbon tetrachloride
Carbon tetrachloride
Carbon tetrachloride
Carbon tetrachloride
Carbon tetrachloride
Carbon tetrachloride
Carbon tetrachloride
Carbon tetrachloride

Carbon tetrachloride

Carbon tetrachloride

Carbon tetrachloride

Carbon tetrachloride

Carbon tetrachloride

Carbon tetrachloride

Carbon tetrachloride

T (K)

298
293
298
298
293
298
298
293
293
293
293
293
293
298
293
298
293
293
293
293
293
293
293
293
293
293
293

293

293

298

298

293

293

293

E

(k) mol™")

51.3

52.0

52.0

50.7
56.5

51.2

56.9

54.9

57.7

45.4

log A, A
(Lmol™"s™")

7.42

7.67

7.63

7.51
8.60

8.03

8.30

7.45

k
(Lmol™"s™")

8.7 x 1072
1.5x 1072
6.5%x1073
3.8%x107°
1.9 x 1072
0.20

0.10

0.15
2.1x1072
0.29

8.0 x 1072
0.13

0.20

1.4 %1072
23%x1072
1.4 x 1072
0.59

1.5x 1072
20x107*
2.6x1072
0.13

0.20

0.19

291 x 1072
3.33%x 1072
3.61 x 1072
4.62 x 1072

2.61 x 1072

2.50x 1072

1.05x 1072

481 %1073

1.72x 1072

1.04 x 1072

0.23

[140]

[138]

[126]

[140]

[127]

[127]



TABLE 3.7

Rate Constants of Ozone Reaction with Organic Compounds (Experimental

Data)—continued

E log A, A k
RH Solvent T (K) (k) mol™") (Lmol™"s™") (Lmol™'s™") Ref.
H
O< 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 6.22x 1072 [139]
[>(H\ Carbon tetrachloride 293 5.01 x 1072 [139]
<:>( Carbon tetrachloride 293 56.6 8.25 1.42 x 1072 [139]
H
@ Carbon tetrachloride 293 1.41 x 1072 [139]
H
H
@ Carbon tetrachloride 293 0.22 [139]
PhCH,;Me Carbon tetrachloride 293 334 5.78 0.67 [140]
PhCHMe, Carbon tetrachloride 293 35.0 6.02 0.60 [140]
Ph,CH, Carbon tetrachloride 293 39.2 6.60 0.41 [140]
MeCH,OH Carbon tetrachloride 298 40.2 6.72 0.35 [141]
Me,CHOH Carbon tetrachloride 298 41.2 7.30 0.89 [141]
MeCH(OH)CH,;Me Carbon tetrachloride 298 38.8 7.12 1.61 [141]
PrCH,OH Carbon tetrachloride 298 0.39 [141]
PrCH,OH Carbon tetrachloride 298 42.4 7.30 0.54 [141]
PhMe,COH Carbon tetrachloride 298 27.6 4.82 0.78 [135]
Me;COH Carbon tetrachloride 298 5.0%x 1072 [138]
Me;COH Carbon tetrachloride 298 37.1 4.63 1.02x 1072 [141]
OH
E>< Carbon tetrachloride 298 1.35 [138]
H
H
Carbon tetrachloride 298 34.5 6.62 2.92 [126]
OH
continued
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TABLE 3.7

Rate Constants of Ozone Reaction with Organic Compounds (Experimental

Data)—continued

E log A, A k
RH Solvent T (K) (kJ mol™") (Lmol™"s™") (Lmol™"s™") Ref.
MeC(O)CH,Me Carbon tetrachloride 293 69.8 9.56 1.30x 1073 [142]
MeC(O)CH,Me Water 313 8.5%x107? [143]
H H
<j§:0 Carbon tetrachloride 295 59%107° [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 H
[ >< Carbon tetrachloride 298 10.1 [144]
O H
Carbon tetrachloride 298 0.90 [144]

<:O )
o><H
QO H
>< Carbon tetrachloride 298 32.1 6.30 4.70 [144]
o H
[O><Me
O H
: O><Me
o H
Q Me
>< Carbon tetrachloride 298 11.5 [144]
o H
[O ,<: :>
O H
: H

Carbon tetrachloride 298 31.7 6.92 23.0 [144]

Carbon tetrachloride 298 30.1 6.03 5.7 [144]

Carbon tetrachloride 298 56.3 [144]

Carbon tetrachloride 298 19.5 [144]

R'+ 0, — ROy’
RO;" + RO, — ROH + O, + ketone

Chain decomposition of ozone was also observed in the oxidation of cumene by an O3-O,
mixture [151]. The rate of ozone consumption was found to be

vo, = k1[RH][03] + k>[RH]'/*[05]*/ (3.17)

with k& =1.0L mol ™' s™', <, =18.0L mol ' s~! (cumene, 395K [151]).
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TABLE 3.8

Rate Constants and Activation Energies of Reaction RH + O3 — R*+ HOj in the

Hydrocarbon Solution Calculated by the IPM Method (see Chapter 4, [133])

D AH, E log A, A k(300K)
RH (k) mol™") n (k) mol™") (k) mol™") (Lmol™'s™") (Lmol™"s™")
EtMeCH—H 413.0 4 66.2 74.9 9.60 3.62x 1074
Me;C—H 400.0 1 53.2 67.2 9.00 1.99 x 1073
H
418.5 8 71.7 78.3 9.90 1.85% 107*
H
H
Q< 408.4 10 61.6 72.1 10.00 2.80x 1073
H
H H
© 403.9 14 57.1 69.5 10.15 1.12x 1072
<:>( 395.5 1 48.7 64.7 9.00 543%x 1073
H
Z-Decalin 387.6 2 40.8 60.3 9.30 6.32x 1072
CH,=CHCH,—H 368.0 3 21.2 63.9 8.48 226x 1073
CH,=CHMeCH—H 349.8 2 3.0 55.4 8.30 451 %1072
CH,=CHMe,C—H 339.6 1 —-7.2 50.8 8.00 0.14
Z-MeCH=CHMeCH—H 344.0 2 -2.8 52.8 9.30 1.28
Me,C=CHMeCH—H 332.0 2 —14.8 47.6 8.30 1.03
Me,C=CMeMe,C—H 322.8 1 —-24.0 43.7 8.00 2.46
(CH,=CH),C—HMe 307.2 1 -39.6 37.6 8.00 28.4
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 x 10?
H
H H
@ 301.0 2 —45.8 35.2 9.30 1.47 x 103
MeC=CMe,C—H 329.4 1 —17.4 46.5 8.00 0.80
PhMeCH—H 364.1 2 17.3 54.2 8.30 7.31x 1072
PhMe,C—H 354.7 1 79 49.7 8.00 0.22
H H
(ij 345.6 4 -1.2 45.6 9.60 45.7
continued
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TABLE 3.8
Rate Constants and Activation Energies of Reaction RH + O3 — R*+ HOj in the

Hydrocarbon Solution Calculated by the IPM Method (see Chapter 4, [133])—continued

D AH, E log A, A k(300K)
RH (k) mol™") n (k) mol™") (k) mol™") (Lmol™'s™") (Lmol™'s™")
H H
O‘O 322.0 4 —24.8 35.6 9.60 2.52% 10°
Me,NH,C—H 379.5 1 32.7 56.0 9.00 0.18
(CH,=CHCH—H);N 345.6 6 12 53.5 8.78 0.29
Me,(HO)C—H 390.5 1 4.4 61.9 9.00 1.67x 1072
H
329.7 1 —-17.1 32.7 9.00 2.02 x 10°
OoH
MeCH=CMeC—HMeOH 325.2 1 -21.6 44.7 8.00 1.65
H OH
©ij 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
H H
C;Z 394.1 4 473 63.9 9.60 298 x 1072
o
Me,CHOC—HMe, 390.8 2 44.0 62.0 9.30 321 %1072
(CH,=CHCH—H),0 360.0 4 13.2 60.1 8.60 1.37x 1072
Ph,C—HOMe 354.2 1 74 49.5 8.00 0.24
PhCOOHCH—H 367.0 2 20.2 55.6 8.30 4.17x 1072
Me;COO—H 358.6 1 15.6 31.2 9.00 3.69 x 10°
(Me;C);Si—H 351.0 1 -1.0 46.5 9.00 8.01
Ph;Ge—H 3225 1 -29.1 43.3 9.00 28.9
Ph;Sn—H 296.9 1 —55.2 31.2 9.00 3.69 x 10°

The second term characterizes the chain decomposition of ozone. The mechanism of chain
reaction was found to include the following reactions:

RH+ O3 — R' + HO5"
HO;" — HO" + O,
HO'+RH — H,O+R°
R'+ 0, — ROy’
RO, + 03 — RO’ + 20,
RO’ — PhC(O)Me + C'H;
CH;' + O, — CH;0;°
CH;0;" + O; — CH;30" + 20,
CH;0" + RH — CH3;0H + R’
CH;0;" + RO, — CH,0 + O, + ROH
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The similar kinetic scheme was proposed for the ozone reaction with acetaldehyde [150]. The
reaction rate obeys the equation

vo, = k1[MeCHO][O3] 4 k2[MeCHO]"/?[05]/? (3.18)

with k&; =4.3L mol ' s™!, k,=15.0L mol ' s~ (CCl,, 300K [150]).
The more complicated kinetic equation was found for ozone consumption in oxidized
cyclohexane [295 K, CCly [146]):

vo, = 3.2 x 107[RH][O3] + 0.3[RH]"/?[05]/? + 0.75[RH] [O3]*[0,] (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

RO, 4+ 03 — RO" + 20"
and the third one with chain propagation by the reaction
R*"+0; — RO+ 0Oy

Ozone chain decomposition occurs in the reaction of ozone with cumyl hydroperoxide [146].
The rate of this reaction is

Yo, = ki[ROOH][03] + k2[ROOH]/2[05]" (3.20)

ki=10L mol™' s7' and k,=18.0L mol™' s~' (CCl,, 298K [146]). The chain reaction
includes the following steps:

ROOH + O; — RO," + HOy"
RO, + O3 — RO" + 205"
HO' + ROOH — H,0 + ROy’
RO’ + ROOH — ROH + RO’
RO’ + 03 — ROy + O,
RO, + RO, — 2RO + O,
RO, + RO," — ROOR + O,

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+ 03 — RO+ 0O,
RO+ RH — ROH + R’

2. Reaction with chain propagation

RO+ 03 — RO+ 0Oy
RO, + RO;" — 2RO + Oy’
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TABLE 3.9
Rate Constants of Free Radical Reactions with Ozone (Experimental Data)

E log A, A k(298 K)

Radical Phase, solvent T (K) Kmol™)  (Lmol™'s™ (Lmol™'s™ Ref.
C'H; Gas phase 298 1.57 x 10° [152]
CH;C'H, Gas phase 298 2.0 x 107 [153]
Me;C* Carbon tetrachloride 298 3.28 x 10%° [154]
cyelo-CgH Carbon tetrachloride 295 5.0x% 108 [146]
MeC(O)C*HMe Carbon tetrachloride 413 4.0x%10° [146]
HO,® Gas phase 8.4 7.30 6.74 x 10° [155]
HO,® Gas phase 300 1.8 x 10° [156]
CH;0,° Gas phase 296 6.03 x 10° [157]
CH;0," Carbon tetrachloride 300 6.0 x 10* [151]
CH;0,° Carbon tetrachloride 313-338 25 8.90 3.30 x 10* [151]
cyclo-C¢H 105" Carbon tetrachloride 295 5.0x10° [148]
Me,PhCO," Carbon tetrachloride 295 1.7 x 10° [149]

3. Reaction with chain propagation
RO;" 4+ 03 — RO + 20,
RO+ RH — ROH + R’
R+ 0, — ROy’

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]:

RH + NO," — R* + HONO
ONOH — NO" + HO"
HO' + RH — H,0 + R’
R+ 0, — ROy
R’ + NO," — RONO
RO," + NO,” — ROONO;
RONO — RO" + NO'
RO, + NO* — RO’ + NO,’
ROONO, — RO’ + NO5"
RO"+RH — ROH +R*
NO;" + RH — HNO; + R"
ROOH + ONOH — RO’ + H,0 + NO,’
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Nitrogen dioxide is a stable radical with an unpaired electron and forms the dimer N,Oy4 in
the equilibrium reaction:

2N° 02 =N, 04

This equilibrium reaction occurs with enthalpy AH=—582kJ mol™' and entropy
AS=—177J mol~' K~'[167]. Nitrogen dioxide decays at elevated temperatures in the gas
phase by the reaction

2N'O; — 2N°O + O,

with rate constant k= 2.0 x 10° exp(—111.0/RT) L mol~' s~! [166].
Three mechanisms of radical initiation by nitrogen dioxide are known [5]:

1. Hydrogen abstraction by NO," from RH

NO;"+ HR — ONOH + R’

This reaction is endothermic, its enthalpy is AH = Dg__;—327.6kJ mol . 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:

NO," + CH,=CHR — NO,CH,C"HR
0, + NO,CH,C'HR — NO,CH,CH(0,")R

The enthalpy of NO3 addition to ethylene is AH = 14.6kJ mol~'. Due to the reverse reaction,
the pre-exponential factor 4 measured experimentally is very low (see Table 3.12).

TABLE 3.10
Rate Constants of Reactions N°O, + HR — ONOH + R’ in the Gas Phase
(Experimental Data)

RH T (K) E (k) mol™") log A, A(Lmol™'s™) k(298K) (Lmol™"s™") Ref.
CH, 1300-1900 125.5 8.84 6.93 x 1071 [169]
MeCH,Me 423-498 94.6 8.38 6.27x 107° [170]
(CH,=CH),CH, 296 1.22 [171]
CH,0H 640-713 89.5 8.56 7.45% 1078 [172]
CH;0H 9001100 94.5 8.30 3.64x107° [173]
EtCHO 295-390 51.9 7.40 2.02% 1072 [174]
PrCHO 295-390 51.9 7.40 2.02x 1072 [174]
CF;CHO 533-584 98.7 8.94 435x%107° [175]
CH;COCH;,4 298-373 29.8 2.58 224 %1073 [176]
Et,NOH 298 331 x 103 [177]
Me,NNH, 298 1.39 x 10* [178]
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TABLE 3.11
Enthalpies, Activation Energies, and Rate Constants of Reaction RH + N'O, — R*+ HONO
Calculated by the IPM Method [168]

D AH, E log A, A k(300K)
RH (k) mol™") n (k) mol™") (k) mol™") (Lmol™'s™") (Lmol™'s™")
EtMeCH—H 413.0 4 81.3 86.6 10.67 3771073
Me;C—H 400.0 1 68.3 73.6 9.77 8.80 x 107
H
418.5 8 86.8 82.0 11.06 484x107°
H
H
O< 408.4 1 76.7 82.0 10.98 484 %107
H
H H

© 403.9 1.4 72.2 71.5 11.02 3.26x 1073
<:>( 395.5 1 63.8 69.1 9.63 3.88x 1073
H

Z-Decalin 387.6 2 55.9 61.2 9.60 8.51 x 1072
CH,—CHCH,—H 368.0 3 36.3 59.0 8.48 1.57x 1072
CH,—CHCH—HMe 349.8 2 18.1 498 8.30 0.42
CH,—CHC—HMe, 339.6 1 79 45.0 8.00 1.45
Z-MeCH—CHCH—HMe 344.0 2 12.3 47.1 8.30 1.27
Me,C—CHCH—HMe 332 2 03 416 8.30 11.58
Me,C—=CMeC—HMe, 322.8 1 -89 37.5 8.00 28.92
(CH,—CH),C—HMe 307.2 1 2455 311 8.00 3.76 x 10°
H
341.5 4 9.8 459 9.60 40.8
H
H
330.9 4 ~0.8 41.1 9.60 2.82 x 10
H
H
312.6 4 ~19.1 33.3 9.60 6.33 x 10°
H
H H
@ 301.0 2 ~30.7 287 9.30 1.97 x 10*
MeC=CC—HMe, 329.4 1 23 40.4 8.00 9.19
MePhCH—H 364.1 2 324 50.6 8.30 0.31
Me,PhC—H 354.7 1 23.0 458 8.00 1.07
H H
(:ii 345.6 4 13.9 413 9.60 2.56 x 10°
H H

O‘O 322.0 4 -9.7 30.7 9.60 1.82 x 10*

© 2005 by Taylor & Francis Group.



TABLE 3.11
Enthalpies, Activation Energies, and Rate Constants of Reaction RH + N'O, — R*+ HONO
Calculated by the IPM Method [168]—continued

D AH, E log A, A k(300K)
RH (k) mol™") n (k) mol™") (k) mol™") (Lmol™"s™") (Lmol™'s™")
Me,NH,C—H 379.5 1 47.8 53.1 8.66 0.25
(CH,=CHCH—H);N 345.6 6 13.9 47.8 8.78 2.82
Me,C—H(OH) 390.5 1 58.8 64.1 9.44 1.84 x 1072
H
329.7 1 -2.0 40.5 9.00 87.2
OH
MeCH=CMeC—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 x 10?
PhC(O)—H 348.0 1 16.3 42.5 8.00 4.03
H H
394.1 4 62.4 67.7 10.19 243 %1072
(@)
Me,CHOC—HMe, 390.8 2 59.1 64.4 9.75 3.37x 1072
(CH,=CHCH—H),0 360.0 4 28.3 54.9 8.60 0.11
Ph,C—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
Me;COO—H 358.6 1 30.7 45.9 9.00 10.34
(Me;C);Si—H 351.0 1 15.0 40.8 9.00 77.6
Ph;Ge—H 322.5 1 —14.0 29.8 9.00 6.38 x 10°
Ph;Sn—H 296.9 1 —40.1 20.4 9.00 2.76 x 10°

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 (Dg_y; = 570 kJ mol~') and the relatively low BDE in the
difluorine molecule (Dp_ = 158.7 kJ mol~!). Due to this great difference in the BDE of the
reactants and the products, bimolecular reactions of hydrogen atom abstraction

RH+F, — R " +HF+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_pg=440kJ mol ™), is
k=2.0x10° exp(—47/RT) L mol~' s™' (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
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TABLE 3.12
Rate Constants of Addition Reactions N°O, + CH,—CHR — RC'HCH,;NO, in the Gas Phase
(Experimental Data)

log A, k(298 K)

CH,=CHR T (K) E (k) mol™") (A(Lmol™"s™") (Lmol™"s™1) Ref.
CH,=CH, 298-382 58.6 9.97 0.50 [179]
CH,=CHMe 323 473 %1072 [180]
CH,=CHMe 293-373 23.4 2.38 1.90 x 1072 [181]
CH,=CHMe 298-373 33.0 3.50 5.19% 1073 [176]
CH,=CHEt 298-382 30.5 3.40 1.13x 1072 [176]
CH,=CHPr 298-373 30.1 0.20 8.39 x 107° [176]
CH,=CHBu 293-333 29.3 4.89 0.57 [181]
CH,=CMe, 298-373 16.7 1.60 471x1072 [176]
Z-2-MeCH=CHMe 298-382 47.7 8.64 1.90 [179]
E-2-MeCH=CHMe 298-382 48.5 8.87 2.34 [179]
Z-CH,—CHCH=CHMe 298 1.0 x 10? [182]
E-CH,—CHCH=CHMe 298 1.26 x 10° [182]
CH,=CMeCH=CH, 298 1.09 x 10° [183]
CH,—=CMeCH=CH, 298 1.08 x 107 [182]
CH,=CMeCH=CH, 295 6.21 x 10 [184]
Me,C=CMe, 298 6.44 [185]
Me,C=CMe, 295 9.27 [184]
E-CH,=CHCH=CH, 298 18.7 [184]
E-CH,=CHCH=CH, 298 17.1 [171]
CH,=CMeCMe=CH, 298 1.81 x 10? [183]
CH,=CMeCMe=CH, 298 1.50 x 102 [171]
CH,=CHCMe=CHMe 298 3.31 % 107 [183]
Me,C=CHCH=CH, 298 2.59 x 10° [183]
Me,C=CHCH=CMe, 298 1.32x10° [183]
E-CH,—=CHCH=CHEt 298 1.21 x 10° [183]
E,Z-CH,—=MeCH= 298 3.25 % 10? [183]

CHCH=CHMe
E,E-CH,=MeCH=— 298 3.56 x 102 [183]
CHCH=CHMe
Z-CH,=CHCH= 298 4.04 % 10° [183]
CHCH=CH,
E-CH,—CHCH= 298 5.78 x 10 [183]
CHCH=CH,
CH,=CMe(CH,); 294 1.57 x 10 [183]
C(CH=CH,)=CH,
H
©< 298 1.10 x 10° [183]
H
H
©< 295 1.07 x 10° [184]
H
4@—< 295 3.92 % 10° [184]
@ 295 1.46 x 1072 [184]
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TABLE 3.12
Rate Constants of Addition Reactions N°O, + CH,—CHR — RC'HCH,;NO, in the Gas Phase

(Experimental Data)—continued

log A, k(298 K)
CH,=CHR T (K) E (k) mol™") (A (L mol™"s™") (Lmol™"s™) Ref.
© 298 30.1 [183]
H H
298 54.2 [183]
CICH=CCl, 303-343 36.8 2.61 1.44x 107% [186]
HC=CH 298-382 60.2 9.77 0.16 [179]

reactions varies from —6 to —118kJ mol~! and activation energy ranges from 12 to 36 kJ
mol~! for the chosen molecules.

Another fast reaction of radical initiation is the difluorine addition to the double bond of
the unsaturated compounds [192-194]:

F, + CH,=CHR — F' + FCH,C'HR

The C—F bond is strong ((Dc_p=464kJ mol~! in CH;F) and its formation compensates
the energy of difluorine dissociation and w-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: k=7.76 x 10" exp(—19.2/RT)=2.04 x 10* (298 K, [192]), k=1.81 x 10* L mol !
s 1 (298K, [193]), k=4.16 x 10* L mol ' s~ (315K, [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

Cl, + HR — CI' + HCI+ R°
The rate constant of the reaction
Cl, + HCF; — CI' + HCI + C'F3

in the gas phase is k = 5.0 x 10° exp(—142.2/RT)=2.1 x 10~ (600 K) L mol ' s~ [196]. The
values of the activation energies of the reactions Cl, + RH are close to the reaction enthalpy.
The rate constants of the reactions Cl, + RH calculated by the IPM method are collected in
Table 3.15.
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TABLE 3.13
Enthalpies, Activation Energies, and Rate Constants of Reaction: F; + HR — F + HF + R*
Calculated by the IPM Method [191]

D AH, E log A k(300 K)
RH (k) mol™") n (k) mol™") (k) mol™") (AL mol™"s™") (Lmol™'s™")
EtMeCH—H 413.0 4 -6 36.5 10.94 8.02 x 10°
Me;C—H 400.0 1 —-19 31.5 10.34 1.60 x 10*
H
418.5 8 -0.5 38.7 11.25 6.60 x 10°
H
H
O< 408.4 10 —10.6 33.0 11.34 8.60 x 10*
H
H H
© 403.9 14 —15.1 31.3 11.49 2.46 % 10°
<:>( 395.5 1 -23.5 28.2 10.34 6.38 x 10*
H
Z-Decalin 387.6 2 314 254 10.64 4.12x 10°
CH,—CHCH,—H 368.0 3 —51 26.7 10.82 3.62 x 10°
CH,=CHCH—HMe 349.8 2 —69.2 21.1 10.64 2.53 % 10°
CH,=CHC—HMe, 339.6 1 -79.4 18.1 10.34 4.57 x 10°
Z-MeCH=—CHCH—HMe 344.0 2 —75 23.5 10.64 9.19 x 10°
Me,C=CHCH—HMe 332.0 2 -87 20.1 10.64 3.88 x 10°
Me,C=CMeC—HMe, 322.8 1 —96.2 17.6 10.34 5.66 x 10°
(CH,=CH),C—HMe 307.2 1 —111.8 13.7 10.34 3.06 x 107
H
341.5 4 -71.5 22.8 10.94 2.46 x 10°
H
H
330.9 4 —88.1 19.8 10.94 8.80 x 10°
H
H
312.6 4 —106.4 15.0 10.94 6.92 x 107
H
H H
@ 301.0 2 —118 12.2 10.64 1.18 x 108
MeC=CC—HMe, 329.4 1 —89.6 19.4 10.34 2.62 % 10°
MePhCH—H 364.1 2 —54.9 24.8 10.64 531 x 10°
Me,PhC—H 354.7 1 —64.3 21.9 10.34 9.05 x 10°

H H
E:@ 345.6 4 734 19.3 10.94 1.09 x 107
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TABLE 3.13
Enthalpies, Activation Energies, and Rate Constants of Reaction: F; + HR — FF+ HF + R’
Calculated by the IPM Method [191]—continued

D AH, E log A k(300 K)
RH (k) mol™") n (k) mol™") (k) mol™") (AL mol™"s") (Lmol™'s™")

H H
O‘O 322.0 4 —-97 13.0 10.94 1.66 x 10°
Me,NH,C—H 379.5 1 -395 26.7 10.34 1.20 x 10°
(CH,=CHCH—H);N 345.6 6 -734 239 11.12 2.35% 10°
Me,C—H(OH) 390.5 1 —28.5 30.5 10.34 2.44 x 10*

H

329.7 1 —89.3 19.5 10.34 2.51 x 10°

OH
MeCH=CMeC—HMeOH 325.2 1 —93.8 18.3 10.34 420 x 10°

H OH
Oij 337.5 1 —81.5 17.1 10.34 7.03 x 10°
PhC(O)—H 348.0 1 -71 20.0 10.34 2.03 x 10°
H H

394.1 4 —24.9 31.8 10.94 5.64 x 10*

o)
Me,CHOC—HMe, 390.8 2 —28.2 30.6 10.64 4.68 x 10*
(CH,=CHCH—H),0 360.0 4 —-59 28.3 10.94 2.44 % 10°
Ph,C—HOMe 354.2 1 —64.8 21.8 10.34 9.45x 10°
Ph(COOH)CH—H 367.0 2 -52 25.7 10.64 3.64 x 10°
Me;COO—H 358.6 1 -56 18.4 10.34 4.02 % 10°
(Me;C);Si—H 351.0 1 -72.8 16.8 10.34 7.98 x 10°

Thermal initiation in the reaction of dichlorine with olefins proceeds via the bimolecular
reaction of addition [4]:

Cl; + CH,=CHR — CI' 4+ CICH,C'HR

These reactions of diclorine with olefins are endothermic, AH varies from 63kJ mol™!
(Ph,C=CH,) to 191kJ mol~' (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 HO," radical and bromine
atom:

HBr + O, — Br" + HOy'

The reaction is endothermic, its AH = 146.3kJ mol .
2. The reaction of peroxyl radical with HBr is followed by the reactions [109]:
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TABLE 3.14
Enthalpies (AH,), Activation Energies, and Rate Constants of the Addition Reactions

F; + CH,=CHR — F + FCH,C'HR Calculated by the IPM Method [191]

AH, E log A, A k(300K)
Olefin (k) mol™") (k) mol™") (Lmol™"s™7) (Lmol™'s™)
CH,=CH, -29.1 38.6 11.00 1.90 x 10*
Me,C=CH, -323 36.9 10.70 1.88 x 10*
EtCH=CH, -27.7 39.3 10.70 7.20 x 103
H
C>< —33.7 36.2 11.00 4.98 x 10*
H
CH,—CHCH=CH, 745 13.4 11.00 4.64 x 107
CH,=CHCH=CMe, —80.1 11.0 10.70 6.09 x 10°
Me,C=CMeCMe=CMe, —109.5 0.03 11.00 9.88 x 10'°
H
C>< -91.3 6.4 11.00 7.68 x 10°
H
PhCH=CH, —70.0 26.7 10.70 1.12 x 108
PhCH=CHMe —66.2 28.4 10.70 5.69 x 10°
Ph,C=CH, —137.2 1.9 10.70 2.34 % 10"

—66.2 28.4 10.70 5.69 x 10°

RO," + HBr — ROOH + Br’
Br' + RO,' — ROOBr
ROOBr — RO’ + BrO’
RO+ RH — ROH + R’
BrO'+ RH — BrOH + R’
R'+ 0, — ROy

3. Free radicals are produced by the reactions of HBr and the bromide anion with
hydroperoxide [198]:

ROOH + HBr — RO" + H,0 + Br’
HBr — Br~ + H
Br + ROOH — Br'+ RO + OH™
RO+ RH — ROH + R’
Br"+ RH — BrH + R’

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
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TABLE 3.15
Enthalpies, Activation Energies, and Rate Constants of Reaction RH + Cl, — R*+ HCI + CI’
Calculated by the IPM Method [191]

D AH log A, A k(400K)
RH (k) mol™") n (k) mol™") (Lmol™'s™") (Lmol™'s™")
EtMeCH—H 413.0 4 224.0 11.95 2.94x 107"
Me;C—H 400.0 1 211.0 11.33 3.62%x 107"

418.5 8 229.5 12.26 1.12x 107"
H
H
Q< 408.4 10 219.4 12.34 2.87x 10718
H

@ 403.9 14 214.9 12.48 1.55x 107"
<:>( 395.5 1 206.5 11.32 1.37x 107"
H
Z-Decalin 387.6 2 198.6 11.61 4.88 x 1071°
CH,—=CHCH,—H 368.0 3 179.0 11.59 9.85x 107 "?
CH,=—CHCH—HMe 349.8 2 160.8 11.37 1.61 x 107!
CH,=CHC—HMe, 339.6 1 150.6 11.03 1.64 x 1071°
Z-MeCH=CHCH—HMe 344.0 2 155.0 11.35 8.95x 107!
Me,C=CHCH—HMe 332.0 2 143.0 11.31 3.14x107°
Me,C=CMeC—HMe, 322.8 1 133.8 10.97 236x107%
(CH,=CH),C—HMe 307.2 1 118.2 10.90 2.33x107°
H
341.5 4 152.5 11.60 3.40 x 10710
H
H
330.9 4 141.9 11.60 8.53x 1077
H
H
312.6 4 123.6 11.53 1.91 x 10~
H
H H
@ 301.0 2 112.0 11.17 2.86x 107
MeC=CC—HMe, 329.4 1 140.4 11.00 339 x 1077
MePhCH—H 364.1 2 175.1 11.52 295%x 10713
Me,PhC—H 354.7 1 165.7 11.19 2.40 x 10712
H H
()ij 345.6 4 156.6 11.77 1.45x 10710
continued
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TABLE 3.15
Enthalpies, Activation Energies, and Rate Constants of Reaction RH + Cl, — R*+ HCl + CI’
Calculated by the IPM Method [191]—continued

D AH log A, A k(400K)
RH (k) mol™") n (k) mol™") (Lmol™'s™") (Lmol™'s™")
H H
O‘O 322.0 4 133.0 11.7 1.61x 1077
Me,NH,C—H 379.5 1 190.5 11.29 1.40 x 1071
(CH,=CHCH—H);N 345.6 6 156.6 11.83 1.67 x 1071°
Me,C—H(OH) 390.5 1 201.5 11.31 6.08 x 10717
H
329.7 1 140.7 11.00 3.10x 1070
OH
MeCH=CMeC—HMeOH 325.2 1 136.2 10.98 1.16 x 1078
H OH
337.5 1 148.5 11.15 4.10x 10710
PhC(O)—H 348.0 1 159.0 11.18 1.80 x 107!
H H
394.1 4 205.1 11.92 8.31x 1077
0
Me,CHOC—HMe, 390.8 2 201.8 11.61 1.11x 107'°
(CH,=CHCH—H),0 360.0 4 171.0 11.70 1.56 x 10712
Ph,C—HOMe 354.2 1 165.2 11.19 2.08 x 10712
Ph(COOH)CH—H 367.0 2 178.0 11.52 1.22x 10713
Me;COO—H 358.6 1 169.6 10.63 2.02x 10713
(Me;C);Si—H 351.0 1 162.0 10.92 3.98 x 10712

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 E,=E,—0.5E; directly as the slope
R d In v/d(T™") 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 (107'? 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—FEinstein law of photochemical equivalence: one photon of radiation can be
absorbed only by one molecule [201,202].
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TABLE 3.16

Enthalpies, Activation Energies, and Rate Constants of the Reactions
Cl; + CH,=CHR — CI" + CICH,C'HR, Calculated by the IPM
Method [191]

AH E k(300K)
RCH=CH, (k) mol™") (k) mol™") (Lmol™"s™")
RCH=CH, + Cl, — RC'HCH,CI + CI’
CH,=CH, 168.2 169.3 5.96 x 1072
Me,C=CH, 165.0 166.5 1.83x 107"
EtCH=CH, 169.6 170.5 3.65x 1072
H
155.6 158.3 4.80x 1078
H
HC=CH 183.7 205.5 6.03x 10726
MeHC=CMe 199.4 218.8 291 x 1078
CH,=CHCH=CH, 122.8 131.3 242x 1071
CH,=CHCH=CMe, 118.2 127.5 1.14 x 10712
Me,C=CMeCMe=CMe, 88.8 103.4 1.81x 1078
H
98.0 110.8 9.13x 10710
H
PhCH=CH, 126.9 136.7 2.87x 1071
PhCH=CHMe 121.7 132.5 1.55x 10713
Ph,C=CH, 66.5 89.8 4.18 x 107°
123.2 133.7 9.54 x 1071

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 107 '°—107'® 5. The vibrational motion of atoms in a molecule takes place
in 107" 5. 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(So)+hv — A*(S) k=10"-10' 57!
Internal conversion A*(S) — A(Sp) kie=10%-10"% 57!
Fluorescence A*(S) — A(So) + hv k~10°-10° 57!

Dissociation

Transition to triplet state
Phosphorescence
Intersystem crossing

A*S;) — B+C
A¥(S) — AX(T))
A*(T)) — A(So) + hv
A*(T) — A(So)

kg~ 1013-10" 7!
ke~ 107410712 57!
kpn=1072-10% s
Kie=10%-10"2 57!
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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 7, in moles of photons per unit volume per second, the
steady-state concentration of A*(S;") is

[A*(S1)] = La(kic + kp + kise)™! (3.21)
and the steady-state concentration of the triplet state A*(T,) is

A*(Tl) = kiscla(k{ + kph)il(kic + kf + kisc)7l (322)

18C

The observed singlet lifetime is equal to
' = ki + ke + kige (3.23)
The quantum yield for fluorescence is equal to
Dy = ke(kic + kr + kige) ™" (3.24)
and that for phosphorescence is
Dy = kpnkise(kly, 4 kpn) ™ (Kie + kr + kise) ™! (3.25)
Excited molecules A* may be rapidly deactivated by other molecules (quenchers, Q):
A" (T1) + Q(So) — A(So) + Q(T1) kq

Quencher Q lowers the intensity of phosphorescence. The dependence of the light intensity
of phosphorescence I, on the quencher concentration obeys the Stern—-Volmer equation
[210]:

I3/ Ion = 1 + kqrr[Q] (3.26)

where 71 is the phosphorescence lifetime (7' =kpn + 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) +Q(So) — A(So) + Q(Sy)
A(T1) 4+ Q(So) — A(So) + Q(TH)

A dioxygen molecule is a very active quencher (kq~ 10°-10'° L mol ™' s7").

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.

© 2005 by Taylor & Francis Group.



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 \ ~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('So) + hv — Hg(’P))
Hg(’P)) + RH — Hg('S) + RH*
RH* — R+ H’
R+ 0, — ROy’
RO+ RH — ROOH + R°
RO;" + Wall — 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('So) + hv — Hg(Py)
Hg(*P)) + 0, — HgO + O
0+0+M — O3 +M

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 (k) mol™")
Mercury 6°P; — 6'S, 253.7 469.4
Mercury 6'P, — 6'Sy 184.9 643.9
Cadmium 5P, — 5'S, 326.1 365.3
Cadmium 5P, — 5'S, 228.8 520.5
Zinc 4p; — 4's, 307.6 387.0
Zinc 4'p, — 41, 213.9 558.1

The reaction of excited cadmium with dihydrogen was proved to proceed with cadmium
hydride formation [216]:

Cd(’P))+H, — CdH + H'
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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]:

Q+hhw — QF
Q*+RH — "‘QH+R’
‘QH+0; — Q +HOy'

R’ + 0, — ROy

RO;"+ RH — ROOH + R’

or

Q"+ 0, — QOO
*QOO" + RH — "QOOH + R’
*QOOH — Q + HO»"
HO,"+ RH — H,0, +R°

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]:

RN=NR + hv — RN=NR"*
RN=NR* — [R' + R]+ N,
[R"+R'] — RR
[R"+R] — R"+R’
R’ + 0, — ROy’
RO, + R;H — ROOH + Ry

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 @ =0.31, into the trans-configuration with @ =0.51, and into free radicals
with @ =0.18 (gas phase, 600 tor CO,, room temperature). The following scheme of photo-
physical stages was proposed [205]:
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TABLE 3.17
The Values of Triplet Energies of Selected Organic Compounds [209]

Compound Er (k) mol™") Compound Er (k) mol™")
CH,=CH, 330 C¢Hyg 353
CH,=CHCOOMe 372 PhCl 342
CH,—CHCH=—CH, 250 PhCOOH 324
PhCH=CH, 258 PhNH, 297
PhMeC=CH, 260 PhC=N 320
Ph,C=CH, 247 PhNO, 243
PhNH, 297 MeC(O)Me 332
PhCH(O) 301 PhC(O)Me 310

287 PhC(O)Et 312

PhC(O)Ph
@ 219 O:C>:o 224

(0]

241

E-RN,R + hv — E—RN>R('n, 7)
E-RN,R('n, w°) — RNLR(Cwr, 7)
RN,R(Cmw, ) — E—RNL,R(Cn, 7)
RN,R(Cm, ) — Z—RN,R(Cn, )
RNLR(Cw, ) — E—RNLR + /v
RNLRCw, ) — Z—RN,R + hv
E-RN,R(Cn, m) — E—RN,R + /v
Z-RN,R(n, m) — Z—RN,R + hv

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]:
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A (nm) 400 360 347 330 310

g (Lmol 'em™) 0.85 11.9 14.7 11.6 43

TABLE 3.18
Quantum Yields of Azoalkanes Photolysis in Solution at Room
Temperature: RN,R + hv — N, + Products ([205])

Azoalkane Solvent (]}
E-Me,CHN=NCHDMe, Isooctane 0.021
E-Me,(CN)CN=NC(CN)Me, Benzene 0.44
E-Me;CN=NCMe; Benzene 0.46
E-MeOMe,CN=NCMe,OMe Benzene 0.21
E-MeSMe,CN=NCMe,SMe Benzene 0.38
E-HC=CMe,CN=NCMz¢,C=CH Benzene 0.47
E-H,C=CHMe,CN=NCMe,CH=CH, Benzene 0.57
E-AcOMe,CN=NCMe,OAc Benzene 0.005
E-EtO(0)CMe,CN=NCMe,C(O)OEt Benzene 0.42
E-PhCH,N=NCH,Ph Benzene 0.02
E-PhCH,;N=NCH,Ph Isooctane 0.049
E-PhMeHCN=NCHMePh Isooctane 0.035
E-PhMeHCN=NCHMePh Benzene 0.043
E-PhMe,CN=NCMe,Ph Benzene 0.36
E-Me;CN=NCMe,CH=CH, Benzene 0.49
E-Me;CN=NCMe,CH,CMe; Benzene 0.42

3.4.3.2 Peroxides

The absorption of photon causes homolysis of peroxide with the generation of free radicals
[205-208]:

ROOR! + v — RO* + RO

The formed radicals are excited: at A =313 nm and an excess of energy is equal to 320kJ
mol™!, at A=254nm, it is equal to 230kJ mol~'. This is the reason for the gas-phase
photolysis leading to intensive decomposition of the formed alkoxyl radicals. The values of
Amax and extinction coefficients for several peroxides are presented [205]:

1,1-Dimethylethylperoxide: & (Lmol™'ecm™")=1.6 (A =301nm), 2.5(A =289 nm), 4.0(\
= 275nm), 4.5(\ =270 nm), 5.4(\ =262nm), 7.1(A = 245 nm).

1-Methyl-1-phenylethyl peroxide: &£ (L mol ™' cm™') =415\ =257 nm)

1,1-Dimethylethyl hydroperoxide: & (L mol ™' cm™') = 6(\ =260 nm), 17(\ =240 nm), 70(\
=200 nm).

1-Methyl-1-phenyl hydroperoxide: & (L mol~'ecm™") =200 (A =258 nm)

Acetyl peroxide: & (L mol™' ecm™") =20(A =265 nm), 56(\ =250 nm), 89(\ = 240 nm).

Benzoyl peroxide: £ =2.3 x 103 (A =275nm), 2.7 x 10* (A =230 nm).
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3.4.3.3 Carbonyl Compounds

Two parallel photolytic reactions of aldehydes decomposition are known [205]:
RCHO + v — R’ + HC'(O)

and

RCHO + hv — RH + CO

The ratio of the rate constants of these reactions depends on the energy of photon absorbed by
the aldehyde molecule. The values of the quantum yield for acetaldehyde are the following [205]:

A (nm) 313 280 265 254 238
@(C'H; + HC*O) 0.20 0.39 0.36 0.38 0.31
®d(CH4+ CO) 0.001 0.15 0.28 0.66 0.37

Four parallel photolytic reactions are known for ketones [205]:
RC(O)R' + v — R*+R!'C'(0)

RC(O)R! + v — RC'(O) + R
Me,CHCMe,;CMe,C(O)R! + hv — Me,C=CMe; + Me,C=C(OH)R'

R,
OH
Me,CHCMe,CMe, C(O)R! + Ay — j:p

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 @(Et")/®(Me”) is equal [205]:

A (nm) 313 265 254

O(EL)/D(Me*) 40 5.5 24

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

O o - LD
OO0 o — CHC
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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
@ =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]:

Such compounds with conugated m-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), y-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 +y-rays
(hv) in deaerated water are the following [222-224]:

H,O+e¢ — H,OM +e +e
H,0 + H,O0" — HO" + H;0™"
e — e;q(solvated electron)

g + H:0" — H,O+ H'

Cq T H,O — H'+ HO™

H+H — H,

H' + HO® — H,;0
HO®' + HO® — H,0,
H,O" + ¢~ — H,O*

H,0* — H, + O

When dioxygen is dissolved in irradiated water, the following reactions occur in addition:

€q + 02 — Oy
0;"+ H;0" — HOy' + H,O
HO," + H — H,0,
HO," + HO," — H,0;, + O,

© 2005 by Taylor & Francis Group.



Hydrogen peroxide formed reacts with atoms and radicals:

H,O, + H — HO," + H)
H,O0, + HO® — H,0 + HOy’
H,O, + H — H,O0 + HO’
H,O, + HO," — H,O + HO" + O,

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 RabioLyTiC INITIATION OF HYDROCARBON OXIDATION

The hydrocarbon molecule RH is ionized under the action of fast electron (or y-photon). The
formed electrons are retarded due to collisions with molecules and become solvated electrons
es. Excited molecules of the hydrocarbon are produced due to recombination of solvated
electrons e and positive ions RH™' [223,224].

e +RH — ¢ +e¢ +RH
e — e
RH" + ¢, — RH"
RH* — R+ R,
RH" +e¢;, — R+ H

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 mol™"s™")
€ aq H,0O 16

€ ag D,0 1.2

€ aq H;0" 2.4 %10
€ aq H,0, 1.3 x 10"
€ ag HO; 3.5% 10"
€ aq 0, 1.9 x 10"
€ aq € aq 1.2 x 10'
€ aq H* 2.5% 10"
€ aq HO* 3.0 x 10"
€ aq 05 1.3 x 10'
H° H,0, 5.8x 107
H 0, 2.0x% 10"
H* HO™ 1.8 x 107
H* H* 2.0x 10"
H HO® 2.2 x 10"
H* HO, 2.0 x 10
HO* H,0, 4.5% 10’
HO" HO3 8.3x 10"
HO® HO* 1.1 x 10'
HO® HO% 1.0 x 10'°
HO" 0’ 9.0 x 10°
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The radiation yield of ionized molecules of cyclohaxane was found to be equal to five
molecules per 100eV [223].

The formed solvated electrons were studied by the method of pulse radiolysis [225]. The
following table presents the characteristics of ¢ in different hydrocarbons:

Hydrocarbon Amax(nm) £max (L mol™'ecm™") Ref.
Hexane >1600 €1000=6.7 x 10° 225
Methylcycloxane-d, 4 3400 1.9 x 10* 226
Octane, 3-ethyl— 2100 2.1 % 10* 227

Solvated electron reacts with dioxygen with a high rate:
e, +0, — O7°
05+ RH" — HO," + R’
R+ 0, — ROy’

Hydrocarbon Hexane Cyclohexane Isooctane
k(e5+0,) (Lmol 's7h 1.5x 10" 1.7 x 10" 1.4 x 10"
Ref. [228] [229] [228]

Positive charged ions RH™ react with other R{H molecules in a hydrocarbon solution. This
charge transfer is very fast:

RH" + RRH — RH + R;H"

The rate constants of charge transfer from RH" (RH is heptane) to R;H at room temperature
have the following values [227]:

RiH CyCIO-CGH“) CH2:CHBU C6H6 PhCH3 M92C:CMe2

k (L mol™'s7h 3% 10° 4% 10" 6x 10" 6x 10" 7.5% 10"

The excited molecules are formed in the singlet (S) and triplet (T) states. The following table
presents the values of radiation yield G (molecule/100eV) 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(R;") values for different radicals formed from heptane is
given in the following table [223]:

Ry Me* Et' Pr Bu' CeHy3°

GR;") 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'+ 0, — ROy’
RO,"+ RH — ROOH + R’
RO, + R* — ROOR
RO," + RO, — ROH + O, + Ketone
H + 0, — HOy’
HO," + HO," — H;0, + O,

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 H,0, ROH R'C(O)R?
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 /. [233]. Radoxidation occurs as an initiated chain reaction at an
elevated temperature when peroxyl radicals react more rapidly with hydrocarbon RH than
disproportionate, kf,(2kt)*1[RH]2 > v1 (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 7, between these two regimes of oxidation
depends on the value of radiation intensity I;. The values of T, for irradiated heptane
oxidation is as follows [233]:

L (evL s 7.5% 10" 4.1 x 107 1.2 x 10" 7.8 x 10'°

T, (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

RH + CH,—CHR'! — R® + CH;C'HR!

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 witTH THE C—H BonND
OF THE HYDROCARBON

Bolland and Gee [5] proposed the following reaction of free radical initiation in oxidized
hydrocarbon as the most probable:

RH + O, — R*+ HOy*

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]:

v = k[RH][O;]. 4.1)
2. The rate constant k; 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.
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RH CyCIO-C5H12 Me2CHCH2Me PhCH3 PhM92CH CyCIO-C(,H“)

D (kJ mol™) 408.8 400.0 375.0 354.7 341.5

AH (kJ mol™1) 188.8 180.0 155.0 134.7 121.5

ki (T=403K) 1.5x 1071 3.7x107° 1.6 x 1078 2.0x 1077 1.3x 1077
(L mol's™h

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 ky/kp=15.2 (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(6+) --- H - -+ O(6—).

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 (AGnﬁ: —RT In(k;,/ky)) [16,17].

Me,_,C(CH,OC(O)CH;,Me),, + O, — Free Radicals

n 1 2 3 4
k (423K) (L mol ™! s71) 2.8x1078 1.1 x1077 1.7%x1077 8.5x 1077
AGZ, (kI mol ™) 0.0 —46 —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 (AH, > AH, ax, D(R—H) > D,,,,) is almost equal to the enthalpy of the reaction
(E=AH+0.5RT). The values of AH, 1,y are the following for aliphatic (R'H), nonsaturated
(R*H), and alkylaromatic (R*H) hydrocarbons:

RH R'H R’H R3H
AH, max (k] mol™") 76.3 110.2 90.6
Dinax (kJ mol™1) 300.1 334.0 314.4

Practically, all the hydrocarbons have BDE of C—H bonds higher than 300 kJ mol ', and this
method of calculation can be used for them. The enthalpy of reaction was calculated as: AH =
D(R—H)—220 (kJ mol™"). 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= Ao{l B [\/AHe - \/AHemax] }2, 4.2)

where the coefficient 8 = 1.3 and the factor 4o= 10" (L mol~' s™!) 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 + O, — Free Radicals (Experimental Data)

RH Solvent T(K) k@ mol™s™ Ref.
CH;—H Gas phase 300-2500 3.98 x 100 exp(-238/RT) [19]
CH;—H Gas phase 300-2500 3.98 x 1010 exp(—238.1/RT) [20]
CH,—H Gas phase 3002500 7.59 x 10% exp(=217.4/RT) [21]
CH;—H Gas phase 1000-2500 7.94 x 1010 exp(—234.3/RT) [22]
CH,—H Gas phase 300-1000 4.27 x 1010 exp(-246.1/RT) [23]
CH;CH,—H Gas phase 500-2000 6.03 x 1010 exp(=217.0/RT) [19]
CH;CH,—H Gas phase 300-2000 3.98 x 10'0 exp(—212.8/RT) [20]
CH;CH,—H Gas phase 865-905 1.00 x 1010 exp(-213.4/RT) [24]
Me,CH—H Gas phase 300-2500 3.98 x 10'% exp(—238/RT) [25]
Me,CH(C—H)Me, Gas phase 773-813 2.04 x 1010 exp(—173.0/RT) [26]
Me,C—H Gas phase 300-2500 3.98 x 10'% exp(—184.1/RT) [27]
Me,C—HCH,Me Benzene 410-439 1.50 x 10'2 exp(—159.0/RT) [11]
BuCH,(CH—H)Me Benzene 378433 3.16 x 10'* exp(~181.0/RT) [12]
Me;CCH,C—HMe, Benzene 400-466 1.00 x 102 exp(~159.0/RT) [11]
<:><H Chlorobenzene 383-413 7.94 x 10'2 exp(—167.4/RT) [10]

H
CH,=CHCH,—H Gas phase 600—1000 1.90 x 10° exp(~163.8/RT) [28]
CH,=CMeCH,—H Gas phase 673-793 4.79 x 10° exp(=161.2/RT) [29]
C><H Benzene 373-413 1.58 x 107 exp(—104.6/RT) [12]

H
©<H Gas phase 573-623 8.13 x 108 exp(~104.0/RT) [30]

H
@H Benzene, 1,2-dichloro- 353 3.70 x 1077 [31]

CH=CH, Benzene, 1,2-dichloro- 348-363 2.00 x 108 exp(=96.7/RT) [31]
el
PhCH,—H Benzene 378433 7.08 x 10° exp(~133.9/RT) [12]
@(CHz—H Chlorobenzene 383-418 3.16 x 10° exp(~130.0/RT) [32]
\©/CH2—H Chlorobenzene 383-418 3.16 x 10'% exp(~135.0/RT) [32]
/©/ CHy—H Chlorobenzene 383418 3.16 x 10° exp(~127.0/RT) [32]
PhMe,C—H Chlorobenzene 373-423 3.50 x 10° exp(~114.6/RT) [10]
PhMe,C—H Benzene 378-433 9.55 x 10° exp(~113.0/RT) [12]
PhMe,C—H Benzene 353413 2.57 x 10% exp(=77.5/RT) [13]
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TABLE 4.2
Enthalpies and Rate Constants of the Reaction RH + O, — R"+ HO," in Hydrocarbon
Solution Calculated by the IPM Method [18]

D AH log A,A k (450 K)
RH (k) mol_1) Ne_y (k) mo|_1) (L mol™’ s_1) (L mol™ 5_1)
Me;CCH,—H 422.0 12 202.0 12.58 8.17 x 10712
EtMeCH—H 413.0 4 193.0 12.06 2.68 x 10711
Me,C—H 400.0 1 180.0 11.38 1.86 x 10710
H 418.5 8 198.5 12.39 1.32 x 10711
e
O<H 408.4 10 188.4 12.43 2.16 x 10710
H
6 403.9 14 183.9 12.55 9.49 x 10710
395.5 1 175.5 11.35 5.68 x 10710
H
Z-Decalin 387.6 2 167.6 11.60 8.31 x 107
CH,=CHCH,—H 368.0 3 148.0 11.12 525 %1077
CH,=CH(CH—H)Me 349.8 2 129.8 10.58 1.96 x 107
CH,=CH(C—H)Me, 339.6 1 119.6 9.96 4.47 x 107
Z-MeCH=CH(CH—H)Me 344.0 2 124.0 10.41 6.27 x 107
Me,C=CH(CH—H)Me 332.0 2 112.0 9.89 470 x 107
Me,C=CMe(C—H)Me, 322.8 1 102.8 8.63 3.02x 1074
CH,=C(MeC—H)CH=CH, 307.2 1 87.2 9.47 1.34 x 107!
H 341.5 4 121.5 10.63 2.02x1074
X
H 330.9 4 110.9 10.12 1.06 x 1073
X
C>< H 312.6 4 92.6 9.48 3.27 x 1072
H
6 301.0 2 81.0 10.17 3.55
MeC=CC—HMe, 329.4 1 109.4 9.41 3.09 x 1074
PhCH,—H 375.0 3 155.0 11.02 6.47 x 1078
PhMeCH—H 364.1 2 144.1 11.21 1.81 x 1070
PhMe,C—H 354.7 1 134.7 10.79 8.59 x 1076
H H 345.6 4 125.6 11.25 2.82 x 107
H H 322.0 4 102.0 10.66 3.94 x 1072
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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]

RH+ 0O; + HR — R+ H;0, + R’

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:

v = ki[RH]J*[O,]. 4.3)

The enthalpy of this reaction is AH = 2Dg_ 3—572kJ mol~'. The enthalpy of the bimolecular
reaction (RH+ O,)AH=Dg_13—220kJmol™!. So, AHQRH+0,)<AH(RH+0,) at
Dr_11<352kJ mol~'. The frequency factor of the trimolecular collisions (zy3) in liquids is
close to that for the bimolecular collisions (z(,). The pre-exponential factor A3 is less than
Ag> due to the concerted mechanism of simultaneous energy concentration on the two
reacting C—H bonds in the trimolecular reaction [36]. The ratio Ays/Agp = (z03/z02) X QRT/
wEy)"?. As a result, the ratio A;[RHJ[O5)/k-[RH][O,]= (zos[RHVz0) X 2RT/mES)">
exp[—(E; — E>)/RT|~ (2RT/7E5)"* exp[—(Dr_p — 352)/RT), and the trimolecular reaction
should be faster than the bimolecular reaction for substrates with Dg 1 < 340kJ mol ™.
Polar solvents accelerate the trimolecular reaction due to the polar structure of the transition
state C(6+) ---H--- (6—)O—0(6—) --- H - -- (6+)C. The values of the rate constants of the
trimolecular reactions 2RH + O, 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].

PhCH,CH3 + 20, — HO," + PhCH=CH, + HO;"

The rate of this reaction was found to be wy=k; [RH][O,]* with the rate constant
ki =6.0 x 10%exp(—108/RT)=4.73 x 10~® (400 K) L*> mol 2 s~ ' [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].

RCH=CH; + O, — RC'HCH,00’
RC'HCH,00" + O; — RC(OO")HCH,00"

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 CH,=CH, CH,—=CHEt CH,=CHPh CH,=CHCOOMe
AH (kJ mol™) 80.8 80.4 20.4 84.8
E (kI mol™") 118 117
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TABLE 4.3
Rate Constants and Activation Energies of the Trimolecular Reaction 2RH + O, — Free
Radicals (Experimental Data)

RH Solvent T (K) k (L2 mol2 5_1) Ref.
CH,=C(CH—H)BuMe 1-Octene 373-393 5.38 x 10® exp(~142/RT) [37]
CgH{;,CH=CH(CH—H) Chlorobenzene 313-333 2.0 x 1012 exp(~130/RT) [38]

(CH,)sCOOMe
Bu(CH,CH=CH), Chlorobenzene 313-333 2.0 x 10° exp(=93.0/RT) [38]
(CH—H)(CH,);COOMe
Et(CH=CHCH—H); Chlorobenzene 313-333 6.30 x 103 exp(~76.5/RT) [38]
(CH,)¢COOMe
Cholesteryl pelargonate Chlorobenzene 364-388 2.69 x 10° exp(=73.0/RT) [39]
Decane 403-423 3.47 x 103 exp(—86.5/RT) [35]

H H
H__H Decane 378-397 2.40 x 10° exp(-99.0/RT) [40]

H_H Decane 345-365 3.89 x 103 exp(=78.5/RT) [40]
©<H Chlorobenzene 313-348 7.08 x 10° exp(=74.5/RT) [41]
H
H Benzene, 1,2-dichloro- 353 1.13 x 1077 [31]
0 Chlorobenzene 353-393 1.70 x 10° exp(—114.0/RT) [42]
Me—C

The transition state of this reaction has a polar structure and therefore this reaction occurs more
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].

CH,—=CHC(O)OCH, (CH,=CHC(0)
Monomer CH,=CHCO,Bu C(CH,OC(O)Et) OCH,),C
k (363K) (L mol ™' s71) 1.72x 1077 1.10x 107® 1.4x1078
AG7,(kJ mol™") 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].
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RCH=CH, + O, = RCH=CH,(8 +) - -- 0»(5—)
RCH=CH,( +) - - - 05(5—) — RC'HCH,00"

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 RCH=CH, + O, — Free Radicals

(Experimental Data)

Monomer Solvent T (K) k(L mol™ 5_1) Ref.
PhCH=CH, Chlorobenzene 343-363 1.78 x 1010 exp(-118.1/RT)  [45]
PhCH=CH, Chlorobenzene 378-398 3.63 x 10" exp(~125.5/RT)  [46]
PhCH=CH, N,N-Dimethyl-formamide 343 40x107 [47]
PhMeC=CH, Chlorobenzene 343 25x%10° [47]
PhMeC=CH, Benzonitrile 343 55%x10" [47]
MeOCO(Me)C=CH, Chlorobenzene 353 1.3 %107 [48]
BuOCOCH=CH, Chlorobenzene 343-363 1.10 x 10® exp(~88.6/RT) [48]
BuOCO(Me)C=CH, Chlorobenzene 342-363 5.30 x 10% exp(=91.6/RT) [49]
BuOCO(Me)C=CH, Chlorobenzene 363 3.4 %107 [48]
BuOCO(Me)C=CH, N,N-Dimethyl-formamide 363 8.1x107 [48]
Me;COCOCH=CH, Chlorobenzene 353 7.1 %107 [48]
MeOCO(Et)C=CH, Chlorobenzene 353 1.2 x107 [48]
MeCH=CHCOOEt Chlorobenzene 363 51x107° [48]
NH,COCH=CH, Chlorobenzene 353 1.5x 107 [48]
CH,=CHCOOCH, Chlorobenzene 363 1.40 x 10 [50]

C(CH,OCOEt);
(CH,=CHC(0)OCH,),C Chlorobenzene 363 1.10x107® [50]
(CH,=C(Me)C(0)OCH,),C Chlorobenzene 343-393 1.60 x 10'8 exp(~180.6/RT) [49]
AN N,N-Dimethyl-formamide 343 4.00 x 10 [48]
P
N7 CH=CH,
/(j N,N-Dimethyl-formamide 343 8.00 x 10 [48]
P
N~ “CH=CH,
CH=CH, N,N-Dimethyl-formamide 343 4.40 x 107 [48]
X
»
N
Retinal acetate Chlorobenzene 303-333 6.30 x 10% exp(=53.2/RT) [51]
E-B-Carotene Benzene, 1,3-dimethyl- 323-343 4.00 x 1012 exp(—-107.5/RT)  [52]
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TABLE 4.5
Rate Constants of the Trimolecular Reaction RCH=CH, + O, + CH,—CHR —

R'CHCH,OOCH,CHR’

RH Solvent T(K) k (L mol™s™) Ref.
PhCH=CH, N,N-Dimethyl-formamide 343 24 %10 [48]
PhCH=CH Chlorobenzene 333-353 3.40 x 103 exp(-113.2/RT) [47]

2 p

PhMeC=CH, Benzonitrile 343 3.7x10° [48]
BuOCOMeC=CH, N,N-Dimethyl-formamide 363 6.0x10™ [48]
MeCH=CHC(O)OEt Chlorobenzene 363 4.2 %107 [48]
QI Chlorobenzene 343-363 3.02 x 10? exp(=55.6/RT) [48]
QI N,N-Dimethyl-formamide 343 1.5%x10° [48]
NDI Chlorobenzene 343-453 9.12 x 10° exp(-64.4/RT) [48]
@f N, N-Dimethyl-formamide 343 1.3x10°° [48]

N
NC\>—/: Benzene, 1,2-dichloro- 348-363 2.00 x 108 exp(=96.7/RT) [48]
CI Chlorobenzene 343 6.75 %107 [48]
CI N, N-Dimethyl-formamide 343 28x10° [48]
T\ Chlorobenzene 303-363 50 exp(—54.0/RT) [53]

C
O ~0-Me

@C Chlorobenzene 313-363 1.40 x 10% exp(=62.0/RT) [53]
Chlorobenzene 313-363 1.82 exp(-52.0/RT) [53]

D\ CH=CH” \0/\

RCH=CH, + O, — RCH=CH,(3 +) - -- 0»(5—)
RCH—CH; - -- O, + CH,—CHR — RC'HCH,OOCH,C'HR

The values of the rate constants of the trimolecular reactions 2RCH—CH, + O, 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
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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 I, is measured by reduction with thiosulfate using any
titrometric technique or photometrically.

ROOH + 2HI = ROH + H,O + 1,
2Na,S,03 + I, = 2Nal + Na,S404

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
Nal in the presence of acetic acid and CO, 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.

ROOH + SnCl, + 2HCI = ROH + H,0 + SnCly

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 SnCl, is added. The reaction occurs for 1 h at room temperature; after
this an excess of NH4Fe(SO,), solution is introduced, and in 30 min the amount of formed
Fe(Il) is estimated by titration with potassium dichromate.

The spectrophotometric technique of hydroperoxide estimation was developed with tri-
phenyl phosphite [63].

ROOH + Ph3;P = ROH + Ph;PO

Triphenyl phosphite is added in an excess and the rest of it is estimated colorimetrically after
the introduction of formaldehyde and HCI. The latter forms colored triphenyl phosphonyl
chloride [Ph;PCH, OH]"Cl ™.

Polarography is successfully used for the estimation of hydroperoxides and peracids [60].
The reduction of hydroperoxide proceeds according to the electrochemical equation:

ROOH +2¢~ — RO™ + HO™

The individual polarographic characteristic of the analyzed compound is the potential E|,, 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', The values of E; for several hydroperoxides (ROOH) in benzene—ethanol
solution (1:1 v/v) at [LiCl]= 0.3 mol L~ are the following [60]:

R— Me;C— EtMe,C— Me,PhC— Ph,CH— Tetralyl—

Ein (V) 122 ~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 ') of valence and bond angle vibrations [60].

Bond Angle 0—0 O—H CcC—0 6(C—0—0) 6(0—0O—H)
H,0, 880 3598 (symm.) 1390 (symm.)
3610 (nonsym.) 1266 (nonsym.)
Me,PhCOOH 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 195kJ mol~! (quantum-chemical calculation [64]).

The dipole moment of hydrogen peroxide is w=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]
Length (1 07 ""m) Angle (deg)
Compound
0—0 0—C O—O—H 0—0—C C—0O0—H

Hydrogen peroxide, H,O, 1.453 0.97 (O—H) 94.8 90.2
Hydrogen peroxide, H,O, 1.464 0.965 (O—H) 99.4
Hydroperoxide, methyl-, MeOOH 1.443 1.437 99.6 105.7 114
Trifluoromethyl-, CF;00H 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-, 1.477 1.461 100.9 108.7 (Me), 109

MePh,COOH 109.7 (Ph)
Triphenylmethyl-, PhyCOOH 1.455 1.454 102.9 109.7 (Ph) 101
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TABLE 4.7
Dipole Moments and Polarization of Hydroperoxides in Benzene [65]

Hydroperoxide T(K) m (D) P (cm® mol™")
1,1-Dimethylethyl-, Me;COOH 303 1.82 91.1
1,1-Dimethylethyl-, Me;COOH 323 1.81 86.5
1-Methyl-1-phenylethyl-, Me,Ph COOH 303 1.76 106.1

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 AH; calculation for hydroperoxides
have the following values [66]: AH[O—(C)(O)] =—19.2+0.81kJmol~', AH[(O)—OH]
=—54.7kJ mol™!, and additional increment of tertiary atom C AH[(C);C—O0O0—C(C);]
= —5.72kJ mol~". The increments of groups for calculation of enthalpy AH, of peroxides
evaporation are: AH[(O)—O—(C)]=6.26kJmol™!, AH, [(0O)—OC(0)—(Cp)]=
25.4kImol™!, AH, [(O)—OH]=27.4kJ mol ', and AH, [(O)—OC(0)—(C)] = 18.3 kI mol .
A linear correlation between AH;(ROOH) and AH;(ROH) was found [76]:

AH?(ROOH) = AH?(ROH) + 74.0kJ mol ™ (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 M92Phc

D (kJ mol ™) 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 ccl, CCly,CCl,

D (kJ mol ™) 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]:

~R
?
0.
-0 R -
2ROOH i © e H II{
O /H SNAT S ~
R/ \O () H |O
R

The equilibrium constants Ky and the thermodynamic parameters of self-association of
several hydroperoxides are given in Table 4.9.
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TABLE 4.8
Enthalpies of Formation AH? (Gas, 298 K) and Evaporation AH, of Hydroperoxides

-AH? AH, AS°®
Hydroperoxide (k) m0|_1) (k) m0|_1) 4] mol™ K_1) Ref.
Hydrogen peroxide, H,0, 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-, Me,CHOOH 198.3 358.7 [68]
Butyl-, BuOOH 205.0 393.8 [67]
1,1-Dimethylethyl-, Me;COOH 242.7 360.6 [67]
1,1-Dimethylethyl-, Me;COOH 236.4 48.7 [68]
1,1-Dimethylethyl-, Me;COOH 243.3 [69]
1,1-Dimethylethyl-, Me;COOH 245.8 [59]
1,1-Dimethylethyl-, Me;COOH 218.3 [70]
1,1-Dimethylethyl-, Me;COOH 225.7 [66]
Pentyl-, Me(CH,);CH,O0H 217.6 433.2 [67]
1-Methylbutyl-, MePrCHOOH 234.3 430.7 [67]
1-Hexyl-, Me(CH,),CH,O0H 238.5 472.6 [67]
1-Hexyl-, Me(CH,),CH,O0H 237.1 62.7 [71]
1-Hexyl-, Me(CH,),CH,O0H 259.2 [59]
1-Methylpentyl, Me(CH,);CH(OOH)Me 255.2 470.1 [67]
1-Methylpentyl, Me(CH,);CH(OOH)Me 250.1 60.1 [71]
1-Methylpentyl, Me(CH,);CH(OOH)Me 267.5 [59]
1-Ethylbutyl-, Me(CH,),CH(OOH)Et 245.1 60.1 [71]
1-Ethylbutyl-, Me(CH,),CH(OOH)Et 263.3 [59]
1-Heptyl-, Me(CH,)sCH,OOH 288.7 512.0 [67]
1-Heptyl-, Me(CH,)sCH,O0H 275.7 67.5 [71]
1-Methylhexyl-, Me(CH,),CH(OOH)Me 276.1 509.5 [67]
1-Methylhexyl-, Me(CH,),CH(OOH)Me 281.6 64.9 [71]
1-Ethylpentyl-, Me(CH,);CH(OOH)Et 282.1 64.9 [71]
1-Propylbutyl-, Me(CH,),CH(OOH)Pr 269.1 64.9 [71]
1,1-Dimethyl-2-pentyn-4-enyl-, -127.1 63.5 [72]
CH,=CHC=CCMe,00H
H 214.9 58.5 [71]
0-0
Cyclohexyl-, <:>/
H 229.9 [59]
0-0
Cyclohexyl-,
H 270.3 60.2 [71]

1-Methylcyclohexyl-,

© 2005 by Taylor & Francis Group.



TABLE 4.8
Enthalpies of Formation AH? (Gas, 298K) and Evaporation AH, of
Hydroperoxides—continued

—AH? AH, AS°®
Hydroperoxide (k) mo|_1) (kJ mol_1) 4] mol™ K_1) Ref.
H 263.3 [71]
1-Methylcyclohexyl-,
o-O7H 277.8 67.2 [73]
E-9-Decalyl-,
1-Methyl-1-phenylethyl-, PhMe,COOH 82.5 66.0 [69]
1-Methyl-1-phenylethyl-, PhMe,COOH 87.9 66.0 [74]
1-Methyl-1-phenylethyl-, PhMe,COOH 85.4 66.0 [75]
H
H o_o° 104.5 77.2 [71]
1-Tetralyl-,
1,1,4,4-Tetramethyl-1,4-dihydroperoxy 428.6 138.6 [66]
butane, HOOCMe,(CH,),CMe,O0OH
1,1,4,4-Tetramethyl-1,4-dihydroperoxy 130.2 127.4 [66]

butyne, HOOCMe,C=CCMe,OOH

Polar molecules and molecules with w-bonds form complexes with hydroperoxides via
hydrogen bond also, for example:

R'OOH + NR; — R'OOH --- NR;

The values of the equilibrium constants Ky are listed in Table 4.10.

In addition to hydroperoxides having the OH group, they also possesses acidic properties.
The pK, 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 pK, for hydroperoxides ROOH in water at 298 K
are presented below [59].

R Me Et Me;C Me,PhC PhCH,CMe, MePh,C

pK. 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].
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TABLE 4.9
Equilibrium Constants (K), Enthalpies (AH), and Entropies (AS) of Self-Hydrogen
Bonding of Hydroperoxides

-AH -AS K (298 K)
Hydroperoxide Solvent T(K) (mol™)  (mol K™ (L mol™) Ref.
ROOH + ROOH < ROOH - O(H)OR
1-Cyclohexyl-1-ethinyl- ~ CCl, 258-312 17.6 489 0.29 [60]
C=CH
<:><OOH
1,1-Dimethylethyl-, n-C7H ¢ 363 1.90 [79]
Me;COOH
1,1-Dimethylethyl-, ccl, 258-313 23.8 82.0 0.77 [80]
Me;COOH
1,1-Dimethylethyl-, ccl, 303 24.9 77.0 2.20 81]
Me;COOH
1,1-Dimethylethyl-, CeHg 343 6.6 37.7 0.15 [81]
Me;COOH
1,1-Dimethylethyl-, cay, 303 20.5 62.8 2.06 [59]
Me;COOD
1,1-Dimethylethyl-, CeHg 343 0.64 [82]
Me;COOD
1,1-Dimethylethyl-, ccl, 313 26.4 90.4 0.80 [59]
Me;COOH
ROOH + ROOH + ROOH < 3(ROOH)
1,1-Dimethylethyl-, cyelo-CgH,,  288-343 50.2 108.7 1.32 x 103 [83]
Me;COOH
1,1-Dimethylethyl-, CHy 258-343 50.2 111.3 9.67 x 10 83]
Me;COOH
1,1-Dimethylethyl-, eyclo- 288-343 50.2 112.1 8.78 x 102 [83]
Me;COOH CgH, Me
1,1-Dimethylethyl-, ccly 258-343 46.9 106.3 4.66 x 102 [83]
Me;COOH

ROOH — RO’ + HO*

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.
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TABLE 4.10

Equilibrium Constants (K), Enthalpies (AH), and Entropies (AS) of Hydrogen Bonding
of the Hydroperoxides: ROOH + Y < ROOH...Y

-AH -AS K (298 K)
Hydroperoxide Y Solvent TK) (k) mol_1) (] mol™’ K_1) (L moI_I) Ref.
AcCH(OOH)Me  Me;COH MeC(O)Et 343 0.65 [84]
AcCH(OOH)Me  MeC(O)OH MeC(O)Et 343 3.11 [84]
Me;COOH C¢Hj C¢H 303-343 6.6 377 0.15 [81]
Me;COOH CeHg CeHg 288-343 8.2 423 0.17 [83]
Me;COOH PhCH; PhCH;,4 288-343 5.7 29.9 0.27 [83]
Me;COOH PhCHMe, PhCHMe, 288-343 11.7 52.1 0.21 [83]
Me;COOH CeHsCl CgH5Cl 288-343 7.6 425 0.13 83]
Me;COOH CeH,Cl CeH,Cl 343 0.10 [82]
Me;COOH Cl Cl 343 0.13 [82]
O O
Me;COOH PhCH=CH, PhCH=CH,  303-343 10.0 439 0.29 [81]
Me;COOH PhCH=CH, PhCH=CH,  288-343 7.5 35.4 0.29 [83]
Me;COOD PhCH=CH, PhCH=CH, 343 0.50 [82]
Me;COOH MeCOMe CCly 249-293 12.5 31.0 3.73 [85]
Me;COOH MeCOEt MeCOEt 288-343 15.0 57.9 0.40 [83]
Me;COOH MeOH CCly 249-293 12.5 31.4 3.55 [85]
Me;COOH <:>:0 CCly 249-293 9.2 18.8 4.27 [85]
Me;COOH EtOEt EtOEt 233-289 13.0 25.5 8.84 [86]
Me;COOH EtOEt EtOEt 288-343 19.7 68.9 0.71 [83]
Me;COOH Me,CHOCHMe, Me,COCMe, 288-343 20.5 67.9 1.11 [83]
Me;COOH BuOBu BuOBu 288-343 19.5 68.2 0.72 [83]
Me;COOH Me,EtCHO Me,EtCHO 288-343 19.7 66.1 1.00 [83]
CHMe,Et CHMe,Et
Me;COOH DO CO 288-343 21.8 81.5 0.37 [83]
Me;COOH O/_\O O/_\O 288-343 17.8 66.9 0.42 [83]
/ /
Me;COOH MeOCH,CH,0Me MeOCH, 288-343 18.0 70.4 0.30 [83]
CH,0OMe
Me;COOH PhOMe PhOMe 288-343 10.6 30.0 1.95 [83]
Me;COOH PhOEt PhOEt 288-343 10.5 29.6 1.97 [83]
Me;COOH PhCH,OMe PhCH,OMe 288-343 20.1 67.7 0.97 [83]
Me;COOH Me;CO OCMe; Me;CO 288-343 13.5 43.7 1.21 [83]
OCMe;
Me;COOH \[> \D 288-343 17.3 61.6 0.65 [83]
o o
continued
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TABLE 4.10
Equilibrium Constants (K), Enthalpies (AH), and Entropies (AS) of Hydrogen Bonding of the
Hydroperoxides: ROOH + Y < ROOH...Y—continued

-AH -AS K (298 K)
Hydroperoxide Y Solvent T(K) (k) moI_I) 4] mol™ K_1) (L moI_I) Ref.
Me;COOH PhNH, PhNH, 298 33 -7.28 9.09 [87]
Me;COOH PhNHEt PhNHEt 298 4.8 —-0.83 7.67 [87]
Me;COOH AcNMe, CCly 294-341 22.6 51.1 19.6 [88]
Me;COOH AcNHBu CCly 292-341 23.9 55.7 19.0 [88]
Me;COOH AcNHCHMe, CCl, 294-332 14.7 43.5 2.02 [88]
Me;COOH Me,NC(O)H Me,NC(O)H  288-343 22.0 93.1 9.84 x 107 [83]
Me;COOH CH,=CHCOOMe CH,=CH 293-343 13.8 35.6 3.62 [48]
COOMe
Me;COOH CH,=CMe CH,=CMe 293-343 18.8 52.3 3.66 [48]
COOMe COOMe
Me;COOH CH;CN CH;CN 288-343 12.0 443 0.62 [83]
Me;COOH CH,=CHCN CH,=CHN 293-343 12.5 33.5 2.76 [48]
Me;COOH CNH CNH 298 28.8 85.8 3.68 [87]
Me;COOH 7N 7\ 248-289 28.0 72.0 14.03 [86]
Me;COOH / \N / \N 298 11.0 9.7 26.39 [87]
Me;COOH m Me;COOH 298 10.7 12.0 17.73 [87]
N
Me;COOH O/_\N H O/_\N' H 298 21.4 52.5 10.20 [87]
/

Me;COOH Me,SO Me,SO 288-343 23.7 107.6 342%x 107 [83]
EtMe,COOH EtMe,COOH CCl, 258-313 22.6 75.3 1.07 [80]
EtMe,COOH MeCOMe MeCOMe 270-313 15.9 37.2 6.98 [86]
EtMe,COOH EtOEt EtOEt 248-288 10.5 10.9 18.66 [86]
EtMe,COOH / \N / \N 253-288 28.0 74.0 11.03 [86]

H H n-CyoHyy 293 23.4 79.5 0.89 [59]

H H n-CyoHy4 293 11.7 26.8 4.48 [59]
Me,PhCOOH Me,PhCOOH Me,PhCH 273-313 25.1 66.6 8.33 [88]
Me,PhCOOH Me,PhCOOH CCly 265-323 28.5 96.2 0.93 [80]
Me,PhCOOH PhOCH; CCl, 293 0.46 [59]
Me,PhCOOH MeCOMe CCly 249-293 15.1 53.5 0.43 [85]
Me,PhCOOH MeCOMe MeCOMe 270-313 15.9 35.1 9.00 [89]
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TABLE 4.10

Equilibrium Constants (K), Enthalpies (AH), and Entropies (AS) of Hydrogen Bonding of the
Hydroperoxides: ROOH + Y < ROOH ... Y—continued

-AH -AS K (298 K)
Hydroperoxide Y Solvent TK (k) moI_I) (] mol™ K_1) (L mol_1) Ref.
Me,PhCOOH MeOH CCly 249-293 15.9 50.2 1.46 [85]
Me,PhCOOH O:O CCl, 249-293 10.9 30.1 0.46 [85]
Me,PhCOOH  EtOEt EtOEt 248-288 13.8 25.5 12.2 86]
Me,PhCOOH PhNH, PhNH, 298 8.0 13.7 4.86 [87]
Me,PhCOOH AcNMe, CCly 294-350 20.9 49.8 11.54 [88]
Me,PhCOOH ~ AcNHBu CCl, 294-337  20.5 49.0 10.81 [88]
Me,PhCOOH AcNHCHMe, CCly 294-332 21.3 55.6 6.75 [88]
Me,PhCOOH 298 17.7 49.4 3.33 87

& 72N 7\ (87]
Me,PhCOOH CH,=CHCOOMe CH,=CH 293-343 14.6 37.2 4.13 [48]

COOMe
Me,PhCOOH CH,=CMe CH,=CMe 293-343 13.8 42.7 1.54 [48]
COOMe COOMe
Me,PhCOOH CH,=CHCN CH,=CHCN  293-343 12.5 33.5 2.76 [48]
Me,PhCOOH /N /N 253-289 29.3 75.3 159 [86]
N N
<:><Ph <:><Ph CCly 269-312 21.8 83.6 0.28 [80]
OOH OOH
Me,C(OOH) Me,C(OOH) CCly 269-304 18.8 73.7 0.28 [89]
CH=CHMe CH=CHMe
Ph;COOH Ph;COOH CCly 269-313 23.8 82.0 0.77 [85]
Ph;COOH MeCOMe CCly 269-313 14.6 50.2 0.86 [85]
Ph;COOH MeOH CCly 269-313 16.3 54.4 1.04 85]
Ph;COOH <:>:O CCly 269-313 10.9 31.4 1.86 [85]
TABLE 4.11
Rate Constants of the Unimolecular Decomposition of Hydroperoxides and Peracids
Hydroperoxide Solvent T (K) EGdmol™) logA AGs™")  k(400K) (s™")  Ref.

Methyl-, MeOOH Gas 565—651 180.0 14.91 2.54 %1077 [68]
Ethyl-, EtOOH Gas 553-653 180.0 15.35 6.99%x 107 [68]
1-Methylethyl-, Me,CHOOH Gas 553-653 180.0 15.50 9.88x 1077 [68]
1,1-Dimethylethyl-, Me;COOH  Gas 553-653 180.0 15.60 1.24x107% [68]
1,1-Dimethylethyl-, Me;COOH ~ Toluene 423 180.0 16.10 3.94% 1078 [90]
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4.3.2 BiMoLECULAR DECOMPOSITION OF HYDROPEROXIDES

The bimolecular reaction of hydroperoxide decomposition to free radicals
ROOH + HOOR — RO’ + H,0 + ROy’

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 (v;~[ROOHJ?).
This result was proved later by the free radical acceptor method [79]. The rate of initiation
by Me;COOH was found to be

vo3 = kit [ROOH] + kp[ROOH]? x (1 + K[ROOH]) ™! 4.5)

where k;; characterizes the unimolecular decay of hydroperoxide (or decay by the reaction of
hydroperoxide with the solvent) and kj, 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.

ROOH + ROOH — ROOH - -- O(H)OR (K)
ROOH --- O(H)OR — RO, + H,0 + RO’ (ki)

This bimolecular decomposition of Me;COOH occurs with endothermicity AH = Dg_y +
Do o0—Dpo— = 358.6+ 175.0—498 = 35.6 kJ mol ' in comparison with AH = 180 kJ mol !
for unimolecular decay. Hence the bimolecular decay occurs much more rapidly than the
unimolecular decay. The equilibrium constant K and k;, were found to be K=1.9Lmol™!
(363K) and k;» = 5.8 x 107 exp(—96.1/RT) =8.61 x 10~ Lmol ' s~ (363 K) for 1,1-dimethy-
lethyl hydroperoxide [79] and K=3.3 x 10™* exp(25.0/RT)=1.3Lmol™! (363K), kp=
2.2x10% exp( —106.0/RT)=1.23x 1077 Lmol™" s™' (363K) 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 (kj;) and a complex of two
molecules (k;») of 1,1-dimethylethyl hydroperoxide.

T(K) 350 375 400 450
ki (s 5.48 x 10712 3.39x 10710 1.25x 1078 511x107°
kin 7Y 3.33% 1078 3.78 x 1077 3.16 x 107° 1.09 x 107

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 ReEAacTIONS OF HYDROPEROXIDES WITH TT-BONDS OF OLEFINS

The reaction of hydroperoxide (Me;COOH) with the m-bond of styrene with free radical
generation
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TABLE 4.12

Rate Constants and Activation Energies of the Bimolecular Reactions of Hydroperoxides
2ROOH — RO;" + H,0 + RO’ (Experimental Data)

ROOH

HOOH
Me;COOH
Me,C(OOH)Et
CH,=CHCHMeOOH
MeCH=CHCH,O0H

4<:><00H

Me,PhCOOH
Me,PhCOOH
Me,PhCOOH
Me,PhCOOH
Me,PhCOOH
PhCH(OOH)CH=CH,
CH,=CHCH(OOH)
CH,Bu

OOH

OOH

G

OOH

)

EtCH=CMeCH(OOH)Et

Me,C=CHCH(OOH)Bu
Methyloleate
Ethyllinoleate

Solvent

Cyclohexanol
Heptane
2-Methylbutane
1-Butene
2-Butene

Benzene

Cumene
Chlorobenzene
Cumene
Chlorobenzene
Nitrobenzene
Benzene, 2-propenyl-

1-Octene

Cyclohexene

Cyclohexene, 3-methyl-

Cyclohexene,
3,3,6-trimethyl-
Heptene-3, -4-methyl
Octene-2, -2-methyl
Methyloleate
Ethyllinoleate

T (K)

393-413
333-363
333-363
338-353
338-353
333-353

333-368
373-393
393
393
393
388
388

388

388

388

388
388
388
388

E

121.7

96.1
100.0
108.8
117.1
120.0

80.7
68.6

logA, A k(350 K)
(k) mol™) L mol™s™) (Lmol™'s™)
9.84 476 x 107’
8.04 499 x 1077
7.80 7.52%10°°
11.70 2.90 x 107’
12.70 1.67 x 10°°
11.40 3.10 x 1077
4.86 6.55% 10°®
2.38 1.38x107°
1.90 x 107
6.02x 1077
447 x 107°
2.82x 1077
2.88 x 1077
537 x 1077
1.15% 107
324 % 10°°

1.7%x10°°

5.0 x 1077

45%x107°

47%x10°°
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ROOH + CH,—CHPh — RO" + HOCH,C'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:

v, = k;JROOH] [PhCH=CH,],

(4.6)

with the rate constant k; = 1.2 x 10% exp(—=72.0/RT) L mol ' s~'. The enthalpy of this reaction
is AH=Do_o—Dr_on =175—165=10kJ mol~'. 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.
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ROOH + CH,=CHR! — ROOH(5") --- CH,=CHR!(")
ROOH(5") --- CH,=CHR!(8") — [RO" + HOCH,C'HR!]

[RO* + HOCH,C'HR!] — ROH + HOCH=CHR'

[RO* + HOCH,C'HR'] — HOCH,C(OR)HR'

[RO" + HOCH,C'HR'] — RO’ + HOCH,C'HR!

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, AGZ’é 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 + CH,=CHR — RO’ + HOCH,C'HR (Experimental Data)

E log A, A k (350 K)
ROOH CH,=CHR Solvent TK (Jmol™) wLmol™s™) (Lmol™s™) Ref.
Me;COOH CH,=CHPh Chloro 328-363  72.0 4.08 2.16 x 107 [100]
benzene
Me;COOH CH,=CHPh Styrene 323-353  79.5 5.21 221 %107 [48]
Me,PhCOOH CH,=CHPh Styrene 323-353  84.2 6.35 6.08 x 107 [48]
Me,PhCOOH CH,=CHCOOMe Methyl 323-353  82.6 5.88 3.12x107  [101]
acrylate
Me,PhCOOH CH,=CHCN Acrylonitrile 323 54%x10" [101]
Me,PhCOOH CH,=CMeCOOMe  Methyl 323-363  78.2 5.01 218 x 107 [101]
methacrylate
Me,PhCOOH CH,=CMeCOOBu Butyl 323 1.9 x 107 [101]
methacrylate
Me,PhCOOH CH,=CEtCOOMe Methylethacry- 323 32x10™ [101]
late
Me,PhCOOH CH,=CMePh Benzene 363 7.1 x 107 [101]
Me,PhCOOH (CH,=CHC(O) Chloro 343 9.40 x 107 [102]
OCH,),C benzene
Me,PhCOOH (CH,=CHC(O) Chloro 343 1.83 107  [102]
OCH,);CH benzene
Me,PhCOOH CH,=CHC(O)OCH, Chloro 343 1.9x10° [103]
C(CH,OCOEt); benzene
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TABLE 4.14
The Reactivity of Polyfunctional Esters in Bimolecular Reaction with
1-Methyl-1-Phenyl Hydroperoxide

Monomer k (343K) (Lmol™'s™")  AG,” (k) mol™") Refs
CH,—CHCOOMe 17.5x 10~ 0 [101]
(CH,—CHCOOCH,)CEt 18.3x 10~ 3.0 [102]
(CH,—CHCOOCHS,),C 11.2x10°% 5.6 [102]
CH,—CHCOOCH,(CH,0COE(); 1.9%10°% 6.3 [102]

4.3.4 BimoLecULAR ReacTiONs oF HYDROPEROXIDES WITH C—H, N—H, AND O—H
Bonps oF OrGaNIC COMPOUNDS

The bimolecular reaction of the type
ROOH + HY — RO+ H, O+ Y*

has a sufficiently lower enthalpy than the unimolecular decomposition of hydroperoxide
(Do—o=180kJ mol™") because in most cases, Dy_p<Dpo_pn=498kJ mol~!. These
reactions can occur with an activation energy lower than the Dg_ o of hydroperoxide. A
few reactions of this type with the initiation rate v;=k; [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 4.15
Rate Constants and Activation Energies of the Bimolecular Reactions of Hydroperoxides
with Substrates ROOH + YH — Free Radicals (Experimental Data)

log A, A k (400 K)

ROOH Y—H Solvent TK  E®mol™ Lmol™s™ (Lmols™) Ref.
EtMe,COOH Me;CCH,CHMe, Isooctane 333-363 115.1 8.42 243x 107 [95]
Me,PhCOOH Me,PhC—H CgH;sCl 373-393 109.0 7.70 2.92x 1077 [98]
Me,PhCOOH Me,PhC—H Me,PhCH 333-368 110.0 8.00 432 %1077 [93]
QOOH cyelo-CgH evelo-CHy,  353-393 1339 10.83 223x 107 [104]
EtMe,COOH CH;CH,0—H Isooctane 348 2.0x 1077 [95]
EtMe,COOH EtMe,CO—H Isooctane 333-396 93.3 8.54 227x 107 [95]
Q Q CgH;sCl 353-393 92.0 8.64 423 x 107 [104]

OOH OH
Me,PhCOOH  PhC(0)0—H Me:PhCH 363-383 86.0 9.85 417 % 107 [105]
MeCH(OOH) BuCH,COO—H Me(CHy)sMe — 293-433 67.4 6.30 3.15x 107 [106]
(CH,);Me
Me;COOH CsHsN CeH;sCl 333-368 53.0 3.54 416x 107 [107]
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4.4 PARABOLIC MODEL OF BIMOLECULAR HOMOLYTIC REACTION
4.4.1 MaIN EquaTions ofF 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,

ROOH + CH;=CHY — RO’ + HOCH,C'HY

in which the hydroxyl radical is transferred from the initial molecule (ROOH) to the final
radical (HOCH,C'HY), is regarded as the result of an intersection of two potential curves,
one of which describes the potential energy Uj(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 Us(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:

vV U(r) = br 4.7)
The following parameters are used to characterize the elementary step [109,110]:

1. The enthalpy of reaction AH, includes the difference between the zero-point energies of
the broken and generated bonds

AH, = D; — D¢ + 0.5hL(vi — vy), (4.8)

where D; and Dy are the dissociation energies of the broken (i) and generated (f') bonds,
respectively, and »; and vy are the stretching vibrational frequencies of the formed and
generated bonds, respectively.

2. The activation energy E. is related to the experimentally determined Arrhenius energy
E by the equation

E. = E +0.5(hLv; — RT). 4.9)

3. The coefficients b; and b 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

Uy=b¥* and U = b2 (r. — 1)’ (4.8)
The quantity 2b% is the force constant of the corresponding bond with b = wp(2u)"?,
where u is the reduced mass of the atoms forming the bond.
4. The parameter r. 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:

bro = a\/E. — AH, + \/E. (4.11)

where b=1b;, 1.e., refers to the attacked bond in the molecule, while a = b;/b;. In the case of
structurally isotypical reactions (br. = const.), a thermally neutral reaction (AH.=0) occurs
with the activation energy F,q, which is determined by two parameters, namely, & and br, (or
re, b;, and by):

g = e 4.12)

1+«

On substituting the parameter br, in Equation (4.12) by its value from Equation (4.11), we get

(1 4+ a)\/Eq = a\/E. — AH, + \/E. (4.13)

The transition state in the IPM is characterized by the distance r”, which is related to other
parameters by the equation

P fre = EV fbre = [1 + a1 — AH.E, )] (@.14)

In the case of a thermally neutral reaction, r” is equal to the ratio
(7 /re)y =1 +a)! (4.15)

The parabolic model is, in essence, empirical because the parameter « is calculated from
spectroscopic (v; and vy) and atomic (u; and wg) data, while the parameter br. (or Eg) is found
from the experimental activation energies E(E = RT In(A/k)), where A4 is the pre-exponential
factor typical of the chosen group of reactions, and k is the rate constant. The enthalpy of
reaction is calculated by Equation (4.6). The calculations showed that br, = const. for structurally
similar reactions. The values of « and br, 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 AH,.... When the reaction enthalpy
AH.> AH, ..., the activation energy E=AH + 0.5RT, whereas AH, ,,x depends on param-
eters « and br. [115].

AHe max = (bre)* — 2abre/0.5hLvp + 0.5hLve (e — 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 4 calculated for a single attacked bond is constant
A=Ay when AH,<AH, .. For reactions with AH, > AH, ..y, the parameter r. increases
with an increase in AH, and, hence, the pre-exponential factor A4 also increases. The depend-
ence of 4 on AH is described by the formulas [115]:

A= Ao{l +B [\/AHe - \/AHemax} }2s 4.17)

The mean value of the coefficient B8 is equal to 1.3. Table 4.17 presents the values of
AH, .« calculated by Equation (4.16). Evidently, the range of AH, in which 4 = 4y = const.
depends on the parameter br, and varies within wide limits.
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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

0, (03) + HY — HO," (HO5") + Y* [116-119]

0, (05) +HR 0.814 3.743 x 10" 17.4
0, (03) + HNR, 0.936 4.306 x 10" 20.0
0, (03) + HOR 1.022 4701 x 10" 21.7
0, (05) + HOOR 1.000 4.600 x 10" 21.2
0, (03) + HSiR; 0.624 2.871 x 10" 13.1
0, (03) +HSR 0.658 3.026 x 10" 13.8
0, (03) + HGeR; 0.608 2.796 x 10" 12.6
0, (03)+ HSnR; 0.586 2.695 x 10" 12.1
0, + CH,=CHR — *OOCH,C"HR [120]
0, + CH,=CHR 1.737 5.389 x 10" 9.9
ROOH + HY — RO" + H,0 + Y* [121-124]
ROOH + HR' 0.788 3.743 x 10" 17.4
ROOH + HNR, 0.907 4.306 x 10" 20.0
ROOH + HOR' 0.990 4.701 x 10" 21.7
ROOH +HOOR! 0.969 4.600 x 10" 21.2
ROOH + HSiR; 0.604 2.871 x 10" 13.1
ROOH + HSR' 0.637 3.026 x 10! 13.8
ROOH + HGeR; 0.589 2.796 x 10" 12.6
ROOH + HSnR; 0.567 2.695 x 10" 12.1

RC'HYH + R'TOOH — RCH=Y + H,0 + R'O" [121,125]

b

((k) mol™")"2 m™)

O.ShLVi

R!OOH +RC'HCH,—H 0.788 3.743 x 10" 17.4
R!OOH + RC"HNH—H 0.907 4.306 x 10" 20.0
R!OOH +RC'HO—H 0.990 4.701 x 10" 21.7
R"+ HOOR' — ROH + R'O" [126]
R*+HOOR! 0.889 3.238 x 10! 5.1

ROOH + CH,=CHR — RO* + HOCH,C"HR [126]
3.238 x 10" 5.1

ROOH + CH,=CHR 0.889

(k) mol™")

0.5hL(vi—vy),
(k) mol™")

-3.8
-1.2

0.5

0.0
-8.1
-7.4
—8.6
-9.1

4.6

—4.8
—-2.2
—0.5
-1.0
-9.1
—-8.4
—9.6
—10.1

—4.8
-2.2
-0.5

—1.1

-1.1

(f#/"e)o

0.551
0.516
0.495
0.500
0.616
0.603
0.622
0.630

0.366

0.559
0.524
0.502
0.508
0.623
0.611
0.629
0.638

0.559
0.524
0.502

0.529

0.541

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 AH. <AH, ax.

bre AH,
VE, =—
2 + 2bre

(2) for a # 1 \/Eezlb_ire

o?

(1) fora =1

(3) for AH(1 — a?) < (bre)* VEe =
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l -«

1 — a2

(b
bre n aAH,
l+a  2br

1 AH,

(4.18)

(4.19)

(4.20)



TABLE 4.17
Kinetic Parameters of the Bimolecular Reactions of Free Radical Generation
Calculated by the IPM Method [116]

bre Ee() A() AHe max
Reaction ([k) mol™"1"/3) (k) mol™") (Lmol™'s™") (k) mol™")

0, + HY — HO," + Y* [116-119]

0,+HR, 13.61 56.3 5.0 x 10° 76.1
0,+HR, 15.20 70.2 5.0 x 10° 110.1
0,+HR; 14.32 62.3 5.0 x 10° 90.6
0,+NH,4 9.36 23.4 4.0 % 10° 43
0,+ H,NR 10.80 31.1 4.0 % 10° 20.9
0,+HNR, 11.73 36.7 4.0 % 10° 33.9
0,+ROH 14.45 51.1 5.0 x 10° 73.7
0,+ROOH 13.13 43.1 5.0 x 10° 51.5
0, + HSiR; 12.41 58.4 5.0 x 10° 69.7
0,+RSH 10.39 39.3 5.0 x 10° 33.0
0, +HGeR; 12.74 62.8 5.0 x 10° 77.6
0, + HSnR; 12.35 60.6 5.0 x 10° 72.0

O, + CH,=CHR — *OOCH,C’HR [120]

CH,=CHR 26.04 90.5 2.0x%10° 408.5
CH,=CHPh 27.23 99.0 2.0x% 108 540.3
O3+ HY — HO; "+ Y* [127]
0;+HR, 13.61 56.3 2.0x%10° 76.1
0;+HR, 15.20 70.2 2.0x 108 110.1
0;+HR; 14.32 62.3 2.0x% 108 90.6
O3+ NH; 9.36 23.4 2.0 x 10° 43
03+ H,NR 10.80 31.1 2.0x%10° 20.9
O;+HNR, 11.73 36.7 2.0x%10° 33.9
0;+HOR 14.45 51.1 2.0x%10° 73.7
0;+ HOOR 13.13 43.1 2.0x%10° 51.5
O3+ HSiR; 12.41 58.4 2.0x%10° 69.7
0;+RSH 10.39 39.3 6.4 x 108 33.0
03+ HGeR; 12.74 62.8 1.0 x 10° 77.6
03+ HSnR; 12.35 60.6 1.0 x 10° 72.0
ROOH + HY — RO" + H,0 + Y* [122-124]
ROOH +HR, 19.85 123.2 1.0 x 10° 239.7
ROOH + HR, 21.15 139.9 1.0 x 108 283.5
ROOH + HRj; 20.35 129.5 1.0x 10° 256.2
ROOH + H,NR' 17.33 82.6 1.0 x 10° 149.7
ROOH + HNR, 18.48 93.9 1.0 x 10° 181.2
ROOH +HOR, 19.94 101.4 1.0 x 10° 213.0
ROOH + HOOR 20.45 107.9 1.0 x 10° 228.6
ROOH + HSiR; 15.80 97.0 1.0 x 10° 145.6
ROOH + HSR! 18.40 126.3 1.0 x 10° 214.9
ROOH + HGeR4 16.71 110.6 1.0 x 10° 172.0
ROOH + HSnR; 17.15 119.8 1.0 x 10° 187.4
continued
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TABLE 4.17
Kinetic Parameters of the Bimolecular Reactions of Free Radical Generation
Calculated by the IPM Method [116]—continued

bre Ee() A() AHe max
Reaction ([k) mol="1"7?) (k) mol™") (Lmol™'s™") (k) mol™")

RC'HYH + R'OOH — RCH=Y + H,0 + R'O" [121]

R,C°*HCH;+R!00OH 19.85 123.2 1.0 x 10° 239.7
R,C*HCH;+ R'0O0OH 21.15 139.9 1.0 x 108 283.5
R;C"HCH; + R'OOH 20.35 129.5 1.0 x 108 256.2
RC'HNH, + R'0O0OH 17.33 82.6 1.0 x 10" 149.7
RC*HNRH + R'OOH 18.48 93.9 1.0 x 10*° 181.2
RC'HOH + R'OOH 20.45 107.9 1.0 x 10 228.6

R°+R'OOH — ROH + R'O" [125]

R;"+R'OOH 18.93 100.4 1.0 x 10° 273.2

R, +R'OOH 19.92 111.2 1.0 x 10° 307.3

R;"+R'OOH 19.32 104.6 1.0 x 10° 286.4
RCH=CH, + HOOR' — RC'HCH,OH + R'O" [126]

ROOH + CH,=—CHR' 18.93 100.4 1.0 x 10° 273.2

ROOH + CH,—=CHCH=CHR' 19.92 111.2 1.0 x 10° 307.3

ROOH + CH,—CHPh 19.32 104.6 1.0 x 10° 286.4

The activation energy E and the rate constant k are calculated by the formulas:
E=FE.—0.5hLv; + 0.5RT (4.21)
k=nc_nAdoexp(—E/RT) = Aexp(—E/RT), (4.22)
where nc_y 1s the number of attacked C—H bonds with the same reactivity, and 4, is

the standard pre-exponential factor per attacked C—H bond for the chosen group of
reactions.

(b) Reactions with AH, > AH, nax.
The activation energy for these reactions is close to the enthalpy of the reaction:
E=AH+0.5RT (4.23)

The pre-exponential factor depends on the reaction enthalpy, and the rate constant is equal to
the following:

k = ne_y x Aoe*1/2{1 +B [\/AHe — \/AHemax] }2 exp(—AH/RT) (4.24)

(¢) Reactions with concerted dissociation of several bonds.
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In the bimolecular reactions of the type
ROOH + HY — RO+ H,0+Y*

more than one bond, ie., 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) =4/ Z%JT (4.25)

and the rate constant of this reaction has the following form:

2RT 2RT
k =ny_nAo\/—=exp(—E/RT) = A\| ——=exp (—E/RT) (4.26)
mE 7E

where Ay 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 ReEACTIONS 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 H,0, Me;COOH Me,PhCOOH
ki (L mol™! s7) (calculated) 7.97x107° 290 x 1078 290 x 1078
ki (L mol™! s71) (experimental) 476 x 107° 0.50 x 1078 6.55x 1078

4.4.3.2 Reaction of Hydroperoxides with Olefins

We observe close values for the reaction of 1,1-dimethylethyl hydroperoxide at 7=350K
with styrene: k;=2.2x 1077 Lmol™' s™' (Table 4.13, experiment) and k;=0.85x 10’
Lmol ' s~ (Table 4.19, calculation).
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TABLE 4.18

Enthalpies, Activation Energies, and Rate Constants of Bimolecular Reactions
of Hydroperoxides 2ROOH — ROO’+H,0 + RO’ Calculated by the IPM
Method [122-124]

AH, E Log A, A k(350 K)

ROOH n (k) mo|_1) (k) mo|_1) (L mol™ 5_1) (L mol™ 5_1)
HOOH 2 50.0 114.1 8.93 7.97 x 107
Me,CHOOH 1 46.5 112.2 8.63 7.68 x 107
<:>—00H 1 46.5 112.2 8.63 7.68 x 107
Me;COOH 1 39.6 108.4 8.64 2.90 x 107
PhMe,COOH 1 39.6 108.4 8.64 2.90 x 107
Me,C(OH)OOH 1 52.6 115.5 8.63 2.47 x 107°
CCL,00H 1 88.2 135.8 8.60 2.15%x 107"
CBr;00H 1 88.0 135.7 8.60 2.23x 1077
CCl;CCL,O0H 1 88.2 135.8 8.60 2.15x 107"

4.4.3.3 Reaction of Hydroperoxides with Hydrocarbons
The enthalpy of the reaction

ROOH + HR! — RO + H,0 +R!*

is AH=Dc_ 13+ 175—498 = D 1;—323kJ mol ! 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.

ROOH + C¢HsR! — RO" + HOC4'H;sR!

HOC¢'HsR' + O, — HO," + HOCgH4R!
As in the case of the reaction of hydroperoxide with the w-bond of the olefin, the reaction of
ROOH with the m-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

ROOH + HOR' — RO’ + H,0 + R'O"
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TABLE 4.19

Enthalpies, Activation Energies, and Rate Constants of the Reactions of
1,1-Dimethylethyl Hydroperoxide with Monomers: Me;COOH + CH,
—=CHR — Me3CO" + HOCH,C'HR Calculated by the IPM Method [124,126]

AH, E log A, A k (400 K)
CH,=CHR nc (k) mol™) mol™)  (Lmol"s™) (Lmol™'s™)
CH,=CH, 2 53.5 124.0 9.30 1.28 x 107
CH,=CHMe 1 55.2 124.9 9.00 490 x 10
CH,=CMe, 1 50.3 122.3 9.00 1.07 x 1077
CH,=CHEt 1 54.9 124.8 9.00 505 x 107
2 55.2 124.9 9.30 9.77 x 10°*

@ 2 522 123.3 9.30 1.58 x 107’

HC=CH 2 33.2 113.3 9.60 6.38 x 10°°
HC=CMe 1 36.9 115.2 9.30 1.81 x 10
MeC=CMe 2 489 121.5 9.60 5.42% 107
CH,=CHCH=CH, 2 63.0 110.8 9.30 6.78 x 10°°
CH,—CHCMe—=CH, 1 54.0 110.4 9.00 3.83x 10°°
CH,=CHCH=CMe, 1 -03 107.7 9.00 8.63 x 10°°
@ 2 ~13.4 101.1 9.30 1.26 x 107
CH,=CHPh 1 13.6 107.7 9.00 8.63x 10
CH,=CMePh 1 13.1 107.5 9.00 9.16 x 10°°
MeCH=CMePh 1 3.0 102.6 9.00 4.00x 107
Me,C=CMePh 1 3.0 102.6 9.00 4.00 x 10°°
CH,=CPh, 1 —45.7 80.5 9.00 3.07x 107

1 12.9 107.4 9.00 9.44 x 10°°

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 AH 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 ROOH + R'OH. 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
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TABLE 4.20

Enthalpies, Activation Energies, and Rate Constants of the Bimolecular Reactions
of Hydroperoxides with Hydrocarbons ROOH + HR — RO" + H,O+ R’ Calculated

by the IPM Method [122-124]

AH,
RH Mo (kJ mol™)
EtMeCH—H 4 90.2
Me;C—H 1 77.2
H 8 95.7
D<H
Q<H 10 85.6
H
6 14 81.1
1 72.7
X
Z-Decalin 2 64.8
CH,=CHCH,—H 3 45.2
CH,=CH(CH—H)Me 2 27.0
CH,=CH(C—H)Me, 1 16.8
Z-MeCH=CH(CH—H)Me 2 21.2
Me,C=CH(CH—H)Me 2 9.2
Me,C=CMe(C—H)Me, 1 0.0
CH,=C(MeC—H)CH=CH, 1 -15.6
@(H 4 18.7
H
©<H 4 8.1
H
<:><H 4 -10.2
H
@ 2 -21.8
MeC=CC—HMe, 1 6.6
PhMeCH—H 2 41.3
PhMe,C—H 1 31.9
H H 4 22.8
H H 4 -0.8
Me,NH,C—H 1 56.7
(CH,=CHCH—H);N 1 22.8
Me,(HO)C—H 1 67.7
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E
(k) m0|_1)
153.2

146.3
156.1

150.7

148.3

143.9

139.9
146.7
138.0
133.4
135.4
129.9
125.8
119.1

134.2
129.4
121.4
116.4
128.7
134.5

130.0
125.7

115.1

135.8
136.1
141.4

log A, A
(L mol™ s_1)
9.60

9.00
9.90

10.00

10.15

9.00

9.30
9.48
9.30
9.00
9.30
9.30
9.00
9.00

9.60
9.60
9.60
9.30
9.00
9.30

9.00
9.60

9.60

9.00
9.78
9.00

k (400 K)
(L mol™ 5_1)
4,01 x 10711

7.96 x 1071
3.28 x 10711

2.10 x 10710

6.02 x 10710

1.61 x 10710

1.09 x 107
2.12 x 10710
1.88 x 107
3.87 x 1070
4.22 x 107
217 x 1078
3.72%x 1078
2.85% 1077

1.19 x 1078
7.57%x 1078
5.67 x 1077
1.26 x 107°
1.54 x 1078
5.53x 107

1.06 x 1078
1.53 x 1077

3.75 % 107°

1.86 x 107
1.01 x 1078
3.49 x 10710



TABLE 4.20

Enthalpies, Activation Energies, and Rate Constants of the Bimolecular Reactions of
Hydroperoxides with Hydrocarbons ROOH + HR — RO" + H,O+ R" Calculated by the
IPM Method [122-124]—continued

AH, E log A A k (400 K)
RH Mo (k) mo|_1) (k) mol_1) (L mol™ 5_1) (L mol™ s_1)
H 1 6.9 112.2 9.00 2.27 x 1070
C¥on
MeCH=CMe(C—H)MeOH 1 2.4 126.9 9.00 2.71 x 1070
H fOH 1 14.7 122.0 9.00 1.17 x 1077
PhC(O)—H 1 25.2 126.8 9.00 2.73 x 1078
H H 4 71.3 143.2 9.60 8.00 x 10710
Cro
(Me,C—H),0 2 68.0 141.5 9.30 6.66 x 10710
(CH,=CHCH—H),0 4 37.2 142.8 9.60 8.94 x 10710
Ph,C—HOMe 1 31.4 129.8 9.00 1.14 x 1078
Ph(COOH)CH—H 2 442 135.9 9.30 3.63 x 107
(Me;C);Si—H 1 23.9 94.0 9.00 5.24 x 107
Ph;Ge—H 1 -5.1 96.4 9.00 2.60 x 107
PhySn—H 1 -31.2 96.6 9.00 2.42 x 107

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.

ROOH + R'C(O)R? — R!C(OH)(OOR)R?

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’ + HO* (kip)
ROOH + R'C(O)R? — R!'C(OH)(OOR)R” (K)
R!C(OH)(OOR)R?> — R!C(OH)(O")R? + RO’ (ki)
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TABLE 4.21
Enthalpies, Activation Energies, and Rate Constants of the Bimolecular Rreactions of
Hydroperoxides with Molecules ROOH + HY — RO" + H,O + Y* Calculated by the
IPM Method [122-124]
D AH, E log A, A k (400 K)
Reaction kJ mol™) n (k) m0|_1) (k) m0|_1) (L mol™ s_1) (L mol™ s_1)

ROOH + HNR'R2 > RO’ + H,O + R'R*N’

H,NNH—H 366.1 4 45.9 139.3 8.59 2.51 x 10710
EtNH—H 418.4 2 98.2 173.8 8.24 3.50 x 10713
Et,N—H 382.8 1 62.6 160.9 7.95 8.69 x 10714
ROOH + HOR' — RO+ H,0 + R'O"
EtO—H 440.0 1 121.5 205.7 7.90 1.09 x 10719
Me,CHO—H 443.0 1 124.5 207.8 7.90 5.81 x 10720
Me;CO—H 446.0 1 127.5 209.9 7.89 3.02 x 10720
QOH 437.1 1 118.6 203.6 7.90 2.05 x 1071
ONO—H 327.6 1 9.1 134.2 7.99 2.92 x 10710
MeC(0)0—H 442.7 1 124.2 207.6 7.90 6.17 x 10720
PhCH,C(0)O—H 443.5 1 125.0 208.1 7.90 531 x 10720

and the rate of radical generation is given by the following equation:

yi = ku[ROOH] + ko[R! C(OH)(OOR)R]
— (ki + kpK[R'C(O)R2]) [ROOH] (1 + K[R!COR’])™! 4.27)

The values of k;;, ki», 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].

Me;COOH — Me;CO” + HO? ki
2Me;COOH — Me;COO" + H,O + MesCO? ks

HO® + HOOCMe; — H,0 + Me;COy’ Fast
Me;CO* + HOOCMe; — Me3;COH + MesCO»* Fast
Me;CO;" + Me;CO," — 2MesCO® + O, k3
Me3;CO;" + Me3;CO," — Me3;COOCMes + O, ky
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TABLE 4.22

Rate Constants of the Decomposition of ROOH (k;) and R'C(OH)(OOR)R? (k;) and Equilibrium Constants K of

Hydroxyalkyl Peroxide Formation from ROOH and Ketone

Hydroperoxide Ketone Solvent T (K) ki (5_1) or ki, (s_I) or K(L mol_l) Ref.
1,1-Dimethylethyl-, Me;COOH O:O C¢H;Cl 383-400 k= 3.6 x 10'2 exp(~138.1/RT) [128]
k= 3.6 x 10° exp(~108.8/RT)
K= 6.9 x 1077 exp (46.0/RT)
1,1-Dimethylethyl-, Me;COOH <:>: o CCl, 295-313 K= 17.61 x 1073 exp (10.5/RT) [129]
EtMe,COOH EtC(O)Me Isooctane 343 kp K =1.3x 107’ [130]
1-Methyl-1-phenylethyl-, Me,PhCOOH <:>:O CgH;Cl 393 ky=21x107° [131]
kn=57%x10"° K=10
1-Methyl-1-phenylethyl-, Me,PhCOOH <:>:O CCl, 295-313 K=156x107 exp(12.5/RT) [129]
Cyclohexyl-, H <:>:O C¢H;Cl 353-383 ky= 6.3 x 10" exp(~133.9/RT)
QO‘O ky= 4.0 x 10* exp(~63.6/RT) [132]
K= 1.4 x 107 exp(33.0/RT)
2-Oxocyclohexyl-, o-oH <:>:0 C¢H;Cl 393 ki =1.2x 10° [132]
:/< kip = 3.0 x 107 exp(-85.3/RT)
(0]
1-Acetylethyl-, MeC(O)CH(OOH)Me MeC(O)Et C¢Hg 293-343 k;= 3.4 x 10'2 exp(~114.6/RT) [133]
k= 1.15 x 1010 exp(96.2/RT)
K= 0.8(293K)
continued
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TABLE 4.22
Rate Constants of the Decomposition of ROOH (k;) and R'C(OH)(OOR)R? (k) and Equilibrium Constants K of
Hydroxyalkyl Peroxide Formation from ROOH and Ketone—continued

Hydroperoxide Ketone Solvent T (K) ki (5_1) or ki, (5_1) or K(L mol_1) Ref.
1-Methyl-2-oxocyclohexyl-, 373-403 ki = 1.9 x 10° exp(=76.1/RT) [134]
oo Coo
(6]
2-Methyl-5-oxocyclohexyl-, 373-403 ki = 6.9 x 10% exp(=79.5/RT) [134]

0-0~
2:%0

Y
P Y

3-Methyl-5-oxocyclohexyl- 4<:>:O o 373-403 kiy = 8.9 x 10 exp(~72.4/RT) [134]
_H

0-0
o
1,1-Dimethylethyl-, Me;COOH ‘O:O CCl, 295-313 K =760x10" exp(10.5/RT) [129]
1,1-Dimethylethyl-, Me;COOH CCl, 295-313 K = 1.17 x 1072 exp(8.4/RT) [129]

Om

1-Tetralyl-, H. o-o MeC(O)Me CCly/Tetralin (1:1) 293 K =0.53 [129]
1-Tetralyl-, H oo MeC(O)Et CCly/Tetralin (1:1) 293 K =0.38 [129]
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1-Tetralyl-,

1-Tetralyl-,

1-Tetralyl-,

1-Tetralyl-,

Y

Y 9

.

CCly/Tetralin (1:1)

CCly/Tetralin (1:1)

CCly/Tetralin (1:1)

CCly/Tetralin (1:1)

293-313

293

293-313

293-313

K = 4.07 x 102 exp(10.5/RT)

K =029

K = 0.23 exp(8.4/RT)

K = 4.74 x 107 exp(9.6/RT)

[129]

[129]

[129]

[129]
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The rate of tertiary hydroperoxide decomposition is equal to
v = (k;[ROOH] + 2/k;[ROOH?)(1 + k3 /ks) (4.28)

The ratio ks/ks> 1, for example, k3/ky=7.2+ 1.1 for the decay of 1,1-dimethylethyl hydro-
peroxide in benzene at 318 K [136], and ks/ky;=10 for MeEtCHOOH in chlorobenzene
(318 K) [137].

Secondary hydroperoxides are decomposed in oxidizing hydrocarbons in the chain reac-
tion with peroxyl radicals [138].

R'R’CHOOH + RO," — ROOH + R'R*C=0 + HO"
HO'+RH — H,O + R’
R+ O; — ROy’
In the absence of dioxygen when hydroperoxide initiates the formation of alkyl radicals,
the following chain reaction of ROOH decomposition occurs [139].
ROOH — RO’ + HO
2ROOH — RO’ + H,0 + ROy’
RO’ +R'H — ROH +R"
RO;" + R'H — ROOH +R"
R" + ROOH — R'OH + RO’
R" +R" — R'R!
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 = ka[ROOH] + kind[ROOH]*/? (4.29)
The kinetics of hydroperoxide decomposition obeys the following equation:

[ROOH], | [ROOH]'? + ka/(kpt + kpp) _

In —
[ROOH] [ROOH]Y/? + kg /(kp1 + kp2)

kat, (4.30)

where k) and kp, are the rate constants of the following chain propagation reactions:

R’ +R!OOH — ROH + R'O’ (kp1)
R’ + R'R’CHOOH — RH + R'R*C(0) + HO" (kp2)
RH [BuCH,C(O)OCH,], [BuCOOCH,],C
ka (7Y 2.4 x 10% exp(—98.0/RT) 6.0 x 10® exp(—100.0/RT)
2ekq (571 4.9 x 10" exp(—131.0/RT) 2.1 x 10" exp(—132.0/RT)
K1 +kp (L mol ™' 571 6.9 x 107 exp(—33.0/RT) 2.6 x 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 v, = kind[ROOH]03/ 2. The values of the rate constant
king In dimethylacetamide were found to be the following [141,142]:

ROOH Me;COOH Me,PhCOOH AcN(CH3)CH,O0H
T (K) 405 405 300-405
king (LY? mol™"2s71) 20x107* 9.0x107* 8.5 % 1077 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’ + HO®
RO’ + R!CH(OH)R?> — ROH + R!C'(OH)R?

R!C'(OH)R? + ROOH — R!R?C(0) 4+ H,0 + RO’ (kp)

2R!'C(OH)R?> — R!C(O)R? + R'CH(OH)R? (kv)

The rate of chain decomposition of hydroperoxide v:(kp/\/Z_kt)[ROOH]Vil/z. Dioxygen
reacts with ketyl radicals with the formation of hydroxyperoxyl radicals. The latter is
decomposed into ketone and HO,". Hydroperoxyl radicals also possesses reducing activity
and induce the chain decomposition of hydroperoxide [121,143].

RO’ + R!CH(OH)R?> — ROH + R!C’(OH)R?
R!C(OH)R? + 0, — R!C(OH)(00O")R?
R!C(OH)(0O")R? — R!C(O)R? + HO>'
R!C(OH)(0O0O")R? + ROOH — R!'C(O)R? + H,O + RO’ + O,
HO," + ROOH — H,0 + RO + O,
2R!'C(OH)(00")R? — R'C(0)R? + O, + R'C(OH)(OOH)R?
HO," + HO,' — H,0, + O,

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, vy, 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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TABLE 4.23
Rate Constants of Free Radical Reactions with Hydroperoxides Calculated
by the IPM Method

E log A, A k(400K)
Radical Hydroperoxide (k) mol™") (Lmol™"s™") (Lmol™'s™")

R* 4+ R;O0H — ROH + R,0" [126]

C'Hs H,0, 36.7 9.30 3.22 x 10*
CH;C'H, H,0, 35.4 9.30 4.77 x 10*
Me,C'H H,0, 32.8 9.30 1.04 x 10°
Me;C* H,0, 33.6 9.30 8.19 x 10*
PhC'H, H,0, 48.6 9.30 9.01 x 10
C'H, Me;COOH 27.5 9.00 2.56 x 10°
CH;C'H, Me;COOH 26.4 9.00 3.57x 10°
Me,C'H Me;COOH 24.1 9.00 7.13 % 10°
Me;C* Me;COOH 248 9.00 5.77x10°
PhC'H, Me;COOH 37.9 9.00 1.12 x 10*
RCH,C'H, + ROOH — RCH = CH, + H,0 + RO" [121]

CH;C'H, Me;COOH 47.0 8.54 2.55x 10
Me,C'H Me;COOH 46.2 8.85 6.58 x 10°
EtMeC'H Me;COOH 43.4 8.40 5.38 x 107
Me;C* Me;COOH 47.4 9.00 6.46 x 10
MePhC'H Me;COOH 64.7 8.48 1.06

EtPhC'H Me;COOH 62.0 8.30 1.60

RC'HOH + ROOH — RCHO + H,0 + RO" [121]

C°H,OH H,0, 13.7 8.82 1.07 x 107
MeC"HOH H,0, 12.8 8.88 1.62 x 107
Me,C"OH H,0, 11.8 8.90 2.30 x 107
PhC°"HOH H,0, 20.5 8.78 1.26 x 10°
MePhC'OH H,0, 19.4 8.79 1.82 x 10°
MeC'HOH Me;COOH 3.3 8.89 2.89 x 10°
Me,C*OH Me;COOH 2.4 8.95 437 % 108
PhC*HOH Me;COOH 9.8 8.65 2.36 x 107
MePhC*OH Me;COOH 8.8 8.67 3.33 x 107

HO," + ROOH — RO" + H,0 + O, [121]
HO, H,0, 47.1 8.60 2.83 x 102
HO,* ROOH 332 8.30 9.24 x 10°

with the maximum hydroperoxide concentration. Let us compare the rates of chain initiation
by the reaction of dioxygen v,y and hydroperoxide with the same hydrocarbon (k;(ROOH +
RH), experimental values).

RH Me,CHEt cyclo-C¢Hq, Me,PhCH Tetralin
T (K) 410 403 403 403
Vio (mol L' s71h 2201077 1.53 % 107° 420%107° 1.00 x 107®
I[RH] (7Y 3.48x107° 528 x107° 2.09%107¢ 244 %107
[ROOH] = v;o/k;[RH] 6.32x 1074 2.90 x 107* 201 x1073 4.10x 107
Ref. [11,95] [10,146] [13,105] [147]
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Concentration

Time

FIGURE 4.1 Typical kinetic curve of hydroperoxide formation during hydrocarbon oxidation.

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 x 10°—6 x 10 *mol L)
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 v; = k;[ROOH] = (kiq + k;ru[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
kia < kiru[RH]. Since the rate of chain oxidation, »=a[RH] »;'"* (see Equation (2.1) in
Chapter 2), and v; = vjo + k3[ROOH], autoxidation occurs with the following rate [3,9,146].

v = a(vi + kiru[RH][ROOH])/*[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].

A[Oy]

= a[RH]\/vy + b1, (4.32)

where a = k,(2k) " and b= 0.5a[RH](kRH)"?. At a very low value of a[RH] v (this is
the case of a very low v;y), the equation takes a simple form [3].

VA[O] = 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
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reaction of peroxyl radical limits the chain propagation in oxidized hydrocarbon. The mean
lifetime of peroxyl radical 7= (2kv;)""* and the less initiation rate the longer the period of
time for the process: [RO,"'] — [RO," ], = +/vi/2k;. This process is described by the following

equation [3]:
eC‘ -1 Vio CCl —1
ROy =[ROy—— =~ /= 4.34
[ROy] = [RO:' L 7 ~ \ 3 o (4.34)

where coefficient ¢ =2(2kwv;)>=7"'. The values of 7 and [RO, calculated for different
rates of initiation at 2k, = 10° L mol~' s~! are presented.

Vio (mol L™ s77) 1072 107" 107 107° 1078 10°°
7 (s) 1.0 x 10° 3.2x 10° 10° 31.6 10.0 1.0
[RO,"]s (mol L1 107 32x107° 1078 32x1078 1077 10°°

It is seen that 7 can be 100's and higher at vjo=10""mol L' s~! and less. When the period 7
is longer than the time of reactor heating, one can take it into account and transform
Equation (4.33) into the following form:

A[O2]"% = b(t — 7) (4.35)

If the taken hydrocarbons possess inhibiting impurities, period 7 includes additionally the
time of annihilation of this inhibitor.

4.7.2 AUTOXIDATION WITH BimMoLEcULAR 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:

v, = kit [RH] [ROOH] + k;[ROOH]? (4.36)

The oxidation rate v and [ROOH] are related in the following way [3].

V2

This equation was used for the estimation of the rate constants k;; and k;, using experimental
measurements [3]. The rate of chain oxidation is the following:

d[ROOH]

= alRH] (v + ki [RH] [ROOH] + ko[ROOHT’) 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{l + 2BA[O5] (1 +1/1 4 A[0,]B) ! ) } = 1, (4.39)

where B8 = kip/ky[RH] (L mol™') and y =k [RH](ki2/2k))""* (s~'). When the hydroperoxide
concentration is low and the initiation by reaction ROOH with RH predominate, i.e., k;;[RH]
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> kp[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].

A[ROOH] = [ROOH], exp ¢, (4.40)

where ¢ = ak!$’ [RH]. The concentration of hydroperoxide [ROOH];, at this initiation rate by
both reactions can be calculated from the values of the rate constants k;, and k;;: [ROOH];»

=k;)[RH]/k;,. Here are a few examples.

RH @— Me,PhCH Ethyloleate

T (K) 378 350 328
ki (Lmol™!s7h 463%x107% 2.71x107° 6.10x 10~
kip (L mol™ ' s71) 1.56 x 107° 1.38x 1078 4.70 x 107°
[ROOH];» (mol 171 3.0x 1072 0.19 1.47 x 1073
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~' s™!) of
these reactions for three oxidized hydrocarbons are given below.

RH EtMe,CH [96] cyclo-CgHy, [104,138] Me,PhCH [105]
T (K) 350 350 350
ROOH +RH 1.24%x107° 7.09 x 10710 2.71x107°
ROOH +ROOH 7.52x 1078 1.38 x 1078
ROOH + ROH 4.17x107° 8.13x107°
ROOH + ketone 1.3% 1077 (343K) 542 %107
ROOH + RC(0)OH 3.69x 107° 1.04 x 1073

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
T=412K [130].

t(s) 10.5 x 10° 16.5 x 10° 19.5 x 10° 25.5 x 10° 31.5x10°
[ROOH] (mol L7Y) 0.04 0.14 0.23 0.52 0.86
v; (ROOH + RH) 1.40 x 1077 491 x 1077 8.02x 1077 1.91 x107° 3.00 x 1076
(mol L™ 's™h (87%) (58%) (19%) (5%) (2%)
i (ROOH +ROOH) 2.11x 1078 2.59%x 1077 6.98 x 1077 3.57%x 107 9.76 x 107¢
(mol L7's7h (13%) (30%) (16%) (9%) (5%)
continued
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t(s) 10.5 x 10° 16.5 x 10° 19.5 x 10° 25.5 x 10° 31.5 x 10°

[ROH] (mol L™ 0.0 0.0 0.02 0.11 0.28

v(ROOH + ROH) 0.0 0.0 2.35%x107¢ 2.93%x107° 1.23x 1074
(mol L™ 's71) (55%) (76%) (70%)

[MeCO,H] (mol 171 0.0 0.003 0.008 0.03 0.19

v(ROOH + RCO,H) 0.0 1.03 x 1077 451 %1077 3.82% 107 4.00x 1073
(mol L™'s71) (12%) (10%) (10%) (23%)

Sy (mol L7 's™h 1.61 x 1077 8.53x 1077 430 x107° 3.86x 1073 1.76 x 1074

We can see that the rate of initiation increases during autoxidation from 10~" to 10~ *mol L ™!
s~! (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 RO,". 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, cycloparaftins, alkylaro-
matic hydrocarbons of the PhCH,R 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]
dr o

ki[ROOH][RH]

(kp[RH] — kproon[ROOH]) \/ o, , (4.41)

and for the kinetics of hydroperoxide accumulation we have the following formula [3]:

2

k,[RH] {ef/f — 1}
ROOH] = 2 X , 4.42
[ ) kproon ~ le/7 +1 (442
where the characteristic time is 7! = kproou[RH] (kiiky/2kik, roon)?. The maximum con-

centration of hydroperoxide is [ROOH]yax = k,[RH)/kp roon. 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],,.« 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, Eyroon < Ep,. Hence [ROOH],,,.« increases with
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temperature. For example, the values of [ROOH],,.x in oxidized cyclohexane were found to
be the following [146]:

T (K) 428 418 408 398
()% 1073 72 10.8 23.4 36.0
[ROOH]n (mol LY 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 £, 1s the moment when [ROOH] =[ROOH],,,.x gives the following equation
[3,56]:

[RHl, f Ky V1) 02 — 0.5/ }2
R {kpROOH [m(e +1)—In2 o.5z/}+1 (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 &, [3,56]. This scheme is valid for the oxidation of hydrocar-
bons where tertiary C—H bonds are attacked. For k, > k;j[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](k;;[ROOH][RH])"? = k,,[ROOH]; there-
fore, [ROOH]pax = ey k2 [RH]3. The kinetics of ROOH formation and RH consumption
are described by the following equations [3].

k2ky [RH]
[ROOH] = kaT {1 —e 0%} (4.44)
3Kk
[RH]—3/2 N [RH](;3/2 _ 4k:)k 1 {[ + 2k;11 (efO.Skmt 7 1)} (445)

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 SeLr-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

© 2005 by Taylor & Francis Group.



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:

ROOH + HA — ROOH; + A~
R'R?’CHOOH; + H,0 — R'R?’C(0) + H,0 + H;0™"
R'R’R*COOH; + H,0 — R?R*C(0) + H;O0"'R'OH
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].

PhR,COOH + HA — PhR,COOH; + A~
PhR,COOH; + H,0 — PhOH + R,C(0) + H;0"

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].

. + H
HO —_— .
OH
H .
. + RO, — ROOH + OH
OH

The generation of hydroxyl radicals occurs by the reactions:

ROOH — RO’ + HO'
RO, + R'R?CHOOH — ROOH + R'R?C(0) + HO®
HO," + HOOH — H,0 + HO' + O,

4. Acids catalyze the hydrolysis of hydroperoxides with hydrogen peroxide formation.
H,0 + ROOH — ROH + H,0,

The latter generates hydroperoxyl radicals possessing the reducing activity. Hydroper-
oxyl radicals reduce hydroperoxide and accelerate chain termination by the reactions:

HO," + ROOH — RO’ + H,0 + O,
RO, + HO," — ROOH + O,
HO;" + HO," — HOOH + O,

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 RO," diminishes the total activity of the radicals and the effective value of
parameter a:kp(2kt)*”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
RO, [150]. When acting together, these factors cause self-inhibition of autoxidation at
conversion levels of 40-50% [3].
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