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PREFACE 

The aim of this Handbook is to present an up-to-date account of the physico- 
chemical data on radical initiators and radical generation reactions. Initiators 
are used in technological processes, for example, polymerization, oligomeriza- 
tion, network formation, and modification of polymers. They are widely used 
in organic synthesis to initiate chain reactions. Initiators are one of the impor- 
tant elements of the mechanistic study of different chain reactions. In addition 
to initiators, we offer comprehensive information about bimolecular reactions 
of free radical generation. The chemistry of initiators and reactions of radical 
generation were intensively studied during the last 40 years and are very com- 
plex. A few mechanisms of homolytic splitting of molecules into free radicals 
were found. Researchers were faced with the simultaneous occurrence of uni- 
molecular and chain reaction mechanisms of initiator decay. Both homolytic 
and heterolytic decomposition of some initiators exist. Homolytic decay of an 
initiator is accompanied by the cage effect in solvents and polymers. All data 
concerning the peculiarities of initiator decay were collected and discussed in 
this Handbook. We attempted to write a comprehensive physicochemical ency- 
clopedia on initiators and their initiating reactions. Comprehensive information 
concerning initiators was collected. Readers will find the data and bibliography 
on the synthesis, structure, and thermochemistry of initiators, as well as detailed 
information on the rate constants and activation energies of the decomposition 
of initiators and bimolecular reactions of free radical generation. 

This Handbook is divided into three parts. 
Part I is devoted to initiators of free radicals and contains eight chapters. In 

Chapter 7, the different mechanisms of initiator decomposition are discussed. 
Chapter 2 is devoted to the cage effect that accompanies the decomposition of 
initiators in liquids and solid polymers. Chapter 3 presents a short description of 

xv 
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the methods of study of initiator decomposition. Chapters 4-8 include complex 
scientific information about initiators: peroxides, polyoxides, azo compounds, 
polyphenylbutanes, phenylhydrazins, nitrites, nitro compounds, and so on. 

Part I1 is devoted to bimolecular reactions of free radical generation. A wide 
variety of such reactions was observed. The reader will find the data on free 
radical generation by reactions of retrodisproportionation, reactions of paraffins 
and olefins with haloid molecules (F2, Clz, etc.), bimolecular and trimolecular 
reactions of RH with 0 2 ,  reactions of ozone and N02, bimolecular reactions 
of hydroperoxides, reactions of thermal chain initiation in polymerization, and 
reactions of transition metal ions. 

In Part 111 the data on the rate constants of reactions of free radicals formed 
from initiators are collected: decay and isomerization of free radicals, reactions of 
radicals with solvents and monomers, recombination, and disproportionation of 
free radicals. It is anticipated that the majority of the users of this Handbook will 
be researchers and technologists, as well as undergraduate students, postgraduate 
students, and professors who will find it a unique and helpful reference book. 

Symbols and units used in this Handbook are in accordance with UPAC recom- 
mendations as written in the manual “Quantities, Units and Symbols in Physical 
Chemistry”, Blackwell Scientific Publications, London, 1988. 

We are grateful to Elena Batova for attentive English editing of this book and 
to Ludmila Pilipetskaya and Lidiya Abramova for rapid and accurate typing of 
the manuscript. 

All comments, critical notes, and suggestions are welcomed by the authors. 
Address comments to E. T. Denisov, T. G. Denisova, and T. S. Pokidova, Insti- 
tute of Problems of Chemical Physics, Chernogolovka, Moscow Region, 142432, 
Russia. Email: EDENISOV@ICP.AC.RU 

Chernogolovka, Moscow Region 
June 19. 2002 

EVCENY T. DENISOV 
TAISA G. DENISOVA 

TAMARA S. POKIDOVA 
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PHYSICOCHEMICAL SYMBOLS 

Symbol 

A 

Meaning 

Preexponential factor in Arrhenius 
equation of reaction rate constant 
k = A x exp(-EIRT) 

Preexponential factor of reaction rate 
constant per attacked atom among 
bonds with equireactivity 

b 

D Diffusion coefficient 

DY-x 
e 

e Base of natural logarithms 

2b2 is the force constant of chemical bond 

Dissociation energy of Y-X bond 

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

Unit 

s-l (unimolecular 
reaction), 
Lrno1-l s-l 
(bimolecular), 
L~ rnoI-2 s - ~  
(trimolecular) 

s-l (unimolecular 
reaction), 
L mol-' s-l 

(bimolecular), 
L~ mol-2 s-2 
(trimolecular) 

kJ'/2 mol-1/2 ,-I 

m2 spl 

kJ mol-' 

2.7183 
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SYMBOLS AND ABBREVIATIONS xviii 

E 

f 

AGO 

AH; 

AH: 

h 

KC 

k 

kind 

Activation energy for the reaction of the 
Arrhenius equation for reaction rate 
constant 

Activation energy for the reaction of the 
parabolic model of the bimolecular 
reaction; E,  = E + O.5hLv - 0.5 RT 

Stoichiometric coefficient for free radical 
acceptance by an acceptor of free 
radicals 

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

Enthalpy of reaction (298 K, 1 atm) 

Enthalpy of transition state 

Enthalpy of reaction that includes the 
difference of zero vibrational energies 
for reacting bonds 

Enthalpy of a molecule formation under 
standard conditions (298 K, 1 atm) 

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

Planck constant, h = 6.626075 x 

Equilibrium constant, RT In K c  = -AGO 

Reaction rate constant 

Rate constant for an acceptor reaction with 

Rate constant for decomposition of an 

Rate constant for a diffusion controlled 

Rate constant for an initiation (free 

free radicals 

initiator to free radicals 

reaction 

radicals formation) 

Rate constant for the induced 
decomposition of initiator 

kJ mol-' 

kJ mol-' 

kJ mol-' 

kJ mol-' 

kl mol-' 

kJ mol-' 

kJ mol-' 

J s  

(moY1)'" 

s-l (unimolecular 
reaction), 
L mol-' s-l 
(bimolecular), 
L~ mol-2 sp2 
(trimolecular) 

Lmol-' s-' 

S-' 

s-l (unimolecular 
reaction), 
Lmo1-ls-l 
(bimolecular) 

~ ' / 2  mol-'/2 s-1 
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kis 

kl 

kt 
L 

n D  

An 

P 
R 

YR 

SO(RH) 

AVf  

Rate constant for the initiator 

Reaction rate constant in the liquid phase 

isomerization 

Rate constant for the initiator 
decomposition to molecular products 

Rate constant for chain propagation 

Rate constant for free radical rotation in 

Reaction rate constant in the solid phase 

the cage 

Rate constant for the scrambling reaction 

Rate constant for the chain termination 

Avogadro's number, 
L = 6.0221367 x 

Refractive index 

Mol change in a reaction 

Pressure 

Gas constant, R = 8.314510 

Radius of radical R 

Entropy of formation for RH in the gas 

Entropy of activation 

Time 

Absolute temperature 

Molecular partition function of RH 

Molecular partition function of transition 

Reaction rate 

Rate for the initiation reaction 

Rate for the thermal initiation reaction 

Rate for the induced decomposition of the 
initiator 

Change of molecular volume due to 
formation of the transition state, 
AVf  = Vf (transition state) - V 
(reactants) 

in the cage 

phase under standard conditions 

state 

Pa 

Jmol-' K-' 

m 

J mol-' K-' 

J mol-' K-' 

S 

K 

cm3 mol-' 
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Vf 
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Degree of stretching of a polymer film 

Molar absorption coefficient 

Viscosity 

Quantum yield of chemiluminescence 

Ionic strength, K = 0.5Cc1z~. c, and z1 are 
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forming (bf) bonds 

Length of light wave 

Dipole moment of molecule 

Frequency of valence vibration for the 

Frequency of valence vibration for the 

Frequency of free radical R' rotation 

Ratio of circumference to diameter of a 

Density 

Induction period 

Photochemical yield 

reacting bond 

forming bond 
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Pa s 

mol L-' 

m 

D 

S-' 

S-' 
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S 
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AFR 
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BEBL 

bP 
CL 
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EG 
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IPM 

IR 

KDI 
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Acceptors of free radicals method 

Bond energy-bond order 

Bond energy-bond length 

Boiling point, K 

Chemiluminescence method 
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Intersecting parabola model of reaction 
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Azoisobutyronitrile 

Nitroxyl radical 
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MECHANISMS OF DECOMPOSITION 
OF INITIATORS 

1.1 INTRODUCTION 

A lot of organic molecules, dealing with technique, technological processes, and 
organic synthesis, are stable at moderate (-300-400 K) and elevated (>400 K) 
temperatures. Atoms of these compounds are connected by sufficiently strong 
chemical bonds with bond dissociation energy (BDE) -350-500 kJ mol-' . 
Radical initiators are molecules bearing one or several weak bonds with BDE - 100-200 kJ mol-' . When the temperature of the reaction is sufficiently high, 
the initiator decomposes with homolysis of the weakest bond and produces free 
radicals. These free radicals initiate a chain or nonchain free radical reaction. 

What are the factors that influence the BDE of any chemical bond? First, there 
are atoms forming the bond. Here are a few examples of the types of bonds in 
various compounds:',2 

Compound CH4 Et MeNH2 MeOH Me1 MeOOMe 
Bond C-H C-C C-N c-0 c-I  0-0 
D (Hmol-') 440 378 358 388 240 161 

The following bonds have sufficiently low values of BDE: 

Compound MeOOMe MeONO HON02 Me3CN02 MeNO PrN2CH2CH=CH2 

D (Hmol-') 157 175 207 245 1 67 141 
Bond 0-0 0-N 0-N C-N C-N N-C 

3 
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4 MECHANISMS OF DECOMPOSITION OF INITIATORS 

Organometallic compounds have weak metal-carbon bonds:* 

Compound SnMe4 SbMe5 HgMe, PbMe4 BiMe4 TiMe4 
Bond Sn-C Sb-C Hg-C Pb-C Bi-C Ti-C 
D (kJmol-') 294 255 255 239 218 167 

Atoms surrounding the atom with the bond being split also influence the BDE. 
Here are a few  example^:^-^ 

Peroxide3 MeOOMe EtOOEt (Me3CO), (MeC(0)0)2 (PhC(O)O), 
DoPo (kJmol-') 158.1 153.1 166.5 131.2 124.4 

Hydrazine' H2NNH2 H2NNHMe H2NNMe2 HzNNHPh Ph2N-NPh2 
DNPN (kJ mol-') 275.3 268.2 246.9 218.8 125.0 

Polysulfide4 EtSSEt PhSSPh EtS-SSH PhS-SSH EtSS-SSEt 
Ds-s (kJmol-') 285.0 223.0 213.0 182.0 142.0 

A n-bond in the a-position has a strong influence on the dissociating bond. 
This influence is clearly seen for several alkylaromatic  hydrocarbon^:',^ 

Hydrocarbon Et-Et Et-CH'Ph PhPr,C-CPr*Ph Ph2MeC-CMePh2 
DcPc (kJmol-') 364 318 150.6 125.5 

This dependence is the result of stabilization of the formed radical due to the 
interaction of an unpaired electron with n-electrons of the benzene ring. 

Different mechanisms of free radicals formation as a result of initiator decom- 
position are known. Most initiators decompose with dissociation of the weakest 
bond, for example, 

R'O-OR* + R'O- + R ~ O -  

Initiators that decompose with simultaneous dissociation of two or more bonds 
are known, for e ~ a m p l e , ~ . ~  

R-N=N-R + R' + N2 + R' 

RC(0)O-OR' + R' + C02 + R'O' 

This decay is known as concerted fragmentation (see Section 1.3). 
Some ortho-substituted benzoyl peroxides decompose with formation of unsta- 

ble intermediates. These intermediates are the result of formation of an additional 
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bond between the oxygen atom of the benzoyloxy radical and ortho substituent, 
for examp~e,~Jj 

0 do + ROO 

I I  - 
a C ' O ' O R  CH=CH2 

This decay was called anchimerically assisted peroxide cleavage (see Section 1.4). 
The decomposition of initiators very often proceeds homolytically with dis- 

sociation of the molecule to free radicals only. However, there are compounds 
that decay simultaneously to free radicals and molecular products. For example, 
peresters decay to free radicals with dissociation on the 0-0 bond and their 
isomerization to aryloxyester proceeds in parallel:6 

PhMe2COOC(O)Ph + PhMe2CO' + PhC(0)O' 

PhMezCOOC(0)Ph + PhOCMezOC(0)Ph 

Free radicals formed from the initiator react with the reactant or recombine. 
Free radicals formed from the initiator or reactant also can react with the initiator.6 
If this reaction proceeds intensely, the initiator is decomposed by free radicals, 
and this decreases its effectiveness as an initiator (see Section 1.5). 

1.2 NONCONCERTED UNIMOLECULAR DECOMPOSITION 

Before decomposition, a molecule of the initiator (I) should be activated. Its 
activation is the result of collisions of the initiator molecule with other molecules 
M in the gas or liquid phase. The energized molecule may undergo deenergization 
by collision with a normal molecule, or it may undergo a unimolecular reaction 
to form products. These three processes are quite distinct and the situation may 
be represented as: 

I + M + I * + M  

I * + M + I + M *  

I* + 1' -+ R1' + Rz' 

where I* is the activated molecule and 1' is the activated complex. The 
activated molecule I* passes through the top of the activation barrier. The 
energized molecule I* has acquired all the energy it needs to become the activated 
molecule I#. The full description of the activation process and reaction is 
given by the Rice-Ramsperger-Kassel-Marcus (RRKM) theory of unimolecular 
 reaction^.^-'^ This theory describes the dependence of the rate constant for 
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unimolecular decay of molecules on gas pressure. When the pressure is growing, 
the rate constant of decomposition kd --+ k,, and 

where k# is the rate constant of I# decay. The expression for initiator decay 
in solution, where the frequency of molecular collisions is extremely great, is 
the same. According to transition state theory, the rate constant of unimolecular 
reactions at high pressure is the following: l 1  

RT AS#/R~-E/RT 
Lh 

k d  = k, = e-e 

When a polyatomic molecule, for example, peroxide ROOR, decomposes 
to two free radicals RO', the following changes in the energy distribution are 
observed: l3 

1. One stretching vibration along the 0-0 bond disappears, 
2. One inner rotation of the 0-0 bond disappears, 
3. Two C-0-0 angles vibrations disappear. 

As a result, the activation entropy of unimolecular decomposition AS' > 0 and 
the preexponential factor [A = e RT(Lh)-' exp(AS'/R)] is sufficiently higher 
than eRT(Lh)-' RZ loL3 SKI. For many unimolecular reactions AS' RZ 20-80 

Due to the elongation of the dissociating bond (e.g. 0-0 in peroxide), the 
volume of the transition state I' > I. As a result, the difference in the volumes 
V(I#) - V(1) = AV' is positive. The study of decomposition of initiators with 
one bond dissociation under pressure gives evidence that AV' is positive and 
helps us to evaluate A V' according to the following dependence of k on pressure 

Jmol- l  K-1 13 

D:3,  14 

AV' p 
Ink =Ink" - ~~ 

RT l + b p  

where ko = k at p = 0 and b = 9.2 x lop9 Pa-'. The value of AV' depends on 
the pressure p :  

AVf = AV,f(l + bp)-2 (1.4) 

1.3 CONCERTED FRAGMENTATION OF INITIATORS 

Peroxides have the weak 0-0 bond and usually decompose with dissociation of 
this bond. The rate constants of this decomposition of ROOR into RO' radicals 
demonstrates a low successibility of the BDE of the 0-0 bond to the structure 
of the R fragment (see Chapter 4). Bartlett and Hiatl5 studied the decay of many 
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peresters and found that rate constants of their decomposition covered a range 
> 10' s-' . The following mechanism of decomposition was propo~ed:~  

RC(0)OOR' -+ R' + C02 + R'O' 

parallel with a simple dissociation of one 0-0 bond. This decay of the molecule 
to fragments was named concerted fragmentation. The energy needed for the 
activation of the molecule is concentrated simultaneously on the two bonds: 
R-C(0) and 0-0. Among other products, CO:! is formed as the result of perester 
fragmentation. The formation of the IT bond of formed carbon dioxide partially 
compensates for the energy of dissociation of the C-C and 0-0 bonds of 
perester. The decay of perester into four fragments is known:16 

Me3COOCMe2C(0)OOCMe3 --+ 2Me3CO' + MeCOMe + CO2 

The following peculiarities characterize the concerted fragmentation in com- 
parison to the decay of a molecule with dissociation of one 

Decay with Dissociation of One Bond 
1. Activation energy is equal to the 

dissociation energy of the weakest 
bond. 
( E  M D x 140-160 kJmol-' for 
peresters.) 

AS# M 20-80 Jmol-' K-' for 
peroxide decomposition. 

3. The dissociation of one bond leads 
to an increase in the volume of 
the molecule; AV' x 10 f 3 cm3 
mol-' (see Table 1.1). 

2. Entropy of activation AS' > 0, 

4. Rate constant of decay of symmetric 
RN=NR and nonsymmetric 
RN=NR' molecules are close due 
to a low difference in BDE of the 
R-N bonds in these two 
molecules (see Chapter 4). 

Concerted Fragmentation 
Activation energy of decay is 

sufficiently lower than the BDE of 
the weakest bond. 
( E  x 90-125 kJmol-'for 
peresters.) 

Entropy of activation is low; for 
perester decomposition, 
AS# -10-10 Jmol-'K-'. 

Concerted decomposition occurs 
through the compact transition 
state and AV' is close to zero; 
AV# M -5-5 cm3 mol-' (see 
Table 1.1). 

The rate constants of decay of 
RN=NR and RN=NR' azo 
compounds are very different due 
to their simultaneous dissociation 
(see Chapter 4). 

The model for interacting oscillators was developed to describe the concerted 
decomposition of a molecule.33 The decomposing molecule is treated as a collec- 
tion of oscillators. The reaction of concerted decomposition is described as the 
transition of the system of oscillators from the thermal vibration with amplitude 
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TABLE 1.1 Values of AV' of Unimolecular Nonconcerted and Concerted Decompo- 
sition of Initiators (Eq. 1.3) 

Initiator 
T A V# 

Solvent (K) (cm3 mol- I )  Reference 

Me3COOCMe3 
Me3COOCMe3 
Me3COOCMe3 
Me3COOCMe3 
Me3COOCMe3 
Me3COOCMe3 
PhC(O)OOC(O)Ph 
PhC(O)OOC(O)Ph 
PhC(O)OOC(O)Ph 
PhC(O)OOC(O)Ph 
PhC(O)OOC(O)Ph 
CH3 C(O)OOCMe3 
PhC(O)OOCMe3 
PhC(O)OOCMe3 
PhC(O)OOCMe3 
(E)-EtCH=CPrC(O)OOCMe3 
(Z)-EtCH=CPrC(O)OOCMe3 
Ph3CCHPh2 

Dissociation of One Bond 

Benzene 393 
Carbon tetrachloride 393 

Toluene 393 
Heptane 398 
Heptane 428 
Carbon tetrachloride 333 
Carbon tetrachloride 343 
Styrene 303 

Cyclohexane 393 

Ally1 acetate 353 
Acetophenone 353 
Acetophenone 403 
Cumene 352.6 
Chlorobenzene 352.6 
Chlorobenzene 403 
Cumene 373 
Cumene 373 
Toluene 343 

Simultaneous Dissociation of Two Bonds 

Isooctane 
Cumene 
Cuinene 
Cumene 
Chlorobenzene 
Cumene 
Cumene 
Cumene 
Cumene 
Cumene 
Benzene 
Toluene 
Different solvents 
Cumene 
Cumene 
Cumene 
Toluene 
Toluene 
Cumene 
Chlorobenzene 
Cumene 
Octane 

323 
352.6 
243.6 
403 
352.6 
352.6 
352.6 
352.6 
333 
403 
343 
343 
403 
338 
338 
352.6 
335.5 
335.3 
328 
328 
328 
328 

12.6 
13.3 
6.7 
5.4 

13.4 
9.8 
9.6 
8.6 

4.7 
4.8 
5.0 

10.2 
12.1 
8.0 
6.8 
9.0 

13.1 

10 

-5.1 
1 .0 
0.4 
1.7 
1 .5 
1.6 
1.2 
0.2 
0.2 
3.1 
0.0 
0.0 
1.6 
0.3+1.9 
1.6+3.2 
1.6+3.9 
3.8 
3.4i2.5 
5.0 
4.3 
4.6 
4.3 

17 
17 
17 
17 
18 
18 
19 
19 
20 
21 
21 
22 
23 
23 
22 
24 
24 
25 

26 
27 
28 
22 
27 
28 
28 
28 
28 
22 
29 
29 
30 
30 
30 
23 
31 
32 
24 
24 
24 
25 
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d to the vibration with critical amplitude d*. If n bonds participate in con- 
certed decomposition and the activated energy is equal to En the rate constant 
of concerted decomposition k, depends on n and En according to Eq. (1 3: 

n nRT -En exp ~ 

2n - 1 n E ,  RT 
kn = Ao- (-) 

where A0 = A at n = 1. When n = 2, 

(1.5) 

1.4 ANCHIMERICALLY ASSISTED DECOMPOSITION OF 
PEROXIDES 

There is experimental evidence that some ortho substituents in 1, l-dimethylethyl- 
benzoyl peresters strongly accelerate the decomposition of per ester^.^ Ortho 
substituents in 1,l -dimethylethylbenzoyl peresters and values illustrating the ratio 
of rate constants kd(ortho substituted)/kd(H) at 333 K are written below:5 

o-CH=CHPh2 o-SCH~ 0-SPh 

67 140.000 250.000 

We see a very strong influence of the ortho substituent containing sulfur. The 
following mechanism was propo~ed:~  

Q 

Accelerating action of ortho substituents with p -  or n-electrons is due to the 
formation of an intermediate bond of the type 0' . . . S or 0' . . . C=C in the 
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transition state. 

Ph 0,- , OPl 

v 

0 

Disulfide was found to be the main product (yield 52.5%) of this perester decom- 
position. This bond formation compensates (partially) for the activation energy 
for dissociation of the 0-0 bond in perester. The empirical peculiarities of 
anchimeric assistance decomposition are the following: 

1. Activation energy of this decomposition is lower than the BDE for the 
0-0 bond, and the rate constant is much higher than the typical kd for 
compounds of this class. 

2. Solvent changes the rate constants of this decomposition dramatically. 
3. Products of the recombination of radical pairs in the cage differ from the 

parent compounds. 

1.5 
MOLECULAR PRODUCTS 

DECAY OF INITIATORS TO FREE RADICALS AND 

Peroxides split easily into free radicals because they have a weak 0-0 bond. In 
addition to homolytic reactions, peroxides can participate in heterolytic reactions 
as well, for example, they can undergo hydrolysis under the catalytic action of 
acids. Both reactions, homolytic and heterolytic, can occur simultaneously. For 
example, perbenzoates decompose to free radicals and simultaneously isomerize 
to esters.34 The kinetic characteristics of both reactions are given in Table 1 . 1 .  
It is seen that the para substituent slightly influences the rate constants of the 
homolytic splitting of the perester. The rate constant of heterolytic isomerization, 
by contrast, strongly depends on the nature of the para substituent. Polar solvent 
accelerates the heterolytic isomerization. Reaction of isomerization was proposed 
to proceed through the cyclic transition state.35 

Parallel reactions of homolytic splitting and heterolytic isomerization was evi- 
dence for triphenylcumylperoxylsilane (anisole, T = 433 -463 K):34 

Ph3SiOOCMezPh + Ph3SiO' + PhMezCO' (kd)  

Ph?SiOOCMe*Ph + PhOSiPhzOCMezPh (kis) 

The rate constants kd and k,, were estimated and found to be the log[kd(sK')] = 
15.5 - 167/RT and log[k,,(s-')I = 8.2 - 104/RT, AS: = 39.7 Jmol-' KK '  
and AS,#, = -39.7 Jmol-' K-'. It is seen that Ed > E,, ,  however, AS: > 0 
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and AS,#, < 0. The cyclic transition state was assumed for the isomerization 
reaction.34 Isomerization of this kind was not observed in the case of aliphatic 
silane peroxides. Polyarylperoxysilanes take part in isomerization of this type:35 

Ph2Si(OOCMe3)2 -+ Ph(PhO)Si(00CMe3)(OCMe3) 

Alkylperoxyphosphates undergo heterolytic isomerization simultaneously with 
homolytic splitting:36 

Me3COOP(0)Et2 -+ MeOMe2COP(0)Et2 (kis) 

Me3COOP(0)Et2 -+ Me3CO' + EtzP(0)O' (kd ) 

The rate constants of these reactions were found to be very close: kd  = 2.0 x 
lop5 s-l and ki, = 2.2 x lop5 s- ]  (n-nonane, 403 K). Competition between 
homolytic and heterolytic reactions influences the effectiveness of initiation. 
When the heterolytic isomerization of initiator occurs, its effectiveness on 
initiation is e = ki (2kd + 2kiJ' .  It can be increased by changing the solvent 
and temperature. 

TABLE 1.2 Kinetic Parameters of Heterolytic Isomerization and Homolytic Decom- 
position of Perestersa 

k x lo4 E M A )  
Para Substituent Conditions (s-') (kJ mol-') 6 - I )  

p-XC6H4Me2COOC(0)Ph -+ p-XC6H40CMe20C(0)Ph  (373 K )  

H 
c1  
Br 
NO2 

H 
CH3 
c1 
NO2 

313-393 K 5.8 115 12.94 
1.92 121 13.28 

Chlorobenzene 2.68 1 I9 13.19 
0.0945 129 14.09 

283-323 K 282 
70 

Methanol 26 
19 

84 13.15 
87 14.05 
90 14.14 
83 12.80 

p-XC6H4C(0)OOCMe3 + p-Xc6H4c(o )o '+  Me3CO' (383 K )  

373-403 K 0.28 156 16.85 
0.32 151 16.1 1 

Phenoxybenzene 0.16 164 17.66 
0.16 172 18.22 

'See Refs. 34 and 35. 
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1.6 CHAIN DECOMPOSITION OF INITIATORS 

Initiators are introduced into the reactant. as a rule, in very small amounts. Initia- 
tors produce free radicals and most react with reactant or solvent, or recombine 
with other free radicals. Radicals formed from the initiator or reactant react 
only negligibly with the initiator. However, we know systems (initiator-reactant) 
where free radicals induce the chain decomposition of  initiator^.^,^^,'^ Bartlett 
and Nozaki were the first to recognize the induced decomposition of benzoyl 
peroxide in different  solvent^.^^,^^ They found that the empirical rate constant of 
benzoyl peroxide decomposition increases with an increase in the peroxide con- 
centration in a solution. The dependence of the rate of peroxide decomposition 
on its concentration was found to be 

w = kd [PhC (0)OOC (O)Ph] + kind [PhC(O)OOC (0)Ph]3'2 (1.7) 

This dependence is the result of common proceeding of homolytic decay of 
peroxide with the rate constant kd and chain decomposition of peroxide due to 
reactions with the radical formed from the solvent RH according to the following 
kinetic scheme: 

PhC(O)OOC(O)Ph -+ [PhCO; + PhCO;] -+ 2PhCO; ( k ,  1 

[PhC02' + PhCO;] -+ [PhC02' + Ph'] + CO2 

[PhCO; + Ph'] -+ PhC02' + Ph' 

[PhCOZ' + Ph'] + PhC(0)OPh 

PhC02' + RH + PhCOOH + R' 

P h ' + R H - + P h H + R '  

R' + PhC(O)OOC(O)Ph -+ PhC(0)OR + PhC02' (kp ) 

(2kd R' + R' -+ RR or RH + R'H 

Empirical kind = k;/*k,(2k,)-'f2 and ki = 2ekd. The chain length depends on 
the ratio kp(2k , ) - ' /2 :  the faster the reaction of the radical R' with peroxide, 
the longer the chain length. Intensive chain decay of peroxide was observed at 
a sufficiently high peroxide concentration. For example, kd = 6.36 x s-' 
and kind = 3.35 x lop4 (L/mol)'f2 spl for dibenzoyl peroxide decomposition in 
cyclohexane at 353 K;"s4" and kd[I] = kind[I]'/* at [PhC(O)OOC(O)Ph] = 3.6 x 
1 O-* s-' . When peroxide is used as an initiator of the free radical polymerization 
reaction of the macroradical with peroxide, the molecular weight of the forming 
polymer is 10wer.~' For the rate constants of these reactions, see Chapter 18. 

The very intensive chain decomposition of benzoyl peroxide was found in 
alcoholic  solution^.'^^^^^^' This is the result of the very high reductive activity 
of ketyl radicals formed from alcohol. They cause the chain decomposition of 
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peroxide by the following mechanism: 

PhC(O)OOC(O)Ph -+ 2ePhC02' 

PhC02' + R'R2CHOH + PhCOOH + RIR~C'OH 

R'R2C'OH + PhC(O)OOC(O)Ph -+ R'R2C(0) + PhCOOH + PhC02' (kp) 

(2kt) 2R'R2C'OH -+ R'R2C(0) + R'R2CHOH 

The kinetics of peroxide decomposition are described by Eq. (1.7). However, 
the values of kind = kpk1/2 (2kt)-'l2 are sufficiently higher. For the rate constants 
kp and 2kt, see Chapters 18 and 20. 

An exotic chain mechanism was found for the 1,1 -dimethylethyl hydroperox- 
ide chain decomposition. This hydroperoxide decomposes at elevated tempera- 
tures (370 K and higher). Introduction of initiator (I) into the solution with this 
hydroperoxide induces its decay with the rate u = const x [I]. The initiators used 
were found to decompose more rapidly with the hydroperoxide. The following 
chain mechanism was p r ~ v e d : ~ ~ - ~ ~  

I -+ r' (ki 1 

(kp) 

(kt) 

r' + ROOH --+ rH + RO2' 

R02' + R02' -+ 2RO' + 0 2  

RO2' + R02' -+ ROOR + 0 2  

The peculiarity of this mechanism is the unusual reaction of chain propaga- 
tion, namely, 2R02' -+ 2RO' + 0 2 .  As a result, the rate of chain propagation is 
independent of the reactant (ROOH) concentration. The ratio kplkt = 4.1 x lo4 
exp( -22/R T )  for 1, l-dimethylethylperoxyl in a benzene solution.47 

Secondary hydroperoxides are easily attacked at the a-C-H bond. As a result, 
peroxide R'OOH can react by its 0-0 bond with the alkyl radical formed from 
the solvent RH: 

R'OOH + R' -+ R'O' + ROH (kpl) 

and its a-C-H bond: 

R'R~CHOOH + R' -+ RH + R'R~C(O) + HO' (kp2) 

The kinetics of hydroperoxide decomposition obeys Eq. (1 .8):6 

For the values of rate constants, see Chapters 4 and 18. 
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Chain decomposition of secondary hydroperoxides proceeds in an oxidized 
reactant (R1R2CH2) in the reaction with peroxyl radicals:6 

R'R~CHOOH + R O ~ '  + ROOH + HO' + R ~ R ~ C ( O )  

This reaction plays an important role in the liquid-phase oxidation of hydro- 
c a r b o n ~ . ~ ~  
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CAGE EFFECT 

2.1 INTRODUCTION 

Upon decomposition of a molecule of initiator in the gas phase, the formed 
radicals immediately fly apart in different directions. The decomposition of a 
molecule 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 due to intermolecular forces create a “cage” around a pair of formed 
radicals, which is called the cage effect.’-4 The cage effect was discovered by 
Frank and Rabinowit~h.~ Some experimental evidence was found for the exis- 
tence of the cage effect. The cage effect is very important for understanding the 
chemistry and kinetics of initiator decomposition in various solvents and solid 
polymers. The rate constant for the interaction of two radicals is very high. As a 
result, some radicals react with each other before they are formed from the ini- 
tiator pair of radicals. In the 1960s and 1970s, widespread experimental evidence 
was obtained concerning the cage effect in liquids. 

2.2 EXPERIMENTAL EVIDENCE FOR THE CAGE EFFECT 

2.2.1 Quantum Yield 

According to Einstein’s law the quantum yield $ for molecule photodissociation 
in the gas phase is equal to unity. Frank and Rabinowitchs predicted the reduction 
of the quantum yield in a solution due to the cage effect. The quantum yield + < I 
was evidenced in the photodissociation of 12, Br2, and RN2R. 

17 
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Molecule Solvent h (nm) T (K) 0 Reference 

cc14 440 298 0.14 6 
cc14 440 298 0.22 7 

298 0.24 8 

2.2.2 

Free radicals formed from an initiator in the gas phase take part in other reac- 
tions and recombine with very low probability (0.1-2%). Decomposition of the 
initiator in the liquid phase leads to the formation of radical pairs, where a prob- 
ability of recombination of the formed radicals is high. For example, photolysis 
of azomethane in the gas phase in the presence of propane (RH) gives the ratio 
[C2H6]/[N2] = 0.015.9 This ratio is low due to the fast reaction of formed methyl 
radicals with propane: 

Products of Radical Pair Combination 

CH3NzNCH3 + hv + C'H3 + N2 + C'H3 

C'H3 + (CH3)2CH2 + CH4 + (CH3)2C'H 

2(CH3)2C'H -+ (CH3)2CHCH(CH3)2 or (CH3)2CH2 + CH3CH=CH2 

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

When molecules of a solvent are stable toward free radicals formed from the 
initiator, a scavenger of radicals is added to consume all free radicals that escaped 
the recombination in the cage. The yield of the product of primary formed rad- 
icals illustrates the probability of cage radical pair recombination. For example, 
thermolysis of azoisobutyronitrile (AIBN) in CCl4 gives tetramethylsuccinonitrile 
a 80% yield; this yield falls to a value of 19% in the presence of n-butanethiol 
as a free radical acceptor." The last value, 19%, characterizes the recombina- 
tion of radicals in the cage. Formed from the initiator, free radicals start free 
radical polymerization in the presence of monomers and are incorporated into 
macromolecules, for example, 

RN=NR -+ [R' + R'] + N2 

[R' + R'] + R-R 
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[R'+R'] -3 2R' 

R' + CHz=CHPh -3 RCH2C'HPh, etc. 

The fraction of R fragments incorporated into the polymer increases as the 
concentration of the monomer increases, reaching a limiting value of 70% at a 
styrene concentration >2 rnolL-'. The remaining 30% can be attributed to the 
reactions of the geminate pairs." 

2.2.3 Crossover Experiments 

When a mixture of perdeuterio and protio azomethane in 1: 1 ratio was pho- 
tolyzed in the gas phase, the isolated ethane was found to be a statistical mixture 
of three possible dimers: C ~ H G / C ~ H ~ D ~ / C ~ D ~  = 1 : 2 : 1.l2$l3 The reactions are: 

CH3NzNCH3 + hv + 2C'H3 + N2 

CD3N=NCD3 + hv + 2C'D3 + N2 

C'H3 + C'H3 -+ C2H6 

C'H3 + C'D3 + CH3CD3 

COD3 + C'D3 -+ C2D6 

In an isooctane solution, 75% of C2H6 and C2D6 were formed, which was the 
result for pair C'H3 and COD3 recombination in the cage:12 

CH3N=NCH3 + hv -+ [C'H3 + CH3] + N2 
[CH3 + CH3] -+ CzH6 

CD3NzNCD3 + h~ -+ [CD3 + C'D3]+ N2 

[C'D3 + C'D31 -+ C2D6 

This difference in the yields of symmetrical dimers in the liquid (75%) and 
gas (25%) phases (75 - 50 = 25%) is the result of geminate recombination in 
the cage of the liquid. Similar results were reported for the ethane and methyl 
acetate isolated from thermolysis of a mixture of protio and perdeuterio acetyl 
p e r ~ x i d e . ' ~ , ' ~  The following reactions occur in the cage: 

CH3C(O)OOC(O)CH3 -+ [CH3C(O)O' + CH3C(O)O'] 

[CH,C(O)O' + CH3C(O)O'] -+ [C'H3 + CH3C(O)O'] + C02 

[C'H3 + CH3C(0)Oe] -+ C'H3 + CH3C(O)O' 

[C'H3 + CH3C(O)O'] CH3C(O)OCH3 

[C'H3 + CH3C(O)O'] -+ [C'H3 + C'H3]+ CO2 
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[C'H3 + C'H3] -+ C'H3 + C'H3 

[CH3 + C'H3]-+ C2H6 

The same was observed for the decomposition of CD3C(O)OC(O)CD3. 

2.2.4 Oxygen-18 Scrambling and Racemization 

The back recombination for the pair of acetoxy radicals with the formation of 
parent diacetyl peroxide was seen in special experiments on the decomposition of 
acetyl peroxide labeled by the "0 isotope on the carbonyl group.16 The reaction 
of acetyl peroxide with NaOMe produces methyl acetate and all "0 isotopes are 
contained in the carbonyl group. The transition of "0 atoms from the carbonyl to 
the peroxide groups of acetyl peroxide were detected by hydrolysis of peroxide to 
hydrogen peroxide and conversion of the resulting hydrogen peroxide to dioxygen 
by permanganate oxidation. The amount of I8O in the formed 0 2  was analyzed 
by mass spectrometry (MS). It was found that the scrambling of "0 occurred 
during the decomposition of peroxide. After some decomposition time period, 
the residue of peroxide was found to contain peroxide with the "0 isotope in 
the carbonyl, as well as in the peroxide groups. This scrambling of "0 isotopes 
proves the cage recombination of acetoxy radicals: 

MeC ( ' ' O)OOC( I *  0)Me + [MeC ( I 8  0)O' + MeC( " O)O'] 

[MeC(I80)0' + MeC(180)0'] -+ MeC(0)180'80C(O)Me ( k s d  

The proportion of peroxide with "0 in the carbonyl group was found to 
decrease at the time of decomposition, and the proportion of in the per- 
oxide group was found to increase (isooctane, 353 K, [MeCOOCOMeIo = 0.05 
molLP'):l6 

t ( s )  0 870 17,400 

1 8 0 2 / 1 6 0 *  0.00428 0.0145 1 0.02228 
c ( 0) /c ( 1 6 0 )  I .ooo 0.712 0.499 

The rate constant for the scrambling k ,  was found to increase with increasing 
viscosity of the solvent:I6 

Solvent Isooctane Dodecane Octadecane Mineral oil 

k,, x 105(s-') 4.00 4.68 5.25 6.37 

The higher the viscosity of the solvent, the longer the period of time for radical 
pair existence in the cage and the higher the observed value for the scrambling 
rate constant (see Table 2.1).The same phenomena was observed at photolysis of 
henzoyl peroxide and I ,  I-dimethylethyl perbenzoate.] 
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TABLE 2.1 The Percentage of Radical Pairs (fr x 100) that Recombine with the 
Formation of the Parent Molecule and Rate Constants of Radical Pairs Combination 
(k , )  According to the Data on "0 Scrambling 

Peroxide Solvent T (K) fi x 100 k,, (s-') Reference 

Diacetyl-, MeC(O)OOC(O)Me 
Diacetyl-, MeC(O)OOC(O)Me 
Diacetyl-, MeC( O)OOC( 0)Me 
Acetylpropionyl-, 

Dipropionyl-, 

Dibenzoyl-, PhC(O)OOC(O)Ph 
Dibenzoyl-, PhC(O)OOC(O)Ph 
Acetyl 1,1 -dimethylethyl-, 

Acetyl l,l-dimethylethyl-, 

Dic yclopropionyl-, 

MeC(O)OOC(O)Et 

EtC(O)OOC(O)Et 

MeC(O)OOCMe3 

MeC (0) OOCMe3 

0 

0 

Dicyclopropionyl-, 

0 

0 

Dicyclobutanoyl-, 

Dicyclobutanoyl-, 

Isooctane 353 
Dodecane 353 
Octadecane 353 
Isooctane 353 

Isooc tane 353 

Isooctane 353 
Mineral oil 353 
Hexane 403 

Paraffin 403 

Carbon 353 
tetrachloride 

35 4.40 x lop5 
43 4.68 x lo-' 
50 5.25 x lo-' 
17 1.66 x 

- 8.10 x 10-6 

4.6 1.30 x lop6 
18 
20 - 

- 

40 - 

24 1.46 x lo-' 

17 
17 
17 

1 

1 

18 
18 
19 

19 

Carbon 318 39 1 . 2 9 ~  1 
tetrachloride 

Carbon 353 3 3.26 x lo-' 1 
tetrachloride 

Carbon 318 2.9 3.93 x 1 
tetrachloride 

0 

(continued overleaf) 
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TABLE 2.1 (continued) 

Peroxide Solvent T (K) fr x 100 k,, (s-') Reference 

Dicyclopentanoyl-, 

Dicyclohexanoyl-, 

0 m 

0 

Dicardnoyl-, 

Diapocamphoryl-, 

0 

Benzoylcyclopropyl-, 

$3K%p 
Apocamphory I benzoyl-, 

Carbon 318 
tetrachloride 

Carbon 318 
tetrachloride 

Carbon 353 
tetrachloride 

Carbon 353 
tetrachloride 

Carbon 3.53 
tetrachloride 

Carbon 343 
tetrachloride 

- 1.32 x 

- 2.00 x 10-6 

14 1.48 x 

55 5.82 x lo-' 

8.3 5.65 x lo-' 

7 7.00 x lo-' 

The existence of the cage effect was proved in experiments on the photolysis of 
optically active azo compounds. The photodecomposition of these compounds is 
accompanied by racemization.' For example, the partial (40%) photolysis of opti- 
cally active 2-phenylazo-(2-phenyl)butane in the hexadecane solution provides 
racemization to 26%.'O The fraction of geminate recombination was found to be 
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52% (hexadecane, room temperature): 

PhMeEtC*N=NPh + h u  -+ [PhMeEtC' + 'NNPh] + Products 

[PhMeEtC' + 'NNPh] -+ PhMeEtCN = NPh 

The (E)-isomer was found to be transformed into the (Z)-isomer due to gem- 
inate recombination: 

(E)-PhMeEtCN=NPh + hu + [PhMeEtC' + 'NNPh] + Products 

[PhMeEtC' + '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 PhMeCHN=NCH2Ph.2'*22 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 
PhMeHCCH2Ph was found to be composed of 3 1 % (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 (kc) ,  diffusion 
(kD), and rotation (krot) of one radical with respect to the other. The analysis of 
these data gave: kr,,lkc = 15, kD/kc = 2.5.22 

(-)(DD)R'N=NR* -+ (D)R" + D(R2') + N2 -+ (-DD)R'R2 + N2 

[(D)R" + (D)R2'] # [(L)R" + (D)R2'] + (LD)R'R2 (meso) 

[(L)R" + (D)R2'] u [(L)R" + (L)R2'] + (LL)R1R2(+) 

The study of the decomposition of the optically active peroxide of hydratropic 
acid proved that the product of the geminate radical pair recombination had some 
net retention.23 

2.2.5 
of Initiators 

When initiator splits into a pair of radicals, this pair can recombine with the 
formation of the parent molecule, for example, 

Influence of the Viscosity and Pressure on Decomposition 

RC(O)OOCMe3 # [RCO; + Me3CO'I + R' + C02 + Me3CO' 

The higher the viscosity of the solvent, the higher proportion of the parent 
molecules that are formed due to the geminate recombination of radicals. The 
observed rate constant for decomposition of the initiator decreases with an 
increase in viscosity, which was observed at the decomposition of peresters and 
diacetyl peroxide in various solutions (see Tables 2.2 and 2.3). Subsequently, the 
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fraction fr of the radical pairs recombining to the parent molecule increases with 
an increase in the viscosity: 

Diacetyl Peroxide, 353 Ka 

Solvent Isooctane 
fr x 100% 28 

Dodecane Octadecane 
39 49 

Acetyl 1,l -Dimethylethyl Peroxide, 403 Kb 

Solvent Hexane 
f r  x 100% 6 

Nonane 
12 

Paraffin 
42 

‘See  Ref. 17. 

bSee Ref. 19. 

The introduction of a free radical acceptor (scavenger) helps to measure the 
probability (e) of radical pairs escaping from geminate combination and diffuse 
out of the cage (see Chapter 3). The value of e for the fixed initiator or photoini- 
tiator depends on the viscosity q of solvent. The following empirical dependence 
for the photodecomposition of initiators was f o ~ n d : ~ ~ , ’ ~  

( 1  - e ) - ’  = 1.1 + 6.5 x 10-6T”2q-1 (CH3N=NCH3) 

(1 - e ) - ’  = 1.1 + 4.0 x 10-sT”2q-’ (CF3N=NCF3) 

(1 - e) - ’  = 1.24 + 5.75 x 10-sT’/2q-’ [PhMe*CC(O)OOCMe3] 

There are initiators that split into only two radicals, for example, 

Me3COOCMe3 + Me3CO’ + MesCO’ 

TABLE 2.2 Rate Constants for the Decomposition of Peresters RC(0)OOCMe3 in 
Solvents with Different Viscosities at T = 403 K 

R = C~HS‘ R = CH3’ 

Solvent q x 103 (Pas) kd x 104 (S-l) kd x 104 (s-*) 

Hexane 0.14 
Isooctane 0.18 
Dodecane 0.39 
Hexane-Paraffin (40%) 0.38 
Hexane-Paraffin (70%) 0.82 
Paraffin 2.44 

3.72 5.08 
3.36 
3.08 
3.39 4.43 
3.04 3.80 
2.33 3.13 

“See Ref. 27 
‘See Ref 19. 
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TABLE 2.3 Rate Constants for the Diacetyl Peroxide Decomposition (kd) in Various 
Solvents and Yield (y) of Products of Geminate Radical Pair Recombination 

353 K" 333 K" C2H6' MeC (0) OMeh 

Solvent kd 105 ( s - l )  kd x 105 (s-1) x 100 x 100 

Hexane 
Heptane 
Octane 
Decane 
Dodecane 
Tetradecane 
Hexadecane 
Octadecane 

0.34 3.4 13 
7.72 
7.34 0.29 5.5 18 
6.85 
6.15 0.23 7.1 21 
5.90 0.20 8.9 24 
5.39 

0.19 10 27 

'See Ref. 17. 
hSee Ref. 24. 

and initiators that dissociate with the formation of two radicals and one or two 
molecules, for example, 

Mez(CN)CN=NC(CN)Mez -+ Mez(CN)C* + N2 + Me2(CN)C' 

MesCOOC(O)C(O)OOCMe3 + Me3CO' + C02 + C02 + Me3CO' 

The molecules formed simultaneously with radicals depend on the efficiency 
of initiation (see Table 2.4). 

The pressure influence on the cage effect was studied by Neuman et u Z . * ~ - ~ '  
They measured such effects for the recombination-diffusion competition for the 
I ,  1 -dimethylethoxy radical pairs generated from bis( 1,1 -dimethylethyl)hyponitrite. 
The empirical activation volume difference (A V$ - A V,") for the competition 

TABLE 2.4 Ratio of Radical Pair Diffusion and Geminate Recombination for Vari- 
ous Radical Pairs (Influence of Inert Molecules) 

Radical Pair Solvent T (K) e l ( 1  - e )  

Chlorobenzene 
Chlorobenzene 
Isooctane 
White oil 
Isooctane 
White oil 
Isooctane 
White oil 

353 1.51 
353 0.66 
318 7.32 
318 0.32 
318 9.01 
318 0.47 
318 10.8 
318 0.85 

USee Refs. 22 and 28. 
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of initiator decomposition and radical pair recombination was found to depend 
on pressure (see Table 2.5). A fairly good correlation between the yield of the 
recombination product and the fluidity of the solvent (octane) at various pressures 
was obtained. 

2.2.6 Spin Multiplicity Effects 

Thermal and direct photolytic decomposition of initiator produces 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 evolve into the singlet 

That is why the proportion of geminate recombination of the triplet 
pair is less than that of the singlet one. For example, direct photolysis of N - (  1 - 
cyanocyclohexy1)pentamethyleneketenimine gives 24% of succinonitryl in CC14, 
whereas triplet-sensitized photolysis gives only 8%.' The photolysis of phenyl 
benzoate in benzene gives 8% phenyl benzoate in geminate recombination, and 
in triplet sensitized photolysis gives only 3% of phenyl benzoate' Oxygen- 18 

TABLE 2.5 The Pressure Influence on the Cage Effect 

Pressure (atm) e kclkD AV,# - AV,# 

I 
1000 
2000 
3000 
4000 

I 
I000 
2000 
3000 
4000 

1 
1000 
2000 
3000 
5000 

Me3CON = NOCMe3, Solvent = Cumene, T = 352.6 K" 

0.9 1 
0.79 
0.68 
0.58 
0.53 

0.10 
0.27 
0.46 
0.71 
0.88 

3-CIC,H~CH2C(OjOOCMel, Solvent = Cumene, T = 352.6 K" 

0.80 
0.70 
0.64 
0.60 
0.55 

0.26 
0.42 
0.57 
0.68 
0.82 

Me?(CN)CN=NC(CN)Me2, Solvent = Toluene, T = 335.3 Kti 

0.70 
0.78 
0.57 
0.5 1 
0.46 

0.42 
0.60 
0.74 
0.96 
1.20 

26 
15 
1 1  
8 

14 
8 
6 
5 

9.8 
5.7 
6.9 
6.3 

"See  Ref. 30. 
"See Ref. 34. 
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randomization is also less important in the triplet-sensitized decomposition of 
diacyl peroxides. 

Chemically induced dynamic nuclear polarization (DNP) opened the door to 
the study of the products formed from free radicals.35 The ground for this study is 
the difference in nuclear magnetic resonance (NMR) spectra of normal molecules 
and those formed from free radicals and radical pairs. Molecules formed from 
radicals have an abnormal NMR spectrum with lines of emission and abnor- 
mal a b ~ o r p t i o n . ~ ~  The DNP spectra help to obtain the following mechanistic 
information: 

1. The proof of radical ancestry for particular products. 
2 .  The identity and characteristics of radical precursors. 
3. The identity of pairs in which polarization occurs. 
4. Some information on radical pair separation. 
5.  The direct observation of unstable diamagnetic reaction intermediates. For 

detailed information about DNP method, see Ref. 35. 

2.3 MECHANISTIC SCHEMES OF CAGE EFFECT 

The cage effect can be interpreted from a simple kinetic ~ c h e m e . ~  For example, 
azo compounds decompose according to the following kinetic scheme: 

RN=NR += [R' + N2 + R'] (kd 

[R '+N2+R ' ] -+RR+N2 ( k C )  

[R' + N2 + R'] + R' +N2 + R' (kD 1 

The probability of the radical pair escaping from geminate recombination ( e )  
depends on the rate constants according to Eq. (2.1): 

6 x L r ~ k , q  
106RT 

= 1 + const x q 
e - ' = 1 f G = l +  kc 

where r R  is the radius of the diffusing R' radical. 
The model of the cage effect at the photodissociation of the initiator was 

analyzed by no ye^.^' Free radicals were assumed to be spherical particles, which 
move in a viscous continuum. The separation ro 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: 
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where AE = mR 112 (hu - E 1 ) ~ / ~ / 6 n r ; ,  AT = ( lSrn~kT) ' /~ /6nr ; ,  ci is the prob- 

ability of the reaction between two R' radicals per collision, mR is the weight 
of radical R', El is the dissociation energy of the initiator, and ro is the initial 
displacement of the formed radicals (which depends on the formation of the third 
particle due to initiator decomposition). 

When free radicals formed from the initiator are unstable, they decompose in 
the cage, for example, 

RC(O)OOCMe3 -+ [RC02' + Me3CO.I (kd 

lRC02' + Me3CO'l -+ [R' + C02 + Me3CO'I (kid 

(kc)  

(kD) 

[R' + C02 + Me3CO'I -+ ROCMe3 + C02  

[R' + C02 + Me3CO'l -+ R' + C 0 2  + Me3CO' 

The yield ( y )  for the product of geminate pair recombination (ROCMe3) is a 
function of the subsequent rate  constant^:^'*^^ 

(2.3) 

If one takes into account the time dependence of kD in the form ( r 2  = 2Dt):  

(2.4) 

where rR is the radius of the formed radical R', ro is the distance between two 
radicals at t = 0, D is the diffusion coefficient of the radical, and t is character- 
istic lifetime of existence of the radical pair in the cage. As well as D - q-', 
we obtain the eauation 

(2.5) 

This equation helps us to make a choice between the concerted and nonconcerted 
decomposition of the initiator (for the concerted decomposition kp = 0). 

The cage effect was also analyzed for the model of diffusion of two particles 
(radical pair) in viscous continuum using the diffusion eq~at ion.~ '  Due to initiator 
decomposition, two radicals R' formed are separated by the distance ro 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 are brought together at the distance 2 r ~ ,  where rR is the radius 
of the radical R'. The solvent is treated as continuum with viscosity q. The 
distribution of radical pairs (n)  as a function of the distance x between them 
obeys the equation of diffusion: 

( D / x ) d 2 ( n x ) / d x 2  - 2 k,n[Q]  = 0 (2.6) 
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The solution of Eq. (2.6) at 4 k q [ Q ] r ~ / D  << 1 has the following simple form: 

By substituting the diffusion coefficient D into its expression in the Stokes-Eins- 
tein equation, we have the equation 

1 

1 - e  2 r ~  

2.4 CAGE EFFECT IN SOLID POLYMERS 

Polyolefins are semicrystalline polymers, so that low molecular weight substances 
penetrate and diffuse only in the amorphous phase. Each particle or a pair of 
particles is surrounded by segments of the macromolecule. Since the segments in 
the amorphous phase are not packed as tightly as in the crystalline phase, there 
are holes moving through the polymer. Due to the high molecular weight of 
macromolecules, the holes “concentration” and the rate of their motion is lower 
in polymers than in liquids. This is the result of the diffusion rate of molecules in 
polymers being much lower than in liquids. Slow molecular diffusion in polymers 
leads to a high probability of free radical pair recombination in a polymer cage. 
In polymers, the probability of a free radical pair escaping recombination in the 
cage has a value of 0.1-0.01 and is lower in comparison with a value of 0.3-0.8 
found in liquids. An attempt to estimate the cage effect in polymers was made in 
Ref. 41, which come from the cage effect in liquids and took into account slower 
diffusion in polymers. Indeed, according to the simple scheme (Scheme A) 

AIBN + [R’ + R’] + N2 

[R’ + R’] + R’ + R’ 

[R’+R’]+RR 

( k D )  

one obtains the following simple equation: 

(2.9) 

at e,  << 1, where indexes s and 1 denote the solid and liquid phases, respectively. 
The values of e,  calculated from this formula were found to be much lower than 
the experimental values.41 

2.4.1 

The cage effect in polymers was studied at the decomposition of AIBN in 
p~lypropylene.~~ The rate of free radicals formation, ui, was measured by 

Schemes of the Cage Effect with Translational Motion of Particles 
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nitroxyl radical (2,2,6,6-tetramethyl-4-benzoyloxypiperidinoxy~-l) consumption 
using the technique of electron paramagnetic resonance (EPR). The kinetics 
of AIBN decomposition was studied manometrically by dinitrogen evolution 
(see Chapter 3). The value of e was estimated as the ratio e = u,k;'[AIBN]-'. 
It was proved that kd is the same in the polymer and liquid (benzene) 
phases," namely, kd(s-l) = 1.6 x lot5 exp(-129/RT). The molecular mobility 
in polymer samples was estimated as the frequency of nitroxyl radical rotation, 
ur, measured by its EPR spectr~m.~ '  To change the molecular mobility, 
chlorobenzene was introduced into the polymer samples as a plasticizer. Diffusion 
rate constant kD of the nitroxyl radical was estimated on the frequency of 
their rotation u, by using the empirical equation: log kD = 0.94 + 0.9 log u,. The 
diffusion coefficient D is known to depend on the size (volume V j of a diffusing 
particle (1 and 2). This dependence is given by the equation: log(DI/D;?) = 
0.5 log(V2/ VI j.44 The ratio of the volumes of nitroxyl and cyanoisopropyl 
radicals is equal to 3.5. The values of e ,  u,, and kDR are given in Table 2.6. 
According to the scheme of cage reactions A, e = kDR(kDR + kc)-' or 

e/kDR(1 - e )  = k,. (2.10) 

However, the treatment of the experimental results obtained by this formula 
showed that the rate constant of radical pair recombination is a variable value 
(see Table 2.6). It implies that Scheme A is not valid for processes in the poly- 
mer cage. 

Scheme A does not take into account the formation of two radicals and a 
nitrogen molecule between them at the decomposition of AIBN. The scheme 
with the formation of three particles at the ATBN decomposition was analyzed 
also (Scheme B):42 

AIBN + [R' + N2 + R'] kd  

[ R ' + N z + R ' ] + R ' + R ' f N ?  ( ~ D R )  

[ K + N 2 + R ' ]  -+ [ K + R ' I + N 2  (kDN2) 

[R' + R'] + R'+K 

[R' + R'] -+ RR 

( ~ D R )  

(kc 1 

The probability of radicals getting out of the cage in such a scheme depends not 
only on the values of kDR and k,, but also on the rate constant kDN2 or the ratio 
p = kUNZ/kDR in the following way: 

B/[e( l  + B) - 11 = ~ C / ~ D R  + 1 (2.1 1) 

The k, values calculated from the experimental data in Eg. (2.10) are given 
in Table 2.6. It is seen that k, is not constant, but increases with the growing 
molecular mobility. Hence, Scheme B does not give an adequate description of 
the experimental data on the cage effect at AIBN decomposition in the poly- 
mer. In a similar manner, the cage effects were investigated for lauroyl peroxide 
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decomposition in polypropylene (353 K) using the nitroxyl radical as a free rad- 
ical acceptor45 and dodecane as a plasticizer. It was found that Schemes A and 
B do not describe the cage effect in this case. 

2.4.2 
Motion of Particles 

Free radicals in the cage execute translational and rotational motions. The latter 
can be important for free radicals to react, because such a reaction requires a pair 
of free radicals to be oriented in an appropriate manner for overlapping of odd 
electron orbitals and singlet spin orientation. One can expect that discrepancies 
between the above schemes and experimental data are the result of the important 
role of rotation in the cage effect. The following AIBN scheme of decomposition 

Schemes of the Cage Effect with Translational and Rotational 

TABLE 2.6 Cage Effect at AIBN Decomposition in Plasticized Polypropylene" 

25 
33 
44 
52 
73 
97 

25.0 
45.0 
52.2 
75.3 
90.2 

156 
338 

44.0 
58.1 

111.2 
170.2 
238 

7.4 
9.8 

12.9 
15.6 
21.5 
28.2 

9.0 
15.2 
20.4 
23.1 
32.5 
47.6 

109 

17.2 
21.8 
38.6 
56.3 
75.4 

T = 333 K 

26.4 
32.5 
32.0 
36.8 
39.7 
44.0 

T = 343 K 

22.0 
26.7 
33.0 
33.1 
40.3 
43.7 
55.0 

T = 353 K 

20.4 
21.7 
27.4 
33.0 
35.0 

0.377 
0.21 I 
0.165 
0.1 10 
0.07 1 
0.045 

0.394 
0.181 
0.100 
0.087 
0.045 
0.027 
0.007 

0.227 
0.165 
0.069 
0.036 
0.025 

2.8 
2.9 
4.0 
3.9 
4.8 
5.3 

5.3 
7.1 
6.9 
7.8 

10.5 
10.0 
16.3 

15.8 
16.0 
26.0 
28.2 
36.9 

"See Ref. 42. 
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in a polymer was considered (Scheme C):42 

AIBN + [R' + N2 + R']* akd 

AIBN + [R' + N2 + R'] (1 - a)kd 

[R' +N2 + R'] + R' + R' +N2 ( ~ D R  ) 

[ R ' + N z + R ' ] +  [R '+R' ]+N* (kDN2) 

[R '+R ' ]+R '+R '  ( ~ D R )  

[R'+R']+[R'+R']* 

[R'+R']* + [R'+R']  

U P  

v 

Four types of cages are suggested for reactions in the polymer matrix: pri- 
mary cage [R' + N2 + R'], cage [R' + R'] with random orientation of radicals, 
[R' + N2 + R']*, and [R' + R']* where free radicals are oriented conveniently 
for the reaction. Recombination of radicals occurs with the steric factor P. The 
cage [R' + R']* transforms into [R' + R'] with the frequency u and back trans- 
formation occurs with the frequency UP. The probability of [R' + R']* cage 
formation after AIBN decomposition is a and that of the [R' + R'] cage forma- 
tion is (1 - a). The rate constant of radicals recombination in the [R' + R']* cage 
is equal to kc*. The ratio ~ D N ~ I ~ D R  = f3 and the ratio u /kDR = y .  This scheme 
leads to the following dependence of e on the parameters of molecular mobility: 

The experimental data on AIBN decomposition in polypropylene were found to 
agree with this scheme and Eq. (2.12). The following values were calculated for 
the parameters of this equation, and the k,* values were calculated at P = 0.1 : 

T 333 K 343 K 353 K 

kr(yP + a)(s- ' )  5.8 x 10" 10.0 x 1o'O 29 x 10" 
(1 - a ) ( y P  +a)-' 0.165 0.125 0.065 
kr ( s - ' )  4.0 x 10" 7.0 x 10" 2.0 x 10" 

The data on dodecanoyl peroxide decomposition in polymers45 were treated 
in the scope of the analogous scheme that takes into account the possibility of 
reverse recombination of radicals C 11 H23 C02', their decarboxylation with the 
rate constant k D ,  and rotation of radicals in the cage. According to this scheme, 
the probability of free radical diffusion out of the cage was found to be 

u ( l  - e) = k,*(l + 2.4P)e - k,*(l - a )  (2.13) 
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The experimental data on dodecanoyl peroxide decomposition is in agreement 
with the dependence of e on the molecular mobility u (polypropylene, 353 K).I4 
Assuming P = 0.1, we find k,* = 2.7 x 10" s-l, a = 0.96. Thus, the experi- 
mental data on the cage effect at the decomposition of AIBN and dodecanoyl 
peroxide in comparison with the molecular mobility in the polymer matrix proves 
that the fate of a radical pair in a polymer cage depends on the rate constant of 
radical recombination (disproportionation) and their translational and rotational 
diffusion. The lower the rate of rotation, the more important the influence of 
rotation of particles on the cage effect. So, the important role of rotational dif- 
fusion in the cage effect (which is not important in liquids) is specific for a 
polymer matrix. 

2.4.3 Role of the Cage Shape in the Polymer Matrix 
at Initiator Decomposition 

Unlike liquids, polymer samples can have one or another shape, for example, the 
polymer films can be stretched. In this case, the polymer acquires a microfib- 
rillic structure where each microfibrille is oriented along the direction of the 
drawing and consists of a sequence of crystalline and amorphous parcels.46 
Macromolecules stretch in the amorphous phase and the "hole" may be expected 
to acquire a cylindric shape as well. The question about the way it influences 
the cage effect was studied.47 The cage effects were studied at AIBN decompo- 
sition in oriented polypropylene with the degree of stretching X = 1 (powder), 
4 and 8 (oriented films) in the temperature range of 330-360 K. It was found 
that the rate constant of initiation k, in oriented samples is higher than that in the 
nonoriented polymer. 

The lunetics of nitrogen evolution showed that the rate constant of AIBN 
decomposition is independent of the polymer samples orientation. So, an increase 
in ki in oriented polymers implies the growing of e (ki = 2ekd). The more mobile 
the polymer segments, the higher the probability of radicals getting out of the 
cage. However, in oriented polymer samples the molecular mobility is lower, 
as was shown by the EPR spectrum of the nitroxyl radical measured in these 
samples. The increase in e at polymer orientation can be due to the shape of the 
cage. The following scheme can qualitatively explain these data. At the decom- 
position of AIBN in nonoriented polymer, the cage is close to a sphere form 
and nitrogen diffuses rapidly from the cage. [R', N2, R'], after the free radicals, 
recombine with a high probability. The cage in the oriented polymer has a pre- 
sumably cylindric shape. When an AIBN molecule decomposes in such a cage, 
nitrogen diffuses slowly because two free radicals at the ends of the cylindric 
hole interfere with its motion out of the cage. On the other side, a molecule 
of nitrogen placed between two radicals does not permit them to recombine. 
It leads to an increase in the probability of a radical pair getting out of the 
cage. The thermal motion of segments makes the walls of the cage more per- 
meable for diffusion of nitrogen. That is why, the higher the temperature, the 
lower the difference of e values in oriented and isotropic polymers (see below), 
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which is the reason for e having a negative temperature coefficient in oriented 
polymers.47 

y Ai (s-') EI(kJmolp') e (T  = 323 K) 

I 3.7 1015 141 0.024 
4 1.6 x 10'' 104 0.093 
8 1.3 lo9 96 0.17 

2.4.4 Concept of a Hard Cage of Polymer Matrix 

Another phenomenon specific to polymers is the cage effect in slow bimolecular 
reactions. It is well known that the viscosity of liquids does not influence the 
rate of slow bimolecular reaction, which occurs with an activation energy and 
is not controlled by the rate of diffusion of reagents. However, slow reactions 
in the polymer matrix occur more slowly than in the liquid under the same 
conditions, which was proved by comparison of the experimental rate constants 
of the reactions as shown in Table 2.7 (POOH is the hydroperoxide group of 
p o ~ y m e r ) . ~ ~ - ~ ~  

Rate constants for these reactions were found to correlate with the molecular 
mobility that was calculated from the EPR spectra of the nitroxyl radical. The 
higher the molecular mobility, the higher the rate constant of the reaction. 

These experimental data encouraged us to put forward the model of the hard 
cage of a polymer m a t r i ~ . ~ ~ - ~ '  The medium of the polymer matrix affects the 
bimolecular reaction differently than in the liquid phase. The interaction of two 
reagents in the liquid phase occurs in the cage formed by labile molecules. All 
geometric shapes of such a cage are energetically equivalent due to the high 
flexibility of molecules surrounding the pair of reacting particles, and this cage 
may be regarded as "soft". The formation of a transition state in the soft cage of 
the nonpolar liquid does not need an additional energy for the reorganization of 
the molecules surrounding the pair of reactants. 

In the polymer matrix, each particle or a pair of particles is surrounded by 
segments of the macromolecule. This segment is connected by C-C bonds to 
form a rigid cage. In such a rigid cage, there are geometrically and energeti- 
cally unequal orientations of particles. This is why a pair of reactants reacting 
in the polymer matrix needs an additional energy to assume the necessary orien- 
tation to react in a rigid cage. Therefore, the rate constant of a bimolecular 
reaction in the polymer matrix includes an additional coefficient Fs, which 
describes the influence of the cage walls on the mutual orientation of reactants: 
ks  = A x Fs exp(-EIRT). This coefficient must depend on the temperature 
because it includes the Boltzmann factor, which is equal to exp(-U,,/RT), 
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TABLE 2.7 The Dependence of Rate Constants for Bimolecular Reactions on the 
Molecular Mobility (v) of Polymer Matrix (POOH is the Hydroperoxide Group of 
Po1ymer)a 

x 10-7 k(295 K) E logA, A 
Media (s- ' )  (Lmol-' s-') (kJmol-') (L mol-' s-' ) 

PP 6.7 3.5 x 10-3 67 
PP + 8% PhCl 240 0.38 52 
PE 44 0.014 69 
C6H6 850 0.115 45 

9.4 
7.8 

10.4 
7.1 

Ph 

0 0 

PE 42 1.0 10-4 
PE + 36% PhCl 350 7.0 10-4 

PP + 2% PhCl 60 3.1 x I O - ~  
PP 23 1.0 10-4 75 8.7 

C6Hh 5400 1.4 x lo-' 42 4.1 

'See Refs. 48-54. 

where U,, is the difference between the energy of the energetically most con- 
venient orientation of particles and that necessary for the reaction to occur. A 
particle in the polymer cage is regarded as being in the field of forces of inter- 
molecular interaction, which is approximated by a cosine function (the reaction 
is regarded in one plane): 

where Uo is the energy barrier dividing two energetically convenient positions 
of the particle in the cage, and 2no is the number of such positions. For the 
reaction to occur, particle A must be oriented in the cage under an angle of 
0~ z t  AQA. 
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The preexponential factor of the bimolecular reaction in the polymer in the 
scope of such a model is the following: 

where Zo(x) is the modified Bessel function with respect to an imaginary argument. 
In liquids, all orientations of reactants are energetically equivalent. Therefore, the 
ratio of rate constants in the polymer and liquid is 

(2.16) 

This cage model gives a simple equation for the frequency of rotation of the 
particle in the polymer us and liquid ui: 

us = UI exp(-Uo/RT) (2.17) 

Such a model explains the above mentioned peculiarities of free radical reactions 
in polymers. First, the reaction occurs more slowly in a polymer than in a liquid on 
account of the reorganization of the surrounding polymer segments to achieve the 
transition state (potential U,,). Second, the correlation between ks and molecular 
mobility us finds a natural explanation because ks and US depend on the same 
potential Uo: 

(2.18) 

where m = Uor/Uo). Experimental data are in good agreement with this formula 
(see Table 2.8). 

As seen from Table 2.8, the parameter m is constant in all experiments and 
lies in the limits of 0.5-0.75. The energetic barrier for orientation varies from 
7 to 12 kJ rno1-l. This model also explains the compensating effect, that is, the 
increasing of the preexponential factor with growing activation energy.'O An 
empirical linear correlation between the rate constant of the bimolecular reaction 
in a polymer matrix and the transition state volume was f o ~ n d . ~ ' , ' ~  

RT ln(k~/k,)(kJmol~')  = a ( V #  - b) (2.19) 

T (I0 
a x 10' kJcrnP3 
b(crn3 mol-') 

303 
2.50 
127 

333 
2.23 
110 

363 
1.98 
117 
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TABLE 2.8 Comparison of Rate Constants and Molecular Mobility in the Polymer 
Matrix and Liquids, Values of UO and U,," 

UO UO, 
Polymer W I  kJk1 (Hrnol-') m (Hrnol-') 

Reaction of 2,4,6(1,1 -Dimethylethyl)phenoxyl with Hydroperoxide Groups 
T = 295 K 

PE 5.62 x 8.40 x 12.7 0.74 9.3 
PP 1.22 x 10-3 3.12 x 10-3 36.8 0.74 12.2 
PP + 2% PhCl 1.43 x lo-' 0.125 10.4 0.78 8.1 
PP + 8% PhCl 5.00 x 10-2 0.332 7.3 0.72 5.2 

Reaction of 4-Benzoyloxy-2,2,6,6-tetramethylpiperidine- N-oxyl with 
2,6-bis(l, 1 -Dimethylethyl)phenol 

PE 
PE + 5.5% PhCl 
PE + 36% PhCl 
PP 
PP 2% PhCl 

PE 
PE 4% PhCl 
PP 
PP 1% PhCl 

PE 
PP 
PP + 1% PhCl 
PP + 2% PhCl 
PS + 9% PhCl 
PS + 38% PhCl 

8.93 x 10-3 

4.25 x 10-3 
1.11 x 10-3 

1.07 x 
6.67 x 

8.93 x 10-3 

6.45 x 10-3 

1.56 x 
4.31 x lop3 

1.11 x 10-2 
6.67 x 10-3 

2.08 x 10-3 

9.61 x lo-' 
1.39 x 

4.17 x lop3 

T = 313 K 

7.25 x 
0.123 
0.502 

7.25 x lo-' 
7.22 x 

T = 323 K 

0.267 
0.370 
0.125 
0.208 

T = 333 K 

0.345 
0.251 
0.345 
0.4 17 
0.133 
0.526 

13.1 0.8 1 
11.7 0.74 
10.7 0.69 
14.1 0.73 
11.7 0.6 1 

12.6 0.55 
11.1 0.52 
14.6 0.63 
13.5 0.57 

12.4 0.51 
13.8 0.53 
13.0 0.5 1 
11.8 0.49 
17.0 0.56 
8.8 0.52 

0.7 
8.6 
7.4 
0.3 
7.1 

6.9 
5.8 
9.2 
7.6 

6.5 
7.4 
6.6 
5.7 
9.5 
4.6 

Reaction of 4-Benzoyloxy-2,2,6,6-tetrarnethylpiperidine-N-oxyl with 1 -Naphthol 

T = 333 K 

PE + 6% PhCl 1.39 x lo-' 7.04 x lo-' 18.1 0.63 11.4 

PS + 50% PhCl 6.67 x lo-' 0.588 7.4 0.55 4.1 
PS + 18% PhCl 4.59 x lop3 0.252 14.9 0.52 7.9 

aSee Refs. 49-52. 
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The following peculiarities of the cage effect in the solid polymer and liquid can 
be f ~ r m u l a t e d : ~ ’ - ~ ~  

Liquid 

intensively form the cage. The 
diffusion of molecules is relatively 
fast D x 10-5-10-6 cm2 SKI. 

Molecules that are moving 

The time of the radical pair stay in 
the cage depends on the processes 
of recombination and translational 
motion. Schemes of the cage 
taking into account the 
translational diffusion of radicals 
describe the empirical dependence 
of the cage effect on viscosity. 

rapidly, so the cage changes its 
shape very promptly. 

The molecules of a liquid move 

The cage does not influence the 
bimolecular elementary act, if 
k << k D  and E >> E D .  

Polymer 

The cage is formed by segments of a 
macromolecule. Molecules diffuse 
in the amorphous phase of a 
polymer relatively slowly with 
D 10-7-10-lO cm* SKI. 

The evolution of a radical pair in the 
cage depends on recombination, 
translational, and rotational 
diffusions. Agreement with the 
experiment gives such schemes, 
which take into account not only 
translational, but also rotational 
diffusion of radicals. 

The cage in oriented polymers has a 
preferentially stretched shape with 
two radicals separated by a 
molecule, which influences the 
cage effect. 

Slow bimolecular reactions occur in 
the polymer at a lower rate than in 
the liquid, which is the result of a 
“rigid” cage formed by 
polymer segments. 
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3 
METHODS OF STUDY 
OF INITIATOR DECOMPOSITION 
AND FREE RADICAL GENERATION 

3.1 KINETIC DECAY OF INITIATOR (KDI) 

A simple and widely used method for measuring rate constants is the monitoring 
of the kinetic curve of decomposition of the starting initiator I.'** Unimolecular 
decomposition of initiator obeys the exponential law: 

The rate constant is calculated as the slope of the straight line plotted in the coor- 
dinates ln([I]o/[I]) versus time t .  It is evident that kd should not depend on the 
initial concentration of the initiator. Nevertheless, in some cases along with uni- 
molecular decomposition, an induced chain decomposition of the initiator occurs 
(see Section 1.6). For example, benzoyl peroxide decomposes monomolecularly 
(v = kd[I]) and in some solvents it is attacked by free radicals with the addi- 
tional rate u,"d = k,,d[II3/*. The rate constant kexpl calculated from Eq. (3.2) was 
found to be kexpl = kd + k,,d[I]A'2. In this case, the rate constant of unimolecular 
decomposition kd is found by the extrapolation 

The following methods are used for monitoring the concentration of the decom- 
posing initiator: 

1. Chemical analysis of the initiator, for example, the iodometric method 
for peroxides. 

41 
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42 METHODS OF STUDY OF INITIATOR DECOMPOSITION 

2. Gas-liquid and liquid chromatography (GLC). 
3. Visual, ultraviolet (UV), and infrared (IR) spectroscopy. 
4. NMR spectroscopy. 
5.  Electrochemical methods (e.g., polarography). 

3.2 KINETIC PRODUCT FORMATION (KPF) 

If the stable product (P) is formed as a result of initiator decomposition, the 
rate and kinetics of P formation is used for the estimation of kd.1'2 The rate of 
end-product accumulation is the following: 

where fp is the stoichiometric coefficient of P formation and [PI, = [PI at 
f -+ 00, fp = [P],/[I]o. The kinetics of end-product accumulation is described 
by Eq. (3.5). 

(3.5) 
[PI, 

IPI, - [PI 
In = . f p k d t  

The production ,f&d is found from the slope of the straight line in the coordinates 
In{[P],/([P], - [PI)} versus time and the value of fp  is found from the propor- 
tion [P],/[I],,. This method was used particularly in studying the decomposition 
of azo compounds that decompose with dinitrogen evolution: 

R N = N R + R ' + N * + R '  

The reaction kinetics is monitored by measuring the volume V of the evolved 
gas. The rate constant of RN2R decomposition is found from Eq. (3.6). 

(3.6) 

The stoichiometric coefficient fp = 1 for this initiator. 

3.3 ACCEPTORS OF FREE RADICALS (AFR) 

Since free radicals are formed as the result of initiator decomposition, the rate of 
their formation can be measured using free radical acceptors.'-4 Acceptors are 
molecules or stable radicals that react very rapidly with free radicals. The most 
popular radical acceptors (scavengers) are listed in Table 3.1. Stable radicals 
react with radicals with the stoichiometric coefficient ( f )  equal to unity, for 
example, 
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Generally, the molecular acceptor reacts with free radicals with f = 2, for 
example, 

R ' + Q + R Q '  

R ' + R Q ' + R Q R  

To measure the rate of free radical generation, the acceptor is introduced into 
the solvent together with the initiator. Free radicals generated by the initiator 
partially recombine in the cage (see Chapter 2 )  and partially go into the bulk. 
The acceptor reacts only with those radicals that have escaped into the bulk 
volume. Due to a cage effect, the rate constant of initiation ki can be measured 
by the disappearance of the acceptor. This rate constant ki = 2ekd, where e is 
the probability of the formed radical pair to escape the cage recombination. If 
the initial rate of initiation is measured, the rate constant is calculated from the 
kinetic curve of acceptor (Q) decay: 

and (3.7) 

In the general case, one should take into account the reactions of free radicals 
with the acceptor (k,) and reactions of free radical recombination with the rate 
equal to 2kt[R'12. The rates of free radical generation and disappearance are the 
following under the steady-state conditions: 

To measure the initiation rate of the acceptor disappearance, one should take 
an acceptor in a high enough concentration so that the acceptor will scavenge 
virtually all of the free radicals formed. 

For example, when 2kt = 109 Lmol-' spl  (recombination of radicals is diffu- 
sionally controlled) and k , [ l ]o  = mol L-' s-' , the scavenger concentration 
[Q] should be > l O f k ; ' ,  and at ka = lo5 Lmol-' s-' and f = 2 we should 
introduce Q in the concentration: [Q]o >> 2 x molL-', for example, 5 x 

mol L-I. On the other side, the initial concentration of the scavenger should 
not be very high because its decay should be measured during time t of the 
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experiment. Suppose that at the end of the experiment (time t) the concentration 
of the acceptor should be 90% lower than [Qlo. This implies that O.I[Q]o < 
k,[I]ot. So, the concentration of the chosen acceptor should obey the follow- 
ing conditions: 

10f-'k,[Ilot >> [Qlo >> f k , ' J % G &  (3.10) 

When the initiator decomposes with only the formation of free radicals, its rate 
constant of initiation is ki = 2ekd and e = k,/2kd. Combination with Eq. (2.1) 
leads to Eq. (3.11). 

5- - - + const x 7 (3.11) 

The estimation of ki and kd in solvents with different viscosities opens the way 
for us to check on whether the initiator decomposes homolytically or not. If the 
initiator decomposes to free radicals with the rate constant kd and to molecules 
with k,, we should observe the following dependence: 

1 

ki 2 

The extrapolation of the ratio kexpl/ki as a function of 7 

x v  (3.12) 

to II + 0 gives a value 
1 that helps US to differentiate both cases: lim(keXp~/ki),,+o = 3 when k e x p l  = k d  

and const > 2 ,  when kexpl = k d  + km. 
When the initial rate of acceptor consumption is measured, only ki can be 

determined. If the experiment is conducted in such a manner that all the initiator 
has decomposed during this time, then the kinetic curve for the consumption of 
the acceptor can be used to determine both kd and e.* Here the acceptor is added 
in excess, so that all the radicals formed from the initiator react with the acceptor. 
The rate of acceptor consumption is 

1 

(3.13) 

and the kinetics of acceptor consumption is described by Eq. (3.14): 

or 

(3.15) 

The rate constant kd is found from the straight-line slope in the coordinates: 
ln(LQ10 - [Q],)/([Q] - [Q],) versus t .  The value of e is calculated from 
Eq. (3.16). 

e = fl(1Qlo - [Qlm)/lI1ol (3.16) 
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3.4 KINETIC CHAIN INITIATED REACTION (KIR) 

Initiators are widely used for the initiation of chain reactions in solution, for 
example, radical polymeri~ation~~" and oxidation of hydrocarbons by dioxygen.3 
The chain mechanism of the last reaction includes the following elementary 
 step^:^.^^ 

I + r' + r' 
r ' + R H - + r H + R '  

R' + 0 2  + R02' 

RO2' + RH + ROOH + R' 

R02' + R02' + ROOR + 0 2  

The reaction of an alkyl radical with dioxygen occurs with a diffusionally con- 
trolled rate constant and at [02] > mo1L-I it does not limit chain propa- 
gation. The limiting stage of chain propagation is the reaction of R02' with RH 
(rate constant k,). Chains are terminated by the reaction of two peroxyl radicals 
with the rate equal to 2k1[R02']. When the initiator I is the single source of free 
radicals and the length u of the chain is great (u > lo), the initial rate of chain 
oxidation Vo2 obeys Eq. (3.17) (under steady-state conditions) 

where A[02] is the amount of consumed dioxygen, and 

(3.17) 

(3.18) 

In the absence of initiators, free radicals are generated in the reaction of a hydro- 
carbon with dioxygen (see Chapter 11) with the rate u , ~ .  So, in the general case, 
the rate of initiated oxidation is expressed by Eq. (3.19): 

and at u , ~  << 2kde[I]o this equation transforms into Eq. (3.18). From experiments 
on RH oxidation with different concentrations of the initiator, we find the value of 
k ,  = 2rk,l from the slope and u,o from the interception on coordinates V:, - [I10 
according to Eq. (3.20). 

V& = (k~/2k,)[RH12(2ekd[llo + U , O )  (3.20) 

The values of k P / a  for the oxidation of hydrocarbons and radical polymer- 
ization of monomers are listed in Tables 3.2 and 3.3. 
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TABLE 3.3 Kinetic Parameter Values of a = 
of Solid Polymers 

= kp[PH](2kt)-1/2 for Oxidation 

Crystallinity T a, 
Pol ymef' (%I Initiator (K) (kg-I/2 mo11/2 s - l /2 )  References 

PE 
PE 
PE 
PE 
PP 
PP 
PP 
PP 
PP 
PP 
PP 
PP 
PP 
PP 
PP 
PP 

65 
75 
75 
40 
0 

65 
60 
0 

70 
70 
70 
49 
49 
50 
0 
0 

DCP 
" c o  
6Oco 
DBP 
DBP 

DBP, DCP 
AIBN 
DBP 
V o  
6OCO 
60co 
DCP 
DCP 

POOH 
DBP , 

DBPO 

389-402 
318 
295 
36.5 

358-378 
349 -40 1 
317-365 
344-378 

295 
353 
343 
383 
388 

387 
295-318 

383-413 

1.0 x 1Oioexp(-88/RT) 
8.1 10-4 
8.5 x 10-4 
5.4 10-3 
8.5 x 108exp(-71/RT) 
3.0 x 106exp(-57/RT) 
4.3 x 102exp(-27/RT) 
1.1 x 102exp(-26/RT) 
9.0 x lo-' 
1.9 x 
1.4 x lo-* 
6.3 x lo-' 
8.0 x 10-2 
1.2 x 104exp(-38/RT) 
0.21 
2.2 x IO5exp(-44/RT) 

52 
53 
54 
52 
55 

52,56 
57,58 

59 
60 
61 
61 
62 
62 
63 
52 
64 

OPE = Polyethylene. PP = Polypropylene. 

If the initiator is the sole source of radical formation in the studied system 
and the ratio k,/& does not change during the time of experiment, the chain 
reaction kinetics can be used to determine k d  and e for the studied initiator, 
carrying out the experiment up to full consumption of the in i t i a t~ r . ' -~ .~  The rate 
of chain reaction measured as the rate of consumption of dioxygen in oxidation 
is the following: 

(3.21) 

The consumption of dioxygen (in oxidation of RH) obeys the kinetic law 

A[O,] = A[O,],,,(l - e-0.5kdt ) (3.22) 

where 

From the slope in the coordinates 

(3.23) 
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TABLE 3.4 Ratio values k , / a  for Homopolymerization of Monomers in Bulk 

Compound 

Acrylamide CH2 =CHC(0)NH2 
Acrylic acid CH2=CHCOOH 
Acrylonitrile CH2=CHC=N 
Methacrylonitrile CH2=CMeC=N 
Methyl acrylate 

Methyl methacrylate 

Styrene, PhCH=CH2 
Styrene, 4-chloro- 

CH2 =CHC( 0)OMe 

CH2=C(CH3)C(O)OMe 

C l e C H =  CH2 

H2C=HC 0 OCH, 

Styrene, 4-methoxy- 

Styrene, 4-methyl- 

M e O C H = C H ,  

Vinyl acetate CH2=CHOC(O)Me 
Vinyl chloride CH2=CHC1 

298 4.73 
296 0.45 

298-333 1.2 x lo-* exp(-26.8/RT) 
298 3.32 x lo2 exp(-27.2/RT) 

303-333 0.53 exp(-32.O/RT) 

323-363 93.2 exp(-22.6/RT) 

253-303 46.2 x exp(-22.S/RT) 
303 1.71 x 

65 
66 
67 
68 

69,70 

71 

72 
73 

303 1.24 x lop2 74 

303 1.03 x lo-' 74 

3.81 x lo2 exp(-19.6/RT) 71 
298-323 72.2 exp(-lS.S/RT) 75 

one calculates the value of kd and from the value of A[021max one finds the value 
of e: 

(3.24) 

Another method to determine k d  from the kinetics of the initiated chain reaction 
is to measure the rate of chain reaction as it changes during the experiment due 
to initiator consumption:'s2 

u = (kp  / a) [ RH] (2kde [ 130) exp( - 0.5kd t ) (3.25) 

(3.26) 

From the slope in the coordinates ln(uo/u) versus t ,  one calculates the rate 
constant kd. 

The initiation rate can be measured in experiments with a chain reaction 
(polymerization or oxidation) initiated by the initiator and simultaneously retarded 
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by the radical acceptor that inhibits this reaction. Acceptors of alkyl radicals are 
used as inhibitors of polymerization and acceptors of peroxyl radicals are used as 
inhibitors of oxidation. The induction period t of the chain reaction is measured 
in these  experiment^.',^ Induction period 

= f [ InHl~/u,  (3.27) 

if the initiation rate u, = const during the induction period and the free radical 
acceptor is very active in reactions with free radicals that propagate the chains. 
If the initiator is the lone generator of free radical, the rate u, = 2ekd[I]o, and we 
calculate k, = 2ekd according to Eq. (3.28). 

2ekd = tDIo/f[InH10 (3.28) 

The linear dependence of the product t[I]o on [InH]o shows that the initiator is the 
main generator of free radicals and InH consumes all formed free radicals. If an 
additional generation of free radicals u , ~  exists, the dependence of the induction 
period t on [I]" and [InH]o has the following form: 

(3.29) 

and one finds the value of ki = 2ekd from the slope in the coordinates, f[InH]o 
versus [I]o. This equation is correct when the amount of the initiator decomposed 
during the induction period is negligible (<3%). If the induction period is long 
enough, one should take into account the decay of the initiator. In this case, 

and 

d[InH] 

d t  
-~ = f-'ki[I]"e--kdf (3.30) 

(3.31) 

at T < k; ' .  One finds kd and e from the slope and interception ratio ,f[InH]ot[I]o 
as function of t. 

3.5 CHEMILUMINESCENCE (CL) METHOD 

\ 

/ 
The oxidation of hydrocarbons with oxidized CH2 or -CH3 groups is accom- 

panied by a weak chemilumine~cence.~~~~~~~ This luminescence is generated by 
triplet ketone or aldehyde production in the reaction of two peroxyl radical recom- 
binations: 

2R1R2CH02' -+ R'R2C(0)* + R1R2CHOH + 0 2  

R'R2C(0)* -+ R'R2C(0) + hu 



REFERENCES 57 

The intensity of chemiluminescence = 2k,q[R02'l2, where q is the quantum 
yield in this reaction. The yield of chemiluminescence q can be increased by the 
addition of photosensitizer, for example, 9,lO-dibromoanthracene. If an initiator 
is added to the oxidized hydrocarbon and radicals are generated only from this 
initiator during the entire experiment, then by measuring the chemiluminescence 
intensity &, one can measure the rate constant of initiation by this initiator 

= ~l2k,[R02']~ = (3.32) 

(3.33) 

The light intensity is recorded in this experiment. From the plot of In Zchl versus 
t ,  one finds the rate constant of initiator decomposition k d .  This method can be 
used to determine kd in substances that are subject to oxidation accompanied by 
chemiluminescence. The conditions are selected in such a way that the oxidation 
products (peroxides) give practically no radical generation in comparison with 
that of the added initiator. The chemiluminescence can be used for monitoring 
the peroxyl radicals concentration in an oxidized substance in the presence of 
initiator I and inhibitor InH. Induction period 'c is measured and can be used for 
the calculation of the rate constant of initiation [see Eqs. (3.27-3.30)]. 
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DIALKYL PEROXIDES 
AND HYDROPEROXIDES 

Peroxides are formed as active intermediate products in oxidation processes of 
organic compounds. '-' The chemistry of peroxides was intensely studied during 
the entire twentieth ~ e n t u r y . ~ ~ ~ ~ ~ - ' ~  Peroxides are widely used in chemical tech- 
nology, first, as initiators of free radical polymerization, for the modification of 
polymers and second as network creation in elastomers and natural resins.'6-21 
Inorganic peroxides are used for bleaching textiles and other products. Peroxides 
are used as reactants for olefin epoxidation and the production of Per- 
oxides are used as initiators of various liquid-phase chain reactions. They are pro- 
duced as intermediates of oxidation processes in living organisms and participate 
in the creation of pathological processes. They are also formed in the atmosphere 
as products of the photochemical oxidation of volatile organic molecules. 

4.1 DIALKYL PEROXIDES 

Dialkyl peroxides are formed as products of autoxidation of hydrocarbons with 
tertiary C-H bonds as the result of the following peroxyl radical 

R O ' + R H + R O H + R '  

R' + 0 2  -+ R02' 

ROz' + ROz' -+ ROOOOR 

ROOOOR -+ [RO' + RO'] + 0 2  

[RO' + RO'] -+ ROOR 

[RO' + RO'] -+ RO' + RO' 
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They are also formed by the decomposition of tertiary hydroperoxides:6 

ROOH -+ RO' + HO' 

RO' + HOOR -+ ROH + ROz' 

R02' + R02' -+ ROOR + 0 2  

4.1.1 Synthesis and Analysis 

A number of methods for dialkyl peroxide synthesis was developec. (see Table 4.1). 
Physical properties of selected dialkyl peroxides are given in Table 4.2 and 

trade names are given in Table 4.3. 
Different analytical techniques are known for the evaluation of dialkyl 

peroxides. The iodometric technique has been used for a long time.23 According 
to this method, peroxide is reduced by hydrogen iodine with formation of diiodine 
in  stoichiometric quantity. The amount of produced diiodine is measured by 
its reduction with thiosulfate using any titrometric technique or photometrically. 

ROOR + 2HI -+ 2ROH + I2 

2Na2S203 + I2 -+ 2NaI + Na2S406 

Dialkyl peroxides possess low reactivity toward HI. The following procedure 
was proposed for analytical estimation of ROOR.24 Reduction of peroxide by 
NaI occurs in a solution of acetic acid saturated with CO2 in the presence of HCl 
at 320 K for 1 h. The evolved 12 is estimated titrometrically. Its relative standard 
deviation is equal to 1%. 

TABLE 4.1 Synthetic Methods of Production of Dialkyl Peroxides" 

Reaction Reactants Catalyst 

RX + R'OOK + R'OOR + KX RX, R'OOH, H202 KOH 
Me3COOH + Me2C=CHMe i MqCOOH, olefin H2S04, He104 

Me3COOCMe2CH2Me 
ROOH + R'OS03H + 

ROOR' + H2S04 

ROOR' + HlO 
ROOH + cycln-[R'CHCMe20] --f 

ROOCMe2CHR' OH 
ROOH + MeC(OR')2 i 

ROOC(0R')Me + R'OH 

ROOH, R'OSO3H 

ROOH + R'COH + ROOH, R'COH H2S04, HClOj 

ROOH, epoxide 

ROOH, MeC(OR')2 

"See Refs. 1 I - 15 
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TABLE 4.2 Physical Properties of Some Dialkyl Peroxides" 

CAS Belstein 

Peroxide Number Number MW (K) (K) (kgm-3) n g 3  
Registry Registry bP mP P 

Dimethyl-, MeOOMe 690-02-8 1730817 62.07 287 173 867.7 1.3503 
Diethyl-, EtOOEt 628-37-5 1731371 90.12 338 203 824.0 1.3715 
Bis( 1,l -dimethylethyl)-, 110-05-4 1735581 146.23 384 233 704.2 1.3890 

Bis(2-methylpropyl)-, 32752-09-3 1735586 146.23 308 1.3996 

Bis(1,l-dimethylpropy1)-, 10508-09-5 1738675 174.28 331 218 808.2 1.4095 

Bis( 1-methyl-1-phenylethyl)), 80-43-3 2056090 270.37 373 312 1084.1 

Me3COOCMe3 

[Me2CHCH20I2 

[ EtMez CO] 2 

[PhMezCOIz 

aSee Ref. 14. 

TABLE 4.3 Trade Names of Dialkyl Peroxides and Hydroperoxides 

Compound Trade Name Company 

Peroxide 
Bis( 1,l-dimethylethyl)-, 

Me3COOCMe3 

Bis( 1,l-dimethylpropy1)-, 
EtMezCOOCMezEt 

Bis( 1 -methyl-1-phenylethyl)), 
PhMe2COOCMezPh 

1 , l  -Dimethylethyl 
1 -methyl-1-phenylethyl-, 
PhMe2COOCMe3 

2,5-Dimethyl-2,5-bis( 1 ,I- 
dimethylethy1peroxy)hexane-, 
Me3 COOCMe2 CH2CH2 - 

CMe200CMe3 
2,5-Dimethyl-2,5-bis( 1,l- 

Me2(Me3COO)CC= 
CC(OOCMe3)Me2 

dimethylethy1peroxy)hexyne-3, 

Luperox DI 
Peroximon DI 
Perbutyl D 
Trigonox B 
Interox DTB 
Luperox DTA 

Luperox DC 
Peroximon DCSC 
Percumyl D 
Perkadox SB 
Interox DCUP 
Luperox 801 
Perbutyl C 
Trigonox T 
Interox BCUP 
Luperox 101 
Perhexa 25B 
Interox DHBP 

Luperox 130 
Perhexyne 25B 

Elf atochem 
Elf atochem 
Nippon Oil & Fats Co 
Akzo 
Interox 
Elf atochem 

Elf atochem 
Elf atochem 
Nippon Oil & Fats Co 
Akzo 
Interox 
Elf atochem 
Nippon Oil & Fats Co 
Akzo 
Interox 
Elf atochem 
Nippon Oil & Fats Co 
Interox 

Elf atochem 
Nippon Oil & Fat Co 

(continued overleaf) 
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TABLE 4.3 (continued) 

Compound Trade Name Company 

1,4-Bis( 1-methyl-1-( 1,l- Luperox F 
dimethy1ethyldioxy)ethylbenzene)-, Perbutyl P 

Perketales 
I ,  1 -Bis( 1 , l  -dimethylethylperoxy)- 

cyclohexane 
Luperox 331 
Peroximon 33 1 
Perhexa C 
Trigonox 22 
Interox CH 

Elf atochem 
Nippon Oil & Fats Co 
Akzo 

Elf atochem 
Elf atochem 
Nippon Oil & Fats Co 
Akzo 
Interox 

1, l  -Bis( 1 ,1 -dimethylpropylperoxy)- 
cyclohexane 

Luperox 531 Elf atochem 

2,2-Bis( 1 , I  - 
dimethy lethy lperox y)butane, 
Me3COOCMeEt00CMe3 

1,l -Bis( 1,l -dimethylethylperoxy) 
3,3.5-trimethylcyclohexane, 

2,2-Bis(l,l- 
dimethylethylperoxy)octane, 
(Me3C00)2MeC(CH2)sMe 

dimethylethy lperoxy )valerate, 
(Me3C00)2MeC(CH&C(0)OBu 

dimethylethylperox y)butyrate, 
(Me3C00)2MeCCH2C(0)OBu 

Butyl-4,4-bis( 1,l- 

Butyl-3,3-bis(l,l- 

Luperox 220 

Peroxymon 220 
Perhexa 22 
Interox BU 
Luperox 231 
Peroximon 23 1 
Perhexa 3M 
Trigonox 29 

Perhexa 0 

Luperox 230 
Perhexa V 

Luperox 233 

Elf atochem 

Elf atochem 
Nippon Oil & Fats Co 
Interox 
Elf atochem 
Elf atochem 
Nippon Oil & Fats Co 
Akzo 

Nippon Oil & Fats Co 

Elf atochem 
Nippon Oil & Fats Co 

Elf atochem 
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TABLE 4.3 (continued) 

Compound Trade Name Company 

Hydroperoxide 
I, l-Dimethylethyl-, 
Me3COOH 

1,l -Dimethylpropyl-, EtMe2COOH 
Cumyl-, Me2PhCOOH 

2-(4-Methylethylphenyl)-2-propyl-, 

m 0 - O l H  

2,5-Dimethylhexane-2,5- 
dimethylhexane-2,5-di-, 
HOOCMe2CH2CH2CMe200H 
1,1,3,3-Tetramethylbutyl-, 
Me3CCH2CMe200H 
Pinyl-, 

Luperox TBH 70X Elf atochem 
Peroximon TBH 70X Elf atochem 
Perbutyl H 
Trigonox A-W-70 Akzo 
Interox TBHP Interox 
Luperox TAH 85 Elf atochem 
Luperox CU 80 Elf atochem 
Percumyl H 
Trigonox K Akzo 
Interox CUHP Interox 
Percumyl P 
Trigonox M Akzo 

Nippon Oil & Fats Co 

Nippon Oil & Fats Co 

Nippon Oil & Fats Co 

Perhexa 25H Nippon oil & Fats Co 

Perocta H Nippon Oil & Fats Co 

Interox PIHP Interox 

Polarography is used for measuring diacyl peroxides.23 The reduction of per- 
oxide performs according to the following electrochemical equation: 

ROOR + 2e- + 2RO- 

The individual polarographic characteristic of analyzed compounds is the poten- 
tial E1/2 at which the current strength equals 50% of its maximum. The binary 
solvent benzene/methanol or benzene/ethanol is used. The amount of perox- 
ide is proportional to the maximum strength of the electric current at peroxide 
concentration in solution t O . O 1  molL-'. The values of E1/2 for dialkyl perox- 
ides (ROOR) in benzene/ethanol solution (1/1) at [LiCl] = 0.3 molL-' are the 
following:25 

R Me3C Me3CCHZMezC p-Menthyl- Pinyl- PhMe2C 

E1/2 (V) -2.10 -1.93 - 1.75 -1.88 - 1.60 
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Liquid and paper chromatography as well as MS are used for identification and 
analysis of dialkyl peroxides.23 NMR spectroscopy is used for identification of 
dialkyl peroxides. 

4.1.2 Structure of Dialkyl Peroxides 

The structure of dialkyl peroxides was studied by experimental [rentgen structural 
analysis (RSA) and electronography (EG)] and theoretical [quantum chemical 
calculation (QCH)] methods. The results of experimental measurements and the- 
oretical calculations are collected in Table 4.4. 

300 nm.23 Peroxides 
with chromophorous groups have an intense UV and visual absorption at X that is 
characteristic of this group (C=O, N02,  etc.). Quinolide peroxide has an intense 
absorption band at X = 239 nm, which is due to the quinone system.23 Analysis 
of the IR spectrum of dialkyl peroxides (ROOR) gives the 0-0 valence vibration 
a frequency that varies from 820 to 890 cm-' and decreases with increasing the 
weight of peroxide.2' 

Dialkyl peroxides possess weak UV absorption at h 

R Et Bu EtMeCH Me3C MePrCH Me2PhC 

u ( 0 - 0 )  (cm-') 882 846 854 878 854 855 

For the values of dipole moments and polarization of dialkyl peroxides, see 
Table 4.5. 

4.1.3 Thermochemistry of Dialkyl Peroxides 

The values for enthalpies of dialkyl peroxide formation in the gas and liquid 
phases are presented in Table 4.6. The value for the increment of formation 
enthalpy (gas phase) of ROOR AH[(O)-0-(C)] = -19.2 kJmol-', in the liq- 
uid phase AH[(O)-0-(C)] = -28.14 Hmol- ' ,  and additional increments for 
the di-tot-alkyl structure AH[(C)?C-OO-C(C),] = -5.72 kJ mol-' .34 

The 0-0 bond dissociation energies of ROOR D ( 0 - 0 )  (kJmol-') are 
equal,3S.36 

R Et n-C3H7 Me2CH Me3C Me2PhC CF3 

D ( 0 - 0 )  161.5 161.5 163.6 162.7 158.8 195.8 

4.1.4 Decomposition of Dialkyl Peroxides 

Dialkyl peroxides decompose with splitting of the weakest 0-0 bond. The pair 
of forming alkoxyl radicals recombine or disproportionate in the cage or leave 
the cage (see Chapter 2). 

ROOR -+ [RO' + RO'] 

[RO' + RO'] -+ ROOR 
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TABLE 4.5 Dipole Moments (p,) and Polarization (P) of Dialkyl Peroxides inBenzene' 

Peroxide T (K) (D) P (cm3 mol-') 

Butyl 1,l-dimethylethyl-, BuOOCMe? 303 1.19 70.95 
Bis( 1,l-dimethylethyl)-, Me3COOCMe3 298 0.92 60.78 
Bis( 1,l-dimethylethyl)-, Me3COOCMe3 303 0.94 60.86 
Bis( 1, 1-dimethylethyl)-, Me3COOCMe3 323 0.95 60.05 
1,l -Dimethylethyl dimethylaminomethyl-, 298 0.95 

1 , 1  -Dimethylethyl 298 1.28 
Me3COOCH2NMe2 

N,N-bis( 1 -methylethyl)aminomethyl-, 
Me3COOCHzN(CHMe2)2 

aSee Refs. 32 and 33. 

TABLE 4.6 Enthalpies A Hf" and Entropies So of Dialkyl Peroxide Formation in the 
Gas and Condensed Phases 

Peroxide 
-AH; SO 

Phase (kJ mol-') (J mol-' K) References 

Dimethyl-, MeOOMe 
Diethyl-, EtOOEt 
Diethyl-, EtOOEt 
Bis(1,l-dimethylethyl)., Me3COOCMe3 
Bis( 1,l-dimethylethyl)-, Me3COOCMel 
Bis( I ,  1-dimethylethyl)-, Me3COOCMe3 
1,l-Dimethylethyl oxyranylmethyl-, 

H 
1,l -Dimethylethyl oxyranylmethyl-, 

OPH$ / 0 - 0, CMe3 

H 
I, 1 -Dimethylethyl hydroxymethyl-, 

1 , 1  -Dimethylethyl hydroxymethyl-, 

1,l -Dimethylethyl 2-hydroxyethyl-, 

1,l -Dimethylethyl 2-hydroxyethyl-, 

Me3COOCH20H 

Me3COOCH20H 

Me3COOCH2CH20H 

Me3COOCHzCH20H 

Gas 
Gas 
Liquid 
Gas 
Gas 
Liquid 
Gas 

Liquid 

Gas 

Liquid 

Gas 

Liquid 

125.9 
192.8 
223.4 
349.1 
340.7 
381.2 
267.4 

321.3 

397.3 

460.6 

445.4 

511.7 

312.1 37 
390.8 38 

37 
469 39 

15 
37 
40,41 

40 

41,42 

42 

41,42 

43 

(continued overleaf) 



70 DIALKYL PEROXIDES AND HYDROPEROXIDES 

TABLE 4.6 (continued) 

Peroxide 
-AH; SO 

Phase (kJ mol-') (J mol-' K) References 

1,1 -Dimethylpropyl 2-hydroxyethyl-, Gas 

1,l -Dimethylpropyl 2-hydroxyethyl-, Liquid 

1,l -Dimethylethyl 2,3-dihydroxypropyl-, Gas 

1,1 -Dimethylethyl 2,3-dihydroxypropyl-, Liquid 

1,l -Dimethylethyl Gas 

EtMe2COOCH2CH20H 

EtMe2COOCH2CH20H 

Me3 COOCH*CH( OH)CH2 OH 

Me3COOCH2CH(OH)CH20H 

4-hydroxy- 1,1,4-trimethyl-pentyl,- 
Me3COOCMe2CH2CH2Me2COH 

4-hydroxy- 1,1,4-trimethyl-pentyl,- 
Me3COOCMe2CH2CH2MezCOH 

1,1,4,4-tetramethyltetramethylene-, 
Me3COOCMe2CH2CH2Me2COOCMe3 

1,1,4,4-tetramethyItetramethylene-, 
Me3COOCMe2CH2CH2Me2COOCMe3 

1,1,4,4,7,7,10,10-octamethyl-5,6- 
dioxa- 1,l O-decalidene- 
M ~ ~ C O O [ C M ~ ~ C H P C H ~ M ~ ~ C O O ] ~ C M ~ ~  

1,1,4,4,7,7,10,10-octamethyl-5,6- 
dioxa- 1, I O-decalidene- 
Me3COO[CMe2CH2CH2MezCOO]2CMe3 

l,l-dimethylpent-2-yn-4-enyl-, 
Me3COOCMe2C-CCH=CH2 

1,1 -dimethylpent-2-yn-4-enyl-, 
Me3COOCMe2C=CCH=CH2 

PhMe2COOCMe3 

PhMe2COOCMe3 

[PhMe2COI2 

[PhMe2CO]2 

I ,I-Dimethylethyl Liquid 

Diperoxide, bis( I ,  1-dimethylethyl) Gas 

Diperoxide, bis( 1,1 -dimethylethyl) Liquid 

Diperoxide, bis( 1,1 -dimethylethyl) Gas 

Diperoxide, bis( I ,  1 -dimethylethyl) Liquid 

1 , I  -Dimethylethyl Gas 

1,1 -Dimethylethyl Liquid 

1,l-Dimethylethyl 1-methyl- 1 -phenylethyl-, Gas 

1,l-Dimethylethyl 1-methyl- 1 -phenylethyl-, Liquid 

Bis( 1 -methyl- I-phenylethy1)-, Gas 

Bis( 1-methyl- I -phenylethyl)-, Solid 

463.8 

534.2 

63 1.7 

719.2 

622.7 

696.9 

656.3 

725.2 

990.2 

1059.1 

-26.0 

28.8 

200.4 

263.0 

58.0 

166.0 

4 1,42 

42 

41,42 

42 

4 1,43 

43 

41,43 

43 

4 1,44 

44 

4 1,45 

45 

4 1,46 

46 

47 

47 
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[ROO + ROO] -+ ROH + carbonyl compound 

[RO' + RO'] -+ RO' + RO' 

The rate constants of dialkyl peroxides decomposition are presented in Tables 
4.7-4.11. The value of the probability of formed radical pairs to leave a cage 
( e  = k,/2kd) are given in Table 4.12. 

TABLE 4.7 Rate Constants for the Thermal Decay of Bis(1,l-dimethylethyl) Perox- 
ide in the Gas Phase and Various Solvents 

T E log A, A k d ,  ki (400 K) 
Phase, Solvent (K) (kJmol-') (s-l) (s-l) Reference 

Gas phase 
Gas phase 
Gas phase 
Gas phase 
Gas phase 
Gas phase 
Gas phase 
Gas phase 
Gas phase 
Acetic acid 
Acetonitrile 
Aniline, 

Benzene 
Benzene 
Benzoic acid, ethyl 

ester 
Carbon tetrachloride 
C yclohexane 
C y clohexene 
Cy clohexene 
Decane 
Ethanol, 

Neopentyl butanoate 
Neopentyl 2,2- 

Neopentyl 3 3  

Neopentyl 2,2- 

N ,N-dimethyl- 

1,l -dimethyl- 

dimethylpropanoate 

dimethylbutanoate 

dimethylbutanoate 

374-418 
433-551 
403-433 

363-403 
363-623 

418-453 

413-433 
528-677 
5 00 - 600 
388-403 
388-403 
393-408 

393-408 
393 

393-408 

393 
393-408 

393 
393-408 

383 
393-408 

408-438 
408-438 

408-438 

408-438 

kd 

161.9 
160.2 
156.5 
159.4 
158.2 
158.6 
163.6 
152.3 
156.5 
137.1 
133.0 
160.1 

151.0 

151.7 

174.1 

159.7 

146.3 

122.0 
144.8 

141.5 

148.2 

6.40 
6.08 
5.60 
6.13 
5.80 
5.81 
6.50 

15.50 
15.60 
13.54 
13.00 
16.27 

15.10 

15.19 

17.98 

16.11 

14.60 

1 1.65 
14.32 

14.05 

14.74 

1.81 x 
1.45 10-5 
1.46 10-5 

1.39 x 10-5 
1.26 x 10-5 
1.37 x 10-5 
4.09 x 10-5 
1.46 x 10-5 
4.33 x 10-5 
4.29 10-5 
2.31 x 10-5 

2.41 x 10-5 
1.39 x 10-5 

2.06 x lo-' 

2.40 x lo-' 

9.0 x 
1.76 x lo-' 
8.30 x lop6 

2.63 x lop6 
1.80 x 10-5 

3.13 x 10-5 

5.23 10-5 
2.58 10-5 

3.73 x 10-5 

2.44 x 

48 
49 
50 
51 
52 
52 
53 
54 
55 
56 
56 
56 

56 
57 
56 

58 
56 
58 
56 
59 
56 

60 
60 

60 

60 

(continued overleaf) 
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TABLE 4.7 (continued) 

T E log A, A kd,  ki (400 K) 
Phase, Solvent (K) (Hmol-') (s-') (S-') Reference 

Neopentyl 

Neopenty I 

Nitrobenzene 
Nitroethane 
Propanol, 

1,l-dimethyl- 
Tetrahydro furan 
Toluene 
Triethylamine 

2-methylbutanoate 

2-methylpropanoate 

408-438 115.2 10.73 4.86 x lo-' 60 

2.88 x lo-' 408-438 135.7 13.18 60 

393-408 
393-408 
393-408 

152.3 
151.9 
159.7 

15.41 
15.31 
16.11 

3.33 x 10-5 
2.98 x 
1.80 x lop5 

56 
56 
56 

393-408 
393 

393-408 

158.6 16.13 2.63 x 
1.34 x 10-5 
2.14 x lop5 

56 
57 
56 172.6 17.87 

k, = 2ekd 

150.6 
146.4 
146.4 
161.5 
157.3 
146.4 

2.72 x 
3.33 x 10-5 
2.15 x 10-5 
1.32 x lo-' 
2.08 x 
1.01 x 10-5 

Benzene 
Ethanol, l-methyl- 
Styrene 
Styrene 
Styrene 
BenzeneIS tyrene 

(1:l V / V )  

373-398 
359-41 1 
313-371 
353-373 
363-373 
333-353 

15.10 
14.64 
14.45 
16.21 
15.86 
14.12 

61 
62 
63 
64 
65 
66 

TABLE 4.8 Rate Constants for the Thermal Decay of Bis(1-methyl-1-phenylethyl) 
Peroxide in Various Solvents 

T E log A,  A k d ,  k,(400 K) 
(K) (klmol-') (s-I) (s-') Reference Solvent 

1.38 x lo-' 
8.91 x 
6.12 x lo-' 
8.32 x lop6 
6.78 x 
7.28 x lo-' 
9.24 x lop5 
1.35 x 

57 
57 
67 
57 
56 
68 
67 
57 

Benzene 
Carbon tetrachloride 
Cumene 
C yclohexane 
Decane 
Dodecane 
Styrene 
Toluene 

398 
398 

383-423 
398 

373-413 
401-431 
368-378 

398 

144.3 14.63 

143.5 14.57 
140.2 14.17 
166.9 17.76 

k, = 2ekd 

146.0 14.70 
133.8 13.18 

4.31 x lop5 61 
5.10 x lo-' 69 

Benzene 
Chlorobenzene 

373-398 
368-398 
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TABLE 4.8 (continued) 

Solvent 
T E log A, A k d ,  ki(400 K) 

(K) (kJmol-') (s-I) (SKI) Reference 

Paraffin oil 393-423 13.5.6 13.51 6.35 x 70 
Octadiene-1,7 2,6-dimethyl- 393-423 133.9 13.26 5.95 x 71 
( Z ) -  I ,4-Polyisoprene 393-423 135.9 13.15 2.53 x 72 
Mineral oil 393-423 141.8 14.43 8.19 x 73 
PE 384-402 1.56.0 15.94 3.71 x 74 
PE 378-403 143.0 14.15 3.00 x 75 
PE 388 8.1 x 76 

4.2 HYDROPEROXIDES AND PERACIDS 

Hydroperoxides are formed primarily as stable products of the chain oxidation of 
hydrocarbon RH and other organic compounds by dioxygen. The chain mecha- 
nism of hydrocarbon oxidation with hydroperoxide formation is the f ~ l l o w i n g : ~ - ~  

R' + 0 2  + ROz' 

R02' + RH + ROOH + R' 

Peracids RC(0)OOH are produced primarily as molecular products of aldehyde 
oxidation by d i ~ x y g e n ~ . ~  

RC'(0) + 0 2  -+ RC(0)OO' 

RC(0)OV + RCHO + RC(0)OOH + RC'(0) 

Hydroperoxides decomposing to free radicals result in the acceleration of auto- 
oxidation of hydrocarbons. 

4.2.1 

Two synthetic methods of hydroperoxides are widely used: autoxidation of hydro- 
carbons and different reactions of the alkylation of hydrogen peroxide (see 
Table 4.13). Physical properties of some hydroperoxides are collected in Table 
4.14 and trade names are given in Table 4.3. 

Many different analytical techniques are known for the estimation of hydroper- 
oxides and peracids. Among them, the iodometric technique has been used for a 
long time.23 According to this method, peroxide is reduced by HI and I2 is formed 
in stoichiometric quantity. The amount of formed I2 is measured by reduction 
with thiosulfate by using any titrometric technique or photometrically. 

Synthesis and Analysis of Hydroperoxides 

ROOH + 2HI + ROH + H20 + I2 

2NazS203 + 12 -+ 2NaI + Na2S406 
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TABLE 4.12 The Probability of the Radical Pair Escaping the Cage e in the Thermal 
Decay of Peroxides 

T 
Peroxide Solvent (K) e Reference 

Bis( 1,l-dimethylethyl)-, Me3COOCMe3 Decane 383 0.47 59 
Bis( 1 -methyl-] -phenylethyl)-, Decane 383 0.51 59 

1,l-Dimethylethyl-1-methyl-1-phenylethyl-, Decane 383 0.63 59 

1,l-Dimethylethyl 1,l-dimethylpropyl-, Decane 383 0.53 59 

1,l -Diphenyl 1 -methyl-1-phenylethyl-, Decane 383 0.72 59 

1 , l  -Dimethylethyl pinyl-, Decane 383 0.92 59 

PhCMezOOCMezPh 

Me3COOCMezPh 

Me,COOCMe,Et 

PhCMe200CPhzMe 

Diperoxide, bis( 1,l-dimethylethyl). 
cyclohexylidene- 

Decane 383 0.79 59 

The following analytical procedures for an accurate estimation of hydroperoxides 
and peracids were proposed.24 Reduction of peroxide occurs in the solution of 
isopropanol saturated with NaI in the presence of acetic acid and a CO2 atmo- 
sphere at 373 K (in a water bath). The reaction is finished in 15 min and the 
relative standard deviation equals 0.2%. 

The fast reduction of hydroperoxide by Sn(I1) is used in a stannometric tech- 
nique of ROOH estimation. 

ROOH + SnC12 + 2HC1+ ROH + H20 + SnC14 

The following is the analytical pr~cedure. '"~ Acetic acid is added to the sample of 
hydroperoxide, then dissolved air is removed by vacuum, the vessel is filled with 
dinitrogen, and an aqueous solution of SnClz is added. Reaction occurs for 1 h at 
room temperature. Next, one introduces an excess of solution of NH4Fe(S04)2 
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TABLE 4.13 Synthesis of Hydroperoxides" 

Reaction Reactants Catalyst 

RH + 0 2  -+ ROOH (chain reaction) 
Me2CH(CH2),CHMe2 + 0 2  -+ 

Me2C(OOH)(CH2),C(OOH)Me2 
n = 1,2,3 (chain reaction) 

ROH + H202 + ROOH + H2O 
R:C=CHR2 + H202 + R$(OOH)CH2R2 
(R0)2S02 + H202 -+ ROOH + ROSOzH 
RCl + H202 -+ ROOH + HCI 
RMgCl + 0 2  + ROOMgCl 
ROOMgCl + H20 -+ ROOH + HOMgCl 
RCHO + 0 2  -+ RC(0)OOH (chain reaction) 
RC(0)OH + H202 -+ RC(0)OOH + H20 
RC(0)Cl + H202 -+ RC(0)OOH + HC1 
RC(O)OOC(O)R + NaOR' -+ 

RC(0)OONa + RC(0)OR' 
RC(0)OONa + H2O -+ RC(0)OOH + NaOH 
[MeC(0)0]2BOB[OC(0)Me]2 + 4H202 -+ 

2MeC(O)OOH + 2H3B03 

RCHO, 0 2  

RC(O)OH, H202 
RC(O)Cl, H202 
RC(O)OOC(O)R, 

I, hv 
I, hv 

Acid 
Acid 
KOH 
KOH 

I, hu 
Acid 
KOH 

aSee Refs. 11-15. 

and in 30 min estimates the amount of formed Fe(I1) by titration with potas- 
sium dichromate. 

A spectrophotometric technique of hydroperoxide estimation was developed 
with triphenyl phosphite. lo* 

ROOH + Ph3P + ROH + Ph3PO 

Triphenyl phosphite is added in excess and the rest is estimated colorimetrically 
after introduction of formaldehyde and HC1. Hydrogen chloride forms colored 
triphenyl phosphonyl chloride, [Ph3PCH2OH]+ C1- . 

Polai-ography is successfully used for the estimation of hydroperoxides and 
per acid^.^^ The reduction of hydroperoxide performs according to the electro- 
chemical equation: 

ROOH + 2e- + RO- + HO- 

The E1p potential is the individual polarographic characteristic of an analyzed 
compound, where the current strength equals 50% of its maximum value. The 
binary solvent benzene/methanol or benzene/ethanol is used. The amount of per- 
oxide is proportional to the maximum strength of the electric current at peroxide 
concentration in solution t O . O 1  molL-'. The values of E1p for several hydroper- 
oxides (ROOH) in benzene/ethanol solution (1:l V l V )  at [LiCI] = 0.3 molL-' 
are the following:23 



96 DIALKYL PEROXIDES AND HYDROPEROXlDES 

R- Me$- EtMe2C- Pinyl- Me2PhC- Ph2CH- Tetralyl- 
~ ~ 

E l p  (V) -1.22 -1.19 -1.03 -0.97 -0.82 -0.88 

Liquid and paper chromatography as well as MS are used for the identification 
and analysis of hydro peroxide^.^^ NMR spectroscopy is used for the identification 
of diacyl peroxides. 

4.2.2 Structure of Hydroperoxides 

The structure of hydroperoxides was studied by the RSA method. The results of 
experimental measurements are collected in Table 4.15. 

TABLE 4.14 Physical Properties of Some Hydroperoxide# 

Methyl-, MeOOH 48.04 311 (60) 996.7 (288 K) 1.3638 
Methylethyl-, Me2CHOOH 76.10 381 (760) 892.9 (294 K) 1.4361 
1,l-Dimethylethyl-, MelCOOH 90.12 308 (17) 896.0 (293 K) 1.4014 
1,l -Dimethylpropyl-, 104.15 299 (3.5) 903.0 (293 K) 1.4161 

1,l-Diethylpropyl-, Et3COOH 132.21 301 (2.0) 914.0 (293 K) 1.4379 
1 -Methylcyclohexyl-, 130.19 326 (0.1) 996.1 (293 K) 1.4692 

EtMe2COOH 

H 

114.15 303 (1.0) 1063.8 (293 K) 1.4900 2-Cyclohexenyl-, 

H 

100.12 315 (17) 954 (298 K) 1.4295 (298) 
oo-0 

l,l-Dimethyl-2-propynyl-, 

1-Phenylethyl-, PhMeCHOOH 138.17 339 (0.5) 1.5250 
1-Methyl- 1 -phenylethyl-, 152.2 317 (0.05) 1054.5 (293 K) 

(E)-9-Decalyl-, 162.19 376 (1.2) 1150 (293 K) 1.550 

HC=CC(OOH)Me2 

PhMe2COOH 

o,O - H 

“See Refs. 2 and 14 



HYDROPEROXIDES AND PERACIDS 97 

TABLE 4.15 Bond Lengths and Angles of Hydroperoxides (Method RSA)" 

Length Angle 

Compound (lo-'' m) ("1 

Hydrogen peroxide, H202 
Hydrogen peroxide, H202 
Hydroperoxide 

Methyl-, MeOOH 
Trifluoromethyl-, CF300H 
1,l-Dimethylethyl-, 

1 -Methyl- 1-phenylethyl-, 

Triphenylmethyl-, Ph3COOH 

Nonanoic-, 
Me(CH&C(O)OOH 
2-Nitrobenzoic-, 

H 

Me3COOH 

PhMe2COOH 

Peracid 

4-Nitrobenzoic-, 

H 

02N-I-O - 

0-0 0-C 0-0-H 0-0-C C-00-H 
1.453 0.97(0-H) 
1.464 0.965(0-H) 

1.443 1.437 
1.447 1.376 
1.472 1.463 

1.477 1.461 

1.455 1.454 

1.44 1.35 

1.478 1.337 

1.48 1.37 

94.8 
99.4 

99.6 105.7 
100.0 107.6 
100 109.6 

100.9 108.7(Me), 
109.7(Ph) 

102.9 109.7(Ph) 

112 

108.9 

107 

90.2 

114 
95 

100 

109 

101 

133.7 

146 

170 

aSee Refs. 15 and 30. 

Analysis of the IR spectrum of hydrogen peroxide and cumyl hydroperoxide 
gave the following values for frequencies (cm-') of valence and bond angles 
vibration.23 

Bond, Angle 0-0 0-H C-0  8(C-0-0) 8(0-0-H) 

H202 880 3598 (symm) 1390 (symm) 

Me2PhCOOH 880 3350 1270 5 85 
3610 (nonsym) 1266 (nonsym) 

The hydrogen bond decreases the frequency of the 0-H bond valence vibration 
(see Section 4.2.3). Two ( E ) -  and one (Z ) -  configuration of a tertiary hydroper- 
oxide are known.30 The activation barrier for transition from ( Z ) -  to ( E ) -  config- 
uration is found to be equal to 195 kJ mol-' (quantum chemical ca lc~la t ion) .~~ 
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Peracids form intramolecular hydrogen bonds and have lower frequencies of 
OH bond vibration. The carbonyl group vibration is very intensive. The follow- 
ing table lists the data on the valence vibration frequencies (cm-') in peracids 
(RC(0)OOH):23 

R 
~(0-0) u(C=O) ~ ( 0 - H )  

Phase (cm-') (cm-') (cm-') 

H Liquid 855 1739 3378 
CH3 Liquid 858 1750 3310 
CH3CH2 Gas 875 1760 3280 
CH3CH2CH2 Gas 862 1760 3280 
CnHzn+~, TZ = 7-15 CC14 865 1747 3280 
C6H5 cc14 1732 3250 

The dipole moment of hydrogen peroxide = 1.573 D.30 The values of dipole 
moments and the polarization of hydroperoxides and peracids are given in 
Table 4.16. 

4.2.3 

The values for enthalpies of hydroperoxide formation are in Table 4.17. 
The increments of groups in the additive scheme of enthalpy AHf calculation 

for hydroperoxides have the following values:47 AH[O-(C)(O)] = -19.2 f 
0.81 kJmol-', AH[(O)-OH] = -54.7 kJmol-', and additional increments of 
the tertiary atom C AH[(C)3C-OO-C(C)3] = -5.72. The increments of 

Thermochemistry of Hydroperoxides and Peracids 

TABLE 4.16 Dipole Moments and Polarization of Hydroperoxides and Peracids in 
Benzene" 

Peroxides 

Hydroperoxide 
1 ,I-Dimethylethyl-, MelCOOH 
1 ,I-Dimethylethyl-, Me3COOH 
1 -Methyl- 1 -phenylethyl-, Me2PhCOOH 

Nonanoic-, Me(CH2)7C(0)OOH 
Decanoic-, Me( CH2) &( 0)OOH 
Dodecanoic-, Me(CH2)&(O)OOH 
Tetradecanoic-, Me(CH2) I 2C(O)OOH 
Hexadecanoic-, Me(CH2) 14C(0)OOH 

Peracid 

303 1.82 
323 1.81 
303 1.76 

303 2.38 
303 2.27 
303 2.28 
303 2.27 
303 2.30 

91.1 
86.5 

106.1 

160.9 
155.6 
165.0 

184.9 
172.8 

"See Refs. 33 and 109. 
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TABLE 4.17 Enthalpies of Formation A Hf" (Gas, 298 K) and Evaporation A H ,  of 
Hydroperoxides 

Hydroperoxide 
-AH! -AH, ASo 
(W mol-') (kJ mol-I) (J mol-' K-') References 

Hydrogen peroxide, H202 
Methyl-, MeOOH 
Methyl-, MeOOH 
Ethyl-, EtOOH 
1 -Methylethyl-, Me2CHOOH 
Butyl-, BuOOH 
1 , 1-Dimethylethyl-, Me3COOH 
1,l-Dimethylethyl-, Me3COOH 
1,l-Dimethylethyl-, Me3COOH 
1,l-Dimethylethyl-, Me3COOH 
1,l-Dimethylethyl-, Me3COOH 
1,l-Dimethylethyl-, Me3COOH 
Pentyl-, Me(CH2)3CH200H 
1 -Methylbutyl-, MePrCHOOH 
1-Hexyl-, Me(CH2)4CH200H 
1-Hexyl-, Me(CH2)4CH200H 
1 -Hexyl-, Me(CH&CH2OOH 
1-Methylpentyl-, 

1-Methylpentyl-, 

1 -Methylpentyl-, 

1 -Ethylbutyl-, Me(CH&CH(OOH)Et 
1 -Ethylbutyl-, Me(CH2)2CH(OOH)Et 
1 -Heptyl-, Me(CH2)5CH200H 
1-Heptyl-, Me(CH2)5CH200H 
1 -Methylhexyl-, 

1-Methylhexyl-, 

I-Ethylpentyl-, Me(CH2)?CH(OOH)Et 
1 -Propylbutyl-, Me(CH2)2CH(OOH)Pr 
1,l -Dimethyl-2-pentyn-4-enyl-, 

CH2 =CHC=CCMe200H 
Cyclohexyl-, 

Me(CH&CH(OOH)Me 

Me(CH2)3CH(OOH)Me 

Me(CH&CH(OOH)Me 

M~(CHZ)~CH(OOH)M~ 

Me(CH2),CH(OOH)Me 

H 

136.4 
130.5 
133.9 
169.4 
198.3 
205.0 
242.7 
236.4 
243.3 
245.8 
218.3 
225.7 
217.6 
234.3 
238.5 
237.1 
259.2 
255.2 

250.1 

267.5 

245.1 
263.3 
288.7 
275.7 
276.1 

281.6 

282.1 
269.1 
127.1 

214.9 

51.0 

43.7 

48.7 

62.7 

60.1 

60.1 

67.5 

64.9 

64.9 
64.9 
63.5 

58.5 

232.8 
282.4 

321.8 
358.7 
393.8 
360.6 

433.2 
430.7 
472.6 

470.1 

512.0 

509.5 

110 
110 
111 
111 
111 
110 
110 
111 
112 

15 
113 
47 

110 
110 
110 
114 

15 
110 

114 

15 

114 
15 

110 
114 
110 

114 

114 
114 
46 

114 

(continued overleaf) 
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TABLE 4.17 (continued) 

Hydroperoxide 
-AH: -AH, A So 

(kJmol-') (kJmol-') (Jmol-' K-') References 

Cyclohexyl-, 

H 

oo-d 
1 -Methylcyclohexyl-, 

H 

1 -Methy Icyclohexyl-, 

H 

(E)-9-Decalyl-, 

o,O - H 

1 -Methyl- 1 -phenylethyl-, 

1 -Methyl- 1 -phenylethyl-, 

I-Methyl- I -phenylethyl-, 

1 -Tetralyl-, 

PhMe2COOH 

PhMezCOOH 

PhMezCOOH 

229.9 

270.3 

263.3 

60.2 

277.8 67.2 

82.5 

87.9 

85.4 

104.5 

1,1,4,4-Tetramethyl- 1,4- 428.6 
di hydroperox ybutane, 
HOOCMe2(CH2)2CMe200H 

di hydroperoxybutyne-2 
HOOCMe2 C=CCMe2 OOH 

1 -Decanoic-, Me(CH2)&(0)OOH 509.3 
1 -Undecanoic-, Me(CH2)9C(0)OOH 548.9 
1 -Tridecanoic-, Me(CH2)' I C(0)OOH 599.7 

1,1,4,4-Tetramethyl- 1,4- 130.2 

Peracid 

66.0 

66.0 

66.0 

77.2 

138.6 

127.4 

117.2 
131.4 
150.1 

15 

114 

110 

115 

112 

116 

117 

1 I4 

47 

47 

44,118 
44,118 
44,118 
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groups for the calculation of enthalpy AH, of peroxides evaporation are 
AH[(O)-0-(C)] = 6.26 kJmol-', AHu[(0)-OC(O)-(C~)] = 25.4 Hmol-', 
AH,[(O)-OH] = 27.4 Hmol-', and AH,[(O)-OC(O)-(C)] = 18.3 kJ 
mol-' . '19 The linear correlation between AHf(RO0H) and AHf(R0H) was found 
to be'20 

AHP(RO0H) = AHP(R0H) - 80.3 kJmol-' 

Dissociation energies for the 0-0 bond in hydroperoxides ROOH are the follo- 
wing: 

R Me Et Me3C Me2PhC 

D (kJmol-') 191.0 193.0 182.5 175.0 

Dissociation energy for the 0-H bond depends on the structure of R and equals: 
365.5 kTmol-'(R = sec-R), 358.6 kJmol-' (R = tert-R), 406.1 Hmol-' [R = 
PhC(O)I, 418.0 kJmol-' (R = CF3), 407.2 kJmol-' (CC13), 407.2 kJmol-' 
(R = CC13CC12).'21,'22 

4.2.4 Hydrogen Bonding and Acidity of Hydroperoxides and Peracids 

Hydroperoxides form dimers and trimers connected by hydrogen bonds. The 
following scheme of self-association was proposed: l5 

R 

In nonpolar solution, peracids exist in monomeric form with intramolecular 
hydrogen bonds between the hydroxyl group and the carbonyl oxygen. In the 
crystalline state, they form dimers with two hydrogen bonds: 

The equilibrium constants K H  and the thermodynamic parameters for self- 
association of several hydroperoxides and peracids are given in Table 4.18. 
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Polar molecules and molecules with JI bonds form with hydroperoxides and 
peracids complexes via hydrogen bond, for example, 

R'OOH + N R ~  + R'OOH..  . N R ~  

Equilibrium constant values for KH are listed in Table 4.18. 
Peracids and hydroperoxides have an OOH group and possess acidic proper- 

ties. The pK, values fa11 into a rather narrow range of 11.5- 13.2 for hydroper- 
oxides and 7.2-8.2 for peracids in water. The pK, values for hydroperoxides 
ROOH in water at 298 K are presented be10w.l~ 

R Me Et Me3C PhCMe2 PhCHzCMe2 PhzCMe PhzCEt Ph3C 

pK, 11.50 11.80 13.27 13.08 13.25 12.94 13.02 13.07 

The pK, values for some peracids RC(0)OOH in H20 at 298 K have the fol- 
lowing va~ues : '~  

R Me Et Me3C Ph p-MeOChH4 p-MeCsH4 p-FC& p-ClChH4 

pK, 8.2 8.1 8.23 7.78 8.07 7.95 7.76 7.67 

4.2.5 Unimolecular Decomposition of Hydroperoxides 

Hydroperoxides react with many organic substances with free radicals generation 
(see Chapter 11). In addition, they react with free radicals and can be decom- 
posed in chain reactions (see Section 4.2.4). That is why the kinetics of thermal 
decomposition of hydroperoxides is difficult to interpret in most cases. Decay of 
hydroperoxides in the gas phase can be accelerated by catalytic decomposition on 
the wall of the reactor. The rate constants of the unimolecular decomposition of 
some hydroperoxides in the gas phase and solution are presented in Table 4.19. 
The acceleration of 1,1 -dimethylethyl hydroperoxide decay in solution, probably 
demonstrates the interaction of ROOH with the solvent. Data on the decomposi- 
tion of hydroperoxide groups in polymers are collected in Tables 4.20 and 4.21. 

4.2.6 Chain Decomposition of Hydroperoxides 

Different chain mechanisms of hydroperoxide decomposition are known. Ter- 
tiary hydroperoxides are decomposed under the action of intermediate alkoxyl 
radicals6 

Me3COOH + Me3CO' + HO' 

2Me3COOH + Me3C02' + HzO + Me3CO' 
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HO' + HOOCMe3 + H2O + Me3C02' 

Me3CO' + HOOCMe3 -+ Me3COH + Me3C02' 

Me3C02' + Me3C02' + 2Me3CO' + 0 2  

Me3C02' + Me3C02' + Me3COOCMe3 + 0 2  

The rate of tertiary hydroperoxide decomposition is equal to 

u = kl[ROOH] + 2k2[ROOHI2(1 + k 3 / k 4 )  (4.1) 

The ratio k3/k4 > 1, for example, k3 /k4  = 7.2 & 1.1 for the decay of 1,l -dimethyl- 
ethyl hydroperoxide in benzene at 318 K,'63 k3/k4 = 10 for MeEtCHOOH in 
chlorobenzene (3 18 K).'64 Secondary hydroperoxides are decomposed in oxidiz- 
ing hydrocarbons in a chain reaction with peroxyl rad i~a1s . I~~ 

R' R2CHOOH + R02' + ROOH + R'R2C=0 + HO' 

HO' + RH + H20 + R' 

R' + 0 2  -+ R02' 

TABLE 4.19 Rate Constants for the Unimolecular Decomposition of Hydroperoxides 
and Peracids 

T E log A ,  A k (400 K) 
Peroxide Solvent (K) (kJmol-') (s-') (s-') Reference 

Hydroperoxide 
Methyl-, MeOOH Gas 565-651 
Ethyl-, EtOOH Gas 553-653 
1-Methylethyl-, Gas 553-653 

1,l-Dimethylethyl-, Gas 553-653 

1,l-Dimethylethyl-, Toluene 423 

Me2CHOOH 

Me3COOH 

Me3COOH 

Peracid 
Acetic-, Gas 403-553 

MeC(0)OOH 

EtC(O)OOH 

PrC(0)OOH 

Me2CHC(0)OOH 

Propionic-, Gas 443-503 

Butyric-, Gas 443-503 

Methylpropionic-, Gas 443 -503 

180.0 14.91 2.54 x lo-' 111 
180.0 15.35 6.99 x 111 
180.0 15.50 9.88 x 111 

180.0 15.60 1.24 x 111 

180.0 16.10 3.94 x lop8 110 

136.0 13.1 2.19 x lo-' 111 

139.0 13.1 8.88 x 111 

137.0 13.0 1.29 x lo-' 1 1 1  

137.0 13.2 2.04 x 111 
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TABLE 4.21 Rate Constants of Polymer Hydroperoxide Group Decay 

T E log A ,  A k (400 K) 
Polymer Medium (K) (kJmol-') (s-I) (s-') k,/2kd Reference 

- - 

PE 
PE 
PE 
PE 
PE 
PE 
PE 
PE 
PE 
PE 
PP 
PP 
PP 
PP 
PP 
PP 
PP 
PP 
PP 
PP 
PP 
PP 
PP 
PP 
PS 
SR 

Chlorobenzene 
Chlorobeniene 
Chlorobenzene 
Chlorobenzene 
Solid phase 
Solid phase 
Solid phase 
Solid phase, 0 2  

Solid phase 
Solid phase, 0 2  

Solid phase 
Solid phase 
Chlorobenzene 
Benzene 
Solid phase 
Solid phase 
Solid phase 
Solid phase 
Solid phase 
Solid phase 
Solid phase 
Solid phase 
Solid phase, 0 2  

Solid phase 
Solid phase 
Solid phase 

373-408 
393-408 
383-403 
373-393 
333-373 
373-393 
413-443 

430 
403 
403 

363-393 
363-393 

398 
392-401 
393-413 

393 
403 
403 

365-387 
403 
398 

453-473 
353-403 

104.0 
113.0 
146.0 
84.0 
92.0 

162.5 
146.0 

113.0 
115.0 

109.0 
109.0 

100.0 
129.0 
104.0 
114.0 

150.7 
77.0 

8.04 
8.08 

15.93 
8.28 
8.34 

17.79 
14.40 

11.98 
12.36 

10.58 
10.87 

10.1 I 
12.23 
10.34 
11.50 

13.91 
7.34 

2.88 x 0.10 

7.32 x lo-' 0.01 
2.11 

2.05 0.07 
2.12 10p4 

2.6 10-3 
4.7 x 10-4 

5.3 lop3 

2.20 x 10-1 

2.22 10-' 0.015 
4.39 10-4 
2.8s 10-4 
7.7 x 10-4 

11.5 x 10-4 
1.13 
2.42 
5.74 0.14 
4. I I 

8.7 10p4 
I .8 10-4 0.03 

3.72 x 
2.16 x 

1.67 x 

6.0 x 0.035 

1.70 x 
1.93 x 

148 
148 
137 
137 
149 
I 50 
151 
139 
152 
152 
153 
154 
137 
137 
155 
156 
157 
158 
159 
159 
160 
144 
140 
137 
161 
162 

In the absence of dioxygen, when hydroperoxide initiates the formation of alkyl 
radicals, the following chain reaction of ROOH decomposition occurs:166 

ROOH -+ RO' + HO' 

RO' + R'H + ROH + R" 

R I -  + ROOH -+ R'OH + RO' 

R" + R" -+ RIR1 

Chain length u = 3.6 (n-decane, 393 K, [ROOHI0 = 0.6 mol Lp1).'49 Chain 
decomposition of hydroperoxide was proved for the hydroperoxide of 
dimethylacetamide. The rate of chain decay u,, = klnd[ROOH]i'2.167 The values 
of the effective rate constant kind in dimethylacetamide were found to be the 
following: 167, l h 8  
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ROOH Me3COOH MezPhCOOH AcN(Me)CHZOOH 

T (K) 405 405 300-405 
kind (L-'/* 2.0 10-4 9.0 10-4 8.5 x 10-7 

mol-'/2 s-l) exp( - 87 .O/RT) 

The induced decomposition of hydroperoxide groups was observed in polymers in 
the absence and presence of dioxygen. The values of kind, kd, and ki are presented 
in Table 4.22. 

Primary and secondary alcohols induce the chain decomposition of 
hydroperoxides with participation of ketyl radicals that are very active as reducing 
intermediates. 169,170 

ROOH + RO' + HO' 

RO' + R'CH(OH)R~ -+ ROH + R'C-(OH)R~ 

R'C-(OH)R~ + ROOH -+ R'R~C(O) + H ~ O  + RO' (kp) 

(kt) 

The rate of chain decomposition of hydroperoxide is u = (kp(2kt)-'/*)[ROOH] 
~ 1 1 ' ~ .  Dioxygen reacts with ketyl radicals with the formation of hydroxyperoxyl 
radicals. The latter is decomposed to ketone and H02'. 

Hydroperoxyl and hydroxyalkylperoxyl radicals also possess the reducing 
activity and induce chain decomposition of hydr~peroxide.'~' 

2R'C'(OH)R2 + R'C(0)R2 + R'CH(OH)R2 

TABLE 4.22 Kinetic Parameters of Hydroperoxide Group Induced Decomposition 
in the Solid Phase" 

kind x lo2 
(kg'/2 

Atmosphere Polymer (K) (s-I) (s-I) e s - ~ / ~ )  
T kd x lo4 k, x lo5 rnol-'/' 

PP, OOH group (associated) 387 1.4 2.8 0.10 13.0 
PP, OOH group (associated) 365 0.21 0.5 0.12 4.5 
PP, OOH group (associated) 387 1.4 2.8 0.10 13.6 

Pa PP, OOH group (associated) 365 0.19 0.5 0.13 12.0 
PP, OOH group (associated) 365 0.21 0.5 0.12 2.9 
IPP, OOH group (single) 387 0.10 0.21 0.11 9.6 
IPP, OOH group (single) 365 0.039 0.017 0.02 3.0 
PE 365 0.05 0.5 0.5 0.36 
PE 365 0.05 0.5 0.5 0.8 1 
PE 393 4.6 33 0.37 11.0 

'See Ref. 138. 
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R02' + R'CH(OH)R2 -+ ROOH + R'C'(OH)R2 

R'C'(OH)R~ + o2 -+ R~C(OH)(OO-)R~ 

R'C(OH)(OO')R2 -+ R'C(0)R2 + HO2' 

R'C(OH)(00')R2 + ROOH + R'C(0)R2 + H2O + RO' + 0 2  

H02' + ROOH -+ H20 + RO' + 0 2  (kp)  

2R'C(OH)(00')R2 + R'C(0)R2 + 0 2  + R'C(OH)(OOH)R2 (k , )  

The rate of chain decomposition of hydroperoxide in the presence of alcohol 
and dioxygen is v = [kp(2k,]-'/2)[ROOH]~~/2. The value of rate constants for 
chain propagation in chain reactions of ROOH decomposition are collected in 
Table 4.23. 

TABLE 4.23 Rate Constants of Free Radical Reactions with Hydroperoxides in Hy- 
drocarbon Solution Calculated by the IPM Method" 

E log A ,  A k (400 K) 
Radical Hydroperoxide (kJ mol-') (L mol-' s-' ) (L mol-' s-' ) 

C'H? 
MeC'H2 
Me2C'H 
Me3C' 
PhC'H2 
C'H? 
CH7C.H: 
Me2C'H 
Me3C' 
PhC'H2 

CH,C'H2 
Me2C'H 
EtMeC'H 
Me3C' 
MePhC'H 
EtPhC'H 

MeC'HOH 
Me2C'OH 
PhC'HOH 
MePhC' OH 
MeC'HOH 

R' t R'OOH + ROH+ R 'O '~  

H202 36.7 9.30 
H202 35.4 9.30 
H202 32.8 9.30 
H202 33.6 9.30 
H202 48.6 9.30 
Me3COOH 27.5 9.00 
Me3COOH 26.4 9.00 
Me3COOH 24.1 9.00 
Me3COOH 24.8 9.00 
Me3COOH 37.9 9.00 

RCH2CH2 f ROOH + RCH=CH2 + H 2 0  f RO" 

Me3COOH 47.0 8.54 
Me3COOH 46.2 8.85 
Me3COOH 43.4 8.40 
Me3COOH 47.4 9.00 
Me3COOH 64.7 8.48 
Me3COOH 62.0 8.30 

RC'HOH f ROOH + RCHO f H20 f R U d  

HzOz 12.8 8.88 
H202 11.8 8.90 
H202 20.5 8.78 
H202 19.4 8.79 
Me3 COOH 3.3 8.89 

3.22 x lo4 

1.04 x lo5 

9.01 x lo2 

4.77 104 

8.19 104 

2.56 105 
3.57 105 

5.77 105 
1.12 104 

7.13 x lo5 

2.55 x 102 
6.58 x 10' 
5.38 x lo2 
6.46 x 10' 

1.06 
1.60 

1.62 x lo7 

1.26 x lo6 
1.82 x lo6 
2.89 x 10' 

2.30 x 107 
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TABLE 4.23 (continued) 

E log A, A k (400 K) 
Radical Hydroperoxide (H mol-') (L mol-' s-') (L mol-' s-') 

Me2C'OH Me3COOH 2.4 8.95 4.37 x 108 
PhC'HOH Me3COOH 9.8 8.65 2.36 x 107 
MePhC' OH Me3COOH 8.8 8.67 3.33 x 107 

H02' i- ROOH -+ RO' +- H 2 0  f 0 2 e  

HOz' Hz02 47.1 8.60 2.83 x lo2 
H02' ROOH 33.2 8.30 9.24 103 

RO~'  i- R' CH(OOH)R~ + ROOH -+ HO' -+ R' c(o)R~~ 

C Y C I O - C ~ H ~ ~ O ~ '  CYCIO-C~H~~OOH 38.0 6.97 1.01 x 102 
CYCIO-C~H~O~.  PhCH(OOH)CH3 55.0 9.01 67.7 

aSee Chapter 9. 
bSee Ref. 172. 
'See Ref. 169. 
dSee Refs. 170 and 173. 
eSee Refs. 170 and 174. 
fSee Refs. 165 and 171. 

4.2.7 

Hydroperoxides undergo reversible addition across the carbonyl group of a ketone 
with the formation of a new peroxide: 

Interaction of Hydroperoxides with Ketones 

ROOH + R1C(0)R2 ($ R1C(OH)(00R)R2 

The formed hydroxyperoxide decomposes to free radicals much more rapidly than 
alkyl hydr~peroxide. '~~ So, the equilibrium addition of the hydroperoxide to the 
ketone changes the rate of formation of radicals. This effect was first observed 
for cyclohexanone and 1,l -dimethylethyl hydr~peroxide. '~~ In this system, the 
rate radical formation increases with an increase in the ketone concentration. The 
mechanism of radical formation is described by the following scheme: 

ROOH + RO' + HO' 

ROOH + R'C(0)R2 + R'C(OH)(00R)R2 

R~C(OH)(OOR)R~ + R~C(OH)(O-)R~ + RO' 

and the rate of radical generation is given by Eq (4.2) 

zli = 2eklIROOHI + 2ek2[R'C(OH)(00R)R21 

= (2ekl + 2ek2K[R1C(0)R2])[ROOHl(l + K[R'COR2])-I 

The values of k l ,  k2, and K are collected in Table 4.24. 
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5 
DIACYL PEROXIDES, PEROXY 
ESTERS, POLYATOMIC, AND 
ORGANOMETALLIC PEROXIDES 

5.1 DIACYL PEROXIDES 

5.1.1 Synthesis and Analysis 

Diacyl peroxides are widely used as radical initiators in synthesis, kinetic exper- 
iments, and chemical engineering at moderate temperatures (350-400 K). They 
are formed as products of aldehyde oxidation by dioxygen. Several methods of 
their synthesis from hydrogen peroxide and peroxy acids were developed (see 
Table 5.1).1-5 The physical properties of selected diacyl peroxides are listed in 
Table 5.2 and their trade names are in Table 5.3. 

A great variety of different analytical techniques for the estimation of diacyl 
peroxides are known. Among them, the iodometric technique has been used for 
a long time.7 According to this method, peroxide is reduced by HI and iodine 
is formed in stoichiometric amounts. The amount of formed I2 is measured by 
reduction with thiosulfate using any titrometric technique or photometrically. 

RC(O)OOC(O)R + 2HI + 2RC(O)OH + I2 

2Na2S203 + I2 + 2NaI + Na2S406 

A few analytic procedures for accurate estimation of diacyl peroxides 
were proposed: 

1. Reduction of peroxide occurs in a solution of isopropyl alcohol saturated 
with NaI in the presence of acetic acid and a CO2 atmosphere at 373 K (in 
water bath).' The reaction is finished in 15 min. Relative standard deviation 
equals 0.2%. 
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TABLE 5.1 Synthetic Methods of Production of Diacyl Peroxides" 

DIACYL PEROXIDES AND PEROXY ESTERS 

Reaction Reactants Catalyst 

2RC(O)Cl+ M202 + 
RC(O)OOC(O)R + 2MC1 

(RCO)*O + M202 + 
RC(O)OOC(O)R + M2O 

2RCOOH + H202 + 
2ChH11 N=C=NChHll + 

RC(O)OOC(O)R + 

R'C(O)OOH + RC(O)Cl + 
RIC(O)OOC(O)R + HC1 

R'C(O)OOH + (RCO)*O + 
R'C(O)OOC(O)R + RC(O)OH 

R'CHO + O2 + (RCO)*O -+ 
RIC(0)OOC(O)R + RC(O)OH 

~ C ~ H I I N H C ( O ) N H C ~ H I  I 

RC(O)Cl, H202(NaZ02, BaO:) (Na2CO3, pyridine, 

(RCO)*O, H202(Na202, BaOz) (Na*C03, pyridine, 
alkalis) 

alkalis) 
RCOOH, H202, 

C6H1 1 N=C=NC~HI 1 

RC(O)OOH, RC(O)Cl (NaOH, pyridine) 

RIC(O)OOH, (RCO)~O HzSO4 

R'CHO, (RCO)20, O2 Peroxide, h u ,  0 3 ,  

MeCOONa 

'See Refs. 1-5. 

TABLE 5.2 Physical Properties of Selected Diacyl Peroxides" 

Peroxide 

CAS Belstein 
Registry Registry bP mp 
Number Number MW (K) (K) 

Diacetyl-, MeC(O)OOC(O)Me [110-22-51 1753975 116.01 336 303 
Dibenzoyl-, PhC(O)OOC(O)Ph [94-36-01 984320 242.06 378 
Bis(2,4-dichlorobenzoyl)-, [ 133-4-21 20087 11 377.90 379 

Bis(4-nitrobenzoyl)-, [1712-84-11 1916959 332.03 429 

Didodecanoyl-, [105-74-81 1804936 398.34 322 
Me(CHd IoC(O)OOC(O) (CH2) I O M ~  

Acetyl benzoyl-, PhC(O)OOC(O)Me [644-31-51 1911081 180.04 403 310 

aSee Ref. 6. 



DIACYL PEROXIDES 131 

2. A sample with peroxide is inserted into the vessel containing acetic anhy- 
dride (10 mL) and 1 g of KI. In 20 min, 50 mL of water is added and a 
titrometric estimation of the formed diiodine using starch as an indicator 
is per f~rmed.~  

3 .  A sample of peroxide is introduced into the vessel with 20 mL of acetone. 
Solid dry COz is added and solution is heated to room temperature. Then 
1 mL of saturated solution of NaI in acetone is added, and a reaction occurs 
in seconds. The formed diiodine is estimated titrometrically. The relative 
standard deviation is equal to 0.5%." 

TABLE 5.3 Trade Names of Diacyl Peroxides and Peroxydicarbonates 

Peroxide Trade name Company 

Acetyl cyclohexylsulfonyl Luperox 228 
Perhexa ACS 

Bis(2-rnethylpropanoyl)-, 

Bis(succinic acid)-, 
Me2CHC(O)OOC(O)CHMe2 

Diacetyl-, MeC(O)OOC(O)Me 

Dibenzoyl-, 
PhC(O)OOC(O)Ph 

Didecanoyl-, 
Me(CH,),C(O)OOC(O) (CH2)gMe 

Tnterox ACSP 

Peroyl IB 

Peroyl SA 

Luperox 219 

Trigonox 36 
Peroyl D 

Interox INP 
Peroyl A 

Interox AP 
Luperox A75 
Lucidol 
NYPer 

Interox BP 
Luperox DEC 
Perkadox SE 

10 
Peroyl D 

Elf atochem 
Nippon Oil & 

Fats Co 
Interox 

Nippon Oil & 
Fats Co 

Nippon Oil & 
Fats Co 

Elf atochem 

Akzo 
Nippon Oil & 

Fats Co 
Tnterox 
Nippon Oil & 

Fats Co 
Interox 
Elf atochem 
Akzo 
Nippon Oil & 

Fats Co 
Interox 
Elf atochem 
Akzo 

Nippon Oil & 
Fats Co 

(continued overleaf) 
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TABLE 5.3 (contilzued) 

Peroxide Trade name Company 

Dioctanoyi-, 
Me(CH2)&(O)O0C(O)(CH&,Me 

Dipropanoy 1-, 
EtC(O)OOC(O)Et 

Interox DP 
Luperox LP 
Laurox 
Peroyl L 

Interox LP 
Perkadox SE 
Peroyl 0 

Interox OP 
Trigonox 19 
Peroyl A 

Interox CLBP 

Interox 
Elf atochem 
Akzo 
Nippon Oil & 

Fats Co 
Interox 
Akzo 
Nippon Oil & 

Fats Co 
Interox 
Akzo 
Nippon Oil & 

Fats Co 
Interox 

Perkadox SD Akzo 
Nyper CS Nippon Oil & 

Interox DCLBP Interox 
Fats Co 

Nuper MT-80 

Interox MBP 

Nippon Oil & 
Fats Co 
Interox 

Peroxydicarbonate, 
Bis[4-( I’ ,l’-dimethylethyl)-cyclohexyl]-, Perkadox 16 

Interox BCHPC 
Akzo 
Interox 

Bis(2-ethoxyethyl)-, Peroyl EPP 

Bis( 2-ethylhexyl)-, 
EtO(CH~)~OC(O)OOC(O)O(CH~)~0Et 

[Me(CH2),CH(Et)CH2OC(0)O]2 

Nippon Oil & 
Fats Co 
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TABLE 5.3 (continued) 
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Peroxide Trade name Company 

Bis(3-methoxy-3-methylbutyl)-, 
Me2(MeO)CCH2CHzOC(O)O- 
OC( O)OCH2CH2CMe2 (OMe) 

Bis( l-methyl-2-methoxyethyl)-, 
[MeOCH2CHMeOC(O)012 

Bis( 1 -methylethyl)-, 
Me2CHOC(0)OOC(O)OCHMe2 

Bis( 1 -methylpropyl)-, 

Dibutyl-, 

Dicyclohexyl-, 

0 

EtCH(Me)OC(O)OOC(O)OCH(Me)Et 

BuOC(O)OOC(O)OBu 

0 0 Y o 0 4 0  
Dihexadecyl-, 

Dipropyl-, PrOC(O)OOC(O)OPr 
Me(CH2) 150C(0)OOC(O)O(CH2) lsMe 

Luperox 223 
Peroyl OPP 

Trigolox EHP 
Intepox EHPC 
Peroyl SOP 

Peroyl MIP 

Peroyl IPP 

Perkadox IPP 
Intepox IPPC 
Trigonox SBP 
Interox SBPC 
Trigonox NBP 
Interox NBPC 
Perkadox 18 
Interox CHPC 

Interox CEPC 

Peroyl NPP 

Interox MYPC 

Elf atochem 
Nippon Oil & 

Fats Co 
Akzo 
Interox 
Nippon Oil & 

Fats Co 

Nippon Oil & 
Fats Co 

Nippon Oil & 
Fats Co 

Akzo 
Interox 
Akzo 
Interox 
Akzo 
Interox 
Akzo 
Interox 

Interox 

Nippon Oil & 
Fats Co 

Interox 

Diacyl peroxides react rapidly with hydroxylamine with formation of hydroxamic 
acid. The latter forms the complex with Fe(II1) intensively colored. 

RC(O)OOC(O)R + 2NH2OH -+ 2RC(O)NHOH + 2H20 

3RC(O)NHOH + Fe3+ + [RC(O)NH0]3Fe + 3H' 

The analytic procedure is the f~ l lowing .~  One adds 3 mL of hydroxylamine alco- 
hol solution to the sample containing diacyl peroxide. Reaction occurs in 30  min 
at room temperature. Then a solution of Fe(C104)3 in isopropylalcohoVwater is 
added and the amount of formed complex is estimated spectrophotometrically. 
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The amount of estimated diacyl peroxide lies in 2 x 1 O P 5 - 5  x 
relative standard deviation is equal to 2%. 

LiA1H4.7 

mol. The 

A volumetric technique of diacyl peroxide estimation was developed using 

2RC(O)OOC(O)R + 3LiAlH4 + LiAl(OCH2R)d + 2H2 + 2LiA102 

LiAlH4 is added to the sample in the form of a 0.15 M solution in diethyl ether. 
Evolved hydrogen is measured volumetrically. The amount of estimated diacyl 
peroxide lies in 1.5 x mol. The relative standard deviation is 
equal to 3%. 

Polarography is used for estimation of diacyl  peroxide^.^ The reduction of 
peroxide performs according to the electrochemical equation: 

t 1.5 x 

RC(O)OOC(O)R + 2e- -+ 2RC(0)0 

The individual polarographic characteristic of the analyzed compound is the 
potential E1/2 at which the current strength is equal to 50% of its maximum. 
The mixed-solvent benzene/methanol or benzene/ethanol is used. The amount 
of peroxide is proportional to the maximum strength of the electric current at 
peroxide concentration in solution t O . O 1  molL-'. The values of E1p for sev- 
eral diacyl peroxides [RC(O)OOC(O)R] in a benzene/ethanol solution (1 : 1) at 
[LiCl] = 0.3 molL-' are the f~ l lowing :~  

Elp (V) -0.20 -0.22 -0.22 -0.16 -0.124 -0.134 

Liquid and paper chromatography as well as MS are used for identification and 
analysis of diacyl  peroxide^.^ NMR spectroscopy is used for identification of 
diacyl peroxides. 

5.1.2 Structure of Diacyl Peroxides 

The structure of diacyl peroxides was studied experimentally." - I 7  The values 
of bond lengths and bond angles in diacyl peroxides are collected in Table 5.4. 
The length of the 0-0 bond is practically the same as in dialkyl peroxides (see 
Table 4.4) and the C-0  bond is a little shorter (1.39 lo-'' m vs 1.45 lo-'' m 
in diacyl peroxides). The length of the 0-0 bond in peroxy dicarbonates is 
0.03 lo-'" m shorter than in diacyl peroxides. 

The characteristic frequencies of bonds vibration in diacyl peroxides are given 
in Table 5.5. Since diacyl peroxide has two adjacent carbonyl groups that interact, 
the double line of the carbonyl group is observed. 
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TABLE 5.4 Bond Lengths and Bond Angles in Diacyl Peroxides R 1 C ~ 1 ~ ( 0 ) 0 0 C ~ 2 ~  
( O W  

R' 

Bond Length Bond Angles 

(10-l~ m) (" ) 
R2 0-0 C(l1-0 C(z)-O C-0-0 C-0-0-C Reference 

Me 
Me 

Me 
Ph 

1.455 
1.455 

1.445 
1.46 
1.435 
1.45 
1.45 
1.48 
1.462 
1.52 
1.47 
1.46 
1.476 
1.433 

1.388 
1.371 

1.382 
1.38 

1.35 
1.41 
1.32 
1.40 
1.33 
1.41 
1.32 
1.276 
1.379 

1.388 
1.382 

1.38 

1.35 
1.41 
1.32 
1.40 
1.33 

1.32 
1.276 
1.386 

110.8 
( I )  111.2 
(2) 122.7 
1 10.9 
110 

111 
107 

108.9 
106 
1 1 1  
111 
110 
90 

84.9 
86.6 

86.6 
91 
91.3 

112 
106 
81 
86.7 

110 
86 

117 
180 
86.1 

11 
12 

5 
13 
5 
5 
5 
5 

14 
5 

15 
5 

16 
17 

TABLE 5.5 Frequencies of Valence Vibration of Peroxide Groups in Diacyl 
oxidese 

u (cm-') 

Per- 

~ 

Bond 
~~ 

[Me(CH2),C(O)O]2, n = 2- 16, CCI4 PhC(O)OOC(O)Ph, CC14 

0-0 
c(o)-oo-c(o) 
c=o 
c=o 
c-0 

887+906 
1062 
1817 
1788 
1127 

997 
1792 
1768 
1224 

'See Ref. 7. 

Due to polar character of the peroxide groups, diacyl peroxides have dipole 
moments .7 

5.1.3 Thermochemistry of Diacyl Peroxides 

The enthalpies of formation (AH,") of diacyl peroxides are collected in Table 5.7. 
The value of the increment formation enthalpy of the acyl peroxide group 
AH[(O)-0-C(O)] = -90.6 kJmol-' (gas phase), AH[(O)-0-C(O)] = 
-206.1 kJ mol-' (liquid phase), and AH[(O)-0-C(O)] = -237.6 kJ mol-' 
(solid phase).20 The 0-0 bond dissociation energies in diacyl peroxides 



136 DIACYL PEROXIDES AND PEROXY ESTERS 

RC(O)OOC(O)R are the following: 

R Me Et BU C Y C I O - C ~ H ~ ~ O  Ph 

D ( 0 - 0 )  (kJmol-') 131.6 131.2 129.8 123.5 124.4 

TABLE 5.6 Dipole Moments and Polarization of Some Diacyl Peroxides" 

T (K) 293 303 293 
Dipole moment (D) 1.32 1.60 1.36 
Polarization (cm'/moI) 152.3 115.4 114.4 

'See Ref. I .  

TABLE 5.7 The Formation Enthalpies (AH,") of Diacyl Peroxides and Peroxydicar- 
bonates in Gas and Condensed Phases 

Peroxide 
-AH; 

Phase (kJ mol-.') Reference 

Diacetyl-, 

Diacetyl-, 

Dipropanoyl-, 

Dipropanoyl-, 

Dibutanoyl-, 

Bis(2-methylpropanoyl)-, 

Dioctanoyl-, 

Didecanoy 1-, 

Didodecanoyl-, 

Dibenzoyl-, 

Me(O)OOC(O)Me 

Me(O)OOC(O)Me 

EtC(O)OOC(O)Et 

EtC( O)OOC( 0)Et 

PrC(O)OOC(O)Pr 

Me2CHC(O)OOC(O)CHMe2 

Me(CH2),C(O)O0C(O) (CH&Me 

Me(CH2)8C(0)OOC(O)(CH2)~Me 

Me(CH2) 10c(o)ooc(o) (CH2)  1oMe 

PhC( O)OOC( 0)Ph 

Gas 
Liquid 
Gas 

Gas 
Liquid 
Gas 

Gas 

Gas 
Liquid 
Gas 
Liquid 
Gas 
Liquid 
Gas 
Liquid 
Gas 
Liquid 

503.3 
550.3 
497.4 

578.7 
620.1 
580.6 

627.0 

640.1 
701.8 
829.0 
929.0 
871.0 
986.0 
912.6 

1044.5 
27 1.7 
357.4 

18 

5 

19 

5 

5 

18 

18 

18 

18 

19 
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TABLE 5.7 (continued) 

Peroxide 
-AH; 

Phase (M mol-') Reference 

c1 A"r;."o%J c1 

&oo% / / 

Benzoyl cyclohexyloxycarbonyl-, 

Benzoyl phenyloxycarbonyl-, 

Dicyclohexylperoxydicarbonate. 
PhOC(O)OOC(O)Ph 

0 0  

Gas 329.7 18 
Liquid 449.3 

Gas 
Liquid 

Gas 
Liquid 

Gas 
Liquid 

384.4 
502.4 

293.4 
396.5 

644.4 
740.6 

18 

18 

20 

Gas 438.9 18 
Liquid 526.8 

Gas 1002.6 20 
Liquid 1103.0 

5.1.4 Decomposition of Diacyl Peroxides 

The homolytic decomposition of diacyl peroxides proceeds via splitting of the 
weakest 0-0 bond. The forming acyloxy radicals are very unstable and a cascade 
of cage reactions (see Chapter 2) succeeds this decomposition.' - 5  

MeC(O>OOC(O)Me + [MeCOz' + MeC02.1 
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[MeC02' + MeC02'1 -+ MeC(O)OOC(O)Me 

[MeCOz' + MeC02.1 + MeC02' + MeC02' 

[MeC02' + MeC02.1 + [Me' + MeC02*]+ CO2 

[C'H3 + CH3C02.1 -+ C'H3 + CH3C02' 

[C'H3 + CH3C02.1 -+ CH3C(O)OCH3 

[C'H3 + CH3C02'1 -+ [C'H3 + C'H3]+ C02 

[C'H3 + C'H3] + C'H3 + C'H3 

[C'H3 + C'H31 -+ C2H6 

For data on the cage effect in diacyl peroxides decomposition see Chapter 2. The 
yield of cage reaction products increases with increasing viscosity of solvent. 
The decomposition of diacyl peroxides was the object of intensive study. The 
values of rate constants of peroxide decomposition (kd)  and initiation (k ,  = 2ekd) 
are collected in Tables 5.8-5.15. 

TABLE 5.8 The Rate Constants for the Decomposition of Diacetyl Peroxide in 
Different Solvents 

Solvent 
T E log A ,  A k (353 K) 

(K) (kJmol-') (s-') (s-I) Reference 

Gas phase 363-463 
Acetic acid 328-358 
Benzene 328-358 
Benzene 353 
Carbon tetrachloride 353 
Carbon tetrachloride 333-373 
Carbon tetrachloride/water 353 
(3:l V I V )  
Cyclohexane 328-358 

1 -Hexene 343-373 
lsooctane 328-358 

C yclohexene 333-373 

2-Methyl- 1 -pentene 343-373 
1 -Pentene 343-363 
Propionic acid 337.9-358.2 
Toluene 323-353 
Toluene 323-353 

kd 

123.4 
126.4 
135.1 

139.7 

131.4 
133.5 
132.6 
134.7 
126.8 
133.9 
122.6 
138.1 
129.7 

14.25 9.78 x lo-' 21 
14.51 6.40 x lo-' 22 
15.93 8.69 x lo-' 22 

8.71 x lo-' 23 
5.66 x lo-' 23 

16.43 5.73 x lo-' 24 
9.29 x 23 

15.27 6.71 x lo-' 22 
15.59 6.85 x lo-' 23 
15.56 8.69 x lo-' 23 
15.82 7.73 x lo-' 22 
14.75 9.71 x lo-' 23 
15.71 7.88 x lo-' 23 
14.1 9.09 x lo-' 22 
16.31 7.50 x lo-' 25 
15.05 7.21 x lo-' 26 

k, = 2ekd 

Styrene 343 2.02 x lo-' 27 
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TABLE 5.9 The Rate Constants of the Decomposition of Dibenzoyl Peroxide in 
Different Solvents and Polymers 

T E log A ,  A kd, k ,  (353 K) 
Medium (K) (Hmol-I) (s-’) (s-’) Reference 

kd 

Acetic acid 
Acetic anhydride 
Anisole 
Benzene 
Benzene 
Benzene 
tert-Butylbenzene 
terf-Butylbenzene 
Cumene 
Cumene 
Cumene 
Cyclohexane 
Cyclohexane 
Dioxane 
Ethylbenzene 
Ethylbenzene 
Ethyl acetate 
Iodoethane 
Methylc yclohexane 
Nitrobenzene 
Phenyl acetate 
Styrene 
Styrene 
Toluene 
Vinyl acetate 
p-Xylene 
Poly(viny1 chloride) + 0 2  

Polyethylene + 0 2  

Polyethylene + N2 
Polystyrene $- O2 
Polystyrene $- 0 2  

Polystyrene $- 0 2  

Polystyrene $- 0 2  

Polystyrene $- 0 2  

Polystyrene + N2 

Triacetyl cellulose + 0 2  

Triacetyl cellulose + vacuum 
Polyisobutylene + NZ 
Polycarbonate + CO? 

353 
333-353 
353 
353-363 
333-353 
353 
353-363 
353 
318-353 
353 
353 
353 
353-363 
333-353 
346.5-358 
353 
353 
353 
353-363 
353 
343-367.5 
343-363 
346-358 
353 
318-353 
353 
338-350 
353-367 
333-363 
343-353 
353-363 
329-356 
356-364 
353 
353 
365-388 
353-371 
338-368 
359-373 

Polypropylene (isotactic) + vacuum 353 

Polypropylene (atactic) + N2 338-360 
Polypropylene (atactic) + vacuum 353 
Poly(1-butene) + 0 2  344-365 

Polypropylene (atactic) + 0 2  344-365 

128.5 

128.5 
123.8 

121.2 

120.5 

11 8.0 
125.5 
130.3 

128.5 

126.4 
137.0 
129.7 

118.4 

171 
173 
21 1 
149 
124 
151 
126 
150 
150 
117 
117 
148 
125 
125 
124 
125 
I25 
124 

14.90 

14.04 
13.64 

14.48 

I 3.08 

13.48 
14.18 
14.90 

14.79 

14.33 
15.99 
14.76 

13.42 

20.23 
20.50 
26.42 
17.09 

17.46 

17.20 
17.72 
12.19 
12.35 
17.00 
13.66 
13.73 
13.87 
13.94 
14.33 
13.89 

8.13 x lo-’ 
7.69 x lo-’ 
3.59 x 10-5 
1.06 x 
2.10 
4.04 x lo-’ 
4.55 x 10-5 
3.28 x 
1.78 x 
4.22 1 0 - ~  

1.05 10-4 

1.95 x lop5 
1.93 x lo-’ 

4.07 x 
4.16 x lo-’ 
1.85 x lop5 

4.03 x lop5 

3.28 x lo-’ 
4.23 x lo-’ 
5.22 x lo-’ 
3.70 x 10-5 
3.28 x lo-’ 
7.94 x 10-5 
1.75 x lop5 
8.4.5 x 10-6 
7.96 x loph 
1.58 x 

8.97 

5.97 

1.10 x 10-5 

1.31 I O - ~  

1.01 1 0 - ~  
3.34 
7.54 x 10-6 
1.09 x lo-’ 
1.26 x lop5 

1.71 x 
3.32 x 10-5 

6.82 x 
3.48 x 

1.46 

2.78 1 0 - ~  

28 
28 
28 
29 
30 
23 
29 
28 
31 
23 
32 
28 
29 
33 
34 
32 
28 
28 
29 
28 
35 
36 
34 
28 
37 
32 
38 
39 
40 

38 
41 
41 
42 
42 
43 
44 
45 
46 
47 
48 
49 
47 
48 

38 

(continued overleaf) 
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TABLE 5.9 (continued) 

Medium 

Poly(4-methyl-1-pentene) + 0 2  

Polyamide + He 
Polyamide + 0 2  

Poly(ethy1 acrylate) + 0 2  

Poly(methy1 methacrylate) + 0 2  

Poly(methy1 methacrylate) + N2 
Poly(methy1 methacrylate) + N2 

Poly(methy1 methacrylate) + N2 
Polyformaldehyde + 0 2  

Polyformaldehyde + vacuum 

Acetone 
Benzene 
Carbon tetrachloride 
Chlorobenzene 
Methyl acetate 
Nitrobenzene 
Styrene 
Styrene 
Toluene 
Toluene 
Polyethylene (solid) 
Polypropylene (solid) 

T E log A ,  A k d ,  ki (353 K) 
(K) (kJmol-I) (s- ' )  (s-I) Reference 

344-365 123 
348-371 138 
353-371 125 
358-383 124 
373 125 
353 125 
345-378 169 
345-398 134 
353-373 124 
353-373 124 

13.86 4.57 x 48 
16.08 4.57 x lop5 50 
13.76 1.84 x 51 
13.86 3.25 x lo-' 52 

13.62 1.33 x 54 
15.51 5.66 x 55 

55 
13.69 2.20 x 56 
14.33 9.58 x 56 

13.54 1.01 53 

k,  = 2ekd 

373-393 130.1 
324-349 123.8 
332-350 136.8 
378-388 110.2 
322-327 123.8 
322-343 123.8 
333-353 128.0 
313-343 140.6 
322-343 123.8 
333 
365 
360 

15.31 1.1s 10-4 

12.12 6.51 x lop5 

13.48 1.45 x 
15.68 2.74 x 

13.82 3.17 x 

13.66 2.19 x 
14.26 2.09 x lop5 
16.30 3.13 x 
13.86 3.48 x lo-' 

9.22 x 

5.90 x lo-' 
4.50 10-5 

57 
58 
59 
60 
58 
58 
61 
27 
58 
62 
63 
64 

TABLE 5.10 The Rate Constants for the Decomposition of Symmetrically Substi- 
tuted Dibenzoyl Peroxides RC~H~C(O)OOC(O)CGH~R in Different Solvents 

T E log A ,  A k d ,  k, (353) 
Substituent (R) Solvent (K) (kJmol-I) (s-') (s-I) Reference 

3-Br- 
4-Br- 
2-Me- 
3-Me- 
3-Me- 
4-Me- 
4-Me- 
2-Me0- 
3-Me0- 

k d  (T  = 353 K )  

Dioxane 353 
Dioxane 353 
Phenyl acetate 335-353 126.4 
Dioxane 353 
Phenyl acetate 353-368 126.4 
Dioxane 353 
Phenyl acetate 346.4-368 125.1 
Phenyl acetate 323-353 113.8 
Phenyl acetate 346.0-363 125.1 

2.57 x lo-' 33 
3.23 x 33 

15.20 3.14 x 35 
4.86 x lops 33 

14.39 4.62 x 35 
6.13 x lops 33 

14.3 6.15 x lo-' 35 
14.18 2.66 x lop3 35 
14.3 6.16 x lo-' 35 
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TABLE 5.10 (continued) 

T E log A ,  A kd,  k, (353) 
Substituent (R) Solvent (K) (kJ mol-I) (s-l) (s-’) Reference 

3-Me0- 
4-Me0- 
4-Me0- 
2-c1- 
3-Cl- 
3-Cl- 
4-C1- 
4-Cl- 
3-CN- 
4-CN- 
4-CN- 
4-Me3C- 
2-NOz- 
3-NO2- 
4-NO2- 
3,5-(NOz)z- 
2-Ph0- 
2-CF3- 
3-CF3- 
4-CF3- 
2-CFzHO- 
4-CFzHO- 
4-CF30- 
4-CzF50- 
2-C3F7 - 

2-Br- 
3-Br- 
4-Br- 
2-CH3- 
3-CH3- 
4-CH3- 
3,S-Mez - 
2-Me0- 
3-Me0- 
4-Me0- 
2-c1- 
3-Cl- 
4-Cl- 
4-Et- 
2-Et0- 

Dioxane 353 
Dioxane 353 
Phenyl acetate 345.4-360 
Phenyl acetate 333.4-360 
Dioxane 353 
Phenyl acetate 353-371 
Dioxane 353 
Phenyl acetate 353-376 
Dioxane 353 
Dioxane 353 
Phenyl acetate 353-371 
Dioxane 353 
Phenyl acetate 339-353 
Phenyl acetate 353-379 
Phenyl acetate 353-370 
Phenyl acetate 353-368 
Phenyl acetate 330.5-353 
Chlorobenzene 373-393 
Chlorobenzene 410 
Chlorobenzene 373-393 
Chlorobenzene 373-393 
Chlorobenzene 373-393 
Chlorobenzene 383 
Chlorobenzene 373-393 
Chlorobenzene 373-393 

120.1 
123.0 

128.5 

127.2 

130.5 

119.7 
126.4 
126.8 
130.5 
121.3 
116.5 

145.4 
141.2 
129.5 

128.6 
135.5 

ki = 2ekd 

Styrene 343 
Styrene 343 
Styrene 343 
Styrene 343 
Styrene 343 
Styrene 343 
Styrene 343 
Styrene 343 
Styrene 343 
Styrene 343 
Styrene 343 
Styrene 343 
Styrene 343 
Styrene 343 
Styrene 343 

5.75 x 10-5 
1.17 10-4 

2.63 10-5 

3.62 x 10-5 

13.98 1.62 x 
14.79 3.89 x lop4 

14.67 4.53 x 

14.43 4.06 x 
1.70 x lo-’ 
2.03 x lo-’ 

14.99 4.78 x lo-’ 

14.70 9.72 x lop4 
14.27 3.69 x lo-’ 
14.40 4.34 x lo-’ 
14.71 2.51 x lo-’ 
14.66 5.14 x lop4 
12.40 1.45 x 

16.02 3.20 x 
15.73 6.86 x lop6 
14.21 1.12 x lo-’ 

14.0 9.35 x 
14.9 7.08 x 

5.01 x 10-5 

2.30 10-4 

2.79 x 10-4 

8.51 x 10-5 

2.78 x 10-4 

3.80 x 
5.24 x 

6.00 x 
1.09 x lo-’ 
7.76 x lop6 

9.00 x lop6 

2.82 x lo-’ 
3.60 x 
5.40 x 
9.90 x 

1.38 x 10-4 

1.85 10-5 

1.19 x 10-4 

33 
33 
35 
35 
33 
35 
33 
35 
33 
33 
35 
33 
35 
35 
35 
35 
35 
65 
65 
65 
65 
65 
65 
65 
65 

27 
27 
27 
27 
21 
27 
27 
27 
27 
27 
27 
27 
27 
27 
27 

(continued overleaf) 
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TABLE 5.10 (continued) 

T E log A ,  A k d ,  ki (353) 
Substituent (R) Solvent (K) (kJmol-') (s-I) (s- ' ) Reference 

4-Et0- 
2-F- 
3-F- 
4-F- 
2-I- 
3-I- 
4-I- 
4-Me2CH- 
4-MejC- 
4-Me(CH2)70- 
4-MeC(O)O- 
2-MeC(O)O- 
2-NO2- 
3-NO2- 
4-NOz- 
4-Ph- 
2-PhCH20- 
4-CN- 
4-CHz=CH- 
3,4-(Me0)2- 
2,3-(Me0)2- 
2,3,4,5-(C1)4- 

Styrene 
Styrene 
Styrene 
Styrene 
Styrene 
Styrene 
Styrene 
Styrene 
Styrene 
Styrene 
Styrene 
Styrene 
Styrene 
Styrene 
Styrene 
Styrene 
Styrene 
Styrene 
Styrene 
Styrene 
Styrene 
Styrene 

343 
343 
343 
343 
343 
343 
343 
343 
343 
343 
343 
343 
343 
343 
343 
343 
343 
343 
343 
343 
343 
343 

1.86 x lW5 27 
1.01 x 27 
3.60 x loph 27 
5.30 x loph 27 

3.63 x 27 
5.37 x lo-' 27 
1.07 x lop5 27 
1.26 x 27 
1.82 x 27 
6.06 x lo-' 27 

8.01 x 1W7 27 
7.08 x lop7 27 
2.07 x 27 
8.51 x 27 
1.86 x lop5 27 
3.63 x 27 
6.46 x 10-' 27 
8.91 x 27 
4.79 x 10-' 27 
8.51 x loph 27 

1.10 x 10-7 27 

1.00 10-5 27 

TABLE 5.11 The Rate Constants for the Decomposition of Unsymmetrically Substi- 
tuted Dibenzoyl Peroxides R'ChH4C(0)OOC(O)C6H4R2 in Different Solvents 

T E log A, A ki,  k d  (353 K) 
Substituents Solvent (K) (Mmol-') (s-') (s-I) Reference 

R' R2 k d  

2-Me- H- tetrachloride 353 1.10 lop4 66 
Carbon 

4-Me0- H- Dioxane 353 7.59 x lop5 33 
3-Me0- H- Dioxane 353 4.78 10-5 33 
4-CN- H- Dioxdne 353 2.69 x 33 

2-Ph- H- tetrachloride 353 2 . 1 9 ~  lop4 66 

2-PhCH2- H- tetrachloride 353 1.32 10-4 66 

2-PhCH2- H- tetrachloride 353 2.57 x 66 
2-I- H- Iodomethane 298-318 83.7 9.25 7.32 x lop4 67 

Carbon 

Carbon 

Carbon 
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TABLE 5.11 (continued) 

T E log A, A k j ,  kd (353 K) 
Substituents Solvent (K) (Hmol-') (s-') (s-') Reference 

2-1- Acetone 298 
2-1- Acetonitrile 298 
2-1- Benzene 298 

Carbon 
2-1- tetrachloride 298 

Chloroform/ 
2-1- ethanol 298 
2-1- Nitrobenzene 298 

ki = 2ekd 

H- Styrene 343 
H- Styrene 343 
H- Styrene 308-373 118.4 
H- Styrene 308-373 117.6 

3.02 10-4 68 
2.08 1 0 - ~  68 
5.69 x 1 0 - ~  68 

3.39 1 0 - ~  68 

2.82 lop4 68 
6.17 x 68 

1.20 x 10-6 28 
2.29 x 28 

13.24 5.25 x lop5 69 
13.92 3.30 x 69 

5.2 PEROXY ESTERS 

5.2.1 Synthesis and Analysis 

Peroxy esters as diacyl peroxides are widely used as radical initiators in syn- 
thesis, lunetic experiments, and chemical engineering at moderate temperatures 
(360-420 K). The synthetic methods are similar to those for esters with substitu- 
tion of alcohol by hydroperoxide (see Table 5.16).'-5 For the physical properties 
of selected peroxy esters, see Table 5.17 and their trade names, Table 5.18. 

Several different analytical methods of perester estimation are known. The 
most popular is the iodometric te~hnique.~ According to this method, perox- 
ide is reduced by HI and I2 is formed in stoichiometric quantity according to 
the reactions 

RC(0)OOR' + 2HI -+ RC(0)OH + R'OH + 12 

2Na2S203 + I2 -+ 2NaI + Na2S406 

The amount of I2 formed is measured by its reduction with thiosulfate using any 
titrometric or photometric technique. The following procedure was proposed for 
tert-butyl perester estimation."' A sample of perester is dissolved in chloroform 
free dioxygen. A portion of acetic acid solution containing FeC13 is added to this 
solution. Then the reaction occurs in 10 min in the dark. After that, one adds 
water and perform a titrometric estimation of evolved diiodine. 

Polarography is also used for the estimation of per ester^.^ The reduction of 
peroxide occurs according to the electrochemical equation: 

RC(0)OOR' + 2e- + RC(0)O- + R'O- 
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190 DIACYL PEROXIDES AND PEROXY ESTERS 

TABLE 5.16 Synthetic Methods of Production of Peroxy Esters R'C(0)OOR" 

Reaction Reactants Catalyst 

RC(0)Cl + R'OOMgCl 

RC(0)X + R'OOH 

(RC0)20 + R'OOH 

+ RC(0)OOR' + MgCI, 

+ RC(0)OOR' + HX 

+ RC(0)OOR' + RCOOH 

RC(0)OH + R'OOH 
+ RC(0)OOR' + H20 

R - N=C=O + R'OOH 

RCH=C=O + R'OOH 
+ RNHC(O)OOR~ 

--f RCH~C(O)OOR' 

RC(O)CI, R' OOMgCl 

RC(O)X, R'OOH' Pyridine, NaOH or 
other bases 

(RC0)20, R'OOH Mineral acids, 
carbonic acids, 
alkalis 

RC(O)OH, R'OOH Mineral acids 

add. NaZS04, MgS04, B203 

R - N=C=O, R'OOH Pyridine, 
triethylamine 

RCH=C=O, R'OOH 

"See Refs. 1-3 
'X = Halogen. 

TABLE 5.17 Physical Properties of Select Peroxy Estersa 

Peroxide 
BP MP Density 

MW (K) (K) (kgm-') n693 

Acetyl 1, I -dimethylethyl-, 144.17 

Benzoyl 1,l-dimethylethyl-, 194.23 

1,l-Dimethylethyl 172.23 

MeC(O)OOCMe3 

PhC(O)OOCMe3 

2-methylpropanoyl-, 
Me2CHC(0)OOCMe3 

hexanoyl-, 
Me3 (CH2)4C(0)0 OCMe3 

dodecanoyl-, 
Me(CH2) "C(0)O OCMe3 

octadecanoyl-, 
Me(CH2)1&(0)0 OCMe3 

I ,1-Dimethylethyl 200.28 

1,l-Dimethylethyl 284.44 

1 , l  -Dimethylethyl 386.60 

322-324 94 1 .5 1.405 

348-350 1021 1.5007 

300-301 91 3.2 1.409 

903.4 1.4250 

28 1 -282 890.3 1.4398 

311.7 1.4386 
312.3 (313 K) 

'See Ref. 6. 
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TABLE 5.18 Peroxy Ester Trade Names 

Peroxide Trade Name Company 

Acetyl 1, I-dimethylethyl-, 
MeC(O)OOCMe3 

Benzoyl 1 ,l-dimethylethyl-, 
PhC(O)OOCMe3 

Diperoxide, bis( 1,l-dimethylethyl) 
1,3-benzenedicarbonyl-, 

Diperoxide, 
butyl 4,4-bis( 1,l -dimethylethyl- 
dioxy)pentanoyl , 
(MesC00)2MeCCH2CH2C(0)OOBu 

Diperoxide, dibenzoyl 
1,1,4,4-tetramethyItetramethylene-, 
PhC(0)OOCMe2(CH2)2CMe200C(O)Ph 

I ,  1 -Dimethylethyl allyloxycarbonyl-, 
CH2=CHCHOC(0)OOCMe3 

1, I-Dimethylethyl diethylacetyl-, 
Et2CHC(0)OOCMe3 

1,l-Dimethylethyl 2-ethylhexanoyl-, 
Me(CH2)3CHEtC(0)OOCMe3 

1,l-Dimethylethyl 
2-ethylhexyloxycarbonyl-, 
Me(CH& CHEtCH20C(0)OOCMe3 

2,2-dimethylpropanoyI-, 
1,1 -Dimethylethyl 

Me3 CC(O)OOCMe3 

Luperox 7M.50 
Perbutyl A 
Trigonox F 
Luperox P 
Peroximon P 
Perbutyl Z 
Trigonox C 
Interox TBPB 
Perbutyl IF 

Perhexa V 
Trigonox 17 

Luperox 11 8 

Peroxymon I 18 
Iterox 

Peromer AC 
DHPBZ-7.5-W 

Trigonox 21 

Luperox 26 
Peroximon 26 
Perbutyl 0 
Trigonox 21 
Interox TBPEH 
Luperox TBEC 

Luperox 11 M7.5 

Perbut PO 
Trigonox 25 
Interox TBPPI 

1,l-Dimethylbutyl 3,3-dimethylbutanoyl-, Perhexyl NH 
Me3CCH2C(0)OOCMezPr 

Elf atochem 
Nippon Oil & Fats Co 
Akzo 
Elf atochem 
Elf atochem 
Nippon Oil & Fats Co 
Akzo 
Interox 
Nippon Oil & Fats Co 

Nippon Oil & Fats Co 
Akzo 

Elf atochem 

Elf atochem 
Interox 

Nippon Oil & Fats Co 

Akzo 

Elf atochem 
Elf atochem 
Nippon Oil & Fats Co 
Akzo 
Interox 
Elf atochem 

Elf atochem 

Nippon Oil & Fats Co 
Akzo 
Interox 
Nippon Oil & Fats Co 

(continued overleaf) 
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TABLE 5.18 (continued) 

Peroxide Trade Name Company 
~ 

1,l-Dimethylbutyl Perhexyl PV 
3,3-dimethylpropanoyl-, 
EtMe2CCH2C(0)OOCMe2Pr 

Me3CCH2C(0)OOCMe3 
1,l-Dimethylethyl 3,3-dimethylbutanoyl-, Perbut NH 

1,l-Dimethylethyl 2,2-dimethyloctanoyl-, Luperox 10 
Me(CH2)SCMezC(O)OOCMe3 Perbut ND 

Interox 
TBPND-75-AL 

1,l-Dimethylethyl dodecanoyl-, Perbutyl L 

1,l-Dimethylethyldioxy maleic acid, Perbut MA 
Me3COOC(0)CH=CHC(O)OH Interox 

1,l-Dimethylethyl Luperox TBICM 

Me2CHOC(O)OOCMe3 Perbut I 

1,l -Dimethylethyl 2-methylpropanoyl-, Luperox 80M75 
Me2CHC(O)OOCMe3 Perbutyl IB 

Trigonox 4 1 -C75 
1 , I  -Dimethylpropyl Luperox 554M7.5 

Me(CH2) loC(0)OOCMe3 

TBPM-50-P 

1 -methylethyloxycarbonyl-, 75 

Trigonox BPIC 

2,2-dimethylpropanoyl-, 
Me3CC(0)OOCEtMe2 

Me( CH2) CHEtCH2C (0)OOCEtMez 

2-ethylhexyloxycarbonyl-, 
Me( CH2) CHEtCH20C (0) OOCEtMe2 

2,2-dimethyloctanoyl-, 
EtCMezOOC(0)CMeZ (CH&Me 

3,5,5-trimethylhexanoyl-, 
Me3CCH2CHMeCH2C(0)OOCMe3 Peroximon 270 

I ,  1 -Dimethylpropyl 3-ethylhexanoyl-, 

I ,  1 -Dimethylpropyl Luperox TAEC 

Luperox 575 

1,LDimethylpropyl Luperox 540 M75 

I ,1-Dimethylethyl Luperox 210 

Perbut 355 
Trigonox 42 
Interox TBPIN 

l,l-Dimethyl-3-hydroxybutyl Luperox 61 OMD 
7,7-dimethyloctanoyl-, 
MelC(CH2)sC(0)OOCMe2CH2C(OH)Me 

3,3-dimethylbutanoyl-, 
Me3CCH2C(0)OOCMe2Ph 

7,7-dimethyloctanoyl-, 

1 -Methyl- 1 -phenylethyl Percumyl NH 

I -Methyl- 1-phenylethyl Luperox 188 M70 

Nippon Oil & Fats Co 

Nippon Oil & Fats Co 

Elf atochem 
Nippon Oil & Fats Co 
Interox 

Nippon Oil & Fats Co 

Nippon Oil & Fats Co 
Interox 

Elf atochem 

Nippon Oil & Fats Co 
Akzo 
Elf atochem 
Nippon Oil & Fats Co 
Akzo 
Elf atochem 

Elf atochem 

Elf atochem 

Elf atochem 

Elf atochem 

Elf atochem 
Nippon Oil & Fats Co 
Akzo 
Interox 
Elf atochem 

Nippon Oil & Fats Co 

Elf atochem 
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TABLE 5.18 (continued) 

Peroxide Trade Name Company 
~~~ 

Me3 C (CH2)s C( 0) OOCMe2Ph Percumyl ND 
Interox Interox 

Percumyl 0 

Nippon Oil & Fats Co 

CUPND-75-AL 
1-Methyl- 1 -phenylethyl octanoyl-, Nippon Oil & Fats Co 

Me(CH&C(O)OOCMe2Ph 

The individual polarographic characteristic of an analyzed compound is the 
potential Ell2 at which the current strength is equal to 50% of its maximum. 
The mixed-solvent benzene/methanol or benzene/ethanol is used. The amount 
of reduced perester is proportional to the maximum strength of the electric cur- 
rent at perester concentration in solution t0.01 mom.  The values of E1/2 for 
some peresters [RC(O)OOCMe3] in a benzene/ethanol solution (1 : 1 V / V )  at 
[LiCl] = 0.3 molL-' are the f~ l lowing:~  

~~ 

R CH2=CH MeCH=CH Me(CH& Ph 2-MeCsH4 4-MeCsH4 

Ell2 (V) -1.02 -0.97 -1.08 -0.89 -0.97 -0.96 

Chromatography and MS are used for identification and analysis of per ester^.^ 
NMR spectroscopy as well as UV and IR spectroscopy are used for perester 
identification. The valence frequencies of perester bonds (u, cm-') have the 
following values according to IR ~pec t ra :~  

Bond Me(CH2),C(O)OCMe3, CCl4 PhC(O)OOCMe3, CC14 

c=o 
C(0)-0 
c-0 

1778 
1136 
1190 

1758 
1237 
1190 

5.2.2 Thermochemistry of Peroxy Esters 

The enthalpies of formation of diacyl peroxides are collected in Table 5.7. The 
value of the increment of formation enthalpy of an acyl peroxide group is 
AH[(O)-O-C(O)] = -90.6 Hmol-' (gas phase), AH[(O)-0-C(O)(C)] = 
-206.0.1 kJmol-' (liquid phase), and AH[(O)-0-C(O)(C)] = -237.6 kJ 
mol-' (solid phase).20 The value of the increment of formation enthalpy 
for the alkyl peroxide group AH[(O)=O=C)] = -19.2 kJmol-' (gas phase), 
AH[(O)-0-C] = -28.14 kJmol-' (liquid phase), and AH[(O)-0-(C)] = 
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-34.91 kJ mol-' (solid phase).20 The 0-0 bond dissociation energies in peroxy 
esters RC(O)OOCMe3 are equal. 

R Me Et BU CYCZO-CBH~ 10 Ph 

D ( 0 - 0 )  (Hmol-') 149.5 149.5 149.5 150.0 141.4 

The values for the formation enthalpies of peroxy esters are collected in 
Table 5.19. 

5.2.3 Decomposition of Peroxy Esters 

Three different mechanisms of peroxy esters homolytic decay are known (see 
Chapter 1). 

1 .  Peresters decompose by splitting of the weakest 0-0 bond with formation 
of alkoxyl and acyloxyl radicals. As long as the forming acyloxyl radical 
is unstable, there occurs a cascade of cage reactions with formation of 
different cage recombination products. 

Me3C(O)OOR + [Me3CO; + RO'] 

[Me3C02' + RO'] -+ Me3C(O)OOR 

[Me3C02' + RO'] -+ Me3C02' + RO' 

[CH3C02' + RO'] -+ [C'H3 + RO'] + CO;! 

[C'H3 + RO'] -+ C'H3 + RO' 

[C'H3 + RO'] -+ CH30R 

2. Many peresters are decomposed by the concerted fragmentation mechanism 
with simultaneous splitting of 0-0 and C-C(0) bonds. This concerted 
fragmentation mechanism predominates for peresters with sufficiently weak 
C-C(0) bond. For these peresters, the activation energy of decomposition 
is lower and the rate constant of decomposition is sufficiently higher than 
for peresters that decompose with the 0-0 bond splitting. For detailed 
information about this perester decomposition mechanism, see Chapter I .  

PhCH2C(O)OOR -+ [PhC'H2 + CO;! + RO'] 

[PhC'HZ + C02 + RO'] -+ PhCH2OR + C02 

[PhC'HZ + C02 + RO'] -+ PhC'H2 + C02 + RO' 

3. Some ortho-substituted benzoyl peresters are decomposed by a decomposi- 
tion mechanism with anchimeric assistance (see Chapter 1). This perester 
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TABLE 5.19 The Enthalpies (AH,!) of Peroxy Ester Formation in Gas and 
Condensed Phases 

Peroxide Phase 

1,l-Dimethylethyl decanoyl-, Liquid 

1,l-Dimethylethyl dodecanoyl-, Liquid 

1,l -Dimethylethyl tetradecanoyl-, Liquid 

1,l-Dimethylethyl Gas 

Me(CH2) 8 C (0) OOCMe3 

Me(CH2) loC(0)OOCMe3 

Me(CH2) 12C(0)OOCMe3 

2,2-dimethylpropanoyl-, 
Me3CC(0)OOCMe3 

2,2-dimethylbutanoyl-, 
EtCMezC(O)OOCMe3 

MeOCH2C(0)OOCMe3 

methylmethoxy acety 1-, 
MeOCH(CH3)C(O)OOCMe3 

EtOCH2C(0)OOCMe3 

(1 -methylethoxy)acetyl-, 
Me2CHOCH2C(0)OOCMe3 

PhCH2 OCH2C( O)OOCMe3 

MeCH=CHC(0)OOCMe3 

3-methoxycarbonyl-2-propenoyl-, 
MeOC(0)CH=CHC(O)OOCMe3 

1,1 -dimethylethyl-, 
CH2=CHCH20C(0)CH2CH2C(O)OOCMe3 

l,l-dimethylethyl-, 
CH2=CHCH20C(0)CH=CHC(O)OOCMe3 

MeCH=CHCH2C(O)OOCMe3 

PhCH=CHCH2C(0)OOCMe3 

MeC=CCH2C(O)OOCMe3 

1,l-Dimethylethyl Gas 

1,l -Dimethylethyl methoxyacetyl-, Gas 

I ,  1 -Dimethylethyl Gas 

1 , I  -Dimethylethyl ethoxyacetyl-, Gas 

1,l -Dimethylethyl Gas 

Benzyloxyacetyl 1 , 1  -dimethylethyl-, Gas 

2-Butenoyl 1,l-dimethylethyl-, Liquid 

1,l-Dimethylethyl Liquid 

3-Allyloxycarbonylpropanoyl Liquid 

3-Allyloxycarbony l-2-propenoyl Liquid 

1,l-Dimethylethyl 3-pentenoyl-, Gas 

1,l -Dimethylethyl 4-phenyl-3-butenoyl-, Gas 

1,l-Dimethylethyl 3-pentynoyl-, Gas 

- A H /  
(H mo1-I) Reference 

668,3 

738.5 

795.8 

516.2 

553.1 

562.4 

605.0 

598.0 

633.9 

455.8 

417.0 

746.8 

818.0 

673.2 

382.0 

253.0 

222.7 

113 

113 

113 

114 

114 

114 

114 

114 

114 

114 

115 

115 

115 

115 

114 

114 

114 
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TABLE 5.19 (continued) 

Peroxide 
-AH! 

Phase (Id mol-') Reference 

1,l-Dimethylethyl Gas 252.3 114 
2-methyl-3-pentynoyl-, 
MeC=CCH(Me)C(O)OOCMe3 

PhC=CCH2C(0)OOCMe3 

2-methyl-4-phenyl-3-butynoyl-, 
PhC=CCH(Me)C(O)OOCMe3 

PhC(O)OOCMe3 Liquid 368.2 

PhCH2C(0)OOCMe3 

1,l-Dimethylethyl 4-phenyl-3-butynoyl-, Gas 81.8 114 

1,l -Dimethylethyl Gas 11 1.3 114 

Benzoyl I ,  1-dimethylethyl-, Gas 300.0 116 

I ,  1 -Dimethylethyl phenylacetyl-, Gas 320.4 114 

Benzoyl 1 -methyl-] -phenylethyl-, Liquid 23 1 117 
PhC(O)OOC(CH3)2Ph 

decomposition proceeds by splitting of the 0-0 bond with simultane- 
ous addition of formed oxyl-radical to an atom of ortho substituent with 
formation of an intermediate radical, for example, 

Ph Ph 
I I 

q o - o Y  - q / + A  
0 

0 

The rate constants of anchimerically assisted decomposition of peresters 
are higher than that of 0-0 bond splitting. 

For data on the cage effect of perester decomposition, see Chapter 2. The yield 
of cage reactions products increases with increasing viscosity of the solvent. 
The values of the rate constants of perester decomposition (kd) and initiation 
( k ,  = 2ekd) are collected in Tables 5.20 and 5.21. 
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TABLE 5.21 The Probability e of a Radical Pair Going Out of the Cage in Perester 
Decomposition in Different Solvents 

Peroxide Solvent T (K) e Reference 

Acetyl I ,  1 -dimethylethyl-, 
Me;COOC(O)Me 

Acetgl I ,  1-dimethylethyl-, 
Me-,COOC(O)Me 

I ,  1 -Dimethylethyl pentanoyl-, 
Me3COOC(0) (CH2)3Me 

1 , 1 -Dimethylethyl hexanoyl-, 
Me3 COOC(0) (CH2)dMe 

I ,  1-Dimethylethyl hexanoyl-, 
Me3 COOC (0) (CH&,Me 

1, I -Dimethylethyl 2-methylpropanoyl-, 
MelCOOC(0)CHMe2 

I ,  1-Dimethyl 2,2-dimethyIpropanoyl-, 
MelCOOC(0)CMe3 

2-Chlorobenzoyl 1, I-dimethylethyl-, 

3-Chlorobenzoyl 1 ,I-dimethylethyl-, 

0 

4-Chlorobenzoyl I, 1 -dimethylethyl-, 

R 

2,4-Dichlorobenzoyl 1,l -dimethylethyl-, 

Ethyl benzene 

Undecane 

Ethylbenzene 

Ethylbenzene 

Undecane 

Ethylbenzene 

Ethylbenzene 

Undecane 

Undecane 

Undecane 

Undecane 

368 

383 

368 

368 

383 

368 

368 

383 

383 

383 

383 

0.90 

0.49 

0.90 

0.90 

0.66 

0.70 

0.20 

0.94 

0.67 

0.57 

0.98 

71 

96 

71 

71 

138 

71 

71 

139 

138 

138 

138 

0 
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TABLE 5.21 (continued) 

227 

Peroxide Solvent T (K) 

1 ,  I-Dimethylethyl 4-nitrobenzoyl-, Undecane 

0 

1,1 -Dimethylethyl 2-methylbenzoyl-, Undecane 

qo\ 0 i< 
0 

1,l -Dimethylethyl 4-methylbenzoyl-, Undecane 

0 

1,l-Dimethylethyl 2-phenylthiobenzoyl-, Acetone 

1,l -Dimethylethyl 2-phenylthiobenzoyl-, Acetonitrile 

0 

1, LDimethylethyl 2-phenylthiobenzoyl-, tert-Butanol 

1,l-Dimethylethyl 2-phenylthiobenzoyl-, Cyclohexane 

3x3 

3x3 

3x3 

298 

298 

298 

298 

e Reference 

0.95 

0.73 

0.61 

0.15 

0.33 

0.15 

0.17 

138 

138 

138 

139 

139 

139 

139 

(continued overleaf) 
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TABLE 5.21 (continued) 

Peroxide Solvent T (K) e Reference 

1,1 -Dimethylethyl 2-phenylthiobenzoyl-, 

0 

1,1 -Dimethylethyl 2-phenylthiobenzoyl-, 

0 

I ,  I -Dimethylethyl 2-phenylthiobenzoyl-, 

0 

Ethanol 298 

Isopropanol 298 

Undecane 

0.26 139 

0.20 139 

298 0.17 139 

TABLE 5.22 The Enthalpies (AH!) of Polyperoxides Formation in Gas and 
Condensed Phases 

Polyperoxide 
-AH! 

Phase (kJ mol-') Reference 

Diperoxide, bis( 1,l -dimethylethyl) Gas 
1,3-benzenedicarbonyl, 

qo\ O .G- 
0 

1,4-benzenedicarbonyl, 
Diperoxide, bis( 1,l -dimethylethyl) 

Solid 

Solid 

649.6 1 I3 

783.0 

784.0 113 

A o - o m o - x  / \  
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TABLE 5.22 (continued) 

Polyperoxide 
-AH; 

Phase (kJ mol-') Reference 

Triperoxide, tris( 1,1 -dimethylethyl) Solid 1169.0 113 
1,2,4-benzenetricarbonyl, 

Tetraperoxide, tetra( 1,1 -dimethylethyl) 
1,2,4,S-benzenetetracarbonyl, 

Solid 

Solid 
+do 

Tetraperoxide, tetra( 1,1 -dimethylpropyl) 
1,2,4,5benzenetetracarbonyl, 

/ 

+ o - : p  -05 
0 

+do 
Diperoxide, bis( 1,l-dimethylethyl) 

2,4-hexadienedioyl, 
Me3COOC(0)CH=CHCH- 
=CHC( O)OOCMe3 

Solid 

1.532.0 

1761.9 

778.0 

147 

147 

148 

(continued overleuj) 
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TABLE 5.22 (continued) 

Polyperoxide 
-AH; 

Phase (kJ mol-') Reference 

Diperoxide, diacetyl hexanedioyl, 

Diperoxide, decanedioyl diacetyl, 

Diperoxide, decanedioyl dipropanoyl, 

Diperoxide, dihexanoyl hexanedioyl, 

MeC(O)OOC(O)(CH~)~C(O)OOC(O)Me 

MeC(O)OOC(O)(CH~)&(O)OOC(O)Me 

EtC(O)OOC(O)(CH~)~C(O~OOC(O)Et 

Me(CH2)4C(o)ooc(o) (CH2)4- 
C(O)OOC(O)(CH2)4Me 

Diperoxide, butanedioyl didecanoyl, 
Me(CH2)&(O)OOC(O)CH2- 
CH2C(O)OOC(O)(CH2)8Me 

Diperoxide, didecanoyl pentanedioyl, 
Me(CH2)XC(O) (CH2)3C(O)- 
OOC (0) ( CH2) xMe 

Diperoxide, didecanoyl hexanedioyl, 
Me(cH2),c(o)ooc(o)(CH2)4- 

Me(CH2),c(o)ooc(O) (CHzh- 

C(0)OOC(O)(CH2)8Me 
Diperoxide, decanedioyl didecanoyl, 

C(O)OOC(O)(CH2)8Me 

I, 1,4,4-tetramethyltetramethylene, 
Me3COOCMe2(CH&CMe2OOCMe3 

cy clopentylidene, 

Diperoxide, bis( 1 , I  -dimethylethyl) 

Diperoxide, bis( 1,l-dimethylethyl) 

Diperoxide, bis( I, 1-dimethylethyl) 
1,3-dimethyl- I-butylidene, 
[Me3COO]2C(Me)CH2CHMe2 

Diperoxide, bis( 1.1 -dimethylethyl) 
1 -methyl- 1 -propylidene, 
[Me3C00l2C(Me)Et 

Solid 

Solid 

Solid 

Solid 

Solid 

Solid 

Solid 

Solid 

Gas 
Liquid 

Gas 

Liquid 

Gas 

Liquid 
Gas 

Liquid 

1174.0 149 

1288.5 149 

1344.0 149 

1403.9 149 

1574.7 149 

1590.2 149 

1641.9 149 

1748.7 

656.3 

49 

50 
725.2 151 

482.2 152 

549.9 

706.6 152 

771.2 
553.6 152 

612.0 
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TABLE 5.25 Physical Properties of Selected Organometallic Peroxides" 

Peroxide 
mp Density 

MW (K) (kgmP3) n;93 

I, I-Diphenylethyl trimethylsilyl-, 

Trimethylsilyl triphenylmethyl-, Me3SiOOCPh3 
Trimethylsilyl triphenylsilyl-, Me3 SiOOSiPh3 
Butoxydi( 1,l -dimethylethyldioxy)borane, 

Me(CH2)30B(OOCMe3)2 
Dibutoxy( 1,l -dimethylethyldioxy)borane, 

[Me(CH2)30]2BOOCMe3 
Dibutoxy( 1 -methyl- 1 -phenylethyldioxy)borane, 

[Me(CH2)30]2BOOCMe2Ph 
(1,l -Dimethylethyloxy)diethylphosphate, 

(Et0)2P(O)OOCMe3 
(1,1 -Dimethylethyloxy)diethylphosphonate, 

(EtO)EtP(0)OOCMe3 
(I ,  1-Dimethylethy1dioxy)- 

phenylethy lphosphonate, 
(EtO)PhP(0)OOCMe3 

Me3 SiOOCPhzMe 
286.139 1.5330 

348.155 334-335 
364.131 339-340 
26 1.198 928 1.416 

245.203 877 1.4101 

307.219 975 1.4707 

226.097 1045 1.4195 

210.102 1001 1.4288 

258.102 1052 1.4852 

aSee Refs. 189-192. 

TABLE 5.26 The Enthalpies (AH,") of Organometallic Peroxide Formation in the 
Gas and Condensed Phase 

Peroxide 
-AH;. 

Phase (kJ mol-') Reference 

1,l -Dimethylethyl trimethylsilyl-, 
Me3COOSiMe3 

1,l -Dimethylethyl trimethylsilyl-, 
Me3COOSiMe3 

I, 1 -Dimethylethyl trimethylsilyl-, 
Me3COOSiMe3 

Bis( 1,l -dimethylethyldioxy)methyl- 
trimethylsilyl-, [Me3C00]2CHOOSiMe3 

1,l -Diethylpropyl triethylgermyl-, 
Et3COOGeEt3 

Bis(triethylgermy1)-, 
Et3GeOOGeEt3 

1,l -Dimethylethyl triethylgermyl-, 
Me3COOGeEt3 

1,1 -Dimethylethyl triethylstannyl-, 
Me3COOSnEt3 

I-Methyl- I-phenylethyl triethylstannyl-, 
PhMezCOOSnEt, 

Liquid 

Gas 
Liquid 
Gas 

Gas 
Liquid 
Liquid 

Liquid 

Gas 

Liquid 

Liquid 

484 

477.5 
5 14.1 
483.6 

752.4 
809.5 
460.7 

575.0 

460.2 

371.2 

229.0 

193 

194 

5 

194 

193 

193 

5 

193 

193 
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5.3 DECOMPOSITION OF POLYATOMIC PEROXIDES 

Polyatomic peroxides contain two or more peroxide groups with different reac- 
tivities. They are used for radical initiation at different temperatures. This method 
is used to synthesize graft-polymers. Synthetic methods of polyperoxide produc- 
tion are the same as for the synthesis of monoatomic peroxides (see Chapters 4 
and 5) .  Enthalpies of polyperoxide formation are collected in Table 5.22. For 
rate constants for the decomposition of peroxide groups in polyperoxides see 
Table 5.23. 

5.4 ORGANOMETALLIC PEROXIDES 

Methods of synthesis for organometallic peroxides depend on the nature of the 
metal. They are different for boron-, phosphorous-, and silicon-containing perox- 
ides (see Table 5.24). Physical properties of selected peroxides are collected in 
Table 5.25. For formation enthalpies of organometallic peroxides see Table 5.26. 
Rate constants of decomposition of organometallic peroxides are collected in 
Table 5.27 and haloid-containing peroxides are in Table 5.28. 
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ORGANIC POLYOXIDES 

6.1 DIALKYL TRIOXIDES 

Dialkyl trioxides are formed as intermediates by the low-temperature oxidation 
of organic compounds with They are also formed as intermediates in 
the liquid-phase oxidation of hydrocarbons with tertiary C-H bond as the result 
of the recombination of tertiary peroxyl  radical^.^ 

R02' + R02' + ROOOOR 

ROOOOR -+ 2RO' + 0 2  

RO' + R02' -+ ROOOR 

Their formation was observed at temperatures from 190 to 240 K.4 

6.1.1 Synthesis 

Dialkyl trioxides are thermally unstable and can be obtained at temperatures as 
low as 190-240 K. The following synthetic methods are known. 

1. Decomposition of hydroperoxides, ROOH, in reactions with heavy metals 
ions or iodozylbenzene proceed according to the following  reaction^:^,^ 

ROOH + Fe2+ -+ RO' + HO' + Fe3+ 

RO' + ROOH -+ ROH + RO2' 

HO' + ROOH -+ HzO + R02' 

RO' + RO2' + ROOOR 
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2. Reaction of ROOH or ROONa (ROOK) with ozone in CH2C12 or CFC13 
at low temperat~re:~.~- '  

Me3COOX + 0 3  -+ XO3' + Me3COO' 

Me3COO' + 0 3  -+ Me3CO' + 202 

Me3COO' + Me3CO' -+ Me3COOOCMe3 

3. Photolysis of hydroperoxides and azo compounds at low te rnpera t~re .~ , '~- '~  
4. Reaction of ROOH with lead tetraacetate (CH2C12, 200 K).5 

6.1.2 Thermochemistry of Trioxides 

Dissociation energy of the 0-0 bond in dialkyl trioxides was calculated by 
quantum chemical methods MNDO and AM1.I6 The results of these calcula- 
tions are presented in Table 6.1. Enthalpies of trioxides formation are presented 
in Table 6.2. Increments of AHO-(0)2 = 46.4 f 4.2 kJ mol-' for the additive 
scheme of A H  ~alcula t ions . '~~ '~  Bond dissociation energy D(R' -000R2) = 
266 kJ mol-' is the same for different alkyl substituents R' and R2, D(R'-03) = 
230 kJ mol-' . I 6  

6.1.3 Decay of Trioxides 

For the rate constants and activation energies of decay for different ROOOR see 
Table 6.3. The yield of free radicals (e) at alkyl trioxide decomposition depends 
on the solvent and temperature and is close to unity (Table 6.4). Products of 
ROOOR decomposition depend on the solvent. The decay of ROOOR in non- 
hydrogen solvents (CClQ, CFC13, etc.) leads to the formation of 0 2  and ROOR 

TABLE 6.1 Dissociation Energies for the 0-0 Bond in Trioxides (R'O-00R2) 
Calculated by the MNDO and AM1 Quantum Chemical Methods" 

D ( 0 - 0 )  D ( 0 - 0 )  
Substituent (kJ mol-') Substituent (kT mol-' ) 

R' R* MNDO AM1 R' R* MMDO AM1 

H 
H 
H 
H 
Me 
Me 
Me 
Me 

H 
Me 
Et 

M e K  
H 

Me 
Et 

Me3C 

104.6 105.4 
111.3 106.3 
109.2 101.7 
104.2 93.7 
86.6 78.7 
92.9 79.5 
91.2 75.3 
85.8 66.9 

H 
Me 
Et 

Me3C 
H 

Me 
Et 

M e K  

90.8 
96.2 
95.0 
89.5 
80.7 
87.0 
84.9 
77.0 

87.9 
88.7 
84.1 
75.7 
92.5 
92.9 
88.3 
79.9 

aSee Ref. 16. 
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TABLE 6.2 The Enthalpies A H o  of Polyoxide R'O,RZ Formation (x = 3, 4)" 

Substituent - A H o  (kJmol-') 

R' R* R'OOOR' R' OOOOR~ 

H 
Me 
Et 
Me3C 
Me 
Et 
Me3C 
Et 
Me3C 
Me3C 

H 
H 
H 
H 

Me 
Me 
Me 
Et 
Et 

M e K  

51.0 
50.6 
87.0 

166.1 
50.2 
86.6 

164.4 
123.0 
200.8 
279.5 

-0.4 
2.9 

37.7 
121.3 

5.9 
39.7 

123.8 
73.6 

157.7 
241.8 

aSee Ref. 17. 

TABLE 6.3 The Rate Constants and Activation Energies for the Decay of Dialkyl 
Trioxides ROOOR' 

k (273 K) E log A ,  A 
R- Solvent (s-') (kJ mol-') (s-') Method 

Me3C- CH2C12 7.1 10-3 
Me3C- CFC13 3.2 10-3 
Me3C- cc14 6.0 10-4 
Me3 C - PhOPh 1.9 10-3 
Me3 C - PhCl 3.0 10-3 
Me3 C - MeCN 5.2 x 10-3 
Me&- MeN02 9.7 10-3 

PhMe2C- CH2C12 7.9 10-3 
Adamantyl- CH2C12 3.9 x 10-2 

Me3C- CF3COOH 9.5 x lo-* 
MezEtC- CHzCl2 6.8 x 

87.0 14.5 CL 
90.4 14.8 AFR 

CL 
CL 
CL 
CL 
CL 
CL 

80.3 13.2 CL 
92.0 15.5 CL 
75.3 13.0 CL 

"See Refs. 5, 16, 19-22. 

TABLE 6.4 The Yield of Free Radicals (e) in 
Me3COOOCMe3 Decomposition' 

Solvent T (K) e 

CFC13 265.5 0.94 
CH2C12 252 1.02 
CH2C12 262.5 0.86 
CHzC12 273 0.84 
CH2C12 278.5 0.86 

aSee Ref. 16 
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as the products of the reaction of RO' and R02' radicals. The decay of ROOOR 
in hydrogen-containing solvents is accompanied by the formation of ROH, 0 2 ,  

singlet 0 2 ,  and products of oxidation of the solvent. The induced decomposi- 
tion of trioxides is observed at sufficiently high (5  x molL-' and higher) 
concentrations of t r i ~ x i d e . ~ ~  

6.2 HYDROTRIOXIDES 

6.2.1 Synthesis 

Hydrotrioxides were supposed to be intermediates in the ozonolysis of 
aldehydes,23 ethers,24 alcohols,2s silanes,26 and other c o m p ~ u n d s . ~ ~ - ' ~  This 
hypothesis was seen by Murray and colleagues in the NMR study of 
benzaldehyde and 2-methyltetrahydrofuran ozonolysis.3'%32 Hydrotrioxides of 
different compounds were synthesized by the ozonolysis of 
a ~ e t a l s , ~ ' - ~ ~  a l ~ o h o l s , ' ~ , " ~ ~ " ~ ~ ~  ketones :3  hydrocarbon^,^^-^^ and silanes.477-s0 
Hydrotrioxides are synthesized by bubbling of a 0 3 - 0 2  or 0 3 - N ~  mixture 
through a liquid reactant or its solution at low temperature (200-250 K). The 
amount of formed ROOOH is analyzed by NMR spectroscopy. Ozone reacts with 
the hydrotrioxide formed. As a result, the higher its concentration, the higher the 
yield of ROOOH. For example, the yield extrapolated to t = 0 is equal to 0.45 
(2-methoxypropane, 195 K,33 0.51 (1,I-diethoxyethane, 195 K,3y 0.90 (propyl 
alcohol, 183 K).42 

6.2.2 Structure and Spectrum of Hydrotrioxides 

Hydrotrioxides are unstable at room temperatures. The structure of ROOOH was 
studied by quantum chemical semiempirical and nonempirical  method^.^"^'-^^ 
The results of quantum chemical calculations are given in Tables 6.5 and 6.6. 

TABLE 6.5 Results for the Quantum Chemical Estimation of the Structural Param- 
eters of HOOOH: Interatomic Distances ( r ) ,  Valence (0) and Torsion (9) Angles, and 
General Energy ( Etotal) 

r(H0) x 10'" r (O0)  x 10" B(HO0) O(OO0) cp E,,,,I 
Basis (m) (m) (") (") (") (hartree) Reference 

RHFISTO-3G 

RHF16-3 I G 

RHFI6-3 1 G** 
MP214-3 1 G 
MP216-3 I G* 
MP216-3 I + +G* 
MP216-3 1G** 

RHFl4-3 IG 

RHFl6-3 I G* 

I .002 
0.959 
0.958 
0.953 
0.949 
0.992 
0.980 
0.982 
0.972 

1.392 102.5 105.9 84.2 -222.58049 
1.437 103.6 106.0 83.5 -225.21862 
1.432 104.1 106.5 83.9 -225.44304 
1.373 103.2 107.2 80.1 -225.53362 
1.373 103.5 107.4 80.8 -225.54584 
1.539 99.6 104.4 78.3 -225.62077 
1.442 100.3 106.1 78.5 -226.09075 
1.445 100.8 106.4 79.6 -226.10273 
1.441 100.2 106.2 78.7 -226.11275 

59 
59 
49 
59 
61 
59 
59 
62 
61 
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TABLE 6.6 Results for the Quantum Chemical Estimation of the Structural Param- 
eters of ROOOH: Interatomic Distances ( r ) ,  Valence (0) and Torsion (cp)  Angles and 
General Energy (Etotal)a 

MeOOH 
ROOOH SiH300H 
Basis RHF/STO-3G RHF/4-31G RHF/6-31G RHF/6-3 lG 

1.438 
1.436 
1.440 
0.958 

103.4 
106.1 
107.7 
179.0 
85.8 
82.4 

-264.18963 - 

1.439 
1.430 
1.433 
0.957 

103.9 
106.5 
108.1 
179.0 
86.0 
82.6 

-264.45417 - 

1.77 1 
1.44 1 
1.429 
0.958 

103.9 
106.2 
109.6 
180.2 
84.1 
79.3 

-5 15.49701 

"See Ref. 63. 

The UV spectrum of HOOOH is close to that of Hz02. Maximum absorption 
is observed at h = 240 nm, the molar absorption coefficient E = 100 Lmol-' 
cm-' . I 6  Since ROOOH contains the hydrogen atom, its NMR spectrum exhibits 
proton absorption of the hydrotrioxide group with a chemical shift of 13 m.d. 
relative to the signal of tetramethyl silane 

The NMR spectrum for the hydrotrioxides of alcohols has two peaks of proton 
absorption.16 This is the result of two different cyclic conformations due to the 
formation of the intramolecular hydrogen bond: one conformation is the result 
of hydrogen-bond formation between the hydroxyl group and the oxygen of the 
peroxide group [C-0-H . . . O(H)-0-01, and the other is the hydrogen bond 
of the type [0-0-0-H . . . O(H)-C]. The rate constant of the transition from 
one conformation to another for the hydrotrioxide MezC(0H)OOOH was esti- 
mated as k = 1.07 x lo3 exp(-645/7') = 78 s-' (250 K, solvent EtOHEtOEt = 
1 : 3.7 V /  V).16 Along with the intramolecular hydrogen bond, hydrotrioxides 
form intermolecular associates via hydrogen bonding. The energy of hydrogen 
bonding depends on the associate configuration and varies for MeOOOH from 
20 to 38 kJmol-' (quantum chemical calculation).16 The most stable dimer has 
an atomic cycle of eight. 

-36,38-50 

6.2.3 Thermochemistry 

Dissociation energies of 0-H and 0-0 bonds in alkyl hydrotrioxides 
virtually do not depend on the alkyl substituent. These BDEs are collected 
in Table 6.7. Enthalpies of hydrotrioxides formation were calculated on the 
basis of the data in  Table 6.7. The enthalpies of formation were calculated 
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TABLE 6.7 The Bond Dissociation Energies of Hydrotrioxides Calculated by Quan- 
tum Chemical Methods 

D D 
Bond (kJ mol-') Reference Bond (kJ mol-') Reference 

R000-H 334.1 f 3.3 16 HOO-0Me 82.6 f 4.0 66 
R000-H 338.9 f 4.2 63 HOO-OEt 89.3 f 1.8 66 
H000-H 345.6 f 5.0 64 HOO-OCMe3 86 .6 f5 .8  66 
HOO-OH 105.0 f 2.0 65 R000-R  266.1 f 5.0 66 
MeOO-OH 108.8 f 2.5 65 '000-H 296.2 66 
EtOO-OH 105.4 f 3.8 65 '000-R 230.1 f 3.3 66 
Me3COO-OH 9 8 . 9 f 5 . 2  65 

to be the following: -51 .O kJ mol-' (HOOOH), -50.6 kJ mol-' (MeOOOH), 
-87.0 kJ mol-' (EtOOOH), and - 166.1 kJ mol-' (Me3COOOH).I6 

Hydrotrioxide, HOOOH, exists in two forms: anti and sin. The anti config- 
uration is more stable, the difference in enthalpies according to the quantum 
chemical calculation varies from 14.5 to 20 kJ mol-' .59 

6.2.4 Decomposition of Hydrotrioxides 

Some stable products of hydrotrioxides decomposition are alcohols, esters, 
acids, and ketones. For example, stable products of cumyl hydrotrioxide, 
PhMe2COOOH, that decay into CD3COCD3 are cumyl alcohol, PhMe2COH 
(yield 80-90%), and acetophenone (yield 10-20%).45 Information about the 
products of decomposition for different hydrotrioxides is available from 
Refs. 32,34,38,49. 

The decay of hydrotrioxides is accompanied by free radicals generation, 
which was evidenced by the EPR method45 and EPR in combination with 
spin t r a ~ p i n g . ~ ~ , ' ~ , ~ ~  Singlet dioxygen, ' 0 2 ,  is produced in hydrotrioxides 
decomposition. The yield of ' 0 2  depends on the structure of hydrotrioxide, 
temperature, and solvent (see Table 6.8). Chemiluminescence accompanies 
ROOOH decay. Chemiluminescence is observed in the visible and IR spectral 
regions. The first is the result of emission from the triplet state of ketone 
formed in the peroxyl radical disproportionation. The second is due to the 
formation of singlet dioxygen. Chemiluminescence is widely used for the kinetic 
study of hydrotrioxides decomposition. The rate constants of decay for several 
hydrotrioxides are collected in Table 6.9 and free radical yields (e = k, /2kd) are 
presented in Table 6.10. 

The mechanism of hydrotrioxide decomposition in solvent YH includes the 
following elementary steps:I6 

ROOOH -+ ROH + ' 0 2  

ROOOH -+ [RO' + 'OOH] 
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[RO' + 'OOH] + ROH + ' 0 2  

[RO' + 'OOH] + RO' + HOO' 

RO' + ROOOH + ROH + R 0 0 0 '  

R O ' + Y H + R O H + Y  

y' + 0 2  + Y02' 

R 0 0 0 '  + RO' + 0 2  

YOz' + Y02' + >C=O* + Products 

According to this scheme, decay of ROOOH obeys the first-order kinetic law: 

ln([ROOOH]/[ROOOHlo) = -kobst (6.1) 

where kobs = (a + b[ROOOH]/[YH]), which depends on the concentrations of 
ROOOH and YH. 

TABLE 6.8 The Yield of Singlet Dioxygen [Q (lo,)] at Hydrotrioxide Decomposition" 

~ 

1,l-Dimethylpropyl-, Dichloromethane 285 5.2 

1,4-Dimethylcyclohexy1-, Dichloromethane 288 15.0 
EtMeZCOOOH 

Adamantyl-, 

Adamantyl-, 

Dichloromethane 

Dichloromethane 

270 

285 

7.2 

6.4 

Triphenylmethyl-, Dichloromethane 278 2.6 

Hydroxymethyl-, Dichloromethane 279 2.5 
Ph3COOOH 

CHz(0H)OOOH 

(continued overleaf) 
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TABLE 6.8 (continued) 

1 -Methylethyl-, 

1-Methyl 
Me2CHOOOH 

2-propoxyethyl-, 
Me2CHOMezCOOOH 

1,l -Diethoxyethyl-, 
(EtO),MeCOOOH 

1-Hydroxyethyl-, 
MeCH(0H)OOOH 

1-Hydroxyethyl-, 
MeCH(0H)OOOH 

1 -Hydroxyethyl-, 
MeCH(0H)OOOH 

1 -Hydroxyethyl-, 
MeCH(0H)OOOH 

1 -Hydroxyethyl-, 
MeCH(0H)OOOH 

1 -Hydroxyethyl-, 
MeCH(0H)OOOH 

1 -Hydroxyethyl-, 
MeCH(0H)OOOH 

1 -Hydroxyethyl-, 
MeCH(0H)OOOH 

LHydroxyethyl-, 
MeCH(0H)OOOH 

Dichloroinethane 

Dichloromethane 

Dichloromethane 

Dichloromethane 

Dichloromethane 

Trichlorofluoromethane 

Carbon tetrachloride 

Benzene 

Toluene 

Benzyl alcohol 

Acetone 

Acetonitrile 

28 1 8.0 

279 5.0 

280 19.0 

257 15.4 

290 11.8 

27 8 18.1 

278 10.1 

278 8.0 

27 8 13.0 

278 1.6 

278 14.6 

27 8 12.7 

"See Refs. 39 and 67 

TABLE 6.9 The Rate Constants for the Decay of Hydrotrioxides Measured by 
Chemiluminescence 

Hydrotrioxide 
E log A ,  A k (250 K) 

Solvent (kJmol-I) (s- I )  (ap')  Reference 

Hydrotrioxide, HOOOH Acetone, 54.4 7.7 2.16 x 68 

Hydrotrioxide, HOOOH Methyl acetate 52.3 7.5 3.74 x lop4 68 
I ,  1 -Dimethylpropyl-, Dichloromethane 77.8 11.5 1.76 x lo-' 16 

1,4-Dimethylcyclohexy1-, Dichloromethane 49.8 7.0 3.94 x lop4 16 

perdeuterated 

EtMeZCOOOH 
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TABLE 6.9 (continued) 

Hydrotrioxide 
E log A , A  k (250 K) 

Solvent (kJmol-') (s- ' )  (s - ' )  Reference 

(E)-Decalyl-, 

OOOH 

Adamantyl-, 

YOOH 

Triphenylmethyl-, Ph3COOOH 
Benzoyl-, 

PhC(0)OOOH 
Benzoyl-, 

PhC(0)OOOH 
Benzoyl-, 

PhC(0)OOOH 
Tetrahydrofuran, 

2-hydrotrioxy-2-methyl-. 

("%OOOH 

Tetrahydrofuran, 
2-hydrotrioxy-2-methyl-, 

~o%oooH 
I 

1 -Methoxy- I-methylethyl-, 
Me2(MeO)COOOH 

1-Methoxy- 1-phenylethyl-, 
MePh(Me0)COOOH 

1 -Methoxy-I -phenylethyl-, 
MePh(Me0)COOOH 

1 -Methoxy- 1 -phenylethyl-, 
MePh(Me0)COOOH 

I -Ethoxy- I -phenylethyl-, 
MePhC(0Et)OOOH 

1 -Methoxy- 1 - 
(4-rnethylphenyl)ethyl-. 

Dichloromethane 

Dichloromethane 

Dichloromethane 
Diethyl ether 

Benzaldehy de 

Diethyl ether 

Tetrahydrofuran 

Diethyl ether 

2-Methoxy- 
propane 

Acetone 

Ethyl acetate 

Diethyl ether 

Diethyl ether 

Acetone 

62.8 

62.8 

55.6 
68.6 

44.8 

72.0 

33.6 

72.8 

69.4 

83.3 

75.3 

63.2 

64.4 

73.6 

9.2 1.20 10-4 

9.5 2.39 10-4 

9.0 2.42 x 
I I .  I 5.85 10-4 

5.4 1.10 10-4 

10.0 9.05 x 

4.1 1.20 10-3 

11.7 3.09 x lop4 

11.5 1.00 x 10-3 

16.0 3.94 x lop2 

14.2 2.93 x lop2 

12.9 0.50 

12.3 6.99 x lop2 

13.8 2.64 x lo-* 

16 

16 

16 
31 

31 

69 

32 

32 

32 

34 

34 

34 

34 

34 

(continued overleuf ) 
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TABLE 6.9 (continued) 

Hydrotrioxide Solvent 

1-Methoxy- 1- Ethyl acetate 
(4-methylphenyl)ethyI-, 

0’- - “0 -H 

0, 
1 -Methoxy- 1- Diethyl ether 

(4-methylphenyl)ethyI-, 

a0-a, - 

0, 
l-Methoxy-1- Diethyl ether 

(4-methoxyphenyl)ethyl-, ao - “0 -H P - 
0, 

1 -Methoxy- 1 - Diethyl ether 
(4-fluorophenyl)ethyl-, 

F -(y!yO - 

c1 ao - o\o - H 

- O\o - H 

0, 
1-Methoxy- 1 - Diethyl ether 

(4-~hlorophenyl)ethyl-, 

- 
0, 

1-Methoxy- 1 - Acetone 
(4-hromophenyl)ethyl-, 

Br 

1 -Methoxy- I - Ethyl acetate 
(4-bromophenyl)ethyl-, 

Br 

64.0 

78.7 

66.9 

64.8 

70.3 

85.3 

61.9 

E log A ,  A k (250 K) 
[kJmol-’) (s-l) (s-’) Reference 

- 

11.8 

16.4 

13.7 

13.2 

14.8 

16.8 

11.5 

2.68 x lo-* 

0.90 

0.53 

0.46 

1.29 

9.50 x lo-’ 

3.69 x lop2 

34 

34 

34 

34 

34 

34 

34 
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TABLE 6.9 (continued) 

Hydrotrioxide 
E log A ,  A k (250 K) 

Solvent (!d mol-I) (SKI) (s-') Reference 

I-Methoxy- 1 - Diethyl ether 70.7 14.7 0.85 
(4-bromophenyl)ethyl-, 

Br ao - "0 -H 
- 

0, 
1-Ethoxy-1- Diethyl ether 61.1 11.6 6.82 x lo-* 

(4-methylpheny1)ethyl- 

+.!!(O - - o\o -" 

c1 qyf0 - ob --H 

o v  
I-Ethoxy- 1- Diethyl ether 80.3 16.4 0.42 

(4-chlorophenyl)ethy1- 

- 

O d  
1 -Ethoxy- L(4-bromophenyl) 

ethyl- Diethyl ether 73.6 14.8 0.26 

Br a o - o \ O - H  - 

O d  
1 ,I-Dimethoxyethyl-, Diethyl ether 67.4 11.8 5.22 x lop3 

1, LDimethoxyethyl-, 1,l- 69.4 11.5 1.00 x 

Dimethoxypheny lmethyl-, Diethyl ether 79.5 15.9 0.19 

Dimethoxy(3-methylphenyl) 

(Me0)zMeCOOOH 

(Me0)zMeCOOOH Dimethoxyethane 

(Me0)zPhCOOOH 

methyl-, Diethyl ether 89.5 17.8 0.13 

34 

34 

34 

34 

36 

32 

36 

36 

Dimethoxy(4- 
methoxypheny1)methyl-, 

Diethyl ether 72.0 13.7 0.45 36 

/ 
0 0-9 

0, 

' O m  0-H 

(continued overleaf) 
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TABLE 6.9 (continued) 

Hydrotrioxide 
E log R , A  k (250 K) 

Solvent (kJ mol-') (s~- ' )  (s-') Reference 

Dimethoxy(4-fluorophenyl)methyl-, Diethyl ether 81.6 16.4 0.22 36 

/ 

Diniethoxy(4-~hlorophenyl)rnethyl-, Diethyl ether 77.0 15.4 0.20 36 

/ \ O O - 9  
0-H 

0, 

Dimethoxy(4-bromophenyl)methyl-, Diethyl ether 105.0 21.6 0.46 36 

/ , \ 0 0-9 
0-H 

0, 

1,l -Diethoxyethyl-, 1 , l -  
Me(Et0)2COOOH Diethoxyethane 

Me(Et0)2COOOH 
1, I-Diethoxyethyl-, Diethyl ether 

1,l-Diethoxyphenylmethyl-, Diethyl ether 

1,3-Dioxolane, Diethyl ether 
(EtO)2PhCOOOH 

2-hydrotrioxy-2-phenyl-, 

[ ~ x ~ ~ o \ O - H  

1,3-Dioxolane, Dichloromethane 
2-hydrotrioxy-2-phenyl-, 

[IX:iob-H 

I-Hydroxyethyl-, MeC(0H)OOOH Ethanol 
1 -Hydroxyethyl-, MeC(0H)OOOH Dichloromethane 
1 -Hydroxypropyl-, Propanol 

1 -Hydroxy- 1 -methylethyl-, 2-Propanol 

1 -Hydroxy- 1-methylethyl-, Trichloromethane 

1 -Hydroxy- 1 -methylethyl-, Carbon 

EtCH(0H)OOOH 

MqC(0H)OOOH 

MezC(0H)OOOH 

Me2C(OH)OOOH tetrachloride 

60.7 11.1 

55.2 9.8 

82.8 16.7 

66.5 13.1 

85.8 16.6 

29.3 3.1 
52.1 8. I 
71.1 12.6 

56.1 7.9 

74.5 11.9 

42.7 6.4 

2.62 x lo-* 

1.85 x 

0.25 

0.16 

4.71 x 

9.51 

5.55 x 10-3 
1.23 x lop3 

1.51 

2.16 x 

3.01 x lo-' 

36 

36 

36 

36 

36 

41 
16 
41 

41 

41 

41 
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TABLE 6.9 (continued) 

Hydrotrioxide 
E log A , A  k (250 K) 

Solvent (kT mol-') (s-') (s-I) Reference 

I-Hydroxy- 1 -methylethyl-, 

1 -Hydroxy- 1 -methylethyl-, 

1 -Hydroxy- 1 -methylethyl-, 

1,2-Dihydroxy- 1-methylethyl-, 

Me2C(OH)OOOH 

MezC(0H)OOOH 

Me2C(OH)OOOH 

Me(CH20H) 
C(0H)OOOH 

EtMeC(0H)OOOH 

MeCH(OH)C(OH) 
(000H)Me 

MeCH(0H)CHz 

1 -Hydroxy- 1 -methylpropyl-, 

1,2-Dihydroxy- I -methylpropyl-, 

1,3-Dihydroxy- 1-methylbutyl-, 

C(OH)(OOOH)Me 
1 -Hydroxy- 1 -phenylethyi-, 

MePhC(0H)OOOH 
1 -Hydroxy- 1 -phenylethyl-, 

MePhC(0H)OOOH 
1 -Hydroxy- 1 -phenylethyl-. 

MePhC(0H)OOOH 
1-Methyl- 1-phenylethyl-, 
PhMe2COOOH 
Tributylsilyl-, Bu3Si000H 
Dimethylphenylsilyl-, 

PhMezSiOOOH 

Hexane 46.9 

Acetonitrile 7.2 

Diethyl ether 70.3 

2-Propanol 59.8 
2-Butanol 44.8 

Dichloromethane 56.1 

Dichloromethane 25.1 
Diethyl ether 70.3 

Acetone 70.7 

Ethyl acetate 71.1 

Acetone, 66.9 
perdeuterated 
Tributylsilane 25.1 
Acetone 52.7 

6.2 2.52 x 41 

0.16 4.53 x 41 

10.3 4.09 x 41 

9.7 1.61 x lop3 41 
6.9 3.46 x 42 

9.7 9.52 x 42 

3.1 7.17 x iO-3 42 
13.3 4.09 x lop2 34 

13.4 4.25 x lop2 34 

13.6 5.55 x 34 

10.4 2.14 x lop4 45 

6.8 35.9 48 
8.2 1.55 x iO-3 48 

Hydrotrioxides possess the week 0-0 bond and react with free radicals. These 
reactions are very difficult to study due to the high instability of hydrotrioxides. The 
rate constants of different free radical reactions with 1,l-dimethylethyl hydrotriox- 
ide were calculated by the intersecting parabola model of reaction (IPM) method 
(see Chapter 9) and the results of these calculations are presented in Table 6.1 1. 

TABLE 6.10 The Rate Constant and Yield (e = ki/2kd) of Free Radical Generation 
in Hydrotrioxides Decay in Different Solvents" 

Hy drotrioxide Solvent T (K) ki x 105 (SKI) e 

benzoyl-, PhC(0)OOOH Benzaldehyde 253 1.90 6.5 x 
benzoyl-, PhC(0)OOOH Benzaldehyde 273 15.7 0.12 

(continued overleaf) 
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TABLE 6.10 (continued) 

Hydrotrioxide 

1,1,2-trimethylpropyl-, 
Me2CHMe2COOOH 

I,] -diethoxyethyl-, 
(Et0)2MeCOOOH 

1 -hydroxy- 1- 
methylethyl-, 
Me2C(OH)OOOH 

methylethyl-, 
Me2C(OH)OOOH 

methylethyl-, 
Me2C(OH)OOOH 

methylethyl-, 
MezC(0H)OOOH 

methylethyl-, 
Me2C(OH)OOOH 

methylethyl-, 
Me2C(OH)OOOH 

I-hydroxy-l- 

1-hydroxy- 1 - 

1 -hydroxy- 1 - 

1 -hydroxy- I - 

I-hydroxy-l- 

Solvent 

Diisopropylether 

Ethane, I ,  l-diethoxy- 

2-Propanol 

2-Propanol 

Trichloromethane 

Hexane 

Diethylether 

Acetonitrile 

T (K) k, x 10' (s-') e 

27 3 0.125 

228 1.26 

263 2.10 

273 5.75 

273 13.2 

273 1.65 

273 0.60 

273 1.19 

3.5 x 10-5 

3.0 x 10-3 

1.7 x 

2.0 x 10-2 

1.7 x 10-* 

4.0 x 10-3 

4.0 x 

2.0 x 10-4 

"See Refs. 39 and 67 

TABLE 6.11 Rate Constants of Free Radical Reactions with Me3COOOH Calculated 
by the IPM Method" 

A He E log A ,  A k (250 K) 
R' (kJ mol-') (kJ mol-I) (L mol-' s-l) (L mol-' SKI) 

R' + HOOOCMe3 + ROH + Me3COo' 

-290.4 
-295.4 
-305.4 
-302.4 
-385.8 
-244.4 
-377.4 
-249.4 

14.6 9.00 
13.8 9.00 
12.2 9.00 
12.7 9.00 
4.2 9.00 

23.3 9.30 
2.9 9.00 

22.2 9.00 

8.90 x 10' 
1.31 x lo6 
2.82 x lo6 
2.22 x 106 
1.33 x lo8 

2.48 x lo8 
2.30 x 10' 

2.70 104 

RCH-HCH2 t HOOOCMe3 + RCH=CH2 t H20 t Me3COo' 

C'H2CH2-H -263.7 24.3 8.85 5.93 x 103 
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TABLE 6.11 (continued) 

R' 
A He E log A ,  A k (250 K) 

(kJ mol-') (kJ mol-') (L mol-' s-I) (L mol-' s-I) 

MeCH-HC'H2 
Me2C-HC0H2 
EtC'HMe2C-H 

HC'=CH-H 
CH2=CH(C-H)HC'H2 
CH2=CHC-HMeC'H2 
CH2 =CHC-HMeC'HMe 

PhCH-HC'H2 

-265.4 
-272.5 
-275.4 

-262.3 

-258.4 
-279.7 
-288 
-289.9 

-266.0 

-322.5 

-271.7 

-284.8 

21.6 
19.9 
19.3 

22.1 

23.0 
18.4 
16.7 
16.3 

21.3 

10.1 

20.1 

17.3 

8.70 1.54 x 104 
8.41 1.78 104 
8.42 2.44 x 104 

8.99 2.37 x 104 

8.68 7.49 x 1 0 3  
8.73 7.68 x 104 
8.45 9.14 104  
8.45 1.11 x 10s 

8.86 5.62 x lo6 

8.71 3.24 x 104 

8.74 1.33 x 10' 

RCHNHz + HOOOCMe3 + RCH-NH + HpO + Me3COO' 

C'H2NH-H 
MeC'HNH-H 
MeN-HC' Me2 
PhC'HNH-H 

-256.4 21.4 8.70 1.67 x 104 

-268.5 17.3 8.74 1.35 x 105 
-252.9 16.7 8.75 1.84 x 104 

-263.3 18.8 8.72 6.21 x lo4 

R'R'C'OH + HOOOCMe3 + R'R2 C=O f H20 + Me3COO' 

HpC'O-H 
MeHC' 0 - H 
Me2C*O-H 
MeZCHC'HO-H - 
0 0 - H  

-289.6 19.7 8.41 1.98 x lo4 

-299.3 15.6 8.46 1.61 x 10' 
-295.2 17.1 8.44 7.38 x 104 

-306.3 15.0 8.47 2.20 x 105 

-287.8 17.8 8.43 5.22 104 

aSee Chapter 9 for the calculation equations: (9.13), (9.15), and (9.16). 
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6.3 TETROXIDES 

Tetroxides are formed as intermediates during trioxide decomposition due to the 
recombination of the peroxyl radicals formed:" 

ROOOR + RO2' + RO' 

RO2' + RO2' -+ ROOOOR 

They are formed in autoxidized hydrocarbons bearing tertiary C-H bonds as 
intermediates of peroxyl radical r e ~ o m b i n a t i o n : ~ ~ ? ~ ~  

RO2' + ROz' -+ ROOOOR 

6.3.1 Peroxyl Radical-Tetroxide Equilibrium 

The equilibrium between tert-butyl peroxyl radicals and tert-butyl tetroxide was 
first demonstrated by Bartlett and Guaraldi3 for peroxyl radicals generated by 
the irradiation of bis(1,l-di-methylethyl) peroxycarbonate in CH2C12 at 77 K and 
oxidation of 1,1 -di-methylethyl hydroperoxide with lead tetraacetate at 183 K in 
CH2C12. A series of studies of this equilibrium were performed later using ESR 
technique (see Table 6.12). It is seen that the enthalpy of tetroxide decomposition 
ranges from 30 to 48 kJ mol-' . 

TABLE 6.12 The Enthalpies and Entropies of Equilibrium for ROOOOR 2R02' 

K- 
A H ( )  ASo K (200 K) 

Solvent (Wmol-') (Jmol-' K-') (molL-') Reference 

Me3C- 
Me3C- 
Me3C- 
EtMezC- 
EtMe2C- 
MeEt2C- 
Me2CH - 
MerCH- 
MezCD- 
PrMe2C- 
MezCHMe2C- 
MezCHMezC- 
Me3CMezC- 
Me3CCH2Me2C- 
ryc/o-[(CHr)4CH-l 
CYC/O-[(CH~)~CH-] 

Dichloromethane 
Dichlorodifluoromethane 
2-Methylbutane 
2-Methylbutane 
Dichlorodifluoromethane 
2-Methylbutane 
Dichlorodifluoromethane 
Cyclopropane 
Dichlorodifluoromethane 
2-methyl pentam 
2,3-Dirnethylbutane 
2-Methylbutane 
2,2,3-Trirnethylhutane 
Dichlorodifluoromethane 
Dichlorodifluoromethane 
C yclopropane 

46.6 
35. I 
35.1 
37.2 
31.4 
40.6 
33.5 
33.0 
33.5 
37.2 
34.3 
36.0 
36.4 
32.6 
31.4 
31.0 

222 
136 
125 
151 
121 
184 
105 
63 

138 
163 
142 
138 
159 
130 
59 
84 

0.27 
8.6 x lop3 
2.3 x lo-' 
1.5 x lop2 
1.3 x 

0.10 
5.4 
4.7 x 10-6 
2.9 x 
6.3 x 

6.4 x lo-' 
6.3 x 
1.9 x lop2 
7.6 x lop6 
1.9 x 

3.9 x 10-2 

. . .  

cyc/o-[(CH?)gMeC-] Dichlorodifluoromethane 29.3 146 0.94 
cyclo-[(CH2)4MeC-] Dichlorodifluoromethane 33.5 125 6.0 10-3 
PhMe2C- Cumene 46.9 20 1 1.8 x 10-2 
PhMe2C- 2-Methylhutane 44.3 
PhMe2C- Dichlorodifluoromethane 38.5 134 8.8 x 

3 
13 
13 
72 
13 
72 
73 
74 
73 
72 
72 
13 
72 
13 
74 
74 
13 
13 
72 

5 
13 
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6.3.2 Decay of Tetroxides 

Irreversible decay of tetroxide occurs as the result of the dissociation of the 
0-OR bond to produce of R03' and RO' radicals: 

ROOOOR + RO?' + RO' 

The results of the estimation of k d  are collected in Table 6.13. 

6.3.3 Thermochemistry of Tetroxides 

According to quantum chemical calculations and the experimental findings (see 
Tables 6.1 1 and 6.12), the BDEs were found to be the following:'6 

D(R00-00R) = 35.0 i 2.3 kJmol-' 

D(R000-OH) = 105.0 f 2.0 kJmol-' 

D(R000-OR) = 87.0 * 5.8 kJ mol-' 

D(R0000-R) = 266.1 * 5.0 kJ mol-' 

TABLE 6.13 The Rate Constants and Activation Energies of Tetroxide Decay for 
ROOOOR + R03' + RO' 

R- Solvent 

MezCH- 
Me3C- 
Me3C- 
MeZPrC- 
BuCHzCHMe- 
Me3CMezC- 
c ~ c ~ o - [ ( C H ~ ) ~ C H - ]  
cyclo-[(CHz)5CH-] 
PhMezC- 

Dichlorodifluoromethane 
Dichlorodifluoromethane 
2-Methylbutane 
2-Methylpentane 
Heptane 
2,2,3-Trimethylbutane 
Cyclopentane 
Cyclohexane 
Cumene 

E log A, A kd (200 K) 
(Hrno1-l) ( s ~ l )  ( S K I )  

40.2 10.3 0.63 
71.5 16.7 1.06 x lo-' 
73.2 16.6 3.04 x 
76.1 19.6 0.53 
44.8 11.6 0.79 
67.8 17.5 0.21 
41.8 12.3 24.2 
40.6 11.6 9.9 
69.0 17.1 0.12 

Reference 

13  
3 
3 
1 

12 
72 

3 
3 
3 

TABLE 6.14 The Enthalpies of Formation for Tetroxides" 

Tetroxide 
- A H O  - A H O  

(kJ mol-') Tetroxide (H mol-') 

HOOOOH 136.0 EtOOOOMe 156.5 
Me 0 0 0 0 H 131.0 Me3COOOOMe 23 1.4 
EtOOOOH 163.2 EtOOOOEt 192.9 
Me3COOOOH 246.0 Me3COOOOEt 265.7 
MeOOOOMe 125.5 Me3COOOOCMe3 349.0 

'See Ref. 16. 
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For the enthalpies of formation of tetroxides calculated by the increment 
methods," see Table 6.14. 
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7 
AZO COMPOUNDS 

The first azo compounds (sinonime shell diazenes) were synthesized by Thiele 
and Heuser at the end of the nineteenth century.' They found the various exper- 
imental and technological applications only in the last 50 to 70 years of the 
twentieth century. Which made development of their chemistry necessary. Poly- 
mer chemistry found an important application for azo compounds to be used 
as initiators. Azo compounds of different structures can be used over a wide 
range of temperatures (330-450 K) where they can be conveniently used as 
 initiator^.^-^ They can produce thermo- and photoinitiation of free radicals. Azo 
compounds of the general structure RMeXCN=NCXMeR are resistant toward 
induced (chain) decomposition. They do not participate in reactions of chain 
transfer in polymerization. 

7.1 SYNTHESIS AND STRUCTURE OF AZO COMPOUNDS 

The basic reactant for the synthesis of azo compounds is hydrazine or its deriva- 
tives6 The main reactions for the synthesis are given in Table 7.1 and the physical 
properties of selected azo compounds are listed in Table 7.2. 

Azo compounds have an N=N double bond and because of the sp*-hybrid 
state of the nitrogen atoms they exist in two geometrical isomers, the trans 
( E )  and cis (2) forms. The high chemical reactivity of the azo linkage is 
closely related to the nitrogen atom. The main driving force of azo compound 
decomposition is the extreme differences in BDE between doubly bound nitro- 
gen atoms (-400 kJ mol-') and two triple bonded atoms (-945 kJ mol-').2 The 
interatomic distances (m) and angles (degrees) in azo compounds are given in 
Table 7.3.2*44-53 
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TABLE 7.1 Methods of Synthesis of Some Azo Compounds 

Reaction References 

Oxidation oj I,2-Dialkylhydrazines 

2RR'C=O + NH2NH2 + RR'C=NN=CRR' + 2Hz0 
RR'C=NN=CRR' + Reductant -+ RR'CHNHNHCHRR' 
RR'CHNHNHCHRR' + Oxidant + RR'CHN=NCHRR' 
(R, R' = alkyl, aryl; R = H, and R' = alkyl or aryl) 

RR'C=NN=CRR' + 2HCN + RR'C(CN)NHNHC(CN)RR' 
RR' C (CN)NHNHC (CN)RR ' + Oxidant + R' RC (CN)N =NC (CN)RR' 
(R, R' = alkyl, aryl; R = H and R' = alkyl or aryl) 

Me?C(CN)N=NC(CN)Me* + 2MeOH + 2Hz0 --f 
Me2C(COzMe)N=NC(C02Me)Mez + 2NH3 

Catalyst = acid 
Me2C(CO2Me)N=NC(CO2Me)Me2 + LiAIH4 + 

Me*C(CH?OH)N=NC(CH2OH)Me2 + MeC(O)OC(O)Me + 
Me2C(CH20C(0)Me)N=NC(CH20C(O)Me)Me2 

Me2C=NN=CMe2 + C12 + Me2CICN=NC(C1)Me2 
Me2ClCN=NCCIMe2 + 2X- + MeZXCN=NCXMe2 + 2C1- 
X = SCN, MeC02, MeCOS, PhS, CN, N3, PhO, Me, MeO, MeS, AIR3 

MeNHNH2 + PhC(0)Me + PhMeC=NNHMe + H 2 0  
PhMeC=NNHMe + Reductant + PhMeCHNHNHMe 
PhMeCHNHNHMe + Oxidant + PhMeCHN=NMe 

Me2C(CH20H)N=NC(CH20H)MeZ 

Ph NHNH? + Ph?C=O + PhNHNzCPh2 + H20 
PhNHN=CPh2 + Reductant + PhNHNHCHPh2 
PhNHNHCHPhz + Oxidant + PhN=NCHPh2 

RR' C=NN=CRR' + PhMgBr/H20 --+ R' RPhCNHN=CRR' 
R'RPhCNHN=CRR' + Reductant + R'RPhCNHNHCHRR' 
R' RPhCNHNHCHRR' + Oxidant + R'RPhCN=NCHRR' 
RR'C=NN=CRR' + Reductant + RR'CHNHN=CRR' 
RR'CHNHN=CRR' + (COOH)2 . 2H20 + 

RR'CHNHNHl . (COOH)2 + RR'C(0) 
RR'CHNHNH2. (COOH)? + 2NaOH + 

RR'CHNHNH? + (COONa)2 + 2H20 
R R ' C H N H N H ~  + R*R'C=O + R R ~ C H N H N = C R ~ R ~  + H ~ O  
RR' CHNHN=CR2R1 + Reductant + RR'CHNHNHCHR'R' 
RR'CHNHNHCHR'R' + Oxidant + RR'CHN=NCHR2R' 
(R, R', R2 and R' are combination of H and alkyl groups.) 

RC(O)NHNH2 + RR'C=O + RC(O)NHN=CRR' + H20 
RC(O)NHN=CRR' + Reductant --f RCH2NHNHCHRRi 
RCH2NHNHCHRR' + Oxidant + RCH2N=NCHRR' 
(R, F.' = alkyl) 

RC(0)OR + NH2NH2 -+ RC(0)NHNHz + ROH 

7-10 

11 

1,12,13 

14-20 

21 

22 

23-27 

28 



SYNTHESIS AND STRUCTURE OF AZO COMPOUNDS 305 

TABLE 7.1 (continued) 

Reaction References 

Oxidation of Amines 

2R'R2R3CNH2 + IFS(pyridine) -+ R'R2R3CN=NCR'R2R3 + 4HF + IF 
(R' , R2, R3 = alkyl, aryl, cycloalkyl, C=N) 

11,29 

Oxidation of Ureas 

a 
RNHC(0)NHR' + 1 .Me3COC1/2.Me3CO-Kf + RN-NR 

ii 
RN-NR + HC1+ [RNHN(C02H)R'] + RNHNHR' 

RNHNHR' + Oxidant -+ RN=NR' 
(R, R' = alky1,aryl) 

Oxidation of N ,  N'-Dialkylsulphamides 

RNHS02NHR + NaOH/NaOCl -+ RN-NR 

0, GO 
S 

I \  

RI-NR + 2H20 + RNHNHR + H2S04 

RN-NR + Oxidant + RN=NR 

(R = alkyl, aryl) 

Other Methods 

PhN=NCMe2CI + HNMe2 + PhN=NCMe2NMe2 + HCI 
MeZC=NNHR + PhN2C1+ PhN=NCMe2N=NR + HCl 

30-32 

33-40 

41 
42 

Azo compounds consume UV light in the 22000-30000-cm-' range. The 
lowest energy transition is that of the (n + n*) type, which is the result of 
a strong interaction between nonbonding and bonding nitrogen orbitals. The 
characteristics of the UV absorption spectrum of azo compounds are given in 
Table 7.4. 

Irradiation of the ( E ) -  azo compounds leads to isomerization to the 
( Z ) -  azo compounds. For example, ( E ) -  dimethyldiazene is transformed into 
the ( Z )  isomer with a quantum yield cf, = 0.42 (benzene, 298 K), and 
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TABLE 7.2 Physical Properties of Selected Azo Compounds“ 

Compound 

(E)-Diazene 
Dimethyl-, MeN=NMe 
Bis(ti ifluoromethy1)-, 

Dipropyl-, PrN=NPr 

Methylphenyl-, MeN=NPh 
Ethylphenyl-, EtN=NPh 
Phenyl( triphenylmethy1)-, 

F?CN=NCF? 

Dibutyl-, BuNzNBu 

PhN= NCPh? 
2,2’-Azobis[2- 

methylpropanenitrile], 
Me2C(CN)N=NC( CN)Me, 

[cyclohexanecarbonitrile], 
1 ,l’-Azobis- 

4143-41-3 58.08 274.5 195 743 
372-63-4 166.03 241.4 135 

821-67-0 114.16 387 

4406-66-0 120.15 333 (1 5 Torr) 
935-08-0 134.18 450 962.8 
981-18-0 348.45 384.0 

2159-75-3 142.24 333 (18 Tom) 

78-67- 1 140.16 

2094-98-6 244.34 373 

“See Ref. 43 

(E)-methylethyldiazene is transformed into the ( Z )  isomer with a quantum yield 
@ = 0.50 (water, 298 K).3 

Due to symmetric configuration the ( E ) -  azo compounds do not have a dipole 
moment, but the ( Z )  isomers do. For example, the dipole moment of ( Z ) -  
dimethyldiazene is = 3.2 D.3 

7.2 THERMOCHEMISTRY OF AZO COMPOUNDS 

The enthalpies of ( E ) -  azo compound formation are presented in Table 7.5. The 
transformation of the ( E )  isomer into the ( Z )  isomer is accompanied by an 
increase in enthalpy due to formation of a compound with strained configuration. 
The strain energy varies from 25 to 50 kJmolp1.3 

I -Bicycle- 1,1,3,3- 
Diazenes Methyl- Ethylmethyl- [2.2.2]octyl- Tetramethylbutyl- 

Strain energy 24.0 33.5 52.7 44.8 
(kJ mol-‘) 
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TABLE 7.4 Absorption Spectrum of Azo Compounds" 

Dimethyl-, ( E ) -  294 10 5 54000 90000 

Diethyl-, (E) -  28170 10 53000 
MeN=NMe 

EtN=NEt 

PrN=NPr 

BuN=NBu 

PhN=NPh 

PhN=NPh 

Dipropyl-, ( E ) -  28090 8 52000 

Dibutyl-, ( E ) -  27210 13.5 50000 

Diphenyl-, ( E ) -  22600 5 10 3 1300 

Diphenyl-, (Z)- 23100 1518 35700 

"See Ref. 2. 

TABLE 7.5 The Formation Enthalpies (AH!) of Selected ( E ) -  Azo Compounds in 
the Gas and Condensed Phases 

(E)-Diazene 
AH,  (cond) AH: ( g )  
(kJ mol-') (kJ mol-I) References 

Butylmethyl-, MeN=NBu 
Dipropyl-, PrN=NPr 
Bis( 1 -methylethyl)-, Me2CHN=NCHMe2 
Dibutyl-, BuN=NBu 
Bis( 1,l-dimethylethyl)-, Me3CN=NCMe3 
Bis(1,l-dimethylethyl), Me3CN=NCMe3 
l,l-Dimethylethyl-(l,1,3,3-tetramethylbutyl)-, 

Me3CN=NCMe2CH2CMe3 
Bis( 1,1,3,3-tetramethylbutyI)-, 

Me3CCH&Me*N=NCMe2CH2CMe3 
2,2'-Asobis[2-methylpropanenitrile], 

Me2C(CN)N=NC(CN)Me2 

42.5 f 2.2 
11.5 f 3.5 

-0.3 f 3.5 
-40.1 f 3.8 
-74.7 f 3.6 
-75.5 f 2.7 

-172.8 f 5.4 

-263.2 f 9.2 

228.9 

78.9 f 2.2 54 
51.3 f 3.5 55 
35.6f 3.6 55 

8.8 + 3.8 50 
-35.6 f 3.6 55 
-36.4 f 2.8 56 

-I  19.2 f 5.4 55 

-196.6 f 9.2 55 

57,58 

7.3 DECOMPOSITION OF AZO COMPOUNDS 

Decomposition of azo compounds into dinitrogen and two alkyl radicals 

RN=NR + R' + N2 + R' 

is an endothermic reaction. The activation energy ( E )  of decomposition is suffi- 
ciently higher than the enthalpy of reaction ( A H ) .  
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R (kJ mol-') Pr MezCH Bu Me3C 

AHf(RN2R)" 51.3 35.6 8.8 -35.6 
A H~(R-)~ 100.0 90.0 81.0 48.0 
AH 148.7 144.4 153.2 131.6 
E 199.2 171.1 222.5 179.5 

"See Ref. 54 and 55. 
'See Ref. 59. 

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

RN=NR-+ R . . . N = N . . . R +  R ' + N 2 + R '  

and nonconcerted decomposition with dissociation of one C-N bond succeeded 
by the fast decomposition of the unstable RN=N' r a d i ~ a l . ~ ~ ~ ~ ~ ~  

RN=NR -+ R' + RN=N' 

RN=N' -+ R' + N2 

The intermediate RN=N' radicals were not detected by EPR even at low tem- 
peratures (70-150 K) in photolysis of azo compounds. Theoretical analysis of 
the thermal decomposition of azomethane proved that the concerted mechanism 
of decomposition is energetically preferable.2 The concerted decomposition of 
unsymmetrical azo compounds R'N=NR2 should depend on the structure of R' 
as well as R2 radicals, and therefore the rate constant of R'N=NR2 decomposi- 
tion kd(R'N2R') should differ from kd(R'N2R') and kd(R2N2R2). In the case of 
the nonconcerted mechanism of azo compound decomposition, one can expect 
that kd(R'N2R2) will be close to kd(R2N2R2), where R2 radical is more stabi- 
lized than R', that is, (D(R2-H) < D(R'-H)). It is seen that in most cases 
of R1N2R2 decomposition one is faced with cases of R'N2R2 decomposition 
by the concerted mechanism (see Table 7.6). So the concerted mechanism of 
decomposition is valid for most azo corn pound^.^,^.^^ 

The nonconcerted mechanism of decomposition was seen by Szwarc and 
co-workers.61 They studied the photolytic decomposition of cyclopropyltriflu- 
oromethyldiazene in the gas phase and 2,3-dimethylbutane in solution. They 
found 2-pyrazoline with yield 15-20% among the products. The apparent mech- 
anism follows: 
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Some other azo compounds that are decomposed by a nonconcerted mecha- 
nism are known. It is considered that decomposition of symmetrical azo com- 
pounds occurs via a concerted mechanism and some unsymmetrical azo com- 
pounds are decomposed by concerted and nonconcerted mechanisms simulta- 
neously. Phenyl-substituted azo compounds are decomposed by a nonconcerted 
mechanism.' 

The linear dependence between the activation energy of ( E )  azo compound 
RN2R decomposition and the BDE of the R-H bond [D(R-H)] was established.' 
Rate constants of azo compound decomposition in the gas phase and hydrocarbon 
solvents are similar (see Table 7.6). The mean value for the rate constant of 
2,2'-asobis[2-methylpropanenitrile] (AIBN) decomposition in hydrocarbon and 
aromatic solutions was recommended to be kd = 1OI5 x exp(-127.5/RT) s - ' . ~ ~  
The values of the activation energies and rate constants of azo compound decom- 
position in the gas and liquid phases is seen in Tables 7.7-7.13. 

TABLE 7.6 The Comparison of Decomposition Rate Constants ( T  = 350 k) of Sym- 
metrical and Unsymmetrical Azo Compounds" 
~ 

R' 

CH2=CHCH2 
C H ~ Y C H C H ~  
CH2=CHCMe2 
CH2=CHCMe2 
CH2=CHCMe2 
MePhCH 
MePhCH 
Me2PhC 

Me2PhC 

Me2PhC 

Me2PhC 
Me2(CN)C 
Me2(CN)C 
MeACN)C 

Me 
Pr 
Me 
Me2CH 

Me3C 
Me 
Me2CH 
Me2CH 

PhCH2 

Me'C 
Ph 
1- Adamantyl 

9.96 x 

9.96 x lo-* 
4.03 x lo-' 
4.03 x 

4.03 x lo-' 
3.00 x 

3.00 x 

1.36 x lo-' 

1.36 x 10-3 

1.36 x lo-' 

1.36 10-3 
6.77 x 

6.17 x lo-' 
6.77 x lo-' 

2.54 x lo-' 
3.72 x lop8 

8.31 x 

2.40 x lo-' 
4.18 x lop8 

5.20 x 10-7 

1.11 10-4 

3.13 x 10-7 

1.24 x 

1.31 x 

1.29 x 10-7 

7.8s x 10-7 

6.31 x 
3.29 x lo-"' 

0.59 
0.43 
3.89 
2.69 
1.56 
3.10 
1.86 
3.64 

2.04 

2.02 

4.02 
1.03 
5.3 1 
1.94 

"See  Ref. 3. 
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TABLE 7.9 Rate Constants of Thermal Decay of AIBN in Different Solvents and in 
Solid Polymers 

Solvent 
log A,  A kd,kr 

T (K) E (kJmol-I) (s-’) (s-’) Reference 

Acetic acid 
Acetic acid 
Acrylonitrile 
An i 1 in e 
Benzene 
Benzene 
Benzene 
Benzene 
N-Benzyl-N-methylaniline 
Butanol 
Butanol 
1 -Butylpentanol 
Butyric acid 
Carbon tetrachloride 
Carbon tetrachloride 
Chlorobenzene 
Chlorobenzene 
Collidine 
Cyclohexanol 
C y clohexanone 
C y clohexanone 
Decalin 
Dibenz y lgly col 
Dibromomethane 
N,N-Dimethylaniline 
N ,  N-Dimethylformamide 
Diphenylmethane 
Dodecanethiol 
1,2-Dichlorobenzene 
1,1 -Dimethylpropano1 
Ethylene glycol 
Formamide 
Methyllinoliate 
2-Methylpropanol 
N-Methyl propionamide 
Nitrobenzene 
Nitrobenzene 
Nitrobutane 
Nitromethane 
Propylen carbonate 
Tetralin 
Toluene 
Toluene 
Toluene 

35s 
353 
333 
353 

323-343 
303-373 

333 
33s 
340 
340 
35s 
34s 

343-373 
33s 
350 
335 
338 
353 
355 

343-373 
35s 

343-373 
340 

343-373 
340-345 

333 
340-345 

353 
353 
353 
353 

343-373 
323-363 

3.53 
339-34s 

33s 
3.53-373 

35s 
335 

340-345 
423 

343-378 
338-3.53 

3.53 

k d  (353 K )  

127.6 
128.9 

128.0 

138.9 

139.7 

126.4 
128.7 

133.4 

132.6 
128.6 

133.4 

130.1 

135.7 
118.8 
130.1 
128.1 

15.1 1 
15.19 

15.15 

16.79 

16.84 

14.98 
15.32 

15.97 

15.81 
15.13 

15.97 

17.39 

16.30 
13.72 
1.5.42 
15.15 

1 . ~ 0  10-4 42 
1.49 10-4 112 
1.2 x 10-5 113 

1.69 10-4 11s 
1.68 x 114 

1.31 x lop4 116 
3.16 x lo-’ 114 
1.42 x lop5 117 
3.10 10-5 7 
2.72 10-5 7 

2.44 10-4 7 
1.62 x 90 

1.5s 10-4 118 

1.18 10-5 117 
1.21 10-4 112 
1.42 x lo-’ 117 
2.35 x lo-’ 119 
1.68 10-4 120 
1.43 x lop4 118 
1.72 x lo-‘ 90 
1.43 x 10-4 121 
1.47 x 90 
3.10 10-5 7 
1.89 x 90 
1.89 10-4 7 
1.07 x lo-’ 113 
1.70 x 7 
1.46 10-4 112 
I .4s x 10-4 120 

1.25 10-4 120 
1.54 x 10-4 90 
1 . 2 6 ~ 1 0 - ~  122 
1.76 x lop4 121 
1.70 x 10-4 7 
1.79 x lo-’ 117 
1.38 x lop2 120 
1.45 x 118 
1.34 x lo-’ 117 
1.66 10-4 7 
1.38 x 16 
1.47 x lop4 123 
1.57 x lop4 124 
1.55 x lop4 114 

1.40 x 121 

(continued overleaf) 



332 AZO COMPOUNDS 

TABLE 7.9 (continued) 

Solvent 

Toluene 
Undecane 
p-Xylene 
p-Xylene 

3.53 
353 
353 123.0 
350 

k, = 2ekd (353 K )  

Benzene 313-351 
Benzene 3 13-35 1 
Carbone tetrachloride 343-333 
C yclohexanol 338-363 
Cyclohexanone 328-353 
Cumene 347-370 
Cumene 363 
p-Cymene 347-370 
Ethylacetate 313-313 
Ethylmethacry late 318-368 

(1 -Methylpropyl)methacrylate 308-373 
Nony lmethacrylate 308-373 
Styrene 323 -343 

Methylmethacry late 308-373 

123.4 
128.4 
127.2 
146.4 
142.3 
138.4 

150.6 
128.4 
137.0 
128.6 
139.8 
142.3 
124.4 

Solid Phuse 

Polystyrene 333-3.53 128.0 

Polyethylene 335-365 176.0 
Polypropylene 345-362 154.0 
Polypropylene 329-364 141.0 
(2)-I ,4-Polyisoprene 353-373 134.0 

Polystyrene 353 

14.25 
15.00 
14.60 
17.70 
17.30 
15.57 

17.24 
15.12 
16.68 
15.27 
16.64 
16.90 
15.27 

13.74 

20.30 
17.71 
15.57 
14.93 

1.66 x 10-4 121 
1.05 x 10-4 120 
9.97 x 10-5 112 
5.33 x 10-6 118 

9.78 x 10-5 125 
1.00 x 10-4 126 
6.00 x 126 
1.09 x 127 
1.75 x 128 

4.70 x 130 
9.03 x 129 
1.32 x 126 
2.56 x 131 
1.74 x 131 
8.99 x 131 
6.98 x 131 
7.28 x lo-' 132 

1.23 x 10-5 129 

6.30 x 133 
7.80 x 134 
1.81 x lo-' 135 
7.36 x 136 
5.08 x loL6 137 
1.26 x 138 

TABLE 7.10 The Probability of Radical Pair Formed from 2,2'-Azobis[2-methylpro- 
panenitrile] (AIBN) Escaping the Cage in Different Solvents 

Solvent T (K) e Reference 

Acetic acid 
Acetonitrile 
Acrylonitrile 
Benzene 
Benzene 
Benzene 
Benzene + acrylonitrile 
Benzene + butylacrylate 
Benzene + chlorovinyl 
Benzene + 10% ethylacetate 
Benzene + methylacrylate 

338 
338 
323 
336 
353 
338 
333 
333 
323 

313-343 
323 

0.51 
0.67 
1.03 
0.62 
0.44 
0.44 
0.5 
0.5 

0.74 
2.62 exp(-4.1/RT) 

0.72 

139 
139 
140 
117 
125 
139 
141 
142 
140 
143 
140 



DECOMPOSITION OF AZO COMPOUNDS 

TABLE 7.10 (continued) 

333 

Solvent T (K) e Reference 

Bromobenzene 
tert-Butanol 
Carbon tetrachloride 
Chlorobenzene 
Cyclohexanol 
Cyclohexanol 
Cyclohexanon 
n-Decane 
1,l-Dichlorobenzene 
2,s-Dimethyloctane 
Dioxane 
Dioxane 
Dioxane 
Dioxane 
Dioxane 
Dioxane 
Dioxane 
Dioxane 
Dioxane 
Dioxane 
Dioxane 
Diphenylethane 
Ethylacetate 
Ethylbenzene 
Ethylmethacry late 
Isobutylmethacrylate 
Isopropylbenzene 
Methyllinoliate 
Methylmethacry late 
Methylmethacry late 
Methylmethacry late 
Methylmethacry late 
Nitrobenzene 
Nitrobenzene 
Nonylmethacrylate 
Styrene 
Styrene 
Styrene 
Styrene 
Styrene 
Styrene 
Styrene 
Styrene + butylacrylate 
Styrene + butylacrylate 

323 
323-343 

336 
336 

338-363 
323-353 
328-353 
328-323 

338 
333-353 

323 
323 
323 
333 
333 
333 
333 
333 
333 
333 
333 
333 

313-343 
333-353 
318-363 
308-353 
313-353 
323-363 

323 
333 
333 
333 
336 
336 

323 
323 
333 
333 
333 
333 
338 
333 
333 

308-353 

Styrene + methylmethacrylate 333 

2,2,4-Trimethylpentane 333-353 
Toluene 338 

0.50 
5.43 x lo3 exp(-26.5/R) 

0.45 
0.57 

4.43 x lo2 exp(-20.8/RT) 
1.38 x 10' exp(-17.3/RT) 

75.2 exp(- 13.9/RT) 
2.61 exp( -5.9/RT) 

0.37 
3.09 x lo2 exp(-17.8/RT) 

0.51 
0.56 
0.63 
0.61 
0.46 
0.52 
0.64 
0.6 
0.7 
0.5 

0.52 
0.42 

6.7 exp(-7.9/RT) 
14.9 exp(-8.9/RT) 
5.4 exp(-6.3/RT) 

1.78 x lo2 exp(-16.7/RT) 
3.29 exp(-4.9/RT) 
2.47 exp(-3.8/RT) 

0.56 
0.52 
0.50 
0.43 
0.73 
0.75 

1.36 x lo2 exp(-17.6/RT) 
0.70 
0.52 
0.61 
0.48 
0.64 
0.70 
0.40 
0.52 
0.60 
0.46 
0.44 

12.7 exp(-9.8/RT) 

144 
145 
117 
117 
127 
145 
128 
117 
139 
146 
144 
147 
147 
140 
148 
149 
149 
142 
142 
1 50 
151 
146 
143 
146 
131 
131 
146 
122 
140 
149 
1 50 
148 
118 
118 
131 
140 
144 
152 
148 
149 
142 
139 
151 
142 
148 
139 
148 
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COMPOUNDS WITH WEAK C-C, 
N-N, C-N, AND N - 0  BONDS 

8.1 POLYPHENYLHYDROCARBONS 

The BDE of C-C bonds in hydrocarbons are lower than the BDE of C-H 
bonds; for example, D(C-H) = 422 Hmol-' and D(C-C) = 378 kJmol-' 
in ethane. This is why the C-C bond dissociation starts the chain reaction 
of thermolysis for hydrocarbons.' The values of the C-C bond dissociation 
energies of aliphatic hydrocarbons cover the range of 300-380 kJmol-' and 
hydrocarbons are stable at moderate temperatures. However, among olefins and 
alkylaromatic hydrocarbons we can find compounds that dissociate homolytically 
under mild conditions (300-400 K). Gomberg was the first to synthesize unsta- 
ble, hexaphenylethane, Ph3CCPh3, which decomposed into two triphenylmethyl 
radicals at room temperature.2 The discovery of the free triphenylmethyl rad- 
ical opened the epoch of free radical chemistry a century ago.3 Later, it was 
proved that two triphenylmethyl radicals cannot form hexaphenylethane due to 
huge steric hindrance. Thus combine with formation of a hydrocarbon with the 
following quinone structure4 

ph'cmph H Ph 

Many years later, polyphenylhydrocarbons found their application as initiators 
of free radical polymerization.' Low thermal stability of hydrocarbons with 
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360 COMPOUNDS WITH WEAK C-C, N-N, C-N, AND N-0  BONDS 

the structure Me3-,PhnCCPh,Me3-, is the result of stabilization of the formed 
Me3-,Ph, C' radical .6 

R' Me3C' MezPhC' MePh2C' Ph3C' 

D(R-R)/(kJ mol-') 321 151 125 80 

The rate constants for the decomposition of polyphenylhydrocarbons into free 
radicals are seen in Table 8.1. 

8.2 SUBSTITUTED HYDRAZINES 

The dinitrogen molecule has a very strong N-N bond D(N-N) = 473 kJ mol-' .6 

The N-N bond in the hydrazine molecule is sufficiently weaker: D(H2N-NH2) = 
275 kJ mol-' . The introduction of the phenyl groups into the hydrazine molecule 
decreases the BDE of the N-N bond.6 

Molecule N-N H2NNH2 H2NNHPh Ph2NNPh2 

D(N-N)/kJ mol-' 473 275 219 125 

Tetraphenylhydrazine is a very convenient generator of diphenylaminyl radicals 
at moderate temperatures. The mechanism for the decomposition of tetraphenyl- 
hydrazine in solution includes the following steps: 

Ph2NNPh2 -+ [Ph2N' + PhzN'] 

[PhzN' + Ph2N'] + 2Ph2N' 

[PhzN' + PhzN'] -+ Ph2NNPh2 

Ph 

The values for the decomposition rate constants of tetraphenylhydrazine and its 
analogues are seen in Table 8.2. 

The N-nitrozoacylarylamines possess a weak N-N bond and is decomposed 
into free radicals with activation energies close to 100 kJ mol-' (see Table 8.3). 
The (S)-nitrozothiols have weak S-N bonds that split with formation of an 
alkylthiyl radical and NO (rate constants for the decomposition are seen in 
Table 8.3). 

RSNO + RS' + NO' 
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372 COMPOUNDS WITH WEAK C-C, N-N, C-N, AND N - 0  BONDS 

8.3 ALKOXYAMINES 

Alkoxyamines, RzNOR', have weak C-0  and N-0 bonds. They have an impor- 
tant part application in polymer chemistry as the component of "living polymer- 
ization" for regulation of the molecular weight of a polymer.25 Alkoxyamines are 
formed as products of the chain termination in oxidized polymers when sterically 
hindered amines (derivatives of 1,1,5,5-tetramethyIpiperidine) are used as light 
stabilizers.26 The decomposition of R2NOR' in solution or in a polymer consists 
of the following stages:25 

R2NOR' --+ [RzNO' + R"] 

[RzNO' + R"] + R2NOR' 

[RzNO' + R"] + R2NOH + Olefin 

[RzNO' + R"] -+ R2NO' + R" 

The nitroxyl radical reacts very promptly with any alkyl radical or macroradi- 
cal in solution. Rate constants for these reactions are seen in Chapter 3. Some 
nitroxyl radicals participate in the reaction of disproportionation. Rate constants 
of alkoxyamine decomposition are collected in Table 8.4. 

8.4 NITRO COMPOUNDS 

Nitro compounds possess a weak C-N bond and their decomposition in the gas 
phase proceeds via free radical for ma ti or^.^'^^' The limiting step of nitroalkanes 
decomposition is their splitting along the C-N bond 

RN02 + R' + 'NO2 

succeeding by chain reactions induced by alkyl radicals. The following stable 
products for the gas-phase thermolysis of nitroethane (850 K) were identified 
(mol %):3y H20 (66), CO (48), Nz (29), NO (34), CH4 (37), CH2O (22), CzH4 

Polynitro compounds are widely used as explosives. The splitting C-N bond is 
supposed to be the first step for polynitro compound decomposition, for example, 

(401, ~0~ (81, C2H6 (3). 

(N02)3CN02 -+ (NO2)3C' + " 0 2  

Nitro compounds are not used as initiators of radical polymerization because they 
act as inhibitors terminating the chains in this reaction with macro radical^.^" 

The values for the physical properties and enthalpies of formation for selected 
nitro compounds are presented in Tables 8.5 and 8.6 and rate constants of their 
decomposition in the gas and liquid phases are collected in Tables 8.7 and 8.8. 
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TABLE 8.5 Physical Properties of Selected Nitro Compoundsa 

CAS Belstein 
p293 K 

Registry Registry bP mP 
Compound Number Number MW (K) (k) (kgm-3) n293 D 

Nitromethane, MeN02 75-52-5 1698205 61.04 374.1 244.5 1137.1 
Dinitromethane, 625-76-3 1758684 106.04 373 <258 

CHz (NO2 1 2  

C(N02)4 

MeCH(N02)2 

Tetranitromethane, 509-14-8 1795620 196.03 399.1 286.8 1638.0 1.4384 

I ,  I-Dinitroethane. 600-40-8 1758537 120.06 458.5 1349.0297 1.4322 

1,2-Ethdnediol, dinitrate, 628-96-6 1709055 152.06 471.5 250.7 1491.8 

1,2,3-Propanetriol, 55-63-0 1802063 227.09 491 286.5 1593.1 1.4786285 
N020CHlCH20N02 

trinitrate, 
[N020CH2]2CHON02 

1,3,5-Trinitroperhydro- 121-82-4 288466 222.12 478.5 1820 1.820 
1,3,5-triazine, 

02N 

=See Ref. 41 

The limiting step for nitroamine decomposition in the gas phase is the 
dissociation of the N-N bond, which was supposed for dimethylnitroarnine 
decompo~ition.~' 

Me2NN02 -+ Me2N' + " 0 2  

Evidently, the decomposition of nitroalkanes and nitroamines in nonpolar solvents 
occurs homolytically, and the formed alkyl and aminyl radicals react with solvent. 

The decomposition of N-nitroamides are supposed to proceed via molecular 
mechanism with the formation of the four-centered transition state, namely,37 

The formed a m  compound is unstable and decomposes into free radicals. The val- 
ues for the rate constants of decomposition for N-nitroamines and N-nitroamides 
are in Table 8.9 

Difluoroamines possess a weak N-C bond that splits under heating.?' 

RNF2 + R' + 'NF2 
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TABLE 8.6 The Formation Enthalpy of Nitro Compounds" 

-AH; -AH; - A H ;  

(solid) (liquid) (gas) 
(Hrnol-') (kJ mol-') (kJ mol-') 

Compound 

Nitromethane, MeN02 
Dinitromethane, CH2(N02)2 
Trinitromethane, CH(NO& 
Tetranitromethane, C(N02)4 
Nitroethane, MeCH2N02 
1,2-Dinitroethane, 

N02(CH2)2N02 
1,1 -Dinitroethane, 

MeCH(N02)z 
1 , 1 , 1 -Trinitroethane, 

Hexanitroethane, 

1 -Nitropropane, EtCH2N02 
2-Nitropropane, 

MeCH(N02)Me 
1,3-Dinitropropane, 

N02(CH2)3N02 
1,1 -Dinitropropane, 

1 , 1-Dinitropropane, 

2,2-Dinitropropane, 
MeC(N02)2Me 

l,l,l-Trinitropropane, 

1,1, 1,2,2-Pentanitropropane, 

1 -Nitrobutane, BuN02 
2-Nitrobutane, EtCH(N02)Me 
2-Methyl-2-nitropropane, 

MeCMe(N02)Me 
1,1 -Dinitrobutane, 

PrCH(NO& 
1,4-Dinitrobutane, 

N02(CH2)4N02 
1,1,1,4-Tetranitrobutane, 

CH2N02(CH2)2C(N02)3 
2-Methyl-1,1,1,3- 

tetranitropropane, 
CH2N02CHMeC(N02)3 

MeC(NW3 

(N02)3CC(N02)3 

EtCH(N02)2 

EtCH(NO2)z 

CH~NO~CH(NO~)CHZNO~ 

MeC(N02 )C(N02 13 

119.2 
105.4 
33.1 

141.8 
166.1 

-36.8 

80.8 
59.8 
0.8 

-77.4 
100.4 
95.8 

48.5 

178.7 

166.1 102.1 

108.8 

-83.7 

93.3 52.7 

-96.2 - 154.4 

168.6 
181.2 

125.1 
139.7 

207.1 132.2 

170.7 119.7 

163.2 112.1 

190.4 177.0 129.7 

120.5 77.0 

56.9 39.7 -33.9 

192.5 
207.5 
218.8 

143.9 
162.8 
177.8 231.4 

196.6 142.7 

249.4 

189.9 

172.0 

236.8 161.9 

179.1 104.2 

159.4 83.7 

(continued overleaf) 
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TABLE 8.6 (continued) 

Compound 

-AH! 
(H mol-' ) 

(solid) 

1,1,3,3-Tetranitrobutane, 215.9 

2,2,3,3-Tetranitrobutane, 182.8 

1,l -Dinitropentane, 

1,1,1 -Trinitropentane, 

1,1,1,3,5,5,5- 153.6 

M ~ C ( N O ~ ) ~ C H ~ C H ( N O ~ ) Z  

MeC(N02)2C(N02)2Me 

BuCH(N02)2 

B ~ C ( N O Z ) ~  

Heptanitropentane, 
C(N02)3 CH~CH(NO~)CHZC(NOZ)~ 

dinitrobutane, 
Me2C(N02)C(N02)Me2 

trinitropentane, 
M ~ ~ C ( N O ~ ) C ( N O Z ) ~ E ~  

pentanitropentane, 
M ~ C ( N ~ ~ ) ~ C H ~ C M ~ ~ C ( N O Z ) ~  

2,3-Dimethyl-2,3- 311.7 

2-Methyl-2,3,3- 290.4 

2,2-Dimethyl-1,1,1,4,4- 276.6 

I -Nitropenvane, BuCH2N02 
2-Nitro- 

2,4,4-trimethylpentane, 
Me3CCH2CMe2N02 

Nitrocyclohexane, 

203.3 

164.8 

217.1 

174.5 

141.0 

291.6 

274.9 

261.5 

215.4 
304.1 

214.0 

120.1 

84.5 

159.8 

121.3 

38.5 

222.6 

197.1 

175.3 

165.1 
249.5 

159.3 

' See  Refs. 42 and 43. 

Rate constants for the decomposition of difluoroamines are presented in Table 8.10. 

8.5 NITRATES AND NITRITES 

The thermal decomposition of alkyl nitrates is limited and initiated by the cleav- 
age of the O-N bond. 

RON02 + RO' + 'NO2 

The BDE of this bond does not depend on the structure of the alkyl substituent and 
is 155 f 5 kJmol-' (see Table 8.11). Gas-phase decomposition of ethyl nitrate 
> 470 K proceeds as a chain reaction and is accompanied by d e t ~ n a t i o n . ~ ~  
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TABLE 8.7 Rate Constants for the Thermal Decay of Nitro Compounds in the Gas 
Phase 

Nitro Compound 
T E ,  log A , A  k d  (473 K) 

(K) (kJmol-I) (sP1) (s-') References 

Nitromethane, Me3N02 
Nitromethane, Me3N02 
Nitromethane, Me3N02 
Nitromethane, Me3N02 
Nitrotrichloromethane, CC13N02 
Nitrotrichloromethane, CC13NO2 
Nitroethane, EtN02 
Nitropropane, PrN02 
2-Nitropropane, Me2CHN02 
Dichlorodinitromethane, 

Dinitrofluoromethane, FCH(N02)z 
Difluorodinitromethane, 

Chlorodinitrofluoromethane, 

Bromodinitrofluoromethane, 

Dinitrofluoroiodomethane, 

Trinitromethane, HC(N02)3 
Fluorotrinitromethane, FC(N02)3 
Chlorotrinitromethane, CIC(N02)3 
Iodotrinitromethane, IC(NO2)3 
Tetranitromethane, C(N02)4 
Tetranitromethane, C(N02)4 
1,1 -Dinitroethane, MeCH(N02)z 
1,l -Dinitro- 1 -fluoroethane, 

I-Bromo-1,l-dinitroethane, 

1,l-Dichloro-1-nitroethane, 

1,1, I-Trinitroethane, MeC(N02)3 
1,2-Difluoro-l,1,2,2- 

tetranitroethane, 
FC(NOz)zFC(NOz)z 

Fluoropentanitroethane, 
FC(NOz)zC(NOz)3 

Hexanitroethane, C(N02)3C(N02)3 
1,l-Dichloro- I-nitropropane, 

1, I-Dinitropropane, EtCH(N02)z 
2,2-Dinitropropane, 

MeC(N02)zMe 
I , ] ,  1-Trinitropropane, EtC(N02)3 

C~ZC(NOZ)Z 

F2C(N02)2 

FCIC(N02)2 

FBrC(NW2 

FIC(N02)2 

MeCF(N02)Z 

MeCBr(N02)z 

MeCC12N02 

EtCC12N02 

653-713 
623-723 
633-663 
893-1473 
41 3 -443 
441 -443 

873-1 173 
873-1 I73 

763-828 

383-423 

517-537 
508-543 

443-487 

443-483 

433-470 

453-473 
451-509 
393-438 
386-423 
443-596 
359-450 
470-539 
487-535 

433-463 

463-508 

433-483 
380-453 

361 -413 

363-403 
473-531 

488-538 
448-483 

433-413 

224.3 
230.9 
230.5 
244.8 
156.5 
157.6 
232.6 
244.8 
225.9 
143.5 

202.9 
198.3 

173.6 

165.3 

166.1 

177.4 
175.3 
152.3 
143.9 
171.1 
161.5 
197.1 
195.6 

169.5 

178.2 

180.7 
176.6 

152.7 

149.8 
178.6 

200.8 
211.3 

177.0 

14.60 6.77 x lo-" 
14.10 3.99 x 
14.34 7.69 x 

16.21 1.50 x lo-" 
15.35 1.17 x 
15.35 8.83 x 
15.90 1.64 x 
15.36 2.12 x 
15.38 2.71 x lo-'' 
14.96 0.13 

16.38 9.41 x lo-' 
15.88 9.58 10-7 

15.44 1.86 x lop4 

15.00 8.80 10-4 

15.40 1.14 x 

15.46 7.41 x lop5 

15.27 2.83 x lo-' 
14.77 7.57 x lo-' 
17.53 4.32 x lo-' 

16.44 4.72 x lop6 
16.70 1.26 x lo-' 

15.40 1.10 lop4 

15.70 7.33 x 

15.84 1.32 x 

15.22 3.48 x lo-' 

16.70 5.56 x lop4 
17.40 7.91 x 

16.60 0.55 

16.52 0.95 
15.15 2.67 x 10-5 

16.60 2.66 x 
18.20 7.35 x 

16.32 5.94 

44,45 
46 
47 
48 
49 
50 
51 
52 
52 

5334 

55 
56 

51 

57 

57 

55 
56 

5334 
5354 

58 
54 
59 
56 

60 

60 

61 
56 

56 

53,62 
60 

59 
63 

61 

(continued overleaf) 
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TABLE 8.7 (continued) 

Nitro Compound 
T E ,  log A , A  k d  (473 K) 

(K) (Wmol-’) (s-’) (s-’) References 

1, I-Dinitrobutane, PrCH(N02)z 
1,1,1 -Trinitrobutane, PrC(N02)3 
1,1,1,3,5,S-Heptanitropentane, 

[(N02)3CCHzlzCHNOz 
3-Fluoro-I, I ,1,3,5,5,5- 

heptanitropentane, 
[ (NO~)ICCH~I~CFNOZ 

3-Chloro- I ,  1,1,3,5,5,5- 
heptanitropentane, 
“ W ~ C C H Z I ~ C C ~ N O ~  

3-Bromo-I ,1,1,3,5,5,S- 
heptanitropentane, 
[(N0~)3CCHzlzCBrN02 

1,4-Difluoro- 1, I ,4,4- 
tetranitrobutane, 
F(N02)2CCH2CH2CF(N02)2 

l,S-Difluoro-l,l,3,5,5- 
pentanitropentane, 
[ F ( N ~ z ) ~ C C H Z I ~ C H N ~ Z  

pentanitropentane, 
L F ( N ~ ~ ) Z C C H ~ I ~ C ~ O ~  

3-Chloro- 1,s-difluoro- 1,1,3,5,5- 
pentanitropentane, 
[F (NO~)ZCCH~]CC~NO~ 

3-Bromo-l,S-difluoro-l , I  ,3,5,5- 
peutanitropentane, 
[F(N02)2CCH2]2CBrN02 

1,5-Difluoro-1,1,3,3,5,5- 
hexanitropentane, 
[F (NO~)ZCCH~IZC(NO~)~  

MeSC(N0h  

1,3,5-Trifluoro-1,1,3,5,5- 

Methylthiotrinitromethane, 

Trinitromethylthiobenzene, 

2,4-Dinitro- 1- 
PhSC(N02)3 

(trinitromethyl)thiobenzene, 

NO? 

493-538 

393-413 
433-413 

393-4 13 

393-413 

393-413 

423-413 

453-493 

433-413 

433 -41 3 

433-413 

403-433 

323-353 

353-373 

348-363 

Od’QS 

NO2 

1, I-Dinitro- I-methylthioethane, 393 -423 

(1,l-Dinitroethyl)thiobenzene, 393-423 
MeSC(N02)2Me 

PhSC(N02)2Me 

201.7 
182.4 
148.1 

146.9 

146.0 

143.1 

192.5 

172.4 

165.3 

165.3 

161.9 

1.51.9 

128.9 

193.1 

133.1 

161.1 

159.8 

16.70 2.66 x loph 
17.22 1.19 x 
15.08 5.31 x lop2 

15.42 0.16 

15.43 0.20 

15.15 0.22 

15.84 3.82 x 

15.0 9.16 x 

14.77 3.28 x lop4 

15.48 1.68 x 1O-I 

15.12 1.74 x 

15.22 2.79 x lo-’ 

15.72 30.58 

1.5.52 1.35 x lop6 

15.72 10.51 

17.45 0.46 

17.70 1.13 

59 
61 
64 

64 

64 

64 

64 

64 

64 

64 

64 

64 

65 

65 

65 

65 

65 
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TABLE 8.7 (continued) 

Nitro Compound 
T E ,  log A , A  kd (473 Kj 

(Kj (kJmol-'j (s-I) (s-I) References 

2,4-Dinitro-( 1' , 1'-dinitroethyl) 393-408 156.9 17.25 0.84 65 
thiobenzene, 

Na, 
1,l-Dinitroethylmethyl sulfone 433-463 164.4 14.85 4.96 x 65 

1,l -Dinitroethylphenyl sulfone 443-468 162.8 14.70 5.27 x 65 

I,l-Dinitro-4-chloro-l-fluoro-3- 483-529 195.8 16.50 7.55 x lop6 66 

MeSOzC(N02)zMe 

PhSOzC(N02)zMe 

oxabutane, 
CICH~OCH~C(NOZ)~F 

CHz(NOXHzC(N0z)zF 
1 -Fluoro-l,l,3-trinitropropane, 473-508 193.7 16.55 1.44 x LO-' 66 

Nitrites exist as a mixture of two forms: syn and anti. Isomerization of one 
form into another proceeds intramolecularly. The rate constant of methyl nitrite 
i s~mer iza t ion~~ is equal to k = 2.0 x 1013exp[-46.4(kJmol-')/RT] s-'. 

The first step of alkylnitrites decomposition is the splitting of the weakest 
O-N bond. 

RON0 -+ RO' + 'NO 

The activation energies of alkylnitrite decomposition does not depend on the 
structure of R and are close to that of alkylnitrates (see Table 8.12). 

8.6 DISULFIDES AND POLYSULFIDES 

Disulfides and polysulfides have weak S-S bonds that are cleaved by heating.'24 
The more sulfur atoms in the polysulfide the lower is the BDE of the S-S 
bond. 125 

Pol ysulfide HSSH MeSSH EtSSEt PhSSPh HSSSH HSSSSH 

D(S-S)I kJ mol-' 270 272 277 206 230 190 
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TABLE 8.11 Rate Constants for the Thermal Decay of Alkyl Nitrates (RON02) in 
the Gas and Liquid Phase 

T E ,  log A ,  A kd (473 K) 
Compound Phase (K) (Hmol-’) (s-’) (s-l) References 

Methyl nitrate, MeONO2 
Ethyl nitrate, EtON02 
Ethyl nitrate, EtON02 
Ethyl nitrate, EtON02 
Ethyl nitrate, EtON02 
Ethyl nitrate, EtON02 
1 -Propyl nitrate, PrON02 
2-Propyl nitrate, 

MezCHON02 
2-Methyl-2-propyl nitrate, 

Me3CON02 
1,2-Ethanediol, dinitrate, 

N020CH2CH2 ON02 
1,2-Ethanediol, dinitrate, 

N020CH2CH20N02 
1,2-Propanediol, dinitrate, 

1,3-Propanediol, dinitrate, 
N020CHzCHzCH20N02 

1,2,3-Propanetriol, trinitrate, 
CH(ON02)[CH20N02]2 

1,2,3-Propanetriol, trinitrate, 

1,2,3-Propanetriol, 
1,3-dinitrate, 

MeCH(ON02)CH20N02 

CH(ONOz)[CH2ON02]2 

N020CH2CH(OH) 
CH20N02 

I ,4-Butandiol, dinitrate, 

2,3-Butanediol, dinitrate, 
MeCH(ON02)CH 
(ON02)Me 

N020(CH2)20N02 

Gas 
Gas 
Gas 
Gas 
Gas 
Liquid 
Gas 
Gas 

169.5 
167.4 

453-488 166.9 
434-454 172.4 
448-482 160.0 

167.4 
167.4 
169.5 

Gas 168.2 

Gas 149.4 

Liquid 162.3 

Liquid 168.6 

Liquid 163.6 

Gas 150.6 

Liquid 164.4 

Liquid 177.4 

Liquid 163.2 

Liquid 174.1 

15.7 
16.0 
15.8 
16.85 
14.74 
14.7 
16.5 
16.5 

15.9 

14.3 

14.5 

15.8 

14.9 

15.5 

15.4 

16.8 

15.1 

16.7 

9.59 
3.27 
2.34 10-3 
6.48 10-3 
1.18 

6.05 10-3 

2.12 

6.33 

3.78 

1.52 10-3 

6.82 

7.40 x 10-2 

1.76 

1.62 10-3 

1.64 x 
1.03 x lop2 

1.19 x lop3 

2.98 x 10-3 

102-104 
102-104 

105 
106 
107 
108 
109 
110 

102 

111 

108 

108 

108 

112 

108 

108 

108 

110 

The values for enthalpies and entropies of selected disulfate formation are 

Polysulfides are used for regulation of polymer weight through performing the 
in Table 8.13. 

“living polymerization” with reversible 12’ 

RS’ + R’CH2C‘HX + R1CH2CH(SR)X 

Alkyl disulfides are decomposed with dissociation of the S-S (main homolysis) 
and C-S bonds (side homolytic reaction).’24 Besides homolytic splitting, the 
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TABLE 8.12 Rate Constants of Thermal Decay of the Alkylnitrites in the Gas Phase 

Nitrite 
T E ,  log A , A  k d  (473 K) 

(K) (kJmol-') (s-') ( s - ' )  Reference 

Methyl-, MeONO 
Methyl-, MeONO 
Methyl-, MeONO 
Methyl-, MeONO 

Ethyl-, EtONO 
Ethyl-, EtONO 

Propyl-, PrONO 
Propyl-, PrONO 
Propyl-, PrONO 
I -Methylethyl-, 

Me2CHON0 
1 -Methylethyl-, 

Me2CHONO 

Ethyl-, EtONO 

Ethyl-, EtONO 

Butyl-, BuONO 
Butyl-, BuONO 

463-5 13 
483-513 
453-513 
780- 1000 
463-513 
484-505 
435-475 
473-503 

-500 
473 -503 
443-483 
443-483 

-500 

-500 
475 -5 12 

152.3 13.20 2.41 x lo-' 113 
151.0 13.10 2.66 x lo-' 114 
153.1 13.00 1.24 x lo-' 115 
142.2 12.90 1.57 x lop3 116 
157.7 14.14 5.31 x lo-' 117 
156.1 14.14 7.97 x lo-' 118 
156.9 13.79 2.91 x lo-' 119 
153.5 13.66 5.12 x lo-' 120 
154.8 14.44 2.21 x lo-' 118 
145.2 13.20 1.46 x lop3 121 
157.5 14.44 1.11 x lo-' 122 
157.5 14.44 1.11 x 123 

154.8 14.10 1.01 x lop3 120 

154.8 14.48 2.43 x 120 
151.5 13.66 8.51 x 121 

TABLE 8.13 The Enthalpies and Entropies of Formation of Disulfides." 

Disulfide 

-AH! -AH; -ASo 
(kJ mol-') (kJ mol-') (Jmol-' K- ')  

(gas? (liquid) (gas? 

Methyl-, MeSSMe 

Propyl-, PrSSPr 
Methylethyl-, Me2CHSSCHMe2 
Butyl-, BuSSBu 
Dimethylethyl-, MelCSSCMe3 
Phenyl-, PhSSPh 
Phenyldisulfone, PhS02S02Ph 

Ethyl-, EtSSEt 
24.3 
74.5 

117.2 
133.9 
159.0 
200.8 

48 1.3 
-242.7 

62.6 336.7 
120.1 414.6 
171.5 494.7 
188.2 475.5 
222.9 572.1 
255.2 500.2 

- 148.5 478.6 
643.2 

"See Ref. 126. 

molecular mechanism was for dimethyldisulfide decomposition. ' 24 

Me3SSMe3 + MqSH + Me2S 

Polysulfides are decomposed with cleavage of the S-S bond. The thermal 
decomposition of dimethyl trisulfide at 353 K results in the formation of disulfide 
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and tetrasulfide due to the following reactions: 124 

MeSSSMe + MeSS' + MeS' 

MeSS' + MeSS' + MeSSSSMe 

MeS' + MeS' + MeSSMe 

The tri-, penta-, and hexasulfides were found as the products of methyltetra- 
sulfide decomposition; and no dimethyl disulfide was found as a product. This 
means that the cleavage of MeSSSSMe occurs via a homolytic reaction: 

MeSSSSMe -+ 2MeSS' 

The rate constant for the decomposition is equal to k = 9.55 x 10'7exp[-153.1 
(kJ mol-')/RT] s-' (Table 8.14). The thermal stability of polysulfides decreases 
with an increase in the number of sulfur atoms in the polysulfide linkage. Data 
on the decay of polysulfides are collected in Table 8.14. 

8.7 ORGANOMETALLIC COMPOUNDS 

Organometallic compounds, such as GeR4, S n k ,  P b h ,  HgR2, and so on, 
have relatively weak metal-carbon bonds and are dissociated with free radical 
f o r m a t i ~ n . ' ~ ~  Tetramethyl tin and its thermolysis played a crucial role in the 
origin of radical chemistry. Panneth's experiments with tin mirrors were the 
first experimental evidences for free radicals as labile intermediates in different 
gas-phase reactions. 139 For the enthalpies of organometallic compound formation 
see Table 8.1 5. Rate constants of organometallic decomposition with homolytic 
scission of a C-metal bond are collected in Table 8.16. 

TABLE 8.15 Enthalpy of Formation for Organometallic Compounds" 

Compound 

Diethylmercury, HgEt2 
Dipropylmercury, HgPr2 
Di( 1 -methylethyl)mercury, 

Dibutylmercury, HgBuz 
Dimethylcadmium, CdMe2 
Dimethylzinc, ZnMe2 

Hg(CHMed2 

- A H /  -AH! 

(gas) Compound (gas) 
(kJ mol-I) (kJ mol-I) 

66.5 Trimethylgallium, GlMe3 -28.03 
17.6 Tetraethylgermane, GeEt4 - 146.4 
36.4 Tetraethyllead, PbEt4 96.2 

-24.3 Trimethylarsine, AsMe3 15.5 
105.4 Trimethylantimony, SbMe3 26.8 
54.4 Trimethylbismuth, BiMe3 -122.2 

aSee Ref. 138. 
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TABLE 8.16 Rate Constants for the Thermal Decay of Organometallic Compounds 
in the Gas Phase 

T E ,  log A , A  k d  (473 K) 
(K) (kJmol-I) (s-l) (s-') Reference Compound 

~~~ - ~~ 

Diethylmercury, HgEt, 
Diethylmercury, HgEtz 
Diethylmercury, HgEtz 
Dipropylmercury, HgPr2 
Dipropylmercury, HgPrz 
Di( 1 -methylethyl)mercury, 

Di( I -methylethyl)mercury, 

Di( 1 -methylethyl)mercury, 

Di( 1 -methylethyl)mercury, 

Dibutylmercury, HgBuz 
Dibutylmercury, HgBu2 
Dimethylcadmiurn, CdMez 
Dimethylcadmium, CdMez 
Dimethylcadmium, CdMez 
Dimethylcadmium, CdMez 
Dimethylzinc, ZnMez 
Trimethylindium, InMe3 
Trimethylindium, TnMe3 
Trimethylthallium, Me3TI 
Tetraethylsilane, SiEt, 
Tetrapropylsilane, SiPr4 
Hexamethyldisilane, 

Tetraethylgermane, GeEt, 
Tetraethyllead, PbEt4 
Tetraethyllead, PbEt4 
Trimethylbismuth, BiMe3 

Hg(CHM& 

Hg(CHMez)z 

Hg(CHMe2)z 

Hg(CHMed2 

Me3SiSiMe3 

593-643 
593-690 

173.6 
177.8 
194.6 
197.1 
197.1 
169.0 

14.1 
14.1 
15.5 
15.5 
15.5 
16.2 

8.49 x lop6 
2.92 x 
1.02 x 10-6 
5.42 10-7 
5.42 10-7 
3.45 x 10-3 

140 
141 
138 
142 
138 
143 

605-677 

502-714 

3.92 x 513-575 170.3 16.4 144 

443-503 113.0 11.0 3.32 x lo-* 144 

3.92 x 10-3 170.3 16.4 138 

5.17 10-7 
5.17 x 
7.08 x 10-l" 
5.51 x lo-'' 
7.97 x 10-8 
7.34 x 10-1' 
2.75 x lo-" 
7.76 10-7 
7.76 x 10-7 
1.39 x 
2.92 x 
7.62 x 10-* 
2.08 x lo-" 

617-686 200.0 
200.0 
204.2 
191.6 
182.0 
227.6 
197.5 
197.5 
197.5 
114.6 
21 1.3 
192.5 
207.2 

15.8 
15.8 
13.4 
11.9 
13.0 
15.0 
11.25 
15.7 
15.7 
10.8 
15.8 
14.14 
12.2 

144 
138 
145 
146 
147 
138 
148 
149 
138 
1 50 
151 
151 
152 

743-800 
742-844 

531.0 

843 - 1000 
550-781 
550-781 
458 -59 1 
793-873 
793 - 843 
940- 1020 

4.61 x lo-"' 
3.2 x lop5 

1.12 x 10-5 
4.67 x 10-7 

693-723 
506-548 
51 8-548 
619-857 

213.4 
154.8 
154.4 
184.1 

14.23 
12.6 
12.1 
14.0 

153 
154 
155 
I56 
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PARABOLIC MODEL OF 
BIMOLECULAR HOMOLYTIC 
REACTION 

9.1 INTRODUCTION 

Initiators that decompose into free radicals are widely used in technology, synthe- 
sis, and the experimental study for the initiation of free radical reactions. Along 
with this, different bimolecular reactions play an important role in the initiation 
of chain reactions.',' For example, the study of chain autoinitiation in oxidized 
hydrocarbons helped to open a great variety of bimolecular reactions for free 
radical g e n e r a t i ~ n . ~ - ~  

ROOH + ROOH + R02' + H2O + RO' 

ROOH + CH'=CHR' + RO' + HOCH~C-HR' 

ROOH + O=CR'R* + ROOC(OH)R'R' 

ROOH + R'OH + RO' + H20 + R'O' 

ROOC(OH)R'R~ -+ RO' + R'R~C(O*)OH 

ROOH + HY + RO' + HzO + Y' 

These bimclecular reactions occur more rapidly than unimolecular homolytic 
splitting of hydroperoxide at the 0-0 bond. Various bimolecular reactions for 
free radicals generation can be divided into the following six classes: 

1. Reactions of retrodisproportionation, in which one molecule (olefin, acety- 
lene, ketone, or imine) acts as an acceptor and an other (RH) as a donor 
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of the hydrogen atom. 

RH + CH~=CHR' -+ R' + CH~C-HR' 

RH + HN=CHR' -+ R' + NH~C'HR' 

RH + HC=CR] -+ R' + H~C=C'R' 

RH + O=CR'R* -+ R' + HOC'R'R~ 

These reactions are important in chain reactions for the decomposition of 
hydrocarbons and other organic compounds. 

2. Reactions of olefins and acetylenes with molecules of haloids, for example, 

F2 + CH*=CH2 + F' + FCH2C'Hz 

3 .  Reactions of hydrogen atom abstraction that are accompanied by a weak 
bond dissociation. Such reactions are typical for interaction of haloid mole- 
cules and hydroperoxides with hydrocarbons, for example, 

CH4+F2-+ C'H3+HF+F'  

RHfH202 -+ R ' + H 2 0 + H O '  

They are possible for hydrazines and disulfides. 

RH + H2NNH2 -+ R' + NH3 + H2N' 

RH + R'SSR' -+ R' + RSR' + R'S' 

4. Thermal generation of radicals in monomers occurs through biradical for- 
mation succeeded by reactions of this biradical.8 

PhCH=CH? + CHzzCHPh PhC'HCH2CH2C'HPh 

PhC'HCH2CH2C'HPh + RH -+ PhC'HCHZCH2CH2Ph + R' 

PhC'HCH2CH2C'HPh + CH2=CHPh + PhCH=CHCH2C'HPh 

+ CH3C'HPh 

5 .  Chain generation in the presence of dioxygen occurs in similar  reaction^:"^^^ 

RCH=CH2 + 0 2  -+ RC'HCH202' 

RC'HCH202' + 0 2  -+ RCH(02')CH202' and so on 

2RCHzCH2 + 0 2  -+ RC'HCH200CH2C'HR 
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6. In oxidized hydrocarbons, free radicals are generated by two reactions: one 
bimolecular and the other trimolecular:2 

The bimolecular reactions for radical generation appeared to be rather dif- 
ficult to study. The parabolic model for bimolecular homolytic reactions 
was found to be a very convenient method for calculation of rate constants 
for bimolecular reactions with the production of free radicals. The results 
with rate constants calculation are included in Part I1 of this handbook. 

9.2 
OF BIMOLECULAR HOMOLYTIC REACTION 

PRINCIPLES FOR THE PARABOLIC MODEL 

9.2.1 Main Equations of IPM 

The intersecting parabola model (IPM) as a semiempirical model of an elementary 
bimolecular reaction appeared to be very useful and efficient in the analysis and 
calculation of activation energies for a wide variety of radical abstraction and 
addition reactions.'-13 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 calculations for activation energies 
and rate constants of bimolecular reactions for chain generation. In the IPM, the 
radical abstraction reaction, for example, 

in which the hydrogen atom is transferred from the initial molecule (RH) to the 
final radical (HOO'), is regarded as the result of an intersection of two potential 
curves, one that describes the potential energy Ui(r) of the vibration of the H 
atom along the bond being dissociated in the initial molecule, and another that 
describes the potential energy U f ( r )  of the vibration of the same atom along the 
bond being formed 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 are 
described by the parabolic law 

Ju<y> = br (9.1) 

The following parameters are used to characterize the elementary step:'*" 

1. The enthalpy of reaction AH, includes the difference between the zero- 
point energies of the broken and generated bonds 
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where Di and Df are the dissociation energies of the broken (i) and gen- 
erated (f) bonds, vi and vf are the stretching vibration frequencies of these 
bonds. 

2. The activation energy E, is related to the experimentally determined Arrhe- 
nius energy E by the equation 

E, = E + O.S(hLv, - R T )  (9.3) 

3 .  The coefficients bi and bf describe the dependence of the potential energy 
on the atomic vibration amplitude along the valence bonds. There is a 
parabolic relation between the potential energy and the vibration amplitude 

The quantity 2b2 is the force constant for the corresponding bond with 
1, = ~ r v ( 2 ~ ) ' / * ,  where is the reduced mass of the atoms forming the 
bond. 

4. The parameter r, characterizes the distance between two minimum points of 
intersecting parabolas. This parameter is equal to the sum of the amplitudes 
for vibration of two bonds transformed in the reaction. In the IPM, these 
parameters are related by the equation 

where b = b,, that is, it refers to the attacked bond in the molecule, while 
c1 = hi&. In the case of structurally isotypic reactions (br, = const), a 
thermally neutral reaction ( A  H, = 0 )  occurs with the activation energy 
E,o, which is determined by two parameters, namely, c1 and br, (or re, b, 
and b,) : 

On substituting the parameter br, in Eq (9.6) by its value from Eq (9.3, 
we obtain 

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

(9.8) 
# r / r e  = E,'l2/bre = [ l  + ~ ( l  - AH,E;')]p' 

In the case of a thermally neutral reaction, r f  is equal to the ratio 
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The parabolic model is, in essence, empirical, because the parameter a is 
calculated from spectroscopic (u, and uf) and atomic (pl and pf) data, while 
parameter br, (or E,") is found from the experimental activation energies 
E [ E  = RT ln(A/k)], where A is the preexponential factor typical of the 
chosen group of reactions, and k is the rate constant. The enthalpy of 
reaction is calculated by Eq. (9.2). The calculations showed that br, = const 
for structurally similar reactions. The values of a and br, for reactions of 
different types are given in Tables 9.1-9.3. 

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 for the enthalpy of the reaction, 
A H ,  When the reaction enthalpy A H ,  > A H ,  max, activation energy E = 
A H  + OSRT,  whereas A H ,  max depends on parameters a and br,.I4 

AH,,,,, = - 2abreJ0.ShLvf + 0.ShLuf(a2 - 1) (9.10) 

Special attention should be paid to the preexponential factors for reactions. l4 

For a separate group of reactions, the quantity A calculated for a single attacked 
bond is constant, A = A", when A H ,  < A H ,  ,=. For reactions with A H ,  > 
A H ,  the parameter re increases with an increase in A H ,  and, hence, the 
preexponential factor A also increases. The dependence of A on A H  is described 
by the  formula^'^ 

A = A" { 1 + B  [m- ,i..,,]]2 (9.11) 

The mean value of coefficient B is equal to 1.3. Tables 9.2 and 9.3 present 
the values of A H ,  calculated by Eq (9.10). Evidently, the range of A H ,  in 
which A = A0 = const depends on the parameter br, and varies within wide 
limits. 

9.2.2 

Within the framework of the IPM, the values of E and k are calculated by means 
of the following formulas: 

Calculation of E and k for Bimolecular Reactions 

1. Reactions with A He < A He max 

(1) For a = 1 

(2) For a + 1 

(9.12) 

a= + 1 - a  [ 1 -./-I 
(9.13) 

br, a A H ,  
(3) For AHe(l - a2) << (bVe)2 JEe = ___ +- 

1 +a 2br, 
(9.14) 
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The activation energy E and rate constant k are calculated by the formulas 

E = E, - O.5hL~j  + 0.5RT 

k = nC-H x Aoexp(-EIRT) = Aexp(-E/RT), 

(9.15) 

(9.16) 

where I~C-H is the number of attacked C-H bonds with the same reactivity, 
and A0 is the standard preexponential factor per one attacked C-H bond 
for the chosen group of reactions. 

2. Reactions with A H, > A He max. The activation energy for these reactions 
is close to the enthalpy for reaction 

E = A H  + 0.5RT (9.17) 

The preexponential factor depends on the reaction enthalpy, and the rate 
constant is equal the following: 

k = nc-H x Aoe-'/2 [ 1 + 0 [a - .:'..--I )'exp(-AH/RT) 
(9.18) 

3. Reactions with concerted dissociation of a few bonds. In bimolecular reac- 
tions of this type 

ROOH + HY + RO' + H2O + Y' 

more than one, namely, two bonds, 0-0 and Y-H, dissociate simultane- 
ously. The concerted concentration of activation energy on 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. Accord- 
ing to the oscillation theory for decay of the polyatomic molecule, this 
probability P (E) for the reaction with the simultaneous dissociation of 
two bonds is described by the equationlS 

P ( E )  = /% (9.19) 

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

J:"f exp( - E /  RT) (9.20) k = n v - H A ~ ~ e x p ( - t . / R T )  = A ~ 

2RT 

where A0 is the preexponential factor typical of similar reactions with 
dissociation of one Y-H bond. Activation energy is calculated as described 
above. 
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TABLE 9.1 Kinetic Parameters for Bimolecular Reactions of Free Radical Genera- 
tion in IPM 

Reaction 
b x 10-" 0.ShLUi O.ShL(U, - Uf), 

CI ((kJ/mol)'/2 m-') (kJ mol-') (Hmol-') ( r # / r e ) o  

0.814 
0.936 
1.022 
1.000 
0.624 
0.658 
0.608 
0.586 

3.743 
4.306 
4.701 
4.600 
2.871 
3.026 
2.796 
2.695 

17.4 
20.0 
21.7 
21.2 
13.1 
13.8 
12.6 
12.1 

0 2  + CH2=CHR + 'OOCH2C'HR 

0 2  + CH2=CHR 1.737 5.389 9.9 

ROOH + HR' 
ROOH + HNR2 
ROOH + HOR' 

ROOH + HSR' 

ROOH + HOOR' 
ROOH + HSiR3 

ROOH + HGeR3 
ROOH + HSnR3 

ROOH+ HY + RO' + H2O + Y' 
0.788 
0.907 
0.990 
0.969 
0.604 
0.637 
0.589 
0.567 

3.743 
4.306 
4.701 
4.600 
2.871 
3.026 
2.796 
2.695 

17.4 
20.0 
21.7 
21.2 
13.1 
13.8 
12.6 
12.1 

RC'HYH + R ' OOH + RCH=Y + H2O + R' 0' 

R'OOH + RC'HCH2-H 0.788 3.743 17.4 

R'OOH + RC'HO-H 0.990 4.701 21.7 
R'OOH + RC'HNH-H 0.907 4.306 20.0 

R' + HOOR' + ROH + R'O' 

R' + HOOR' 0.889 3.238 5.1 

ROOR + HR' 
ROOR + HNR2 
ROOR + HOR' 
ROOR + HOOR' 
ROOR + HSiR3 
ROOR + HSR 
ROOR + HGeR3 
ROOR + HSnR3 

ROOR + HY + RO' f ROH+ Y' 

0.796 
0.916 
1 .000 
0.978 
0.61 1 
0.644 
0.595 
0.573 

3.743 
4.306 
4.701 
4.600 
2.871 
3.026 
2.796 
2.695 

17.4 
20.0 
21.7 
21.2 
13.1 
13.8 
12.6 
12.1 

-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 

-4.3 
-1.7 

0.0 
-0.5 
-8.6 
-7.9 
-9.1 
-9.6 

0.55 1 
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 
0.61 1 
0.629 
0.638 

0.559 
0.524 
0.502 

0.529 

0.557 
0.522 
0.500 
0.505 
0.621 
0.608 
0.621 
0.636 

(continued overleaf) 



430 PARABOLIC MODEL OF BIMOLECULAR HOMOLYTlC REACTION 

TABLE 9.1 (continued) 

b x lo-" 0.5hLuI O.ShL(u, - Vf),  

Reaction c1 ((kJ/mol)'/2 rn-I)  (kJrnol-') (kTmo1-') ( r# /re)"  

RC'HYH+ R'OOR' + RCH=Y+ R'OH+K'O' 

RC'HCH2-H + R'OOR' 0.796 3.743 17.4 
RC'HNH-H + R'OOR' 0.916 4.306 20.0 
RC'HO-H + R ~ O O R '  

R' + R'OOR' 

ROOH + CH2zCHR' 

ROOR + CH2=CHR1 

RCH=CH2 + HR' 
RCH=CH2 + HNR2 
RCH=CH2 + HORI 
RCHzCH2 + HOOR' 

RCH=CH2 + HSR 
RCH=CH2 + HSiR3 

RCH=CH2 + HGeR3 
RCH=CH2 + HSnRj 

RC-CH + H R I  

RCECH + HOR' 
R C ~ C H  + HOOR' 

RC-CH + HSR' 

RC-CH + HNR2 

RC=CH + HSiR3 

RCrCH + HGeRi 
RC-CH + HSnR3 

R I R ~ C = O  + HR' 
RI  R2C=O + HNR2 
R1 R2C=O + HOR' 
RlR2C=O + HOOR' 
R I  RzC=O + HSiR3 
RlR2C=O + HSR' 

1.000 4.701 21.7 

0.849 3.238 5.1 

ROOH + CH;?=CHR + RO' + HOCH2C'HR 

0.889 3.238 5. I 

ROOR + CHz=CHR + RO' + ROCH2C'HR 

0.849 3.238 5.1 

RCH=CH2 + H Y  + RC'HCH3 + Y' 
1.000 
1.150 
1.256 
1.229 
0.767 
0.808 
0.747 
0.720 

3.743 
4.306 
4.701 
4.600 
2.871 
3.026 
2.796 
2.695 

17.4 
20.0 
21.7 
21.2 
13.1 
13.8 
12.6 
12.1 

RCECH + HY + RC'=CH2 + Y' 
0.945 
1.087 
1.187 
1.161 
0.725 
0.764 
0.706 
0.680 

3.743 
4.306 
4.701 
4.600 
2.871 
3.026 
2.796 
2.695 

17.4 
20.0 
21.7 
21.2 
13.1 
13.8 
12.6 
12.1 

RlRzC=OfHY + R1R2C0OH+ Y' 

0.796 3.743 17.4 
0.916 4.306 20.0 
1 .OO 4.701 21.7 
0.978 4.600 21.2 
0.61 1 2.87 1 13.1 
0.644 3.026 13.8 

-4.3 
-1.7 

0.0 

- 1 .5 

-1.1 

-1.5 

0.0 
2.6 
4.3 
3.8 

-4.3 
-3.6 
-4.8 
-5.3 

-1.0 
1.6 
3.3 
2.8 

-5.3 
-4.6 
-5.8 
-6.3 

-4.3 
-1.7 

0.0 
-0.5 
-8.6 
-7.9 

0.557 
0.522 
0.500 

0.541 

0.529 

0.541 

0.500 
0.465 
0.443 
0.449 
0.566 
0.553 

0.58 1 
0.572 

0.514 
0.479 
0.457 
0.463 
0.580 
0.561 
0.586 
0.595 

0.557 
0.522 
0.500 
0.505 
0.621 
0.608 
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TABLE 9.1 (continued) 

Reaction 

Rl RzC=O + HGeR3 0.595 2.796 12.6 -9.1 0.627 
R1R2C=O + HSnR3 0.573 2.695 12.1 -9.6 0.636 

RCH=NR~ (RN-NR, RC=N + HY + RC-HNHR' (RNHN'R, RC'=NH) + Y' 
RCH=NR' + H R ~  0.869 

RCH=NR~ + H O R ~  1.092 
RCH=NR' + HOOR~ 1.068 
RCH=NR' + HSiR3 0.667 
RCH=NR' + H S R ~  0.703 
RCH=NR' + HGeR3 0.649 
RCH=NR' + HSnR3 0.626 

RCH=NR' + HNR2 1.000 

RNO2(RNO, N02) + HY 

RNO, + H R I  

mo, + HOR' 
RNO, + HOOR' 

RNO, + H S R ~  

RNO, + HNR2 

RNO, + HSiR3 

RNO, + HGeR3 
RNO, + HSnR3 

RCH=CH2 + FY 
RCH=CH2 + C1Y 
RCH=CHCH=CHz + FY 
RCH=CHCH=CH2 + ClY 
RCHECH~ + FY 
RCH-CH2 + C1Y 

XF + HR 
XF + HNR2 
XF + HOR 
XF + HOOR 
XF + HSiR3 
XF + HSR 

XCI + HR 
XC1+ H2NR 
XC1+ HOR 
XCI + HOOR 
XC1+ HSiR3 
XCI + HSR 

0.802 
0.923 
1.008 
0.986 
0.615 
0.649 
0.599 
0.578 

3.743 
4.306 
4.701 
4.600 
2.871 
3.026 
0.279 
2.700 

17.4 
20.0 
21.7 
21.2 
13.1 
13.8 
12.6 
12.1 

-2.6 
0.0 
1.7 
1.2 

-6.9 
-6.2 
-7.4 
-7.9 

+ RN(O')OH(RN'OH, ONOH) + r 
3.743 
4.306 
4.701 
4.600 
2.871 
3.026 
0.279 
2.700 

17.4 
20.0 
21.7 
21.2 
13.1 
13.8 
12.6 
12.1 

Ex + CH2=CHR + Y' + XCH2c'HR 

1.422 5.389 9.9 
1.639 5.389 9.9 
1.678 5.389 11.7 
1.934 5.389 11.7 
1.824 6.912 12.7 
2.102 6.912 12.7 

XF + HY + x' + F H +  Y' 

0.694 3.743 17.4 
0.798 4.306 20.0 
0.871 4.701 21.7 
0.853 4.600 21.2 
0.511 2.756 12.6 
0.561 3.026 13.8 

XC1+ HY + x' + ClH+ Y' 

0.951 3.743 17.4 
1.094 4.306 20.1 
1.194 4.701 21.7 
1.169 4.600 21.2 
0.700 2.756 12.6 
0.769 3.026 13.8 

-4.1 
-1.5 

0.2 
-0.3 
-8.4 
-7.7 
-8.9 
-9.4 

3.6 
5 .0 
5.4 
6.8 
6.4 
7.8 

-7.4 
-4.8 
-3.1 
-3.6 

-12.2 
--11.0 

-0.5 
2.1 
3.8 
3.3 

-5.3 
-4.1 

0.535 
0.500 
0.478 
0.484 
0.600 
0.587 
0.606 
0.615 

0.555 
0.520 
0.498 
0.503 
0.619 
0.606 
0.625 
0.634 

0.413 
0.379 
0.373 
0.341 
0.354 
0.322 

0.590 
0.556 
0.534 
0.540 
0.662 
0.641 

0.513 
0.478 
0.456 
0.461 
0.588 
0.565 
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TABLE 9.2 Kinetic Parameters of Bimolecular Reactions for Free Radical Genera- 
tion in the IPM of the Transition State 

Reaction 
brt. Ed) A0 A He max 

((kJ/mol)'/2) (kJ mol-I) (Lmol-I s-I) (kJ mol-I) 

o2 + HR' 
o2 + HR' 
o2 + H R ~  
0 2  + NH-I 
0 2  + H'NR 
0 2  + HNR2 
0 2  + ROH 
0 2  + ROOH 
O2 + HSiR3 

O2 + HGeR3 
O2 + HSnR-I 

0 2  + RSH 

o3 + HR' 
o3 + HR? 
o3 + HR' 
0 3  + NH3 

0 3  + HNR2 
0 3  + HOR 
0 3  + HOOR 

0 3  + HlNR 

O3 + HSiR3 

O3 + HGeR3 
O3 + HSnR? 

0 3  + RSH 

ROOH + HR' 
ROOH + HR' 
ROOH + HR-? 
ROOH + H ~ N R '  
ROOH + HNR2 
ROOH + HORl 
ROOH + HOOR 

0 2  + HY -+ HO2' + Ya 
13.61 
15.20 
14.32 
9.36 

10.80 
11.73 
14.45 
13.13 
12.41 
10.39 
12.74 
12.35 

56.3 5.0 x 10' 

62.3 5.0 x 10' 
23.4 4.0 x 10' 
31.1 4.0 x 10' 
36.7 4.0 x lo' 

70.2 5.0 x 109 

51.1 5.0 109 
43.1 5.0 x 109 

39.3 5.0 x 109 
58.4 5.0 x 10' 

62.8 5.0 x 10' 
60.6 5.0 x 10' 

0 2  + CHz=CHR + 'OOCH2C'HRb 

26.04 90.5 2.0 x 10' 
27.23 99.0 2.0 x 10' 

0 3  + HY + HO3' + Y" 
13.61 56.3 2.0 x 10' 
15.20 70.2 2.0 x 10' 
14.32 62.3 2.0 x 10' 

0.80 31.1 2.0 x lo9 
1.73 36.7 2.0 x 10' 

3.13 43.1 2.0 x 10' 
2.4 1 58.4 2.0 x 10' 
0.39 39.3 6.4 x lo8 

9.36 23.4 2.0 109 

4.45 51.1 2.0 x 10' 

12.74 62.8 
12.35 60.6 

ROOH i- HY + RO' + H20 + Yd 
19.85 123.2 
21.15 139.9 
20.35 129.5 
17.33 82.6 
18.48 93.9 
19.94 101.4 
20.45 107.9 

1.0 x 109 
1.0 x 10' 

1.0 x 10' 
1.0 x 108 
1.0 x 108 
1.0 x 109 
1.0 x 10' 
1.0 x 10' 
1.0 109 

76.1 
110.1 
90.6 
4.3 

20.9 
33.9 
73.7 
51.5 
69.7 
33.0 
77.6 
72.0 

408.5 
540.3 

76.1 
110.1 
90.6 
4.3 

20.9 
33.9 
73.7 
51.5 
69.7 
33.0 
77.6 
72.0 

239.7 
283.5 
256.2 
149.7 
181.2 
213.0 
228.6 
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TABLE 9.2 (continued) 

Reaction 
bre Eeo An AHe max 

((kJ/mol)'/2) (kJ mol-') (L mol-' s-I) (kJ mol-I) 

ROOH + HSiR3 
ROOH + HSR' 
ROOH + HGeR3 
ROOH + HSnR3 

R I  C'HCH3 + ROOH 
R2C'HCH3 + ROOH 
R3C'HCH3 + ROOH 
RC'HNHz + R'OOH 
RC'HNRH + R'OOH 
RC'HOH + R'OOH 

R" + R'OOH 
R2' + R' OOH 
R3' + R'OOH 

15.80 97.0 1.0 x lo9 145.6 
18.40 126.3 1.0 x lo9 214.9 
16.7 1 110.6 1.0 x lo9 172.0 
17.15 119.8 1.0 x lo9 187.4 

R' C'HYH -+ ROOH + R I  CH=Y + H ~ O  -+ RO' 

ROOR + HR' 
ROOR + HR2 
ROOR + HR3 
ROOR + H2NR' 

ROOR + HOR' 
ROOR + HOOR' 
ROOR + HSiR3 
ROOR + HSR' 
ROOR + HGeR3 
ROOR + HSnR3 

ROOR + HNR2 

19.85 123.2 1.0 x lo9 
21.15 139.9 1.0 x 10' 
20.35 129.5 1.0 x lo8 
17.33 82.6 1.0 x 1O'O 

20.45 107.9 1.0 x 10'" 
18.48 93.9 1.0 x 10'0 

R' + R'OOH -+ ROH + R' 0' 

18.93 100.4 1.0 x 109 
19.92 111.2 1.0x 109 
19.32 104.6 1.0 x lo9 

ROOR + HY -+ RO' + ROH + Y d  

2 1.34 
22.64 
21.84 
18.82 
19.97 
21.43 
21.94 
18.37 
18.63 
18.80 
19.24 

141.2 
158.9 
147.9 
96.5 

108.6 
114.8 
123.0 
130.0 
128.4 
138.9 
149.6 

2.0 109 

2.0 109 
2.0 109 
2.0 109 
2.0 109 
2.0 x 109 
2.0 109 
2.0 109 
2.0 109 

2.0 x 108 
2.0 x 108 

239.7 
283.5 
256.2 
149.7 
181.2 
228.6 

273.2 
307.3 
286.4 

289.2 
336.7 
307.1 
190.2 
225.0 
259.6 
280.5 
219.3 
222.6 
235.2 
252.9 

R'C'HYH + ROOR + RCH=Y + ROH + RO' 

R'C'HCH3 + ROOR 
R2C'HCH3 + ROOR 
R3C'HCH3 + ROOR 
R' C'HNH2 + ROOR 
R'C'HNRH + ROOR 
R' C'HOH + ROOR 

21.34 141.2 2.0 x lo9 289.2 
22.64 158.9 2.0 x 10' 336.7 
21.84 147.9 2.0 x 1OX 307.1 
18.82 96.5 2.0 x 10" 190.2 
19.97 108.6 2.0 x 10" 225.0 
2 1.94 123.0 2.0 x 10" 280.5 

(continued overleaf) 
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TABLE 9.2 (continued) 

Reaction 

R" + ROOR + ROR' + RO' 

R" + ROOR 19.82 114.9 2.0 x 10' 
R2' + ROOR 20.82 126.8 2.0 x 109 
R" + ROOR 19.21 107.9 2.0 109 

RCH=CH2 + HOOR' + RC'HCHzOH + R' Ud 

ROOH + CH*=CHR' 18.93 100.4 1.0 109 
ROOH + CH~=CHCH=CHR' 19.92 111.2 1.0 109 
ROOH + CH2=CHPh 19.32 104.6 1.0 x 10' 

RCH=CH* + R I  OOR' + RC-HCH~OR'  + R' o ' ~  

ROOR + CH*=CHR 19.82 114.9 2.0 x 10' 
ROOR + CH,=CHCH=CHR 20.82 126.8 2.0 x lo9 
ROOR + CHZ=CHPh 19.21 107.9 2.0 109 

RCH=CH? + HY + RC'HCH? + Y e  

RCH=CH2 + HR' 
RCH=CH2 + HR2 
RCH=CH2+ HR' 
RCH=CH2 + H2NR' 
RCH=CH2 + HNR; 
RCH=CH* + HOR' 
RCH=CH2 + HOOR' 
RCH=CH2 + HSiR: 

RCH=CH2 + HGeR: 
RCH=CH2 + HSnR: 

RCH=CH, + HSR' 

17.30 
18.60 
17.80 
17.14 

16.46 
16.73 
13.18 
11.80 
13.82 
13.67 

18.07 

74.8 1.0 x 10' 
86.5 1.0 x 10' 
79.2 1.0 x 10' 
63.5 1.2 x 10' 
70.6 1.2 x 10' 
53.2 1.0 x 10' 
56.3 1.0 x 10' 

42.6 2.0 x 10' 
62.6 1.0 x 10' 

55.6 1.0 x 109 

63.2 1.0 x 109 

RCH=CHCH=CHz + HY + RCH=CHC'HCH3 + Y' 
RCH=CHCH=CH2 + HR' 
RCH=CHCH=CH* + HR2 
RCH=CHCH=CH2 + HR' 
RCH=CHCH=CHz + HzNR' 
RCH=CHCH=CH2 + HNR: 
RCH=CHCH=CH~ + HOR' 
RCH=CHCH=CH* + HOOR' 
RCH=CHCH=CH2 + HSiRi 
RCH=CHCH=CH, + HSR' 
RCH=CHCH=CH2 + HGeRi 
RCH=CHCH=CH* + HSnR: 

18.60 
19.25 
18.85 
18.64 
19.57 
17.76 
18.68 
14.12 
12.32 
14.76 
14.65 

86.5 1.0 x 10' 
92.6 1.0 x 10' 
88.8 1.0 x 10' 
75.2 1.2 x 10' 
82.8 1.2 x 10' 

70.2 1.0 x 10' 
64.6 1.0 x 10' 
46.4 2.0 x 10' 

72.5 1.0 x 10' 

62.0 1.0 x 108 

71.4 1.0 109 

304.5 
340.8 
283.4 

273.2 
307.3 
286.4 

304.5 
340.8 
283.4 

155.0 
190.8 
168.3 
135 .O 
158.8 
108.5 
117.2 
95.1 
53.7 

112.1 
112.6 

190.8 
210.0 
198.1 
174.2 
200.8 
139.4 
166.4 
115.6 
62.7 

134.0 
135.4 
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TABLE 9.2 (continued) 

Reaction 
bre Ee0 A0 AHe max 

((kJ/mo1)'/2) (kJmol-') (Lmol-' SK') (kJ mol-') 

PhCH=CH2 + HR' 
PhCH=CH2 + HR2 
PhCH=CH2 + HR3 
PhCHFCH;? + H2NR 
PhCH=CH2 + HNR2 
PhCH=CH2 + HOR 
PhCH=CH2 + HOOR 
PhCH=CH2 + HSiR3 
PhCHzCHZ + HSR 
PhCH=CHp + HGeR3 
PhCH=CH2 + HSnR3 

RC-CH + HR' 
RC=CH + HR2 
RC-CH + HR3 
RC=CH + H2NR' 
R C S H  + HNR: 
RC-CH + HOR' 
RC=CH + HOOR' 
RC-CH + HSiR: 
RC=CH + HSR' 
RC-CH + HGeRl 
RC=CH + HSnR: 

R'R~C=O + HR' 
R ' R ~ C = O  + H R ~  
R'R2C=0 + HR3 
R'R2C=0 + H2NR 
R'R2C=0 + HNR2 
R'R2C=0 + HOR 
R'R2C=0 + HOOR 
R'R2C=0 + HSiR3 
R'R2C=0 + HSR 
R1R2C=0 + HGeR3 
R'R2C=0 + HSnR3 

PhCH=CH2 i- HY + PhC'HCH3 + Ye 

17.80 
18.45 
18.05 
17.71 
18.64 
16.96 
17.60 
13.54 
12.00 
14.18 
14.03 

79.2 1.0 109 
85.1 1.0 x 10' 
81.4 1.0 x 10' 
67.8 1.2 x lo* 
75.2 1.2 x 10' 
56.5 1.0 x 10' 
62.3 1.0 x 10' 

44.0 2.0 x 10' 
58.7 1.0 x 109 

65.9 1.0 x 109 
66.5 1.0 x 109 

RC-CH + HY + RC'=CHz + Y" 

16.88 
18.18 
17.18 
16.72 
17.65 
15.95 
16.22 
12.00 
11.38 
12.56 
12.62 

75.3 1.0 109 
87.4 1.0 x 10' 
78.0 1.0 x lo* 
64.2 1.2 x 10' 
71.5 1.2 x 10' 
53.2 1.0 x lo* 

48.4 1.0 x 10' 
56.3 1.0 107 

41.6 2.0 x 107 
54.2 1.0 x 109 
56.4 1.0 x 109 

RlRzC=O + HY + R'R2C'OH + Y e  

13.10 
14.14 
13.50 
11.95 
12.88 
13.62 
14.13 
10.13 
10.39 
10.56 
11.00 

53.2 1.0 x 109 
62.0 1.0 x lo8 
56.5 1.0 x 10' 
38.9 1.0 x lo* 
45.2 1.0 x 109 
46.4 1.0 109 
51.0 1.0 x 109 
39.5 1.0 x 109 
39.9 1.0 109 
43.8 1.0 x 109 
48.9 1.0 x 109 

168.3 
186.5 
175.2 
149.3 
174.2 
120.0 
138.1 
102.8 
57.1 

120.3 
120.7 

146.1 
181.1 
1.53.9 
127.0 
150.2 
99.5 

107.9 
74.8 
47.2 
88.5 
93.1 

66.6 
87.1 
74.2 
37.3 
52.4 
61.3 
70.1 
49.6 
32.9 
58.8 
69.0 

(continued overleqf) 
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TABLE 9.2 (continued) 

Reaction 
bre Ee0 An A He max 

((kJ/mol)l/2) (kJ mol-') (L mol-' s- ' )  (kJ mol-') 

RCH=NH + HR' 
RCH=NH + HR2 
RCH=NH + HR' 
RCH=NH + H2NR1 
RCH=NH + HNR; 
RCH=NH + HOR' 
RCH=NH + HOOR' 
RCH=NH + HSiRi 
RCH=NH + HSR' 
RCH=NH + HGeR: 
RCH=NH + HSnR: 

R'CH=NR* + HR' 
R'CH=NR~ + H R ~  
R'CH=NR* + HR' 
R'CH=NR2 + H2NR 
R'CH=NR2 + HNRz 
R1CH=NR2 + HOR 
R'CH=NR2 + HOOR 
R'CH=NR2 + HSiR3 
R'CH=NR2 + HSR 
R'CH=NR2 + HGeR3 
R'CH=NR2 + HSnRl 

RCH=NPh + HR' 
RCH=NPh + HR2 
RCH=NPh + HR' 
RCH=NPh + H2NR' 

RCH=NPh + HOR' 
RCH=NPh + HOOR' 
RCH=NPh + HSiR3 
RCH=NPh + HSR' 
RCH=NPh + HGeR3 
RCH=NPh + HSnRl 

RCH=NPh + HNR2 

RC=N + HR' 

RCH=NH + HY + RC'HNH2 + Y f '  

14.90 
16.21 
15.40 
21 .OO 
21.90 
13.05 
11.54 
1 1.44 
9.75 

12.26 
1 1.05 

63.6 1.5 x 10' 
75.2 1.5 x lo7 
67.9 1.5 x lo7 

110.2 4.0 x 10' 
119.9 2.0 x 10' 
38.9 2.0 x 107 
31.1 2.0 107 

32.8 2.0 x 107 
47.1 1.5 x 10' 

55.3 1.5 x 10' 
46.2 1.5 x 10' 

R'CH=NR + HY + R ~ C - H N H R  + rf 
15.80 
17.10 
16.30 
21.90 
22.80 
13.94 
12.44 
12.34 
10.65 
13.16 
1 1.95 

71.5 1.5 x 10' 
83.7 1.5 x lo7 

119.9 4.0 x 10' 
130.0 2.0 x 10' 

76.1 1.5 x 107 

44.4 2.0 107 
36.2 2.0 x 107 

39.1 2.0 x 107 
54.8 1.5 x 10' 

63.7 1.5 x 10' 
54.0 1.5 x 10' 

RCH=NPh + HY + RC'HNHPh + Y'f 

13.00 
14.30 
13.50 
19.10 
20.00 
13.45 
11.94 
9.54 
7.85 

10.36 
9.15 

48.4 1.5 x 10' 
58.5 1.5 x lo7 
52.2 1.5 x lo7 
91.2 4.0 x 10' 

100.0 2.0 x 10' 
41.3 2.0 x 107 
33.3 2.0 107 

21.2 2.0 107 
32.8 1.5 x 10' 

39.5 1.5 x 10' 
31.7 1.5 x 10' 

RC=N + HY + RC'=NH + Yf 
15.33 67.3 3.0 x 10' 

101.3 
131.9 
112.5 
253.2 
283.7 
46.7 
25.7 
68.4 
23.6 
67.7 
57.8 

121.9 
154.6 
134.1 
283.7 
315.9 
122.8 
38.7 
67.6 
36.3 
85.2 
63.7 

63.1 
88.4 
72.4 

194.0 
221.1 

87.5 
31.3 
23.0 
2.1 

35.6 
20.3 

11 1.0 
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TABLE 9.2 (continued) 

Reaction 
br, Ee0 A0 AH, max 

((kJ/mol)'/') (kJ mol-') (L mol-' s-') (M mol-I) 

RC=N + HR2 
RC=N + HR3 
RC=N + H2NR' 
RC=N + HNR; 
RC=N + HOR' 
RC=N + HOOR' 
RC-N + HSiRi 
RC-N + HSR' 
RC=N + HGeRi 
RC=N + HSnRi 

RN=NR + HR' 
RN=NR + HR2 
RN=NR + HR3 
RN=NR + H2NR' 
RN=NR + HNR; 
RN=NR + HOR' 
RN=NR + HOOR' 
RN=NR + HSiRi 
RN=NR + HSR' 
RN=NR + HGeRi 
RN=NR + HSnR: 

RNO, + HR' 
RNO, + HR2 
RNO, + HR3 
RNO, + HzNR' 
RNO, + HNR; 
RNO, + HOR' 
RNO, + HOOR' 

RNO, + HSR' 
RNO, + HSiR: 

RNO, + HGeRi 
RNO, + HSnR: 

16.64 79.3 
15.83 71.7 
21.43 114.8 
22.33 124.7 
14.00 44.8 
12.50 36.5 
1 1.90 51.0 
10.18 35.7 
12.70 59.3 
1 1 .50 50.0 

RN=NR + HY -+ RN'NHR + Yf 
13.80 54.5 
15.10 65.3 
14.30 58.5 
19.90 99.0 
20.80 108.2 
12.44 35.4 
10.94 28.0 
10.37 38.7 
8.65 25.7 

11.17 45.9 
10.03 38.0 

3.0 107 
3.0 x 107 

4.0 x 107 
4.0 107 

4.0 x 107 

8.0 x 10' 
4.0 x 10' 

3.0 x 10' 

3.0 x 10' 
3.0 x 10' 

3.0 x 10' 
3.0 x 10' 
3.0 x 10' 
4.0 x 10' 
4.0 x 10' 
4.0 x 10' 
4.0 107 
3.0 x 10' 
4.0 x 108 
3.0 x 10' 
3.0 x 10' 

RNO;!(RNO) + HY + RN(O')OH(RN'OH) + Yg 
12.25 
13.68 
12.88 
10.10 
9.21 

14.67 
13.40 
11.04 
10.8 
11.37 
1 1 .00 

46.2 1.0 109 

27.6 1.0 x 109 
22.9 1.0 109 
73.1 1.0 x 109 
45.5 1.0 x 109 
48.8 1.0 109 
42.9 1.0 x 109 
50.6 1.0 x 109 
48.6 1.0 x 109 

57.6 1.0 x lo8 
51.1 1.0 x 10' 

R'ONO, + CH~=CHR -+ NO; + R ' O C H ~ C - H R ~  

RONO, + CH2=CHR1 20.23 119.7 1.0 x lo9 
RONO, + CHz=CHCH=CHR' 21.20 131.8 1.0 109 

142.7 
122.6 
267.6 
298.9 
127.7 
39.6 
59.6 
29.5 
76.0 
55.7 

78.3 
105.7 
88.4 

218.0 
246.6 
32.9 
18.0 

241.5 
10.3 
48.3 
32.3 

51.3 
77.7 
62.4 
12.4 
2.8 

78.4 
56.4 
45.5 
39.2 
52.3 
47.7 

319.2 
356.3 

(continued overleaf) 



438 PARABOLIC MODEL OF BIMOLECULAR HOMOLYTIC REACTION 

TABLE 9.2 (continued) 

Reaction 
bre &n An A H e  max 

((kJ/mol)'/*) (H mol-') (L mol-' s--') (kJ mol-I) 

RONO, + CH,=CHPh 
RONO, + C H r C R '  

20.63 124.5 1.0 x lo9 
29.05 106.7 2.0 109 

X F  + HY + X' + F H  + Y ( g a s  phase)h 

XF + HR' + X- + FH + R'' 
XF+HR* + X * + F H +  R ~ *  
X F + H R ~  + x*+FH+R'*  
XF + NH? -+ X' + FH + N'H2 
XF + HzNR + X' + FH + RN'H 
XF + HNRz + X' + FH + NOR2 
X F + H O R +  X ' + F H + R O '  

XF + HSiRl + X' + FH + Si'R' 
X F + H S R +  X ' + F H + R S '  

XF + HOOR + X' + FH + RO2' 

12.85 
13.73 
13.20 
14.40 
14.67 
14.86 
13.53 
14.00 
1 1.00 
12.18 

57.5 
65.7 
60.7 
64.1 
66.6 
68.3 
52.3 
57.1 
53.0 
60.9 

XCl + HY + X' + CZH + Y' (gas  phase)h 

2.2 x 10'0 
2.5 109 
2.5 109 
7.5 x 10"' 
7.5 x 10" 
7.5 x 10" 
1.2 x 1010 
1.2 x 10'" 
2.2 x 10"' 
7.5 x 1010 

XCI + HR' + X' + CIH + R" 
XCl + HR2 -+ X' + ClH + R" 
XCl + HR3 + X' + ClH + R3' 
XCl + NH3 + X' + CIH + N'H2 
XCI + HzNR + X' + ClH + HN'R 
XCI + HNRz + X' + ClH + NOR2 
XCI + HOR + X' + CIH + RO' 

XCl + HSiR3 + X' + C1H + R3SY 
XCI + HSR + X' + ClH + RS' 

XC1+ HOOR + X' + CIH + RO2' 

9.90 
11.10 
10.25 
10.52 
1 1.05 
10.38 
15.28 
14.90 
9.25 
9.85 

25.7 1.0 x 10'" 
32.4 1.0 x 10" 
27.6 1.0 x 10" 
25.2 1.6 x 10'" 
27.8 1.6 x lo9 
24.6 1.6 x lo9 
48.5 4.2 x 10" 
47.2 1.6 x 10" 
29.6 2.5 x 10" 
31.0 1.0 x 10" 

X F  + CH2=CHR + X' + FCH2C'HRl 

XF + CH2:CHR 19.30 63.5 2.5 x 10" 
XF + CH*=CHCH=CHR 21.20 76.6 2.5 x 10" 
XF + CH2ECHPh 20.55 72.0 2.5 x lo1' 

XC1+ CH2=CHR + X' + ClCH2C'HR' 

XCI + CHz=CHR 18.47 49.0 9.0 x lo9 
XCl + CH*=CHCH=CHR 20.35 59.5 9.0 109 
XCI + CH,=CHPh 19.73 55.9 9.0 109 

333.8 
594.0 

63.4 
80.7 
70.1 
83.9 
89.6 
93.7 
59.7 
70.3 
47.4 
63.3 

16.6 
32.2 
20.9 
16.8 
23.3 
15.2 
86.7 
81.3 
21.6 
25.6 

240.0 
303.3 
280.8 

215.4 
274.7 
254.5 

'See Refs. 16-18. dSee Refs. 22-25. RSee Refs. 29-31. 
"See Ref. 19. 'See Refs. 26 and 27. 'See Ref. 32. 
'See Refs. 20 and 21. /See Ref. 28. 'See Ref. 33. 
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9.3 
THE PARABOLIC MODEL 

PARAMETERS OF BIMOLECULAR HOMOLYTIC REACTION IN 

TABLE 9.4 The Values for the C-H Bond Dissociation Energies in Hydrocarbons, 
Amines, and Oxygen-Containing Compounds 

Hydrocarbon 
D 

Bond (Id mol-') 

Methane 
Ethane 
Propane 
Propane 
Butane 
Pentane 
Pentane 
Pentane 
Hexane 
Hexane 
Hexane 
Heptane 
Heptane 
Heptane 
Heptane 
Propane, 2-methyl- 
Propane, 2-methyl- 
Propane, 2,2-dimethyl- 
Butane, 2-methyl- 
Butane, 2-methyl- 
Butane, 2,2-dimethyl- 
Butane, 2,3-dimethyl- 
Butane, 2,2,3-trimethyl- 
Pentane, 2-methyl- 
Pentane, 3-methyl- 
Pentane, 2,4-dimethyl- 
Pentane, 2,3,4-trimethyl- 

Cyclopropane 

Cyclobutane 

Aliphatic Hydrocarbons" 

Me-H 
Et-H 
EtCHz-H 
Me2 CH - H 
EtMeCH-H 

PrMeCH-H 
BuCH2-H 

EtEtCH-H 
BuCHzCH2-H 
BuMeCH-H 
PrEtCH-H 

BuCHZMeCH-H 

PrPrCH-H 
Me2CHCH2 -H 
Me&-H 
Me3CCH2 -H 
Me2EtC-H 
Me2CH(CH-H)Me 
Me3CMeCH-H 
MeZ(C-H)CHMez 
Me&( C-H)MeZ 
PrMe2C -H 
Et2MeC-H 
Me2CHCHzMe2C-H 
[MezCH]2MeC-H 

B u ( C H ~ ) ~ C H ~  -H 

BuEtCH-H 

D<" H 

440.0 
422.0 
422.0 
412.0 
413.0 
422.0 
413.0 
414.5 
422.0 
413.0 
414.5 
422.0 
413.0 
414.5 
415.7 
422.0 
400.0 
422.0 
402.0 
412.0 
410.2 
396.4 
399.6 
399.3 
398.4 
400.0 
405.4 

429.0 

41 8.5 

(continued overleaf) 
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TABLE 9.4 (continued) 

Hydrocarbon Bond 
n 

(kJ mol-') 

Cyclopentane 

Cyclohexane 

Cycloheptane 

C yclooctane 

Cyclononane 

Cyclodecane 

C ycloundecane 

Cyclododecane 

Methylcyclopentane 

Methy Icy clohexane 

6 

408.4 

408.8 

403.9 

401.9 

402.9 

404.5 

404.7 

410.0 

392.2 

395.5 

Methy lc ycloheptane 390.0 
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TABLE 9.4 (continued) 

D 
(kJ mol-') Hydrocarbon Bond 

Methy lcyclooctane 395.0 

Methy lc yclononane 394.8 

(Z)- 1,2-Dimethylcyclohexane 392.8 

407.7 ( E ) -  1,2-Dirnethylcyclohexane 

393.0 (Z)- 1,3-Dimethylcyclohexane 

( E ) -  1,3-Dimethylcyclohexane 390.0 

392.0 ( Z ) -  1,4-Dimethylcyclohexane 

( E ) -  1,4-Dimethylcyclohexane 396.8 

H 
I 

(Z)-Decalin 387.6 

(E)-Decalin 400.0 

(continued overleuf) 
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TABLE 9.4 (continued) 

Hydrocarbon Bond 
D 

(ki mo1-I) 

(Z)-Pinane 

Adaman tane 

Norbornane 

Ethene 
Propene 
Propene 
Propene, 2-methyl- 
1 -Butene 
1 -Butene 
1-Butene, 2-methyl- 
1-Butene, 2-methyl- 
1-Butene, 3-methyl- 
(Z)-2-Butene 
(E)-2-Butene 
a-Butene, 3-methyl- 
1-Butene, 2,3-dimethyl- 
2-Butene, 2,3-dimethyl- 
1-Pentene 
(Z)-2-Pentene 
(E)-2-Pentene 
2-Pentene, 2-methyl- 
2-Pentene, 3-methyl- 
(Z)-2-Pentene, 4-methyl- 
(E)-2-Pentene, 4-methyl- 
2-Pentene, 2,3,4-trimethyl- 
2-Pentene. 3,4-dimethyl- 
1 -Hexene 
(E)-3-Hexene, 2,s-dimethyl- 
1,3-Pentadiene 
1,4-Pentadiene 

H 

Olejins" 

CH2=CH-H 
CH*=CHCHz-H 
CH2 =C -HMe 
CH2=C(Me)CH2 -H 
CH2=CH(CH-H)Me 

CH*=CMe(CH-H)Me 

CH2 =CH(C - H)Me2 
(Z)-MeCH=CHCH2-H 
( E)-MeCH=CHCH2-H 
MeCH=CMeCH2-H 
CH2=CMe(C-H)Me2 
Me*C=CMeCHZ-H 

(Z)-MeCH=CH(CH-H)Me 
(E)-MeCH=CH(CH-H)Me 
Me2C=CH(CH-H)Me 
MeCH=CMe(CH-H)Me 
(Z)-MeCH=CH(C-H)Me2 
(E)-MeCH=CH(C-H)Me2 
Me2C=CMe(C-H)Me2 
MeCH=CMe(C-H)Me2 
CH2=CH(CH-H)Pr 
(E)-MezCHCH=CHC-HMe2 

CHZ=CHCH~CH~-H 

CH,=CEt(CH, -H) 

CH*=CH(CH-H)Et 

CH2=CHCH=CHCH2 -H 
CH2=CH(CH-H)CH=CH2 

377.4 

412.0 

393.1 

464.0 
368.0 
459.0 
357.9 
349.8 
410.9 
347.2 
367.7 
339.6 
355.8 
356.8 
352.4 
338.0 
350.2 
349.8 
344.0 
346.2 
332.0 
333.2 
33 1.7 
333.9 
322.8 
324.0 
349.8 
336.1 
343.0 
318.0 
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TABLE 9.4 (continued) 

Hydrocarbon 
D 

Bond (H mol- ' ) 
2,3-Pentadiene 
1,4-Pentadiene, 3-methyl- 
I ,3-Hexadiene 
Propene, 2-phenyl- 
Propene, 1 -phenyl- 
Propene, 3-phenyl- 

Cyclopropene 

Cyclopentene 

Cyclohexene 

Cycloheptene 

Cyclooctene 

1 -Methylcyclopentene 

3-Methylc y clopentene 

1 -Methylcyclohexene 

MeCH=C=CHCHz-H 365.0 
CH2=CH(CMe-H)CH=CH2 307.2 
CHz=CHCH=CH(CH-H)Me 321.1 
CHZ=CPh(CH2 -H) 357.1 
PhCH=CHCHz -H 349.7 
CHZ=CH(CH-H)Ph 342.8 

Cycloalkenes 

DcH H 381.6 

342.5 

34 1.5 

346.6 

357.2 

339.9 

329.3 

338.9 

(continued overleaf) 
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TABLE 9.4 (continued) 

Hydrocarbon Bond 
D 

(kJ mol-') 

4-Methylcyclohexene q:: 

Vinylc yclohexane 

1,3-CycIopentadiene 

1,3-Cyclohexadiene 

1,4-Cyclohexadiene 

Cycloheptatriene 

Indene 

CH=CH2 

O H  

H H  

6 

& 1,2-Dihydronaphthalene 

332.7 

326.2 

341.8 

288.8 

330.9 

312.6 

301 .O 

347.1 

339.9 

336.5 
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TABLE 9.4 (continued) 

Hydrocarbon 
D 

Bond (M mol-' ) 

Acetylenes" 

Acetylene (ethyne) HC=C-H 
Prop y ne CH=C(CH2 -H) 
1-Butyne CHzC(CH-H)Me 
2-Butyne MeC=CCH2-H 
1 -Butyne, 3-methyl- HC-C(C-H)Me2 
2-Pentyne MeC-C(CH-H)Me 
2-Pentyne, 4-methyl- MeC=C( C -H)Me2 

Toluene 
Ethylbenzene 
Isopropylbenzene 
Propy lbenzene 
Propane, 2-methyl-1 -phenyl- 
Butylbenzene 
Ethane, 1,l -dimethyl- 1 -phenyl- 
Butane, 2-phenyl- 
Pentane, 3-phenyl- 
Diphen y lmethane 
Triphenylmethane 
1,2-Diphenylethane 
1,1 -Diphenylethane 
1,3-Diphenylpropane 

Alkylaromatic Hydrocarbonsb 

Indane 

PhCH2 -H 
PhMeCH-H 
PhMe2C-H 

Ph(CH-H)CHMe2 
PhPrCH-H 
PhCMeZCH2-H 
PhMeEtC-H 

PhEtCH-H 

PhEtEtC-H 
Ph2CH - H 
Ph3C-H 
(PhCH2)PhCH-H 
Ph2MeC-H 
PhCHZCH2PhCH-H 

Tetralin 8 
1 -Methyltetralin 

548.0 
359.8 
346.8 
354.7 
334.5 
341.7 
329.4 

375.0 
364.1 
354.7 
366.2 
365.1 
368.7 
412.6 
359.4 
366.8 
356.8 
346.0 
364.2 
348.8 
367.2 

359.4 

345.6 

336.4 

(continued overleaf) 
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TABLE 9.4 (continud) 

Hydrocarbon Bond 
D 

(H mol-') 

H H  

9,lO-Dihydroanthracene 

Phenylcyclopentane 

Phen ylc yclohexane 

Fluorene 

9-Methy lfluorene 

rn 9,lO-Dihydrophenanthrene 

Acenaphthene 

1 -Methylnaphthalene 

\ /  

@ 
\ /  

H 

I 
"+H 

322.0 

349.1 

356.4 

338.6 

328.5 

343.7 

350.0 

341.4 

365.1 
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TABLE 9.4 (continued) 

Hydrocarbon Bond 

2-Methylnaphthalene 

Methanamine 
Methanamine, N-methyl- 
Methanamine, N,N-dimethyl- 
Ethanamine 
Ethanamine, N-ethyl- 
Ethanamine, N,N-diethyl- 
2-Propanamine 
2-Propanamine, N-Zpropyl- 
2-Propanamine, 

N,N-di-2-propyl- 

C yclohexanamine 

Cyclohexanamine, N-methyl- 

Cyclohexanamine, 
N ,N-dimethyl- 

Cyclohexanamine, 
N -cyclohexyl- 

Piperidine 

2-Propen- 1-amin, 

Benzenamine, 
N, N-di-2-propenyl- 

N ,  N -di-2-propenyl- 

H 

Amines' 

H2NCH2 -H 
MeNHCH2 -H 
Me2NCH2-H 
Me(NH2)CH-H 
(EtNH)MeCH-H 
(Et2N)MeCH-H 
Mez(NH2)C -H 
(Me2CHNH)Me2C-H 
(Me2CH)2NMezC-H 

358.3 

400.0 
389.0 
376.6 
389.6 
384.6 
379.5 
379.5 
375.0 
370.0 

395.9 

388.0 

381.0 

387.3 

385.6 

CH2=CH(CH-H)N(CH2CH=CH2)2 345.6 

CH2=CH(CH-H)NPh(CH2CH=CH2) 339.3 

(continued overleaf) 
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TABLE 9.4 (continued) 

Hydrocarbon Bond 
D 

(kJ mol-') 

Benzenmethanamin 
Benzenmethanamin, 

N, N-dimethyl- 
Benzenmethanamin, 

N ,N-dibenzyl- 
Benzenamine, N,N-dimethyl- 
Benzenamine, N,N-diethyl- 
Benzenamine, 

N-methyl-N-phenyl- 

Morpholin, N-phenyl- 

Acetamide, N-ethyl- 
Acetamide, N-2-propyl- 
Acetamide, N, N-dimethyl- 

Morpholin, N-benzoyl- 

Methanol 
Ethanol 
Propanol 
Butanol 
Pentanol 
Ethanol, 1 -methyl- 
Propanol, 2,2-dimethyl- 
Ethanol, 1 ,I-dimethyl- 

Cyclohexanol 

3-Cyclopentenol 

Ph(NH2)CH - H 
Me2 NPhCH - H 

(PhCH2)zNPhCH-H 

PhNMeCHz -H 
PhEtNCH - HMe 
PhzNCHz -H 

H H  

O C N Q  

MeCONH( CH -H)Me 
(MeC0NH)MezC-H 
(MeCO)MeNCH*-H 

Alcoholsd 

HOCH2-H 
Me( HO)CH -H 

Pr(H0)CH-H 

MeZ(HO)C -H 
Me3C(HO)CH-H 
Me2(HO)CCH2 -H 

Et(HO)CH-H 

Bu(H0)CH-H 

368.0 
370.8 

372.8 

383.7 
383.2 
379.5 

361.0 

399.2 
395.5 
386.9 

401.0 

41 1.0 
399.8 
399.5 
397.0 
397.0 
390.5 
395.2 
417.4 

388.4 

330.7 
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TABLE 9.4 (continued) 

Hydrocarbon Bond 
D 

(kl mol-') 

3-Cyclohexenol 

Ethylenegl ycol 
1,3-Butanediol 
1,4-Butanediol 
2,3-Butanediol 
Ally1 alcohol 
2-Propen-1-01, 2-methyl- 
2-Buten-2-01, 2-methyl- 
(Z)-2-Buten- 1-01 
(E)-2-Buten- 1-01 
2-Buten-1-01, 2-methyl- 
2-Buten- 1-01, 2,3-dimethyl- 
(Z)-3-Penten-2-01 
(E)-3-Penten-2-01 
3-Penten-2-01, 4-methyl- 
3-Penten-2-01, 3-methyl- 
2-Propin-1 -01 
3-Butin-2-01 
2-Butin-1-01 
3-Butin-2-01 
Benzyl alcohol 
wPhenylethano1 
Butanol, l-phenyl- 
Diphenylmethanol 

1 -1ndanol 

1 -Tetra101 

Formaldehyde 

0 : H  

HOCHz(H0)CH-H 
HOCH2CH2(HO)MeCH-H 

MeCH(0H)C-H(0H)Me 

CH2 =CMeCH- H( OH) 
CH2=CMeC-HMe(0H) 
(Z)-MeCH=CHCH-H(0H) 
(E)-MeCH=CHCH-H(0H) 
MeCH=CMeCH-H(0H) 
Me2C=CMeCH-H(0H) 
(Z)-MeCH=CHC-HMe(0H) 
(E)-MeCH=CHC-HMe(0H) 
Me2C=CHC-HMe(OH) 
MeCH=CMeC-HMe(0H) 

CH=CC-HMe(0H) 
MeCECCH-H(0H) 
MeC=CC - HMe( OH) 

PhMeC(0H)-H 
PhPrC( OH) -H 

HOCH2(CH2)2 (H0)CH-H 

CHz=CH(HO)CH-H 

CH=CCH-H(0H) 

Ph(H0)CH-H 

Ph2C - H(0H) 

H OH 

H .OH 

Carbonyl Compounds' 

H(0)C-H 

329.7 

401.5 
387.7 
404.2 
383.1 
360.0 
349.9 
339.2 
347.8 
348.8 
344.4 
342.2 
336.0 
338.2 
324.0 
325.2 
35 1.8 
338.8 
346.7 
333.8 
366.9 
356.0 
360.6 
348.7 

351.3 

337.5 

377.8 

(continued overleaf) 
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TABLE 9.4 (continued) 

Hydrocarbon Bond 
D 

(kJ mol-') 

Acetaldehyde 
Acetaldehyde 
Propanal 
Butanal 
Pentanal 
Propanal, 2-methyl- 
Butanal, 3-methyl- 
Butanal, 2-methyl- 
Propanal, 2,2-dimethyl- 

Furfurol 

Propenal 
Benzaldehyde 
Propanal, 2-methyl-2-phenyl- 
Arabinose 
Glucose 
d-Ri bose 
Glyoxylic acid 
Acetone 
2-Butanone 
2-Butanone, 3-methyl- 
2-Pentanone 
3-Pentanone 
4-Heptanone 
3-Pentanone, 2,4-dimethyl- 
5-Nonanone 
Diacetyl 
2,4-Pentanedione 
Ethylacetoacetate 

C yc lopentanone 

Me(0)C-H 
CH2-HCH(O) 
Et(0)C-H 
Pr(0)C-H 

Me2CH(C-H)(O) 
Me2CHCH*(C-H)(0) 
MeCH2CH(CH3)(C-H)(0) 
Me3 C(C-H)( 0) 

Bu( 0)C-H 

CH2=CHC-H(O) 
PhC -H( 0) 
PhMe*CC-H(O) 
CH20H(CHOH),C-H(O) 
CH20H(CHOH)4C-H(O) 
CH20H(CHOH)3C-H(O) 
(C- H)(O)C(O)OH 
MeC(O)CH2-H 
MeC(O)(Me)CH-H 
MeC( 0)C -HMe2 
MeC(0)CH-HEt 
EtC(0)CH-HMe 
PrC(0)CH-HEt 
Me2CHC(0)Me2C-H 
BuC(0)CH-HPr 
MeCOCOCH2-H 
MeC(0)CH-HC(0)Me 
MeC(0)CH-HC(0)OEt 

0 

373.8 
394.3 
372.0 
371.2 
372.0 
364.5 
362.6 
360.8 
375.1 

387.5 

339.4 
348.0 
362.9 
369.8 
37 1.4 
370.0 
375.3 
41 1.8 
397.2 
387.6 
394.6 
396.5 
394.6 
387.5 
395.8 
411.8 
399.1 
396.5 

40 1.2 
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TABLE 9.4 (continued) 

Hydrocarbon Bond 
D 

(M mol-') 

Cyclohexanone 

Acetophenone 
Ethylphenyl ketone 
1 -Methylethylphenylketone 
Dibenzyl ketone 
1-Penten-4-on 

Methane, oxybis- 
Ethane, oxybis- 
Propane, 2,2'-oxybis- 
Butane, 1,l'-oxybis- 

Tetrahydrofuran 

Tetrahydrofuran, 2-methyl- 

Cyclohexane, methoxy- 

1-Propene, 3,3'-oxybis- 
1 -Propene-2-methyl, 

1 -Butene-2-methyl, 

1-Propene-2-ethyl, 3,3'-oxybis- 
(Z)-2-Butene, 1,l'-oxybis- 

3,3'-oxybis- 

3,3'-oxybis- 

HVH 
PhC(O)CH2 -H 
PhC(O)(Me)CH-H 
PhC(0)Me2C-H 
PhCHzC(O)(Ph)CH-H 
CH2=CHCH-HC(O)CH? 

Ethersf 

MeOCHz -H 
EtOCH-HMe 
MezCHOC-HMe2 
BuO(C-H)HPr 

iH 
O H  

0 AH 
W0 

a,,,, 
[ CHz=CH( CH - H)] 2 0 
[CH2=CMeCH-H]20 

[CHz=CEtCH-H],O 
[(Z)-MeCH=CHCH-H]20 

394.1 

402.8 
394.4 
385.3 
353.6 
346.6 

41 1.9 
399.5 
390.8 
392.2 

391.6 

384.1 

405.4 

399.6 

360.0 
349.9 

339.2 

359.7 
347.8 

(continued overleaf) 
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TABLE 9.4 (continued) 

Hydrocarbon Bond 
D 

(klmol-') 

(E)-2-Butene, 1 ,l'-oxybis- 
2-Butene-2-rnethy1, 

I-Propin, 3,3'-oxybis- 
1 -Butin, 3,3'-oxybis- 
2-Butin, 4,4'-oxybis- 
2-Pentin, 4,4'-oxybis- 
Anisole 
Benzene, 

Methane, diphenylmethoxy- 
Dimethoxymethane 
1 ,  I-Dimethoxyethane 
1 ,  I-Diethoxyethane 
Dimethoxyphenylmethane 

1 ,I'-oxybis- 

bis-1 , I  '-[oxybis(methylene)] 

[(E)-MeCH=CHCH-H]*O 
[MeCH=CMeCH-H]20 

[ CHECCH-H~~O 
[CH=CC-HMe]*O 
[MeC=CCH-H]*O 
[MeC=CC-HMeJ20 
PhOCHz -H 
[Ph(C-H)H]20 

Ph2 (C - H)OMe 
(Me0)2CH-H 
(Me0)2MeC-H 
(EtO),MeC-H 
PhC-H(OMe)* 

Furane 

y-Pyrane, tetrahydro- 

1,3-Dioxepane 

Acetic acid, methyl ester 
Acetic acid, ethyl ester 
Acetic acid, I-methylethyl ester 
Acetic acid, 3-propenyl ester 

(y 
H H  

eoH 
MeC(O)OCH2 -H 
MeC(O)O(Me)CH-H 
MeC( O)O(Me2) C -H 
MeC(O)O(CH-H)CH=CH2 

348.8 
344.4 

3.51.8 
338.8 
346.7 
333.8 
385.0 
359.0 

354.2 
406.8 
38.5.0 
390.8 
353.9 

408.0 

401.7 

393.5 

39 1.2 

404.0 
399.5 
392.3 
348.3 
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TABLE 9.4 (continued) 

Hydrocarbon 
D 

Bond (M mol-') 

Oxalic acid, dimethyl ester 
Oxalic acid, diethyl ester 
Oxalic acid, bis( 1-methylethyl) 

Malonic acid, dimethyl ester 
Acetic acid, anhydride 
Butanoic acid, methyl ester 
Pentanoic acid, ethyl ester 
Pentanoic acid, methylethyl 

I, 1 -Dimethylpropanoic acid, 

1,3-Dipropanoic acid, dimethyl 

1,4-Dibutanoic acid, dimethyl 

ester 

ester 

I ,  1 -dimethylester 

ester 

ester 

Formic acid 
Acetic acid 
Propanoic acid 
Propanoic acid, 1 -methyl- 
Butanoic acid 
Propanoic acid, 2,2-dimethj 
Pentanoic acid 
Hexanoic acid 

Cyclobutanecarboxylic acid 

Cyclohexanecarboxylic acid 

Benzenacetic acid 
Glycolic acid 
Propionic acid, l-hydroxy- 
Acetic acid, chloro- 
Propanoic acid, 2,2-dimethyl- 
1,4-Butanedioic acid 

MeOC(O)C(O)OCHz -H 
EtOC(O)C(O)(Me)CH-H 
MepCHOC(O)C(O)OMe2C-H 

[ MeOC( O)]2CH -H 
MeC(0)OC(O)CH2 -H 
EtCH-HCOOMe 
BuCOOCH-HMe 
BuCOOC-HMez 

Me3CCOOCCHz -HMe2 

MeOCOCH-HCOOMe 

MeOCOCH-HCH2COOMe 

Acidsf 

C -H( 0)OH 
HOOCCHz -H 
HOOC(Me)CH-H 
HOOC(Me)zC-H 

Me2CH2 -HCCOOI 
PrCH-HCOOH 

EtCH-HCOOH 

BuCH-HCOOH 

Z O O H  

(OOH 

Ph(CO0H)CH-H 
HOOC(H0)CH-H 

HOOCClCH-H 
MeC-H(0H)COOH 

Me2(COOH)CCHz -H 
HOOCCH-HCHzCOOH 

403.9 
396.2 
396.2 

390.4 
406.0 
394.9 
392.3 
387.9 

415.0 

391.7 

404.8 

392.7 
414.1 
398.9 
388.3 
398.7 
415.2 
399.4 
397.1 

399.0 

388.2 

367.0 
397.8 
386.0 
398.9 
415.1 
397.8 

(continued overleaf) 
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TABLE 9.4 (continued) 

Hydrocarbon Bond 
D 

(kJ mol-') 

1,4-Butanedioic acid, HOOCC-H(OH)CH(OH)COOH 392.7 

Cyclohexene, 1-carboxylic acid QOO" 370.0 

2,3-dihydroxy- 

H H  

"See Refs. 38 and 39. 
bSee Ref. 40. 
'See Refs. 41 and 42. 
dSce Refs. 38 and 43. 
'See Refs. 37 and 43. 
fSee Ref. 43. 

TABLE 9.5 Dissociation Energies for N-H, 0-H, and Other Bonds 

Compound Bond 
D 

(kJ mol-I) 

Ammonia 
Hydrazine 
Methylamine 
Ethylamine 
Dimethy lamine 
Diethylamine 

Water 
Methanol 
Ethanol 
Propanol 
Ethanol, I-methyl- 
Butanol 
Propanol, 1 -methyl- 
Propanol, 2-methyl- 
Ethanol, I ,  I -dimethyl- 
Propanol, 1, l-dimethyl- 
Pentanol 

N-H Bonds" 

H2N-H 
(H2N)NH - H 

MeNH-H 

Me2N-H 
EtNH-H 

EtZN-H 

0 - H  Bonds,for Water and Alcohols' 

HO-H 
MeO-H 
EtO-H 

EtCHZO-H 
Me2CHO-H 
PrCH20-H 

MeEtCHO-H 
MeZCHCH20-H 

Me3CO-H 
EtMe2CO-H 

PrCH2CH2 0-H 

449.4 
366.1 
418.4 
418.4 
382.8 
382.8 

498.0 
439.0 
440.0 
440.0 
443.0 
440.0 
443.0 
440.0 
446.0 
446.0 
440.0 
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TABLE 9.5 (continued) 

Compound Bond 
D 

(H mol-') 

Butanol, 2-methyl- EtMeCHCH2 0 - H 

Cyclohexanol 

Phenylmethanol 
Ethanol, 1 -phenyl- 
Ethanol, l-methyl-l-phenyl- 
2-Propenol 
2-Propenol, l-methyl- 

Hypochlorous acid 
Nitrous acid 
Nitric acid 
Formic acid 
Acetic acid 
Propionic acid 
Propionic acid, l-methyl- 
Benzoic acid 

PhCH2O-H 
PhMeCHO-H 
PhMe2CO-H 

CH2=CHMeCHO-H 
CH2=CHCH20-H 

0 - H  Bonds.for Acids' 

ClO-H 
ONO-H 
02NO-H 

HC(0)O-H 

EtC(0)O-H 
MeC(0)O-H 

MeZCHCOO-H 
PhC(0)O-H 

0-H Bonds for Hydroperoxidesd 

Hydrogen peroxide 
Hydroperoxide, ethyl- 
Hydroperoxide, l-methylethyl- 

Hydroperoxide, cyclohexyl- 

HOO-H 
EtOO-H 

Me2CHOO-H 

C F o ' O -  
Hydroperoxide, l-phenylethyl- PhMeCHOO-H 
Hydroperoxide, 1 ,  I-dimethylethyl- 
Hydroperoxide, PhMe2COO-H 

Me3 COO- H 

l-methyl-l-phenylethyl- 
Perbenzoic acid PhC(0)OO-H 
Hydroperoxide, Me2C(OH)OO-H 

1 -hydroxy- l-methylethyl- 

Hydroperoxide, 
1 -hydroxycyclohexyl- 

Hydroperoxide, trifluoromethyl- 
Hydroperoxide, trichloromethyl- 

CF3OO-H 
CC1100-H 

440.0 

437.1 

436.2 
438.3 
440.3 
436.2 
434.0 

406.7 
327.6 
423.4 
438.1 
442.7 
440.7 
444.8 
443.5 

369.0 
365.5 
365.5 

365.5 

365.5 
358.6 
358.6 

406.1 
371.6 

37 1.6 

418.0 
407.2 

(continued overleaf) 



458 PARABOLIC MODEL OF BIMOLECULAR HOMOLYTIC REACTION 

TABLE 9.5 (continued) 

Compound Bond 
D 

(kJ mol-') 

Hydroperoxide, tribromomethyl- CBr300-H 407.0 
Hydroperoxide, CF2C100-H 415.4 

Hydroperoxide, CF2BrOO-H 415.8 

Hydroperoxide, perchloroethyl- CCliCC1200-H 407.2 

chlorodifluoromethyl- 

bromodifluoromethyl- 

0-0 Bonds (see Chapters 4-6) 

Peroxide, dimethyl- MeO-OMe 161.5 
Peroxide, diethyl- EtO-OEt 161.5 
Peroxide, dipropyl- Pro-OPr 161.5 
Peroxide, bis-methylethyl- Me2CHO-OCHMe2 163.6 
Peroxide, his( 1 , l  -dimethylethyl)- Me3CO-OCMe3 162.7 
Peroxide, 

Peroxide, bis(trifluoromethy1)- F3 CO- OCF3 195.8 
Peroxide, diacetyl- MeC( 0 ) O  - OC( 0)Me 131.6 
Peroxide, dibenzoyl- PhC(0)O-OC(0)Ph 124.4 
Peroxide, 

bis(cyclohexyloxycarbony1)-, eyeIo-C~H~ ~0C(O)OOC(0)0-cyclo-C~H1 I 1 22.5 
Peroxide, benzoyl 

1,l -dimethylethyl- PhC( 0 ) O  -0CMe3 141.4 
Peroxide, acetyl 1 , 1  -dimethylethyl- MeC( 0)O-  OCMe3 149.5 
Trioxide, dimethyl- MeOO-OMe 86.2 

Trioxide, his( 1,1 -dimethylethyl)- Me3COO-OCMe3 78.2 
Hydrogen peroxide HO-OH 214.9 
Methyl hydroperoxide MeO-OH 191.0 

Ethylhydroperoxide, dimethyl- Me3CO-OH 182.5 
Ethylhydroperoxide, PhMe2C0 - OH 75.0 

his( 1 -methyl- 1 -phenylethyl)- MezPhCO-OCPhMe2 158.8 

Trioxide, diethyl- EtOO-OEt 93.7 

Ethylhydroperoxide EtO-OH 193.0 

methylphenyl- 
Hydrotrioxide, methyl- MeOO-OH 
Hydrotrioxide, ethyl- EtOO-OH 
Hydrotrioxide, 1 , l  -dimethylethyl- Me3COO-OH 

N - 0  Bonds'' 

Nitrous acid 
Nitric acid 
Nitrate, methyl- 
Nitrate, ethyl- 
Nitrate, propyl- 

ON-OH 
02N-OH 

MeO-N02 

PrO-N02 
EtO-NO, 

08.8 
05.4 
98.7 

209.7 
205.9 
170.0 
167.3 
170.6 
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TABLE 9.5 (continued) 

Compound Bond 
D 

(kJ mol-') 

Nitrate, 1 -methylethyl- 
Nitrate, butyl- 
Nitrate, 1,l-dimethylethyl- 
Nitrate, 1 -methylpropyl- 
Nitrate, benzyl- 
Nitrate, 1 -phenylethyl- 
Nitrate, 1-methyl- l-phenylethyl- 
Nitrite, methyl- 
Nitrite, ethyl- 
Nitrite, propyl- 
Nitrite, methylethyl- 
Nitrite, butyl- 
Nitrite, 1, l-dimethylethyl- 
Nitrite, l-methylpropyl- 
Nitrite, benzyl- 
Nitrite, 1 -phenylethyl- 
Nitrite, 1 -methyl-] -phenylethyl- 

Silane 
Silane, methyl- 
Silane, dimethyl- 
Silane, trimethyl- 
Silane, triethyl- 
Silane, bis(dimethylethy1)methyl- 
Silane, tris(dimethylethy1)- 
Silane, phenyl- 
Silane, methylphenyl- 
Silane, dimethylphenyl- 
Silane, diphenyl- 
Silane, diphenylmethyl- 
Silane, triphenyl- 
Silane, trifluoro- 
Silane, trichloro- 
Silane, fluorophenylmethyl- 
Silane, chlorophenylmethyl- 
Disilane 
Silane, dimethyltrimethylsilyl 
Silane, tris(trimethylsily1)- 
Silane, trimethylthio- 

Me2 CHO -NO2 

Me3CO-N02 
EtMeCHO-NO2 

PhMeCHO-N02 
PhMe2CO-NOZ 

MeO-NO 

Pro-NO 
MeZCHO-NO 

Me3CO-NO 
EtMeCHO-NO 

PhMeCHO-NO 
PhMe2CO-NO 

BuO-NO~ 

PhCH20-NO2 

EtO-NO 

BuO-NO 

PhCH20-NO 

Si-H Bondse 

H3Si-H 
MeH2Si-H 
Me2HSi -H 
Me3Si-H 
Et? Si - H 

(Me3C)2MeSi-H 
(Me3C)3Si-H 

PhH2Si-H 
PhMeHSi - H 
PhMe2Si-H 
Ph2HSi-H 

Ph2MeSi-H 
Ph3 Si-H 
F3Si-H 
C13Si-H 

PhMeFSi -H 
PhMeClSi-H 
H3SiH2Si-H 

Me3SiMe2Si-H 
(Me3S&Si-H 
(MeS)3Si-H 

171.9 
171.5 
173.5 
173.5 
169.6 
172.0 
173.7 
170.5 
174.1 
174.0 
178.7 
174.0 
180.3 
180.3 
170.0 
175.2 
180.5 

384.1 
386.0 
391.7 
397.4 
398.0 
372.8 
362.3 
377.0 
382.0 
364.0 
359.0 
359.2 
354.8 
419.0 
382.0 
378.4 
369.6 
361.0 
378.0 
35 1 .O 
366.0 

(continued overleaf) 
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TABLE 9.5 (continued) 

Compound Bond 
D 

(kT mol-') 

Phosphine 
Phosphine, ethyl- 
Phosphine, diethyl- 
Phosphine, dibutyl- 
Phosphine, 4-cyanopropyl- 
Phosphine, bis(4-cyanopropy1)- 
Phosphine, dicyclohexyl- 

Germane 
Germane, tributyl- 
Germane, triphenyl- 
Germane, tribenzyl- 
Germane, benzylethyl- 
Germane, tris(trimethylsily1)- 

Stannane 
Stannane, trimethyl- 
Stannane, tributyl- 
Stannane, triphenyl- 

Hydrogen sulfide 
Methanethiol 
Ethanethiol 
Propanethiol 
1 -Methylethanthiol 
Butanthiol 
1 , 1  -Dimethylethylthiol 
Phenylthiol 
Hydrogen disulfide 
Methylhydrodisulfide 
Ethylhydrodisulfide 
I ,  1 -Dimethylethylhydrodisulfide 

Hydrogen fluoride 
Difluorine 

P-H Bondsf 

Ge- H BondsR 

H3Ge-H 
Bus Ge-H 
PhsGe-H 

(PhCH2)EtHGe-H 
(Me3S&Ge-H 

(PhCH2)3Ge-H 

Sn- H Bonds8 

H3Sn-H 
Me3Sn-H 
BusSn-H 
Ph3Sn-H 

S- H Bonds" 

HS-H 
MeS-H 

PrS-H 
Me2CHS-H 

MesCS-H 

EtS-H 

BUS-H 

PhS-H 
HSS-H 

MeSS-H 

Me3CSS-H 
EtSS-H 

F-H 
F-F 

35 1 .0 
375.3 
377.8 
375.0 
373.4 
369.5 
359.3 

348.9 
347.3 
322.5 
324.3 
341.6 
305.2 

346.0 
3 18.5 
309.6 
296.9 

382.0 
366.0 
366.0 
366.0 
366.0 
366.0 
366.0 
330.0 
325.0 
325.0 
325.0 
325.0 

570.3 
158.7 
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TABLE 9.5 (continued) 

Compound Bond 
D 

(kT mol-') 

Chlorine fluoride, mono- 
Bromine fluoride, mono- 
Iodine fluoride, mono- 
Hypoflorous acid 
Perfluoromethanol 

Hydrogen chloride 
Dichlorine 
Bromine chloride, mono- 
Iodine chloride, mono- 
Nitrosyl chloride 
Nitrogen dioxide chloride 
Chlorine nitrite 
Hypochlorous acid 
Hypochlorite, methyl- 
Hypochlorite, ethyl- 
Hypochlorite, l-methylethyl- 
Hypochlorite, 1,l-dimethylethyl- 

F-C1 
F-Br 
F-I 

F-OH 
CF30-F 

C1- Y Bonds' 

Cl-H 
c1-c1 
Cl-Br 
c1-I 

Cl-NO 
C1-NO: 
CI-ON0 
C1-OH 

C1-OMe 

Cl-OCHMe2 
CI-OCMe3 

C1-OEt 

256.2 
250.2 
271.6 
214.5 
182.0 

431.6 
242.6 
217.5 
211.3 
162.4 
141.8 
72.1 

239.7 
195.4 
196.6 
197.5 
198.3 

"See Refs. 41 and 42. 
'See Refs. 44-46. 
'See Ref. 45. 
dSee Refs. 41-49. 
eSee Refs. SO and 51. 
fSee Refs. 51 and 52. 
RSee Refs. 18, 52, and 53 
hSee Ref. 54. 

TABLE 9.6 The Values for C-H, N-H, and 0 - H  Bond Dissociation Energies in 
Free Radicals" 

Radical 
D 

Bond (kJ mol-') 

Ethyl 
Ethyl, l-methyl- 
Propyl 

Alkyl Radicals, C-H Bonds 

C'H2CH2-H 150.4 
MeC'HCH2-H 148.7 
MeCH-HC'H2 138.7 

(continued overleaf) 
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TABLE 9.6 (continued) 

Radical 
D 

Bond (kJ mol-') 

Ethyl, 1,l -dimethyl- 
Propyl, 2-methyl- 
Propyl, l-methyl- 
Propyl, 1 -methyl- 
Propyl, I ,  I-dimethyl- 
Butyl 
Butyl, l-methyl- 
Propyl, 1-ethyl- l-methyl- 
Propyl, 1-ethyl- I-methyl- 
Propyl, l-ethyl- 
Propyl, I-( 1 -methylethyl)- 
Propyl, 1 -( I-methylethy1)- 

Cyclopropyl 

Me2C'CH2-H 
Me2C -HC' H2 

MeCH-HC' HMe 
EtMeC'CH2-H 

PrC'HCH2-H 

EtMeC' CH-HMe 
EtC'HMeCH-H 
EtC'HMe2C-H 

MeCH-HC'HCHMe2 

EtC'HCH2-H 

C' HzEtCH - H 

Et2C'CH2-H 

Cycloalkyl Radicals, C-H Bonds 

H 
Cyclobutyl 

C yclopentyl 

Cyclohexyl 

Cyclohepty 1 

C yclooctyl 

Cyclodecyl 

153.6 
131.6 
149.0 
137.3 
153.5 
140.0 
149.0 
152.6 
144.8 
136.5 
128.7 
137.3 

230.0 

145.9 

141.8 

146.0 

141.3 

131.2 

169.5 
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TABLE 9.6 (continued) 

Radical 
D 

Bond (kJ mol-') 

Cyclododecyl 

Cyclopentyl, l-methyl- 

Cyclopentyl, 2-methyl- 

Cyclohexyl, 1 -methyl- 

&: 

BH Cyclohexyl, 2-methyl- 

Alkyl Radicals with Double Bond, C-H Bonds 

Ethenyl 
Ethenyl, l-methyl- 
Propenyl, l-methyl- 
Propenyl, l-methyl- 
3-Butenyl 
Propenyl, 1,1 -dimethyl- 
3-Butenyl, 2-methyl- 
Propenyl, l-ethyl- 
3-Butenyl, 1 -methyl- 
Propenyl, l-methylethyl- 
3-Butenyl, l,l-dimethyl- 
Propenyl, l-methyl-l-ethyl- 
3-Butenyl, 1,2-dimethyl- 
Propenyl, I-methyl- I-methylethyl- 
3-Butenyl, 1,1,2-trimethyl- 
2-Butenyl, l-methyl- 
3-Pentenyl 
2-Butenyl, I ,  l-dimethyl- 
3-Pentenyl, 2-methyl- 

HC' =CH- H 
MeC'=CH-H 

MeC'=CMe-H 
CH2=CHC'HCHz-H 

CH2=CH(CH-H)C0H2 
CHz=CHC'MeCH2-H 

CH2=CH(MeC - H)C'H2 
CH2=CHC'HMeCH-H 

CH2=CH(CH-H)MeC'H 
CHz=CHC'HMe2C-H 

CH2 =CH(CH- H)Me2C' 
CH2=CHC'MeMeCH-H 

CH2=CH(MeC-H)MeC'H 
CH2=CHC0MeMe2C-H 

CH2=CH(MeC-H)Me*C' 
MeCH=CHC'HCHz -H 

MeCH=CH(CH-H)C'H2 
MeCH=CHC'MeCHz -H 

MeCH=CH (MeC -H)C'H2 

145.5 

129.3 

152.2 

138.9 

145.7 
142.0 
130.0 
197.6 
124.4 
198.5 
116.1 
184.7 
120.5 
179.2 
128.0 
187.6 
114.2 
180.6 
120.2 
197.4 
121.6 
206.0 
117.9 

(continued overleaf) 
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TABLE 9.6 (continued) 

Radical 
D 

Bond (kT.mo1-l) 

2-Butenyl, 1 -ethyl- 
3-Pentenyl, 1-methyl- 
2-Butenyl, 1 -methylethyl- 
3-Pentenyl, 1,l-dimethyl- 
2-Butenyl, l-ethyl-l-methyl- 
3-Penteny1, 1,2-dimethyl- 
2-Butenyl, l-methyl-l-methylethyl- 
3-Pentenyl, 1,1,2-trirnethyl- 
2-Butenyl, 1,3-dimethyl- 
3-Penteny1, 4-methyl- 
2-Butenyl, 1,1,3-trimethyl- 
3-Penteny1, 2,4-dimethyl- 
2-Butenyl, 1-ethyl-3-methyl- 
3-Pentenyl, 1,4-dimethyl- 
2-Butenyl, 1-methylethyl-3-methyl- 
3-Pentenyl, 1,1,4-trimethyl- 
2-Buteny1, l-ethyl-l,3-dimethyl- 
3-Pentenyl, 1,2,4-trimethyl- 
2-Butenyl, 1-methylethyl- 1,3-dimethyl- 
3-Pentenyl, l11,2,4-tetramethyl- 
2-Propenyl, 1,2-dimethyl- 
3-Butenyl, 3-methyl- 
2-Propenyl, 1,1,2-trimethyl- 
3-Butenyl, 2,3-dimethyl- 
2-Propeny1, 1 -ethyl-2-methyl- 
3-Butenyl, 1,3-dimethyl- 
2-Propenyl, 1 -methylethyl- 1,2-diniethyl- 
3-Butenyl, 1,1,3-trimethyl- 
2-Propenyl, 1 -ethyl-l,2-dimethyl- 
2-Propenyl, l-methylethyl-l,2-dimethyl- 
3-Butenyl, I ,  1,2,3-tetramethyl- 
2-Butenyl, 1,2-dimethyl- 
3-Pentenyl, 3-methyl- 

MeCH=CHC'HMeCH-H 
MeCH=CH(CH-H)MeC'H 

MeCH=CHC'HMe2C-H 
MeCH=CH(CH-H)Me2Ca 

MeCH=CHC'Me(CH-H)Me 
MeCH=CH(MeC-H)C'H2 
MeCH=CHMeC'MezC-H 

MeCH=CH(MeC-H)MezC' 
Me2C=CHC'HCH2 -H 

Me2C=CH(CH-H)C'H2 
Me2C=CHC'MeCH2 -H 

Me2C=CH(MeC-H)C'H2 
Me2C=CHC'HMeCH-H 

Me2C=CH(CH-H)MeC'H 
Me2C=CHC'HMe*C-H 

Me2C=CH(CH-H)Me2C' 
Me2C=CHMeC'MeCH-H 

Me2C=CH(MeC-H)MeC'H 
Me2C=CHMeC'Me2C-H 

Me2C=CH(MeC-H)MezC.H 
CH2=CMeC'HCH2 -H 

CH2 =CMe( CH - H)C'H2 
CH2=CMeC'MeCH2-H 

CH2=CMe(MeC-H)C'H2 
CH2=CMeC'HMeCH-H 

CH2=CMe(CH-H)MeC'H 
CH2=CMeC'HMeMezC-H 
CHz=CMe(CH-H)Me2C' 
CH2=CMeC'MeMeCH-H 
CH2=CMeC'MeMe2C-H 

CH2=CMe(MeC-H)Me2C' 
MeCH=CMeC'HCH2-H 

MeCH=CMe(CH-H)C'H2 

Cycloalkenyl Radicals, C-H Bonds 

2-C yclopentenyl 

3-Cyclopentenyl 

193.7 
122.8 
188.2 
135.7 
201.8 
122.7 
196.3 
135.7 
202.7 
122.7 
216.3 
123.8 
196.1 
125.1 
197.0 
139.0 
209.5 
126.0 
210.5 
140.0 
199.3 
124.5 
207.1 
123.1 
194.1 
129.3 
189.4 
136.6 
173.8 
168.3 
111.8 
206.2 
117.4 

187.2 

121.3 
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TABLE 9.6 (continued) 

Radical 
D 

Bond (kJ mol-') 

2-Cyclohexenyl 

3-Cyclohexenyl 

3-Cyclooctenyl 

2-Cyclohexenyl, l-methyl- 

3-Cyclohexenyl, 2-methyl- 

2,4-Cyclohexadienyl 

H H  

fjH 
dH H 

OH H 

205.4 

138.1 

220.6 

219.3 

139.8 

81.6 

2,5-Cyclohexadienyl 98.3 

Alkylaromatic Radicals, C-H Bonds 

Ethyl, l-phenyl- 
Ethyl, 2-phenyl- 
Ethyl, 1 -methyl-1-phenyl- 
Ethyl, 2-methyl-2-phenyl- 
Propyl, l-phenyl- 
Ethyl, 1 -benzyl- 
Propyl, 2-methyl- l-phenyl- 
Ethyl, 1 -benzyl-1 -methyl- 
Ethyl, 1-( 1-phenylethy1)- 

PhC'HCH2 -H 
Ph(CH-H)C'H2 
PhC'MeCH2-H 

Ph(MeC -H)C'H2 
PhC'HCH-HMe 

Ph(CH-H)C'HMe 
PhC'HC-HMe2 

Ph(CH-H)C'Me2 
Ph(MeC-H)C'HMe 

190.3 
132.4 
190.8 
122.8 
178.5 
130.6 
166.4 
136.5 
130.6 

(continued overleuf) 
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TABLE 9.6 (continued) 

Radical 
D 

Bond (kJ mol-') 

Propyl, 1 -methyl- 1 -phenyl- PhMeC' CH-HMe 187.9 
Ethyl, 1 -( 1 -phenylethyl)- 1-methyl- Ph(MeC-H)C'Me2 142.6 
Propyl, 1,2-dimethyl- l-phenyl- PhMeC'HC-HMe2 175.9 
Ethyl, 1,2-diphenyl- 
Ethyl, 1,l-diphenyl- 

PhC' HPhCH-H 163.0 
Ph2C'CHz-H 250.7 

1-Indanyl 

2-lndan yl 

1 -Tetralyl 

2-Tetralyl 

1 -Acenaphthenyl 

Methyl, amino- 
Methyl, N-inethylamino- 
Methyl, N-ethylamino- 
Ethyl, 1 -amino- 
Ethyl, 1 -methylamino- 
Ethyl, 1 -ethylamino- 
Propyl, 1 -amino- 
Propyl, 1 -methylamino- 
Ethyl, 1-amino- 1 -methyl- 

128.0 

Aminoalbl Radicals, N - H  Bonds 

C'HzNH-H 
MeN-HC'H2 

MeC'HNH-H 
MeN-HC'HCH3 

EtN-HC'H;! 

EtN-HC'HCH, 
EtC'HNH-H 

EtC'H(N-H)Me 
Me2C'NH-H 

178.5 

119.3 

190.6 

145.1 
143.9 
145.0 
138.2 
132.6 
132.2 
138.4 
134.3 
139.5 

Ethyl, I-methyl-l-methylamino- MeN-HC'Me2 133.0 
Benzyl, amino- PhC' HNH - H 148.6 
Methyl, phenylamino- PhN-HC'HP 173.8 
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TABLE 9.6 (continued) 

Radical 
D 

Bond (kJ mol-') 

Aminoalkyl Radicals, C-H Bonds 

Ethyl, 1 -amino- 
Ethyl, 2-amino- 
Ethyl, l-ethylamino- 
Ethyl, 2-ethylamino- 
Propyl, 1 -amino- 
Ethyl, l-aminomethyl- 
Ethyl, 1 -methyl-1-methylarnino- 
Ethyl, 2-methyl-2-methylarnino- 

H2NC'HCHz-H 
H2N(CH-H)CmH2 
EtNC'HCH2-H 

EtNH(CH-H)C'Hz 
Me(CH-H)C'HNHz 
MeC'H(CH-H)NH2 
MeNHC'MeCHZ -H 
MeNHC-HMeC'H2 

Ketyl Radicals, 0 - H  Bonds 

Hy droxymethyl 
Ethyl, l-hydroxy- 
Propyl, I-hydroxy- 
Butyl, l-hydroxy- 
Ethyl, l-hydroxy-l-methyl- 
Propyl, l-hydroxy-l-methyl- 
Propyl, 1-hydroxy-2-methyl- 
Ethyl, 1,2-dihydroxy- 
Propyl, 2,2-dimethyl- 1 -hydroxy- 
Propyl, 1-hydroxy- l-ethyl- 
2-Propenyl, 1 -hydroxy- 
2-Propenyl, l-hydroxy-l-methyl- 

Cyclopentyl, 1 -hydroxy- 

Cyclohexyl, l-hydroxy- 

Hydrox yphenylmethyl 
Ethyl, l-hydroxy-l-phenyl- 
Propyl, 1-hydroxy- l-phenyl- 
Hy drox ydiphenylmethyl 

Ethyl, l-hydroxy- 
Ethyl, 2-hydroxy- 
Propyl, l-hydroxy- 

HzC'O-H 
MeHC'O-H 

MeCH*C'H(O-H) 
PrC'HO-H 
Me2C'O-H 

MeCHzC'(O-H)Me 
Me2CHC'HO-H 

Me3 CC'H( 0- H) 
HOCH2C'H(O-H) 

Et2C.O-H 
CH2=CHC'H(O-H) 

CH2 =CHC'Me(O-H) 

PhHC'(0-H) 

PhC'H(0-H)Et 
PhzC'(0-H) 

PhC'H(0-H)Me 

Hydroxyalkyl Radicals, C-H Bonds 

HC'(OH)CH2 -H 
C'HzCH-H(OH) 

MeCH-HC'H(0H) 

152.9 
119.9 
163.3 
119.9 
152.3 
129.9 
141.9 
119.9 

110.2 
104.6 
106.4 
108.4 
100.5 
99.4 
93.5 

105.1 
96.5 

100.3 
126.2 
127.9 

95.8 

112.0 

132.7 
130.2 
127.0 
150.0 

145.5 
123.2 
126.4 

(continued overleaf) 
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TABLE 9.6 (continued) 

Radical 
D 

Bond (kJ mol-') 

Ethyl, 1 -methylhydroxy- 
Ethyl, l-hydroxy-l-methyl- 
Propyl, 2-hydroxy- 
Propyl, 1-hydroxy- l-methyl- 
Ethyl, 1 -( 1-hydroxyethy1)- 
Ethyl, 1,2-dihydroxy- 

MeC' HCH-H( OH) 
MeC'(0H)CHz -H 
MeC-H(OH)C'H2 

Me(CH-H)C'(OH)Me 
MeC'H(C-H)(OH)Me 

HO(CH-H)C'HOH 

Cyclopentyl, l-hydroxy- 

Cyclopentyl, 2-hydroxy- 

Cyclohexyl, 1 -hydroxy- 

Hydroxycycloalkyl Radicals, C- H Bond 

Cyclohexyl, 2-hydroxy- 

Cyclohexyl, I -hydroxy-2-methyl- 

Cyclohexyl, 2-hydroxy- l-methyl- 

Acetyl 
Formy lmethy 1 
Propion yl 
Ethyl, l-formyl- 
Ethyl, 1-formyl- 1 -methyl- 
Propionyl, 2-methyl- 

OH 

H 

Carbonyl Radicals, C-H Bonds 

C'(O)CHz-H 
H-C(O)C'Hz 

C'(O)(CH-H)Me 
H-C(O)C'HMe 
H - C(0)C'Me2 

C'(O)(C-H)Me2 

111.4 
142.2 
110.7 
141.2 
119.7 
103.9 

169.0 

148.6 

168.6 

148.2 

161.5 

154.4 

166.4 
144.0 
133.2 
121.0 
124.9 
132.0 
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TABLE 9.6 (continued) 

Radical 
D 

Bond (kT mol-') 

Cyclohexylformyl 

Cyclohexyl, 1 -formyl- 

Acetyl, 2-phenyl- 
Formylbenzy 1 
Ethyl, 1-acyl 
Ethyl, 2-acyl 
Ethyl, 1 -acyl- 1 -methyl- 
Propyl, 2-acyl- 
Propyl, l-acyl- 
Propyl, 1 -acyl-2-methyl- 
Ethyl, 1-(1-acylethy1)- 
Ethyl, 2-benzoyl- 
Ethyl, 1 -benzoyl- 

Methylaminyl 
Dimethylaminyl 
Ethylaminyl 
Ethylmethy laminyl 
Ethylmethylaminyl 
Diethylaminyl 
Propylaminyl 
Methylpropy laminyl 
1 -Methylethylamin yl 
Methyl- 1 -methylethylaminyl 
Benzylaminyl 
Methylphenylaminy 1 

Met h o x y 1 
Ethoxyl 
Ethoxyl, l-methyl- 
Butoxyl 
Propoxyl, l-methyl- 
Propoxyl, 2-methyl- 
C yclohexyl 

PhCH-HC'(0) 
PhC'HC(0)-H 
AcC'HCH2-H 
AcCH-HC'H2 

AcMeC'CH2-H 
AcMeC-HCHZ 

AcC'H(CH-H)Me 
AcC'H( C -H)Me2 
AcMeC-HC'HMe 
PhC(O)CH-HC'HZ 
PhC(O)C'HCH2 -H 

Aminyl Radicals, C-H Bonds 

N'HCH2-H 
MeN'CH2 -H 

MeN'(CH-H)Me 
CH3 (CH-H)N'H 

EtN'(CH2 -H) 
EtN'(CH-H)CH, 

Et(CH-H)N'H 
Et( CH -H)N'Me 

Me2C-HN'H 
Mez C -HN'Me 
Ph(CH-H)N'H 
PhN'(CH2 -H) 

Alkoxyl Radicals, C-H Bonds 

H-CH20' 
Me(CH-H)O' 
Me2C-H(O0) 
Pr(CH-H)O' 
EtMeC-HO' 

Me2CH(CH-H)O' 
CYC~O-[C-H(O')(CH~)S] 

132.0 

124.9 

79.7 
108.2 
140.7 
116.5 
129.9 
100.6 
124.8 
142.8 
149.5 
116.5 
151.3 

126.7 
150.1 
109.4 
134.4 
151.2 
134.0 
109.6 
130.4 
100.6 
125.2 
133.8 
173.2 

82.2 
64.4 
48.0 
65.4 
46.9 
51.0 
57.4 

(continued overleaf) 
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TABLE 9.6 (continued) 

Radical 
D 

Bond (k.J mol-' ) 

Allyloxy l- 
Ethoxyl, 1 -vinyl- 
Benzyloxyl 
Propoxyl, 1 -phenyl- 

Cyclopenty loxyl 

Methoxyl, diphenyl- 
Ethoxyl, l-phenyl- 

Phenoxyl, 4-hydroxy- 

Phenoxyl, 2-hydroxy- 

CH*=CH(CH-H)O' 
CH2 =CHMeC - HO' 

Ph(CH-H)O' 
PhEt(C-H)O' 

Ph2C-HO' 
PhMeC-HO' 

Semiquinone Radicals, 0 - H  Bonds 

Phenoxyl, 4-hydroxy-2-methyl- 

6 0  OH 

OH 

Phenoxyl, 2,5-dimethyl-4-hydroxy- :$OH 

c1, ,Cl 

Tetrachlorophenoxyl, 4-hydroxy- hQOH 

c1 c1 

Hydrotrioxy 1 
Hydroperoxy I 

Hydroperoxyl Radicals, 0 - H  Bonds 

46.2 
34.8 
59.6 
42.1 

40.8 

55.7 
43.2 

226.3 

263.8 

229.8 

229.5 

245.0 

'000-H 343.0 
'00-H 220.0 

"Calculated from BDE values in Table 9.5. 
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TABLE 9.7 Dissociation Energies for C-F, C-Cl, C-OH, C-OR, and C-OC(0)R 
Bonds in Free Radicals' 

Radical 

D (kJmol-') 

Y = F  Y = C 1  Y = O H  Y = O R  
- 

C'H2CH2-Y 
MeC'HCH2-Y 
MeCH-YC'H2 
Me2CCH2-Y 
MezC-YC'H2 
EtC'HCH2-Y 
C'H2EtCH-Y 
EtzCCH2 -Y 
EtC'HMeCH-Y 
EtC'HMe2C-Y 

H. 

4 Y 

HCofy I 

H. 

15" 

Alkyl Radicals 

191.4 79.4 125.4 
189.7 77.7 123.7 
188.6 84.7 126.7 
194.6 82.6 128.6 
196.6 83.6 119.6 
190.0 78.0 124.0 
190.0 86.0 128.0 
193.6 81.6 127.6 
186.5 82.5 124.5 
193.7 80.7 128.7 

Cycloulbl Radicuh 

271.0 159.4 

195.9 91.9 

191.8 87.8 

168.0 

129.8 

125.4 

85.8 
84.1 
84.9 
89.0 
69.3 
84.4 
86.2 
88.0 
82.7 
78.4 

205.0 

92.1 

88.0 

Y = OC(0)R 

90.8 
89.1 
93.3 
94.0 
84.2 
89.4 
94.6 
93.0 
91.1 
93.3 

165.4 

100.5 

96.4 

196.0 92.0 123.7 92.2 100.6 

126.7 

128.6 

87.5 

77.4 

95.9 

85.8 

Y = OC(0)Ph 

100.1 
98.4 

102.6 
103.3 
93.5 
93.7 

103.9 
102.3 
100.5 
102.6 

175.4 

109.8 

105.7 

109.9 

105.2 

95.1 

(continued overleaf) 
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TABLE 9.7 (continued) 

Radical 

D (kJmol-') 

Y = F Y = CI Y = O H  Y =OR Y = OC(0)R Y = OC(0)Ph 

?YY 
c": 

124.1 120.5 

194.2 90.2 124.0 90.4 98.8 108.1 

195.5 91.5 128.0 91.7 100.1 109.4 

194.3 81.3 127.6 79.0 93.9 103.2 

202.2 98.2 124.5 98.4 by 
203.9 90.9 128.7 88.6 

Ethynyl Radicals 

HC'=CH-Y 201.7 66.7 145.7 105.1 
MeC'=CH-Y 198.0 63.0 142.0 101.4 
MeC*=C-YMe 186.0 51.0 130.0 89.4 

Ally1 Radicals 

CH2=CHC'HCH2-Y 238.6 126.6 172.6 133.0 
CH2=CH(CH-Y)CaH2 164.0 48.0 98.4 56.6 
CH2 =CHC'MeCH2 -Y 239.5 127.5 173.5 133.9 
CH2=CH(MeC-Y)C0H2 156.1 40.1 90.1 39.8 
CH2=CHC'HMeCH-Y 234.7 130.7 172.7 130.9 

106.8 116.1 

103.5 112.8 

110.7 120.0 
107.0 104.3 
95.0 116.3 

138.0 147.3 
65.0 74.3 

138.9 148.2 
54.7 64.0 

139.3 148.6 
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TABLE 9.7 (continued) 

Radical Y = F  Y = C 1  Y = O H  Y = O R  Y=OC(O)R Y=OC(O)Ph 

CHz=CH(CH-Y)MeC'H 
CH2=CHC0HMe2C-Y 
CH2=CH(CH-Y)Me2C' 
CH2=CHC'MeMeCH-Y 
CH2=CH(MeC-Y)MeC'H 
CH2=CHCSMeMe2C-Y 
CH2=CH(MeC-Y)MezC' 
MeCH=CHC'HCHz-Y 
MeCH=CH(CH-Y)C0H2 
MeCH=CHMeC'MeCH2-Y 
MeCH=CH(MeC-Y)C'H2 
MeCH=CHC'HMeCH-Y 
MeCH=CH(CH-Y)MeC'H 
MeCH=CHC'HMe2C-Y 
MeCH=CH(CH-Y)Me2Cm 
MeCH=CHC'Me(CH-Y)Me 
MeCH=CH(MeC-Y)C'Hz 
MeCH=CHMeC'Me2C-Y 
MeCH=CH(MeC-Y)MezC' 
Me2C=CHC'HCH2-Y 
Me2C=CH(CH-Y)C'H2 
Me2C=CHMeC'CH2-Y 
Me2C=CH(MeC-Y)C'H2 
Me2C=CHC'HMeCH-Y 
Me2C=CH(CH-Y)MeC'H 
Me2C=CHC'HMe2C-Y 
MQC=CH(CH-Y)M~~C' 
Me2C=CHMeC'MeCH-Y 
MezC=CH(MeC-Y)MeC'H 
Me2 C=CHMeC'MezC - Y 
MezC=CH(MeC-Y)MezC'H 
CH2=CMeC'HCHz-Y 
CH2=CMe(CH-Y)CaH2 
CH2=CMeC'MeCH2 -Y 
CH2=CMe(MeC-Y)CaH2 
CH2=CMeC'HMeCH-Y 
CHz=CMe(CH-Y)MeC'H 
CHz=CMeC'HMeMezC-Y 
CH2=CMe(CH-Y)Me2C' 
CHa=CMeC'MeMeCH-Y 
CHz=CMeC'MeMe2C-Y 
CH2=CMe(MeC-Y)Me2C. 
MeCH=CMeC'HCH2 - Y 
MeCH=CMe(CH-Y)C'HZ 
MeCH=CMeC*MeCHz-Y 
MeCE =CMe(MeC-Y)C0H2 

160.5 44.5 
244.2 131.2 
168.0 52.0 
237.6 133.6 
154.2 38.2 
245.6 132.6 
160.2 44.2 
239.4 126.4 
161.6 45.6 
247.0 135.0 
157.9 41.9 
243.7 139.7 
162.8 46.8 
253.2 140.2 
175.7 59.7 
251.8 147.8 
162.7 46.7 
261.3 148.3 
175.7 59.7 
244.7 131.7 
162.7 46.7 
257.3 145.3 
163.8 47.8 
246.1 142.1 
165.1 49.1 
262.0 149.0 
179.0 63.0 
259.5 155.5 
166.0 50.0 
275.5 162.5 
180.0 64.0 
240.3 128.3 
164.5 48.5 
248.1 136.1 
163.1 47.1 
244.1 140.1 
169.3 53.3 
254.4 141.4 
176.6 60.6 
223.8 119.8 
233.3 97.3 
151.8 35.8 
247.2 135.2 
157.4 41.4 
256.4 144.4 
157.4 41.4 

94.5 
179.2 
102.0 
175.6 
88.2 

180.6 
94.2 

172.4 
95.6 

181.0 
91.9 

181.7 
96.8 

188.2 
109.7 
189.8 
122.7 
196.3 
109.7 
177.7 
96.1 

191.3 
97.8 

184.1 
99.1 

197.0 
113.0 
197.5 
100.0 
210.5 
114.0 
174.3 
98.5 

182.1 
97.1 

182.1 
103.3 
189.4 
136.6 
161.8 
168.3 
85.8 

181.2 
105.4 
190.4 
91.4 

52.7 
128.9 
60.2 

133.8 
37.9 

130.3 
43.9 

132.8 
53.8 

141.4 
41.6 

139.9 
55.0 

137.9 
67.9 

148.0 
72.4 

146.0 
59.4 

138.1 
54.9 

151.7 
47.5 

142.3 
57.3 

146.7 
71.2 

155.7 
49.1 

160.2 
63.7 

134.3 
56.7 

142.5 
46.8 

142.5 
61.5 

139.1 
94.8 

120.0 
118.3 
35.5 

141.6 
63.6 

150.8 
41.1 

61.1 
143.8 
68.6 

142.2 
52.8 

145.2 
58.8 

137.8 
62.2 

146.4 
56.5 

148.3 
63.4 

152.8 
76.3 

156.4 
87.3 

160.9 
74.3 

143.1 
63.3 

156.7 
62.4 

150.7 
65.7 

161.6 
79.6 

164.1 
64.6 

175.1 
78.6 

139.7 
65.1 

147.5 
61.7 

147.5 
69.9 

154.0 
103.2 
128.4 
132.9 
50.4 

146.6 
72.0 

155.8 
56.0 

70.4 
153.1 
77.9 

151.5 
62.1 

154.5 
68.1 

147.1 
71.5 

155.7 
65.8 

157.6 
73.0 

162.1 
85.6 

165.1 
96.6 

170.2 
83.6 

152.4 
72.6 

166.0 
71.7 

160.0 
75.0 

110.9 
88.9 

173.4 
73.9 

184.4 
87.9 

149.0 
74.4 

156.8 
71.0 

156.9 
79.2 

163.3 
112.5 
137.7 
142.2 
59.7 

155.9 
81.3 

165.1 
65.3 

(continued overleuf) 
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TABLE 9.7 (continued) 

D (kJmol-') 

Radical Y = F  Y = C l  Y = O H  Y = O R  

MeCH=CMeC'HMeCH-Y 248.6 
MeCH=CMe(CH-Y)MeC'H 159.8 
MeCH=CMeC'HMqC-Y 25 1.1 
MeCH=CMe(CH-Y)MezC' 171.8 
MeCH=CMeC'MeMeCH-Y 257.8 
MeCH=CMe(MeC-Y)MeC'H 159.8 
MeCH=CMeC'MeMezC-Y 267.3 
MeCH=CMe(MeC-Y)MezC' 171.8 
MezC=CMeC'HCHz-Y 260.5 
MezC=CMe(CH-Y)C'Hz 169.5 
MezC=CMeC'MeCHz-Y 269.7 
Me2C=CMe(MeC-Y)C.H2 169.5 
MeZC=CMeC'HMeCH-Y 261.9 
MezC=CMe(CH-Y)MeC'H 179.5 
MezC=CMeC'HMezC-Y 272.0 
Me2C=CMe(CH-Y)Me:C' 191 5 
MezC=CMeC'MeMeCH-Y 271.1 
MezC=CMe(MeC-Y)MeC'H 179.5 
MezC=CMeC'MeMezC-Y 273.6 
Me2C=CMe(MeC-Y)MezC' 191.5 

144.6 
43.8 

138.1 
55.8 

153.8 
43.8 

154.3 
55.8 

148.5 
53.5 

157.7 
53.5 

157.9 
63.5 

159.0 
75.5 

167.1 
63.5 

160.6 
75.5 

186.6 144.8 
93.8 52.0 

161.1 110.8 
105.8 64.0 
195.8 154.0 
93.8 43.5 

202.3 152.0 
105.8 55.5 
194.5 154.9 
103.5 61.7 
203.7 164.1 
103.5 53.2 
200.0 158.2 
113.5 71.7 
207.0 156.7 
125.5 83.7 
209.1 167.3 
113.5 63.2 
208.6 158.3 
125.5 75.2 

Cycloulkenyl Radicals 

237.2 133.2 

161.3 45.3 

255.4 151.4 

178.1 62.1 

269.3 165.3 

175.2 

95.3 

193.4 

112.1 

207.3 

133.4 

53.5 

151.6 

70.3 

165.5 

Y = OC(0)R 

153.2 
60.4 

125.7 
72.4 

162.4 
58.4 

166.9 
70.4 

159.9 
70.1 

169.1 
68.1 

166.6 
80.1 

171.6 
92.1 

175.7 
78.1 

173.2 
90.1 

141.8 

61.9 

160.0 

78.7 

173.9 

Y = OC(0)Ph 

162.5 
69.7 

135.0 
81.7 

171.7 
67.7 

176.2 
79.7 

169.2 
79.4 

178.4 
77.4 

175.9 
89.4 

180.9 
101.4 
185.0 
87.4 

182.5 
99.4 

151.1 

71.2 

169.3 

88.0 

183.2 
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TABLE 9.7 (continued) 

D (kJmol-') 

Radical Y = F  Y = C1 Y = OH Y = O R  Y =OC(O)R Y = OC(0)Ph 

'f 

PhC'HCH2-Y 
Ph(CH-Y)C*Hz 
PhC'MeCH2-Y 
Ph(MeC-Y)C'Hz 
PhC'HCH-YMe 
Ph(CH -Y)C HMe 
PhC'HC-YMe2 
Ph(CH-Y)C'Mq 
Ph(MeC-Y)C'HMe 
PhMeC'(CH-Y)Me 
Ph(MeC-Y)C'Mez 
PhMeC'HC-YMez 
PhC' HPhCH - Y 
Ph2C'CHz-Y 

179.8 63.8 

21.6 27.6 

138.3 44.3 

159.9 43.4 

182.5 78.5 

113.8 

55.6 

72.3 

93.4 

120.5 

232.3 
172.4 
232.8 
162.8 
228.5 
170.6 
23 1.4 
176.5 
170.6 
237.9 
182.6 
240.9 
203.0 
292.7 

Benzyl Radiculs 

119.3 
56.4 

119.8 
46.8 

124.5 
54.6 

118.4 
60.5 
54.6 

133.9 
66.6 

127.9 
109.8 
179.7 

165.3 
104.4 
165.8 
94.8 

166.5 
102.6 
166.4 
108.5 
102.6 
175.9 
114.6 
175.9 
138.0 
225.7 

227.0 123.0 165.0 

63.5 

13.8 

30.5 

51.6 

78.7 

125.7 
62.6 

126.2 
44.5 

124.7 
60.8 

116.1 
66.7 
52.3 

134.1 
64.3 

125.6 
96.2 

186.1 

123.2 

78.4 87.7 

22.2 

38.9 

60.0 

87.1 

31.5 

48.2 

69.3 

96.4 

130.7 140.0 
71.0 80.3 

131.2 140.5 
59.4 68.7 

133.1 142.4 
69.2 78.5 

131.0 140.3 
75.1 84.4 
67.2 76.5 

142.5 151.8 
79.2 88.5 

140.5 149.8 
104.6 113.9 
191.1 200.4 

131.6 140.9 

(continued overleaf) 
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TABLE 9.7 (continued) 

Radical 

D (kl mol-'1 

Y = F Y = C1 Y = OH Y = O R  Y = OC(0)R Y = OC(0)Ph 

168.0 52.0 

Y 

159.3 43.3 

Y 

230.6 114.6 

100.0 

166.0 

91.3 

162.6 

58.2 66.6 75.9 

124.2 132.6 141.9 

49.5 57.9 67.2 

120.8 129.2 138.5 

'Calculated from BDE values in Table 0.5 
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10 
BIMOLECULAR AND 
TRIMOLECULAR REACTIONS 
OF FREE RADICAL GENERATION 
BY DIOXYGEN 

10.1 REACTION OF DIOXYGEN WITH C-H BONDS 
OF ORGANIC COMPOUNDS 

Hydroperoxides, ROOH, are known to be the main autoinitiators of the chain 
oxidation of hydrocarbons and other organic compounds, RH, by dioxygen. The 
mechanism of chain initiation in oxidized RH in the absence of ROOH was 
intensively discussed in the 1950s and 1960~. ' -~ Bolland and Gee5 were the first 
to propose the following reaction as the most probable: 

RH + 0 2  -+ R' + H02' 

The first experimental study of this reaction was performed by Cooper 
and Melville.6 The main experimental evidence for this mechanism are the 
following: 7, * 

1. The rate of free radical generation in oxidized RH in the absence of ROOH 
or other initiator was found to be proportional to the product [RH] x [02]. 

2. The rate constant ki for this reaction increases with a decrease in the BDE 
of the weakest C-H bond in the oxidized molecule. 

RH C ~ C I O - C ~ H ~ ~  MeZCHCH2Me PhCH3 PhMe2CH cycZo-CsHlo 

D ( ~ T  rnol-' ) 408.8 400.0 375.0 354.7 341.5 
ki (T = 403 K) 1.5 x 10-10 3.7 x 10-9 1.6 x 10-8 2.0 x 10-7 1.3 x 10-7 

(L moI-'s-'> 
References 9 10 11 12 1 1  
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480 BIMOLECULAR AND TRIMOLECULAR REACTIONS 

3.  Compounds with C-D bonds react with dioxygen more slowly than those 
with C-H bonds. For example, the kinetic isotope effect k H l k D  = 5.2 
(diethyl sebacinate, 413 K).I3 

4. Reaction of RH with 0 2  occurs more rapidly in polar solvent14 due to the 
polar structure of the transition state R(6+) . . . H . . . 0 2 ( 6 - ) .  

5.  The effect of interaction of a few dipoles is observed in reactions of peroxyl 
radicals and dioxygen with C-H bonds of polyatomic esters. The strong 
influence of a few polar group on the rate constant of both reactions was 
evidenced (AG,,# = - R T  ln(k,/ki).'s 

Me4-,C[CH20C(0)CH2Me], + 0 2  -+ Free radicals 

n 1 2 3 4 
k(423 K) (Lrnol-'s-') 2.8 x lo-* 1.1 x lop7 1.7 x 8.5 x 
AG,,# (kl rno1-I) 0.0 -4.6 -6.1 -11.8 

The values of rate constants and activation energies of radical generation by 
dioxygen that are measured experimentally are collected in Table 10.1 and those 
calculated by the IPM method (see Chapter 9) are in Table 10.2. For the values 
of rate constants of chain initiation in oxidized polymers, see Table 10.3. 

10.2 
BOND OF OLEFINS 

REACTION OF DIOXYGEN WITH THE DOUBLE 

In addition to the reaction with the C-H bond, dioxygen attacks the double bond 
of olefins with free radical formation.44 

RCHzCH2 + 0 2  -+ RC'HCH200' 

RC'HCH200' + 0 2  + RCH(OO')CH200' 

This reaction was proposed by Farmer.4s Mayo and co-worker46 evidenced this 
reaction experimentally in oxidized styrene, and the rate constant value for this 
reaction was measured by the acceptors of free radical (AFR) method.47 This 
reaction is endothermic. The activation energies for these reactions are sufficiently 
higher than the enthalpy values. 

Monomer CH2=CH2 CH2=CHEt CH2=CHPh CHz=CHCOOMe CH2=CMeCOOMe 
~ ~ ( k ~ m o l - ' )  80.8 80.4 20.4 84.8 86.9 
E ( k ~  mo1-I) 118 1 I7 115 

The transition state of this reaction has a polar structure and that is why this 
reaction occurs more rapidly in polar solvents (cf. rate constants in chlorobenzene 
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490 BIMOLECULAR AND TRIMOLECULAR REACTIONS 

TABLE 10.3 Rate Constants for the Free Radical Generation by the Reaction of 
Dioxygen with Polymer‘ 

Crystallinity of ash T E k,  
Polymer (%I (%I (K) (kJmol-’) (L mol-l s-’) 

PE 
PE 
PE 
PE 
PE 
PE 
PE 
PE 
PE 
PE 
PE 
PE 
PE 
PP 
PP 
PP 
PP 
PP 
PP 
PP 
PP 
PP 

65 
65 
65 
55 
55 
55 
55 
55 
40 
40 
40 
40 
40 
65 
65 
65 
65 

PhCl 
PhCl 
PhCl 
PhCl 
PhCl 

0.7 391 
0.04 391 
0.14 39 1 
0.45 378 
0.45 386 
0.45 388 
0.45 398 
0.45 404 

362 
367.5 
372 
377 
377 

0.4 3 80 
0.4 3 89 
0.4 398 
0.4 405 
0.4 385 
0.4 389 
0.4 394 
0.4 399 
0.4 403 

117 
117 
117 
117 
117 
146 
146 
146 
146 
146 
92 
92 
92 
92 
98 
98 
98 
98 
98 

7.0 10-7 
2.10 x 10-7 
1.40 x 10-7 
5.41 x 10-7 
2.67 x 
3.60 x 
8.01 x 10-6 
1.26 x lo-’ 
3.70 10-7 
8.60 x 10-7 
1.19 x lop6 
2.84 x 
2.48 x 
1.76 x lo-’ 
3.36 x 
4.57 x 10-5 
8.46 x 10-5 
8.94 x 10-7 
1.52 x 
1.63 x 
2.02 x 10-6 
3.87 x 

“See Ref. 43. 

and N,N-dimethylformamide for reactions of styrene and butyl methacrylate in 
Table 10.4). The multidipole interaction effect was observed for reactions of 
polyatomic esters4* 

Monomer CH~=CHCOOBU CH*=CHCOOCHzC- (CHz=CHC(O)- 
(CHzOCOEt), OCH2hC 

k(363 K) 1.72 10-7 1.10 x 10-8 1.4 x lo-* 
(Lmol-’ SKI) 

AG,,’ (kl mol-I) 0.0 8.2 7.8 

The charge-transfer complex of dioxygen with monomer is very probable as a 
precursor for this reaction.49 

RCHzCH2 + 0 2  + RCH=CH2(6+) . . . 0 2 ( 8 - )  

RCH=CH2(6’) . . .02(6-) -+ RC’HCH200’ 



T
A

B
L

E
 1

0.
4 

K
at

e 
C

on
st

an
ts

 a
nd

 A
ct

iv
at

io
n 

E
ne

rg
ie

s 
fo

r 
th

e 
R

ea
ct

io
n 

R
C

H
=C

H
2 
+ 

O
2 

-+ 
F

re
e 

R
ad

ic
al

sa
 

R
C

H
=C

H
2 

T 
E

 
lo

g 
A

, 
A

 
k 

(3
50

 K
) 

So
lv

en
t 

(K
) 

(k
J m

ol
-')

 
(L

 m
ol

-' 
s-

l)
 

(L
 m

ol
-' 

s-
I)

 
R

ef
cr

en
ce

 

P
hC

H
IC

H
2 

Ph
C

H
=C

H
2 

Ph
M

eC
=C

H
2 

Ph
C

H
=C

H
* 

Ph
M

eC
=C

H
2 

B
uO

C
(0

)(
M

e)
C

=C
H

2 
B

uO
C

(O
)(

M
e)

C
=C

H
2 

B
uO

C
(O

)(
M

e)
C

=C
H

2 

B
uO

C
(O

)C
H

=C
H

2 

M
e3

C
O

C
O

C
H

=C
H

2 
M

eO
C

O
(M

e)
C

=C
H

2 
M

eO
C

O
(E

t)
C

=C
H

Z
 

M
eC

H
=C

H
C

(O
)O

E
t 

N
H

*C
O

C
H

=C
H

z 
C

H
2=

C
H

C
(O

)O
C

H
2C

(O
C

O
E

t)
? 

(C
H

*=
C

H
C

(O
)O

C
H

2)
4C

 

C
hl

or
ob

en
ze

ne
 

C
hl

or
ob

en
ze

ne
 

C
hl

or
ob

en
ze

ne
 

N
,N

-D
im

et
hy

l-
 

fo
rm

am
id

e 
B

en
zo

ni
tr

ile
 

C
hl

or
ob

en
ze

ne
 

C
hl

or
ob

en
ze

ne
 

C
hl

or
ob

en
ze

ne
 

N
,N

-D
im

et
hy

l-
 

fo
rm

am
id

e 
C

hl
or

ob
en

ze
ne

 
C

hl
or

ob
en

ze
ne

 
C

hl
or

ob
en

ze
ne

 
C

hl
or

ob
en

ze
ne

 
C

hl
or

ob
en

ze
ne

 
C

hl
or

ob
en

ze
ne

 
C

hl
or

ob
en

ze
ne

 

37
8-

39
8 

34
3-

36
3 

34
3 

34
3 

34
3 

34
3-

36
3 

34
2-

36
3 

36
3 

36
3 

35
3 

35
3 

35
3 

36
3 

35
3 

36
3 

36
3 

12
5.

5 
11

.5
6 

6.
77

 x
 l

o-
* 

11
8.

1 
10

.2
5 

4.
21

 x
 l

o
p

8
 

2.
5 

x 
4.

0 
x 

lo
-' 

5.
5 

x
 
10

-8
 

88
.6

 
6.

04
 

6.
57

 x
 l

o-
' 

91
.5

 
6.

72
 

1.
16

 x
 1

0-
7 

3.
4 

10
-7

 
8.

1 
10

-7
 

7.
1 

x
 1

0-
8 

1.
3 

x 
10

-7
 

1.
2 

10
-7

 
5.

1 
x 

10
-8

 
1.

5 
x
 1

0-
6 

1.
40

 x
 l

o-
' 

1.
10

 x
 1

0-
8 

47
 

50
 

51
 

51
 

51
 

50
 

50
 

50
 

50
 

50
 

50
 

50
 

50
 

50
 

52
 

52
 

(c
on

ti
nu

ed
 o

ve
rl

ea
f)

 



0 
m 

m 
I 

2 
X 
0 

2 

0 
10 

m 
I 

2 
X 

m z m z 

m w  
l o m  

m m  m w  m m  
I I  

m m  
o m  
m m  



TRIMOLECULAR REACTION OF RADICAL INITIATION BY DIOXYGEN 493 

For the values of rate constants of the dioxygen reaction with monomers, see 
Table 10.4. 

10.3 
BY DIOXYGEN 

TRIMOLECULAR REACTION OF RADICAL INITIATION 

In addition to bimolecular reactions of organic compounds with dioxygen, free 
radicals are generated in an oxidized substrate in the liquid phase by a trimolecular 
reaction.43 

RH + 0 2  + HR + R' + H202 + R' 

This reaction was proposed in 1960 for compounds with weak C-H 
bond55 and experimentally proved in oxidized cyc lohe~ano l~~  and te t ra l i r~e.~~ 
The rate of this reaction is proportional to the product [RHI2 x 
[02]. The enthalpy for this reaction A H  = ~ D R - H  - 572 kJmol-'. The 
enthalpy of the bimolecular reaction RH + 0 2 ,  A H  = DR-H - 220 kJ mol-' . 
So, AH(2RH + 0 2 )  < AH(RH + 02) at DR-H < 352 kJmol-'. The fre- 
quency factor of the trimolecular collisions (203) in liquids is close to 
bimolecular (202). The preexponential factor A03 < A02 is the result of the 
concerted mechanism of simultaneous energy concentration on the two react- 
ing C-H bonds.43 The ratio A03/A02 = ( Z O ~ / Z O Z )  x (2RT/nE3)lJ2. As a 
result, the ratio k3[RH]2[02]/k2[RH][02] = (z03[RH]/zoz) x (2RTl~cE3)"~  exp 
[-(E3 - E2)/RT] z ( ~ R T / X E ~ ) ' / ~ ~ X ~ [ - ( D R - H  - 352)/RT], and the tri- 
molecular reaction should be faster than the bimolecular reaction for sub- 
strates with DR-H < 340 kJ mol-' . Polar solvents accelerate the trimolecular 
reaction due to the polar structure of the transition state C(6+) . . . H . . . (6-) 

Unsaturated compounds, probably react with dioxygen by their double bonds, 
0-0(6- )  . . . H .  . . (6')C. 

with the preliminary formation of a charge-transfer complex.50 

Another trimolecular reaction was found for e thylben~ene .~~ 

0 2  + PhCH2CH3 + 0 2  + HO2' + PhCH=CH2 + HO2' 

The rate constant for this reaction was found to be k = 6.0 x 10' exp(-108.0/ 
RT) L2 molP2 s-'. The values for the rate constants of the trimolecular reactions 
2RH + 0 2  and 2RCH=CH2 + 0 2  are in Table 10.5. 
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BIMOLECULAR REACTIONS 
OF FREE RADICAL GENERATION 
BY OZONE 

11.1 INITIATION OF RADICALS BY OZONE REACTIONS 

Ozone is known to be a very active oxidizing agent. It reacts extremely fast 
with olefins and organometallic compounds without free radicals formation.'-5 
Reactions of ozone with C-H bonds of hydrocarbons, alcohols, ethers, and 
esters occur with free radical formation that was proved by different experi- 
mental methods. 

1 .  Ozone initiates the chain oxidation of hydrocarbons in the gas and liquid 

2. Peroxyl radicals were identified in the reaction of hydrocarbon and polymer 
oxidation by the 03-O2 mixture that was proved by EPR 

3 .  Ozone induces chemiluminescence in oxidized hydrocarbons, RH, as a 
result of disproportionation of formed peroxyl  radical^.^^**'^ This reaction 
produces a carbonyl compound in the triplet state, the latter is the source 
of luminescence. 

4. Oxidation of hydrocarbons in a tetrachloride solution produces alkyl chlo- 
ride due to the following 

R' + CC14 -+ RCI + C'C13 

Hydrogen chloride is formed in the oxidation of alcohols by ozone in carbon 
tetrachloride as a solvent due to the following reaction:'* 

R1R2C'OH + CC4 + R'R2C=0 + HCl + C'C13 
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The initiation of free radical reactions by ozone in the gas phase at elevated 
temperatures occurs as the result of ozone monomolecular d e c o m p o ~ i t i o n ' ~ ~ ~ ~  

M + 0 3  -+ 0 2 f O f M  

accompanied by the reaction 

O + R H + R ' + H O '  

The enthalpy of ozone decomposition A H  = Do2-o = 107 kJmol-'. The most 
probable reaction of initiation by ozone in solution is the abstraction reaction" 

RH + 0 3  -+ [R' + H03.1 

[R' + H03.1 -+ R' + H03' 

[R' + HO?'] -+ ROOOH 

accompanied by the fast decomposition of unstable ROOOH and hydrotriox- 
ide radical. 

H03' -+ HO' + 0 2  

ROOOH -+ R02' + HO' 

The rate constant of HO3' decay is k 10" s-' (300 K, quantum chemical 
calculation).22 

The kinetic isotope effect proves the attack of ozone on the C-H and conse- 
quently on the C-D bond of the oxidized compound. The values of the kinetic 
isotope effect ( k ~ l k ~ )  are collected in Table 11.1. 

Carbonyl compounds probably are oxidized by ozone with the formation of 
an unstable intermediate tetroxideI6 

RCHO + 0 3  + RCH04 

RCH04 + RC(0)OOOH 

RC(0)OOOH + RC(0)OH + ' 0 2  

in addition to direct hydrogen atom abstraction. 

The evidence for cyclic tetroxide formation is in the exchange between the labeled 
carbonyl group and ozone by ''0 (heptane, 195 K).27 

R ~ R ~ c = o * ~  + 03 e R ' R ~ C O ~  + R * R ~ C = O  + 03'* 

The formation of free radicals in solution by the reaction of RH with ozone is 
accompanied by the cage effect. 
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TABLE 11.1 Kinetic Isotope Effect in Oxidation of Aliphatic Compounds by Ozone 

Gas RD Solvent T(K) kH/kD Reference 

CYC1O-C6D12 
CYCbCgD12 
PhCD20CMe3 
PhCD20CMe3 
PhCD20CMe3 
PhCD20CMe3 
PhCD20CMe3 
PhCD20CMe3 
PhCD20CMe3 
PhCD20CMe3 
PhCD20CMe3 
PhCD20CMe3 
Ph(cod)" 
Ph(cod)a 
Ph(cod)" 
MeCD20H 

MeCH20D 

MeCH20D 

CD3CH20H 

CD3CD20D 

CD3CD20D 

Carbon tetrachloride 
Carbon tetrachloride 
Freon- 1 1 
Freon- 1 1 
Freon- 1 1 
Freon- 1 1 
Freon- 1 1Pyridine 
Freon- 1 1Pyridine 
Dichloromethane/Acetone 
Acetone 
Acetone 
Pyridine 
Butanone-2 
Carbon tetrachloride 
Pyridine 
Chloroform 
Carbon tetrachloride 
Carbon tetrachloride 
Carbon tetrachloride 
D20 
D20 

295 
300 
273 
35 1 
273 
195 
195 
195 
195 
273 
273 
273 
273 
273 
273 
293 
293 
293 
293 
293 
293 

4.5 13 
5.4 23 
4.1 24 
6.3 24 
3.8 24 
6.7 24 
4.2 24 
3.7 24 
3.2 24 
4.5 24 
2.4 24 
2.6 24 
1.4 25 
2.2 25 
2.0 25 
5.9 26 
1.2 26 
0.9 26 
7.1 26 
1.2 26 
6.3 26 

'cod = 1,5-Cyclooctadiene (ligand). 

RH + 0 3  + [R' + H03.1 

[R' + H03.1 + R' + HOs' 

[R' + H03']+ ROOOH 

H03' + HO' + 0 2  

HO' + RH + H20 + R' 

ROOOH + R02' + HO' 

A detailed study of the mechanism for free radical initiation (rate constant ki) 
and ozone decay (rate constant k d )  by the reaction of cyclohexane, cumene, and 
aldehydes gave the following results (298 K): 

RH cyclo-C6H12 Me2PhCH Me2PhCOOH PhCH(0) MeCH(0) 

k,(Lmol-' SKI) 1.1 x 1.6 x 0.15 2.0 1.6 
kd(Lmo1-' SKI)  1.8 x 0.32 0.11 2.0 2.7 
e 0.30 2.5 x 0.68 0.50 0.30 
References 28 29 30 31 31 
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The very low yield of radicals from the reaction of ozone with cumene was found 
to be the result of an intensive ozone reaction with the benzene ring of cumene 
to yield molozonide formation. The values for parameter e in other reactions are 
typical of the cage effect of radical pairs in solutions. The rate constant values 
of ozone reactions with various compounds are presented in Table 11.2. 

11.2 CHAIN REACTIONS OF OZONE DECOMPOSITION 

Ozone as a very strong oxidizing agent reacts very rapidly with free radicals. 
Reactions of ozone with atoms and small radicals (HO', "02, HOz') were the 
object of intensive study due to their important role in the chemistry of the 
stratosphere. For the values of rate constant for these reactions, see Ref. 43. 

Due to high activity in reactions with free radicals, ozone undergoes chain 
decomposition in solutions. The chain reaction of ozone decomposition was 
found in 1973 in the kinetic study of cyclohexane and butanone-2 oxidation 
by a mixture of 02/03.44-50 It was observed that the rate of ozone consumption 
obeys Eq. (11.1).** 

vo3 = ki[RHl[031 + k2[RHl[0312[021-1 (11.1) 

The first term characterizes the rate of the ozone reaction with the substrate and 
the second term characterizes the reaction with chain propagation 

R' + 0 3  + RO' + 0 2  

and with chain termination in the reactions 

R' + 0 2  + R02' 

R02' + R02' -+ ROH + 0 2  + R1C(0)R2 

Chain decomposition of ozone was also observed in the oxidation of cumene by 
an 03/02 mixture.50 The rate of ozone consumption was found to be 

vo3 = ki [RHl[031 + kz[RHl"2[0313'2 (11.2) 

with kl = 1.0 Lmol-' s-', k2 = 18.0 Lmol-l s-'(cumene, 395 K).50 

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

RH + 0 3  + R' + HO3' 

H03' --+ HO' + 0 2  

H O ' + R H +  H2OfR'  

R' + 0 2  + R02' 
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R02' + 0 3  -+ RO' + 202 

RO' -+ PhC(0)Me + C'H3 

CH3' + 0 2  -+ CH302' 

CH3O2' + 0 3  -+ CH30' + 202 

CH3O' + RH -+ CH30H + R' 

CH302' + RO2' -+ CH20 + 0 2  + ROH 

A similar kinetic scheme was proposed for the ozone reaction with acetalde- 
h ~ d e . ~ ~  The reaction rate obeys Eq. (1 1.3) 

uo3 = kl [MeCHO][03] + k2[MeCH0]'/2[03]3/2 (11.3) 

with kl = 4.3 Lmol-' s-', k2 = 15.0 Lmol-' s-l (CCl4, 300 K).49 

oxidized cyclohexane (295 K, CC14).44 
A more complicated kinetic equation was found for ozone consumption in 

VQ = 3.2 x 10-3[RH][03] + 0.3[RH]'/2[03]3/2 + 0.75[RH][03]2[02]-' 
(11.4) 

The first term characterizes the initiation of free radicals by the reaction of ozone 
with cyclohexane, the second chain reaction with chain propagation 

R02' + 0 3  -+ RO' + 202 

and the third one with chain propagation by the reaction 

Ozone chain decomposition occurs in the reaction of ozone with cumyl hydro- 
peroxide.44 The rate of this reaction is 

UO, = kl [ROOH][03] + k2[ROOH]1/2[03]3/2 (11.5) 

where kl = 1.0 Lmol-' s-l and k2 = 18.0 Lmol-' s-' (CC14, 298 K).44 The 
chain reaction includes the following steps: 

ROOH + 0 3  --+ R02' + H03' 

R02' + 0 3  -+ RO' + 202 

HO' + ROOH -+ H20 + R02' 

RO' + ROOH -+ ROH + RO2' 

RO' + 0 3  -+ RO2' + 0 2  

RO2' + R02' -+ 2RO' + 0 2  

RO2' + ROz' -+ ROOR + 0 2  
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REFERENCES 521 

For the values of the rate constants for the free radical reactions with ozone in 
the gas and liquid phase, see Table 11.4. 

So, three different chain reactions of ozone decomposition were observed 
in solutions: 

1. Reaction with chain propagation. 

R' + 0 3  + RO' + 0 2  

2. Reaction with chain propagation. 

RO' + O3 -+ R02' + O2 

R02' + R02' + 2RO' + 0 2  

3. Reaction with chain propagation. 

R02' + 0 3  -+ RO' + 202 
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BIMOLECULAR REACTIONS 
OF HYDROPEROXIDES WITH FREE 
RADICAL GENERATION 

12.1 BIMOLECULAR DECOMPOSITION OF HYDROPEROXIDES 

The bimolecular reaction of hydroperoxide decomposition to free radicals 

ROOH + HOOR -+ RO’ + H20 + R02’ 

was discovered by Bateman’,’ in the kinetic study of the autoxidation of non- 
saturated acids and their esters. He found that the rate of chain initiation in an 
oxidized substrate was q - [ROOHI2. This result was proved later by the AFR 
m e t h ~ d . ~  The rate of initiation by Me3COOH was found to be 

U O ~  = kil [ROOH] + ki2[ROOHI2 x (1 + K [ROOHI)-’ (12.1) 

where kil characterizes the unimolecular decay of hydroperoxide (or decay by the 
reaction of hydroperoxide with the solvent) and ki2 characterizes the decomposi- 
tion of a complex between two molecules of ROOH, forming the hydrogen-bond 
ROOH . . . O(H)OR. The coefficient K is the equilibrium constant for formation 
of this complex. For values of K see Chapter 4. The “bimolecular” decomposition 
of hydroperoxide occurs in two steps. 

ROOH + ROOH + ROOH . . . O(H)OR 

ROOH . . . O(H)OR + R02’ + H20 + RO’ 

( K )  

(kiz) 

This bimolecular decomposition of Me3COOH proceeds with endothermic- 
ity AH = DO-H + Do-0 - DHO-H = 358.6 + 175.0 - 498 = 35.6 kJmol-’ in 
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526 BIMOLECULAR REACTIONS OF HYDROPEROXIDES 

comparison with AH = 175 kJmol-' for unimolecular decay (see Chapter 4). 
That is why the bimolecular decay occurs much more rapidly than 
unimolecular. The equilibrium constants K and k , ~  were found to 
be K = 1.9 Lmol-' (363 K) and k,2 = 5.8 x 107exp(-96.1/RT) = 8.61 x 
lo-' Lmol-' 5-' (363 K) for 1,Ldimethylethyl hydroperoxide3 and K = 
3.3 x 10-4exp(2S.0/RT) = 1.3 Lmol-' (363 K), ki2 = 2.2 x 10Xexp(-106.0/ 
R T )  = 1.23 x lop7 Lmol-' s-l (363 K) for 1-methyl-1-phenylethyl hydroper- 
oxide.4 Experimental data on the bimolecular homolytic decomposition of 
hydroperoxides are collected in Table 12.1 and activation energies and rate con- 
stants calculated by the IPM method (see Chapter 9) presented in Table 12.2. 

12.2 BIMOLECULAR REACTIONS OF HYDROPEROXIDES 
WITH A IT-BOND TO OLEFINS 

Reaction of hydroperoxide (Me3COOH) with the x-bond of styrene had free 
radical generation 

ROOH + CHZ=CHPh -+ RO' + HOCH2C'HPh 

evidenced by the AFR method in 1964." The rate of free radical initiation was 
found to be 

(12.2) IJ, = ki [ROOH] [PhCH=CH2] 

with the rate constant k,  = 1.2 x 104exp(-72.0/RT) Lmol-' s-'. Enthalpy for 
this reaction (see Chapter 9) AH=Do-o - DR-OH = 175 - 165 = 10 ldmol-'. 
Rate constants for free radical generation by this reaction was measured by five 
different methods were found to be in good agreement.I2 It is very probable that 
the preliminary formation of the charge-transfer complex between hydroperoxide 
and olefin precedes the reaction. 

ROOH + CH2=CHR1 + ROOH(8-) . . . CH*=CHR' (8') 

ROOH(6-) . . . CHz=CHR'(G+) + [RO' + HOCH2C'HR'I 

[RO' + HOCH2C'HR'I -+ ROH + HOCH=CHR' 

[RO' + HOCHzC'HR'] -+ HOCH2C(OR)HR1 

[RO' + HOCH2C'HR'I -+ RO' + HOCH2C'HRl 

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 hydroperoxide reaction with the double bond of monomer.12 The effect of 



T
A

B
L

E
 1

2.
1 

R
at

e 
C

on
st

an
ts

 a
nd

 A
ct

iv
at

io
n 

E
ne

rg
ie

s 
fo

r 
B

im
ol

ec
ul

ar
 R

ea
ct

io
ns

 o
f 

H
yd

ro
pe

ro
xi

de
s 

2R
O

O
H

 +
 R

O
z'

 +
 Hz

O
 +

 RO
'"

 

R
O

O
H

 
So

lv
en

t 
T 

E
 

lo
g 

A
, A

 
k(

35
0 

K
) 

(K
) 

(k
l m

ol
-')

 
(L

m
ol

-'
 s

-'
) 

(L
 m

ol
-' 

s-
I)

 
R

ef
er

en
ce

 

H
O

O
H

 
M

e3
C

O
O

H
 

M
eZ

C
(O

0H
)E

t 
C

H
:, =

C
H

C
H

M
eO

O
H

 
M

eC
H

=
C

H
C

H
20

0H
 

C
yc

lo
he

xa
no

l 
H

ep
ta

ne
 

2-
M

et
hy

lb
ut

an
e 

I-
B

ut
en

e 
2-

B
ut

en
e 

39
3-

41
3 

33
3-

36
3 

33
3-

36
3 

33
8-

35
3 

33
8-

35
3 

12
1.

7 
96

.1
 

10
0.

0 
10

8.
8 

11
7.

1 

9.
84

 
8.

04
 

7.
80

 
11

.7
0 

12
.7

0 

4.
76

 x
 1

0-
9 

4.
99

 x
 1

0-
7 

2.
90

 x
 1

0-
5 

1.
67

 
10

-5
 

7.
52

 x
 l

o-
' 

B
en

ze
ne

 
33

3-
35

3 
12

0.
0 

11
.4

0 

M
e2

Ph
C

O
O

H
 

M
e2

Ph
C

O
O

H
 

M
e2

Ph
C

O
O

H
 

M
e2

Ph
C

O
O

H
 

M
eP

h2
C

O
O

H
 

Ph
C

H
(O

O
H

)C
H

=C
H

z 
C

H
~=

C
H

C
H

(O
O

H
)C

H
:,B

U
 

C
um

en
e 

C
hl

or
ob

en
ze

ne
 

C
um

en
e 

C
hl

or
ob

en
ze

ne
 

N
itr

ob
en

ze
ne

 
B

en
ze

ne
, 

2-
pr

op
en

yl
- 

1-
O

ct
en

e 

33
3-

36
8 

37
3-

39
3 

39
3 

39
3 

39
3 

38
8 

38
8 

80
.7

 
68

.6
 

4.
86

 
2.

38
 

3.
10

 
10

-7
 

6.
55

 x
 

1.
90

 x
 l

o
p

6
 

2.
71

 x
 1

0-
9 

6.
02

 
10

-7
 

4.
47

 x
 1

0-
5 

2.
82

 
10

-7
 

2.
88

 
10

-7
 

8 4 9 10
 

10
 

10
 1 1 

(c
on

tin
ue

d 
ov

er
le

af
) 



T
A

B
L

E
 1

2.
1 

(c
o

n
ti

n
u

ed
) 

R
O

O
H

 
T 

E
 

lo
g 

A
, 

A
 

k(
35

0 
K

) 
So

lv
en

t 
(K

) 
(k

J m
ol

-')
 

(L
 m

oi
-' 

s-
I)

 
(L

 rn
o1

-I 
s-
I)
 

R
ef

er
en

ce
 

(-
to

o
. 

C
 yc

lo
he

xe
ne

 

a
o
H

 
m

""
 

38
8 

C
yc

lo
he

xe
ne

, 
3-

m
et

hy
l-

 
33

8 

C
yc

lo
he

xe
ne

, 
33

8 
3,

3 $
tr

im
et

hy
l-

 

E
tC

H
=C

M
eC

H
(O

O
H

)E
t 

4-
M

et
hy

lh
ep

te
ne

-3
 

38
8 

M
ez

C
=C

H
C

H
(O

O
H

)B
u 

2-
M

et
hy

lo
ct

en
e-

2 
38

8 

5.
37

 
10

-7
 

1 

1.
15

 x
 

1 

3.
24

 x
 

1 

'E
xp

er
im

en
ta

l 
da

ta
. 



REACTIONS OF HYDROPEROXIDES 529 

TABLE 12.2 Enthalpies, Activation Energies, and Rate Constants for Bimolecular 
Reactions of Hydroperoxides 2ROOH + ROO' + H 2 0  + RO' Calculated by the IPM 
Method' 

A He E log A ,  A k(350 K) 
ROOH n (kTmol-') (Hmol-') (Lmo1-ls-l) (Lmol-I s-') 

HOOH 2 50.0 114.1 8.93 7.97 x 10-9 

O O O H  1 46.5 112.2 8.63 7.68 10-9 

Me2CHOOH 1 46.5 112.2 8.63 7.68 x 

Me3COOH 1 39.6 108.4 8.64 2.90 x 
PhMe2COOH 1 39.6 108.4 8.64 2.90 x lo-* 
Me2C(OH)OOH 1 52.6 115.5 8.63 2.47 x lop9 
CC1300H 1 88.2 135.8 8.60 2.15 x 
CBr300H 1 88.0 135.7 8.60 2.23 x lo-" 
CC13CC1200H 1 88.2 135.8 8.60 2.15 x 

'See Chapter 9 

TABLE 12.3 The Reactivity of Polyfunctional Esters in Bimolecular Reaction with 
1-Methyl-1-Phenylethyl Hydroperoxide 

Monomer 
ki x lo* (343 K) AGC 

(Lmol-' s-l) (Hmol-I) Reference 

CH2 =CHC(O)OMe 17.5 0 13 
[CH2=CHC(O)OCH2]3CEt 6.1 3.0 14 
[CH2=CHC(O)OCH2]4C 2.4 5.6 14 
CH2=CHC(O)OCH2C[CH2OC(O)Et]3 1.9 6.3 14 

multidipole interaction was observed for reactions of hydroperoxide with poly- 
functional monomers (AGC is Gibbs energy of multidipole interaction in the 
transition state, see Table 12.3). 

Carbonyl compounds (aldehydes and ketones) accelerate the decay of hydro- 
peroxides due to the formation of unstable peroxides (see Chapter 4): 

ROOH + O=CR'R~ ROOC(OH)R'R~ 

ROOC(OH)R~R~ + RO- + R'R~C(OH)O* 

For the values of rate constants of initiation by the reaction of hydroperoxides 
with olefins, experimental and calculated by the IPM method, see Tables 12.4 
and 12.5. 
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TABLE 12.5 Enthalpies, Activation Energies, and Rate Constants for the Reaction 
of 1,l-Dimethylethyl Hydroperoxide with Monomers: Me3COOH + CH2=CHR -+ 
Me3CO' + HOCHzC'HR Calculated by the IPM Method" 

A He E log A ,  A k(350 K) 
CH2=CHR nc (kJ mol-') (kJ mol-' ) (L mol-' s-') (L mol-' s-I) 

CHz=CHz 
CH2=CHMe 
CH2=CMe2 
CH2=CHEt 

HC=CH 
HC=CMe 
MeC=CMe 

CHz=CHCMe=CH2 
CH2 =CHCH=CMe2 

CH2=CHCH=CHz 

0 
CHZECHPh 
CH2=CMePh 
MeCH=CMePh 
MeZC=CMePh 
CHZ=CPhz a / 

2 
1 
1 
1 

2 

2 

2 
1 
2 
2 
1 
1 

2 

1 
1 
1 
1 
1 

1 

53.5 
55.2 
50.3 
54.9 

55.2 

52.2 

33.2 
36.9 
48.9 
63.0 
54.0 
-0.3 

-13.4 

13.6 
13.1 
3.0 
3.0 

-45.7 

12.9 

124.0 
124.9 
122.3 
124.8 

124.9 

123.3 

113.3 
115.2 
121.5 
110.8 
1 10.4 
107.7 

101.1 

107.7 
107.5 
102.6 
102.6 
80.5 

107.4 

9.00 
9.00 
9.00 
9.00 

9.00 

9.00 

9.30 
9.30 
9.30 
9.00 
9.00 
9.00 

9.00 

9.00 
9.00 
9.00 
9.00 
9.00 

9.00 

6.23 x lo-'' 
2.29 x lo-'' 
5.60 x 10-l" 
2.37 x lo-'' 

2.29 x 

3.97 x 10-10 

4.91 x lo-* 
1.28 x lopx 

5.81 x 10-8 
3.34 x 10-8 
8.45 x lo-' 

2.93 10-9 

8.16 x 10-7 

8.45 x lo-' 
9.05 x lo-' 
4.87 x 10-7 
4.87 x 10-7 
9.69 x lop4 

9.37 x 10-8 

' S e e  Chapter 9, Eqs. (9.13), (9.15), and (9.16), Tables 9.1 and 9.2 

12.3 BIMOLECULAR REACTIONS OF HYDROPEROXIDES 
WITH C-H, N-H, AND 0 - H  BONDS OF ORGANIC COMPOUNDS 

Bimolecular reaction of the type 

ROOH + HY -+ RO' + H2O + Y' 
has a lower enthalpy than the unimolecular decomposition of hydroperoxide 
(DO-0 = 180 kJ mol-') because in most cases DY-H < DHO-H = 498 kJ mol-'. 
These reactions can occur with an activation energy lower than DO-0 of 
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hydroperoxide.16 A few reactions of this type with the initiation rate ui = k, 
[ROOH] [YH] were seen where YH was a hydro~arbon?,~ alcoh01,~~" and 
carbonic a ~ i d . ~ ~ ~ "  The experimental data are presented in Table 12.6. The IPM 
method opened the way for the calculation of activation energies and rate 
constants for such reactions (see Chapter 9). The results of calculation are 
presented in Tables 12.7 and 12.8. 

12.3.1 Hydrocarbons 

Enthalpy of the reaction 

ROOH + HR' + RO' + H20 + R" 

is AH = Dc-H + 175 - 498 = Dc-H - 323 Hmol-' and decreases by decreas- 
ing the value for the BDE of the C-H bond. The activation energy for this 
reaction is sufficiently higher than its enthalpy (see Table 12.6) due to the influ- 
ence of the triplet repulsion and nonlinear configuration of the reaction center 
of the transition state on the activation energy. The experimental values for 
activation energy of the hydroperoxide reaction with cumene (Table 12.6) are 
sufficiently lower than the calculated values (see Table 12.7). Probably this is the 
result of another parallel reaction of initiation, namely, the reaction of hydroper- 
oxide with the aromatic ring. 

ROOH + C6H5R1 + RO' + HOC6'H5R1 

HOC6'H5R1 + 0 2  + HO2' + HOCGH~R' 

As in the case of the hydroperoxide reaction with the n-bond of an olefin (see 
Section 12.2), the reaction of ROOH with the n-bond of an aromatic ring occurs 
more rapidly than the attack of ROOH on the C-H bond of alkylaromatic 
hydrocarbon. 

12.3.2 Alcohols and Acids 

Reaction of alcohol with ROOH 

occurs with a rate constant (calculated by the IPM method) of a few orders of 
magnitude lower than the rate constant measured experimentally. Moreover, the 
experimental values for the activation energy are lower than AH of the hydro- 
gen abstraction reaction. This implies that a different reaction from the reaction 
written above was observed experimentally. This reaction cannot be the reaction 
of hydroperoxide with the C-H bond of alcohol because rate constants for free 
radical generation in the reaction of ROOH with secondary and tertiary alcohols 
are close (see Table 12.6), whereas secondary and tertiary alcohols have C-H 
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TABLE 12.8 Enthalpies, Activation Energies, and Rate Constants for Bimolecular 
Reactions of Hydroperoxides with Substrates ROOH + HY + RO' + H 2 0  + Y' Cal- 
culated by the IPM Method' 

D A He E log A ,  A k(400 K) 
Reac t ion (klmol-') n (kJmol-') (kJmol-I) (Lmol-' s-I) (Lmol-I s-') 

HzNNH-H 
EtNH-H 
Et2N-H 

EtO-H 
Me2CHO-H 
Me3CO-H 

ROOH f HNR'R' + RO' f H 2 0  f RI R2hr 

366.1 4 45.9 139.3 8.59 2.51 x 10-'(' 

382.8 1 62.6 160.9 7.95 8.69 x 
418.4 2 98.2 173.8 8.24 3.50 x 10-15 

ROOH f HOR' + RO' f H 2 0  f R'O' 

440.0 1 121.5 205.7 7.90 1.09 x 10-19 
443.0 1 124.5 207.8 7.90 5.81 x 10-20 
446.0 1 127.5 209.9 7.89 3.02 x 

ONO-H 
MeC(0)O-H 
PhCH2C( 0 ) O  - H 

437.1 1 118.6 203.6 7.90 2.0s x 10-19 

327.6 1 9.1 134.2 7.99 2.92 x 10-'" 
442.7 1 124.2 207.6 7.90 6.17 x 10-") 
443.5 1 125.0 208.1 7.90 5.31 x lo-'' 

- 

"See Chapter 9, Eqs. (9.13), (9. IS), and (9.16) Tables 9.1 and 9.2 

bonds of different strengths (see Chapter 9), and rate constants for the reactions 
of ROOH with C-H bonds should be different. Experiment demonstrates the 
close rate constants (see Table 12.6). This implies that a 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 12.6). 

12.4 
OF HYDROPEROXIDES 

ACID CATALYSIS FOR HOMOLYTIC REACTIONS 

Acids are well known as catalysts for various heterolytic reactions. They catalyze 
the heterolytic decay of hydroperoxides. For example, they catalyze the decom- 
position of cumyl hydroperoxide to phenol and acetone (important technological 
reaction)." 

MezPhCOOH + Me2C(O) + PhOH 

In addition to the heterolysis of hydroperoxides, strong mineral acids catalyze the 
homolytic splitting of hydrogen peroxide and hydroperoxides into free radicals. 
This new catalytic ability of acids was found in the kinetic study of isopropanol 
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o x i d a t i ~ n . ~ ~ , ~ ~  Mineral acids, such as H2S04, HC104, HCl, and HNO3, were 
found to accelerate the chain oxidation of 2-propanol due to the catalysis of 
hydrogen peroxilde decomposition with free radical generation. The initiation 
rate was found to be proportional to the product [H202I2 [AH]. The homolytic 
decomposition of hydroperoxides was proved to be catalyzed by Bronsted, as well 
as by Lewis acids (e.g., BF3, AIC13, and S b c l ~ ) . ~ ~  Experimental data on acid 
catalysis of the homolytic decomposition of hydroperoxides are in Table 12.9. 

Earlier (see Slection 11.3), a great discrepancy was noticed between the cal- 
culated rate constants for the reactions 

ROOH + HOR' -+ RO' + H ~ O  + R'O' 

ROOH + HOC(0)R' -F RO' + H2O + R'CO2' 

and the experimental values for chain generation by the interaction of hydroper- 
oxides with alcohols and acids [ki (calculated) << k (experimental)]. The probable 
explanation of such a great difference lies in the participation of the more active 
protonated form (of hydroperoxide in free radical generation. 

ROOH + HOC(0)R' + ROOH2' + R'C02- 

ROOHz' + ROOH -+ RO' + ROz' + H3O' 

ROOH2' + R'C(0)OH + RO' + H30' + RC02' 

ROOH + HOR' + ROOH*+ + R'O- 

ROOH~+ + R ~ O H  + RO' + H ~ O +  + R'O' 

12.5 REACTION OF PEROXIDES WITH AMINES 

Amines react with peroxides very promptly.29 The reactions of benzoyl per- 
oxide with various amines were discovered and studied by Gambaryan and 
c o - ~ o r k e r . ~ ~ , ~  The products of the benzoyl peroxide reaction with dimethylamine 
in chloroform were found to be benzoic acid (yield close to loo%), methylaniline, 
formaldehyde, and p-benz~yloxydimethylaniline.~~~~~ The reaction of benzoyl 
peroxide with tertiary amines initiate styrene polymerization with the rate34 

u, = k,[PhC(O)OOC(O)Ph][Amine] (12.3) 

The yield of free radicals in this reaction was found to be low (2-5%).29 Appar- 
ently, the reaction can be either homolytic and heterolytic. The first step was 
supposed to be the electron transfer from the nitrogen atom of amine to peroxide 
with 0-0 bond splitting. The rate constants of reaction are listed in Table 12.10. 

R3N + PhC(O)OOC(O)Ph + R3N" + PhC02' + PhC02- 

The benzoyloxy radical escapes from the cage and initiates polymerization in the 
presence of the 
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FREE RADICAL GENERATION 
BY OLEFINS 

13.1 REACTIONS OF RETRODISPROPORTIONATION 

Disproportionation of free radicals, for example, 

is a very exothermic reaction ( A H  = -270 kJmol-I) and occurs very rapidly. 
Disproportionation of free radicals in solution occurs with diffusion rate constants 
(kD = 8 x 108-4 x lo9 Lmol-' SKI).' 

The backward reaction of retrodisproportionation 

RH + CH2=CHR' -+ R' + CH3C'HR' 

is endothermic and occurs slowly. This reaction was supposed to be important 
in the chain reaction of thermal hydrocarbon decomposition.2 Many such reac- 
tions have been studied recently by Ruchardt and co -w~rke r s .~ - '~  Activation 
energies for these reactions were found to be close to the values of reaction 
enthalpies. The substitution of hydrogen by deuterium in RH leads to the kinetic 
isotope effect (see Table 13.1). The influence of the solvent polarity on the dis- 
proportionation of hydrocarbons was found to be weak. For example, the ratio of 
rate constants of the a-methylstyrene reaction with 9,lO-dihydroanthracene in N -  
acetamide and diphenyl ether is equal to 0.7 (593 K) and that of a-methylstyrene 
with 1,2-dihydronaphthalene is 0.9 (623 K).3 However, the solvent effect is 
rather strong for the reaction of quinone as a hydrogen acceptor. For example, 
AG' for the reaction of 9,lO-dihydroanthracene with 2,3-dichloro-5,6-dicyano- 
1,4-benzoquinone has the following values in different solvents? 
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548 FREE RADICAL GENERATION BY OLEFINS 

Solvent Dioxane Acetonitrile Acetic acid 

AG’(298 K)(kJ mol-’) 84.1 81.2 80.7 
k /  k(dioxane) 1 3.6 3.9 

The experimental values for rate constants of the retrodisproportionation of 
9,lO-dihydroanthracene with various acceptors in a diphenyl ether solution are 
presented in Table 13.2. The enthalpies of retrodisproportionation reactions are 
collected in Table 13.3. Those calculated by the IPM method rate constants of 
retrodisproportionation reactions are collected in Tables 13.4- 13.7. 

TABLE 13.1 Kinetic Isotope Effect in Reactions of 
Olefins Retrodisproportionation with 9,10-Dihydroan- 
thracene in Diphenyl Ether Solution‘ 

Olefin T (K) k d b  

Ph(Me2CH)C=CH2 
Ph(Me3C)C=CH* 

/ 

Ph2C=CHPh 

573 
633 

553 

573 

593 

593 

573 

583 

2.25 
2.12 

2.27 

2.35 

1.64 

2.22 

1.79 

1.98 

613 2.20 

“See Ref. 3. 
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REACTIONS OF RETRODISPROPORTIONATION 555 

TABLE 13.5 Enthalpies and Rate Constants of Retrodisproportionation Reac- 
tion CHz=CHCH=CH* + HR + CH~=CHC'HCHJ + R' (Calculated by the IPM 
Method)" 

RH 
D E log A ,  A k(550 K) 

(kJmol-I) n (kJ mol-I) (L mol-' SKI) (L mol-' SKI )  

EtMeCH-H 
Me3C-H 

d 

(Z)-Decalin 

CHz=CHCH-HMe 
CH2 =CHC-HMe2 
(Z)-MeCH=CHCH-HMe 
MezC=CHCH-HMe 
Me2C=CMeC-HMez 
(CH2 =CH)*C - HMe 

CH*=CHCH*-H 

413.0 
400.0 

418.5 

408.4 

403.9 

395.5 

387.6 
368.0 
349.8 
339.6 
344.0 
332.0 
322.8 
307.2 

341.5 

330.9 

3 12.6 

301.0 

4 
1 

8 

1 

1 

1 

2 
3 
2 
1 
2 
2 
1 
1 

4 

4 

4 

2 

217.7 
204.7 

223.2 

213.1 

208.6 

200.2 

192.3 
182.3 
169.3 
162.1 
165.2 
156.9 
150.7 
140.4 

163.5 

156.2 

144.0 

136.4 

10.56 
9.68 

10.95 

10.87 

10.92 

9.55 

9.57 
8.48 
8.30 
8.00 
8.30 
8.30 
8.00 
8.00 

8.60 

8.60 

8.60 

8.30 

7.67 x 10-l' 
1.74 x IO-'" 

5.66 x lo-" 

4.28 x 

1.28 x lo-' 

3.44 x 10-10 

2.03 x 
1.47 x lo-' 
1.67 x lo-* 
4.03 x lo-' 
4.09 x 
2.51 10-7 
4.87 10-7 
4.63 x loph 

1.19 x lop7 

5.86 10-7 

8.44 x 

2.22 x 10-5 

(continued overleaf) 



556 FREE RADICAL GENERATION BY OLEFINS 

TABLE 13.5 (continued) 

RH 
D E logA, A k(550 K) 

(kJ mol-I) n (kJ mol-I) (L mol-' s-') (L mo1-l s-') 

MeC=CC-HMe2 
MePhCH-H 
Me2PhC-H 

Me2NH2C-H 

MeZC-H(OH) 
(CH*=CHCH-H)?N 

MeCH=CMeC-HMeOH 

PhC(0) -H so 
Me2CHOC-HMe2 

Ph2C-HOMe 

MelCOO-H 
(MelC)3Si-H 
Ph3 Ge - H 
Ph3Sn-H 

(CHz=CHCH-H)20 

Ph[C(O)OH]CH- H 

329.4 
364.1 
354.7 

345.6 

322.0 

379.5 
345.6 
390.5 

329.7 

325.2 

337.5 

348.0 

394.1 

390.8 
360.0 
354.2 
367.0 
358.6 
35 1 .O 
322.5 
296.9 

1 
2 
I 

4 

4 

1 
6 
1 

1 

1 

1 

1 

4 

2 
4 
1 
2 
1 
1 
I 
1 

155.2 8.00 
176.5 8.30 
169.6 8.00 

163.1 9.60 

146.8 9.60 

186.2 8.00 
166.3 8.78 
195.2 9.38 

155.4 9.78 

1.52.3 8.00 

160.7 9.00 

164.8 8.00 

198.8 10.1 1 

195.5 9.70 
176.5 8.60 
169.3 8.00 
178.6 8.30 
170.5 9.00 
155.7 10.22 
126.6 9.00 
110.9 9.00 

1.82 10-7 
3.46 x 10-9 
7.81 x 10-9 

1.29 x 

4.57 x 10-5 

2.07 x lo-'' 
9.69 x lo-' 
6.94 x 10-I" 

1.05 x 10-5 

6.87 10-7 

5.47 10-7 

2.23 x lo-* 

1.70 x lo-' 

1.36 x lo-' 
6.91 10-9 
8.34 10-9 
2.18 10-9 
6.42 x 
2.77 x lop5 
9.48 x 
2.94 x 

"See Ref. I I 
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TABLE 13.6 Enthalpies and Rate Constants of Retrodisproportionation Reaction 
PhCH=CH2 + RH +. PhC'HCHJ + R' (Calculated by the IPM Method)a 

RH 

EtMeCH-H 
Me3C-H 

(Z)-Decalin 

CH2 =CHCH -HMe 
CH2 =CHC - HMez 
(Z)-MeCH=CHCH-HMe 
Me2C=CHCH-HMe 
Me*C=CMeC-HMez 
(CH2=CH)2C-HMe 

CHz=CHCHz-H 

413.0 
400.0 

418.5 

408.4 

403.9 

395.5 

387.6 
368.0 
349.8 
339.6 
344.0 
332.0 
322.8 
307.2 

341.5 

330.9 

3 12.6 

301.0 

4 
1 

8 

1 

1 

1 

2 
3 
2 
1 
2 
2 
1 
1 

4 

4 

4 

2 

225.0 
212.0 

230.5 

220.4 

215.9 

207.5 

199.6 
182.0 
168.4 
161.0 
164.2 
1.55.6 
149.1 
138.5 

162.4 

154.9 

142.1 

134.1 

10.70 
9.94 

11.06 

11.05 

11.14 

9.88 

10.06 
8.48 
8.30 
8.00 
8.30 
8.30 
8.00 
8 .OO 

9.60 

9.60 

9.60 

9.30 

2.15 x 10-11 
6.40 x lo-" 

1.48 x 10-" 

1.31 x lo-'' 

4.32 x lo-'' 

1.49 x lo-'' 

1.27 10-9 
1.57 10-9 
2.03 x 

5.08 x lo-' 
5.12 x 10-8 

3.34 10-7 
6.91 10-7 
7.02 x lo-' 

1.50 x 10-6 

7.74 x 10-6 

1.27 10-4 

3.67 10-4 

(continued overleaf) 
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TABLE 13.6 (continued) 

RH 
D E logA, A k(550 K) 

(kJ mol-') n (kJ mol-') (L mol-' s-') (L mol-' s-I) 

MeC-CC-HMe2 
MePhCH-H 
Me2PhC- H 

Me2NH2C-H 

Me2C - H( OH) 
(CHz=CHCH-H)3N 

MeCH=CMeC-HMeOH 

PhC(0)-H 

& 
MezCHOC-HMe2 

Ph2C-HOMe 

Me3 COO -H 
(Me3C)3Si-H 
Ph3Ge-H 
Ph3Sn-H 

(CH~=CHCH-H)ZO 

Ph(C(0)OH)CH-H 

329.4 
364.1 
354.7 

345.6 

322.0 

379.5 
345.6 
390.5 

329.7 

325.2 

337.5 

348.0 

394.1 

390.8 
360.0 
354.2 
367.0 
358.6 
35 1 .O 
322.5 
296.9 

1 
2 
1 

4 

4 

1 
6 
I 

1 

1 

1 

1 

4 

2 
4 
1 
2 
1 
1 
1 
I 

153.8 
176.1 
169.7 

162.5 

131.7 

191.5 
169.5 
202.5 

I 58.9 

155.8 

156.6 

164.3 

206.1 

202.8 
176.0 
168.9 
179.0 
170.0 
163 .O 
134.5 
109.9 

8.00 
8.30 
8.00 

9.60 

9.60 

9.61 
8.78 
9.81 

9.00 

8.00 

9.00 

8.00 

10.46 

10.1 1 
8.60 
8.00 
8.30 
9.83 

10.27 
9.46 
9.00 

2.47 10-7 
3.76 10-9 
7.65 x lop9 

1.47 x lo-' 

9.20 x 

2.65 x lop9 
4.81 x lo-' 
3.79 x lo-"' 

8.11 10-7 

1.60 x 

1.34 x lop6 

2.49 x lo-' 

7.70 x lo-'" 

7.08 x lo-'" 

9.11 x IO-" 
7.68 10-9 

2.00 x 10-9 
4.84 10-7 
6.16 x lo-' 
4.86 10-4 
3.65 x lo-* 

"See Chapter 9 and Ref. 11. 
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TABLE 13.7 Enthalpies and Rate Constants for the Retrodisproportionation Reac- 
tion p-OC6H40 + RH +. p-HOCsH40' + R' (Calculated by the IPM method)" 

RH 
D AH logA, A k(550 K) 

(kl mo1-l) n (kJ mol-') (Lmol-' s-') (L mol-' s-I) 

EtMeCH-H 
Me3C-H 

(Z)-Decalin 

CHz=CHCH-HMe 
CH2 =CHC -HMe2 
(Z)-MeCH=CHCH-HMe 
MezC=CHCH-HMe 
MezC=CMeC-HMez 
(CH2 =CH)2C-HMe 

CH2=CHCHz-H 

413.0 
400.0 

418.5 

408.4 

403.9 

395.5 

387.6 
368.0 
349.8 
339.6 
344.0 
332.0 
322.8 
307.2 

341.5 

330.9 

312.6 

301.0 

4 
1 

8 

1 

1 

1 

2 
3 
2 
1 
2 
2 
1 
1 

4 

4 

4 

2 

186.7 
173.7 

192.2 

182.1 

177.6 

169.2 

161.3 
141.7 
123.5 
113.3 
117.7 
105.7 
96.50 
80.90 

115.2 

104.6 

86.30 

74.70 

11.70 
11.03 

12.03 

12.08 

12.20 

1 1 .00 

11.25 
11 .OO 
10.57 
10.08 
10.47 
10.19 
8.43 
8.00 

10.72 

10.45 

9.52 

8.30 

5.64 x 10-7 
2.05 x 10-6 

3.61 x 10-7 

3.64 x 

1.29 x lo-' 

5.14 x 

5.14 x lo-' 
2.12 x 10-3 
4.20 x 

0.12 
0.12 
0.84 
0.18 
0.53 

0.36 

1.99 

12.5 

2.42 

(continued overleaf) 
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TABLE 13.7 (continued) 

RH 
D AH logA, A k(550 K) 

(kJmol-I) n (klmol-I) (Lmol-I s-’) (Lmol-I s-’) 

MeC-CC-HMe2 
MePhCH-H 
Me2PhC-H 

H H  a] 
Me2NH2C-H 

MeZC-H(OH) 
(CH?=CHCH-H)3N 

Ob 
MeCH=CMeC-HMeOH 

PhC(0) -H 

6o 
Me2CHOC-HMeL 

Ph2C- HOMe 

MeJCOO-H 
(Me?C)?Si-H 
PhiGe-H 
PhiSn-H 

(CHz=CHCH-H)20 

Ph(C(0)OH)CH- H 

329.4 
364.1 
354.7 

345.6 

322.0 

379.5 
345.6 
390.5 

329.7 

325.2 

337.5 

348.0 

394.1 

390.8 
360.0 
354.2 
367.0 
358.6 
35 1 .0 
322.5 
296.9 

1 
2 
1 

4 

4 

1 
6 
1 

1 

1 

1 

1 

4 

2 
4 
1 
2 
1 
1 
1 
1 

103.1 
137.8 
128.4 

119.3 

95.70 

153.2 
119.3 
164.2 

103.4 

98.90 

111.2 

121.7 

167.8 

164.5 
133.7 
127.5) 
140.7 
132.3 
124.7 
96.20 
70.60 

9.81 
10.97 
10.56 

11.05 

10.60 

10.89 
10.98 
10.97 

9.82 

9.66 

10.32 

10.48 

11.59 

11.27 
11.03 
10.56 
11.00 
10.71 
10.84 
10.30 
8.40 

0.62 
4.57 x 10-3 
1.41 x lo-* 

0.3 1 

19.5 

1.33 x 10-4 

1.43 10-5 
0.27 

0.59 

1.1 1 

0.35 

5.02 x lo-’ 

2.74 x lo-’ 

2.68 x 10-5 
1.29 x 
1.55 x 
2.59 x 
8.31 x 10-3 
5.90 x lop2 

8.78 
29.8 

- ~~ 

“See Chapter 9 and Ref. 11. 
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13.2 
POLYMERIZATION 

CHAIN INITIATION IN THERMAL RADICAL 

Usually radical polymerization is initiated by an initiator or the photochemical 
generation of radicals. However, radical polymerization occurs slowly in the 
absence of an initiator. Free radicals are generated by thermal reactions of self- 
initiation.l2>l3 Mayo was the first to study the thermal polymerization of ~ tyrene . '~  
He found that the rate of thermal initiation was proportional to [styreneI3 and 
proposed the trimolecular reaction. 

3PhCH=CH2 -+ PhC'HCH3 + PhC'HCH2CH=CHPh 

The following two mechanisms are discussed as the most probable reactions 
of thermal radical generation in monomers: 

1. Formation of biradical succeeded by retrodisproportionation, for example, 

PhMeC=CH2 + PhMeC=CH2 

es PhMeC'CH2CH2C'MePh 

PhMeC'CH2CHzC'MePh + CH2=CPhCH3 

+ PhMeCHCHzCHzC'MePh + CH2=CPhC'H2 

This mechanism is valid for monomers with a sufficient weak C-H bond 
(a-methylstyrene, methyl methacrylate, etc.). 

2. Biradical formation from the monomer succeeded by the hydrogen-transfer 
reaction from the biradical to the monomer, for example 

PhCH=CH2 + CH;?=CHPh 

+ PhC'HCH2CH2C'HPh 

PhC'HCH2CH2C'HPh + CH2=CHPh 

+ PhC'HCH2CH=CHPh + CH3C'HPh 

Calculated values for the enthalpy, entropy, and equilibrium constant for 
biradical formation from the monomer are presented in Table 13.8. For the 
values of rate constants and activation energies of retrodisproportionation 
reactions calculated by the IPM method, see Table 13.9. Rate constants 
and activation energies of hydrogen-exchange reactions are collected in 
Table 13.10. 
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TABLE 13.8 Values of AHl AS, AGl and Equilibrium Constant K of Reaction: 
2RCH=CH2 + RC'HCH2CH2C'HR 

A H  A S  AG (298 K) K (450 K I  
Monomer (kJ mol-I) (Jmol-' K-I) (kJ mol-I) (L mol-' ) 

CH2=CH2 
CH2=CHMe 
CH2zCHEt 
CH2=CHCH=CH2 
CH2TCHPh 
CH2 =CMePh 
CH2=CHCOOMe 
CH2=CMeCOOMe 
CH,=CHCOOEt 
CH' =CHCI 

177.0 
182.9 
185.4 
86.5 
98.7 
99.0 

170.4 
166.2 
169.4 
167.0 

-111.0 
-128.1 
- 126.6 
-103.4 
-127.8 
- 148.8 
- 125.2 
-140.8 
-125.2 
-117.0 

210.1 
221.1 
223.1 
117.3 
136.8 
143.3 
207.1 
208.2 
206.7 
201.9 

4.54 10-)4 
1.20 x 10r'X 
7.36 x 
4.60 x 

7.38 x 10- 
5.45 x lo-'" 
4.80 10-'7 
2.26 x 1 0 - 1 7  
6.27 x lo-'' 
3.19 x 

TABLE 13.9 Activation Energies and Rate Constants of Hydrogen-Transfer 
Reactions RCH=CH2 + RC'HCH2CHCHR + RC'HCH3 + RCH=CHCH2C'HIR 
(Calculated by the IPM Method)" 

log A ,  A k(450 K) kK(450 K) 
E (kJ (Lmol-' (Lmol-' (L2 mol-' 

RC'H(CH2)2C'HR RCH=CH2 mol-') s-') S-1) S C ' )  

C'H2 CH2 CH2C'H2 
CSH2CH2CH2C'H? 
C'H~CHZCH~C'H~ 
( CH2=CHC0HCH2)2 
(CH:!=CHC'HCH2)2 
(CH2=CHC'HCH2)2 
PhC'HCH2CHZC'HPh 
PhC'HCHlCHZC'HPh 
PhC'HCH2CH2C'HPh 
(CH2C'MeCOOMe)2 
(CH2C'MeCOOMe)2 
(CH2C'MeCOOMe)2 
(CH2C'MeCOOMe)2 
CIC'HCH2CH2C'HCI 
ClC'HCH2CH2C'HCl 
CIC'HCH2 CH2 C'HCI 
ClC'HCH2CH2C'HCI 

"See Refs. IS and 16. 

53.6 9.60 
44.0 9.60 
40.0 9.30 
77.4 9.60 
70.3 9.60 
66.8 9.30 
78.4 9.60 
60.2 9.60 
60.1 9.30 
56.5 9.60 
46.6 9.60 
42.6 9.30 
55.0 9.30 
60.4 9.60 
49.9 9.60 
46.0 9.30 
57.8 9.30 

2.41 x lo' 1.09 x 10 '" 
3.12 x lo4 1.42 x lo-'' 

4.15 1.91 x lo-'' 
4.55 104 2.07 10 19 

2.77 x 10 1.27 x 
3.52 x 10 1.62 x 

3.17 2.34 x 10-" 
4.11 x 10' 3.03 x lo-'' 
2.11 x 10' 1.56 x 
1.11 103 2.51 10  24 

1.56 x 104 3.52 x 1 0 - 2 3  

2.27 104 5.13 10-23 

8.26 x 10' 1.87 x 10 24 

3.90 x 10' 1.24 x 10 2' 

6.45 x 10' 2.06 x 
9.15 x 10' 2.92 x 10 " 
3.91 x lo2 1.25 x 10-" 
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TABLE 13.10 Activation Energies and Rate Constants of Hydrogen-Atom Abstrac- 
tion by Biradical RC'HCH2CH2C'HR + CH~=CRCHJ +. RC'HCHZCH~CH~R + 
CH2=CRC'Hz (Calculated by the IPM Method)" 

log A ,  A k(450 K) kK(450 K) 
E (kJ (Lmo1-l (Lmol-' ( L ~  rnoIP2 

Biradical CH:!=C(CH3)R mol-') s-')  S K I )  5-1) 

(MeC'HCH2)2 
(MeC'HCH2)2 
(MeC'HCH2)' 
(MeC'HCH2)z 
(EtC'HCH2)z 
(EtC'HCH2)2 
(EtC'HCH2)2 
(EtC'HCH2)2 
(PhMeC'CH2)' 
(PhMeC'CH2)2 
(PhMeC'CH2) 2 

(PhMeC'CH2)z 
(MeOC(O)C'HCH2)2 
(MeOC(O)C'HCH2)2 
(MeOC(O)C'HCH2)2 
(MeOC(O)C'HCH2)2 

50.4 9.78 
42.7 9.60 
45.7 8.78 
46.9 8.78 
49.3 9.78 
41.7 9.60 
44.7 8.78 
45.9 8.78 
80.0 9.78 
70.8 9.60 
74.4 8.78 
75.9 8.78 
56.3 9.78 
48.2 9.60 
51.4 8.78 
52.1 8.78 

8.51 x lo3 
4.42 104 
2.97 103 
2.16 lo3 
1.14 103 
5.78 104 
3.89 103 
2.82 lo3 

3.10 
24.2 
1.39 
0.93 

1.75 103 
1.02 104 
6.48 x 10' 
4.58 x lo2 

1.02 x 10-24 
5.30 10-24 
3.56 x 

2.59 x 
8.39 10-25 

4.2s 10-24 

1.69 10-15 

7.57 x 10-2" 

8.40 10-24 

2.20 10-24 

2.86 x lo-'' 
2.07 x lop2' 

1.32 x 

5.07 x lop2' 

4.90 x 10- 27 

3.11 x 10-" 

"See Refs. 15 and 16. 
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14 
INITIATION BY HALOID 
MOLECULES AND NITROGEN 
DIOXIDE 

14.1 REACTIONS OF FLUORINE COMPOUNDS 

Difluorine is an extremely active reagent and reacts with organic molecules 
at low temperatures (200 K and lower).'-3 Such a high activity for Fz is the 
result of the very high BDE in the formed hydrogen fluoride molecule (DF-H = 
570.3 kJmol-') and the relatively low BDE in the difluorine molecule (DF-F = 
158.7 kJ mol-' , see Chapter 9). Due to this great difference in the BDE of reac- 
tants and products, bimolecular reactions of hydrogen-atom abstraction4 

R H + F ~  + R ' + H F + F '  

are exothermic for most organic molecules (see A H  values in Table 14.1). 
Initiation of reactions of pentachloroethane oxidation and chlorination by 

traces of difluorine was noticed by Miller and c o - ~ o r k e r s . ~ , ~  The rate con- 
stant for the difluorine reaction with methane that has C-H bonds of high 
strength (Dc-H = 440 kJ mol-' , see Chapter 9) is k = 2.0 x lo9 exp( -47/RT) 
L mol-' s-' (298 K, experimental  value^).^ The values for the activation energies 
and rate constants of the Fz bimolecular reaction with several organic molecules 
calculated by the IPM model are presented in Table 14.2.' The enthalpy of these 
reactions varies from -6 to - 118 kJ mol-' and the activation energy ranges from 
12 to 36 kJmol-' for chosen molecules. 

Another fast reaction of radical initiation is difluorine addition to the double 
bond of the unsaturated  compound^.'^^^^ 

Fz + CH*=CHR + F' + FCHzC'HR 
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TABLE 14.1 Enthalpies of Reactions of Hydrogen-Atom Abstraction RH + FY + R' 
+ H F + Y '  

FY 

RH 

F2 FCI FBr FI FOH CFOF 

D AH 
(kJ mol- ) (kJ mol-') 

EtMeCH-H 
Me3C-H 

(Z)-Decalin 

CH2=CHCH-HMe 
CH2 =CHC - HMe2 
(Z)-MeCH=CHCH-HMe 
Me2C=CHCH-HMe 
MezC=CMeC-HMez 
(CH2=CH)2CMe-H 

CHz=CHCHz-H 

413.0 1.4 98.9 92.9 114.3 57.2 24.7 
400.0 -11.6 85.9 79.9 101.3 44.2 11.7 

41 8.5 6.9 104.4 98.4 119.8 62.7 30.2 

408.4 -3.2 94.3 88.3 109.7 52.6 20.1 

403.9 -7.7 89.8 83.8 105.2 48.1 15.6 

395.5 -16.1 81.4 75.4 96.8 39.7 7.2 

387.6 
368.0 
349.8 
339.6 
344.0 
332 
322.8 
307.2 

-24.0 
-43.6 
-61.8 
-72.0 
-67.6 
-79.6 
-88.8 

-104.4 

73.5 67.5 88.9 31.8 -70.0 
53.9 47.9 69.3 12.2 -20.3 
35.7 29.7 51.1 -6.0 -38.5 
25.5 19.5 40.9 -16.2 -48.7 
29.9 23.9 45.3 -11.8 -44.3 
17.9 11.9 33.3 -23.8 -56.3 
8.7 2.7 24.1 -33.0 -65.5 

-6.9 -12.9 8.5 -48.6 -81.1 

341.5 -70.1 27.4 21.4 42.8 -14.3 -46.8 

330.9 -80.7 16.8 10.8 32.2 -24.9 -57.4 

312.6 -99.0 -1.50 -7.5 13.9 -43.2 -75.7 

301.0 -110.6 -13.1 -19.1 2.3 -54.8 -87.3 
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TABLE 14.1 (continued) 

FY F2 FCl FBr FI FOH CFOF 

RH 
D 

(kT mol-' ) 
AH 

(kJ mol-') 

MeC-CC-HMe2 
PhMeCH-H 
PhMe2 C - H 

Me2NH2C -H 

Me2(HO)C-H 
(CHz=CHCH2)3N 

W O H  

MeCH=CMeC-HMeOH 

PhC(0)-H 

5.7 
MezCHOC-HMe2 

Ph2C-HOMe 

Me3COO-H 
(Me3 C), Si- H 
Ph3Ge-H 
Ph3Sn-H 

(CH2=CHCH-H)20 

Ph(C(0)OH)CH-H 

329.4 
364.1 
354.7 

345.6 

322.0 

379.5 
345.6 
390.5 

329.7 

325.2 

337.5 

348.0 

394.1 

390.8 
360.0 
354.2 
367.0 
358.6 
351.0 
322.5 
296.9 

-82.2 
-47.5 
-56.9 

-66.0 

-89.6 

-32.1 
-66.0 
-21.1 

-81.9 

-86.4 

-74.1 

-63.6 

-17.5 

-20.8 
-51.6 
-57.4 
-44.6 
-53.0 
-60.6 
-89.1 
-114.7 

15.3 9.3 30.7 -26.4 -58.9 
50.0 44.0 65.4 8.3 -24.2 
40.6 34.6 56.0 -1.1 -33.6 

31.5 25.5 46.9 -10.2 -42.7 

7.9 1.9 23.3 -33.8 -66.3 

65.4 59.4 80.8 23.7 -88.0 
31.5 25.5 46.9 -10.2 -42.7 
76.4 70.4 91.8 34.7 2.2 

15.6 9.6 31.0 -26.1 -58.6 

11.1 5.1 26.5 -30.6 -63.1 

23.4 17.4 38.8 -18.3 -50.8 

33.9 27.9 49.3 -7.8 -40.3 

80.0 74.0 95.4 38.3 5.8 

76.7 70.7 92.1 35.0 2.5 
45.9 39.9 61.3 42.0 -28.3 
40.1 34.1 55.5 -1.6 -34.1 
52.9 46.9 68.3 11.2 -21.3 
44.5 38.5 59.9 2.8 -29.7 
36.9 30.9 52.3 -4.8 -37.3 

8.4 2.4 23.8 -33.3 -65.8 
17.2 -23.2 -1.8 -58.9 -91.4 



T
A

B
L

E
 1

4.
2 

E
nt

ha
lp

ie
s,

 A
ct

iv
at

io
n 

E
ne

rg
ie

s,
 a

nd
 R

at
e 

C
on

st
an

ts
 fo

r 
th

e 
R

ea
ct

io
n 

Fz
 +

 HR
 +

 F
' 
+ H

F
 +

 R' 
(C

al
cu

la
te

d 
by

 t
he

 I
P

M
 M

et
ho

d)
" 

O
0 

k(
30

0 
K

j 
D

 
A

 H
e 

E
 

lo
g 

A
 

(k
J m

ol
-I

) 
n 

(I
d m

ol
-' 

j 
(k

J 
m

ol
-I

) 
(A

 (L
 m

ol
-' 

s-
I)

) 
(L

m
ol

-'
 

S
K

I)
 

R
H

 

41
3.

0 
40

0.
0 

4 1 
-6

 
-1

9 
36

.5
 

31
.5

 
10

.9
4 

10
.3

4 
3.

84
 

10
4 

7.
17

 x
 l

o4
 

E
tM

eC
H

 -H
 

M
e3

C
-H

 

3.
25

 x
 1

04
 

41
8.

5 
8 

-0
.5

 
38

.7
 

11
.2

5 
U

 

3.
93

 
10

5 
40

8.
4 

10
 

-1
0.

6 
33

.0
 

11
.3

4 

40
3.

9 
14

 
-1

5.
1 

31
.3

 
1 1

.4
9 

1.
10

 x
 1

06
 

2.
69

 x
 1

0"
 

39
5.

5 
1 

-2
3.

5 
28

.2
 

10
.3

4 

(2
)-

D
ec

al
in

 

C
H

*=
C

H
C

H
-H

M
e 

C
H

2=
C

H
C

-H
M

e2
 

(2
)-

M
eC

H
=

C
H

C
H

-H
M

e 
M

qC
=

C
H

C
H

-H
M

e 
M

e2
C

=C
M

eC
 -

H
M

e2
 

(C
H

2=
C

H
)2

C
-H

M
e 

cH
2

~
cH

cH
2

-H
 

38
7.

6 
36

8.
0 

34
9.

8 
33

9.
6 

34
4.

0 
33

2.
0 

32
2.

8 
30

7.
2 

-3
1.

4 
-5

 1
 

-6
9.

2 
-7

9.
4 

-7
5 

-
 87

 
-9

6.
2 

-1
11

.8
 

25
.4

 
26

.7
 

21
.1

 
18

.1
 

23
.5

 
20

.1
 

17
.6

 
13

.7
 

10
.6

4 
10

.8
2 

10
.6

4 
10

.3
4 

10
.6

4 
10

.6
4 

10
.3

4 
10

.3
4 

1.
65

 x
 l

o
6

 
1.

48
 x

 l
o6

 
9.

25
 x

 l
o6

 
1.

54
 

10
7 

3.
53

 x
 1

06
 

1.
38

 x
 1

07
 

1.
89

 x
 1

07
 

9.
01

 x
 1

07
 



34
1.

5 
4 

-7
7.

5 
22

.8
 

10
.9

4 
9.

34
 x

 1
06

 

M
eC

-C
C

-H
M

e2
 

M
eP

hC
H

-H
 

M
ez

Ph
C

 -
 H

 

33
0.

9 
4 

-8
8.

1 
19

.8
 

10
.9

4 
3.

11
 

10
7 

31
2.

6 
4 

-1
06

.4
 

15
.0

 
10

.9
4 

2.
13

 x
 l

o8
 

30
 1

 .0
 

2 
-1

18
 

12
.2

 
10

.6
4 

3.
28

 x
 l

o8
 

32
9.

4 
1 

-8
9.

6 
19

.4
 

10
.3

4 
9.

17
 x

 l
o6

 

35
4.

7 
1 

-6
4.

3 
21

.9
 

10
.3

4 
3.

36
 x

 1
0'

 
36

4.
1 

2 
-5

4.
9 

24
.8

 
10

.6
4 

2.
10

 x
 1

06
 

34
5.

6 
4 

-7
3.

4 
19

.3
 

32
2.

0 
4 

-9
7 

13
.0

 

0.
94

 
3.

80
 

10
7 

0.
94

 
4.

75
 x

 1
08

 

4.
91

 
10

5 
(C

H
z=

C
H

C
H

-H
)g

N
 

34
5.

6 
6 

-7
3.

4 
M

e2
C

-H
(0

H
) 

39
0.

5 
1 

-2
8.

5 
30

.5
 

10
.3

4 
1.

07
 

10
5 

o
\
 

(c
on

tin
ue

d 
ov

er
le

af
) 

M
e2

N
H

ZC
-H

 
37

9.
5 

1 
-3

9.
5 

26
.7

 
10

.3
4 

23
.9

 
11

.1
2 

9.
09

 x
 l

o6
 

V
I 

\o
 



rn
 
4
 

0
 

T
A

B
L

E
 1

4.
2 

(c
on

tin
ue

d)
 

~
-
 

D
 

A
 H

e 
E

 
lo

g 
A

 
k(

30
0 

K
) 

(k
J m

ol
-')

 
n 

(k
J m

ol
-'

) 
(k

Jm
ol

-I
) 

(A
 (L

 m
ol

-' 
s-

'))
 

(L
m

ol
-' 

S
K

I)
 

R
H

 O
b 

8.
81

 x
 1

06
 

32
9.

7 
1 

-8
9.

3 
19

.5
 

10
.3

4 

M
eC

H
=C

M
eC

-H
M

eO
H

 
32

5.
2 

-9
3.

8 
18

.3
 

10
.3

4 
1.

42
 

10
7 

1 

33
7.

5 
1 

-8
1.

5 
17

.1
 

10
.3

4 
2.

30
 x

 1
07

 

7.
21

 x
 l

o
6

 
P

hC
(0

)-
H

 

A
H

 
34

8.
0 

1 
-7

 1
 

20
.0

 
10

.3
4 

2.
53

 x
 l

o5
 

39
4.

1 
4 

-2
4.

9 
31

.8
 

10
.9

4 

2.
05

 
10

5 
1.

03
 x

 l
o

6
 

3.
50

 x
 l

o
6

 
1.

46
 x

 l
o

h
 

1.
37

 x
 l

o
7

 
2.

60
 

10
7 

39
0.

8 
36

0.
0 

35
4.

2 
36

7.
0 

35
8.

6 
35

 1 .
0 

-2
8.

2 
-5

9 
-6

4.
8 

-5
2 

-5
6 

-7
2.

8 

30
.6

 
28

.3
 

21
.8

 
25

.7
 

18
.4

 
16

.8
 

10
.6

4 
10

.9
4 

10
.3

4 
10

.6
4 

10
.3

4 
10

.3
4 

M
eZ

C
H

O
C

-H
M

ez
 

Ph
zC

 -
 H

O
M

e 

M
e3

C
00

-H
 

(M
e3

C
)3

Si
-H

 

(C
H

2=
C

H
C

H
-H

)2
0 

Ph
(C

(0
)O

H
)C

H
-H

 

"S
ee

 R
ef

. 
8.
 



REACTIONS OF FLUORINE COMPOUNDS 571 

The C-F bond is strong [(Dc-F = 464 kJmol-' in MeF) and its formation 
compensates for the energy of difluorine dissociation and TI-C-C bond splitting. 
The values for the reaction enthalpies of difluorine and other FY molecules with 
selected olefins are in Table 14.3. 

Rate constants value for the difluorine reaction with ethene in the gas phase 
were found to be the following: 

k = 7.76 x lo7 exp(-19.2/RT) = 2.04 x 104(298 K)9 

k = 1.81 x lo4 Lmol-' ~ ~ ' ( 2 9 8  K)" 

k = 4.16 x lo4 Lmol-' ~ ~ ' ( 3 1 5  K)" 

For the values of rate constants and activation energies of difluorine and 
perfluorinated methanol with olefins, calculated by the IPM method,I2 see 
Tables 14.4 and 14.5. 

TABLE 14.3 Enthalpies (W mol-') for Addition Reactions RCH=CHz + FY --f 
RC'HCH2F + Y' (Y = F, CI, Br, I, OH) 

FY 

Olefin 

Fz CF30F FOH FBr FCl FI 

AH 
(kJ mol-') 

CHz=CHz 
Me2C=CH2 
EtCH=CH, 

CH=CH 
MeC-CMe 

CH2=CHCH=CMe2 
Me2C=CMeCMe=CMe2 

CHz=CHCH=CH* 

PhCH=CHz 
PhCH=CHMe 
PhZC=CHZ 

/ 

-32.7 
-35.9 
-3 1.3 

-37.3 

-43.0 
-27.3 
-79.9 
-85.5 

-114.9 

-96.7 

-73.6 
-69.8 

-141.0 

-69.8 

-9.4 23.1 
-12.6 19.9 
-8.0 24.5 

-14.0 18.5 

-19.7 12.8 
-4.0 28.5 

-56.6 -24.1 
-62.2 -29.7 
-91.6 -59.1 

-73.4 -40.9 

-50.3 -17.8 
-46.5 -14.0 

-117.7 -85.2 

-46.5 14.0 

58.8 64.8 80.2 
55.6 61.6 77.0 
60.2 66.2 81.6 

54.2 60.2 75.6 

48.5 54.5 69.9 
64.2 70.2 85.6 
11.6 17.6 33.0 
6.0 12.0 27.4 

-23.4 -17.4 -2.0 

-5.2 0.8 16.2 

17.9 23.9 39.3 
21.7 27.7 43.1 

-49.5 -43.5 -28.1 

21.7 27.7 43.1 
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TABLE 14.4 Enthalpies ( AHe), Activation Energies, and Rate Constants of Addition 
Reactions YF + CHz=CHR + Y' + FCHzC'HR (Calculated by the IPM Method)" 

~ 

Olefin 
A He E logA, A k(300 K) 

(kJmol-') (H mol-') (Lmol-' s-') (Lmol-' s-I) 

F 2  f CH2=CHR -+ F + FCHzCHR 

CH2=CH2 -29.1 38.6 11.00 
Me2C=CH2 -32.3 36.9 10.70 
EtCHZCH, -27.7 39.3 10.70 

-33.7 36.2 11.00 

-74.5 13.4 11.00 
CH~=CHCH=CMI?~ -80.1 11.0 10.70 
Me2C=CMeCMe=CMe2 - 109.5 0.03 11.00 

a 
CH2=CHCH=CH2 

-91.3 6.4 11 .OO 

PhCH=CH2 -70.0 26.7 10.70 
PhCH=CHMe -66.2 28.4 10.70 
Ph2C=CH2 -137.2 1.9 10.70 

/ 
-66.2 28.4 10.70 

CF30F + CHz=CHR -+ CF30' f FCH2CHR 

CH2=CH2 -5.8 51.4 10.70 
Me2C=CH2 -9.0 49.6 10.40 
EtCHZCH, -4.4 52.2 10.40 

- 10.4 48.8 10.70 

-51.6 24.6 10.70 
CH~=CHCH=CMQ -56.8 21.8 10.40 
Me2C=CMeCMe=CMe2 -86.2 8.4 10.70 

0:: 
CH*=CHCH=CH2 

-68.0 16.4 10.70 

PhCH=CH:! -46.7 37.8 10.40 
PhCH=CHMe -42.9 39.7 10.40 
Ph2C=CH2 -114.1 9.1 10.40 

/ 
-42.9 39.7 10.40 

1.90 x 104 
1.88 x 104 
7.20 x 103 

4.98 x 104 

4.64 x 107 
6.09 x 10' 
9.88 x 10" 

7.68 x 109 

1.12 x 106 

2.34 x 10'' 
5.69 105 

5.69 105 

56.3 
58.1 
20.5 

1.60 x 10' 

2.61 x lo6 
4.02 x 106 
1.73 109 

6.99 x 107 

3.07 x 103 

3.07 x 103 

6.58 x 10' 

6.54 x 10' 

"See Chapter 9, Eqs. (9.13), (9.15), and (9.16), Tables 9.1 and 9.2 
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TABLE 14.5 Enthalpies, Activation Energies, and Rate Constants for FY Addition 
to Ethylene and Styrene 

F2 
CF2OF 
FOH 
FBr 
FCl 
FI 

F2 

CF3 OF 
FOH 
FBr 
FCl 
FI 

CH2=CH2 -k FY + CH2CH2F+ Y 

-29.1 38.6 1 1 .00 
-5.8 51.4 10.70 
26.7 71.1 10.70 
62.4 94.9 10.70 
68.4 99.0 10.70 
83.4 110.0 10.70 

PhCH=CH2 + FY -+ PhC"HCH2F + Y 
-70.0 26.7 10.70 
-46.7 37.8 10.40 
- 14.2 55.1 10.40 

21.5 76.3 10.40 
27.5 80.1 10.40 
42.9 90.0 10.40 

1.90 x 104 
56.3 

2.09 x lop2 
1.50 x 
2.90 x 10-7 
3.53 10-9 

1.12 x 106 
6.58 x 10' 

6.40 
1.30 x 10-3 
2.84 x 10-4 
5.37 x 10-6 

14.2 
COMPOUNDS 

REACTIONS OF DICHLORINE AND OTHER CHLORINE 

Chlorination of hydrocarbons occurs by the chain mechani~rn.'-~ Chlorine atoms 
are generated photochemically or by the introduction of an initiator. However, 
liquid-phase chlorination occurs slowly in the dark in the absence of an initia- 
tor. The most probable reaction of thermal initiation in RH chlorination is the 
bimolecular reaction] 

C12 + HR + C1' + HC1+ R' 

For the entropy values of reactions YC1 + RH, see Table 14.6. 

TABLE 14.6 Enthalpies of Reactions RH + CIY + R' + HCI + Y' 

C1Y Cl2 ClBr ClNO ClNO2 ClONO ClOMe 

RH 

EtMeCH-H 224.0 198.9 143.8 123.2 53.5 176.8 
Me'C-H 211.0 185.9 130.8 110.2 40.5 163.8 

(continued overleaf) 
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TABLE 14.6 (conrtinued) 

ClY 

RH 

Cl2 ClBr ClNO ClN02 ClONO ClOMe 

H 
229.5 

r i ( H  
U 

219.4 

x 214.9 

206.5 

(2)-Decalin 198.6 
CH2zCHCH2-H 179.0 
CH2=CHCH-HMe 160.8 
CH2=CHC-HMe2 150.6 
(Z)-MeCH=CHCH-HMe 155.0 
Me2C=CHCH-HMe 143.0 
MezC=CMeC-HMe2 133.8 
( CH2 =CH)2 C -HMe 118.2 

152.5 

141.9 

123.6 

112.0 

MeC-CC-HMe2 140.4 
MePhCH-H 175. 1 
Me2PhC-H 165.7 

204.4 

194.3 

189.8 

181.4 

173.5 
153.9 
135.7 
125.5 
129.9 
117.9 
108.7 
93.0 

127.4 

116.8 

98.5 

86.9 

115.3 
150.0 
140.6 

149.3 

139.2 

134.7 

126.3 

118.4 
98.8 
80.6 
70.4 
74.8 
62.8 
53.6 
38.0 

72.3 

61.7 

43.4 

31.8 

60.2 
94.9 
85.5 

128.7 

118.6 

114.1 

105.7 

97.8 
78.2 
60.0 
49.8 
54.2 
42.2 
33.0 
17.4 

51.7 

41.1 

22.8 

11.2 

39.6 
74.3 
64.9 

59.0 

48.9 

44.4 

36.0 

28.1 
8.5 

-9.7 
- 19.9 
- 15.5 
-27.5 
-36.7 
-52.3 

-18.0 

-28.6 

-46.9 

-58.5 

-30.1 
4.6 

-4.8 

182.3 

172.2 

167.7 

159.3 

151.4 
131.8 
113.6 
103.4 
107.8 
95.8 
86.6 
71 

105.3 

94.7 

76.4 

64.8 

93.2 
127.9 
118.5 
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TABLE 14.6 (continued) 

CIY C12 ClBr ClNO CIN02 ClONO ClOMe 

RH 
AH 

(kJ mol-') 

Me2NH2C-H 

Me2C -H( OH) 
(CHz=CHCH-H)3N 

0 : H  

MeCH=CMeC-HMeOH 

PhC(0)-H 

AH 
Me2CHOC-HMe2 

Ph2C-HOMe 

Me3COO-H 
(Me3C)3Si-H 
Ph3Ge-H 
Ph3 Sn- H 

(CH*=CHCH-H)::O 

Ph(C(0)OH)CH-H 

156.6 131.5 76.4 55.8 -13.9 109.4 

133.0 107.9 52.8 32.2 -37.5 85.8 

190.5 165.4 110.3 89.7 20.0 143.3 

201.5 176.4 121.3 100.7 31.0 154.3 
156.6 131.5 76.4 55.8 -13.9 109.4 

140.7 115.6 60.5 39.9 -29.8 93.5 

136.2 111.1 56.0 35.4 -34.3 89.0 

148.5 123.4 68,3 47.7 -22 101.3 

159.0 133.9 78.8 58.2 -11.5 111.8 

205.1 180.0 124.9 104.3 34.6 157.9 

201.8 176.7 121.6 101 31.3 154.6 
171.0 145.9 90.8 70.2 50.0 123.8 

178.0 152.9 97.8 77.2 7.5 130.8 
165.2 140.1 85.0 64.4 -5.3 118.0 

169.6 144.5 89.4 68.8 -90.0 122.4 
162.0 136.9 81.8 61.2 -8.5 114.2 
133.5 108.4 53.3 32.7 -37.0 86.3 
107.9 82.8 27.7 7.1 -62.6 60.7 

The rate constant of the reaction 

Clz + HCF3 + C1' + HClf C'F3 

in the gas phase is k = 5.0 x 109exp(-142.2/RT) = 2.1 x lop3 (600 K) 
Lrno1-l s-l.13 



576 INITIATION BY HALOID MOLECULES AND NITROGEN DIOXIDE 

TABLE 14.7 Enthalpies, Activation Energies, and Rate Constants for the Reaction 
RH + Clz + R' + HCl + C1' (Calculated by the IPM Method)" 

D AH log A ,  A k(400 K) 
RH (kJ mol-') n (kJ mol- I) (L mol-' s-I) (L mol-' s-l) 

EtMeCH-H 
Me3C-H 

(Z)-Decalin 

CH2=CHCH-HMe 
CH2=CHC-HMe2 
(Z)-MeCH=CHCH-HMe 
Me*C=CHCH-HMe 
Me*C=CMeC-HMen 
(CH2=CH)2C-HMe 

CH*=CHCHz-H 

MeC-CC-HMe2 
MePhCH-H 

413.0 
400.0 

41 8.5 

408.4 

403.9 

395.5 

387.6 
368.0 
349.8 
339.6 
344.0 
332.0 
322.8 
307.2 

341.5 

330.9 

312.6 

301 .O 

329.4 
364.1 

4 
1 

8 

10 

14 

1 

2 
3 
2 
1 
2 
2 
1 
1 

4 

4 

4 

2 

1 
2 

224.0 
21 1.0 

229.5 

219.4 

214.9 

206.5 

198.6 
179.0 
160.8 
150.6 
155.0 
143.0 
133.8 
118.2 

152.5 

141.9 

123.6 

112.0 

140.4 
175.1 

10.60 
10.00 

10.90 

11 .OO 

11.15 

10.00 

10.30 
10.48 
10.30 
10.00 
10.30 
10.30 
10.00 
10.00 

10.60 

10.60 

10.60 

10.30 

10.00 
10.30 

3.10 x 1 0 - 1 ~  

1.22 10-17 

3.62 x 

9.03 x 

1.61 x 

1.35 x 10-15 

4.76 10-14 
1.32 x lo-" 
1.80 x 10-9 
1.77 x lo-* 
9.77 x 10-9 
3.22 x 10p7 
2.36 x lop6 
2.15 10-4 

4.04 x lop8 

8.88 x lop7 

1.80 x lop4 

2.56 x lo-' 

3.45 x 10-7 
2.73 x 10-l' 
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TABLE 14.7 (continued) 

RH 
D AH log A,  A k(400 K) 

(Hmol-I) n (kJmol-I) (Lmol-' S K ' )  (Lmol-' s-l) 

Me2PhC-H 

Me2NH2C -H 

MezC-H(OH) 
(CH2=CHCH-H)3N 

( X H  

MeCH=CMeC-HMeOH 

PhC(0)-H so 
MezCHOC-HMez 

Ph2C-HOMe 

Me3COO-H 
(Me3C)3 Si-H 

(CHz=CHCH-H)20 

Ph(C(0)OH)CH-H 

354.7 

345.6 

322.0 

379.5 
345.6 
390.5 

329.7 

325.2 

337.5 

348.0 

394.1 

390.8 
360.0 
354.2 
367.0 
358.6 
351.0 

1 

4 

4 

1 
6 
1 

1 

1 

1 

1 

4 

2 
4 
1 
2 
1 
1 

165.7 

156.6 

133.0 

190.5 
156.6 
201.5 

140.7 

136.2 

148.5 

159.0 

205.1 

201.8 
171.0 
165.2 
178.0 
169.6 
162.0 

10.30 

10.60 

10.60 

10.00 
10.78 
10.00 

10.00 

10.00 

10.00 

10.00 

10.60 

10.30 
10.60 
10.00 
10.30 
10.20 
10.40 

4.28 x lo-'' 

1.22 x 10-8 

1.05 x 10-5 

1.49 x 
1.85 x lo-* 
5.89 10-15 

3.15 10-7 

1.16 x lo-' 

3.26 x lo-' 

1.53 x lo-' 

8.14 x 10-15 

1.08 x 10-14 
1.81 x lo-'' 
2.49 x lo-'' 
1.17 x lo-" 
1.05 x lo-" 
1.34 x lo-' 

' See  Chapter 9, Eq. (9.20), Tables 9.1 and 9.2. 

The values for the activation energies of reactions Cl2 + RH are close to the 
reaction enthalpy. Among the molecules C4,  ClBr, ClNO, ClN02, and ClONO, 
the latter is the most active free radical generator due to its weak C1-ON0 bond 
(72 Hmol-') (see Table 14.6). Rate constants of reactions C12 + RH calculated 
by the IPM method are collected in Table 14.7. 
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Thermal initiation in the reaction of dichlorine with olefins proceeds via the 
bimolecular reaction of addition' 

C12 + CHzzCHR + C1' + CICHzC'HR 

These reactions of dichlorine with olefins are endothermic (see Table 14.8), AH 
varies from 63 (Ph2C=CH2) to 191 kJmol-' (MeCECMe). Rate constants for 
the Cl2 and ClN02 reactions with olefins are calculated by the IPM method 
presented in Table 14.9. 

Free radicals can be generated by the bimolecular reaction of alkyl haloid with 
alkyl metal, for example, 

CH3CH2CI + NaCH2CH3 -+ CH3C'Hz + NaCl + CH3C'Hz 

D'yachkovskii and Shilov studied a series of reactions of this type in a hydro- 
carbon solution (see Table 14.10).4.'4,'5 These reactions are exothermic due to 
the formation of haloid metal molecules with the strong ionic bond Me+X-. 

TABLE 14.8 Enthalpies of Addition Reactions RCH=CH2 + CIY --f RC'HCH2CI + 
Y' (Y = C1, Br, I ,  NO, NO2, OMe) 

CIY Clz ClONO CINOz ClNO ClOMe CII ClBr 

Olefin 

163.2 
160.0 
164.6 

-7.3 
-10.5 
-5.9 

62.4 83.0 116.0 131.9 
59.2 79.8 112.8 128.7 
63.8 84.4 117.4 133.3 

138.1 
134.9 
139.5 

150.6 -19.9 49.8 70.4 103.4 119.3 125.5 

CH-CH 
MeCr  CMe 

CH2 =CHCH=CMe2 
MezC=CMeCMe=CMe2 

CH2=CHCH=CH2 

175.9 
191.6 
116.0 
111.4 
82.0 

5.4 
21.1 

-54.5 
-59.1 
-88.5 

75.1 95.7 128.7 144.6 
90.8 111.4 144.4 160.3 
15.2 35.8 68.8 84.7 
10.6 31.2 64.2 80.1 

-18.8 1.8 34.8 50.7 

150.8 
166.5 
90.5 
86.3 
56.9 

0: 91.2 -79.3 -9.6 11.0 44.0 59.9 66.1 

P h C H = C H 2 

PhCH=CHMe 
Ph2C=CH2 

123.3 
118.1 
62.9 

-47.2 
-52.4 

-107.6 

22.5 43.1 76.1 92.0 
17.3 37.9 70.9 86.8 

-37.9 -17.3 15.7 31.6 

98.2 
93.0 
37.8 a / 119.6 -50.9 18.8 39.4 72.4 88.3 94.5 
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TABLE 14.9 Enthalpies, Activation Energies, and Rate Constants of Reactions YCl 
+ CHz=CHR + Y' + CICHZC'HR (Calculated by the IPM Method)" 

A He E log A ,  A k(400 K) 
RCH=CH2 (H mol-') (kJ mol-I) (L mol-' s-') (L mol-' s-') 

RCH=CH2 + Clz + RCHCHZCI -t Cl' 

168.2 
165.0 
169.6 

169.3 
166.5 
170.5 

10.56 
10.26 
10.26 

2.83 x lo-'* 
3.29 x lo-'' 
9.89 x lo-" a 7.73 x 10-1' 155.6 158.3 10.56 

1.06 x 
1.94 x lo-'' 
2.59 10-7 
4.08 10-7 
1.14 10-3 

HC=CH 
MeCECMe 

CH2=CHCH=CMe2 
MeZC=CMeCMe=CMe* 

CH*=CHCH=CHz 

183.7 
199.4 
122.8 
118.2 
88.8 

205.5 
218.8 
131.3 
127.5 
103.4 

10.86 
10.86 
10.56 
10.26 
10.56 

98.0 10.56 1.23 10-4 110.8 

10.26 
10.26 
10.26 

7.48 10-9 
2.64 x 10-' 
1.03 x lop2 

PhCHzCHZ 
PhCH=CHMe 
Ph2C=CH2 

128.3 
123.1 
67.9 

140.8 
136.6 
93.8 a / 1.84 x lo-' 124.6 137.8 10.26 

RCH=CH> + CINO2 + RCHCH,Cl+ M 0 2  

CH2=CH2 67.4 86.8 10.26 8.42 x lop2 
Me2C=CH2 64.2 84.4 9.95 8.48 x lop2 
EtCHZCH2 68.8 87.9 9.95 2.96 x lo-* 

54.8 77.5 10.26 1.38 

82.9 123.8 10.56 2.47 x lop6 HC-CH 
MeC=CMe 98.6 136.0 10.56 6.32 x lo-' 

0: 

0: 
CH2=CHCH=CH2 22.0 52.6 10.26 2.46 103 
CH2=CHCH=CMe2 17.4 49.4 9.95 3.16 103 

-2.8 35.8 10.26 3.85 x 105 

Me2C=CMeCMe=CMe2 - 12.4 29.6 10.26 2.48 x 106 

26.1 61.3 9.95 88.1 PhCH=CH2 
PhCH=CHMe 20.9 57.8 9.95 2.52 x 102 

(continued overleaf) 
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TABLE 14.9 (continued) 

A He E log A ,  A k(400 K) 
RCH=CHz (kJ mol-I) (kJ mol-I) (Lmo1-I s-') (L mol-' s-' ) 

Ph2CZCHZ -34.3 24.4 9.95 5.80 x lo6 

22.4 58.8 
/ 

9.95 1.87 x lo2 

See Chapter 9, Eq. (9.18), Tables 9.1 and 9.2. 

TABLE 14.10 Enthalpies, Activation Energies, and Rate Constants for the Reactions 
YCI + CH2=CHK --f Y' + CICH2C'HR (Calculated by the IPM Method)" 

AH, E k(400 K) 
RCHyCH2 (kJ mol-') (M mol-') (LmoI-' s-l) 

Clz 
ClONO 
ClN02 
ClNO 
ClOMe 
CII 
ClBr 

Cl2 
ClONO 
ClN02 
ClNO 
ClOMe 
CII 
ClBr 

168.2 

67.4 
88.0 

121.0 
136.9 
143.1 

-2.3 
169.3 
38.9 
86.8 

102.6 
129.1 
142.4 
147.6 

YCl+ CH2:CHPh ++ Y f ClCHzCHPh 

128.3 

27.5 
48.1 
81.1 
97.0 

103.2 

-42.2 
140.8 
23.1 
65.0 
79.3 

103.5 
115.7 
120.5 

2.83 x 
1.50 x lo" 
8.33 x lo-* 
7.20 x 
2.49 10-7 
4.57 10-9 
9.57 x lo-'" 

7.48 x 10-9 
8.66 x lo6 
29.3 
0.40 

7.01 x 10-' 
1.65 x 

2.75 x 1 0 - ~  

"See Chapter 9, Eq. (9.18), Tables 9.1 and 9.2. 

TABLE 14.11 Rate Constants for the Bimolecular Reactions CzHsLi + XR + C2Hs' 
+ LiX + R' 

T E log A ,  A k(298 K) 
RX (K) (Mmol-I) (Lmol-' s-I) (Lmol-' s-'.) Reference 

EtC1 363 3.98 x 14 
Me2CHCl 353 2.51 10-4 14 
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TABLE 14.11 (continued) 

RX 
T E log A ,  A k(298 K) 

(K) (M mol-') (L mol-' s-') (L mol-' s-l) Reference 

PrCHZCl 353-393 78.7 6.97 1.50 x 10-7 14 
Me3CC1 303 5.62 x 14 
CH2=CHCHZCl 273-308 59.0 7.59 1.77 x 14 
PhCH2C1 293-333 43.9 4.54 7.00 x 10-4 14 
Ph3CC1 193-229 24.3 4.32 1.15 15 
EtBr 295-333 68.2 7.08 1.33 x 10-5 15 
EtI 276-296 56.9 6.74 5.83 x 15 

14.3 INITIATION BY NITROGEN DIOXIDE 

Nitrogen dioxide plays an important role in the atmospheric chemistry of the 
ozone layer, participating in the chain reaction of ozone decomposition by the 
reaction16 

NO' + 0 3  -+ NOz' + 0 2  

N02' + 0 3  + N03' + 0 2  

NO' + N03' -+ 2N02' 

Nitrogen dioxide influences the oxidation of engine lubricants oxidizing antioxi- 
dants and stimulating lubricant degradation and deposit f ~ r m a t i o n . ' ~ - ~ ~  Nitrogen 
dioxide initiates the chain liquid-phase oxidation of hydrocarbons as a result of 
the following  reaction^:'^ 

RH + NOz' --+ R' + HONO 

ONOH + NO' + HO' 

H O ' + R H + H z O + R '  

R' + 0 2  -+ R02' 

R02' + N02' + ROONO2 

ROONO2 -+ RO' + N03' 

RO' + RH -+ ROH + R' 

N03' + RH -+ HN03 + R' 

ROOH + ONOH + RO' + H20 + NO*' 

Nitrogen dioxide plays a dualistic role in the thermal cracking of  hydrocarbon^.^^ 
It retards the chain reaction of hydrocarbon decay accepting active alkyl radicals 
by the reaction 

R' + N02' -+ RN02 
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and accelerates the chain initiation by the reaction 

RH + NO2' + R' + ONOH 

Nitrogen dioxide is a stable radical with an unpaired electron and forms the 
dimmer N204 in the equilibrium reaction 

This equilibrium reaction proceeds with enthalpy A H  = -58.2 kJmol-' and 
entropy A S  = -177 Jmol-' K-'.25 Nitrogen dioxide decays at elevated tem- 
peratures in the gas phase by the reaction 

2N02' + 2NO' + 0 2  

with a rate constant k = 2.0 x lO9exp(-111.O/RT) Lmol-' s - ' . *~  
Three mechanisms of radical initiation by nitrogen dioxide are known.*' 

1. Hydrogen abstraction by NO2 from RH. 

N02' + HR + ONOH + R' 

This reaction is endothermic, its enthalpy is A H  = DR-H - 327.6 kJ mol-' . 
Experimental rate constants for these reactions are in Table 14.12 and those 
calculated by the IPM method are in Table 14.13. 

TABLE 14.12 Rate Constants for the Reactions N'Oz + HR + ONOH + R' in the 
Gas Phasea 

RX 
T E logA, A k(298 K) 

(K) (kJ mol-') (L mol-' s-') (L mol-' s-') Reference 

CH4 1300-1900 
MeCH2Me 423-498 
(CH2=CH)2CH2 296 
CH3 OH 
CH3 OH 900-1 100 
EtCHO 295 - 390 
PrCHO 295-390 

640- 7 1 3 

CF3CHO 533-584 

EtNOH 298 
Me2NNH2 298 

MeCOMe 298-373 

125.5 
94.6 

89.5 
94.5 
51.9 
51.9 
98.7 
29.8 

8.84 6.93 x 10-14 

8.38 6.27 x lo-' 

8.56 7.45 x 10-8 
8.30 3.64 10-9 
7.40 2.02 x 10-2 
7.40 2.02 x 10-2 
8.94 4.35 x 10-9 
2.58 2.24 x lW3 

3.31 103 
1.39 x 104 

1.22 

28 
29 
30 
31 
32 
33 
33 
34 
35 
36 
37 

Experimental data. 
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2. Reactions of nitrogen dioxide addition to the double bond of olefins occurs 
much more rapidly. However, this reaction is reversible and, hence, the 
formed radical is stabilized due to the addition of the second nitrogen 
dioxide. 

N02' + CHz=CHR + N02CH2C'HR 

N02' + NOzCH2C'HR -+ NOZCH~CH(NO~)R 

The enthalpy of NOz' addition to ethylene is A H  = 14.6 kJmol-'. Due 
to reverse reaction, the measured experimentally preexponential factor A 
is very often very low (see Table 14.14). 

3. Reactions of electron transfer from anion B- to N02' are very fast. For 
the data on these reactions, see Chapter 15. 
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15 
FREE RADICAL GENERATION 
BY REACTIONS OF IONS 
WITH MOLECULES 

15.1 
BY TRANSITION METAL IONS 

DECOMPOSITION OF HYDROGEN PEROXIDE CATALYZED 

Electron transfer reactions from an ion to a molecule with homolytic splitting of 
the molecule into free radicals is an important way to generate free radicals, for 
example, 

Fe2+ + H202 + Fe3+ + HO' + HO- 

Br- + ROOH -+ RO' + Br' + OH- 

The ion (Fe2+, Br-) reacts as an electron donor, peroxide reacts as an electron 
acceptor. Accepting the electron, peroxide splits into an ion (OH-) and a free 
radical (HO' or RO'). The strong oxidative effect of the mixture H202 + FeS04 
dissolved in water was known for about the century as Fenton's reagent. The 
formation of very active hydroxyl radicals in this system was postulated by 
Haber and Willstatter in 1931.' It was the following year when Haber and Weiss 
put forward the chain mechanism for hydrogen peroxide decomposition under 
the action of transition metal  ion^.^.^ 

The generation of hydroxyl radicals by the system Fe2+ + Hz02 was proved 
later by Baxendale et aL4 in experiments with radical polymerization of vinyl 
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592 FREE RADICAL GENERATION BY REACTIONS OF IONS WITH MOLECULES 

monomers. During the years 1955-1975, the decomposition of hydrogen per- 
oxide catalyzed by heavy metal ions was the object of intensive study.'-'" 
Generation of free radicals by oxidation-reduction reactions of transition metal 
ions played an important role in the technology of polymer production, especially 
in emulsion polymerization."-14 Hydrogen peroxide and superoxide ion (02'-)  

play a very important role in the oxidative processes in a living body. That is 
why enzyme catalysis for the formation and decay of hydrogen peroxide and the 
superoxide ion is still the object of ~ t u d y . ' ~ - ~ '  

The values of A H ,  AS, and AG (298 K) for the hydrogen peroxide reactions 
with heavy metal ions in water solutions are presented in Table 15.1. 

The reaction of hydrogen peroxide with Fe2+ in water solution occurs in two 
First is a substitution of one H20 molecule in the inner sphere of Fe2+. 

This is an equilibrium process. The second step is the intrasphere electron transfer 
from the ferrous ion to H202 with splitting of the H202 along the 0-0 bond. 

(15.1) 

Fe2?H2O2 + FeOH2+ + HO' (15.2) 

The first step proceeds very rapidly with a rate constant k l  = 3 x 10' L mol-' s-' 
(H20, 218 K) and the second step limits the reaction, producing k2K1 = 60 
L mol-' s-' (H20, 298 K).7 This mechanism predominates in acid water solutions 
at pH < 3. 

An increase in pH (pH > 3) stimulates the acid dissociation of a water mole- 
cule as a ligand in the inner sphere of the ferrous ion 

(Hz0.Fe.H202)2f u (HOFe.H202)+ + Hf (15.3) 

TABLE 15.1 Enthalpies, Entropies, and Gibbs Energies of Metal Ion Oxidation- 
Reduction Reactions with Hydrogen Peroxide in Aqueous Solution (T  = 298 K) 

Reaction 
AG A H  A S  

(kJmol-') (kJmol-') (Jmol-' K-') 

Cei+ + H202 + H = Ce4+ + HO' + H 2 0  

Cr2+ + H202 + H = Cri+ + HO' + H20 

Fe" + Hz02 + H = Fe3+ + HO' + H 2 0  
MnZt + H202 + H+ = Mn'+ + HO' + H 2 0  
Ce4+ + H202 = Ce" + H02' + H+ 

co2+ + H202 + H+ = Co3+ + HO' + H20 

CU' + HzO2 + H i  = CU" + HO' + H20 

Coi+ + Hz02 = Co2' + HOz' + H+ 
Cu'+ + H202 = CU' + H02' + H t  
Fe'+ + H202 = Fez+ + H02* + H 
Mn" t H202 = Mn2+ + H02' + Hi 

88.8 
108.0 

-37.0 
-62.4 

-2.8 
71.5 

-23.2 
-42.4 
128.0 
68.4 
-5.9 

32.4 
48.0 

-88.5 
-171.4 
-41.2 

49.1 
59.7 
44.1 

180.6 
133.3 
43.0 

-189 
-20 1 
- 173 
-366 
-129 

-75 
27 8 
290 
176.5 
21 8 
164 
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and this ion is supposed to be oxidized by hydrogen peroxide to the ferryl i ~ n . * l - * ~  

(HOFe.H202)+ -+ (HOFeO)+ + H20 (15.4) 

The ferryl ion is a very active oxidant and reacts with water with hydroxyl 
radical generation 

HOFeO' + H20 + Fe(OH)*+ + HO' (15.5) 

or oxidizes the second ferrous ion 

HOFeO' + Fe2+ + H+ + 2FeOH2+ (15.6) 

The following values for rate constants were estimated for steps 2-3 at T = 
298 K: kz = 2.8 x lo3 s-', k3 = 3.7 x lo4 s-'.~ The reaction rate constants for 
transition metal ions and complexes with hydrogen peroxide are in Table 15.2. 

Due to the precipitation of iron ions at pH > 5 ,  the reaction between hydro- 
gen peroxide and iron ions cannot be studied at a higher pH. The pH range of 
the reaction is extended by addition of a strong complex forming agent such as 
EDTA (ethylenediaminetetraacetic acid). Tachiev et aL5' studied hydrogen perox- 
ide decomposition catalyzed by Fe(II1) complexes with EDTA and other ligands 
at different pH values. They came to the conclusion that four active forms of the 
complex exist in this system and the proportion between them depends on the 
pH. Hydrogen peroxide enters into the ligand sphere of the iron ion in the form 
of an anion. Its decomposition occurs in the inner sphere of the complex. The 
following kinetic scheme was propo~ed:~' 

Fe@) .EDTA-H+ + H02- e EDTA.Fe("').H202 

Fe("').EDTA.H20 + H02- e EDTA.Fe(r'r).H*O.HO~- 

Fe("').EDTA.OH- + H02- + EDTA.Fe('").OH-.H02- 

+ Decay 

-+ Decay 

-+ Decay 

Fe("').EDTA(OH-)* + H02- + EDTA~Fe('").(OH-)~.H02- + Decay 

Each of these stages was characterized by a rate constant k l ,  k2, and k3., the ratio 
(kl + k2)/k3 = K ,  (mol L-'). The values for this rate constants are in Table 15.3. 

Hydroperoxyl radical, HOz', has a dual, namely, oxidative and reducing, activ- 
ity. As an oxidative reactant, it abstracts a hydrogen atom and an electron, 
for example, 

On the other side, it dissociate as an acid (pK, = 4.4) 
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TABLE 15.2 Rate Constants for Transition Metal Ion Reactions with Hydrogen 
Peroxide in Aqueous Solutions 

T E log A ,  A k(298 K) 
Iona Conditions (K) (Hmol-I) (Lmol-l s - ' )  (Lmol-' s-') Reference 

ce4+ 
ce4+ 
cu+ 
Cu(1) 

Cu(dipy)z 
Fe2+ 
Fez+ 
Fe2+ 
Fez+ 
Fez+ 
Fe2+ 
Fe2+ 
Fe2+ 

Fez+ 
Fez+ 

F2+ 

F 2 +  
F2+ 
Fe2+ 
Fez+ 
F2+ 
F P  
FeF2 
FeCI+ 
FeBr+ 
FePF6+ 
Fe(dipy)2i 

298 
0.8 N H2S04 298 
pH 2.3 298 
K = 1;  c1- 298 
pH 5.0 298 

285-308 
1.35 M HC104 213-298 

298 
0.8 N H2S04 291 
0.8 N H2S04 298 
1.0 N H2S04 293 
0.5 N H2SO4 298 
0.5-0.8 N H2SO4 288-314 
0.01-1.0 N HC104 273-313 
0.8 N H2S04 273-313 
0.001-1.0 N HC104 273-318 

298 
298 
298 
298 
298 
298 

273-31 8 
283-318 
273-298 
273-298 

290 
Fe(")(DTPA) 298 
Mn04- 0.1 N H2SO4 29 1 
Mn'f 298 
MnOH2+ 298 
Ti'' 298 
U"V) 2 M HC104 275-307 

39.2 

42.3 
39.3 

35.4 
39.5 
40.8 
30.5 

58.6 
35.1 
40.2 
42.7 

52.3 

10.0 

9.25 
8.65 

8.02 
8.72 
8.98 
7.14 

12.4 
8.08 
8.95 

11.0 

11.0 

8.61 x lo" 
1.00 x 106 

1.35 x 10' 
49.0 

8.51 x 10' 
68.5 
57.7 
50.0 
41.7 
64.6 
61.7 
60.3 
65.3 
62.6 
67.4 
62.2 
53.0 
58.0 
66.0 
49.5 
73.0 
76.0 

1.34 x lo2 
84.6 
80. I 

2.29 x 10' 
3.28 lo3 

1.37 x103 
3.02 lo3 
7.24 lo4 
3.16 104 
5.00 x 102 

67.6 

28 
29 
30 
31 
32 
4 
33 
34 
35 
35 
36 
31 
38 
39 
39 
40 
41 
42 
43 
44 
45 
46 
40 
40 
40 
40 
47 
26 
28 
48 
48 
28 
49 

"DTPA = Diethylenetriamine-N, N,  N', N" ,  N"-pentaacetate; ortho. ortho-Dipiridyl 

The formed superoxide ion is an active reductive species and reduces ions in the 
higher valence state, for example, 
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TABLE 15.3 Rate Constants of Decay for Fe"'' Complexes with Hydrogen Peroxide 
in Aqueous Solutions ( T  = 298 K)" 

Complex 

Nitrilotriacetic acid - Fe('") - Hz 0 2  

Nitrilotriacetic acid-Fe("') -H20-H02- 
Nitrilotriacetic acid-Fe("') -HO-.H02 
Nitrilotriacetic acid-Fe['") -(HOP)2.H02- 
Ethylenedinitrilotetraacetic acid-Fe("'' -H202 
Ethylenedinitrilotetraacetic acid-Fe'"') -H2O-H0zp 
Ethylenedinitrilotetraacetic acid-Fe("') -HOP .H02- 
Ethylenedinitrilotetraacetic acid-Fe('") -(H0-)2.H02- 
Ethylenebis(oxyethylenenitri1o)tetraacetic 

Ethylenebis( oxyethylenenitri1o)tetraacetic 

Ethylenebis(oxyethylenenitri1o)tetraacetic 

Ethylenebis(oxyethylenenitri1o)tetraacetic 

Diethylenetriaminepentaacetic acid-Fe("')-H202 
Diethylenetriaminepentaacetic acid-Fe("')-H20-H02- 
Diethylenetriaminepentaacetic acid-Fe("') -HO-.H02- 
Diethylenetriaminepentaacetic acid-Fe(I") -(HO-)2.H02 

acid-Fe("') -H202 

acid- Fe'"') -H20 -HO2 

acid-Fe("') -HOP .HO2 

a~id-Fe(~'" - (HO-)2 .HO2 - 

0.37 
0.50 
0.80 
0.0 
0.13 
0.20 
0.30 
0.0 
0.15 

3.0 x lo-' 
8.0 10-7 
7.0 x lop9 
1.0 x 10-5 
1.0 10-3 
2.0 x 10-6 
3.0 10-9 
2.6 x 
7.0 x 10-4 

0.26 1.0 x 10-6 

0.513 1.0 x 10-6 

0.0 1.6 10-5 

0.12 7.0 10-3 
0.09 8.0 10-7 
0.15 3.0 10-7 
0.0 3.3 x 10-5 

"See Ref. 50. 

15.2 

COMPOUNDS 

CATALYSIS BY IONS AND COMPLEXES OF TRANSITION 
METALS IN LIQUID-PHASE OXIDATION OF ORGANIC 

Salts and complexes of heavy metals accelerate the liquid-phase oxidation of 
organic compounds. This accelerating action was found to be the result of 
the catalytic decomposition of formed hydroperoxides to free radicals in cyclic 
reactions" -54 

Mnf + ROOH + Mn+' + RO' + OH- 

+ ROOH + Mn+ + R02' + H+ Mn+l 

H+ + HO- + H2O 

Slow reactions of unimolecular and bimolecular homolytic decomposition of 
hydroperoxides are replaced by two rather fast ion reactions Fz2+/Fe3+, Co2+/ 
Co3+, Mn2+/Mn3+, Ce3+/Ce4+, and Cu+/Cu2+ with electron transfer between 
the ion and hydroperoxide. 
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Oxidation-reduction catalysis of transition metal ions is widely used in 
chemical t e ~ h n o l o g y . ~ ~ - ' ~  Cobalt salts (stearate, naphthenate, etc.) catalyze the 
oxidation of cyclohexane to cyclohexanone and cyclohexanol,ss~'6 and cumene 
oxidation to cumyl hydrope r~x ide . "~ '~~~~  Manganese salts are used as catalysts 
for the paraffin oxidation to fatty  acid^.'^ Cobalt-bromide catalysis of dimethyl 
benzene oxidation is the technological process for phthalic acid pr~duct ion . '~~ '~  

The acceleration effect of iron and copper salts on some oxidation-reduction 
reactions was discovered in the nineteenth century.6" In 1931, Haber and Willstat- 
ter' proposed a mechanism for the action of ions of transition metals on the chain 
oxidation and decomposition reactions. They introduced the concept of an ele- 
mentary reaction between an ion and a reactant in which a change in the valence 
of the ion and the formation of a free radical initiating a chain reaction took 
place. Twenty years later this mechanism was experimentally demonstrated by 
Bawn with co-workers in the study of aldehyde ~ x i d a t i o n . ~ l - ~ ~  The metal ion 
changes valence during the oxidation process, which was proved spectrophoto- 
metrically. The catalytic decomposition of cumyl, tetralyl, and 1,l  -dimethylethyl 
hydroperoxides (ROOH) in butadiene is accompanied by the formation of the 
following compounds:6' 

ROCHZCH=CHCH~CH~CH=CHCH~OR 

and 

ROCH2 CH=CHCH2CH (CH=CH2)CH2 OR 

These compounds are the result of the addition of an alkoxyl radical formed from 
ROOH to the butadiene molecule. 

The mechanism of hydrocarbon oxidation catalyzed by Co2+/Co3+ salts inclu- 
des the following 

R' + 0 2  + RO2' 

R02' + RH + ROOH + R' 

Co2+ + ROOH + Co3+ + RO' + OH- 

CO" + ROOH -+ Co2+ + RO2' + Hf 

RO'+RH-+ROH+R'  

R02' + R02' + ROOR + 0 2  

The following two reactions initiate the chain oxidation of benzaldehyde cat- 
alyzed by cobalt(I1) and cobalt(II1) ions:61-64 

Co2+ + PhC(0)OOH + Co"+ + PhC02' + HO 

Co3+ + PhC(0)H + Co2+ + PhC'(0) + HS 

The values for the rate constants of hydroperoxide decomposition by heavy metal 
salts and complexes are in Table 15.4. 
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The main reaction for initiation by a metal catalyst is the reaction of a metal 
cation with a hydroperoxide resulting in free radicals formation. The efficiency 
of initiation e depends on the metal ion.87 Salts of cobalt, iron, and man- 
ganese decompose hydroperoxides in hydrocarbon solutions with high values 
of e ,  close to unity. This implies that homolytic splitting of hydroperoxides pre- 
dominate in reactions with a metal catalyst. By contrast, complexes of vanadium, 
molybdenum, nickel, and copper decompose hydroperoxides with a low yield of 
radicals (see Table 15.5). In these catalytic reactions, heterolytic decomposition 
of hydroperoxides predominates. 

Free radicals react with heavy metal ions very rapidly too. This fast reaction 
of the peroxyl radical with metal ions leads to another composition of products 
and ways for their formation. A direct influence of the catalyst on the com- 
position of the oxidation products was observed in the study of the catalyzed 
oxidation of c y ~ l o h e x a n e . ~ ~  Hydroperoxide is the primary intermediate product 
of hydrocarbon chain oxidation. The oxidation of cyclohexane catalyzed by heavy 
metal salts occurs with the parallel formation of hydroperoxide, cyclohexanol, and 
cyc lohe~anone .”~~~ The relative initial rates of cyclohexyl hydroperoxide, cyclo- 
hexanol, and cyclohexanone formation in the catalytic oxidation of cyclohexane 
are given in Table 15.6. 

In addition to hydroperoxide splitting into free radicals, metal catalysts 
can initiate oxidation by the activation of dioxygen. For example, cobalt(I1) 

TABLE 15.5 The Yield of Free Radical Generation e in Reactions of Hydroperoxides 
Decomposition Catalyzed by Transition Metal Complexes 

Catalyst ROOH Solvent T (K) e Reference 

Vanadyl, bis(acety1acetonate) cyclo-C6HI I OOH cyclo-C6H12 
Vanadyl, bis(acety1acetonatej c y ~ l o - C ~ H 1 ~ 0 0 H  cyc/o-C6H12 
Vanadyl, bis(acety1acetonatej Me2PhCOOH cyclo-CbH12 
Chromium(IIIj, C ~ C ~ O - C ~ H ~ I O O H  C J K I O - C ~ H ~ ~  

tris(acety1acetonate) 
Manganese, acetate Me3COOH n-CIoH22 
Manganese, stearate sec-CloHI [OOH n-C [OH22 
Cobalt(Ilj, stearate Me2PhCOOH PhCl 
Cobalt(IIj, stearate MezPhCOOH n-CloH22 
Cobalt(II), stearate MelCOOH C6H6 
Cobalt(II), stearate sec-CloHIIOOH n-CloH22 
Cobalt(II), bis(acety1acetonate) Me2PhCOOH PhCl 
Cobalt(Il), bis(acety1acetonate) sec-CloHI I OOH n-CloH22 
Nickel(II), bis(acety1acetonate) . S ~ C - C ~ ~ ~ H ~ ~ O O H  PhCl 
Nickel(IIj, bis(acety1acetonate) MePhCHOOH PhCl 
Nickel(IIj, stearate MePhCHOOH PhCH2CH3 
Copper(IIj, stearate see-C loH 1 1 OOH n -C I “H22 
Molybdenum dioxide, CYC~O-C~HI  1 OOH C ~ C ~ O - C ~ H , ~  

bis(acety1acetonate) 

403 
333 
333 
393 

393 
413 
323 
323 
323 
323 
318 
318 
363 
363 
393 
353 
403 

0.08 
0.20 
0.50 
0.08 

0.017 
0.04 
0.36 
0.38 
1 .OO 
1 .OO 
0.82 
1 .OO 
0.02 
0.04 
0.012 
0.016 
0.017 

88 
88 
89 
88 

90 
90 
91 
91 
91 
91 
91 
91 
91 
91 
91 
92 
92 
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TABLE 15.6 The Relative Rates of Cyclohexyl Hydroperoxide, Cyclohexanol, and 
Cyclohexanone Formation in Catalytic Oxidation of Cyclohexanen3b 

Catalyst 
T UROOH UROH Uketone 

(K) % % % 

Cerium(III), stearate 
Cobalt(II), stearate 
Cobalt(II), stearate 
Cobalt(II), stearate 
Copper(II), stearate 
Copper(II), stearate 
Manganese(II), stearate 
Manganese(II), stearate 
Nickel(II), stearate 
Zincum(I1) 

383 
408 
383 
373 
408 
383 
408 
383 
383 
383 

> 90 
47 
40 
31 
71 
71 
62 
61 

> 90 
> 90 

4 
35 
40 
42 
15 
15 
30 
30 
t 5  
4 

<5 
18 
20 
27 
14 
14 
8 
9 

<5 
t 5  

"Concentration of catalyst = 5.0 x 
bSee Refs. 56 and 93. 

rno1L-l. 

acetylacetonate initiates chain generation in styrene oxidation with the rate ui = 
ki[Co(aca~)~][PhCH=CH2][02], and a rate constant k = 6.3 x lop2 L2 molP2 s-l 
( T  = 388 K).94 The following mechanism of initiation was proposed: 

Co(acac)* + 0 2  + O;?Co(acac), 

PhCH=CH2 + 02.Co(acac), + Free radicals 

acac = acetylacetonate 

For data concerning reactions of metal ions with dioxygen, see Section 15.4. 
A mixture of cobaltous ions and bromides in carbonic acid media is a very 

effective catalyst for alkyl aromatic o ~ i d a t i o n . ~ ~ - " ~  Cobalt-bromide cataly- 
sis is used in chemical technology for the production of phthalic acids from 
dimethylbenzene."' A detailed study of the mechanism of this catalysis proved 
the following kinetic scheme of dimethylbenzene o ~ i d a t i o n : ~ ~ ~ ~ ~  

R' + 0 2  + RO;?' 

R02' + RH + ROOH + R' 

ROOH + co2+ + RO' + co3+ + HO 
R O ' + R H - + R O H + R '  

HOP + H+ + H;?O 

Co3+ + Br- --+ Co2+ + Br' 

B r ' + R H +  BrH+R'  

RO;?' + RO;?' + ROH + ArCH(0) 
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Chain propagation in this system provides the following three parallel reactions: 
R02' + RH, Co2+ + ROOH, and RH + Br'. The fast chain propagation step helps 
to perform the effective oxidation of the hydrocarbon at a moderate temperature 
and produce phthalic acid in high yield. 

Oscillation kinetics is observed in some oxidation-reduction systems with 
heavy metal ions as catalysts (Belousov-Zhabotinsky The change 
in the metal valence and formation of free radicals were detected in these systems. 

15.3 
METAL IONS 

REACTIONS OF FREE RADICALS WITH TRANSITION 

Free radicals formed in reactions of metal ions with peroxides and other molecules 
react with metal ions in t ~ r n . ' ~ ' - ' ~ ~  Oxygen-centered radicals (HO', RO', ROz'), 
as a rule, oxidize reducing ions to their higher valence state, for example, 

RO' + co2+ + RO- + co3+ 

Hydrogen atoms and alkyl radicals reduce oxidizing ions reacting as electron 
donors. 

R' + Cu2+ + R+ + Cu+ 

Reactions of free radicals play an important role in the chain reactions of 
polymeri~ationl~ and oxidation by dioxygen (see Section 15.2) as well as in 
various free radical synthetic reactions. lo' 

The hydroxyl radical is a very active electron acceptor (see Table 15.7). For 
example, it reacts with ferrous ions in an aqueous solution 100-1000 times 
more rapidly than exchange by water molecules in the inner sphere of Fe2+. 
This implies that the electron transfer between Fe2+ and hydroxyl proceeds as an 
outer-sphere action. The reaction of hydroxyl with the chloride ion depends on the 
hydrogen ion concentration: An increase in [H30+] accelerates the reaction. lo5 

PH 0 1 2 3 

log k [k(Lmol-l S C ' ) ]  9.60 8.60 7.60 7.20 
kl[H3 0'1 ( s - ~  ) 4.0 109 4.0 109 4.0 109 1.6 1010 

This implies that the oxidation of C1- proceeds as a hydrogen atom abstraction 
from hydrogen chloride. 

HO' + HC1+ H20 + C1' 

A similar situation is observed in the reaction of hydroxyl with a bromide anion. 
For rate constants of hydroxyl radicals reactions with metal ions, see Table 15.7. 
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Alkyl radicals react with metal ions in the upper valence state to form 
carbocations as the active intermediates. Cupric ions oxidize alkyl radicals to 
olefins and alcohols as a result of the following  reaction^:"^ 

R' + Cu2+ + R+ + Cu+ 

R+ + Olefin + HS 

R+ + H20 -+ ROH + H+ 

Ions of high reducing activity (Ti3+, V2+, Cr2+) reduce the alkyl radical to 
a carbanion.104 The formation of deuterated methane from a methyl radical in a 
solution of D20 was proved as a result of the reactions 

C'H3 + C?+ -+ CH3- + Cr3+ 

CH3- + D20 -+ CH3D + DO- 

Alkyl radicals form complexes with metal ions.103 Formation of complexes 
decreases the reactivity of the radical in its reaction with molecules. That is why 
the formation of complexes increases the yield of product from radical recombi- 
nation. For example, the decomposition of 1,l -dimethylethyl hydroperoxide leads 
to the ratio [CzHs]/[C&] = 0.33 in the absence of ions; 0.95 in the presence of 
Mn2+; 0.95 in the presence of Co2+; and 4.9 in the presence of Ni2+. Similar 
phenomena are observed for the case of ethyl radical generation. The following 
kmetic scheme explains these results: 

R' + Men+ -+ (R'.Me"+) 

R' + (R'.Me"+) -+ RR + Me"' 

(R'.Me"+) + (R'.Me"') -+ RR + Me"' + Men+ 

Transition metal ions retard free radical polymerization due to a reaction with 
growing macroradicals.lW- Chain termination induces oxidizing ions (Fe", 
Cu2+, CeOH3+) as well as reducing ions (Cr2+, V2+, Ti3+). The rate u of 
monomer M polymerization in the presence of the metal ion Me"+ was found 
to be'06 

u = kp[M]ui/kt[Men+] (15.7) 

The values for the rate constants of free radical reactions with transition metal 
ions are in Table 15.7. 

The hydroperoxyl radical possesses dual reactivity: oxidative as other peroxyl 
radicals and reducing due to the weak 0-H bond. If the hydroperoxyl radical 
propagates the chain in the reaction of substrate oxidation, transition metal ions 
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TABLE 15.7 Rate Constants for Free Radical Reactions with Transition Metal Ions 
and Complexes 

Ion Solvent T ( K )  k(Lmo1-' s-') Reference 

Cerium(II1) ion 
Cerium(II1) ion 
Cerium(II1) ion 
Cerium(1V) ion 
Cobalt(II1) ion 
Cobalt(IIl), pentacyanonitrate 
Cobalt(lII), pentaaminenitride 
Cobalt(III), tris-acetylacetonate 
Copper(1) ion 
Copper(I1) ion 
Copper(I1) ion 
Chromium(I1) ion 
Chromium(II1) ion 
Chromium(III), 

Europium(I1) ion 
Iron(I1) ion 
Iron(I1) ion 
Iron(I1) ion 
Iron(I1) ion 
Iron(I1) ion 
Iron(I1) ion 
Iron(I1) ion 
Iron(I1) ion 
tron(I1) ion 
Iron(I1) ion 
Iron(I1) ion 
Iron(I1) ion 
Iron(II1) ion 
Ferrocyanide ion 
Ferrocyanide ion 
Ferrocyanide ion 
Ferrocyanide ion 
Ferrocyanide ion 
Ferrocyanide ion 
Manganese(I1) ion 
Manganeae(I1) ion 
Silver(1) ion 
Stannum(I1) ion 
Thallium(1) ion 
Thallium(1) ion 

pentac yanonitrosy 1 

HO' 

Water 
Water 
Water 
Water, pH 0.4 
Water 
Water 
Water 
Water 
Water 
Water 
Water, pH 7 
Water, pH 1.0 
Water, pH < 7 
Water 

298 
296 
296 
298 
298 
298 
298 
298 
298 
298 
296 
298 
298 
298 

Water 298 
Water, pH 1.0 298 
Water, pH 1.0 298 
Water, pH 1.6 298 
Water, pH 2.1 296 
Water, pH 2.0 296 
Water, pH 0.4 296 
Water, pH 0 288 
Water, pH 3.0 298 
Water, pH 7.0 298 
Water, pH 1.0 298 
Water, pH 4.5-6.2 298 
Water 298 
Water 298 
Water, pH 2.5-10.5 296 
Water, pH 7.0 296 
Water, pH 10.7 296 
Water, pH 9.0 296 
Water, pH 3-10 296 
Water 298 
Water, pH 7.0 298 
Water, pH 3.9-6.7 298 
Water 298 
Water, pH 1.0 296 
Water, pH 7.0 296 
Water, pH 1.0 296 

3.0 x 10' 
2.2 x 10' 
3.5 x 1 0 8  
2.7 x lo6 

1.2 x 108 
8.0 105 

4.9 109 
1.8 x lo9 

2.0 x 10'0 
3.5 x 10' 
3.5 x 108 
4.8 109 

7.9 x 109 

1.1 109 

3.1 x 10' 

3.0 x 10' 
3.2 x lo8 
3.2 x 108 
2.5 x 10' 
2.6 x 10' 
2.7 x 10' 
3.3 x 10' 
4.3 x 108 
3.2 x 10' 
2.3 x 10' 
3.5 x 10' 
1.0 109 
7.9 x 107 
2.1 109 

8.1 109 
1.7 x 10" 

7.5 x 109 
1.1 x 10'" 
1.1 x 10'0 

>1.4 x lo8 
3.0 x 107 
1.2 x 10'0 
2.0 x 109 
7.6 109 
8.9 x 10' 

107 
108 
109 
29 

110 
111 
112 
113 
114 
115 
116 
117 
118 
119 

115 
120 
121 
105 
109 
122 
123 
124 
125 
126 
127 
128 
129 
109 
130 
13 1 
132 
133 
134 
115 
135 
115 
136 
137 
138 
139 
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TABLE 15.7 (continued) 

Ion Solvent T(K) k(Lmol-' s-') Reference 

Cerium(II1) ion 
Cerium(1V) ion 
Copper(1) ion 
Copper(1) ion 
Copper(I1) ion 
Copper(I1) ion 
Copper(I1) ion 
Ferrocyanide ion 
Ferrocyanide ion HFe(CN)63- 
Ferrocyanide ion H2Fe(CN)62 
Iron(1I) ion 
Iron(I1) ion 
Iron(I1) ion 
Iron(I1) ion 
Iron(I1) ion 
Iron(TI1) ion 
Iron(II1) ion 
Iron(II1) ion 
Iron(1II) ion 
Iron(1II) ion 
Iron(TI1) ion 
Iron(II1) ion 
Iron(TI1) ion 
Manganese(I1) ion 
Manganese(I1) ion 
Manganese(I1) formiate 
Thallium(I1) ion 

Cobalt(II), 
Cobalt(II), 
Cobalt(III), 
Cobalt(III), 
Copper(II), 
Copper(II), 
Manganese(I1) 
Manganese(I1) 
Manganese(II1) 
Manganese(II1) 

Water, pH 0.4 
Water, pH 0.4 
Water, pH 2.3 
Water 
Water, pH 2.3 
Water, pH 2.3 
Water, pH 0.8-2 
Water, pH 0.5-4.4 
Water, pH 0.5-4.4 
Water, pH 0.5-4.4 
Water, 0.5 M H2S04 
Water, pH 1.0 
Water 
Water 
Water, pH 0.0-2.1 
Water, pH 1.5 
Water, pH 2.05 
Water, pH 2.7 
Water, pH 1.0 
Water, pH 2.1 
Water, pH 2.0 
Water, pH 2.7 
Water 
Water, pH 3-9 
Water, pH 2.7-3.4 
Water, pH 2.2-3.0 
Water, pH 1.0 

cyclo-GjH1IOO' 

C yclohexane 
C yclohexane 
Cyclohexane 
C yclohexane 
Cyclohexane 
Cyclohexane 
C yclohexane 
C yclohexane 
C yclohexane 
Cyclohexane 

298 
298 
298 
296 
296 
298 
298 
298 
298 
298 
296 
298 
298 
298 
298 
298 
298 
298 
298 
298 
298 
298 
298 
298 
298 
298 
298 

303 
342 
303 
342 
303 
342 
303 
342 
303 
342 

2.1 x 105 

2.3 109 
4.3 109 
1.5 107 

3.0 104 
1.4 105 
1.0 104 
7.2 x 105 
1.2 x 106 
1.5 x lo6 
1.2 x 106 
2.1 x 106 
2.0 104 
3.3 105 
3.1 x 105 
4.0 105 
1.2 105 
1.3 105 
3.6 x 105 
7.3 105 
1.1 x 108 
6.0 x lo6 
6.0 x lo6 
2.5 x 109 

2.7 x lo6 

1.1 x 109 
1.0 x 108 

2.7 104 
9.3 x 104 
2.0 x 104 
1.0 x 105 
8.6 x lo2 
1.0 x 104 
9.9 x 102 
6.5 x 103 
1.8 103 
2.2 104 

140 
29 

141 
30 

142 
30 

143 
144 
144 
144 
36 

145 
146 
147 
148 
149 
39 

149 
150 
105 
151 
151 
152 
153 
154 
154 
155 

72 
72 
72 
72 
72 
72 
72 
72 
72 
72 

(continued overleuf ) 
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TABLE 15.7 (continued) 

Ion Solvent T(K) k(Lmo1-' s-l) Reference 

MePhCHOO' 

Cobalt(II), Acetic acid/ethylbenzene 

Cobalt(II), Acetic acidethylbenzene 

Copper(II), Acetic acidethylbenzene 

Ferrocene Acetic acidethylbenzene 
Ferrocene, ethyl- Acetic acidethylbenzene 
Ferrocene, phenyl- Acetic acidlethylbenzene 
Ferrocene, acetyl- Acetic acid/ethylbenzene 
Ferrocene, cyano- Acetic acidethylbenzene 
Ferrocene, carbonic acid Acetic acid/ethylbenzene 
Manganese, Acetic acidethylbenzene 

Manganese(II), Acetic acidethylbenzene 

ethylenediaminetetraacetate 

bis-8-quinolinolate 

bis-8-quinolinolate 

bis-8-quinolinolate 

ethylenediaminetetraacetate 
Nickel(II), 

bis-8-quinolinolate 

Manganese(II), stearate 
Manganese(II), stearate 
Cobalt( 11), 

bis(acety1acetonate) 

Cobalt(II), 

Cobalt( IT), 

Iron(I1) ion 

bis(acety1acetonate) 

bis(acety1acetonate) 

Copper(II), acetate 

Copper(I1) ion 

Copper(I1) ion 
Copper(II), dipyridyl- 

Acetic acidlethylbenzene 

Me2(CN) COO' 

Chlorobenzene 
Chlorobenzene 
Chlorobenzene 

-CH2 C ( 0 O ' )  HPh 

Chlorobenzene 

Chlorobenzene 

Water 

c'H3 

333 

333 

333 

333 
333 
333 
333 
333 
333 
333 

333 

333 

333 
3.53 
347 

328 

3.53 

298 

Acetonitrile/acetic acid (2/3) 298 

M q C ' H  

Acetonitrile/acetic acid (2/3) 298 

PrC'H2 

Acetonitrile/acetic acid (2/3) ' 298 
Acetonitrile/acetic acid (2/3) 298 

3.8 x 1 0 5  

9.0 x 107 

7.9 105 

2.4 x 105 
1.8 x 105 
8.3 x 104 
3.3 104 
4.0 x 103 
1.2 x 104 

1.0 x 106 

2.2 x 105 

4.2 x lo" 

2.0 x 105 
3.0 x 105 
2.3 104 

1.8 104 

4.9 x 104 

1.7 x 106 

1.5 x 106 

5.0 x 106 

3.1 x lo6 
1.7 x 107 

156 

1.56 

156 

1.57 
1.57 
157 
157 
1.57 
157 
1.56 

1.56 

156 

158 
1.58 
1.59 

159 

159 

160 

161 

162 

162 
162 
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TABLE 15.7 (continued) 

Ion 

Copper(I1) ion 

Copper(II), dipyridyl- 

Copper(II), acetate 

Copper(I1) ion 

Copper(II), dipyridyl- 

Iron(II1) ion 
Iron(II1) ion 
Copper(I1) ion 

Copper(I1) ion 
Copper(I1) ion 
Iron(I1) ion 

Copper(I1) ion 
Copper(I1) ion 
Copper(I1) ion 
Iron(II1) ion 

Copper(I1) ion 
Iron(I1) ion 
Iron(II1) ion 
Iron(II1) ion 
Iron(II1) ion 

Solvent T(K) k(L mol-' s-') Reference 

Me? C C  H2 

Acetonitrile/acetic 298 4.5 105 162 

Acetonitrile/acetic 298 2.5 104 162 
acid (2/3) 

acid (2/3) 

CH2=CH{CH2)3 C H2 

Acetonitrile/acetic 298 1.5 x lo6 161 
acid (2/3) 

PhCH2 C H2 

Acetonitrile/acetic 298 1.6 x 106 162 

Acetonitrile/acetic 298 1.4 x 107 162 
acid (2/3) 

acid (2/3) 

C'H2 OH 

Water 298 1.0 x 10' 163 
Water 298 8.0 x 107 164 
Water, pH 2-5 298 1.6 x 10' 164 

C H2 CH2 OH 

Water, pH 4.5 298 1.9 x lo7 164 
Water, pH 2 298 2.2 x 107 164 
Water 298 1.0 x lo6 129 

MeCHOH 

Water, pH 2-5 298 9.4 107 164 
Water 298 2.7 x 10' 164 
Water 298 3.8 x 10' 164 
Water 298 6.0 x 10' 129 

Me2COH 

Water, pH 2-5 298 5.2 x lo7 164 
Water 298 2.9 x lo6 165 
Water, pH 1 298 4.5 x 10' 160 
Water, pH 1 298 1.8 x 10' 163 
Water 298 5.8 x 10' 164 

(continued overleaf) 



610 

TABLE 15.7 (continued) 

FREE RADICAL GENERATION BY REACTIONS OF IONS WITH MOLECULES 

Ion Solvent T(K) k(L mol-’ s-’) Reference 

Copper(I1) ion 
Copper(I1) ion 

Titan(II1) ion 
Titan(II1) ion 
Vanadyl(1V) ion 
Vanadium(I1) ion 
Chromium(I11) ion 
Iron(II1) ion 
Iron(II1) ion 
Iron(II1) ion 
Hydroxoiron(II1) ion 
Hydroxoiron(II1) ion 
Chloroiron(II1) ion 
Dichloroiron(II1) ion 
Trichloroiron(II1) ion 
Bromoiron(II1) ion 
Azidoiron(II1) ion 
Rodanidoiron(II1) ion 
Iron(III), tris(dipyridy1)- 
Iron(III), tris-o-phenantrolin- 
Iron(III), tris(5-methyl-o- 

phenantro1in)- 
Iron(III), tris(5-phenyl-o- 

phenantro1in)- 
Iron(III), tris(5-chloro-o- 

phenantro1in)- 
Ferricyanide ion 
Copper(I1) ion 
Copper(I1) ion 
Hydroxocerium(1V) ion 
Europium(1I) ion 
Thallium(II1) ion 

Water, pH 4.5 
Water, pH 3.0 

“CH2C HCONH? 

Water, 0.8 N H2S04 

Water, 0.8 N H2SO4 
Water, 0.8 N HzS04 
Water, 0.8 N HzS04 
Water; pH 1 
Water; pH 1 

Water 
Water 
Water 
Water 
Water 
Water 
Water 
Water 
Water 
Water 
Water 

D20, 0.8 N H2S04 

D2O; pH 0 

Water 

Water 

Water 
Water, 1 N HC104 

Water, pH 0-1 
Water, 0.8 N 
Water, 0.1 N HC104 

D20; 1 N HC104 

298 
298 

298 
298 
298 
298 
298 
298 
298 
298 
298 
298 
298 
298 
298 
298 
298 
298 
298 
298 
298 

298 

298 

298 
298 
298 
298 
298 
298 

p-MeOCsH4 CH2 C‘H2 

Copper(I1) ion Acetonitrile/acetic 298 

Copper(II), dipyridyl- Acetonitrile/acetic 298 
acid (2/3) 

acid (2/3) 

2.7 x 10‘ 
3 2 x  10‘ 

6.0 x lo2 
8.1 x lo2 
1.1 x 10’ 
1.1 x 10’ 
2.8 x 10’ 
2.0 x 10’ 
2.0 x 10’ 
1.9 x 10’ 
1.1 x 104 
2.1 x 104 
8.1 x lo4 
1.7 x 104 
1.0 x 106 
1.7 x loh 
1.5 x lo6 
1.3 x 10’ 
8.1 x lo4 
3.1 x lo5 
2.6 x lo5 

5.1 x 10’ 

2.3 x 10’ 

8.5 x 10’ 
1.2 x 10‘ 
1.4 x 10’ 
3.3 x lo1 

21.0 
8.4 104 

2.1 x 104 

3.0 x lo6 

164 
164 

166 
166 
166 
166 
166 
167 
168 
168 
167 
166 
166 
166 
166 
166 
166 
166 
166 
166 
166 

166 

166 

166 
168 
168 
168 
166 
168 

162 

162 
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TABLE 15.7 (continued) 

Ion Solvent T(K) k(Lmo1-' s-I) Reference 

Iron(II1) ion 
Hydroxoiron(II1) ion 
Iron(II1) methacrylamidyl- 

Ferricyanide ion 
Trichloroiron(II1) ion 

Trichloroiron(II1) ion 

Trichloroiron(II1) ion 

Trichloroiron(II1) ion 

Dichlorocopper(I1) ion 

Iron(I1) ion 

Iron(I1j ion 

Iron(I1) ion 
Iron(I1) ion 

- CH, CMeCONHz 

Water 
Water 
Water 

298 
298 
298 

-CH2 C'HCN 

Water 298 
Formamid, 298 

Formamid, 298 
N,  N-dimethyl- 

N,N-dimethyl- 

-CH2 CMeCN 

Formamid, 298 
N,  N-dimethyl- 

-CHz C' HPh 

Formamid, 298 
N,N-dimethyl- 

-CH2 CMeCOOMe 

Formamid, 333 
N,  N -dimethyl- 

0 3 N - 0 .  

Water, 0.1 N HC1; 298 

Water, 0.05 N HCl; 298 
0.4 M NaCl 

0.45 M NaCl 

WaterEtOH (1/1) 293 
WaterEtOH (1/4) 293 

53.1 

6.1 x lo3 
1.7 103 

6.8 x lo6 
6.4 103 

8.1 103 

6.2 x 10' 

5.4 104 

7.8 x lo5 

5.9 x 105 

1.7 105 

23.0 
1.2 x 102 

169 
169 
169 

170 
171 

172 

171 

17 1 

173 

174 

174 

175 
176 

(continued overleaf j 
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TABLE 15.7 (continued) 

Ion Solvent T(K) k(Lmol-' s-') Reference 

Iron(I1) ion 
Tron(II), dichloride 
Iron(I1) ion 
Iron(II), dichloride 
Iron(I1) ion 
Iron(II), dichloride 
Iron(I1) ion 
Iron(Il), dichloride 
Iron(I1) ion 
Iron(IT), dichloride 
Iron(I1) ion 
Iron(II), dichloride 
Iron(I1) ion 
Iron(IT), dichloride 
Iron(II), 

1,3-propanedicarboxylate 
Iron(lT), 

1,3-butanedicarboxylate 
Iron(II), 

1,3-pentanedicarboxylate 
Iron(II), 

I ,3-hexanedicarboxylate 
Iron(II), 

1,3-heptanedicarboxylate 
Iron( II), 

1,3-nonanedicarboxyIate 
Iron(IT), 

1,3-decanedicarboxyIate 
Iron(lI), 1,3-propane 

dicarboxylate, 
2,2-dimethyl- 

Methanol 
Methanol 
Ethanol 
Ethanol 
Propanol 
Propanol 
2-Propanol 
2-Propanol 
Butanol 
Butanol 
Pentanol 
Pentanol 
Heptanol 
Heptanol 
Butanol + 0.5 M 

Bntanol + 0.5 M 

Butanol + 0.5 M 

Butanol + 0.5 M 

Butanol + 0.5 M 

Butanol + 0.5 M 

Butanol + 0.5 M 

Butanol + 0.5 M 

NaC104 

NaC104 

NaC104 

NaC104 

NaC104 

NaC104 

NaC104 

NaC104 

295 
295 
295 
295 
295 
295 
295 
295 
295 
295 
295 
295 
295 
295 
293 

293 

293 

293 

293 

293 

293 

293 

6.7 x 10' 

28.8 
7.5 x 102 

32.0 
7.1 x 10" 
1.0 x 10' 
5.0 x lo3 

32.0 
3.9 x 1 0 3  

15.8 
3.5 x 103 

69.1 
3.0 x 10" 
2.1 x lo" 

1.6 x 10' 

1.1 x 10' 

78.5 

75.0 

71.6 

1.0 x 10' 

1.2 x 102 

3.7 1 0 5  
177 
177 
177 
177 
177 
177 
177 
177 
177 
177 
177 
177 
177 
177 
177 

177 

177 

177 

177 

177 

177 

177 

retard chain oxidation during an infinitely long period of time as the result of 
cyclic chain termination. 17* ~ ' x3 
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The phenomena of cyclic chain termination was first observed in experi- 
ments on the oxidation of cyclohexanol in the presence of a copper salt and 
was explained by a cycle of  reaction^.'^^ The effective retardation of the chain 
reaction by transition metal ions and complexes was found in the oxidation of 
other primary and secondary alcohols, cyclohexadienes, 1,2-substituted ethylenes, 
and aliphatic a m i n e ~ . ' ~ ~ - ' ' ~  This inhibiting effect was found to be the result of 
chain termination according the cyclic chain termination. The dual reactivity 

inherent in peroxyl radicals formed from alcohols C(OH)O(Y and aliphatic 

amines [ >C(NHR)OO']. For the enthalpies, entropies, and Gibbs free energies of 

transition metals reactions with hydroperoxyl radicals, see Table 15.8. 
The values for the rate constants of cyclic chain termination are collected in 

Table 15.9. Every rate constant consists of the sum that in stationary state condi- 
tions is k = kl([Me"']/([Me"+] + [Me"+']) + k2[Me"+']/([Men+] + [Me"+']) 
= 2klk2/(k, + kz). Depending on the values of kl and k2, the effective rate 
constant k can be close to one of them (kl or k2). 

As one can see from Table 15.9, the values for the rate constants change 
dramatically depending on the metal, as well as on the ligands around it. Unlike 
organic inhibitors, the ions of metals are not consumed during the oxidation 
process. The cessation of their inhibitory action takes place for other reasons. The 
point is that the metal ions (salts) for transition metals not only react with peroxyl 
radicals, but also generate them by decomposing the formed hydroperoxide. In the 
course of substrate oxidation, the hydroperoxide (hydrogen peroxide) gradually 

[: 1 

TABLE 15.8 Enthalpies, Entropies, and Gibbs Energies for Metal Ion Oxidation- 
Reduction Reactions with Hydroperoxyl Radical in Aqueous Solution (T  = 298 K) 

AG AH AS 
Reaction (Hmol-') (kl mol-I) (Jmol-' K-') 

Ce3+ + H02' + H+ = Ce4+ + H202 23.2 -59.7 -278 
Co2+ + H02' + H+ = CO" + H202 42.4 -44.1 -290 
CU+ + HOz' + H+ = Cu2+ + H202 -128.0 - 180.6 - 176.5 
Fe2+ + HOz' + H' = Fe3+ + H202 -68.4 - 133.3 -218 
Mn2+ + HOz' + H+ = Mn3+ + H202 5.9 -43.0 -164 
Ce4+ + H02' = Ce"+ + o2 + H+ -170.8 -101.9 23 1 
Co3+ + HO2' = Co2' + 0 2  + H+ - 190.0 - 117.5 243 
Cu2+ + HOz' = Cu' + 0 2  + H+ -19.6 19.0 130 
Fe3+ + HOz' = Fe2+ + O2 + H+ -79.2 -28.3 171 
Mn3+ + H02' = Mn2+ + O2 + H+ -153.5 - 1  18.6 117 
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accumulates, thereby increasing the rate of radical generation. Once the rate of 
catalyzed termination and generation of chains has been equalized, oxidation goes 
on as a noninhibited process. 

15.4 OXIDATION OF TRANSITION METAL IONS BY DIOXYGEN 

Dioxygen oxidizes transition metal ions in the lower valence state generating the 
hydroxyperoxyl radicals or superoxide ions. 1 9 7 9 1 9 8  The thermodynamic character- 
istics of these reactions are presented in Table 15.10. 

The vast majority of the studies in this field relate to the oxidation of iron 
ions by molecular oxygen. The oxidation of Fez+ is first order with respect to 
oxygen and, depending on conditions, first or second order with respect to Fe2+. 
The limiting step includes the transfer of an electron from Fe2+ to oxygen. The 
following is the postulated reaction mechanism: 

Fe," + 0 2  e FeOz" 

Fe0Z2+ + Fe3+ + 02'-  

0 2 ' -  + Fe2+ -+ 022- + Fe"' 

(limiting stage) 

0 z 2 -  + 2H' e~ H2Ol 

H202 + Fez+ + Fe3+ + HO- + HO' 

HO' + Fe2+ + HO- + Fe3+ 

Second order with respect to Fe2+ is explained by the formation of a binuclear 
complex and its faster oxidation: 

Fe0Z2+ + Fe2+ + Fe2+02Fe2+ 

Fe"02Fe2+ + Fe3+ + Fe02' (limiting step) 

Fe02' -+ Fe3+ + 0 2 * -  

TABLE 15.10 Enthalpies, Entropies, and Gibbs Energies for Transition Metal Ion 
Oxidation-Reduction Reactions with Dioxygen in Aqueous Solution (T  = 298 K) 

Reaction 
AG AH A S  

(kJmol-') (kJmol-') (Jmol-' K-') 

Ce' ' + 0 2  + H+ = Ce4' + H02' 170.8 101.9 -23 1 
co2+ + o2 + H+ = co3+ + HO** 190.0 117.5 -243 
CU' + 0 2  + H' = CU" + H02' 19.6 -19.0 -130 
Fe" + 0 2  + H' = Fe'+ + H02' 79.2 28.3 -171 
MnZ+ + O2 + H+ = Mn" + HOz' 153.5 118.6 - 1  17 
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By increasing the hydrogen-ion concentration, the rate of Fe2+ oxidation decrea- 
ses; this is related to the hydrolysis of Fe2+: 

and a faster oxidation for FeOH+. However, in concentrated hydrochloric acid, 
an increase in the oxidation rate is observed as the acid concentration increases. 
This is explained by the formation and rapid oxidation of Fe2+ HCI cornplexe~: '~~  

Feaq2+ + HCl + Fe2+ClH 

Fe2+ClH + 0 2  + FeC12+ + H02' 

Tin(I1) was found to be oxidized by dioxygen via a chain branching me- 
c h a n i ~ m . ' ~ * - ~ ~ ~  The oxidation rate is ZI = k[02I2 in organic solvents and ZI = 
k[Sn(")]'/2[02]1/2 in aqueous solutions. The reaction, under certain conditions, 
has an induction period. Free radical acceptors retard this reaction. The following 
kinetic scheme was proposed for tin(I1) oxidation by dioxygen: 

The very active unstable tin(II1) ion is supposed to play an important role in this 
chain mechanism for tin(I1) oxidation. Cyclohexane, introduced in the system 
Sn(") + 02, is oxidized to cyclohexanol as the result of the coupled oxidation 
of tin and RH. Very strong hydrogen-atom acceptors, namely, hydroxyl radi- 
cals, attack the cyclohexane, RH, with the formation of cyclohexyl radicals that 
participate in the following transformations: 
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Very fast reactions of ROz' and ROOH with tin(I1) and a fast reaction of RO' 
with cyclohexane provide the formation of cyclohexanol as the main oxida- 
tion product. 

The kinetic parameters characterizing the oxidation of transition metal ion 
oxidation by dioxygen are presented in Table 15.1 1 .  

15.5 
METAL IONS 

OXIDATION OF ORGANIC COMPOUNDS BY TRANSITION 

Oxidation of organic compounds by transition metal ions are widely used in 
synthetic organic chemistry. Polar organic compounds (alcohols, ketones, alde- 
hydes, acids, etc.) are oxidized by transition metal ions (Co3+, Ce4+, Mn3+, 
VO", etc.) through a one-electron-transfer mechanism with the formation of 
free radicals.220-222 In water, water-alcohol, and acetic acid solutions, oxidation 
normally includes two or several steps. First, the organic compound enters to 
the internal coordination sphere of the ion-oxidant by an equilibrium reaction. 
Then, in this complex, the oxidation-reduction reaction takes place. The scheme 
of such a reaction is represented in simplified form as follows:22o 

K 
RH + Men+' t, HR.Me'"' -$ R' + Me"+' + Hi 

If the equilibrium is shifted to the left, then 

u = Kkl[RH][Menf'] (15.8) 

If a considerable number of the metal ions are bound in a complex, then 

[Men+'] 1 1 = - +  
U kl klK[RHl 

(15.9) 

As a rule, the rate of the oxidation reaction depends on the hydrogen ion con- 
centration. In the case of alcohol oxidation, it is governed by the presence of two 
or several forms of oxidant ions: Co'+ and CoOH2+, Ce4+ and CeOH'I, and so 
on, related to each other by the equilibrium 

Coaq3+ CoOH2+ + H+ 

The oxidation rate is given by the pH dependent equation 

u = kl [RH] [CO"] + k2 [RH] [C0OH2+] (15.10) 

u = kl [RH][Co"] + KHk2[RH][Co3+][H30+]-' 

zs K H  k2 [RH] [COT+] [ H3 0' 1 ~ ' (15.11) 
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under the condition that kl << ( K H ~ ~ ) / [ H + ] .  Organic acids themselves dissociate 
into ions. In solution both molecules and anions of these acids are oxidized, 
so that the reaction rate depends on the pH. When mineral acids with anions 
that form stable complexes with metal ions are introduced into the solution, this 
complicates the lunetic relationships still more, since, in this case, the solution 
contains a collection of different complexes of the metal, all having different 
reactivities. The reaction rate, in this case, depends on both the pH and anion 
concentration. 

The oxidation of ketones and aldehydes very often is independent of an oxidant 
concentration and is limited by the rate of enolization. Aromatic and unsaturated 
hydrocarbons are oxidized by metal ions in polar solvents by an electron transfer 
reaction 

RH + Men+' -+ R' + Menf + H+ 

For oxygen-containing compounds, the replacement of the hydrogen atoms in 
the vicinity of the oxygen group by deuterium slow down the oxidation rate 
(isotope effect). This indicates that the a-C-H bond participates in the elementary 
oxidizing act in the oxidation of alcohols, formic acid, and other compounds. 
For carbonyl compounds, the isotope effect is explained by the enolization as the 
limiting stage in the oxidation process. 

15.5.1 Oxidation by Tetravalent Cerium 

The Ce4+ ion is a strong oxidizer too. The rate of oxidation by cerium ions 
depends on pH as a consequence of the equilibrium.220 

Ceaq4' e CeOH3' + H+ 

along with the difference in activity between Ce4+ and CeOH3+. The oxidation 
of oxygen-containing compounds proceeds through the preliminary formation of 
a complex. For the values of rate constants, see Table 15.12. 

15.5.2 Oxidation by Trivalent Cobalt 

The trivalent cobalt ion is a strong oxidizer, oxidizing even water. Oxidation 
reactions by Co(1II) ions are studied in strongly acidic solutions.220 The oxidation 
rate depends on pH as a result of the equilibrium 

Coaq3+ e CoOH2+ + HS 

The scheme for oxidation by Co3+ ions is the same as that for trivalent manganese. 
As the hydrogen-ion concentration increases, the reaction is slower, since the 
value of kl K for CoOH2+ is larger than that for Co'+. In the presence of sulfuric 
acid, the reaction rate depends on both the hydrogen-ion concentration and on 
[HSOd- 1. For the values of rate constants, see Table 15.13. 
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15.5.3 Oxidation by Copper Ions 

The oxidation of carbonyl compounds (aldehydes, ketones, sugars) by copper 
complexes is limited by the enolization rate and does not depend on the copper ion 
concentration. One of the exceptions is the oxidation of a-hydroxyacetophenone 
by copper ions in the presence of ~ y r i d i n e . ~ ~ ~  The oxidation rate is given by 
the equation 

u = u,, + ~ [ C U ~ + ] [ P ~ C O C H ~ O H ]  (15.12) 

where u,, is the enolization rate. The following oxidation mechanism was postu- 
lated: 

K k l  PhC(0)CH20H + Cu2+ tf Complex + Cu+ + radical 

and k = k lK .  At 298 K in 50% pyridine with [pyridine H'] = 0.02 M and ionic 
strength = 0.062 M , k  = 2.97 x lop3 Lmol-' s-' ,A = 5.89 x 10" Lmol-'s-', 
and E = 81.6 Hmol-'. 

15.5.4 Oxidation by Trivalent Iron 

The ions of trivalent iron are weak oxidants. The oxidation of hydroxyketones, 
hydroquinones, and ascorbic acid by salts and complexes of trivalent iron were 
studied. The more active form is the hydroxoiron(II1) ion and the experimental 
reaction rate constant k = k lK/[H+],  where K is the dissociation constant of the 
iron(II1) ion. For the values of rate constants, see Table 15.14. 

15.5.5 Oxidation by Trivalent Manganese 

The trivalent manganese ion is a strong oxidizer. Oxidation reactions involving 
sulfate and pyrophosphate complexes of trivalent manganese were studied in an 
aqueous solution. Carbonyl compounds, as a rule, are oxidized in the form of 
enols, and the oxidation rate is often limited by the enolization rate. Acids and 
hydroxy acids first form a complex with trivalent manganese, within which the 
oxidation-reduction reaction is accomplished. The most widely accepted scheme 
for the oxidation is the following: 

K k l  RH + Mn(II1) t, Complex + Products + Mn(") 

Therefore, the experimental bimolecular rate constants listed in Table 15.9 are 
close to production kl K .  

According to Andrulis et al.269 and Andrulis and D e ~ a r , ~ "  the oxidation of 
aromatic compounds proceeds through the preliminary formation of a charge 
transfer complex according to the equilibrium 

RH + Mn[O(O)CMe], RH+ + MeCOO- + Mn(O(O)CMe), 

RH' + MeCOO- + R' + MeC(0)OH 
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636 FREE RADICAL GENERATION BY REACTIONS OF IONS WITH MOLECULES 

Corresponding to this mechanism, the reaction rate is given by the expression 

u = const x [RH][Mn("')]/[Mn(")]. (15.13) 

In Table 15.15, values are listed for k = u/[Mn(III)][RH]. 

15.5.6 Oxidation by Pentavalent Vanadium 

In aqueous solutions, ions of pentavalent vanadium exist in the form V02+ and 
V(OH)32+, the ratio between these two forms depends on pH because of the 
equilibrium. 

V02+ + H30+ + V(OH)32+ 

The oxidation of an alcohol (aldehyde or acid) is preceded by complex formation220 

K1 RH + V02+ ++ Complex -+ V('") + Products 

K2 RH + V(OH)32+ e Complex -+ V('") + Products 

The reaction rate constant measured in an experiment, k = u/[V(V)][RH], is an 
overall constant that includes K I  and kl if V02+ is the oxidant, KH+, K2, and k2 

if V(OH)32+ is the oxidant, or all five constants if the oxidant consists of both 
VO; and V(OH)32+. In the oxidation of malonic acid and formaldehyde, it was 
established that the observed reaction rate230s283 

u = a[V"] + b[V"]2 (15.1 4) 

and it was concluded that these compounds are oxidized in both mononuclear 
and binuclear complexes: 

k3 2 X2 + Products XI +V(OH)32+ 

In Table 15.16, experimental values are listed for k = u/[V"][RH] and their the- 
oretical treatment within the framework of the scheme set forth above. In the 
presence of acids with anions that form stable complexes with vanadium, the 
mechanism of the oxidation is more complicated. For example, in the oxidation of 
alcohols in the presence of H2SO4, it was e~tabl ished~'~ that the reaction rate u - 
[H2S04I2 and u - ([NaHS04] + [H2S04])2, and it was concluded that the alco- 
hols are oxidized by the complex V(OH)L(HSO~)~+ or V(OH)(HS04) (S04)+. 
For the rate constants of organic compounds oxidation, see Table 15.16. 
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15.6 REDUCTION OF PEROXIDES BY RADICAL ANIONS 

Radical anions (Q'-) are very active reducing agents. They can be generated by 
electrolysis, radiolysis, or photolysis. Radical anions participate in reactions of 
electron transfer from a radical anion to a molecule. These reactions are often 
accompanied by fragmentation of the reduced molecule with the formation of 
radical anion. 

Q ' - + A B + Q + A ' + B -  

This reaction can occur either via a stepwise mechanism with an intermediate 
radical anion 

Q'- + AB e Q + AB'- 

or via one elementary step with simultaneous breaking of the A-B bond. The 
last mechanism was analyzed by Saveant and by German and K u z n e t s ~ v . ~ ~ ~ - ~ ~ ~  
Wayner and c o - ~ o r k e r s * ~ ~  studied reactions of line anion radicals with 1 , l -  
dimethylethyl peroxide and dicumyl peroxide in different solvents. 

Q'- + ROOR + Q + RO' + RO- 

The results of measurements are presented in Table 15.17. 
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16 
ISOMERIZATION 
AND DECOMPOSITION 
OF FREE RADICALS 

16.1 INTRAMOLECULAR ABSTRACTION OF HYDROGEN ATOM 

16.1.1 Alkyl Radicals 

Alkyl radical isomerization accompanied by free-valence transfer from one car- 
bon atom to another: 

CaH2(CH2)3CH2R + CH3(CH2)3C'HR 

occurs in the chain cracking and radiolysis of hydrocarbons,' radical polymer- 
ization and oligomerization of monomers,2 and the thermal and thermooxidative 
destruction of po ly rne r~ .~ .~  These reactions affect both the rate of the overall 
process and the composition of the resulting products. The rate constants of 
intramolecular hydrogen-atom abstraction were measured for a few reactions 
(see Table 16.1). 

The experimental data on free radical isomerization reactions with H abstrac- 
tion were analyzed by the IPM r n e t h ~ d . ~  The kinetic parameters of isomerization 
were compared with those of the intermolecular hydrogen-atom abstraction (see 
Chapter 17). The results of analysis and comparison are given in Table 16.2. 

It is seen from the activation energy of thermoneutral reactions that the six- 
membered activated complex is the most favorable for the isomerization of alkyl 
radicals. Obviously, this configuration is the best for intramolecular radical iso- 
merization involving hydrogen-atom abstraction. The effect of the cycle size on 
the activation energy was estimated for intramolecular hydrogen-atom abstraction 
in alkyl radicals. Comparison of the AE, values with the cycle strain energy in 
cyclo-C,H?, suggests their similarity. 
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INTRAMOLECULAR ABSTRACTION OF HYDROGEN ATOM 659 

Transition State 

E,(kJ mol-') 59.4 46.6 57.1 

E (ring strength) (kJ mol-') 26.4 0.0 26.8 
A E, (kJ mol-') 11.9 0.0 9.7 

The intramolecular radical hydrogen-atom abstraction proceeds with lower 
activation energies in comparison with intermolecular (see the values of E, for 
both types of reactions in Table 16.2). The values for activation energies of 
intramolecular radical hydrogen-atom abstraction calculated by the IPM method 
(see Chapter 9) are in Table 16.3. 

16.1.2 Alkoxyl Radicals 

Alkoxyl radicals are very active and rapidly enter into the bimolecular reaction: 

RO' + R'H + ROH + R" 

Moreover, alkoxyl radicals with sufficiently long alkyl substituents isomerize into 
alkyl radicals, for example,I4 

Therefore, the chain chlorination of hydrocarbons with alkyl hypochlorite results 
in the formation of chlorine-containing alcohols because of a more rapid bimolec- 
ular reaction compared to isomerization: l4 

RC0H(CH2)2Me2COH + RlOCl+ RCHCI(CH2)2Me2COH + R10' 

The isomerization occurs via the formation of a six-membered activated complex 
and activation energy for the thermally neutral isomerization of alcoxyl radicals is 
equal to 53.4 kJ mol-' . These parameters were used for the calculation of the acti- 
vation energies for the isomerization of several alkoxyl radicals (see Table 16.4). 
The activation energies for the bimolecular reaction of hydrogen-atom abstrac- 
tion by the alkoxyl radical and intramolecular isomerization are virtually the same 
(see Chapter 17). 

16.1.3 Peroxyl Radicals 

Peroxyl radical isomerization 

RCH(OO')(CH2),CH2R1 -+ RCH(OOH)(CH2),C'HR' 
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TABLE 16.2 IPM Characteristics for Intramolecular H Abstraction Reactions" 

Radical 

R' + R" (six-membered transition state) 

RC0H(CH2)3(C-H)HY 14.63 53.5 3.91 1.0 x 10" 

RC'H(CH2)3 (C-H)HCH=CHz 15.93 63.4 4.26 1.0 x 10' 
RC'H(CH2)3 (C -H)HPh 15.13 57.2 4.04 1.0 lo9 

R' + R" (jive-membered transition state) 

RC'H(CH2)2 (C-H)HY 16.17 65.4 4.32 3.5 x 10" 
RC'H(CH2)2(C-H)HPh 16.67 69.5 4.45 3.5 x 109 
RC'H(CH~)Z(C-H)HCH=CH~ 17.47 76.3 4.67 3.5 10' 
Ph'CMe2CH2-H 14.98 59.3 4.00 3.5 109 

R' + R" (seven-membered transition state) 

RC0H(CH2)4(C-H)HY 15.90 63.2 4.25 2.8 x 10' 
RC'H(CH2)4(C-H)HPh 16.40 67.2 4.38 2.8 x 10' 
RC'H(CH2)d (C-H)HCH=CHz 17.20 74.0 4.59 2.8 x 10' 

RO' + R" (six-membered transition state) 

MeZC(O') (CH2)2 (C-H)HR 13.13 53.4 3.51 2.0 x 10' 
Me2C(O')(CH2)2(C-H)HPh 13.53 56.8 3.61 2.0 x 10' 
Me2C(O')(CH2)2(C-H)HCH=CH2 14.17 62.2 3.79 2.0 x 108 

R02' + R" (six-membered transition state) 

RCH(0O')Y (C -H)HR 13.23 53.2 3.53 2.0 x 109 
RCH(OO')Y(C-H)HPh 14.38 62.8 3.84 2.0 x 108 
RCH(OO')Y(C-H)HCH=CH2 14.82 66.7 3.96 2.0 x 10' 

RO2' + R" (seven-membered transition state) 

RCH(OO')YCH2 (C-H)HR 13.43 54.8 3.59 5.6 x lo8 
RCH(OO')YCH2(C--H)HPh 14.58 64.6 3.90 5.6 x lo7 
RCH(OO')YCH2(C-H)HCH=CH2 15.02 68.6 4.01 5.6 x lo7 

R" + R02' (six-membered transition state) 

RCH(O0-H)YC'HR 16.25 53.2 3.53 2.0 x 10' 
RCH(O0-H)YC'HPh 17.67 62.9 3.84 2.0 x 10* 
RCH(OO-H)YC0HCH=CH2 18.21 66.8 3.96 2.0 x 108 

R" + R02' (seven-membered trunvition stute) 

RCH(OO-H)YCH2C'HR 16.50 54.8 3.59 5.6 x 107 
RCH(OO-H)YCH2C'HPh 17.91 64.6 3.89 5.6 x lo7 
RCH(OO-H)YCHzC'HCH=CH2 18.45 68.6 4.01 5.6 x lo7 

74.8 
79.2 
86.5 

74.8 
79.2 
86.5 
75.3 

74.8 
79.2 
86.5 

53.2 
56.5 
62.0 

56.3 
62.3 
70.2 

56.3 
62.3 
70.2 

56.3 
62.3 
70.2 

56.3 
62.3 
70.2 

"See Ref. 5 .  
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TABLE 16.3 Enthalpies, Activation Energies, and Rate Constants for Intramolecu- 
lar Hydrogen Atom Abstraction in Alkyl Radicals (Calculated by IPM Method)" 

A H  E k (350 K) E (bimol.) 
Radical R' (kJrnol-') (Hmol-I) (s-') (kl mol-') 

-10.0 
0 

-12.0 
-33.4 
-44.9 
-43.0 
-54.5 
- 14.6 
-20.5 
-2.0 
- 14.2 
-19.3 
-26.4 
-43.3 
-45.3 
-50.2 
-60.4 

32.6 
37.5 
31.7 
22.1 
17.4 
18.2 
13.7 
30.5 
27.7 
36.5 
30.6 
28.3 
25.1 
21.6 
20.8 
24.8 
20.8 

2.72 x 10' 
5.06 104 
1.86 104 
1.01 x 107 
5.06 107 

9.02 lo7 

7.35 x 10' 

1.92 x lo7 

5.61 x 10' 

1.07 x 10' 
5.42 x 10' 
5.98 x 10' 
1.79 x lo6 
1.19 x lo6 
7.87 x lo5 

8.87 x 10' 
4.98 105 

54.0 
58.9 
53.0 
43.2 
38.2 
39.0 
34.2 
51.8 
49.0 
57.9 
52.0 
49.6 
46.3 
43.1 
42.3 
47.3 
43.0 

aSee Ref. 5 

TABLE 16.4 Enthalpies, Activation Energies, and Rate Constants for Intramolecu- 
lar Hydrogen Atom Abstraction in Alkoxyl Radicals (Calculated by IPM Method)" 

Radical RO' 

422.0 
412.0 
400.0 
378.6 
367.1 
357.0 
345.5 
397.4 
391 .5 
410.0 
397.8 
392.7 
385.6 
368.7 
354.7 
349.8 
339.6 

-19.5 
-29.5 
-41.5 
-62.9 
-74.4 
-84.5 
-96.0 
-44.1 
-50.0 
-31.5 
-43.7 
-48.8 
-55.9 
-72.8 
-86.8 
-91.7 

-101.9 

29.3 2.5 x lo5 29.1 
25.4 6.4 x 10' 25.2 
21.1 1.4 x lo6 20.8 
14.0 3.3 x 10' 13.7 
10.5 1.1 x 10' 10.3 
7.7 1.4 x 10' 7.5 
4.7 4.0 x 10' 4.5 

20.1 3.9 x lo6 19.9 
18.1 3.9 x lo6 17.9 
24.7 1.2 x lo6 24.5 
20.3 3.8 x lo6 20.1 
18.5 3.4 x lo6 18.3 
16.2 7.7 x lo6 15.9 
14.0 3.3 x lo6 13.7 
9.9 6.6 x lo6 9.7 

13.4 4.0 x lo6 13.2 
10.6 5.2 x lo6 10.4 

"See Ref. 5 .  
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via hydrocarbon oxidation results in the formation of bifunctional products (dihy- 
droperoxides, diatomic alcohols, etc.) even at early oxidation stages. These reac- 
tions are very important in the oxidation of carbochain  polymer^.^,^ The available 
data on the rates of such reactions are summarized in Table 16.5. The activa- 
tion energy for isomerization E was calculated from rate constants using the 
standard preexponential factor A c - H  = 2.0 x lo9 s-' obtained by averaging the 
experimental A values for the reactions ~ t u d i e d . ~  

Peroxyl radical isomerization involving the formation of a six-membered 
activated complex is energetically more favorable: The activation energy of a 
thermally neutral reaction E ,  is 53.2 kJmol-'. For the seven-membered transi- 
tion state, the E,, value (54.8 kJmol-') is slightly higher. The calculated br, 
parameter for the six-membered transition state [ 13.23 (kJ mol-')'/*] is close 

TABLE 16.5 Thermodynamic and Kinetic Parameters for Peroxyl Radical Isomer- 
ization (C-H Designates the Attacked Bond) 

Radical RO2' 
A H ,  E ,  k(350 K) 

(kJmol-I) (Hmol-') (s-I) Cycle References 

PhCH(02')0(C-H)HPh 1.4 
Me2C(02*)CH2(C-H)Me2 41.4 
Me2C(02')0C-HMe2 32.2 
MeCH(02')CH2 (C-H)HMe 41.5 
MeCH(02')CH2(C-H)H(CH2)9Me 50.2 
Me(C-H)HCH2CH(O2*)(CH2)11Me 41.5 
M~CH(O~')CH~(C-H)(O~H)(CH~)I IMe 26.0 
M~~CHCH~C(O~')(M~)CH~(C-H)M~Z 41.4 
Me2C(02')C(O) (C-H)Me2 34.1 
[M~(CH~)SC(~)OCHZ~,CCH~OC(O)- 41.5 

[M~(CHZ)SC(O)OCH~~~CCH~OC(O)- 56.5 

Ph(C-H)(OzH)OCH(Oz*)Ph 1.4 
[Me(CH2)5C(O)OCH2]3CCH20C(O)- 50.2 

[Me(CH~)sC(O)OCH2]3CCH2OC(O)- 26.0 

M~CH(O~')(CH~)~(C-H)H(CHZ)IOM~ 50.2 
EtC(O)OCHzMe2C- 33.3 

[EtC(O)OCH2]3C- 33.3 

Me(C-H)H(CH2)2CH(02') (CH2)loMe 47.5 

[EtC(O)OCH2]2Et- 33.3 

[M~(CH~)~C(O)OCH~],CCHZOC(O)- 26.0 

[Me(CH2)5C(O)OCH2]3CCH2OC(O)- 26.0 

CH2CH(02')CH2 (C-H)HEt 

( C H ~ ) I C H ( ~ ~ ' ) C H ~ ( C - H ) H ~  

(CH2)2(C-H)HCH2CH(02')Me 

CH2CH(02')CH2(C-H)(02H)Et 

CH(O2')OC(O)(C-H)HMe 

CH(02*)OC(O)(C-H)HMe 

MeCH(02')(CH2)2 (C-H)(02H) (CH2) 1 oMe 26.0 

CCH(O?')OC(O)(C-H)HMe 

CH2CH(02*) (CH2)2 (C-H)(02H)Me 

CH2 (C-H)(OzH) (CH2)2CH(02')Me 

44.2 
51.4 
55.2 
68.9 
58.8 
62.2 
48.3 
54.5 
59.0 
56.8 

56.9 

41.1 
56.8 

41.9 

63.1 
52.5 

53.5 

62.3 
52.7 
53.4 

46.2 

41.0 

1.01 x 10' 6 
5.43 6 

11.6 6 
0.21 6 
6.71 6 
2.09 6 

1 . 2 4 ~  10' 6 
14.12 6 
3.13 6 

13.34 6 

19.34 6 

15.22 6 
13.34 6 

1.12 x 10' 6 

1.53 I 
58.41 I 

41.47 I 

2.02 7 
21.29 I 
42.92 7 

2.55 x 102 7 

1.93 x lo2 7 

15-17 
18 

15,19 
20 
21 
22 
22 
23 
24 
25 

25 

11,26 
25 

25 

22.21 
28 

28 

22 
22 
28 

25 

25 
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TABLE 16.6 Enthalpies, Activation Energies, and Rate Constants for Intramolecular 
Hydrogen Atom Abstraction in Peroxyl Radicals (Calculated by the IPM Method)a9b 

Radical RO2' 

CH2(OO')CMe2CH2-H 
MeCH(OO*)CH2 (C-H)HMe 
Me2C(OO*)CHz (C-H)Me2 
MeCH(OO')NH(C-H)HMe 
MeCH(OO')NMe(C-H)HMe 
Me2C(OO')NH(C-H)Me2 
Me2C(OO')NMe(C-H)Me2 

MeC(OH)(OO')CH2(C-H)MeOH 

MeCH(OO')C(O)(C-H)HMe 
Me2C(OO')C(O)(C-H)Me2 

CH(OH)(OO')CH2 (C-H)HOH 

CHz(OU)C(O)(C-H)H2 

C(O)(OW)CH2(C-H)(0) 
PhCH(OO')CH2(C-H)HPh 
PhC(OO')CH2 (C-H)MePh 
CH2=CHCH(OO0)CH2- 

(C-H)HCH=CH2 
CH2=CHC(OO')MeCHz- 

(C - H)MeCH=CH2 

56.5 0 
46.5 0 
41.4 0 
13.1 0 

I .6 0 
-1.6 0 

-13.1 0 
25.8 -2.2 
19.9 -2.2 
44.5 -15.4 
32.3 -15.4 
34. I -15.7 

-20.5 -8.8 
-1.4 0 
-3.9 0 

-15.7 0 

- 19.0 0 

64.3 
58.7 
55.9 
41.6 
36.3 
34.9 
30.0 
45.5 
42.6 
42.2 
35.7 
36.3 
18.3 
44.6 
43.5 
42.4 

41.2 

k(350 K), 

( s - ' )  

1.5 
7.0 
9.2 

2.5 103 
1.5 104 
1.2 104 
6.6 x lo4 
6.4 x lo2 
8.7 x lo2 
3.1 103 
1.9 lo4 
7.7 lo3 
3.8 x lo6 
8.7 x 10' 
6.3 x 10' 
1.9 x lo2 

1.5 x 102 

E(bimo1.) 
(H mol-') 

67.2 
61.6 
58.9 
44.7 
39.4 
38.0 
33.1 
48.6 
45.7 
45.1 
38.7 
39.3 
21.3 
44.1 
43 .0 
45.9 

44.5 

aAEl*. is increment of polar interaction in transition state. 
bSee Ref. 5. 

to the bre value [ 13.62 (kJ m01-')'/~] for bimolecular hydrogen-atom abstrac- 
tion from the aliphatic C-H bond by the peroxyl radical. Therefore, the kinetic 
parameters for isomerization are close to those for bimolecular hydrogen-atom 
abstraction by the peroxyl radical. This allows the estimation of the kinetic 
parameters for peroxyl radical isomerization. Relevant results of calculation are 
presented in Table 16.6. Data from this table shows that the activation energy 
for peroxy radical isomerization ranges from 18.3 to 64.3 Hmol-', whereas the 
rate constant k(350 K) varies from 1.5 to 3.8 x lo6 s-'. 

16.2 CYCLIZATION OF FREE RADICALS 

Alkyl radicals possessing the double bond react with the intramolecular free- 
valence attack on this bond with formation of cyclic free radicals, for example, 

These reactions found numerous applications in synthetic chemistry and were 
intensively studied during the last two  decade^.^^-^^ They are widely used in 
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various kinetic experiments as "o'clock-reactions" as well since the rate con- 
stants of such reactions do not depend on the used solvent. The reactions of 
intramolecular addition are known to produce products with the ring structure 
contains 3,4, 5 ,  6, 7, and 8 atoms. The values for rate constants and the activation 
energies of various reactions with ring formation are compiled in Table 16.7. 

The analysis of experimental data on the preexponential factor of these reac- 
tions showed that this factor depends on the size of the formed ring, and the 
dependence has the following form (n  is the number of atoms in the ring):34 

log(A/s-') = 13.10 - 0.55 x 12 (16.1) 

This dependence was used to calculate the activation energy from the rate constant 
value using the Arrhenius equation. 

E = R T  ln(A/k) (16.2) 

Activation entropy of cyclization AS# was found to be exactly equal to the 
difference of entropies of subsequent linear and cyclic  hydrocarbon^.^^ 

AS' = [S"(cyclo-C,H~,) - S0(C,H2,+2)] (16.3) 

The values of activation energy were analyzed in the IPM model (see Chapter 9). 
The following factors influencing on E were found to be very important. 

The first is the reaction enthalpy that depends on the enthalpy of free-valence 
addition to the double bond and the ring strain energy E,,,. As well as E,,, x 0 
for the six-membered cycle, the minimal values of AH are observed for the 
six-membered cyclization. 

The second factor is the influence of ring strain energy E,,, on the ther- 
moneutral activation energy of cyclization (see Table 16.8). The thermoneutral 
activation energy EeO (see Chapter 9) characterizes the height of the activation 
barrier for the reaction with AH, = 0. The value of Eeo was found to be depen- 
dent on the ring strain energy E::. 

The values of E,o(n) and Ersc(n) are given in the Table 16.8. 

of the cyclization of alkyl radicals possessing the double bond was drawn:34 
As a result, the following simple empirical equation for the activation energy 

= 3.28 x 4- { 1.202 / T - l /  1 + 

(16.5) 

The third important factor is the force constant of the reacting bond. It was found 
that the thermoneutral activation energy of the intramolecular addition to the triple 
bond is higher than that to the double bond (for designations see Chapter 9). 
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TABLE 16.8 Comparison of Activation Energies and Preexponential Factors of Alkyl 
Radicals Cyclization with Ring Formation Stress Energy (Emc) and Entropy of Ring 
Form at i o n 

Number of Atoms in the Formed Ring 3 5 6 7 

EeO (kJ mol-') 
E,,, (kJ mol-I) 

log( Als- ' ) 
AS# (Jmol-' K-I) 
So(cycle) (Jmol-' K-I) 
S0(C,Hzn+2) (J mol-' K-') 
ASo = So(cycle) - S"(C,H2,+2) (Jmol-' K-I) 

Eeo(6) - Eeo(n) (kJmol-') 

36.4 
115.1 
49.3 
11.60 

-32.5 
237.4 
270.0 
-32.6 

69.7 
26.7 
16.0 
10.20 

-59.3 
293.1 
348.9 
-55.8 

85.7 
0.7 
0 
9.90 

-65.2 
298.6 
388.1 
-89.5 

78.0 
26.3 
7.7 
9.10 

-80.5 
342.6 
427.9 
-85.3 

bre EeO b x lo-'' re x lo", 
Bond (kJ mol-')'/2 (kJ mol-l) (kJ mol-') m-' (m) 

c=c 18.39 69.7 5.39 3.41 
c-c 22.98 81.7 6.9 1 3.32 

The values for the parameter re (sum of valence vibration amplitudes of reacting 
bonds) are close and the difference in values of Ee0 is the result of the difference 
in the values of coefficients b (2b2 is the force constant of the attacked double or 
triple bond, respectively). The rate constants values of intramolecular cyclization 
through addition of alkyl and aminyl radicals to double C=N, N=N, and C=O 
bonds are in Table 16.9. 

16.3 DECYCLIZATION OF CYCLIC RADICALS 

Cyclic alkyl radicals react with the break of the ring and formation of linear 
radicals with the double bond. 

When the number of atoms in the cycle n = 3 or 4, reactions with ring opening are 
exothermic and occur fast. Decay of three-membered cyclic alkyl radicals occurs 
with preexponential factor A = 3.0 x 1013*06 s-' and activation energies E = 
7-53 kJmol-' (see Table 16.10). The four-membered cyclic alkyl radicals are 
decomposed very rapidly also. Their preexponential factor A = 6.0 x lo'? '*' 
(number of measurements n = 17) and activation energies varies from 39 to 
58 kJ mol-' (see Table 16.10). Among five-membered cyclic radicals, reactions 



m Q 
r- r- 

* 10 

2 2 
X X 

x 9 
m 

m 00 
N m 
m N 

V 
II 
Pl 
I 

6 

r- 
r- 

cr, 
rn 
N 

r 

r- 
r- 

m 

2 
X 

-! 
m 

m 
m 
N 

00 
r- 

3 
2 
X 

9 
3 

m 
m 
N 

m 
r- 

xt 

2 
X 

9 
3 

m 
N 
m 



m 

2 
X 

9 - 

m 
M 
r\l 

I: a 

d 

2 
X 

9 
3 

m 
N 
m 

3 3 

00 00 

m c 
2 2 
X X - 
3 : 

m m 
m m 
m m 

/ 

ci 

r\l 
00 

m 

2 
X 

2 

m 
v, 
m 

m v 
M 00 

19 r. 

2 2 
X X 

W 2 9 

m m 
m 10 
m m 

685 



c 

2 
X 

r? 
m 

m 
vi 
m 

2 In 2 00 

m m m 
vi In vi 
m m m 

2 

c 
2 
X 

2 

m 
In 
m 

G a 
'L 

W 
00 

P 

2 
X 

09 
m 

m 
In 
cc, 

686 



t- oo 

m 
In 
m 

m 
3 
00 

m 

E? 
X 

? 
3 

m 
In 
m 

U 

2 
X 
i 

r4 

00 
m 
N 

. 

a r- 
t- t- 

* 
2 
X 

9 

2 
X 

r- 
9 

M m 
Q\ 
hl 8 

c 'c 

4 

5 Y 

0 

a 

c 
3 

e 
'c 

r: 

4 

687 



00 
P 

c 

2 
X 

2 

m m 
N 

m 
P 

c 

2 
X 
fl 
ri 

00 m 
N 

E 

0 3' 
E 

c a 

3 

00 
3 

M 

z 
I 

e Z  

688 



M 
00 

m 

2 
X 

W 
": 

m 
vr 
M 

o+ ,g 
u 
I 

. Z  
\ 

m 

5 
X 
'9 

vr 
vr 
M 

m 
2 
00 

m 
2 
X 
c? 
N 

vi 
In 
M 

I 

M 
vr 
m 

/ 
O=U 

\ 
0 

. Z  

d 00 

'0 

2 
X 
3 

4 

M 
In 
M 

2 
0=u 

\ 
0 

689 



r- 
30 

m 
In 
W 

0 m 

30 m 
hl 

3 

690 



FRAGMENTATION OF FREE RADICALS 691 

of radicals with oxygen-containing rings were studied, for example, 

Activation energies for such reactions were found to be equal to 64-67 kJ mol-' 
and the preexponential factor A = 1013 s-l (see Table 16.10). Cyclic alkoxyl 
radicals with five- and six-membered cycles are decomposed with formation of 
radicals with a carbonyl group. 

C Y C ~ O -  [ (CHz), - 1 CH (O')] -+ C'H2 (CH2) -2CH (0) 

The decay occurs with high values of rate constants (300 K) k x 107-108 s-l 
(see Table 16.10). 

16.4 FRAGMENTATION OF FREE RADICALS 

In addition to reactions of isomerization, many free radicals undergo reactions 
of decomposition with production of a molecule and a new free radical. The 
enthalpy of such decomposition is the main factor that determines the activation 
energy and the rate constant of decomposition. 

16.4.1 Alkyl Radicals 

Alkyl radicals are generated in reactions for the decomposition of diacyl per- 
oxides, peresters (see Chapter 5) ,  and azo compounds (Chapter 7), as well as in 
reactions of alkoxyl, hydroxyl, and aminyl radicals with solvent (see Chapter 18). 
Alkyl radicals undergo unimolecular fragmentation by the scission of the B-C-H 
bond with formation of an olefin and hydrogen atom.'34 Such reactions are very 
endothermic. For example, the reaction of ethyl radical fragmentation into ethy- 
lene and a hydrogen atom occurs with enthalpy equal to 150 kJmol-'. Such 
high endothermic reactions play an important role in high temperature thermol- 
ysis of hydrocarbons at T > 800 K.' For the values of A H  for these reactions, 
see Table 9.6, Chapter 9. 

Another reaction of alkyl radical decomposition is the scission of B-C-C 
bond,'30 for example, 

These reactions are very endothermic as well. The enthalpy of n-propyl radi- 
cal decay is equal to 99 kJmol-'. These reactions are important in gas-phase 
thermolysis of hydrocarbons' and occur very slowly at moderate temperatures 
300-450 K. 
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704 ISOMERIZATION AND DECOMPOSITION OF FREE RADICALS 

16.4.2 Acetyl Radicals 

Acetyl radicals are produced as a result of the following reactions. They are 
produced in the reactions of free radicals with aldehydes, for example, 

R'O' + RC(0)H + RC'(0) + R'OH 

and in reactions of the addition of alkyl radicals to carbon monoxide.61 Frag- 
mentation of acetyl radicals:61 

RC'(0) + R' + CO 

occurs with a sufficient rate at moderate temperatures (see Table 16.1 1). Endother- 
micity of acyl radical fragmentation is not as high as that of alkyl radicals. For 
example, acetyl radical splits into methyl radical and carbon monoxide with 
A H  = 47 kJmol-'. 

16.4.3 Alkoxyl Radicals 

Alkoxyl radicals are generated by decompositions of alkyl peroxides, peresters, 
and alkyl nitrites (see Chapters 4, 6, and 8) and from hypochlorites via the 
reaction'35 

ROC1 + R" + RO' + R1 C1 

They are very active in reactions of hydrogen-atom abstraction from different 
organic compounds (see Chapter 18). Alkoxyl radicals are unstable at elevated 
temperatures and are decomposed by splitting of a-C-C bond with formation of 
a carbonyl compound and an alkyl radical, for example,'34 

(CH3)3CO' + C'H3 + CH3C(O)CH3 

The enthalpy of this reaction is equal to 65 kJmol-'. For rate constants and 
activation energies for decay of alkoxyl radicals, see Table 16.11. 

16.4.4 Carboxyl Radicals 

Carboxyl (acetoxyl) radicals are produced as a result of the decomposition of per- 
esters and diacyl peroxides (see Chapter 5). Decomposition of acetyloxyl radicals 
is exothermic and occurs very rapidly (see Table 16.1 1). Reaction 

CH3C(O)O' -+ C'H3 + COz 

occurs with AH = -35 kJmo1-' and the rate constant k(298 K) = 2 x lo9 s-'. 
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16.4.5 Peroxyl Radicals 

Peroxyl radicals are produced in the result of dioxygen addition to alkyl radicals. 
The formed C-0  bond has the BDE > 100 kJmol-' and alkyl radicals are 
stable at moderate temperatures (T  < 450 K).'76 In the case of ally1 and benzyl 
radicals, the C-0  bond is weaker (60-80 kJmol-') and these R02' are unstable 
at elevated temperatures ( T  > 360 K). 

Peroxyl radicals formed from cyclohexadienyl compounds are unstable and 
decomposed with elimination of the hydroperoxyl radical. 17' 

.o -0' 

For rate constants for such reactions of elimination, see Table 16.1 1 .  

formed as the result of alcohol ~xidation. '~ '  
A similar reaction for H02' elimination occurs with a-hydroxyperoxyl radicals 

Me*C(OH)OO' -+ MeC(0)Me + HOz' 

The reaction to substitute the peroxyl radicals by hydroperoxyl radicals in oxi- 
dized alcohol occurs rapidly at elevated temperatures. The same reaction takes 
place with a-aminoperoxyl radicals. 

RNHCH(0O')R' -+ RN=CHR' + HOz' 

The values of rate constants of these reactions are in Table 16.11. 

and elimination of ep~xide. '~ '  
The p-peroxyalkyl radicals are decomposed with splitting of the 0-0 bond 

R 

The rate constants of two such reactions are in Table 16.11. 
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17 
FREE RADICAL ABSTRACTION 
REACTIONS 

Bimolecular radical abstraction reactions participate in many chemical processes 
such as combustion, liquid-phase oxidation of hydrocarbons, halogenation and 
cracking of hydrocarbons, degradation of polymers, photolysis and radiolysis of 
organic compounds, etc. These reactions began to be investigated vigorously as 
early as the 1920s. The experimental data on the abstraction reactions in the 
gas and liquid phase are collected in handbooks and  database^.'-^ According 
to the transition state theory, three atoms (X . . . H . . . Y) at the reaction center 
of the abstraction reaction x' + HY + XH + Y' are placed on a nearly straight 

The last quantum chemical calculations proved that small deviation from 
the straight line are observed in reactions with an unsymmetrical reaction center.I2 
The interatomic distances and angles in the reaction center (X . . . H . . . Y) of a 
few reactions are given below.l2 

r(X...H) x 10'' r(Y...H) x 10'' (p(X...H...Y) 
Reaction X...H...Y (m) (m) ("1 

C'H? + CH4 C. . .H. . .C 1.347 1.347 180 
N'H2 + H2 N. . .H. . .H 1.335 0.881 161 
HO' + H2 0..  .H.. .H 1.429 0.804 163 
HO' + CH4 0. . .H. . .C 1.325 1.216 174 

17.1 CLASSIFICATION OF RADICAL ABSTRACTION REACTIONS 

A great number of kinetic data on radical abstraction reactions were analyzed in 
the framework of IPM (see Chapter 9).13-16 Parameters for free radical reactions 
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introduced by this method opened the way for us to build up a new classification 
of abstraction reactions. 

The BDE is an individual characteristic of the molecule entered into the reac- 
tion or formed. The force constants for the stretching vibration of bonds (2n2u2k) 
of each type (C-H, O-H, etc.) are virtually identical for the entire class of iso- 
typical compounds. This important factor makes it possible to classify radical 
abstraction reactions in terms of the type of reacting bonds and the coefficients 
b characterizing them (2b2 is the force constant of the reacting bond). A pair 
of coefficients, b, and bf or b = bi and a = bi/bf, corresponds to each class 
of such reactions. In the calculation of the activation energy E ,  from E and 
conversely, the zero-point vibration energy of the cleaved bond also becomes 
important. The quantities a, br,, E,o, O.ShL(v - vf), and the preexponential fac- 
tor A for the studied radical abstraction reactions of different classes are listed 
in Table 17.1. 

The class of radical abstraction reactions may include a single reaction (e.g., 
H' + HCl), one group of reactions (e.g., R' + NH3, where R' is any alkyl rad- 
ical), or several such groups (e.g., the class of reactions RO'+R'H, where 
R'H is a hydrocarbon, consists of three groups of reactions: RO' + HR' , RO' + 
HR2, and RO' + HR3, where R'H, R'H, and R3H are any aliphatic, unsat- 
urated, and aromatic alkyl-substituted hydrocarbons, respectively. All of the 
reactions belonging to one group are characterized by a single parameter re 
or br,. By knowing the parameter br,, it is possible to calculate an important 
characteristic of the reactivity of each group of reactions such as the activa- 
tion energy for a thermally neutral reaction E&. The energies Ee0 may dif- 
fer significantly for reactions of different classes (see Table 17.1). Knowing 
these parameters, it is easy to find the analogous characteristics of the reverse 
reactions. For a reverse reaction, to which the index f corresponds, we have 
af = a-I, bf = b/a,  and OShLuf = O.ShLvi/a. The classification of radical reac- 
tions carried out in this way makes it possible to observe empirically (on the 
basis of the parameter br,) structural differences between reactants within one 
class, to compare the classes and groups of reactions in terms of reactivity 
(in terms of the parameter br, or E,o), and to identify the physical and struc- 
tural factors determining the reactivities of groups of reactants. The activation 
energy for any individual reaction within the limits of a given group of reac- 
tions may be calculated correctly from the parameters a,  br,, and the enthalpy 
of reaction (equations for calculations are given in Chapter 9). These parame- 
ters were used for the calculation of activation energies and rate constants of 
various free radical reactions. The results of the calculation are presented in 
Tables 17.2- 17.8. 

17.2 ENTHALPY OF REACTION 

A clear-cut dependence of the activation energy on the heat (enthalpy) of reaction 
was established for radical abstraction reactions almost 60 years ago when Evans 
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TABLE 17.1 Parameters of the IPM Method for Reactions of Hydrogen-Atom 

br, E,o 0.5hL(~i - ~ f )  A 
Reaction a (kJ mol")"' (kl mol-') (kJ mol-I) (L mol-' s-') 

R" + R'H 
R" + R2H 
R" + R3H 
R2' + R2H 
R2' + R3H 
R" + R3H 
N'H' + R'H 
N'H2 + R2H 
NOH2 + R'H 
RO' + R'H 
RO' + R2H 
RO' + R3H 
R02' + R'H 
R02' + R2H 

R3Si. + R'H 
~ 3 ~ 1 .  + R ~ H  
RISi' + R3H 

R02' + R3H 

R" + R2N-H 
R" + H-OR 
R" + H-OOR 
R" + H-SIR~ 
R" + H-SR 
N'H2 + H-NRz 
N'H2 + H-OR 
N'H2 + H-OOR 
N'H2 + H-SIR~ 
N'H2 + H-SR 
RO' + H-NR2 
RO' + H-OR 
RO' + H-OOR 
RO' + H-SIR? 
RO' + H-SR 
R02' + H-NR2 
ROz' + H-OR 
ROz' + H-OOR 
RO2' + H-SIR? 
ROz' + H-SR 
R1S1' + H-NRz 
R~SI '  + H-OR 
R1S1' + H-OOR 
R3S1' + H-SIR7 
RISI' + H-SR 

1 .OO 
1 .OO 
1 .OO 
1 .OO 
1 .OO 
1 .OO 
0.869 
0.869 
0.869 
0.796 
0.796 
0.796 
0.814 
0.814 
0.814 
1.358 
1.358 
1.358 
1.150 
1.256 
1.229 
0.736 
0.808 
1 .000 
1.092 
1.068 
0.640 
0.703 
0.916 
1.000 
0.978 
0.586 
0.644 
0.936 
1.022 
1.000 
0.599 
0.658 
1.562 
1.706 
1.669 
1.000 
1.098 

17.30 
18.60 
17.80 
19.25 
18.45 
18.05 
13.70 
15.01 
14.46 
13.10 
14.14 
13.50 
13.61 
15.20 
14.32 
17.91 
19.18 
18.40 
18.07 
16.46 
16.73 
13.18 
11.80 
19.86 
11.77 
11.11 
10.57 
8.78 

12.36 
13.62 
14.13 
10.13 
10.39 
1 1.93 
14.45 
13.13 
12.41 
10.39 
18.78 
17.29 
20.72 
13.69 
12.73 

74.8 
86.5 
79.2 
92.6 
85.1 
81.4 
53.7 
64.5 
59.9 
53.2 
62.0 
56.5 
56.3 
70.2 
62.3 
57.7 
66.2 
60.9 
70.6 
53.2 
56.3 
57.6 
42.6 
98.6 
31.6 
28.9 
41.5 
26.6 
41.6 
46.4 
51.0 
40.8 
39.9 
38.0 
51.1 
43.1 
60.2 
39.3 
53.7 
40.8 
60.3 
46.8 
36.8 

0.0 
0.0 
0.0 
0.0 
0.0 
0.0 

-2.6 
-2.6 
-2.6 
-4.3 
-4.3 
-4.3 
-3.8 
-3.8 
-3.8 

4.8 
4.8 
4.8 
2.6 
4.3 
3.8 

-4.8 
-3.6 

0.0 
1.7 
1.2 

-7.4 
-6.2 
-1.7 

0.0 
-0.5 
-9.1 
-7.9 
-1.2 

0.5 
0.0 

-8.6 
-7.4 

7.4 
9.1 
8.6 
0.0 
1.2 

1.0 109 
1.0 x 108 
1.0 x 108 
1.0 x 108 
1.0 x 108 
1.0 x 108 
5.0 x 108 
5.0 x 107 
5.0 x 107 
1.0 x 109 
1.0 x 108 
1.0 x 108 
1.0 x 108 
1.0 x 107 
1.0 107 
1.0 109 
1.0 x 108 
1.0 x 108 
1.2 x 108 
1.0 x 108 
1.0 x 107 
1.0 x 109 
2.0 x 107 
5.0 x lo8 
2.0 x 108 
2.0 x 107 
1.5 x 108 
2.0 x 107 
5.0 x 108 
1.0 x 109 
1.0 x 109 
1.0 x 109 

1.0 x 109 
1.0 x 108 
1.0 x 108 
3.2 x 107 
5.0 x 107 
1.0 x 109 
1.0 x 108 
2.0 x 109 
1.0 x 108 

1.0 x 109 
5.0 107 

- 

aFor designation, bee Chapter 9. 
bSee Refs. 13-25. 
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TABLE 17.2 Activation Energies for Alkyl Radical Reactions with C-H Bonds of 
Organic Compounds R' + RiH -P RH + Ri' (Calculated by the IPM Method)a 

R;H C'H3 MeC'H2 Me2C.H Me3C' D* (* 

EtMeCH-H 
MqC-H 

03 
CH*=CHCHl-H 
CH2 =CHCH-HMe 
CH2=CHC-HMe2 
(Z)-MeCH=CHCH-HMe 
Me*=CHCH-HMe 
MezC=CMeC-HMe2 
CH2=CHCMe-HCH=CH2 

45.8 
40.1 

48.4 

43.8 

41.8 

38.1 

34.8 

38.1 
31.2 
27.5 
29.0 
24.8 
21.7 
16.7 

28.2 

24.4 

18.4 

14.8 

54.3 
48.1 

57.0 

52.1 

50.0 

46.1 

42.5 

46.0 
38.1 
34.1 
35.8 
31.2 
27.9 
22.5 

34.8 

30.8 

24.3 

20.5 

59.2 
52.8 

62.0 

56.9 

54.7 

50.7 

47 .0 

49.8 
42.1 
38.0 
39.7 
35.0 
31.5 
25.9 

38.7 

34.6 

27.8 

23.8 

65.4 
58.7 

68.3 

63.0 

60.7 

56.5 

52.6 

55.1 
47.1 
42.8 
44.7 
39.7 
36.1 
30.2 

43.6 

39.3 

32.2 

28.0 

50.9 
44.9 

53.5 

48.8 

46.7 

42.9 

39.5 

42.6 
35.3 
31.5 
33.1 
28.7 
25.4 
20.2 

32.2 

28.3 

22.0 

18.2 

67.7 
70.0 

70.7 

65.3 

63.0 

58.7 

54.8 

57.2 
49.0 
44.7 
46.6 
41.5 
37.9 
31.9 

45.5 

41.1 

33.9 

29.6 
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TABLE 17.2 (continued) 

723 

E (kJ mol-I) 

MeC=CC - HMe2 
PhMeCH-H 
PhMe2C-H 

Me2NH2C-H 

Me2(HO)C-H 
(CHz=CHCH2)3N 

W O H  

MeCH=CMeC-HMeOH 

/ 

PhC(0)-H 

Me2CHOC-HMe2 

Ph2C-HOMe 
(CHl=CHCH-H)20 

23.9 
29.7 
26.2 

22.9 

15.1 

31.5 
29.6 
36.0 

24.0 

22.5 

20.2 

23.8 

37.5 

36.1 
35.0 
26.0 

MeC'H2 Me2C'H 

30.3 
36.9 
33.0 

29.5 

21.0 

39.0 
36.4 
43.8 

30.4 

28.8 

26.5 

30.4 

45.4 

43.9 
42.2 
32.8 

34.0 
41.0 
37.0 

33.4 

24.5 

43.4 
40.4 
48.4 

34.1 

32.4 

30.2 

34.3 

50.0 

48.5 
46.3 
36.8 

Me3C' 

38.7 
46.2 
42.1 

38.3 

28.9 

48.8 
45.3 
54.0 

38.8 

37.0 

34.9 

39.2 

55.8 

54.2 
51.6 
41.9 

D* 
~ 

27.8 
34.0 
30.3 

26.9 

18.6 

36.0 
33.7 
40.7 

27.9 

26.3 

24.0 

27.8 

42.3 

40.8 
39.3 
30.1 

40.5 
48.2 
44.0 

40.1 

30.6 

50.9 
47.2 
56.2 

40.6 

38.8 

36.8 

41.1 

58.0 

56.4 
53.6 
43.8 

'See Eqs. (9.12), (9.15), and (9.16) and the parameters in Table 17.1. 

and Polanyi found the linear relation between the changes in the activation energy 
A E and the heat of reaction Aq in a series of reactions of atomic sodium and alkyl 
halides.26 Later, Semenov2' demonstrated, in relation to extensive experimental 
data, that the linear relation A E  - A q ,  where q is the heat of the reaction, holds 
in other radical abstraction reactions. 
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TABLE 17.4 Activation Energies for Reactions of the Renzyl 'Qpe of Radicals with 
C-H Bonds of Organic Compounds R' + RiH --f RH + Ri' (Calculated by the IPM 
Method)" 

E (kJmol-') 

PhC'H2 PhMe2C' Ph3C' 
/ 

EtMeCH-H 
Me3C-H 

d 

03 
CH2=CHCH2-H 
CHz=CHCH-HMe 
CH2 =CHC -HMe2 
(Z)-MeCH=CHCH-HMe 
Me2C=CHCH-HMe 
Me2C=CMeC-HMe2 
CH2=CHCMe-HCH=CH2 

83.3 
76.1 

86.4 

80.7 

78.2 

73.7 

69.5 

65.5 
56.9 
52.2 
54.2 
48.9 
44.9 
38.5 

53.1 

48.4 

40.7 

94.9 
87.4 

98.2 

92.2 

89.6 

84.8 

80.4 

75.8 
66.6 
61.6 
63.7 
58.0 
53.8 
46.9 

62.5 

57.5 

49.3 

100.2 
92.4 

103.5 

97.4 

94.7 

89.8 

85.3 

80.4 
70.9 
65.8 
68.0 
62.1 
57.8 
50.7 

66.8 

61.6 

53.1 

98.3 115.1 
90.6 106.9 

101.6 I 18.7 

95.5 112.2 

92.9 109.4 

88.0 104. I 

83.5 99.3 

78.7 93.6 
69.4 83.5 
64.3 78.0 
66.5 80.4 
60.7 74.1 
56.4 69.4 
49.3 61.8 

65.2 79.0 

60.1 73.5 

51.7 64.4 
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TABLE 17.4 (continued) 

E (kJ mol-') 

Ri H 
o p h  

PhC'H2 PhMezC' Ph3C 
/ 

MeC-CC-HMe2 
PhMeCH-H 
PhMe2C-H 

Me2NH2C-H 
(CH2=CHCH2)3N 
Mez(H0)C-H 

MeCH=CMeC-HMeOH 

PhC(0)-H so 
MezCHOC-HMe2 

PhZC-HOMe 
(CHz=CHCH-H)20 

36.0 

47.7 
60.0 
55.5 

51.3 

41.0 

65.4 
54.9 
71.0 

55.3 

45.9 

47.7 

52.4 

73.0 

71.2 
69.2 
55.3 

44.3 

56.8 
70.1 
65.4 

60.9 

49.8 

76.0 
64.5 
82.0 

64.5 

54.9 

57.0 

62.0 

84.0 

82.2 
79.2 
65.1 

48.0 

60.9 
74.7 
69.8 

65.2 

53.8 

80.8 
68.8 
86.9 

68.6 

58.9 

61.2 

66.4 

89.0 

87.1 
83.7 
69.5 

46.7 58.8 

59.4 72.7 
73.0 87.8 
68.2 82.5 

63.6 77.6 

52.4 65.4 

79.0 94.5 
67.3 81.2 
85.2 101.1 

67.1 80.4 

57.5 70.6 

59.7 73.3 

64.8 78.9 

87.2 103.3 

85.3 101.2 
82.1 96.5 
67.9 82.3 

'See Eqs. (9.12), (9.15). and (9.16) and the parameters in Table 17.1. 
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TABLE 17.5 Rate Constants and Activation Energies for the Aminyl (N'H2) Radical 
Reactions with C-H Bonds of Organic Compounds" 

RH 
A He E A k (300 K) 

n (kJ mol-I) (kJ mol-I) (L mol-' s-') (Lmol-' s- ' )  

EtMeCH-H 
Me3C-H 

23 
C X H  

CH2=CHCH2 -H 
CH2=CHCH-HMe 
CH2 =CHC-HMe* 
(Z)-MeCH=CHCH-HMe 
Me2 C=CHCH -HMe 
Me2C=CMeC -HMe2 
CH2=CHCMe-HCH=CH2 

4 
1 

8 

I 

1 

1 

2 

3 
2 
I 
2 
2 
1 
1 

4 

4 

4 

2 

-39.0 
-52.0 

-33.5 

-43.6 

-48. I 

-56.5 

-64.4 

-84.0 
- 102.2 
-1 12.4 
- 108.0 
- 120.0 
- 129.2 
-144.8 

-110.5 

-121.1 

- 139.4 

-151.0 

21.1 
16.4 

23.2 

19.4 

17.8 

14.8 

12.2 

15.7 
10.3 
7.5 
8.7 
5.6 
3.3 
1 .0 

8.0 

5.3 

1.2 

1 .o 

2.0 109 

4.0 109 

5.0 109 

5.0 x 10' 

7.0 109 

5.0 x 10' 

1.0 x 109 

1.5 x 10' 
1.0 x 108 
5.0 107 
1.0 x 10' 
1.0 x 10' 
5.0 107 
5.0 x 107 

1.0 109 

2.0 x 10' 

2.0 109 

1.0 109 

4.24 x 105 

7.00 x 105 

3.62 x 105 

2.10 x 106 

5.65 x lo6 

1.31 x 106 

7.52 x lo6 

2.71 x 105 
1.59 x lo6 
2.45 x lo6 
3.04 x lo6 
1.08 x 107 
1.34 107 
3.35 x 107 

7.98 x 107 

2.42 x 10' 

1.24 x 10' 

6.70 x 10' 
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TABLE 17.5 (continued) 

RH 
A He E A k (300 K) 

n (kJ mol-’) (kJ mol-’) (L mol-’ SKI) (L mol-’ s-’) 

MeC-CC - HMe2 1 -122.6 4.9 5.0 x lo7 7.02 x loh 
PhMeCH-H 2 -87.9 10.4 1.0 x lo* 1.53 x lo6 
PhMezC - H 1 -97.3 7.7 5.0 x lo7 2.25 x lo6 

4 -106.4 5.3 2.0 x lo9 2.42 x lo* 

H H  

4 -130.0 1 .o 2.0 109 1.34 109 a / 

Me2NCH2 -H 1 -72.5 9.6 5.0 x 10’ 1.05 x lo7 
(CH*=CHCH2) 3 N 6 -106.4 5.3 3.0 x los 3.63 x lo7 

“See Eqs. (9.12), (9.15), and (9.16) and the parameters in Table 17.1 

The IPM model’”’6 opens the way for us to evaluate the contribution of 
reaction enthalpy to the activation energy of any radical abstraction reaction. As 
noted above, all radical abstraction reactions can be divided into groups and the 
activation energy EeO for a thermally neutral reaction can be calculated in each 
group. The possibility of calculating the activation energy for any reaction of 
the given series (group) from the value of EeO (or br,) and of estimating the 
contribution of the enthalpy to the activation energy follows from this important 
factor. The contribution of A E H  represents the difference between the activation 
energies for the given (ith) reaction and a thermally neutral reaction characterized 
by the quantity EeO 

A E H  = E, - EeO (17.1) 

As an example, Table 17.9 presents the values of A H ,  E ,  and A E H  for the 
reactions of different classes. It follows from this table that the ratio A E H I A H  
for these groups of reactions is close to 0.5 at low values of A H .  

In terms of the parabolic model, it is possible to obtain simple and physically 
clear equations for the estimation of A E H  as a function of a,  br,, and AH,. The 
following simple expressions follow from the combination of Eqs. (17.2) and 

for a = 1 

(9.12) - (9.14): 

A E H  = 0.5AHe + 0.25(bre)-*AH; (17.2) 

for a # 1 

(1 - a2)AE” = 2 ~ t ( b r , ) ~  - w’AH, - 2 ~ ( b r , ) ~ [ l  - ( 1  - ~t*)(br,)-*AH,]”~ 
(17.3) 
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TABLE 17.6 Rate Constants and Activation Energies for the 1-Methyl-1-phenyleth- 
oxyl Radical (MezPhCO') Reactions with C-H Bonds of Organic Compounds" 

RH 
A H ,  E A k (300 K) 

II (kJmol-I) (Hmol-') (Lmol-' s-I) (Lmol-' s-') 

EtMeCH-H 
Me3C-H 

O H  

co 
CH2rCHCH2-H 
CH2 =CHCH -HMe 
CH2=CHC-HMe2 
(Z)-MeCH=CHCH-HMe 
Me2C=CHCH-HMe 
Me*C=CMeC-HMez 
CH2 =CHCMe -HCH=CH2 

4 
1 

8 

1 

1 

1 

2 

3 
2 
1 
2 
2 
1 
1 

4 

4 

4 

2 

-31.6 
-44.6 

-26.1 

-36.2 

-40.7 

-49.1 

-57.0 

-76.6 
-94.8 

-105.0 
-100.6 
-112.6 
-121.8 
- 137.4 

- 103.1 

-113.7 

- 132.0 

- 143.6 

24.1 
19.4 

26.2 

22.4 

20.8 

17.9 

15.3 

17.3 
12.0 
9.3 

10.4 
7.3 
5.1 
1.6 

9.8 

7.1 

2.8 

1 .o 

4.0 x 109 

8.0 109 

1.0 x 109 

10 x 10'0 

1.4 x 10"' 

1.0 109 

2.0 109 

3.0 x 10' 
2.0 x 108 
1.0 x 108 
2.0 x 108 
2.0 x 108 
1.0 x 108 
1.0 x 108 

4.0 x 10' 

4.0 x 10' 

4.0 109 

2.0 109 

2.53 x 10' 
4.13 x 105 

2.19 x 105 

1.25 x lo6 

3.34 x 106 

7.65 x 105 

4.35 x 106 

2.92 x 105 
1.62 x lo6 
2.42 x 106 
3.05 x lo6 
1.05 107 
1.28 107 
5.20 107 

7.95 107 

2.35 x 10' 

1.30 109 

1.34 x 109 
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TABLE 17.6 (continued) 

RH 
E A k (300 K) A He 

n (kJmol-') (Mmol-') (Lmol-' s-l) (Lmol-' s-') 

MeC-CC-HMe2 1 -115.2 6.7 1.0 x 10' 6.81 x lo6 
PhMeCH-H 2 -80.5 11.1 2.0 x 10' 2.26 x lo6 
PhMez C - H 1 -89.9 8.6 1.0 x 10' 3.23 x lo6 

4 -99.0 6.2 4.0 x lo9 3.36 x 10' i-.-;"; 
rn H H  

4 -122.6 1 .o 4.0 109 2.6s 109 

1 -65.1 12.8 1.0 109 6.03 106 MezNH2C-H 
(CH:,=CHCH2)3N 6 -99.0 10.9 6.0 x 10' 7.69 x lo6 

Eqs. (9.13), (9.15), and (9.16) and the parameters in Table 17.1. 

for AH,(l - a2) << (br,)' 

AEH = a(1 + a>-'AH, + 0.25~i (br , ) -~AH2 (17.4) 

It is seen from Eqs. (17.2)-( 17.4) that, for low values of the enthalpy of reaction, 
AEH is directly proportional to AE,, which agrees with the Polanyi-Semenov 
equation. The slope of the linear plot of AEH as a function of AH, depends on 
a, that is, on the force constants of the bonds. The ratio AEHIAH, = a(1 + a)-l 
at low AH, may serve as a parameter for the sensitivity of AE, to AH, for low 
values of the latter. For reactions of different classes, the coefficient a varies in 
the range 0.6-1.7 and the coefficient a(l + a)-' therefore varies from 0.38 to 
0.63. The ratio AEHIAH, increases with increasing reaction enthalpy and tends 
to unity. Here are the values of ratio AEHIAH, at br, = 15.0 (kJ/mol)'/* and 
different a and AH, (kJmol-'): 

AH,(kJmol-') 

a 10 20 40 70 100 120 

AEHIAHe 

0.667 0.405 0.4 10 4.200 4.346 4.494 4.593 
1 .ooo 0.51 1 0.522 0.544 0.578 0.61 1 0.633 
1.500 0.625 0.650 0.700 0.775 0.850 0.900 
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TABLE 17.7 Rate Constants and Activation Energies for the Benzoyloxyl Radical 
(PhC02') Reactions with C-H Bonds of Organic Compounds" 

A He E A k (300 K) 
RH n (kT mol-') (kJ mol-') (Lmol-I s-') (L mol-' s-I) 

- 

EtMeCH-H 
Me3C-H 

d 
0: 

8 
CH2zCHCH2 -H 
CH2=CHCH-HMe 
CH2=CHC-HMez 
(Z)-MeCH=CHCH-HMe 
MezC=CHCH-HMe 
MezC=CMeC-HMez 
CH2=CHCMe-HCH=CH2 

4 
1 

8 

1 

1 

1 

2 

3 
2 
1 
2 
2 
1 
1 

4 

4 

4 

2 

-34.8 
-47.8 

-29.3 

-39.4 

-43.9 

-52.3 

-60.2 

-79.8 
-98.0 

-108.2 
-103.8 
-115.8 
-125.0 
- 140.6 

- 106.3 

- 1 16.9 

- 135.2 

-146.8 

22.9 
18.3 

25.0 

21.3 

19.7 

16.8 

14.3 

16.3 
11.1 
8.5 
9.6 
6.6 
4.4 
1 .0 

8.9 

6.3 

2.1 

1 .o 

8.0 109 
2.0 x 109 

1.6 x 10'O 

2.0 x 10'0 

2.8 x 10" 

2.0 x 109 

4.0 109 

6.0 x 10* 
4.0 x 108 

4.0 x lo8 
4.0 x lo8 
2.0 x 108 
2.0 x 108 

8.0 x 109 

8.0 x 109 

8.0 109 

2.0 x 108 

4.0 109 

8.24 105 
1.30 x 10' 

7.10 x lo5 

3.96 x lo6 

1.05 x 107 

2.35 x lo6 

1.31 107 

8.60 x lo5 
4.60 x 10' 
6.75 x lo6 
8.55 x lo6 
2.89 107 
3.46 x 107 
1.36 x 10' 

2.22 x 108 

6.43 x lo8 

3.44 x 109 

2.68 109 
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TABLE 17.7 (continued) 

RH 
AH, E A k (300 K) 

n (kJ mol-') (klmol-I) (Lmol-'s-') (Lmol-' SKI) 

MeCGCC-HMez 1 -118.4 5.9 2.0 108 1.86 107 
PhMeCH-H 2 -83.7 10.3 4.0 x 10' 6.51 x lo6 
PhMe2C-H 1 -93.1 7.7 2.0 x 10' 9.10 x lo6 

4 -102.2 5.4 8.0 x lo9 9.29 x 10' 

H H  

4 -125.8 1 .O 8.0 x lo9 5.36 x lo9 a / 
Me2NH2C-H 1 -68.3 11.8 2.0 109 1.78 107 
(CH2=CHCH2)3N 6 -102.2 10.0 1.2 109 2.17 107 

"See Eqs. (9.13), (9.15), and (9.16) and the parameters in Table 17.1. 

The activation energy increases with an increase in A H ,  and diminishes with 
an increase in /AH,I for A H ,  < 0. On the other hand, according to the law 
of conservation of energy, E > 0 for exothermic reactions and E > A H ,  for 
endothermic reactions. This follows from the law of conservation of energy and 
Eq. (9.5).28 The parameter br, for one group of reactions is constant, while A He 
varies in the range AH,,,,, < A H ,  < AH,,,,,. For highly endothermic reac- 
tions with A H ,  > AH,,,,, the activation energy is E = A H  + 0.5RT, while for 
exothermic reactions with A H ,  < AH,,,,, it is 0.5RT (see Chapter 9). The lim- 
iting values of enthalpies of one class of radical reactions AH,,,,, and AH,,,,, 
are related to the parameters br, and a in the following way:28 

AH,,,, = (bre)* - 2abre(0.5hLuf)'/* + 0.5(a2 - 1 ) h L ~ f  

AH,,,,, = 

(17.5) 

+ 2a-*br,(0.5hL~,)'/~ + 0.5(1 - K 2 ) h L v ,  (17.6) 

As seen from Eqs. (17.5) and (17.6), the range of variation of A H ,  in which 
br, = const is wider the greater the parameter br,. For the reactions of alkyl 
radicals with aliphatic hydrocarbons (a = 1,  br, = 17.23 (kJ /m~l) ' /~) ,  we have 
AH,,,,, = lAHe,,inl = 153.1 kJmol-', that is, the range of enthalpies AH, ,  
where br, = const is 306 kJmol-'. For the values of the enthalpy limits 
AH,,,,, - AHe,,in see Table 17.10. The question of the preexponential factor 
for the very exothermic and very endothermic reactions has been recently 
examined.28 The preexponential factor for such reactions appeared to be a 
function of reaction enthalpy. For the equations of the preexponential factor 
at high values of IAHI ,  see Chapter 9. 
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TABLE 17.8 Rate Constants and Activation Energies for the Cyclohexylperoxyl Rad- 
ical Reactions with C-H Bonds of Organic Compounds" 

A He E A k (300 K) 
n (kJmol-I) (Hmol-') (Lmol-I s-I) (Lmol-'s-l) RH 

EtMeCH-H 
Me+-H 

H 

4 43.7 61.9 4.0 x 10' 6.68 x 
1 30.7 54.9 1.0 x 10' 2.73 x lo-' 

8 49.2 65.0 8.0 x 10' 3.92 10-3 

1 39.1 59.4 1.0 109 4.58 x lop2 

I 34.6 57.0 1.4 109 0.17 

26.2 52.6 1.0 x 10' 6.89 x 1 

m 48.7 2.0 x 10' 2 18.3 0.67 w 
CH2=CHCH*-H 
CH2 =CHCH-HMe 
CH2 =CHC -HMe2 
(Z)-MeCH=CHCH-HMe 
Me*C=CHCH-HMe 
MezC=CMeC-HMez 
CH2 =CHCMe -HCH=CH2 

53.4 3.0 x 107 
45.6 2.0 107 
41.5 1.0 107 
43.2 2.0 107 
38.5 2.0 x 107 
35.0 1.0 107 
29.4 1.0 107 

1.49 x 
0.23 
0.61 
0.60 
4.01 
8.09 
76.1 

-1.3 
- 19.5 
-29.7 
-25.3 
-37.3 
-46.5 
-62.1 

42.2 4.0 x 10' 4 -27.8 17.9 

38.0 4.0 x lo8 4 -38.4 95.1 

-56.7 31.3 4.0 x lo8 1.43 103 4 

2 -68.3 27.3 2.0 x 10' 3.56 103 
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TABLE 17.8 (continued) 

RH 
A He E A k (300 K) 

n (kJmol-') (kJmol-') (Lmol-' s-I) (Lmol-' s-') 

MeCECC -HMe2 I -39.9 37.5 1.0 x 107 3.0 
PhMeCH-H 2 -5.2 43.8 2.0 x 107 0.48 
PhMe2C-H 1 -14.6 39.8 1.0 x 107 1.19 

8 4 -23.7 36.0 4.0 x 10' 2.13 x 10' 

& 4 -47.3 27.0 4.0 x 10' 7.86 x 103 

Me2NH2C-H 1 -10.2 44.8 1.0 x 108 1.59 
(CHz=CHCH2)3N 6 -23.7 43.9 6.0 x 107 1.38 

aSee Eqs. (9.12), (9.15), and (9.16) and the parameters in Table 17.1. 

17.3 FORCE CONSTANTS OF REACTING BONDS 

The force constants of the cleaved and generated bonds are yet another impor- 
tant characteristic of radical abstraction reactions. 13-15 The dependence of the 
activation energy for reactions of the type R' + RX + RX + R', where X = H, 
C1, Br, or I, on the coefficients bi and bf was demonstrated e~perimental ly .~~ It 
was found that the parameter re = const in these reactions, while the square root 
of the activation energy for a thermally neutral reaction is directly proportional 
to the force constant of the ruptured bond. The smaller the force constant of the 
C-X bond, the lower is Ee0 and the relation E;i2 to b(1 + a)-' is linear. The 
same result was obtained for reactions of the hydrogen atoms with RC1, RBr, 
and RI (see Table 17.11).29 These results confirm the important role of the force 
constant of the reacting bonds in the formation of the activation barrier. The 
activation energies for the R' + RX reactions can easily be estimated from the 
empirical formula 

[Eeo(kTm~l~')] ' '~  = 4.80 x lO-"b(l +a)-' (17.7) 

17.4 TRIPLET REPULSION 

The hydrogen atom migrates from Y to X in the X' + HY reaction. The transi- 
tion state of this reaction can be regarded conventionally as a labile formation 
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TABLE 17.9 Enthalpies, Activation Energies, and Values of AEH for Different Free 
Radical Abstraction Reactions 

Reaction 
A He Ee EeO A EH 

(kJmol-') (kJmol-') (kJmol-') (Wmol-') A E H I A H ,  

C'H3 + Me2C=CMeCHMe2 
CH3C'H2 + Me2C=CHCH2Me 

CH3C*H2 + 

Me2C.H + PhMe2CH 
NOH2 + Me3CH 
N'H2 + EtMeCH2 
Me2PhCO' + EtMeCH2 
Et3Si' + CH2=CHCH2Me 
EtsSi' + PhMeCH2 
Ph3C + CH2=CHCH2Me 

0 

+ Me3CH m0 
+ EtMeCH2 m0 

Ph3C' + Me3CH 
Ph3C' + EtMeCH2 
PhC'H2 + Me2CHOCHMe2 

- 100.4 
-72.2 

-80.5 

-57.3 
-52.0 
-39.0 
-3 1.6 
-23.4 
-9.1 

3.8 

30.1 

43.1 

54.0 
67.0 
15.8 

43.7 86.5 -42.8 0.43 
54.3 86.5 -32.2 0.45 

51.0 86.5 -35.5 0.44 

53.2 19.2 -26.0 0.45 
32.6 53.1 -21.1 0.40 
31.3 53.7 -16.4 0.42 
40.3 53.2 -12.9 0.41 
53.2 66.2 - 13.0 0.55 
55.7 60.9 -5.2 0.57 
87.1 85.1 2.0 0.53 

71.1 56.3 14.8 0.48 

78.1 56.3 21.8 0.50 

108.6 79.2 29.4 0.54 
116.4 79.2 37.2 0.55 
87.4 79.2 8.2 0.52 

containing the X . . . H . . . Y pseudobond. The characteristics of this bond may 
influence the activation energy. This influence can be observed with the aid of 
the IPM m ~ d e l , ' ~ - ' ~  since it makes it possible for us to convert the activa- 
tion energy for an individual reaction into the activation energy for a thermally 
neutral reaction (see Chapter 9) and also to take into account the influence of 
the force constants of the X-H and Y-H bonds on E e ~  [Eq. (9.6)]. When the 
hydrogen abstraction reactions are compared in relation to different classes of 
compounds, it is useful to employ the parameter re, in which the influence of 
AH,, bi, and bf on the activation energy for the reaction has already been taken 
into account. 

In the X . . . H . . . Y transition state, the X . . . Y pseudobond is formed by three 
electrons. According to the Pauli principle, one molecular orbital may be occu- 
pied by only two electrons with opposite spins. Two molecular orbitals therefore 
participate in the transition state: The bonding orbital of the X-Y bond, in which 
two electrons are accommodated, and its nonbonding orbital containing the third 
electron. The energy of the nonbonding orbital DT is higher the stronger the 
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TABLE 17.10 The Limits A Hemin, A He,,, for Different Classes of Free Radical 
Abstraction Reactions 

O.ShLvf brc - A H e m i n  AHemax 
Reaction (kJmolp') (kJ/mol)'/2 (kJ mol-') (kJmolp') References 

R" + R'H 
R" + R2H 
R" + R'H 
R2' + R2H 
R2* + R'H 
R3' + R'H 
N'H2 + R'H 
N'H2 + R2H 
N'H2 + R'H 
RO' + R'H 
RO' + R2H 
RO' + R'H 
ROz' + R' H 
RO;?' + R2H 
ROl' + R'H 
R3Si' + R ' H  
R3Si' + R2H 
R'Si' + R'H 
N'H2 + HNR;? 
RO' + HOR 

R'Si' + HSiR' 
RO2' + HOOR 

17.4 
17.4 
17.4 
17.4 
17.4 
17.4 
20.0 
20.0 
20.0 
21.7 
21.7 
21.7 
21.2 
21.2 
21.2 
12.6 
12.6 
12.6 
20.0 
21.7 
21.2 
12.6 

17.30 
18.60 
17.80 
19.25 
18.45 
18.05 
13.70 
15.01 
14.46 
13.10 
14.14 
13.50 
13.61 
15.20 
14.32 
17.91 
19.18 
18.40 
19.86 
13.62 
13.13 
13.69 

155.0 
190.8 
168.3 
2 10.0 
186.5 
175.2 
102.8 
137.9 
122.6 
108.5 
139.4 
120.0 
117.2 
166.4 
138.0 
84.8 

107.4 
92.2 

21 8.8 
61.3 
51.5 
90.2 

155.0 
190.8 
168.3 
210.0 
186.5 
17.5.2 
76.3 

103.9 
91.8 
66.6 
87.1 
74.2 
76.1 

110.1 
90.6 

158.6 
193.7 
171.6 
216.8 
61.3 
51.5 
90.2 

15 
1.5 
1.5 
15 
1.5 
15 
24 
24 
24 

15,17 
15,17 
15,17 
15,18 
15,18 
15,18 

22 
22 
22 
24 
15 
15 
22 

X-Y bond; its value is described by the Sato formula3' 

where D, and DT are the energies of the bonding and nonbonding X-Y orbitals, 
respectively, 2b2 is the force constant, and r is the amplitude of the vibration of 
this bond. In any given case, r = r X H  + r Y H  - I-XY + re. The involvement of the 
nonbonding orbital of the X-Y bond in the formation of the activation barrier 
has come to be referred to as a triplet repulsion. This effect constitutes the basis 
of three semiempirical methods for the calculation of the activation energies for 
radical substitution reactions: the "bond energy-bond order" (BEBO) rne th~d,~ '  
the "bond energy-bond length' (BEBL) method,32 and the Zavitsas 
In all of these methods, the activation energy corresponds to the maxima on the 
BEBO curves or the BEBL, Zavitsas method, curves while the potential energy 
curve represents a superposition of two Morse curves corresponding to the Y-H 
and X-H reacting bonds and the curve for the nonbonding orbital of the X-Y 
bond [Eq. (17.8)]. 
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TABLE 17.11 Values of br,, E,o, and re for the Reactions R' + R'X + RX + R" 
and H' + RX + HX + R'" 

b x lo-" by," Ee0 re x 10" 
Reaction (kl mol-') m-' (kJ mol")'/* ci (kl rno1-I ) (m) 

R' + RCI 3.288 16.70 1 .oo 69.7 5.079 
R' + RBr 2.364 12.00 1 .00 36.0 5.076 
R' + RI 1.542 8.90 1 .OO 19.8 5.772 
H' + RCI 3.288 16.26 0.835 78.5 4.945 
H' + RBr 2.364 11.33 0.672 45.9 4.793 
H ' + R I  1 .542 7.30 0.502 23.6 4.734 

aSee Ref. 29. 

The role of triplet repulsion in radical abstraction can clearly be traced to 
comparing reactions in which the energies of the X-Y bonds differ significantly. 
The values of E e ~  and re for a series of radical abstraction reactions found by 
the IPM method as well as the energies D, of the X-Y bond are presented 
below. 5.25 

R . . . H . . . R  68.2 4.414 

60.2 3.862 

ArO . . . H .  . . OAm 41.8 2.772 
RO;!. . . H .  . ' 0  2R 43.1 2.854 
R02  . . . H . . . OAr 2.885 
RO2 . . . H . . . OAm 2.895 

/ 

\ 
R . .  . H . .  .N 

45.3 
45.6 

382 

361 

-0 
88 

-0 
-0 

The difference between the reactions with a high X-Y (C-C and C-N) bond 
energy, for which EeO - 60-70 kJ mol-', and the reactions with a very low 
energy for this bond (0-0), for which EeO - 40-45 kJmol-' can clearly be 
traced. Within the limits of the error of the measurement, the parameter re for 
the last four reactions is constant: re = (2.85 f 0.05) x 10-l' m. This value is 
characteristic of reactions with zero triplet repulsion in the transition state. On 
substituting this quantity into Eq. (9.6), we obtain Eq. (17.9) for the estimation 
of the contribution of triplet repulsion A E T  to the activation energy E,o:'59'9~20 

A E T  = (bjb+-)*(bi + hf)-*(r; - 2.852 x lop2*) (1  7.9) 

For reactions of the R' + RH class, this contribution is 40.0 kJ mol-I, that is, a 
considerable proportion of the activation energy A EcO = 68 - 40 = 28 kJ mol-' 
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is due precisely to the triplet repulsion in the transition state. Between parameter 
re and the dissociation energy X-Y bond there exists an empirical correlation 
(DHH is BDE of hydrogen molecule)I6 

[Ar,(m)*] = 13.7 x 10p22(DxY/DHH) (17.10) 

17.5 ELECTRON AFFINITY OF ATOMS IN REACTION CENTER 

Another important characteristic of the X-Y bond is its polarity induced by 
the different electron affinities of the atoms or radicals X and Y. The greater the 
difference, the greater the polarity of the bond, its strength, and its dipole moment. 
According to P a ~ l i n g , ~ ~  the polarity of the X-Y bond may be characterized by 
the extent to which its strength differs from one-half of the sum of the BDE of 
the XX and YY molecules by virtue of the different electronegativities of the 
atoms X and Y. 

AEA(XY) = Dxy - O.S(Dxx + Dyy) (17.1 1) 

The question arises whether the polarity of the X-Y bond affects the X' + YH 
abstraction reactions. 

We shall compare two reactions2' 

H ' + H 2 - + H z + H '  

C1' + H2 + ClH + H' 

Ee0 re x 10" DXU 
Reaction (kJ mol-') (m) (kJ mol-') 

H' + H2 
C1' + H2 

58.2 
36.7 

3.69 
3.04 

436.0 
431.6 

Evidently, the dissociation energies of the H-H and Cl-H bonds are very close 
and the triplet repulsion in the transition states of these reactions is therefore 
almost identical. Nevertheless, the quantities Ee0 and re in these two reactions dif- 
fer considerably. The reason for this is that the H-H bond is nonpolar, while the 
Cl-H bond is polarized and AEA = 92.3 kJmol-' [Eq. (17.11)] for the latter. 
As in the HC1 molecule, in the transition state there is evidently a strong attraction 
between C1 and H, which in fact induces a decrease in re and E,o. If the C1' + H2 
reaction was characterized by the same parameter re = 3.69 x lo-" m as the 
H' + H2 reaction, the activation energy EeO = 56.5 kJmol-l [Eq. (9.6)] would 
have been obtained for it. The difference between the observed and expected 
activation energies (AEEA = 36.7-56.5 = -19.8 kJmol-') must be attributed 
to the influence of the unequal electronegativities of the hydrogen and chlorine 
atoms on EeO in the C1' + H2 reaction. 
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The R' + RH and RO' + RH reactions may serve as another e~arnp1e.I~ 

Ee0 9 re x 1 0 ' ~  D X U  

Reaction (kJ mol-') (m) (kT mol- ) 

R' +R'H 74.8 4.622 376 
RO' + R'H 53.2 2.787 36 1 

In this case, the similarity of the R-R and RO-R bond dissociation 
energies also leads to the similarity in the triplet repulsion energies in the 
R . . . H . . . R and RO . . . H . . . R transition states. However, in these reactions 
the quantities EeO and re also differ appreciably. The polarity of the 0-C 
bond in the RO + HR reaction is manifested here. On substituting the 
dissociation energies D(CH3-CH3), D(CH30-OCH3), and D(CH3-OCH3) in 
Eq. (17.11), we obtain A E A  = 80 kJmol-'. Calculation of the contribution of 
the electronegativities of the 0 and C atoms to the activation energy for the 
RO' + RH reaction yields A E A  = 26.1 kJ mol-', which should be regarded as 
very considerable bearing in mind that EeO = 54.8 kJmol-I. The higher is the 
difference in electron affinity of atoms in reaction x' + HY + XH + Y', the 
lower is the activation energy E,o. The empirical dependence of parameter re on 
A E A  has the following form:"-" 

[ A Y , ( ~ ) ~ ]  = -22.4 x 1 0 - 2 2 [ A E A ( X Y ) / D ~ ~ ]  (17.12) 

17.6 REPULSION OF ATOMS FORMING THE REACTION CENTER 

When the fragments X and Y approach one another in the X ' ' H . . Y transition 
state, their outer electron shells begin to repel one another. The larger the radii of 
the atoms X and Y, the stronger the repulsion becomes. The examples presented 
below confirm this conclusion. We shall compare the R' + RH, R' + HSiR3, and 
R3Si' + HSiR3 reactions.22 

r, x 10" rx-y  x 10" Dxu A E A  
Reaction (m) (m) (kJ mol-') (kJ mol-') 

R ' + R H  4.414 15.13 376 0.0 
R' + HSiRl, 4.782 18.70 376 11.0 
R3Si' + HSiR; 4.967 23.59 354 0.0 

An evident parallel variation of the increment in re and in the bond length rxy  is 
observed. On the other hand, the strengths of the X-Y bonds in this series are 
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TABLE 17.12 Comparison of re Parameters with Bond Length rE-x for the Reac- 
tions of Hydrogen Atom and Alkyl Radicals with EH, and R,-lEH Compounds, 
where E = C, Si, Ge, Sn, P, Se, in the Gas and Liquid Phase' 

re x 10" YE-X x 10" D,(E-X) r,' x - 137 x (DE-x - DH-H)  
Reactant (m) (m) (Hmol-') 

CH4 
SiH4 
GeH4 
PH3 
SeH2 
GeHa 

R ' ~ P H  
R ~ ~ C H  
R'3SiH 
R13GeH 
R'3SnH 

3.87 
4.09 
4.28 
4.09 
4.06 
4.28 

4.16 
4.62 
4.77 
4.93 
5.07 

H'+EH4 + H2 + E H 3  

1.091 457.4 
1.480 408.0 
1.525 380.4 
1.420 364.9 
1.470 348.9 
1.525 380.4 

R' + RiEH -+ RH + R:E 

1.858 306.6 
1.536 384.2 
1.870 381.3 
1.945 350.4 
2.144 300.2 

1.42 
4.64 
7.04 
5.9 1 
6.14 
7.04 

8.22 
9.96 

11.45 
10.92 
16.81 

'See Eq. (17.13) and Refs. 15, 22, and 36. 

similar, so that an increase in re is not caused by a change in the triplet repulsion. 
The electron affinities of the C and Si atoms are also similar and in the first and 
third reactions AEA = 0. The same situation was observed for the reactions 
of hydrogen atoms and alkyl radicals with several organometallic hydrides (see 
Table 17.12).36 

The empirical dependence of the parameter re on X-Y bond length rxy in 
the reactions x' + HY obeys the linear equation.36 

[ A ~ , ( m ) ~ l  = 9 . 4 ( r x y / r ~ ~ )  x (17.1 3) 

The rate constant reactions of triethylsilyl radicals with different compounds are 
in Table 17.13. 

The general dependence of the re parameter in the interaction of radicals 
carrying a free valence on the DXY and rxy of reacting bonds and AEA of X 
and Y atoms has the following f ~ r m : ' ~ , ~ ~  

X = 13.7(Dxy/&~) - ~ ~ . ~ ( A E A / D H H )  + 9 . 4 ( r x y / r ~ ~ )  - 12.4 
(1 7.14) 

These formulas make it possible to estimate the contribution of each factor, 
namely, triplet repulsion A ET, electronegativity, A EEA, and repulsion of the 
electron shells of the X and Y atoms AER in the transition state, to the 
activation barrier EeO for each class of radical abstraction reactions. Since 
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TABLE 17.13 Rate Constants and Activation Energies for the Triethylsilyl Radical 
Reactions with C-H Bonds of Organic Compounds' 

A H e  E A k (300 K) 
n (kJ mol-') (kJ mol-I) (L mol-' s-') (L mol-I s-I) RH 

4 39.8 
1 26.8 

8 45.3 

66.0 4.0 109 
57.7 1.0 x 109 

1.29 x 
8.99 x 10-2 

EtMeCH-H 
Me3C-H 

69.6 8.0 x lo9 6.02 x lop3 

63.0 1.0 x 10"' 1 35.2 0.11 

H H  

I 30.7 60.1 1.4 x 10" 0.47 

54.8 1.0 x 109 0.28 1 22.3 

50.0 2.0 x 109 3.9 2 14.4 

47.0 3.0 x 10' 
37.0 2.0 x 108 
31.7 1.0 x 108 
34.0 2.0 x 108 
27.9 2.0 x 108 
23.4 1.0 x 108 
16.3 1.0 x 108 

3 -5.2 
2 -23.4 
1 -33.6 
2 -29.2 
2 -41.2 
1 -50.4 
1 -66.0 

2.0 
72.1 

3.03 x lo2 
2.44 x lo2 
2.80 x lo" 
8.34 x lo3 
1.45 x 105 

CH2=CHCH2-H 
CH2 =CHCH- HMe 
CH2=CHC-HMe2 
(Z)-MeCH=CHCH-HMe 
Me2C=CHCH-HMe 
Me2C=CMeC-HMe2 
CH?=CHC-HMeCH=CH2 

32.7 4.0 x 10' 8.20 x 103 4 -31.7 

27.3 4.0 x 10' 4 -42.3 6.95 x 104 

18.7 4.0 109 2.21 x 106 4 -60.6 

13.6 2.0 x 10' 8.44 x 106 2 -72.2 

26.6 1.0 x 108 2.33 x 103 MeC-CC-HMe2 1 -43.8 
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TABLE 17.13 (continued) 

RH 

PhMeCH-H 
PhMe2C-H 

2 -9.1 39.5 2.0 x 10s 26.2 
1 -18.5 34.4 1.0 x 10' 1.03 x 102 

4 -27.6 29.6 4.0 109 2.82 x 104 

4 -51.2 18.0 4.0 x lo9 2.92 x lo6 

/ 

1 6.3 45.2 1.0 109 13.7 

& 
Me2NH2C-H 
(CH2=CHCH2)3N 6 -27.6 34.8 6.0 x 10' 5.25 x lo2 

'See Eqs. (9.13), (9.15), and (9.16) and the parameters in Table 17.1. 

E e ~  = br,(l + a)-', it follows that, by employing the corresponding increment 
from Eqs. (17.9), (17.12), and (17.13), it is possible to calculate the contribution 
of a particular factor. Table 17.14 presents the results of such calculation for 21 
classes of radical abstraction reactions. 

It is seen from the data presented in Table 17.14 that the triplet repulsion 
AET makes an additional contribution to the activation energy E,o. The dif- 
ference between the electronegativities of the fragments X and Y decreases the 
activation energy. When the discrepancy between the electron affinities is large, 
this decrease may be considerable. For example, A E E A  = -45 kJmol-' for the 
HO' + SiH4 reaction and A E E A  = -43 kJmol-' in the hydrogen atom reaction 
with water. 

The repulsion of the electron orbitals for the atoms forming the reaction center 
A ER plays an important role in all radical abstraction reactions. In the interaction 
of radicals with molecules, the contribution of this repulsion ranges from 25 to 
46 kJ molp'. In reactions of molecules with hydrogen atoms, the contribution is 
naturally smaller, varying from 8 to 16 kJ mol-' . 

17.7 INFLUENCE OF n-BONDS IN THE VICINITY 
OF THE REACTION CENTER 

An aromatic ring and a double or triple bond in the a-position relative to a C-H 
bond weaken the latter by virtue of the delocalization of the unpaired electron 
in its interaction with the n-bond. The weakening of the C-H bond is very 
considerable: for example, D(C-H) is 422 kJ mol-' in ethane, 368 kJ mol-' in 
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TABLE 17.14 The Contribution of Triplet Repulsion (AET), the Electron Affinity of 
the Fragments X and Y ( A E E ~ ) ,  and the Repulsion of the Atoms Forming the X-Y 
Bond ( A E R )  to the Activation Energy EeO for the X' + HY + XH + Y' Reactiona 

b(l  +a)- '  x 10-" re x 10" AET A E E A  A ER 
Reaction (kJ mol-')m-' (m) (M mol-I) (kJmol-') (kJ mol-') 

R' + H R I  

R' + H ~ N R '  
R' + HOOR' 
R' + HOAr 
R' + HSiRi3 
R' + HSR' 
HO' + HR 
HO' + SiH4 
RO' + HR' 
RO' + HSiR'3 
ROl' + HR' 

ROz' + HOAr 
AmO' + HR 
AmO' + HOAr 
RISi' + HSiRI3 
H ' + H R  

ROz' + HOOR' 

H' + NH3 
H' + H2O 
H' + SiHJ 
H' + H2S 

1.87 
2.05 
2.06 
2.08 
1.60 
2.13 
2.09 
1.79 
2.08 
1.74 
2.06 
2.30 
2.33 
2.08 
2.33 
1.38 
1.96 
2.1 1 
2.20 
1.69 
1.88 

4.41 
3.84 
3.80 
3.80 
4.78 
4.09 
3.67 
3.30 
3.55 
3.68 
3.80 
2.85 
2.88 
3.66 
2.77 
4.97 
3.76 
3.45 
3.91 
4.09 
3.60 

41 
45 
37 
35 
30 
44 
53 
55 
49 
45 
37 
15 
0 

28 
0 

18 
53 
63 
76 
34 
42 

0 
-8 
-7 

-19 
-3 

0 
-22 
-45 
-20 
-34 
-7 

0 
0 

-23 
0 
0 

-8 
-2 1 
-43 

-2 
-5 

25 
32 
29 
26 
27 
46 
30 
28 
30 
26 
29 
28 
45 
26 
42 
27 
10 
9 
8 

15 
16 

aSee  Refs. 15, 25, 37, and 38 

the methyl group of propene ( A D  = -54 kJ mol-I), and 375 kJ mol-' in the 
methyl group of toluene ( A D  = -47 kJmol-'). Such a decrease in the strength 
of the C-H bond diminishes the enthalpy of the radical abstraction reaction and, 
hence, its activation energy. This effect is illustrated below in relation to the 
reactions of the methyl radical with hydrocarbons. 

Hydrocarbon CZH6 MeCH=CHZ PhMe 

A H  (Id mol-') -18.0 -72.0 -65.0 
E (kJ mol-') 52.4 37.4 39.3 
A E (kJ mol-l) 0.0 -15.0 -13.1 

Comparative analysis of the kinetics of the reactions of atoms and radicals with 
paraffinic (R'H), olefinic (R2H), and aromatic alkyl-substituted (R3H) hydrocar- 
bons within the framework of the IPM model permitted a new and important 
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TABLE 17.15 The Influence of the TC-C-C Bond on the Activation Energy Eeo for 
the Radical Abstraction Reaction' 

H' 
H' 
H' 
R' 
R' 
R' 
RO' 
RO' 
RO' 
ROz' 
R02' 
RO2' 
AmO' 
AmO' 
AmO' 

R ' H  
R ~ H  
R'H 

R ~ H  
R ~ H  
R I H  

R ~ H  

R 'H  
R*H 
R ~ H  

R*H 

R'H 

R3 H 

R'H 

R3 H 

14.49 
15.58 
15.34 
17.23 
18.86 
18.1 1 
13.37 
14.41 
14.16 
14.23 
15.68 
14.74 
13.72 
15.66 
14.42 

57.9 
66.9 
64.9 
74.2 
88.9 
82.0 
55.2 
64.1 
61.9 
61.5 
74.7 
66.0 
58.0 
75.5 
64.0 

0.0 
9.0 
7.0 
0.0 

14.7 
7.8 
0.0 
8.9 
6.7 
0.0 

13.2 
4.5 
0.0 

17.5 
6.0 

"See Refs. 13, 15, 17, 18, and 37 

c o n c l ~ s i o n . ' ~ - ' ~  It was found that the x-C-C bond occupying the a-position 
relative to the attacked C-H bond increases the activation energy for thermally 
neutral reaction. The corresponding results are presented in Table 17.15. Evi- 
dently, the activation energy for a thermally neutral reaction with participation of 
a hydrogen atom or a radical (alkyl, alkoxyl, etc.) is higher in those cases where 
there is a x bond or an aromatic ring next to the attacked C-H bond. Evidently, 
this effect is a property of the structures themselves and the x bond exerts a dual 
effect on the reaction center. On the one hand, by weakening the C-H bond 
the x bond in the a-position decreases the enthalpy, and hence the activation 
energy for the reaction. On the other hand, by interacting with the electrons of 
the reacting bonds, the x-orbital increases the strength of the C-Y bond in the 
Y' + HR reaction, which increases the energy of the nonbonding C-Y orbital 
and intensifies triplet repulsion. 

17.8 STERIC EFFECT 

The influence of bulky substituents, for example, tertiary alkyl groups, on the 
kinetics of diverse chemical reactions is well known. A steric effect also occurs 
in radical reactions. Such substituents usually influence both the enthalpy of the 
reaction and its activation energy. The IPM model makes it possible to separate 
these effects and to estimate the contribution of steric hindrance to the activa- 
tion energy. Radical reactions in which a radical attacks the O-H bond of a 
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sterically hindered phenol (Ar20H) containing two tert-butyl groups in the ortho 
position relative to the phenolic group were thoroughly investigated. Comparison 
of the energies Ee" for isotypical reactions involving both sterically unhindered 
(Arl OH) and sterically hindered (Ar20H) phenols makes it possible to estimate 
the contribution of steric hindrance A Es to the activation energy.'8 

AEs  = E,o(ArZOH) - E,o(ArlOH) (17.15) 

The results of the comparison are presented in Table 17.16. The steric hin- 
drance increases the activation energy for a thermally neutral reaction by 8.2, 
and 24 kJ mol-' when oxygen-centered, nitrogen-centered, and alkyl radicals are 
involved, respectively. The data were obtained with the aid of the IPM model. 
The steric effect is manifested similarly in the reactions of sterically hindered 
(Ar2U) phenoxyl radicals with various substrates (Table 17.16). The reactions 
of the sterically hindered diphenylpicryl radical (DPPH') and the unhindered 
diphenylaminyl radical may serve as another example (Table 17.16). In the reac- 
tions of DPPH' with phenols, the contribution of the steric effect to E e ~  ranges 
from 23 to 30 kJmol-', that is, it is very considerable. 

TABLE 17.16 The Contribution of the Steric Effect (A&) on the Activation Energy 
E," for the X' + HY +. XH + Y' Reactionsa 

Reaction" 
bre Ee0 A Es  

(kJ mol-1)1/2 (kJ mol-') (kJ mol-') 

C'H3 + Arl OH 17.38 59.8 0.0 
C'H3 + Ar2OH 18.92 84.2 24.4 
ROz' + Ar, OH 13.76 45.3 0.0 
RO1' + Ar2OH 14.40 51.8 6.5 
Arlo' + ArlOH 12.61 39.7 0.0 
Arl 0' + Ar20H 13.31 44.3 4.6 
Am' + Ar, OH 10.93 27.6 0.0 
Am' + Ar20H 12.15 34.2 6.6 
AmO' + Arl OH 12.93 41.8 0.0 
AmO' + Ar2OH 14.54 52.9 11.1 
Arl 0' + HOOK 13.46 45.3 0.0 
Ar20' + HOOR I4 40 51.8 6.5 
Ar2O' + Ar2OH 14.37 51.6 7.3 
Arl 0' + AinH 10.13 27.6 0.0 
Ar20' + AmH 1 1.59 36.2 8.6 
Am' + RH 16.87 81.7 0.0 
DPPH' + RH 18.59 99.3 17.6 
Am' + Arl OH 10.93 27.6 0.0 
DPPH' + Ar I OH 14.85 51.0 23.4 
Ar20 '  + Ar20H 12.15 34.2 0.0 
DPPH' + Ar20H 16.74 64.8 30.6 

"See Ref\ 25 and 28 
"DPPH = 2.2'-Diphenyl- 1 -picrylhydra7yl 
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17.9 POLAR EFFECT IN RADICAL REACTIONS 

An extensive literature was devoted to polar effects in chemical reactions. The 
IPM model permit a fresh approach to this important problem. The introduc- 
tion of a functional group into a hydrocarbon molecule alters the dissociation 
energy of the neighboring C-H bonds, which is indicated by the examples pre- 
sented below. 

Compound C2Hs -H MeCH-H(0H) MeC-H(0) EtOCH-HMe 

D (kJmol-') 422 400 338 399 

The change in the C-H bond strength affects the enthalpies and through them 
the activation energies for radical abstraction reactions. If a molecule is attacked 
by a nonpolar group (hydrogen atom or alkyl radical), then the influence of 
the polar group on the activation energy is confined to a change in A H .  This 
was confirmed by data on the reactions of the methyl radical with the C-H 
bonds of hydrocarbons and their derivatives (alcohols, ethers, etc.), which are 
characterized by a virtually identical parameter br, = 17.23 (kJmol-')'/*. Thus 
a polar group (OH, OR, etc.) influences only the enthalpy of reaction and not 
the energy for the reaction center of a transition state of the type C . . . H . . . C 
and H . . . H - . . C  . 

A different picture is observed when a polar radical reacts with a C-H bond 
of a polar molecule. For example, the reaction of an oxygen atom with a methane 
C-H bond is characterized by the parameter br, = 13.1 l(kJ mol-')'/2 while the 
reaction with a C-H bond of methanol is characterized by the corresponding 
parameter of 12.55 (kJ ~ o I - ' ) ' ' ~ . ~ ~  For these values of br, the difference between 
the activation energies is equal to 4.6 kJ mol-' . The decrease in activation energy 
can be explained by the fact that the polar 0-H group in the 0 . . . H . . . C-OH 
transition state interacts with the 0 . . . H . . . C polar reaction center. 

The IPM model makes it possible for us to isolate, from the overall effect 
of the substituent, its contribution to E .  In the calculation, use is made of the 
values for A H  and the activation energy for a thermally neutral reaction of the 
given group (reaction series) because the activation energy can be represented by 
the sum Ee = EeO + A E H  (see above), where the second term takes into account 
only the influence of enthalpy. The polar interaction in the transition state may be 
inferred by comparing the values of E,o in various reactions of the same radical 
involving a hydrocarbon and the corresponding polar molecule. The contribution 
of the polar interaction to the activation energy (A E,) can be estimated from the 
formula'5- 

(17.16) A E ,  = [(br,);  - (bre);H1(1 + 
where the parameters (br,); and (br , ) iH refer to reactions involving a polar com- 
pound YH with dipole moment b and a reference hydrocarbon RH, respectively. 
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The results of the calculation of the energy AE, (in kJmol-') for the X' + HY 
gas-phase reactions are presented below.39 

xmy MeOH CH2(0) RCH(0) MeC(0)Me Me20 

0 4.6 -4.6 -7.9 -9.4 -5.1 
HO' 2.4 1.8 1.5 -11.4 2.8 
M e 0  -6.0 0 -12.2 
Me3CO' -4.2 -3.1 - 17.8 

Extensive data concerning the influence of polar groups on the activation ener- 
gies for abstraction reactions were obtained by analyzing experimental data on 
reactions with participation of alkoxyl and peroxyl radicals in the liquid phase. 
These data are presented in Table 17.17. As seen from the table, the interaction 
of a polar group with a 0 .  . . H .  . . C or 0-0. . . H . . . C polar reaction center 
can both diminish and increase the activation energy. A very marked decrease 
in activation energy (from -11 to -19 kJmol-') was observed in the reactions 
of RO' and R02' with aldehydes and ketones. The alcoholic group diminishes 
the height of the activation barrier slightly (by 1-3 kJmol-'), with the reaction 
of RO' with benzyl alcohol being an exception. An increase in activation energy 
is observed in reactions with ethers. 

17.10 EFFECT OF MULTIDIPOLE INTERACTION 

Yet another effect, namely, multidipole interaction, is manifested in the reac- 
tions of polar radicals with polyfunctional compounds. This effect consists of the 
unequal reactivities of the same group, for example, R*CH(OH), in compounds 
with one or several functional groups. The corresponding kinetic data were ana- 
lyzed within the framework of the IPM The multidipole interaction 
is manifested, in particular, in the reactions of peroxyl radicals ROz', contain- 
ing functional groups, with oxygen-containing compounds YH (Table 17.17). 
The magnitude of this effect in the transition state may be inferred from the 
change in the activation energy for a thermally neutral reaction on passing from 
a monofunctional compound YH to a polyfunctional compound ZH. 

AAE,  = [(b~e);" - (b~e)$H1(1 + (17.17) 

As can be seen from Table 17.18, the highest values of AAE,, correspond to the 
transition from R02' to Y02' containing a carbonyl or ester group. Apparently 
this effect is induced by the dipole-dipole interaction in the transition state. 
Table 17.19 presents data concerning the influence of an ester groups on the 
reactivity of the CH2 groups in reactions with peroxyl radicals. The multidipole 
effect always reduces the activation energy for reactions of this group and, in 
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TABLE 17.17 The Contribution of the Polar Effect (AE,) on the Activation Energy 
EeO for the Reactions of the Alkoxyl and Peroxyl Radicals with C-H Bonds of 
Oxygen-Containing Compounds (YH)a 

RO' ROz' Y02' YOZ' 
Radical A E,, A 4  AE, AAE, 
YH (kJ mol-I) (kJ mol-I) (H mol-') (kJmol-') 

-2.2 -5.8 -3.6 

-5.6 -3.4 -1.1 -2.2 

-8.8 
-19.0 
-12.2 
-10.6 

-2.8 
-8.2 
-8.8 

-15.4 
-15.7 
-11.2 

3.4 
6.3 

- 1.4 
6.1 
1.8 
6.2 

-3.8 

- 12.7 
-15.8 
- 15.8 
-13.0 
-21.2 
-12.9 

5.7 
3.5 

-9.9 
-7.6 
-7.0 
-2.4 
-5.5 
-1.7 

2.3 
-2.8 

-5.2 
-1.7 

2.3 

3.7 
1.4 
3.8 

-2.4 
-0.4 
-2.4 

0.0 

-3.9 
-0.4 

-3.8 

-3.4 -5.3 -1.9 

-2.4 -0.2 2.2 

CH~OC(O)R' 6.3 
R'CH,OC(O)R 8.0 

8.7 
8.9 -11.2 -20.1 

8.8 

-22.1 4.5 
11.5 
7.9 

10.6 
-2.7 

2.7 
-7.6 

-17.6 PhCH20C(0)R1 -2.7 
MeC(0)OH 

MezCHC(0)OH 

Me2CHOR' 

R' CH~C(O)OH 

RCH~C(O)OR~ 

PhCH2 C( 0)OR -3.1 

"See Refs. 25 and 39-42. 
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TABLE 17.18 The Contribution of the Polar Effect ( A E , )  and the Effect of Mul- 
tidipole Interaction (AAE,) on the Activation Energy EeO for the Reactions of the 
Peroxyl Radicals with the C-H Bonds of Esters' 

A He E ,  A E,, AAE, 
Ester (kJmol-') (kJmol-') (kJmol-') (Wmol- ')  

31.7 
23.7 
23.7 
23.7 
23.7 
23.7 
23.7 
23.7 
23.7 
23.7 
23.7 
23.7 
23.7 

72.5 
71.0 
68.8 
74.8 
76.6 
76.1 
78.6 
76.8 
77.3 
77.6 
75.8 
69.6 
77.4 

-3.6 
0.3 

-0.4 
2.2 
6.0 
5.5 
8.0 
6.2 
6.5 
7.0 
5.1 

-1.1 
6.8 

-12.3 
-8.6 
-9.3 
-6.7 
-2.9 
-3.4 
-0.9 
-2.7 
-2.4 
-1.9 
-3.8 

-2.1 
-10 

"See Ref. 42. 

certain cases, the decrease is extremely significant (down to - 10 kJmol-I and 
even less). 

17.11 SOLVATING EFFECT 

An important effect, observed when reactions take place in the liquid phase, is 
associated with the solvation of the reactants. Theoretical comparison showed 
that the collision frequencies of the species in a gas and in a liquid are different, 
the difference being due to the difference between the free volumes. In a gas, 
the free volume is virtually equal to the volume occupied by the gas species 
(V, V ) ,  while in a liquid it is much smaller than the volume of the liquid 
species ( V ,  << V).  Since the motion and collision of the species occurs in the 
free volume, the collision frequency in a liquid is higher than in a gas by the 
value ( V /  Vf)1/3. The activation energies for the reactions of radicals and atoms 
with hydrocarbon C-H bonds in a gas and in a liquid are virtually identical, with 
those in a liquid being independent of the solvent polarity. This also applies to 
the parameter hr,, which can be seen from the following examples referring to 
the interaction of the hydroxyl radical with hydrocarbons: 

br, (kJ mol-')1'2 (gas) 
hr, (kJ mol-')'/2 (H20) 

13.74 
13.48 

13.52 
13.40 
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A different picture is observed when a polar molecule is attacked by a polar 
radical (HO', RO', ROz', e t ~ . ) . ~ ~  The reaction in a polar solvent is slower than 
in a nonpolar hydrocarbon solution or in the gas phase. From the change in the 
parameter br,, it is possible to estimate the extent to which the activation energy 
increases as a result of the solvation of the polar reactants." 

(1 7.18) 

The subscripts 1 and g in Eq. (17.18) refer to the liquid and gas phases, respec- 
tively. The results of the comparison are presented in Table 17.19. It is seen that 
the activation energy of the reaction HO' + YH is higher in aqueous solution 
in comparison with the gas phase. This is associated with the solvation of the 
reactants and the need to overcome the solvation shell by the reacting component 
in order to effect the elementary step. The contribution of AE,,, is particularly 
large in the reaction of the hydroxyl radical with aldehydes. 

When a radical or atom attacks a polar 0-H or N-H bond, the polar solvent 
Y forms a hydrogen bond of the type 0-H . . . Y or N-H . . . Y.43 

X H f Y  + X H . . . Y  

Free radicals attack the free X-H bonds of polar XH molecules. The effective rate 
constant of any free radical with XH depends on the concentration of the polar 

TABLE 17.19 The Contribution of Solvation to the Activation Energies for Radical 
Reactions" 

RH 

MeOH 
EtOH 
MeICHOH 
Me3 COH 
MeOMe 
EtIO 
CHz(O) 
MeCH(0) 
MeC(0)Me 
MeC(O)OMe 

MeC(0)Me 

HO' + HR -+ HOH f R' (water) 

13.91 
13.48 
13.31 
13.39 
13.95 
13.47 
13.84 
13.81 
13.81 
14.38 

14.26 
14.01 
14.12 
14.13 
14.70 
14.33 
14.98 
14.99 
14.50 
14.97 

Me3CO' + HR + Me3COH + R' (acetone) 

12.67 13.17 

3.1 
4.6 
7.1 
6.5 
6.8 
7.6 

10.4 
10.8 
6.3 
5.5 

7.2 

aSee Ref. 39. 
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TABLE 17.20 Rate Constants for the 1,l-Dimethylethyloxyl and Cumyloxyl Radicals 
with Phenols in Different Solvents at T = 295 K" 

k k 
Solvent (L mo1-I s-') Solvent (LinoI-' s-I) 

Me,CO'+ PhOHd4 Me3Co' + 4-BrC6H40H" 
Benzene 3.3 x 10' Benzene 3.4 x 10' 
Toluene 3.3 x 10' Toluene 3.0 x 10' 
Methanol 2.2 x lo7 Methanol 1.8 x 107 
1 ,  I -Dimethylethanol 1.5 x 1 O7 1,l-Dimethylethanol 7.7 x 106 
Pyridine 4.7 x lo6 Pyridine 2.4 x lo6 

Carbon tetrachloride 
Benzene 
Chlorobenzene 
Anisole 
Benzonitrile 
Acetic acid 
1 , l  -Dimcthylethyl acetate 

Me,PIzCo' + PhOH' 

8.6 x 10' Methyl 1,l-dimethylpropionate 1.3 x lo7 

2.2 x 10' Trimethylacetonitrile 9.8 x lo6 
2.8 x 10' Methyl formate 1.0 107 

5.6 x lo7 Methyl acetate 9.5 x 106 
1.9 x lo7 Ethyl acetate 7.5 x 106 
1.8 x lo7 Acetonitrile 5.8 x 106 
1.4 x lo7 I , ]  -Dimethylethanol 3.6 x lo6 

"See Refs 44 and 4.5 
"See Ref 44 
'See Ref 4.5 

compound Y and the equilibrium constant K for the formation of a hydrogen 
bond between XH and Y. 

The hydrogen bond shields the reactant and slows down the reaction regardless 
of what kind of radical, polar or nonpolar, attacks it. The values of rate constants 
for the reaction of 1,l -dimethylethoxyl and cumyloxyl radicals with phenols in 
different solvents illustrate this shielding effect (see Table 1 7.20).44-50 
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18 
FREE RADICAL REACTIONS 
FOR HYDROGEN TRANSFER 
AND SUBSTITUTION 

18.1 
FREE RADICAL TO A MOLECULE 

REACTIONS OF HYDROGEN ATOM TRANSFER FROM A 

Reactions of hydrogen atom abstraction by a free radical from a molecule are 
widely abundant and well studied (see Chapter 17). The majority of these reac- 
tions occur rapidly with heat release ( A H  < 0) and low activation energies. 
Reverse reactions, in which a free radical acts as the donor of the hydrogen atom 
and a molecule as its acceptor, are less known and poorly studied. These are, in 
particular, reactions of ketyl and alkyl radicals with carbonyl compounds. 

R'R2C'OH + R3R4C=0 + R'R2C=0 + R3R4C'OH 

RCH2C'Hz + R3R4C=0 + RCH=CH2 + R3R4C'OH 

These transformations occur during photolysis and radiolysis of alcohols and 
carbonyl compounds' and are also intermediate stages in the chain reactions of 
thermolysis, oxidation, and polymerization in the presence of alcohols, carbonyl 
compounds, and q ~ i n o n e s . ~ - ~  For empirical rate constants for these reactions, 
see Table 18.1. 

A parabolic model is an efficient method for analysis of the reactivity of 
radicals and molecules in bimolecular reactions (see Chapter 9), which makes it 
possible to classify reactions of radical abstraction, divide them into groups, and 
calculate and compare parameters characterizing the reactivity of each group. 
This method was used to characterize and analyze the following proces~es:~ 
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R'R2C'OH + >C=O -+ R1R2C=0 + >C'OH 

RCH2C'Hz + >C=O -+ RCHzCH2 + >C'OH 

R'R2C'OH + CH2=CHR3 -+ R'R2C=0 + CH3C'HR3 

R ' C H ~ C ' H ~  + C H ~ = C H R ~  + R'CH=CH~ + C H ~ C - H R ~  

Since ketyl radicals possess a pronounced reduction activity, it can be expected 
that they react rather rapidly with olefins to reduce them to alkyl radicals. 

R'R'C'OH + CH2=CHR3 -+ R'R2C=0 + CH3C'HR3 

Alkyl radicals are well known to react readily at the double bond of an olefin. 
This results in polymerization, oligomerization, or dimerization of olefins.' At the 
same time, there are reactions in which alkyl radicals act as donors of hydrogen 
atoms, such as disproportionation reactions in which one alkyl radical serves as 
the acceptor and the second radical is the hydrogen donor. Similar reaction can 
occur between the alkyl radical and olefin, for example, 

CH2=CH2 + 'CHZCH2Me + MeC'Hz + CH2=CHMe 

Here olefin acts as the acceptor, the alkyl radical acts as the donor of the 
hydrogen atom, and the C . . . H . . . C reaction center is formed, which is similar 
to those in the reactions of alkyl radicals with C-H bonds of hydrocarbons. 
These reactions are known in polymerization as reactions of chain transfer to 
a monomer.? Their activation energies for reactions of different radicals can be 
estimated using the equations and parameters of the parabolic model of bimolec- 
ular reactions (see Chapter 9). Kinetic parameter values for reactions of hydrogen 
atom abstraction by molecules from radicals are presented in Table 18.2. Values 
calculated by the IPM model for enthalpies and activation energies of this type 
of reaction are in Tables 18.3-18.5. 

TABLE 18.1 Enthalpies, Activation Energies, and Rate Constants for Ketyl Radical 
Reactions with Carbonyl Compounds 

Reaction 
AH k(298 K) E 

Solvent (kJ mol-I) (L mol-' s-') (kJ mol-I) Reference 

Me2C'OH Isopropyl 0.0 3.0 103 20.2 5 

Me2C'OH + PhCH(0) Isopropyl -28.6 1.8 x los 10.0 5 

PhMeC'OH + PhC(0)Pr Acetonitrile 0.0 3.7 x 10' 20.8 6 
PhC'HOH + PhCH(0) Benzene 0.0 8.0 104 22.9 7 

+ Me(CHd7CH(O) alcohol 

alcohol 

4-Me3CC6H4C'(OH)Ph Acetonitrile 0.0 1.3 x 104 17.7 8 
+ PhzC(O) 
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TABLE 18.2 Kinetic Parameters for the Hydrogen Atom Exchange in Free Radical 
Reactionsa 

RCH=CHz 1.000 
RCH=CHCH=CH2 1 .000 
PhCH=CHz 1 .000 
R2C=O 0.796 
OCsH40 0.802 
0 2  0.814 

RCH=CH:! 1.000 
RCH=CHCH=CH2 1.000 
PhCH=CHz 1 .000 
R2C=O 0.796 
0 ~ ~ ~ ~ 0  0.802 
0 2  0.814 

RCH=CH2 1 ,000 
RCH=CHCH=CH2 1 .000 
PhCHzCH2 1 .000 
R2C=O 0.796 
0 ~ ~ ~ 4 0  0.802 
0 2  0.814 

RCHyCH2 1.256 
RCH=CHCH=CH2 1.256 
PhCH=CH2 1.256 
R2C=O 1.000 
0 ~ ~ ~ ~ 0  1.008 
0 2  1.022 

RCH=CH2 1.246 

PhCH=CH;! 1.246 
R2C=O 0.992 

RCH=CHCH=CH2 1.246 

RCHCH2-H 

17.30 74.8 0.0 
18.60 89.0 0.0 
17.80 79.2 0.0 
13.10 53.2 -4.3 
14.13 61.5 -4.1 
13.61 56.3 -3.8 

RCH=CHC'HCHz-H 

18.60 86.5 0.0 
19.25 92.6 0.0 
18.45 85.1 0.0 
14.14 62.0 -4.3 
15.96 78.4 -4.1 
15.20 57.8 -3.8 

PhC HCH2-H 

17.80 79.2 0.0 
18.45 85.1 0.0 
18.05 81.4 0.0 
13.50 56.5 -4.3 
15.02 69.5 -4.1 
14.32 62.3 -3.8 

R2CO-H 

16.46 53.2 4.3 
17.76 62.0 4.3 
16.96 56.5 4.3 
12.88 41.5 0.0 
14.10 49.3 0.2 
13.13 42.2 0.5 

H- OC, H4 0' 

17.61 61.5 4.1 
19.89 78.4 4.1 
18.73 69.5 4.1 
14.16 50.5 -0.2 

17.4 1.0 109 
17.4 1.0 109 
17.4 1.0 109 
17.4 1.0 109 
17.4 1.0 x 10' 
17.4 1.0 x 10' 

17.4 1.0 x 10' 
17.4 1.0 x 10' 
17.4 1.0 x 10' 
17.4 1.0 x 10' 
17.4 1.0 x 10' 
17.4 1.0 x 10' 

17.4 1.0 x 10' 
17.4 1.0 x 10' 
17.4 1.0 x 10' 
17.4 1.0 x 10' 
17.4 1.0 x 10' 
17.4 1.0 x 10' 

21.7 1.0 x 10' 
21.7 1.0 x 10' 
21.7 1.0 x 10' 
21.7 1.0 109 
21.7 2.0 x 109 
21.7 6.4 x 10' 

21.5 1.0 x 108 
21.5 1.0 x lo8 
21.5 1.0 x 10' 
21.5 1.0 109 

(continued overlegf) 
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TABLE 18.2 (continued) 

bre E ~ o  O.ShL(vi - ~ f )  0.5hLv A 
Acceptor c1 (kJ/mol)'/2 (kJmol-') (ld mol-I) (kJmol-I) (L mol-I s-')  

OChH40 1.000 12.61 39.7 
0 2  1.014 13.16 42.7 

H-02' 

RCHzCH2 1.229 16.73 56.3 

PhCH=CH2 1.229 17.59 62.3 
R*C=O 0.978 14.13 51.0 
OChH40 0.986 12.98 42.7 
0 2  1.000 13.13 43.1 

RCH=CHCH=CHz 1.229 18.68 70.2 

0.0 
0.3 

3.8 
3.8 
3.8 

-0.5 
-0.3 

0.0 

21.5 1.0 109 
21.5 3.2 x lo8 

21.2 1.0 x 108 
21.2 1.0 x 107 
21.2 1.0 107 
21.2 1.0 109 

21.2 1.0 109 
21.2 3.2 x lo8 

"See  Ref. 9. 

TABLE 18.3 Enthalpies ( A H )  and Activation Energies ( E )  for the Hydrogen 'Ikans- 
fer Reactions from Ketyl Radicals to Carbonyl Compounds (Calculated by the IPM 
Method)a 

CH2(O) MeCH(0) Me2C(O) 

A H  E A H  E A H  E 
R'R'C OH (kJ mol-I) (kJ mol-') (kJmol-') (kJ mol-I) (kJmol-') (kJ mol-I) 

H2C'OH 0.0 21.0 5.6 23.8 9.7 26.0 
MeC'HOH -5.6 18.2 0.0 21.0 4.1 23.0 
MqC'OH -9.7 16.3 -4.1 18.9 0.0 21.0 
PhC' HOH 22.5 33.0 28.1 36.2 32.2 38.6 
PhMeC'OH 20.0 31.6 25.6 34.8 29.7 37.1 
Ph2C'OH 39.8 43.3 45.4 46.8 49.5 49.4 
HOCnH40' 116.1 117.3 121.7 123.0 125.8 127.0 

HZC'OH -22.5 10.5 -39.8 3.5 -116.1 1.2 
McC'HOH -28.1 8.1 -45.1 1.5 -121.7 1.2 
MelC'OH -32.2 6.4 -49.5 1.2 -125.8 1.2 
PhC' HOH 0.0 21.0 - 17.3 12.8 -93.6 1.2 
PhMeC'OH -2.5 19.7 - 19.8 11.7 -96.18 1.2 
PhIC'OH 17.3 30. I 0.0 21.0 -76.3 1.2 
HOChHj 0' 93.6 94.8 76.3 77.5 0.0 28.8 

"See Chapter 9 and Ref. 9. 
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TABLE 18.4 Enthalpies ( A H )  and Activation Energies ( E )  for the Reactions of 
Hydrogen Transfer from Ketyl Radicals to Olefins (Calculated by the IPM Method)" 

C'H20H MeC'HOH Me2C'H 

AH E AH E AH E 
Olefin (kJmol-') (klmol-I) (Hmol-') (Hmol- ')  (klmol-') (kJmol-I) 

CH2=CH2 -40.2 12.3 -45.8 9.8 -49.8 8.0 
CHz=CHMe -38.5 13.1 -44.1 10.5 -48.2 8.7 
(E)-MeCH=CHMe -27.1 18.5 -32.7 15.8 -38.6 13.9 
CH2=CMe2 -43.4 10.9 -49.0 8.4 -53.1 6.6 
CH2=CHPh -80.1 1.2 -85.7 1.2 -89.8 1.2 
CH2=CPh2 140.5 1.2 -146.1 1.2 -150.2 I .2 
C6H6 28.6 66.3 -5.7 62.9 18.9 60.4 

PhC'HOH PhMeC' OH Ph2C'OH 

CH2=CH2 - 17.7 23.2 -20.2 22.0 -0.4 32.5 
CH2=CHMe -16.0 24.1 -18.5 22.8 -1.3 33.5 
(E)-MeCH=CHMe -4.6 30.2 -7.1 28.8 12.7 40.0 
CH2=CMe2 -20.9 21.6 -23.4 20.4 -3.6 30.7 
CH2=CHPh -57.6 7.8 -60.1 6.8 -40.3 15.4 
CH2=CPh2 -118.0 I .2 - 120.5 1.2 -100.7 1.2 
C6H6 51.1 80.7 48.6 79.0 68.4 92.4 

aSee Chapter 9 and Ref. 9. 

TABLE 18.5 Enthalpies ( A H )  and Activation Energies ( E )  for the Reactions of 
Hydrogen Transfer from Alkyl Radicals to Olefins (Calculated by IPM Method)" 

MeC'H2 MeEtC'H Me2CHC'Hl 

AH E AH E 
(kJ mol-') (kl mol-') (W mol-') (Id mol-I) 

CH2=CH2 0.0 58.6 
CH2=CHMe I .7 59.5 
(E)-MeCH=CHMe 13.1 65.3 
CH2=CMe2 -3.2 57.0 
CH2xCHPh -39.9 44.3 
CH2=CPh2 - 100.3 20.8 
C6H6 68.8 101.1 

-13.1 52.2 3.2 60.2 
- 11.4 53.0 4.9 61.1 

0.0 58.6 16.3 67.0 
-16.3 50.7 0.0 58.6 
-53.0 38.7 -36.7 45.7 

-113.4 16.5 -97.1 21.9 
55.7 93.3 72.0 103.1 

~~ - ~ 

PhC'HOH PhMeC'OH Ph2C'OH 

CH2=CH2 39.9 84.2 40.4 84.5 100.3 121.1 
CH2=CHMe 41.6 85.2 42.1 85.5 102.0 122.2 
(E)-MeCH=CHMe 53.0 91.7 53.5 92.0 113.4 129.9 
CH2=CMe2 36.7 82.4 37.2 82.7 97.1 119.0 
CH2=CHPh 0.0 65.2 0.6 65.5 60.4 98.2 
CH2=CPh2 -60.4 37.8 -59.9 38.0 0.0 65.2 
C6H6 108.7 128.7 109.2 129.0 169.1 171.7 

'See Chapter 9 and Ref. 9. 
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18.2 FREE RADICAL SUBSTITUTION REACTIONS 

In addition to well-known reactions of atom abstraction (see Chapter 17), the 
reactions of radical substitution are known where a free radical attacks the weak 
Y-Y bond and abstracts radical Y.'" 

R' + YY + RY + Y' 
Such reactions can be treated as reactions of Y abstraction from a YY molecule 
or as the addition of the radical to a YY molecule accompanied by scission of 
Y-Y bond. These substitution reactions were discovered by Bartlett and Nozaki 
in their study of benzoyl peroxide decomposition in different solvents." When 
the benzoyl peroxide is decomposed, the formed benzoyloxyl radical attacks the 
solvent (RH) and alkyl radical (R') formed induces the chain decomposition of 
the peroxide (see Chapter I ) .  

PhC(O)OOC(O)Ph + PhC02' + PhC02' 

PhC02' + RH + PhC(0)OH + R' 

R' + PhC(O)OOC(O)Ph + ROC(0)Ph + PhC02' 

The chain decomposition of the peroxide decreases the effectiveness of initiation. 
Hydrogen atoms also react with the 0-0 bond of any peroxide, for example, 
with hydrogen peroxide. 13-" 

H' + H202 + HzO + HO' 

This reaction is very exothermic and, therefore, is very fast. For the rate constants 
of these reactions see Table 18.6. Decomposition of peroxides in the presence of 
stannum hydride is accompanied by the chain decomposition of peroxide.'" The 
chain propagation occurs by the reaction of substitution. 

ROOR + RO' + RO' 

RO' + Bu3SnH -+ ROH + Bu3Sn' 

Bu3Sn' + ROOR + Bu3SnOR + RO' 

Rate constants for these reactions are in Table 18.6. 
When radical polymerization is initiated by a peroxide, the latter reacts with 

macroradicals (P'). This reaction does not break the chain of polymerization but 
stops the growth of a macroradical and is known as the chain-transfer reaction3 

P' + PhC(O)OOC(O)Ph + POC(0)Ph + PhC02' 

The rate constants of polystyrene radical reactions with different substituted ben- 
zoyl peroxides are collected in Table 18.7. 
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TABLE 18.6 Rate Constants for the Free Radical Substitution Reactions of the 
Hydrogen Atom, Alkyl, and Stannyl Radicals with Peroxides: R' + R'OOR' 
+ ROR' + R'O' 

Reaction 

H' + H202 
H' + HzOz 
H' + H202 
C'H3 + [PhC(O)Ol2 
MeC'H2 + [PhC(O)Ol2 
cyclo-CtjH; I 
PhC'H2 + [PhC(O)O]2 
PhMeC'H + [PhC(O)O]2 
PhMe2C' + lPhC(0)Ol~ 
PhCMezC'H2 + [PhC(0)0]2 

C'H' + [PhC(O)Ol2 
Ph'C' + [PhC(O)Ol2 
(4-MeOC6H4)zPhC' + [PhC(O)Ol2 
(4-MeC6H4)2PhC' + [PhC(O)Ol2 
(3-MeC6H4)2PhC' + [PhC(O)Ol2 
(3-MeOC6H4)2PhC' + [PhC(O)O]2 
(4-FC6H4)2PhC0 + [PhC(O)O]2 
(4-C1C6H4)2PhC' + [PhC(O)O]2 
(3-C1C6H4)2PhC' + [PhC(O)OI2 
Bu3Sn' + EtOOEt 
Bu'Sn' + AcOOAc 
Bu3Sn' + AcOOCMe3 
Bu'Sn' + PhC(0)OOCMe' 

T 
Solvent (K) 

Water 298 
Water 298 
Water 298 
Acetic acid 353 

Cyclohexane 353 
Toluene 353 
Ethylbenzene 353 
Cumene 353 

Ethyliodide 353 

2-Methyl-2- 353 

p-Xylene 353 
pheny lpropane 

Benzene 298 
Benzene 298 
Benzene 298 
Benzene 298 
Benzene 298 
Benzene 298 
Benzene 298 
Benzene 298 
Benzene 283 
Benzene 283 
Benzene 283 
Benzene 283 

~ 

k 
(Lmol-' sP1) Reference 

2.35 x lo7 13 
2.44 x lo7 14 
2.93 107 15 
1.93 x 103 11 
6.81 x 10' 11 
3.32 x 10' 11 
4.50 x 10' 11 
1.27 103 11 
1.17 x 10' 11 
1.36 x 10' 11 

9.81 x 102 
1.2 
0.2 
0.4 
0.7 
1.5 
2.3 
5.9 
15.0 

2.5 104 
7.0 104 
4.0 104 
1.4 105 

11 
16 
16 
16 
16 
16 
16 
16 
16 
17 
17 
17 
17 

Experimental data on substitution reactions of free radicals with peroxides 
were analyzed by the IPM method.23 The calculated parameters are collected in 
Table 18.8. Activation energies, enthalpies, and rate constants of radical substi- 
tution reactions calculated by the IPM method are presented in Table 18.9. 

The free radicals studied form the following consequence according to the 
values of thermoneutral activation energy: R3Sn' (E,o = 75 kJ mol-I), H' (E,o = 
94 kJmol-I), and R' (E,o = 120 kJmol-').2' The comparison of E,o with the 
electronegativity of atoms in a reaction center of the reaction proved the following 
empirical d e p e n d e n ~ e : ~ ~  

br,/(kJmol-')'/2 = 25.63 - 6.89 x 10-2[AEA(kJmol-1)] (18.1) 

that is, the greater the difference in the electron affinity of R (H, R', R3Sn'), the 
lower is the thermoneutral activation energy. 
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TABLE 18.7 Enthalpies and Rate Constants for the Free Radical Substitution Reac- 
tions in Styrene Polymerization: R' + R'OOR' --f ROR' + R'O' 

-AHe  T k 
Peroxide (kJ mol-') (K) (L mol-' s-I) Reference 

184.1 
184.1 
184.1 
190.7 
190.7 
195.1 
188.6 
185.6 
181.1 
187.3 
189.4 
192.8 
206.6 
206.6 
222.5 

343 
343 
343 
343 
323 
343 
343 
343 
343 
343 
343 
343 
343 
343 
343 

34 
54 
81 

34 
33 
97 

84 
1.56 x lo2 

79 
8.61 x lo2 

8.11 
74.8 
10.8 

1 x 102 

3 x 102 

18 
18 
18 
19 
19 
20 
19 
19 
21 
19 
19 
19 
22 
22 
22 

TABLE 18.8 Kinetic Parameters for the Free Radical Substitution Reactions: 
R '+YY+ RY+Y'" 

bre E,o O.ShL(u, - Uf) 0.ShLv A 
Radical CI (kJ/mol)'/2 (kJmol-I) (kJ mol-I) (kJmol-') (Lmol-' s-I) 

YY=ROOH 

H' 0.682 16.06 91.2 - 16.7 5.1 1.0 x 1010 
R' 0.889 18.85 99.6 -1.1 5.1 1.0 109 
R3Sn' 0.651 12.90 61.0 -0.9 5.1 1.0 x 109 

YY=ROOR 

H' 0.689 17.84 111.6 - 16.6 5.1 2.0 x 10'0 
R' 0.826 20.23 122.7 -1.6 5.1 2.0 109 
R3Sn' 0.651 14.27 74.7 -0.9 5.1 2.0 x 109 

"See Ref. 23. 

Disulfides have a weak S-S bond (see Chapter 9) and react with alkyl radicals 
with splitting of the S-S bond.3 

R' + R'SSR' + RSR' + R'S' 
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TABLE 18.9 Enthalpies, Activation Energies, and Rate Constants for the Substitu- 
tion Reactions R' + R'OOR' + ROR' + R'O' in Hydrocarbon Solution (Calculated 
by the IPM Method)" 

Reaction 
- A H  E A k(350 K) 

(kJ mol-I) (H mol-') (L mol-' sP1) (L mol-' s-I) 

C'H3 + HzOz 
C'H3 + Me3COOH 
C'H3 + Me3COOCMe3 
C'H3 + MeC(O)OOC(O)Me 

MeC'H' + H202 
MeC'H' + Me3COOH 
MeC'H2 + Me3COOCMe3 
MeC'H' + MeC(O)OOC(O)Me 
MeC'H2 + PhC(O)OOC(O)Ph 
Me2C.H + H202 
Me2C'H + Me3COOH 
Me2C'H + Me3COOCMe3 
Me2C'H + MeC(O)OOC(O)Me 
Me2C'H + PhC(O)OOC(O)Ph 
MeK' + H202 

Me3C' + Me3COOH 
Me$' + Me3COOCMe3 
Me3C' + MeC(0)OOC (0)Me 
Me3(? + PhC(O)OOC(O)Ph 

PhC'H2 + Me3COOH 
PhC'H2 + MeC(O)OOC(O)Me 

C'H3 + PhC(O)OOC(O)Ph 

PhC'H2 + H202 

PhC'H2 + PhC(O)OOC(O)Ph 

173.1 31.8 
205.5 23.6 
183.5 51.4 
217.9 42.1 
242.7 36.0 
178.1 30.4 
210.5 22.5 
190.3 49.5 
234.3 38.0 
249.5 34.4 
188.1 27.8 
220.5 20.2 
198.6 47.2 
232.9 38.4 
257.8 32.5 
185.1 28.6 
207.5 23.2 
165.1 58.8 
208.6 44.5 
233.8 38.1 
132.1 43.7 
164.5 34.1 
177.8 53.0 
202.6 46.1 

1.0 109 

1.0 109 
2.0 109 
2.0 109 
1.0 109 

1.0 109 
2.0 109 
2.0 x 109 
1.0 109 

1.0 109 

2.0 109 
1.0 109 

1.0 109 
2.0 109 
2.0 109 
1.0 109 

2.0 109 
2.0 109 

5.0 x 10' 

5.0 x 108 

5.0 x 10' 

2.0 x 109 

5.0 x 10' 

5.0 x 10' 

1.79 104 
1.50 x 105 

1.04 103 
8.48 103 
2.90 104 
2.19 x 105 

4.26 103 
1.47 104 
7.10 104 
4.83 105 

3.72 103 
2.82 104 
5.39 104 
1.72 105 

4.13 103 

4.07 103 

21.3 

41.0 

90.3 

1.68 
4.57 x 102 

3.01 x 10' 

24.6 
2.64 x 10' 

aSee Table 18.8 and Eqs. (9.2), (9.3), (9.13), and (9.16). 

Such reactions occur in free radical polymerization of monomers and are used 
for the regulation of the molecular mass of the formed polymer. The values of 
rate constants for these reactions are collected in Table 18.10. 

Experimental data on radical substitution in disulfides were analyzed using 
the IPM method. The resulting parameters of these reactions are presented in 
Table 18.11. 

It is seen from the values of br,  and E e ~  that the steric effect is observed 
in reactions of alkyl and phenyl radicals with primary, secondary, and tertiary 
alkyl substituted disulfides. The steric effect is sufficiently stronger in reactions of 
disulfides with a phenyl radical in comparison with alkyl (see A E ,  values). The 
effect of c1 substituents with JI bonds is observed as well (see values of AE, ) .  

Stannyl radicals also react with disulfides. 

R3Sn' + R'SSR' -+ R3SnSR' + R'S' 
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TABLE 18.10 Enthalpies, Rate Constants and Activation Energies for the Radical 
Substitution Reactions of Disulfides 

35.0 333 
29.0 372 
29.0 333 
29.0 333 
29.0 372 
29.0 372 
29.0 372 
29.0 333 
29.0 333 
24.0 333 
29.0 333 
31.9 372 
65.8 323 

29.0 298 
65.8 298 

113.3 333 
110.3 333 
110.3 333 
116.3 333 
121.3 333 

R' = (n  -C, H9)3 Snad 

48.1 303 
48.1 303 
48.1 303 

2.9 
5.7 
0.7 
0.8 
8.6 
13.1 
30.2 
0.6 
0.2 

3 .0 
1.4 
12.0 

4.2 x 

6.0 x lo4 
2.0 105 

2.3 x 10' 
1.3 x 10' 
1.2 x 108 

1.7 x lo6 
2.4 x 107 

5.1 x 10' 
5.1 x 10' 
3.5 x 105 

58.3 
63.0 
62.2 
61.8 
61.7 
60.4 
57.8 
62.6 
65.7 
70.0 
58.2 
67.3 
47.2 

27.5 
24.5 

7.9 
9.5 
9.7 

14.2 
21 .5 

24.0 
24.0 
24.9 

'See Refs. 3 and 24 
"See Ref. 25. 
'See Ref. 26. 
dSee Ref. 21. 

This reaction is exothermic and occurs rapidly (see Table 18.10). Thermoneutral 
activation energy E,o for this reaction (E,o = 40 kJmol-') is close to that for 
alkyl radicals (E,o = 38 kJmol-I). Apparently, the factors have an important 
influence on the EeO of stannyl radicals: triplet repulsion, difference in electron 
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TABLE 18.11 Kinetic Parameters for the Alkyl, Phenyl, and Stannyl Radical Reac- 
tions with Disulfides 

Reaction 
br e Ee0 A E, A Ell 

(kJ mol-1)"2 (kJmol-I) (kJ mol-') (kJ mol-I) 

R' + (RCH2S)z 
R' + (Me2CHS)2 
R' + (Me3CS)z 

C6H5' + (Me2CHSh 
C6H5' + (Me3CS)z 
R' + PhSSPh 

R3Sn' + RISSRl 

CsHs' + (RCH2S)2 

- CH2C'HPh + PhSSPh 

11.93 
12.85 
13.18 
11.27 
12.75 
15.31 
12.85 
14.40 
10.19 

38.0 
44.0 
46.3 
33.9 
43.4 
62.5 
44.0 
55.3 
39.7 

0.0 
6.0 
8.3 
0.0 
9.5 

28.6 
0.0 
0.0 
0.0 

0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
6.0 

17.3 
0.0 

affinity of Sn and S atoms (AEA) ,  and force constants of S-S and Sn-S bonds 
(coefficient a). 

Organoboranes can enter into various radical substitution reactions where one 
radical (Y) reacts with BR3 to displace another radical (F). These reactions 
involve a l k ~ l , ~ * - ~ '  a l k ~ x y l ~ ' - ~ ~  and thiyl 

y' + BR3 + YBR2 + R' 

(Y' = R", R'O', R'S'). 
Organoboranes are oxidized via the chain mechanism 

ROO' + BR3 -+ ROOBR2 + R' 

R' + 0 2  + ROO' 

According to this, the first step of chain propagation is the radical substitution 
r e a ~ t i o n . ~ ~ - ~ O  

It has been proved using various  procedure^^^-^^^"-^^ that the radical substi- 
tution at the boron atom in trialkylboranes involves oxygen-centered radicals 

Me3CO' + BR3 + Me3COBR2 + R' 

ROO' + BR3 + ROOBR2 + R' 

(R is alkyl, and R in the radical corresponds to R in trialkylborane). 
Trialkylboranes react with butane-1-thiol via the free radical chain mechanism 

in which the chain propagation stage is the homolytic substitution of the alkyl 
radical at the boron atom by the butylthiyl radical37 

BUS' + BR3 + BuSBR~ + R' 
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TABLE 18.12 Rate Constants, Enthalpies, and Activation Energies for the Reaction: 
Y' + BR3 + YBR2 + R" 

T k x E -AH 
(K) (L mo1-l s-' ) (kJ mol-I) (kJ mol-lj 

Y = Me3CO' 

313 10 10.2 
313 0.40 18.6 
313 0.30 19.3 
313 0.04 24.5 
313 30 7.3 

r = ROO' ( R  coincides with R in BR3) 

303 2.0 13.9 
303 0.08 22.0 
303 5.0 11.6 

Y =BUS' 

323 780 
323 1 1  
323 33 

Y =Me'  

2.5 
14.0 
8.9 

298 0.05 21.0 

147.0 
152.0 
147.0 
147.0 
183.2 

79.0 
84.0 

133.0 

29.7 
34.7 
29.6 

19.0 
~ 

'See Refs. 32-34, 38, and 40. 

The activation energies for the reactions (see Tables 18.12 and 18.13) were cal- 
culated by the kinetic data by using the preexponential factor A = 2 x lo9 L 

The following factors were found to be important in the reactivity of trial- 

mol-l s- I  41 

kylboranes:" 

I .  Energy of the nonbonding orbital of the formed bond (triplet repulsion). In 
radical elimination reactions 

the H atom in the transition state moves from Y to X along the line of the X 
. . . Y bond. Since three electrons participating in the rearrangement of bonds 
cannot dispose on the bonding orbital of X . . . Y (Pauli exclusion principle), the 
X . . . Y bond participates in the formation of the transition state. The stronger 
this bond, the higher the energy of the nonbonding orbital and the activation 
energy of the thermoneutral reaction (see Chapter 17). The same interrelation 



FREE RADICAL SUBSTITUTION REACTIONS 769 

TABLE 18.13 Rate Constants and Activation Energies for Substitution Reactions in 
C ycloboranes' 

Compound 

Bn -B ug 

c ~ c ~ o - ( ~ - B u B O ) ~  
c~cZO-(S-BUBO)~ 
CYC~O-( t-BuBO)s 

tert-Bu'O' + cyclo-(RB0)3 + cyclo-t-BuOR2 

I 107 
1 x 106 
6 x lo5 
1 x 106 

ROO' + cyclo-(RBO)s -+ cyclo-ROOR2(B0)3 + R' 

2 x 106 
1 103 
5 104 
5 x 106 
1 x 106 

ROO' + RB(OR), + ROOB(OR), + R' 

B u~BOOBU 
(CHEtMe)2BOOCHEtMe 

(CHEtMehBOCHEtMe 

PhCHzB(0Me)z 

BuzBOEt 

BuB(OEt), 

PhCH2B (OCH2)* 
PhCH*B(OBu)2 

3 104 
1.5 x 104 

5 103 
2 103 

4.0 
21 
20 
18 

10.2 
19.0 
20.4 
19.0 

11.3 
35.8 
26.0 
11.6 
18.4 

24.5 
26.2 
29.0 
31.3 
47 .0 
42.8 
42.9 
43.8 

aSee Refs. 32 and 38. 

was established for the addition of atoms and radicals at multiple bonds (see 
Chapter 19). Does triplet repulsion manifest in radical substitution reactions? 
Compare the re values for two classes of reactions with the same O . . .  B . . .  
C reaction center and that differ from one another only by the strength of the 
forming bond. 

BuO+ B B u ~  60.7 501.7 3.92 0.781 
BuOO+ B B u ~  46.0 433.7 3.41 0.786 

It can be seen that the strength of the forming bond has an effect on the re 
parameter and, hence, on E,o. Therefore, it is more correct to consider the r , / D  
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ratios rather than re values. It is seen from the above data that the r,/D ratio 
remains almost unchanged: r,/D = 0.78 x mmolkJ-I. Thus, the triplet 
repulsion also affects the activation energy of substitution. As in the case of 
addition reactions (see Chapter 19), the r , / D  ratio remains unchanged. 

2. Injluence of x bonds on the activation energy. The comparison of the br, 
and E e ~  parameters for the reactions of R'O' and R ' 0 0 '  with tributylborane 
and tribenzylborane, proves that the replacement of the butyl radical by benzyl 
increases the activation energy of the thermoneutral reaction. The same effect is 
observed in radical reactions (abstraction, addition, and substitution). Their E,o 
(kJ mol-') are presented below. 

E e ~  (kJ mol-I) 

Reaction R = Alk R = Ph A E, (kJ mol-' ) 

R'O' + B(CH*R)3 60.7 70.2 
R'OO' + B(CHzR)3 46.0 58.5 
R" + RSSR 44.0 50.0 
R*' + HCH;?R 74.2 82.0 
CH3' + CH*=CHR 82.6 90.0 

9.5 
12.5 
6.0 
7.8 
7.4 

The increment AE, = E,o(R = Ph) - E,o(R = Alk) stipulated by the influ- 
ence of the benzyl ring in the a-position to the reaction center is a magnitude of 
the same order for all reaction types listed and ranges within 6- 12 kJ mol-'. 

The benzyl group at the boron atom has a dual effect on the activation energy. 
On the one hand, the B-C bond in tribenzylborane is weaker than that in tri- 
butylborane, and this decreases the enthalpy of the reaction (cf. AH,). On the 
other hand, when R is replaced by PhCH2 the delocalization of n electrons 
enhances the bond between the atoms of the reaction center, which increases 
the energy of the nonbonding orbital and, correspondingly, the activation energy. 
Below we present the energy balance (EkJmol-') for the reactions t-BuO' + 
BBu3 and t-BuO' + B(CH2Ph)3. 

-AHe -AEH AE, EeO E, 
Reagent (kJmol-') (kJ mol-I) (kJ mol-') (kJ mol-I) (kJ mol-') 

BBu3 145.7 45.1 0.0 60.7 15.6 
B(CHZPh)3 18 1.9 57.5 9.5 70.2 12.7 

3. Electron aJfinity of atoms of the reaction center. The difference in elec- 
tron affinity for the atoms of the reaction center (AEA) also affects radical 
elimination reactions: The greater the difference, the lower the activation barrier. 
This factor is also manifested for substitution at the 0-0 bond. Does it affect 
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the activation energy of the radical substitution of organoboranes? Compare the 
parameters of the substitution reactions Y' + BR3(Y = Me', BuO'). 

Me' 3.32 375.1 0.885 0.97(C-B) 
n-BuO' 3.92 501.7 0.781 1.18(0-B) 

The comparison of the parameters (see above) shows that the r,ID(Y-B) ratio 
for the reaction of the alkoxyl radical is lower than that for the methyl radical. 
The difference in electronegativities (EA) for the couple of B and 0 atoms is 
much greater than for the B and C couple. The difference in r,ID(Y-B) is 
most likely the result of the influence from the electronegativity of the atoms 
of the reaction center on the activation energy of the substitution reactions of 
organoboranes. 

4. Steric effect. As seen from the data in Table 18.12, the Ee0 values differ 
for the reactions of alkoxyl and peroxyl radicals with boranes bearing linear 
and branched alkyl substituents. The introduction of a methyl group into the a- 
and p- positions of the boron atom increases br, and, correspondingly, E,o. The 
contribution (increment) of the steric influence on the activation reaction can be 
estimated from the difference in E,o. 

AE, = E,o(branched) - E,o(linear). (18.2) 

Obtained values are presented in Table 18.14. 
The steric effect (AE,) is of the same order of magnitude in all cases (for the 

branched substituent with one methyl group in the a- or fi- positions relative to 
the B atom and for two methyl groups in the B-position). A similar effect was 
also observed for substitution at the S-S bond.25 

5. Force constants. The force constants of reacting bonds also contribute to the 
activation energy of the thermoneutral reaction, which is seen from the comparison 

TABLE 18.14 Activation Energy (Eeo)  and Contributions of the Steric Effect ( A E , )  
for the Reactions of Boranes BR3 with the RIW, R'OW, and R'S' Radicals" 

Compound 
Ed1 

(kJ mol-') 
AE,  

(kJ mol-') 

BR3 R'O' R' 00' R'S' R'O' R' 00' R'S' 
B B u ~  60.7 46.0 19.9 0 0 0 
B(CHEtMe), 73.2 56.9 34.5 12.5 10.9 14.6 
B(CH2CHMeh 72.6 26.9 11.9 7.0 
B (CH2CMe& 78.9 18.2 

'See Ref. 41 



772 REACTIONS FOR HYDROGEN TRANSFER AND SUBSTITUTION 

of the b2(1 + 
Chapter 91. 

coefficients for three reaction centers [see e.g. (9.6) for EeO in 

b2(1 + 01)-2 x Ee0 

Reaction Center (kJm2 mol-') (kJ mol-I) 

3.95 
3.14 
2.98 

60.7 
34.7 
19.9 

18.3 REACTION OF PEROXIDES WITH KETYL RADICALS 

The ketyl radicals (R1R2C'OH) are very active reducing agents. They have a weak 
O-H bond (see Chapter 9) and react as donors of hydrogen atoms with carbonyl 
compounds, nitro compounds, alkyl chlorides, olefins (see 18. l), dioxygen, and 
free radicals. 

R1R2C'OH + CC4 + R1R2C=0 + HCl + C'CI? 

R 'R~C'OH + o2 + R ' R ~ C = O  + H O ~ -  

R 'R~C-OH + R' + R'R~C=O + RH 

Ketyl radicals reduce peroxides with splitting of the 0-0 

R' R~C'OH + ROOR -+ R'R*C=O + ROH + RO' 

This reaction is the chain propagating step in the chain decomposition of peroxides 
in an alcohol solution. For the kinetics of this chain reaction, see Chapter 1. Ketyl 
radicals react with hydrogen peroxide to form water and the hydroxyl radical. 

R ~ R ~ C - O H  + H ~ O ~  --f R'R~CC=O + H ~ O  + HO' 

For the rate constants of this reaction see Table 18.15. Bartlett and Nozaki4' 
discovered the chain reaction of benzoyl peroxide decomposition in the presence 
of alcohols where the chain propagating step is the reaction of the ketyl radical 
with peroxide (see Chapter 1). 

R'R'C'OH + PhC(O)OOC(O)Ph + R'R2C=0 + PhCOOH + PhC02' 

For the rate constants of these reactions see Table 18.15. These reactions are very 
exothermic and occur with high rate constants ((7-14) x lo5 Lmol-' s-I). 

The experimental data for the reactions of ketyl radicals with hydrogen and 
benzoyl peroxides were analyzed in the framework of IPM.46 The elementary step 
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TABLE 18.15 Rate Constants for the Reducing Reactions of Ketyl Radicals with 
Peroxides 

Reaction 
T k 

Solvent (K) (Lmol-' s-l) Reference 

H2C'OH + H202 
+ HzC(0) + H20 + HO' 

MeC'HOH + H202 

Me2C'OH + H202 

Me2CHC'HOH + H202 

+ MeCH(0) + H20 + HO' 

+ Me2C(O) + H20 + HO' 

+ Me2C(O) + H20 + HO' 
HzC'OH + [PhC(O)O]2 

-+ H2C(O) + PhC02H + PhC(0)O' 
MeC'HOH + [PhC(O)O], 

Me2C'OH + [PhC(O)O]2 

PrC'HOH + [PhC(O)O]2 

+ MeCH(0) + PhC02H + PhC(0)O' 

+ Me2C(O) + PhCO2H + PhC(0)O' 

+ PrCH(0) + PhC02H + PhC(0)O' 

Water 

Water 

Water 

Water 

Methanol 

Ethanol 

Isopropyl 
alcohol 

Butanol 

298 1.75 x lo5 45 

298 2.80 x lo5 45 

298 2.30 x lo5 45 

298 2.20 x los 45 

353 3.84 x 105 42 

353 1.38 x lo6 42 

353 8.82 x lo6 42 

353 7.12 105 42 

was treated as a reaction with dissociation of the 0-H bond of the ketyl radical 
and formation of the same bond of acid (from acyl peroxide), alcohol (from alkyl 
peroxide), and water (from hydrogen peroxide). The hydroperoxyl radical also 
possess reducing activity and reacts with hydrogen peroxide by the reaction 

HO2' + H202 -+ 0 2  + H20 + HO' 

A semiquinone radical should have a similar reducing activity and attack the 
0-0 bond. 

The parameters calculated for these reactions are in Table 18.16. 
The comparison of E e ~  values for reactions of ketyl radicals with peroxides 

with those for the reactions R'R2C'OH + R2C(O) show that the reaction of the 
ketyl radical with peroxide occurs with sufficiently higher E e ~  (see Table 18.2). 
Obviously, that is the result of strong additional repulsion in the nonlinear poly- 
atomic transition state of the ketyl radical reaction with peroxide 

,O - R 

R 
0 - -H- -0: 

\ 
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TABLE 18.16 Kinetic Parameters for the Reducing Reactions of Ketyl and Alkyl 
Radicals with Peroxides" 

Reaction 
hre Eeo A 

c1 (kJlmol)"* (kJ mol-I) (L mol-' SKI) 

R'R2C'OH + H202 
R'R2C'OH + ROOR 
RC'HMe + H202 
RC'HMe + ROOR 
RC'HCH3 + ROOH 
RCH=CHC'HCHq + H202 
RCH=CHC'HCH?' + ROOR 
RCH=CHC'HCH?' + ROOH 
PhC'HMe + H202 
PhC'HMe + ROOR 
PhC'HMe + ROOH 
HOCcH40' + Hz02 
HOC6H40' + ROOR 
HOC6H30' + ROOH 
H02' + H202 
HOz' + ROOR 
HOz' + ROOH 

1.000 
1.000 
0.778 
0.796 
0.778 
0.778 
0.796 
0.778 
0.778 
0.796 
0.778 
0.982 
0.992 
0.982 
0.969 
0.978 
0.969 

2 1.24 
21.51 
20.70 
20.90 
20.70 
22.16 
22.36 
22.16 
21.18 
21.40 
21.18 
21.24 
21.51 
21.00 
21.24 
21.51 
21.24 

112.8 
115.7 
135.7 
135.4 
135.7 
155.3 
155.0 
155.3 
141.9 
142.0 
141.9 
112.3 
126.4 
112.3 
116.4 
118.3 
116.4 

2.0 109 
2.0 x 109 
2.0 x 109 
2.0 x 109 
1.0 x 109 
2.0 x 10'' 
2.0 109 
1.0 109 
2.0 109 
2.0 x 109 
1.0 x 109 
1.0 x 108 
1.0 x 108 

1.0 x 108 
1.0 x 108 

5.0 x 107 

5.0 107 

"See Ref. 46. 

in comparison with the linear transition state: -0.'. H. .  . 0.. . of the ketyl 
radical reaction with a carbonyl compound. The increase in activation energy 
due to the additional repulsion in the transition state of the ketyl radical reaction 
with hydrogen peroxide is 104.6 - 41.5 = 63.1 kJmol-' and 78.8 kJmol-' in 
the reaction of ketyl radical with peroxide (ROOR). The activation energies and 
rate constants of reactions for different ketyl radicals and H02' with peroxides 
calculated by the IPM method are presented in Table 18.17. 

The alkyl radicals possess reducing activity as well. In the reaction of dispro- 
portionation (see Chapter 20) one radical reacts as an acceptor and another as a 
donor of a hydrogen atom. That is why one can expect the reducing action of 
alkyl radicals in reactions with peroxides. 

RCH2C'H2 + R'OOR' + RCH=CH2 + R'OH + R'O' 

The activation energies and rate constants of such reactions were calculated by 
the IPM method46 (see Table 18.18). For the parameters used for calculations, 
see Table 18.18. 

As we have seen earlier, alkyl radicals react with peroxides in two different 
ways: in the substitution reaction (see Section 18.1) and in the reduction reaction. 
The comparison of both reactions is presented in Table 18.19. It is seen that alkyl 
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TABLE 18.17 Enthalpies, Activation Energies and Rate Constants for the Peroxide 
Reduction by Ketyl, Semiquinone and Hydroperoxyl Radicals (Calculated by IPM 
Model)" 

Reaction 
- A H  E log A ,  A k(350 K) 

(H mol-') (kJ mol-') (L mol-' s-I) (L mol-' s-I) 

MeC'HOH + H202 
MeC'HOH + Me3COOH 
MeC'HOH + EtOOEt 
MeC'HOH + Me3COOCMe3 
MeC'HOH + PhC(O)OOC(O)Ph 
Me2C'OH + H202 
Me2C'OH + Me3COOH 
Me2C'OH + EtOOEt 
Me2C'OH + Me3COOCMe3 
Me2C'OH + PhC(O)OOC(O)Ph 

PhC'HOH + Me3COOH 
PhC'HOH + EtOOEt 
PhC'HOH + Me3COOCMe3 
PhC'HOH + PhC(O)OOC(O)Ph 
PhMeC'OH + H202 
PhMeC'OH + Me3COOH 
PhMeC'OH + EtOOEt 
PhMeC'OH + Me3COOCMe3 
PhMeC'OH + [PhC(O)0l2 

4-HOC,jH40' + Me3COOH 

4-HOCsH40' + Me3COOCMe3 
4-HOCsH40' + [PhC(O)O]2 
HOz' + H202 
HOz' + Me3COOH 
HO2' + EtOOEt 
H02' + Me3COOCMe3 

PhC'HOH + H202 

4-HOCsH40' + H202 

4-HOC6H40' + EtOOEt 

HO2' + PhC(O)OOC(O)Ph 

178.5 
210.9 
173.9 
178.7 
180.1 
182.6 
215.0 
178.0 
182.8 
184.2 
150.4 
182.8 
145.8 
150.6 
152.0 
152.9 
18.5.3 
148.3 
153.1 
154.5 
56.8 
89.2 
52.2 
57.0 
58.4 
63.1 
95.5 
58.5 
63.3 
64.7 

20.7 
11.5 
24.6 
23.1 
22.6 
19.5 
10.4 
23.3 
21.8 
21.4 
29.6 
19.4 
33.8 
32.1 
31.6 
28.8 
18.7 
32.9 
31.3 
30.8 
68.1 
54.7 
71.8 
69.7 
69.0 
67.4 
54.2 
71.1 
69.1 
68.5 

8.78 
8.62 
8.72 
8.7.5 
8.76 
8.79 
8.63 
8.75 
8.66 
8.76 
8.70 
8.50 
8.66 
8.67 
8.68 
8.70 
8.5 1 
8.67 
8.62 
8.69 
7.21 
6.96 
7.21 
7.21 
7.21 
7.22 
6.97 
7.21 
7.21 
7.22 

4.91 105 

1.12 105 
2.01 x 105 
7.44 105 
7.58 105 
1.20 107 
1.87 105 
2.55 x 105 
3.68 105 
1.92 104 

4.13 103 
7.57 103 
9.20 103 
2.52 104 
5.24 105 
5.75 103 
8.89 103 

1.13 10-3 

3.13 10-4 

1.43 10-3 

3.90 10-4 
8.05 x 10-4 
9.93 10-4 

8.01 x lo6 

4.02 x 10' 

1.24 x 104 

6.26 x lop2 

6.56 x lop4 
8.13 x lop4 

0.15 

aSee Ref. 46. 

radicals (primary and secondary) react with hydrogen peroxide, hydroperoxide, 
and dibenzoyl peroxide rapidly (by 100- 1000 times) as substitution rather than 
as reducing agents. 

Ketyl radicals are more active reducing agents than alkyl radicals, which is 
seen from the comparison of rate constants and activation energies for reactions 
of ketyl and alkyl radicals with hydrogen peroxide.46 
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k(350 K) E -AH Ee0 

Radical (L mol-' s-I) (kJ mol-') (kJ mol-') (kJ mol-') 
~ ~~ ~ 

MeC' HOH 1.4 107 11.8 185.6 104.6 
EtMeC' H 3.7 54.1 147.0 125.5 

TABLE 18.18 Enthalpies, Activation Energies and Rate Constants for the Peroxide 
Reduction by Alkyl Radicals Calculated by IPM Model" 

- A H  E log A ,  A k(350 K) 
R e x  tion (Hmol-I) (kJ mol-') (L mol-' s-') (L mol-' s-') 

Et' + H202 
M2C.H + H202 
MeEtC'H + H202 
MelC' + H202 
PhC'HMe + H202 

Et' + MelCOOH 
Me2C'H + Me3COOH 
MeEtC'H + MeiCOOH 
Me3C' + MelCOOH 
PhMeC'H + MeTCOOH 
PhEtC'H + MeTCOOH 
Et' + EtOOEt 
Me2C'H + EtOOEt 
MeEtC'H + EtOOEt 
MelC' + EtOOEt 
PhMeC'H + EtOOEt 
PhEtC'H + EtOOEt 
Et' + Me3COOCMe3 
Me2C'H + Me3COOCMe3 
MeEtC'H + MeiCOOCMei 
Me3C' + MeTCOOCMel 
PhMeC'H + Me3COOCMei 
PhEtC'H + MelCOOCMe3 
Et' + PhC(O)OOC(O)Ph 
Me2C'H + PhC(O)OOC(O)Ph 
MeEtC'H + PhC(O)OOC(O)Ph 
MelC' + PhC(O)OOC(O)Ph 
PhMeC'H + PhC(O)OOC(O)Ph 
PhEtC'H + PhC(O)OOC(O)Ph 

PhC'HEt + H202 

132.8 
144.4 
145.8 
129.5 
92.8 

104.6 
165.1 
176.8 
178.2 
161.9 
125.2 
137.0 
128.1 
139.8 
141.2 
124.9 
88.2 

100.0 
132.9 
144.6 
146.0 
129.7 
93.0 

104.8 
134.3 
146.0 
147.4 
131.1 
94.4 

106.2 

68.8 9.00 
65.0 9.3 1 
64.6 8.83 
69.9 9.47 
88.7 8.94 
84.5 8.77 
55.3 8.74 
51.8 9.05 
51.4 8.58 
56.3 9.21 
74.0 8.67 
70.0 8.51 
69.5 8.99 
65.7 9.30 
65.2 8.83 
70.6 9.46 
89.9 8.93 
85.6 8.77 
67.9 9.00 
64.1 9.3 1 
63.7 8.83 
69.0 9.47 
88.2 8.94 
83.9 8.77 
67.5 9.00 
63.7 9.31 
63.2 8.34 
68.5 9.47 
87.7 8.94 
83.4 8.77 

5.40 x 10-2 
0.40 
0.15 
0.11 

5.04 x 
1.47 x lop4 

6.12 
42.3 
16.3 
13.0 

8.58 x 10-3 
2.29 x lo-' 
4.09 x 10-2 

0.32 
0.12 

8.42 x lo-' 
3.24 x 10-5 
9.76 10-5 
7.18 x lo-' 

0.55 
0.21 
0.15 

6.01 x 10-5 
1.78 10-4 
8.44 x 

0.64 
0.25 
0.17 

7.19 x 
2.12 x 10-4 

"See Ref'. 46. 
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TABLE 18.19 Comparison of Thermodynamic and Kinetic Characteristics for the 
Substitution and Reduction of Peroxides by Alkyl Radicals 

Reactants 
- A H  E k(3.50 K) 

Reaction (kJ mol-') (W mol-') (Lmol-' s-') 

Et', H202 
Et', H202 
MezC'H, H202 
MezC'H, H202 
M e C ,  H202 
Me3(?, H202 
Et', Me3COOH 
Et', Me3COOH 
MezC'H, Me3COOH 
Me*C'H, Me3COOH 
Me$?, Me3COOH 
Me3C', Me3COOH 
Et', PhCOOOCOPh 
Et', PhCOOOCOPh 
Me2C'H, PhCOOOCOPh 
Me2C'H, PhCOOOCOPh 
Me&', PhCOOOCOPh 
Me3C', PhCOOOCOPh 

Substitution 
Reduction 
Substitution 
Reduction 
Substitution 
Reduction 
Substitution 
Reduction 
Substitution 
Reduction 
Substitution 
Reduction 
Substitution 
Reduction 
Substitution 
Reduction 
Substitution 
Reduction 

178.1 
132.8 
188.1 
144.4 
185.1 
129.5 
2 10.5 
165.1 
220.5 
176.8 
207.5 
161.9 
249.5 
134.3 
257.8 
146.0 
233.8 
131.1 

30.4 2.9 x 104 
68.8 5.3 x 10-2 
27.8 4.8 x 105 
65.0 0.40 
28.6 5.4 104 
69.9 0.1 1 
22.5 2.2 x 105 
55.3 6.1 
20.2 4.8 x 105 
51.8 42 
23.2 1.7 x 105 
56.3 13 
34.4 1.5 104 
67.5 8.4 x lo-' 
32.5 2.8 104 
63.7 0.6 
38.1 4.1 x 103 
68.5 0.2 

There are two reasons for such a great difference: 

1. Reaction of a ketyl radical is more exothermic (- 186 vs - 147 kJ mol-I). 
2. The triplet repulsion is greater for the reaction of the alkyl radical (E,o = 

125 kJmolp') in comparison with the ketyl radical (E,o = 105 kJmol-I). 
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19 
FREE RADICAL ADDITION 

Radical addition to unsaturated compounds underlies modern technology for pro- 
duction of polymers, copolymers, and oligomers.1-6 These reactions occur during 
pyrolysis of hydroca~bons,~ photolysis and radiolysis of organic compounds,' 
halogenation of alkenes,6 and oxidation of olefins.8-10 They are widely used 
in the synthesis of organic compounds and The problem of the 
reactivity of compounds in reactions of free radical addition to nonsaturated 
compounds has been widely discussed and is still in debate.16-25 

19.1 ENTHALPY AND ENTROPY OF FREE RADICAL ADDITION 

The radical addition reactions 

X' + CH2=CHY -+ XCH2C'HY 

involve the rupture of the C=C bond and the formation of a C-X o bond. A o 
bond is normally stronger than a x bond; hence, radical addition is an exothermic 
reaction. This reaction can be clearly seen when comparing the reaction enthalpies 
AH and the strengths of the bonds being formed D(Et-X) (see Table 19.1); the 
stronger the Et-X bond, the larger the - A H  value. Yet another important factor 
influencing the reaction enthalpy is the energy of stabilization of the radical 
XCH2C'HY formed: the higher this energy, the greater the heat of the addition 
of the x' radical to an alkene. Stabilization energy can be characterized as the 
difference between the strengths of the C-H bonds in Pr-H and EtYHC-H. 
Below the data characterizing the contribution to the enthalpy of the stabilization 
energy of this reaction for the MeCH2C'HY radical, which results from the 
addition of a methyl radical to the monomer CH2=CHY are presented. 
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Y H C(0)OMe C1 CN Ph 

&-H - &yHC-H(kJ mol-') 0.0 23.2 24.1 33.6 57.9 
- A H  (kJ mol-' ) 95.8 102.0 104.3 129.7 143.0 

It can be seen that the greater the energy of radical stabilization, the smaller 
the reaction enthalpy. 

All the addition reactions are accompanied by a decrease in entropy (two 
species are combined to give one specie, see Table 19.1). Therefore, for addition 
reactions, AG < A H  (AG is the Gibbs energy) and, when the temperature is 
sufficiently high, exothermic addition is reversible because AG = A H  - T A S .  
Free radical addition can be considered to be reversible if the equilibrium con- 
centration of the X' radicals is commensurate with the concentration of the 
XCH2C'HY radicals formed, that is, if the [X']/[XCH2C'HY] ratio in the equilib- 
rium state is not t0.05. When [CH2=CHY] = 10 molL-' and T = 300 K, this 
condition results in the inequality K 2 200 ( K  is the equilibrium constant) and 
AG ? - RT In 200 = - 13 kJ mol-' . For addition reactions, A S  x - 100; there- 
fore, the enthalpy for irreversible addition of a free radical to an alkene should 
be smaller than -43 kJmol-' (at T = 300 K). The AH values for radical addi- 
tion reactions listed in Table 19.1 comply with this condition. Naturally, as the 
temperature rises, the boundary value of A H  increases in absolute magnitude. 

19.2 EMPIRICAL CORRELATION EQUATIONS 

A line of empirical equations were proposed for systematization of data on the 
kinetics of radical addition. 

TABLE 19.1 Bond Strength (kJ mol-'), Enthalpy (kJ mol-'), Entropy (J mol-' K-'), 
and Gibbs Energy (kJmol-') for the Addition of Atoms and Radicals to Ethylene 
(T  = 298 K) 

X' 

H' 
C1' 
C'H? 
Mc~C'H 
PhC'H:! 
N' Hz 
HO' 
McO' 
H02' 

D(Et-X) - A H  -AS 
(kJ mol-I) (kJ mol-') (J mol-' K-I) 

422 150 84 
352 82 88 
370 100 122 
364 92 I34 
318 63 122 
353 81 109 
343 122 100 
352 82 118 
327 63 134 

-AG(298 K) 
(kJmol-I) 

125 
56 
64 
52 
27 
49 
93 
46 
23 
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19.2.1 

A linear correlation between the change in the activation energy ( A E )  of the 
monomer addition to a macroradical and the change in the heat of the reac- 
tion ( A q )  for the type 

A E  = - d A q  (19.1) 

Activation Energy and Heat of Reaction 

where a' is an empirical factor of proportionality, was found by Evans et a1.26 
Later, Semenov'6 confirmed this correlation and extended it to a wider range of 
addition reactions. However, even for a narrow series of reactions, for example, 
for the addition of the methyl radical to CH2=CHY, this correlation is nothing 
but a trend. Indeed, the correlation coefficient for the variation of A log k as a 
function of Aq is 0.85 ( k  is the reaction rate constant of methyl radical addition 
to monomers).27 Evidently, apart from the heat of reaction, other factors also 
influence the activation energy. 

19.2.2 Q - e Scheme 

The Alfrey and Price Q - e scheme2* takes account of two factors affecting 
activation energy, namely, the energy of stabilization of the radical formed in 
the reaction and the interaction between polar groups in the radical and the 
monomer. This scheme was based on the analysis of empirical rate constants for 
copolymerization. The rate constant for the reaction of a radical with a monomer 
is postulated to have the following form: 

~ A B  = PA QB ~ X P ( - ~ A ~ B )  (19.2) 

where the factors PI and Q2 reflect the reactivity and el and e2 are the charges 
of the radical (1) and the monomer (2), respectively. The Q and e parameters 
are calculated from the corresponding rate constants for copolymerization. When 
developing the Q - e scheme, the researchers assumed that the charges on the 
molecule and on the radical are equal and constant (polarization in the transition 
state was not taken into account) and that the copolymerization rate constants do 
not depend on the dielectric constant of the medium. Subsequently, these assump- 
tions have been criticized. The Q - e scheme made it possible to systematize the 
vast experimental information on radical copolymerization of various monomers. 
It permits rough prediction of the rate constants for copolymerization. The Q 
and e values for monomers in radical polymerization are listed in Table 19.2. 

19.2.3 The Bamford and Jenkins cr - $ Scheme 

These researchers s ~ g g e s t e d ~ ~ , ~ '  that the reactivities of a radical and a monomer 
should be described by three parameters. (a) The rate constant for the reaction 
of the macroradical (e.g., R") with toluene ( k ~ ) :  

R'' + PhCH3 + R'H + PhC'H2 
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TABLE 19.2 Correlation Parameters for the Reactivity of Monomers Toward Radi- 
cal Polymerization in Terms of the Alfrey-Price ( Q ,  e) ,  Bamford-Jenkins (a, fl), and 
Ito-Matsuda ( K ,  P) Schemesa 

Monomer Q e c1 B K P 

CH*=CHPh 1.00 -0.80 0.00 4.85 2.28 1 .OO 
CH,=CHSEt 0.27 -1.33 -0.50 4.21 1.30 2.78 
CH,=CHSO*Et 0.07 1.29 -4.0 4.62 -1.40 -0.26 
CHz=CHCO2Me 0.45 0.60 -3.0 5.20 0.00 0.58 
CH2=CHOCOMe 0.03 -0.88 0.0 3.00 -1.36 0.81 
CH,=CHCN 
CH, =CHOEt 
CH2=CMePh 
CH2=CMeC02Me 

CH2=CMeCH=CH2 

CH-CPh 

CH*=CHCH=CH> 

CH2=CClCH=CH2 

0.48 0.12 -3.0 5.30 0.89 -1.00 
0.02 -1.17 0.0 2.97 -0.59 1.63 
0.98 -0.81 -1.0 4.72 1.30 1.69 
0.78 0.40 - 4.90 1.89 0.25 
1.70 -0.50 0.0 5.03 1 .OO 
1.99 -0.55 0.0 4.92 1.09 
0.52 1.20 -1.5 5.82 0.10 
0.45 0.5 0.5 4.41 1 .oo 

“See Ref. 34. 

(b) The product of coefficient c1 with the Hammett constant CT, which takes into 
account the polar effect. (c) The coefficient p, reflecting the difference between 
the radical reactivities toward the monomer and toluene. Thus the equation for the 
rate constant of the addition of R” to the monomer M1 is represented as follows: 

the coefficients 01 and are calculated from the dependence of ln(kI~/kT) on 0, 

and the rate constant kT is determined experimentally at T = 333 K. The values 
of c1 and p for a number of monomers are listed in Table 19.2. 

19.2.4 The Ito and Matsuda K - P Scheme 

In terms of this scheme,”-’4 the activation energy of an addition reaction is 
represented as the sum of two terms, El and E2. The first term E I  is proportional 
to the change in the Gibbs energy in the reversible addition of the thiyl radical 
XC6H4.5’ to the monomer, El - IgK, where K is the equilibrium constant of 
the reaction. 

PhS’ + CH*=CHY + PhSCH2C’HY 

The second term Ez reflects the contribution of the polar interaction between the 
radical and the monomer to the activation energy. The contribution of the Gibbs 
energy to the activation energy is determined by the coefficient present in the 
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linear dependence on log K of the logarithm of the rate constant ( k x )  for the 
addition of the XC6H4S' radical to the monomer CHz=CHY. 

Alogk = ayAlog K (19.4) 

The a y  value depends on the nature of the substituent Y in the monomer. This 
dependence is used to estimate the contribution of the polar effect to the activation 
energy. This contribution is characterized by the increment P .  

p = @Y + 2 ( a Y  - a,tyrene) (19.5) 

The parameters K and P are listed in Table 19.2. 
All the above schemes include, in essence, different variants of empirical linear 

equations in which the rate constants for chain propagation in the free radical 
polymerization are brought into correlation with thermodynamic [heat, Hammett 
constant (D), and the change in the Gibbs energy in the equilibrium reaction] and 
kinetic (logarithms of the rate constants of the reference reaction and the reaction 
under study) characteristics of the addition reaction. 

19.3 QUANTUM CHEMICAL CALCULATIONS 
FOR THE ACTIVATION ENERGY 

Quantum chemical methods are widely used to study addition reactions. The 
results obtained, in particular, the activation energies, depend significantly on 
the program chosen for calculations. For example, Radom and c o - ~ o r k e r s ~ ~ - ~ ~  
calculated the activation energy of the methyl radical addition to ethylene using 
the QCISD(T) program package. The results of calculations by this program are 
in good agreement with experimental data. 

When C atoms of an alkyl radical approach C atoms of a double bond and 
a transition state is formed, the bond angles at the carbon atom attacked by 
an atom or radical substantially change. The geometry of the transition state is 
characterized by the distance r(C-C), the angle of attack cpat(C-C-C), and the 
pyramidal angle qpyr = q(H-C-C). The last-mentioned parameter is the angle 
of deviation for the two C-H bonds of ethylene from the plane in which they 
have been located in the initial molecule (the four hydrogens and both carbons 
of ethylene lie in one plane). Table 19.3 presents the values for the three above 
parameters and the activation energies for the addition of methyl radicals and the 
C'H2OH and C'H2CN radicals to ethylene. 

The energy profile for the addition reaction is calculated using specific quan- 
tum chemical programs as a superposition of four different electron configurations 
of the reactants, n a m e l ~ , ~ ~ - ~ '  

DA[YCH*'( ?)CH?=CHX( ?$)I D3A*[YCH2'($)CH2=CHX( f t)] 
D+Ap[YCH2(+)CH2=CHX(t -)] and D-A'[YCH~(-)CHZ=CHX(? +)] 

where D is the radical, A is the molecule, the arrows mark the orientation of 
the electrons involved in the reorganization, and (+) and (-) are the charges 
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TABLE 19.3 Interatomic Distances and Bond Angles in the Reaction Center and the 
Activation Energies for the Addition of the XC'H2 Radicals to Ethylene (Quantum 
Chemical Calculations)" 

X H OH CN 

r(C-C) x 10'"(m) 2.246 2.226 2.173 

'pp, I (" 1 25.0 25.9 28.0 
E(kJrno1-') 39.8 35.0 42.3 

'p , t t ( " )  109.9 108.2 109.3 

"See Refs. 35-38, 

on the radical and on the molecule. The results (the activation energies) thus 
obtained are considered with allowance for the influence of two values, namely, 
the reaction enthalpy and the polar effect. 

19.4 PARABOLIC MODEL OF RADICAL ADDITION 

Within the framework of the parabolic radical addition 

x' + CHz=CHY + XCH2C'HY 

is represented as a result of intersection of two potential curves, each of them 
describing the potential energy of the stretching vibrations of atoms as a parabolic 
function of the amplitudes of vibrations of atoms in the outgoing (i) and incoming 
(f) bonds. In terms of the parabolic model, radical addition can be characterized 
by the following parameters: (1) reaction enthalpy A He;  (2) activation energy E,; 
(3) distance re, which is equal to the sum of the amplitudes of vibrations of the 
atoms of the reacting bonds in the transition state; and (4) parameters b, and bf, 
which are the dynamic characteristics (2b2 is the force constant) of the outgoing 
and the incoming bond (detailed description of IPM model see Chapter 9). 

As a rule, each reaction within one group is characterized by the same pre- 
exponential factor A (determined in relation to one reaction center). This allows 
the activation energy to be expressed in terms of the rate constant k using the 
Arrhenius equation. 

E = RT In(A/k) (1 9.6) 

Since for any elementary reaction, E > 0, when A H ,  > AH,,,,,, whereas for 
A H ,  < A H ,  the activation energy is very small and amounts to 0.5RT (see 
Chapter 9). In accordance with the parabolic model, AH,,,,, is related to bv, 
and a by the expression 

The physical, thermodynamic, and kinetic parameters for I5 classes of reactions 
involving addition of atoms and radicals to carbon-carbon and carbon-oxygen 
multiple bonds are listed in Table 19.4. 
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TABLE 19.4 Parameters of Various Classes of Addition of Atoms and Radicals to 
Multiple Bonds Used in the Parabolic Model" 

h x 10-" 0 . 5 h L ~  O.ShL(v, - ~ f )  A x lo-'" 
Reaction ct (kJmol-')'/* m-I (kJ mol-') (kJ mol-') (L mol-' s-I) 

H' + CH2=CHR 1.440 5.389 
H' + CH-CR 1.847 6.912 
H' + O=CR'R* 1.600 5.991 
D' + CH2=CHR 1.46 1 5.389 
C1' + CH2=CHR 1.591 5.389 
Br' + CHp=CHR 1.844 5.389 
R' + CH*=CHR 1.202 5.389 
R' + CH=CR 1.542 6.912 
R' + O=CR' R2 1.570 5.991 
N'H2 + CH,=CHR 1.410 5.389 
RO' + CH*=CHR 1.41 3 5.389 
ROz' + CH2=CHR 1.737 5.389 
R3Si' + CH*=CHR 2.012 5.389 

PhS' + CH*=CHR 2.282 5.389 
R3Si' + O=CR'R2 2.518 5.991 

9.9 
12.7 
10.3 
9.9 
9.9 
9.9 
9.9 

12.7 
10.3 
9.9 
9.9 
9.9 
9.9 

10.3 
9.9 

-7.5 
-4.7 

-11.4 
-2.7 

4.8 
5.8 
1.7 
3.8 
3.7 
3.1 
3.3 
4.6 
4.1 
7.0 
6.3 

10 
40 
10 
10 
9 
5 
0.1 
0.1 
0.05 
0.008 
0.05 
0.1 
0.1 
0.08 
0.07 

"See Refs. 40 and 44-49. 

The parabolic model makes it possible to develop an empirical hierarchy of 
addition reactions. All the known addition reactions are divided a priori into 
classes in accordance with the atomic structure of the reaction center in the 
transition state. Each class is characterized by a pair of force constants of the 
outgoing and incoming bonds or by the parameters b = b, and c1 = b,/bf (see 
above). Subclasses are distinguished in each class. Each subclass is characterized 
by re = const or br, = const, which is confirmed by analysis of a large array of 
experimental results. Each subclass of reactions can be described additionally by 
the energy of the thermally neutral reaction E,o (see Chapter 9) and by the thresh- 
old value AH,,,,,, for which E = 0.5RT provided that A H ,  < AH,,,,, (see 
Chapter 9). The kinetic parameters for various subclasses of addition reactions 
are listed in Table 19.5. It can be seen that each subclass is characterized by indi- 
vidual values of these parameters. For example, E,o varies from 3 1.4 kJ mol-' 
for the addition of PhS' to 105.3 kJ mol-I for the addition of the phenyl radical 
to an alkene double bond. 

19.5 
REACTION TO ITS ACTIVATION ENERGY 

CONTRIBUTION OF ENTHALPY FOR AN ADDITION 

The parabolic model postulates a nonlinear relationship between the activa- 
tion energy and the enthalpy of a reaction (see Chapter 9). The contribution 
of enthalpy to the activation energy A E H  can be estimated as the difference 
AEeo =z E, - Eeo. 
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TABLE 19.5 Kinetic Parameters EeO, b(1 + a)-1,  re, (r'/re)o, and -AHe,min Calcu- 
lated From Eqs. (9.10) and (9.12) for Addition Reactions of Various Subclasses" 

H' 
D' 
C1' 
Br' 
C'H3 
Ch Hs * 

RO' 

R3Si' 
PhS' 

N'H2 

RO2' 

H' 
C'H3 

H' 
C'HI 
R3Si' 

101.6 
99.6 
50.5 
31.2 
82.6 

105.3 
61.0 
65.2 
90.5 
76.6 
31.4 

r + CH2=CHX + YCH2C'HX 

2.21 
2.19 
1.86 
1.69 
2.45 
2.45 
2.24 
2.23 
1.97 
1.78 
1.64 

4.56 
4.56 
3.82 
3.30 
3.7 1 
4.19 
3.49 
3.62 
4.83 
4.92 
3.42 

Y + HC-CX + YCH=C'X 

0.4 1 
0.41 
0.39 
0.35 
0.45 
0.45 
0.4 1 
0.41 
0.36 
0.33 
0.30 

125.1 2.43 4.60 0.35 
97.7 2.72 3.63 0.39 

r + O=CR'R~ + YC(O')R]R* or YOC'R~R' 

102.9 2.30 4.41 0.38 
72.9 2.33 3.66 0.39 

114.5 1.70 6.29 0.28 

21 1.9 
204.9 

82.9 
37.9 

194.4 
252.0 
226.0 
119.0 
150.4 
117.5 
34.7 

229.3 
184.7 

149.7 
112.2 
176.8 

"See Refs. 44-49 

The IPM models gives Eq. (19.8) for AEH as a function of AH,, a,  and br,: 

(a2 - I)AEH = 2~(br,)~{[(a~ - 1)p2(br,)-2AH, - - 1) + a2AH, 
(19.8) 

When the range of variation of A He is narrow, this dependence is close to linear. 

( 1  9.9) 

The EeO values calculated from experimental br, parameters made it possible to 
evaluate correctly the contribution for the enthalpy of addition to its activation 
energy. As an example, Table 19.6 presents the results of this comparison for 
two groups of addition reactions. 
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TABLE 19.6 Contribution A E H  of the Reaction Enthalpy A H  to the Activation 
Energy E (Eq. 19.8) 

- A H  E ,  - A E H  
R Y (kJ mol-') (kJmol-') (kJ mol-') 

H 
H 
Me 
H 
H 
Ph 

H 
H 
Me 
H 
H 
Ph 

H 
Me 
Me 
c1 
Ph 
Ph 

H 
Me 
Me 
c1 
Ph 
Ph 

fl f CH2:CRY -+ CH3CRY 

162.1 
165.3 
173.3 
179.5 
204.1 
213.3 

22.5 
21 .0 
18.0 
19.8 
19.2 
19.0 

98.5 
96.1 
98.3 

104.3 
143.3 
154.0 

39.0 
36.9 
35.7 
33.6 
26.6 
24.5 

79.1 
80.6 
83.6 
81.8 
93.0 
98.7 

43.6 
45.7 
46.9 
49.0 
63.4 
69.3 

It can be seen that these reactions are highly exothermic and the contribu- 
tion of enthalpy to the activation energy is fairly high; it varies from -44 to 
-99 kJmol-', that is, it amounts to 40-50% of A H .  

19.6 FORCE CONSTANTS OF REACTING BONDS 

The activation energy of a thermally neutral reaction is determined by two param- 
eters: the distance re and the force constants of the reacting bonds c1 and b. In 
some classes of radical abstraction reactions, namely, 

R' + R'X + RX + R'* 
H'+R'x+ H X + R ' -  

only the force constants change on passing from one class to another; thus, 
only the parameters c1 and b determine the activation energy of a thermally 
neutral reaction (see Chapter 17). There are no such examples among addition 
reactions;39 therefore, it is expedient to compare different classes of reactions 
assuming (conditionally) that re = const. The parameter re for each reaction 
was taken to be 3.713 x lo-" m for the addition of the methyl radical to 
CH*=CRY, while the parameters bi and bf were varied in conformity with 
the structure of the reaction center. The calculations were carried out using 
Eq. (9.6). 
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E,o (calculated Y, = const) h2(1 + a)-' x 10-" EeO (experimental) 
Reaction (H mo1-I ) (kJ mol-' m-') (H mol-') 

H' + c=c 67.3 
H' + o=c 73.2 
H' + c-c 81.3 
C'H3 + CEC 64.0 
C'HI + C=C 82.6 
C'H3 + O=C 74.9 

4.88 101.6 
5.29 102.9 
5.90 125.2 
7.40 97.7 
6.00 82.6 
5.43 68.1 

Comparison of the calculated and experimental E e ~  values shows a substantial 
influence of, on the one hand, the force constants (the range of variation of E e ~  is 
64-83 kJ mol-') and, on the other hand, the parameter re that varies for different 
reactions [cf. E,o (experimental) and Ee" (calculated) for one reaction]. 

19.7 
ADDITION REACTIONS 

TRIPLET REPULSION IN THE TRANSITION STATE OF 

The activation energy of radical abstraction is influenced by the so-called triplet 
repulsion in the transition state. This influence is manifested in the fact that the 
stronger the X-R bond toward which the hydrogen atom moves in the thermally 
neutral reaction X' + RH, the higher the activation energy for this reaction (see 
Chapter 17). The triplet repulsion is due to the fact that three electrons cannot be 
accommodated in the bonding orbital of X-C; therefore, one electron occupies 
the nonbonding X-C orbital. Meanwhile, the stronger the X-C bond, the higher 
the energy of the nonbonding orbital and the higher the activation energy of 
abstraction. 

How do matters stand with radical addition? Comparison of E,o and re with 
the energy of dissociation of the resulting bond D, has shown that this influence 
certainly does e ~ i s t . ~ " ~ ~  The parameters E e ~  and re are juxtaposed with the 
dissociation energy of the bond formed D,(X-C) in Table 19.7. For reactions of 
one class, namely, X' + CH2=CHY, the following linear correlation holds: 

E,o(kJmol-') = [5.95 x 10-4(kJ-2 m~l~)][D,(X-C)(kJmol-')]~ (19.10) 

And the following correlation was found to be fulfilled for reactions of all the 
13 classes considered: 

re(m) = (0.98 x IO-"(kJ-' molm) x D,(X-C)(kJmol-') (19.1 1) 

This correlation should be regarded as empirical proof of the fact that the non- 
bonding orbital of the bond being formed actually does participate in the gen- 
eration of the activation energy for addition. The stronger this bond, the higher 
the energy of the nonbonding orbital and the higher the activation energy of 
thermoneutral reaction. Empirical correlation (19.10) can be used to estimate the 
activation energies of diverse addition reactions roughly. 
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TABLE 19.7 Parameters of Various Classes of Radical Addition (Eeo,re) and 
Strength of the Bonds Formed" 

Ee0 re x 10" D,(x-C) (re/De(X-C)) x 10" 
Reaction (kJ mol-I) (m) (kJ mol-') (mmol kJ-I) 

H' + CH2=CHR 
D' + CH2=CHR 
C1' + CH2=CHR 
Br' + CH2=CHR 
H' + HC-CR 
H' + O=CR'R~  
C'H3+ CH2=CHR 
MeZC'H + CH2=CHR 
Me3C' + CH2=CHR 
CbH5' + CH2=CHR 
N'H2 + CH2=CHR 
RO' + CHZ=CHR 
R' + O=CR'R~ 

101.6 
99.6 
50.5 
31.2 

125.2 
102.9 
82.6 
78.3 
68.3 

105.3 
62.1 
65.2 
68.1 

4.563 
4.557 
3.421 
2.949 
4.608 
4.402 
3.713 
3.617 
3.377 
4.194 
3.530 
3.617 
3.540 

439 
439 
357 
299 
462 
459 
378 
372 
360 
436 
360 
359 
365 

1.04 
1.04 
0.96 
0.99 
1 .oo 
0.96 
0.98 
0.97 
0.94 
0.96 
0.98 
1.01 
0.97 

"See Refs. 39-42 and 46. 

19.8 INFLUENCE OF NEIGHBORING n-BONDS 
ON THE ACTIVATION ENERGY OF RADICAL ADDITION 

Radical abstraction reactions that involve molecules with n-bonds in the vicinity 
of the reaction center are characterized by higher Eeo values than the cor- 
responding reactions involving similar hydrocarbons without these bonds (see 
Chapter 17).44-4* This is due to triplet repulsion. In these reactions, the three 
electrons of the reaction center interact with the neighboring n-electrons; as a 
consequence, the energy of the nonbonding orbital in the transition state increases 
and, hence, the activation energy also increases. It was seen that neighboring n 
bonds influence the Eeo values of radical addition (Table 19.8). The difference 
between E,o(n) and the Eeo(CH2=CHY) can be used to evaluate the contribution 
of this factor to the activation barrier.40,46%47 

A E ( n )  = E,o(x) - Eeo(CH2=CHY) (19.12) 

Triplet repulsion also manifests itself in the reactions in question; for example, 
in the reaction 

R' + CH2=CHCH=CH2 -+ RCH*C'HCH=CH* 

a multicenter multielectron R . . . C . . . C . . . C . . . C bond arises in the transition 
state; this increases the strength of the bond, and, hence, enhances the triplet 
repulsion and its contribution to the activation energy. It can be seen from the 
data of Table 19.8 that this contribution can reach 40 kJmol-'. The increase in 
the dissociation energy De(X-C) caused by this electron delocalization can be 
estimated using Eq. (19.12). 
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TABLE 19.8 Influence of a n-Bond Adjacent to the Reaction Center on the Activa- 
tion Energy of the Radical Addition to Alkenes" 

br,, Ee0 1 A E ,  AD,(R) 
Reaction (kJ mo1p1)1/2 (kJmol-I) (kJmol-') (kJ mol-l) 

H' + CH2=CHR 
H' + CH2=CHPh 
H' + CH2=CPh2 
H' + 1 , ~ - c Y c ~ o - C ~ H ~  
H' + CH2=CHCN 
C'H3 + CH2=CHR 
C'H3 + CH2zCHPh 
C'H1+ CH2=CMePh 
C'H3 + CHz=CPhz 
C'H3 + CHz=CHCH=CH* 
C'H3 + MeCH=CHCH=CHMe 
C'H3 + CH2=CMeCMe=CH2 
C'H3 + 1 , ~ - C Y C ~ O - C ~ H ~  
C'H3 + 1,4-cycZo-CoHs 
N'H2 + CHz=CHR 
N'H2 + (E)-CH?=CHCH=CH2 
RO' + CH2=CHR 
RO' + CH2=CHPh 
RO2' + CH2=CHR 
R02' + CH2yCHPh 
RO2' + CH2=CPh2 
R3Si' + CH2=CHR 
R3Si' + CH2=CHPh 
R3Si' + O=CR'R2 
R3Si' + O=CMePh 
R3Si' + O=CPh2 

24.59 
25.85 
26.47 
26.47 
25.45 
20.01 
20.82 
20.67 
21.33 
20.88 
21.15 
21.03 
22.27 
22.23 
18.82 
20.52 
19.49 
21.09 
26.04 
27.23 
28.04 
26.46 
28.52 
37.62 
39.74 
40.02 

101.6 
112.2 
117.7 
117.7 
108.8 
82.6 
89.4 
88.7 
94.4 
89.9 
92.2 
91.2 

102.3 
101.9 
61.0 
72.5 
61.8 
76.4 
90.5 
99.0 

105.0 
76.6 
89.0 

114.5 
127.6 
129.3 

0 
10.6 
16.1 
16.1 
7.2 
0 
6.8 
6.1 

11.8 
7.3 
9.6 
8.6 

19.7 
19.3 
0 

10.4 
0 

14.6 
0 
8.5 

14.5 
0 

12.4 
0 

13.1 
14.8 

0 
24.1 
36.0 
36.0 
16.4 
0 

15.5 
12.6 
25.2 
16.6 
21.8 
19.5 
43.2 
42.5 

0 
23.7 
0 

30.6 
0 

22.8 
38.3 
0 

27.9 
0 

22.5 
25.5 

"See Refs. 40 and 44-46. 

The same trend is observed for the addition of the benzyl radical to the 
monomers CHZ=CRY.~" 

bye  EeO A E ,  
R Y (kJmol-1)1/2 (kJ mol-') (kJmol-') 

Me OMe 24.98 128.7 46.1 
H OEt 24.85 127.8 45.2 
H Ph 24.88 127.7 45.1 
Me Ph 24.93 128.2 45.6 

The average Ee0 value for these reactions is 128.0 kJmol-', respectively; the 
value for the addition of a methyl radical is 82.6 kJ mol-I . The greater EeO value 
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found in the case of the addition of benzyl radicals points to stronger triplet 
repulsion caused by electron delocalization. 

The substantial influence of the n bonds located near the reaction center of 
the activation energy can also be followed for the addition of methyl radicals to 
the C=O group in p-benzoy~inone.~~ This can be clearly seen when comparing 
the corresponding parameters for the addition of a methyl radical to acetone and 
to p-benzoyuinone. 

bye  EeO re x 10" 
R' C(0)R2 (kJmol-1)1/2 (kJmol-') (m) 

MeC(0)Me 21.95 68.1 3.54 
OC6H40 23.15 81.1 3.86 

The observed difference in the parameters is due most likely to the electron 
delocalization in the aromatic ring and, hence, to the increase in the triplet repul- 
sion. The difference between the EeO values for the reactions considered amounts 
to 13 kJmol-I. For the addition of the polystyrene radical to p-benzoquinone, 
br, = 25.03 (kJ/mol)'I2 and Ee0 = 94.8 kJmol-I. In this case, the EeO value is 
26.7 kJmol-' greater than that for the reaction of the methyl radical with ace- 
tone. The very large AE(n) value can be accounted for by the interaction of 
the n electrons of the two neighboring benzene rings with the reaction center. 
With allowance for the examples considered above, correlation (19.11) can be 
extended and written in the following form: 

re(m) = [0.98 x 10-13(kJ-'molm)] x [De(X-C) + AE(n)] (19.13) 

19.9 
THE FREE VALENCE 

ROLE OF THE RADIUS OF THE ATOM BEARING 

The greater the radius of the atom carrying the free valence, the higher the E e ~  for 
radical abstraction (see Chapter 17). Does the radius of the atom that attacks the 
double bond influence the activation energy of addition reactions? This question 
was answered as a result of the analysis of experimental data on the addition of 
triethylsilyl and phenylthiyl radicals to a l k e n e ~ . ~ ~  

Since the strength of the C-X ( D e )  bond being formed influences the param- 
eter re [see Eq. (19.11)], the characteristic to be compared for the addition of 
various radicals to alkenes is the re/De ratio (Table 19.9). The lengths r(C-X) 
of the bonds formed upon the addition of radicals such as C'H3, WH2, and RO' 
to the C=C bond and upon the addition of C'H3 to the C=O bond are close; 
therefore, the ratio r , / D ,  = const. However, in the case of addition of PhS' and 
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TABLE 19.9 Strengths (D,/kJmol-') and Lengths [r(C-X) or r(0-X)lm] of the 
Bonds Formed Upon the Addition of X' Radicals to C=C or C=O Double Bonds' 

D, r (C-X)  [or r ( 0 - X ) ]  x 10" r, x 10" ( r e / D e )  x 10" 
X (kJ mol-') (m) (m) (mmol kJ-') 

C'H3 378 
"H2 360 
RO' 359 
RS' 284 
R3 Si' 378 

~~ 

Y + CH2=CHY + XCHzCHY 

1.52 
1.41 
1.43 
1.79 
1.89 

3.71 0.98 
3.53 0.98 
3.62 1.01 
3.41 1.20 
4.9 1 1.30 

Y i O=CR'R~ + XOC'R'R~ 

1.43 3.54 0.97 
1.64 6.28 1.20 

"See Refs. 40-42 and 49. 

R3Si' to the C=C bond, the re/De ratio is much greater and a linear correla- 
tion is observed between re /De  and r(C-X). The empirical correlation has the 
following form: 

r,(m) = [8.81 x 10-4(mol kJ-')] 

x [r(X-C)(m) - 0.42 x 10~'O][De(kJmol-*)] (19.14) 

Thus, the radius of the atom carrying the free valence has a substantial influence 
on the activation barrier to the addition reaction: The greater the radius of this 
atom, the higher the activation energy. Apparently, this effect is due to repul- 
sion in the transition state, the repulsion being due to the interaction between 
the electron shells of the double bond being attacked and the atom that attacks 
this bond. 

19.10 INTERACTION OF TWO POLAR GROUPS 

The polar effect involved in radical addition has been repeatedly discussed in the 
scientific The parabolic model opens up new prospects for the cor- 
rect estimation of the polar effect. It permits one to determine the contribution 
of this effect to the activation energy using experimental data. This contribu- 
tion ( A E , )  is estimated by choosing a reference reaction that involves the same 
reaction center but in which one or both reactants are nonpolar. The reference 
reaction is characterized by the parameter br, and the reaction with two polar 
reactants is characterized by the parameter The component of the activa- 
tion energy caused by polar interaction ( A E , )  is calculated from Eq. (19.15). 
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TABLE 19.10 Contribution of the Polar Effect A E ,  to the Activation Energy for 
the Addition of Polar Radicals to Polar Monomers CHz=CRY (Calculated from the 
Data of Several Studies)" 

AE,,(kJ mol-') 

x, y Mez(H0)C' Mez(CN)C' Me3COC(O)C0H2 sec-RO2' tert-RO2' H02' 

H, EtO 
Me, Me0 
H, AcO 
Me, AcO 
Me, Cl 
c1, c1 
H, C(0)OMc 
Me, C(0)OMe 
H, CN 

-1.9 
-6.5 

-15.1 
-16.4 

-8.2 
-10.2 
-20.1 

-23.2 

-4.9 
-9.4 

-11.2 
-4.3 
-4.4 
-3.8 
-1.4 
-3.4 
-0.9 

13.2 
10.1 
17.5 9.5 7.3 11.5 
19.5 
10.8 
13.4 
13.1 -0.3 -2.0 

-5.2 -6.4 -4.7 
13.8 -9.0 -10.8 -7.9 

aSee Refs. 44 and 52-54. 

Table 19.10 presents the results of the calculation of A E ,  for the reactions of 
six polar radicals with a number of polar monomers. It can be seen that the polar 
interaction in the transition states for the addition can either decrease ( A E ,  < 0) 
or, in other cases, increase ( A E ,  > 0) the activation energy. The A E ,  values 
vary from +19.5 to -23 kJmol-', that is, they can be rather large. 

The following semi-empirical description of polar effect in radical addition 
reactions was proposed recently by Fischer and Rad~rn . '~  In accord with the 
quantum chemical treatment of addition reactions, the four lowest doublet con- 
figurations of the three-center-three-electron system influence the energy of the 
transition state. These are the reactant ground-state configuration with a sin- 
glet electron pair on the alkene (R' + C=C), the excited reactant configuration 
with triplet electron pair (R' + C=C')), and two polar charge-transfer configura- 
tions (R+ + C=C and R- + C=C). The polar effects are expected to increase 
with decreasing energy of either of the charge-transfer configurations; namely, 
Er(R) - EEA(C=C) and/or EI(C=C) - EEA(R) of the reactants, where EI is 
potential of ionization and EEA is electron affinity. The following equation was 
proposed for the calculation of the activation energy of radical addition reactions: 

E = 50 + 0.22Fn F, (19.16) 

where factor F, depends on EI(R) - EEA(C=C) and factor Fe depends on 
E,(C=C) - EEA(R). The results of this calculation are in good agreement with 
experimental measurements.55 

19.11 MULTIDIPOLE INTERACTION IN ADDITION REACTIONS 

The multidipole interaction in a bimolecular reaction arises if one or both reac- 
tants contain several (more than two) polar groups.56 The multidipole effect 
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TABLE 19.11 Multidipole Effect A A E ,  in the Addition of Cumylperoxyl Radicals 
to Unsaturated Polyatomic Esters (n is the Number of Reacting Double Bonds in the 
Ester Molecule)" 

Ester 
k(323 K) k(323 K)ln AAE, 

(L mol-' s-I ) (L mol-' s-' ) (H mol-' ) 
~~-~~ ~ 

CH2 =CHC(O)OMe 0.50 0.50 0 
[ CH2 =CHC (O)OCH2 l2  CMe2 0.76 0.38 0.8 
[CH2=CHC(O)OCH2]2CHOC(O)CH=CH, 1.05 0.35 1 .o 
(CH2=CHC(O)OCH2)4C 1.28 0.32 1.2 
CH2 =CMeC(O)OMe 1.79 1.79 0 
[CH2=CMeC(O)OCH2]2CHOC(O)MeC=CH2 3.93 1.31 0.9 
[CH2=CMeC(O)OCHz]4C 3.08 0.77 2.3 

"See Ref. 57 

shows itself as a deviation of the rate constant for the addition of a polar radi- 
cal to a polyfunctional compound (calculated in relation to one reaction center) 
from the rate constant for addition to a monofunctional compound. The multi- 
dipole effect was discovered for radical abstraction of a hydrogen atom from 
polyfunctional esters induced by peroxyl radicals. Later, this effect was found in 
the addition of peroxyl radicals to the double bonds of polyatomic unsaturated 
esters. Table 19.1 1 summarizes the results of the calculations of the contribution 
of the multidipole effect to the activation energy performed using relation (9.15). 
A monofunctional ester for the corresponding structure served as the reference 
compound. It can be seen that the role of the multidipole interaction in these 
reactions is fairly low: The contribution of the interaction of several polar groups 
AAE, varies from 0.8 to 2.3 kJmol-'. 

The multidipole effect is also manifested in the addition of chlorine atoms to 
chloroalkenes. The scope of influence of this factor on the activation energy of 
these reactions can be judged from the data given in Table 19.12. The interaction 
of a polar reaction center with one polar C-CI group increases the activation 
energy by 17 kJ mol-' , whereas the interaction with several polar C-Cl groups, 
conversely, results in a lower activation energy. 

TABLE 19.12 Parameters br,, A E p ,  and A A E p  for the Addition of Chlorine Atom 
to Chloroalkenes" 

Alkene 
bre AE, -AAE,, 

(kJ mol-')'/2 (kJ mol-I) (kJmol-') 

CH2zCHC1 21.23 
(Z)-CHCI=CHCl 20.43 
CHz=CClp 19.64 
CClz=CHCI 20.50 
cc12=cc12 19.46 

17.0 
11.4 
6.6 

11.8 
5.6 

0.0 
5.6 

10.4 
5.2 

11.4 

"See Ref. 45. 
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19.12 STERIC HINDRANCE 

The addition of trialkylsilyl radicals to 1,2-disubstituted ethylene derivatives is 
subject to a steric e f f e ~ t . ~ ' . ~ ~  This shows itself in the EeO value for the Et3Si' 
addition to RCH=CHR, which is greater than that for the addition of the same 
radical to CH2=CHR. The contribution of steric repulsion to the activation energy 
can be characterized by the increment A Es. 

bre El20 A ES 
Alkene (k~ mol-' )1/2 (kJ mol-') (kJ mol-') 

CH*=CHR 26.46 76.6 0.0 
RCH=CHR 27.54 83.0 6.4 

No effect of this type is manifested for the addition of alkyl radicals to the 
same alkenes. Evidently, the steric effect involved in the addition of trialkylsilyl 
radicals to 1,2-disubstituted ethylene derivatives is due to the repulsion between 
the carbon and silicon atoms, caused by the large size of the silicon atom, in the 
reaction center of the transition state. 

The addition of the tris-2,4,6-(tert-butyl)phenoxyl radical to styrene can serve 
as an example of a reaction subject to the steric effect. This reaction is char- 
acterized by br,(kJ mol-')'/2 = 23.89, whereas the addition of the tert-butoxyl 
radical to styrene (a reaction with a similar structure of the reaction center) has 
the parameter br,(kJ mol-')'/2 = 21.09. The difference between these values is 
matched by the difference between the activation energies of the corresponding 
thermally neutral reactions, EeO = 21.6 kJ mol-' ; this can be regarded as a rough 
estimate of the energy of additional repulsion in the transition state of the reacting 
system. This repulsion in the transition state is brought about by two tert-butyl 
groups of the phenoxyl radical. 

The rate constants for radical addition reactions are collected in handbooks 
and  database^.^^^^*-^^ The values of enthalpies, activation energies, and 
rate constants of. addition reactions calculated by the IPM method (see 
parameters in Tables 19.1-19.2 and the equations in Chapter 9) are presented 
in Tables 19.13-19.23. 

19.13 ADDITION OF ALKYL RADICALS TO DIOXYGEN 

Alkyl radicals produced from the initiator or formed from the oxidized organic 
compound RH react with dioxygen, and then, when they are already peroxyl 
radicals, they attack RH. Being attacked by these radicals, RH gives rise to 
alkyl radicals. 

The reaction of dioxygen addition to an alkyl radical, 

R' + 0 2  -+ RO2' 
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is exothermic. The change in the enthalpy of this reaction depends on the structure 
of alkyl radical. 

R' C'H3 MeC'H2 Me2C.H Me3C' PhMe2C' 

R' C'HZCl C'HC12 C'C13 MeC'HCl MeC'C12 
-AH(kJmol-') 137.0 148.4 155.4 152.8 47.3 

-AH(kJ mol-') 122.4 108.2 92.0 131.2 112.2 

In solution, these reactions proceed very rapidly with diffusion controlled rate 
constants (see Table 19.24). 

TABLE 19.13 Enthalpies ( AHe) ,  Activation Energies ( E ) ,  Preexponential Fac- 
tors (A), and Rate Constants ( k )  of Methyl Radical Addition to Olefins (Calculated 
by the IPM Method)" 

CHz=CHY 

CH2rCH2 
CHz=CHMe 

CH2=CMe2 
(E)-MeCH=CHMe 
(Z)-MeCH=CHMe 

CH2=CMeCI 

CHZ=CHEt 

CHZ=CHCI 

CH2=CC12 
CH2=CHF 
CH~=CHOAC 
CH,=CHOEt 
CH2=CMeOMe 
CH2=CMe0Ac 
CH2=CHC(0)OMe 
CH2=CMeC (0)OMe 
( E )  -MeCH=CHC( 0)OH 
(Z)-MeCH=CHC(O)OH 
CH~TCHCH~OAC 
CH2=CHC(O)OCH2Ph 
CH,=CHCN 
CH2=CMeCN 

MeCH=CHCH=CHMe 
CH2=CMeCMe=CH2 

CH2=CHCH=CH* 

CHZ=CHPh 

98.5 
96.1 
96.6 
98.3 
95.6 
99.0 

104.3 
94.3 

117.3 
100.3 
104.8 
96.5 

109.0 
117.0 
102.0 
128.3 
127.6 
131.8 
102.3 
104.8 
129.7 
127.0 
145.2 
136.7 
149.2 
143.0 

27.8 
28.8 
28.6 
27.9 
28.9 
27.6 
25.6 
29.5 
20.9 
27.1 
25.4 
28.6 
23.9 
21 .0 
26.5 
17.2 
17.4 
16.0 
26.4 
25.4 
16.7 
17.6 
18.9 
21.7 
17.6 
18.0 

1.0 109 1.43 104 
5.0 x 108 4.94 103 
5.0 x 108 5.34 x 101 
5.0 x 108 6.95 x 10' 
1.0 x 109 9.14 x 103 
1.0 x 109 1.55 x 104 
5.0 x 108 1.73 x 104 
5.0 x 108 3.73 103 
5.0 x 108 1.15 105 
5.0 x 108 9.45 103 
5.0 x 108 
5.0 x 108 
5.0 x 108 

1.87 x lo4 
5.26 x 10' 
3.48 x lo4 

5.0 x 108 1.10 105 
5.0 x 108 1.22 104 
5.0 x 108 5.14 105 

5.0 x 108 1.28 104 

5.0 x 10s 4.68 x 10' 
5.0 x I08 8.12 x 10' 

5.0 x 108 1.87 x 10' 
5.0 x 108 6.17 x 10' 
5.0 x 108 4.32 x 105 
1.0 109 5.18 x 105 
1.0 x 109 1.67 105 
1.0 109 8.67 x 105 
5.0 x 10s 3.73 x 105 
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TABLE 19.13 (continued) 

-AH, E A k(300 K) 
CH,=CHY (kJ mol-I) (kJ mol-') (LmoI-' s-') (Lmol-I SKI) 

CH2=CMePh 139.0 19.3 5.0 x 10' 2.21 x 10' 
H C S H  104.4 31.2 2.0 x 109 7.39 103 
MeC-CH 105.3 30.8 1.0 x 10' 4.34 x 103 
MeC=CMe 94.0 36.0 2.0 109 1.08 103 

aSee Chapter 9 and Table 19.4. 

TABLE 19.14 Enthalpies ( A H e ) ,  Activation Energies ( E ) ,  Preexponential Factors 
(A), and Rate Constants ( k )  of Methylethyl Radical Addition to Olefins (Calculated 
by the IPM Method)" 

CH2=CHY 
-AHe E A k(300 K) 

(kJ mol-I) (kJ mol-I) (Lmol-' s-') (Lmol-' s-') 

CH*=CH2 
CH*=CHMe 

CH2=CMe2 
(E)-MeCH=CHMe 
(Z)-MeCH=CHMe 

CH2=CMeCI 

CH*=CHEt 

CH*=CHCI 

CH*=CC12 
CH2=CHF 
CH~=CHOAC 
CH,=CHOEt 
CH2=CMeOMe 
CH2=CMeOAc 
CH2=CHC(0)OMe 
CH*=CMeC(O)OMe 
(E)-MeCH=CHC(O)OH 
(Z)-MeCH=CHC(O)OH 
CH~=CHCH~OAC 
CH*=CHC(O)OCH2Ph 
CH2=CHCN 

CH*=CHCH=CH2 
CH2=CMeCN 

MeCH=CHCH=CHMe 
CH*=CMeCMe=CH2 

CH2=CMePh 
H C X H  
MeC=CH 
MeC-CMe 

CH2ZCHPh 

90.5 
88.1 
88.6 
90.3 
87.6 
91.0 
96.3 
86.3 

109.3 
92.3 
96.8 
88.5 

101.0 
109.0 
94.0 

120.3 
119.6 
123.8 
94.3 
96.8 

121.7 
119.0 
137.2 
128.7 
141.2 
135.0 
131.0 
96.4 
97.3 
86.0 

30.0 
30.9 
30.7 
30.0 
31.1 
29.8 
27.7 
31.6 
22.8 
29.3 
27.5 
30.8 
25.9 
22.9 
28.6 
19.0 
19.2 
17.8 
28.5 
27.5 
18.5 
19.4 
20.6 
23.5 
19.3 
19.7 
21.1 
33.9 
33.5 
38.8 

1.0 x 109 
5.0 x 10' 
5.0 x 10' 
5.0 x 10' 
1.0 x 109 
1.0 x 109 
5.0 x 10' 
5.0 x 10' 
5.0 x 10' 
5.0 x 10' 
5.0 x 10' 
5.0 x 10' 
5.0 x 10' 
5.0 x 10' 

5.0 x lo8 
5.0 x 10' 
5.0 x 10' 
5.0 x 10' 
5.0 x 10' 
5.0 x 10' 
5.0 x 10' 

5.0 x 10' 

1.0 109 
1.0 109 
1.0 109 

2.0 109 
1.0 109 
2.0 109 

5.0 x 10' 
5.0 x 10' 

5.98 103 
2.06 x 10' 
2.23 x 10' 
2.93 x 10' 
3.80 x 10' 
6.54 103 
7.51 x 10' 
1.54 103 
5.29 x 10' 
4.02 x lo3 
8.11 103 
2.20 x 103 
1.54 104 
5.06 x 104 
5.25 x 10' 
2.50 x 10' 
2.27 x 1OS 
4.02 x 10' 
5.50 x 10' 
8.11 x 10' 
3.03 x 10' 
2.09 x 105 
2.61 x 10' 
8.13 x lo4 
4.45 x 10' 
1.83 x 105 
1.06 x 10' 
2.50 x lo3 
1.46 x lo3 
3.51 x 102 

'See Chapter 9 and Table 19.4. 
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TABLE 19.15 Enthalpies ( A H e ) ,  Activation Energies ( E ) ,  Preexponential Factors 
(A), and Rate Constants ( k )  of Dimethylethyl Radical Addition to Olefins (Calculated 
by the IPM Method)" 

CHz=CHY 
-AH, E A k(300 K) 

(kJ mol-I) (kJ mol-') (L mol-' s-') (L mol-' s-') 
- 

CH2=CH2 
CH2=CHMe 

CH2=CMe2 
(E)-MeCH=CHMe 
(Z)-MeCH=CHMe 

CH2=CMeCl 

CH2=CHEt 

CHZ=CHCl 

CH2=CCl2 
CHz=CHF 
CH~YCHOAC 
CH2ZCHOEt 
CH2=CMeOMe 
CH2=CMeOAc 
CH2 =CHC(O)OMe 
CH2 =CMeC(O)OMe 
(E) -MeCH=CHC( 0)OH 
(Z)-MeCH=CHC(O)OH 
CH~=CHCH~OAC 
CH2zCHC (0) OCH2Ph 
CH2zCHCN 
CH2=CMeCN 

MeCH=CHCH=CHMe 
CH2=CMeCMe=CH2 

CH2 =CMePh 
HC-CH 
MeC-CH 
MeC-CMe 

CH2=CHCH=CH2 

CH2=CHPh 

80.5 
78.1 
78.6 
80.3 
77.6 
81.0 
86.3 
76.3 
99.3 
82.3 
86.8 
78.5 
91.0 
99.0 
84.0 

110.3 
109.6 

13.8 
84.3 
86.8 
11.7 
09.0 
27.2 
18.7 
31.2 
25.0 
21 .o 
86.4 
87.3 
76.0 

32.7 
33.7 
33.5 
32.7 
33.9 
32.5 
30.3 
34.4 
25.2 
31.9 
30.1 
33.5 
28.4 
25.4 
31.2 
21.2 
21 .5 
20.0 
31.1 
30.1 
20.7 
21.7 
22.7 
25.7 
21.3 
21.7 
23.1 
37.2 
36.8 
42.3 

1.0 x 109 
5.0 x 108 
5.0 x 108 
5.0 x lo8 
1.0 x 109 

5.0 x 108 
5.0 x 108 
5.0 x 108 
5.0 x 108 
5.0 x 108 
5.0 x 108 
5.0 x 10' 
5.0 x 108 
5.0 x 108 
5.0 x 108 
5.0 x 108 
5.0 x 10' 
5.0 x 108 
5.0 x 108 
5.0 x 108 
5.0 x 108 

1.0 109 

1.0 109 
1.0 x 109 
1.0 x 109 
5.0 x 108 
5.0 x 108 
2.0 x 109 
1.0 109 
2.0 x 109 

2.06 103 
6.91 x lo2 
7.51 x 10' 
9.96 x 10' 
1.27 x 103 
2.24 1 0 3  
2.65 103 

2.02 104 

2.87 103 
7.39 x 102 
5.60 x lo" 
1.93 104 
1.83 x 103 
1.02 105 
9.22 104 
1.67 x 105 
1.92 x 103 

1.25 x 105 
8.46 x 104 
1.12 105 
3.33 x 104 

1.95 x 105 
8.27 104 
4.72 1 0 4  

5.11 x 10' 

1.38 x lo3 

2.87 x lo3 

6.67 x lo2 
3.91 x 10' 

86.3 

'See Chapter 9 and Table 19.4. 

TABLE 19.16 Enthalpies (A He), Activation Energies ( E ) ,  Preexponential Factors 
(A), and Rate Constants ( k )  of Phenyl Radical Addition to Olefins (Calculated by 
the IPM Method)" 

- A H ,  E A k(300 K) 
CH'=CHY (kJ mol-I) (kJmol-.') (L mol-' SKI) (L moI-' s-' ) 

CH2=CH2 164.1 12.7 1.0 x 109 6.10 x lo6 
CH2=CHMe 161.7 13.4 5.0 x 10' 2.30 x lo6 
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TABLE 19.16 (continued) 

CH*=CHY 

CH2=CHEt 
CH2=CMe2 
(E)-MeCH=CHMe 
(Z)-MeCH=CHMe 

CH2=CMeCl 
CHZ=CHCl 

CH2=CC12 
CH,=CHF 
CH~=CHOAC 
CH,=CHOEt 
CH2=CMeOMe 
CH2=CMeOAc 
CH2=CHC(0)OMe 
CH2 =CMeC(O)OMe 
(E)-MeCH=CHC(O)OH 
(Z)-MeCH=CHC(O)OH 
CH~=CHCH~OAC 
CH2 =CHC( O)OCH2Ph 
CH,=CHCN 
CH2=CMeCN 

MeCH=CHCH=CHMe 
CH2=CMeCMe=CH2 

CH2=CMePh 
HC =CH 
MeC -CH 
MeC =CMe 

CH*=CHCH=CHz 

CH*=CHPh 

162.2 
163.9 
161.2 
164.6 
169.9 
159.9 
182.9 
165.9 
170.4 
162.1 
174.6 
182.6 
167.6 
193.9 
193.2 
197.4 
167.9 
170.4 
195.3 
192.6 
210.8 
202.3 
214.8 
208.6 
204.6 
170.0 
170.9 
159.6 

13.3 
12.8 
13.6 
12.6 
11.1 
14.0 
7.6 

12.2 
10.9 
13.3 
97.7 
76.6 
11.7 
4.9 
5 .0 
4.1 

11.6 
10.9 
4.6 
5.2 
6.9 
9.0 
6.0 
6.0 
7.0 

11.5 
11.2 
15.2 

5.0 x 108 
5.0 x 108 
1.0 109 
1.0 109 
5.0 x 108 
5.0 x 108 
5.0 x 10' 
5.0 x 10' 
5.0 x 108 
5.0 x 108 
5.0 x 10' 
5.0 x 108 
5.0 x 108 
5.0 x 108 
5.0 x 108 
5.0 x 108 
5.0 x 108 
5.0 x 108 
5.0 x 108 
5.0 x 10' 

1.0 x 109 

5.0 x 108 
5.0 x 108 

1.0 109 

1.0 109 

2.0 109 
1.0 109 
2.0 x 109 

2.44 x lo6 
2.98 x lo6 
4.34 x 106 
6.46 x lo6 
5.91 x 106 
1.86 x lo6 

3.76 x lo6 
6.25 x lo6 
2.41 x lo6 
9.94 x 106 

4.56 x lo6 

2.39 107 

2.31 x 107 

7.05 x 107 
6.60 x 107 
9.76 107 
4.72 x 106 
6.25 x lo6 
8.04 x lo7 
6.23 107 
6.22 x 107 
2.68 x 107 

4.47 107 
3.04 107 

1.12 107 

9.10 x lo7 

1.99 x lo7 

4.51 x lo6 

USee Chapter 9 and Table 19.4. 

TABLE 19.17 Enthalpies ( AHe),  Activation Energies ( E ) ,  Preexponential Factors 
(A), and Rate Constants ( k )  of Hydroxyl Radical Addition to Olefins (Calculated 
by the IPM Method)' 

-AHe  E A k(300 K) 
CH2=CHY (kJ mol-') (kl mol-') (L mol-' s-' ) (L mol-' s-l) 

CH*=CH2 121.7 5.8 8.75 x 10" 8.56 x lo9 

CHZ=CHEt 119.8 6.4 8.75 x 10" 6.66 x lo9 
CH2=CHMe 119.3 6.6 8.75 x 10ln 6.23 109 

CH2=CMe2 121.5 5.9 8.75 x 10" 8.34 109 
(E)-MeCH=CHMe 118.8 6.8 8.75 x 10" 5.83 109 

(continued overleaf) 
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TABLE 19.17 (continued) 

CHz=CHY 

(Z)-MeCH=CHMe 

CH2=CMeCI 
CH2=CHCI 

CHz=CC12 
CH,=CHF 
CHz=CHOAc 
CH,=CHOEt 
CH2=CMeOMe 
CH2=CMeOAc 
CH2 =CHC(O)OMe 
CH2 =CMeC(O)OMe 
(E)-MeCH=CHC(O)OH 
(Z)-MeCH=CHC(O)OH 
CH~=CHCH~OAC 
CHz=CHC(O)OCH2Ph 
CHz=CHCN 
CH2=CMeCN 

MeCH=CHCH=CHMe 
CH2=CMeCMe=CH2 

CH2=CMePh 
HC=CH 
MeC=CH 
MeCECMe 

CHz=CHCH=CHz 

CH2=CHPh 

122.2 
127.5 
117.5 
140.5 
123.5 
128.0 
119.7 
132.2 
140.2 
125.2 
151.5 
150.8 
155.0 
125.5 
128.0 
152.9 
150.2 
168.4 
159.9 
172.4 
166.2 
162.2 
127.6 
128.5 
117.2 

5.6 
4.0 
7.2 
1.4 
5.2 
3.8 
6.5 
2.5 
I .5 
4.7 
1.2 
1.2 
1.2 
4.6 
3.8 
1.2 
1.2 
1.3 
3.6 
2.4 
1.3 
1.4 

35.4 
35.0 
40.6 

8.75 x 10'" 
8.75 x 10'" 
8.75 x 10" 
8.75 x 10'0 
8.75 x 10'" 

8.75 x 10"' 
8.75 x 10'" 
8.75 x 10'" 
8.75 x 10'" 
8.75 x 10'" 
8.75 x 10'" 
8.75 x 10'" 
8.75 x 10'0 
8.75 x 10'" 

8.75 x 10'" 
8.75 x 10'" 

8.75 x 10'" 
8.75 x 10'" 
8.75 x 10"' 
8.75 x 10'" 
8.75 x 10'" 
8.75 x 10'" 

8.75 x 10" 

8.75 x 10" 

8.75 x 10'" 

9.13 x 10' 
1.79 x 10'" 
4.89 x 10" 
5.0 x 10'" 
1.08 x 10'" 
1.90 x 10"' 
6.58 x 10' 
3.15 x 10"' 
4.80 x 10'" 
1.34 x 10'" 
5.41 x 10'" 
5.41 x 10'' 
5.41 x 10" 
1.39 x 10'" 
1.90 x 10"' 
5.41 x 10"' 
5.41 x 10'" 
5.30 x 10'" 
2.10 x 10'" 
7.95 x 10'" 
5.30 x 10'" 
4.95 x 10'" 
6.01 104 
7.19 x 104 
7.34 103 

"See Chapter 9 and Tdble 19.4. 

TABLE 19.18 Enthalpies (AH,.), Activation Energies ( E ) ,  Preexponential Factors 
(A), and Rate Constants ( k )  of Dimethylethoxyl Radical Addition to Olefins (Cal- 
culated by the IPM Method)" 

-AH,  E A k(300 K) 
CH*=CHY (kJ mol-l) (kJ rnol-') (L mol-' s-I) (L mol-' s- '  ) 

CHzzCH2 
CH2=CHMe 

CH2=CMe2 
(E)-MeCH=CHMe 
(Z)-MeCH=CHMe 

CH2=CMeCl 

CH2zCHEt 

CH,=CHCl 

85.8 
83.4 
83.9 
85.6 
82.9 
86.3 
91.6 
81.6 

13.7 
14.6 
14.4 
13.8 
14.8 
13.5 
11.5 
15.3 

1.0 109 
5.0 x lo* 
5.0 x 108 
5.0 x 10' 
1.0 109 
1.0 109 
5.0 x 10' 
5.0 x 10' 

4.17 x lo6 
1.44 x lo6 
1.55 x 10' 
2.02 x 106 
2.65 x 10' 
4.50 x lo6 
5.00 x 106 
1.08 x 106 
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TABLE 19.18 (continued) 

CH2=CHY 
- A H ,  E A k(300 K) 

(kJmol-') (kJ mol-I) (Lmol-' s-I) (Lmol-' s-') 

CH:!=CCl:, 
CH*=CHF 
CH~=CHOAC 
CHz=CHOEt 
CH2=CMeOMe 
CH2=CMeOAc 
CH2 =CHC( 0)OMe 
CH2 =CMeC(O)OMe 
(E)-MeCH=CHC(O)OH 
(Z)-MeCH=CHC(O)OH 
CH~=CHCH~OAC 
CH2=CHC(O)OCH2Ph 
CH,=CHCN 
CH2=CMeCN 

MeCH=CHCH=CHMe 
CH2 =CMeCMe=CH2 

CH2=CMePh 
HC&H 
M e C S H  
MeC-CMe 

CH2=CHCH=CH2 

CH2=CHPh 

104.6 
87.6 
92.1 
83.8 
96.3 

104.3 
89.3 

115.6 
114.9 
119.1 
89.6 
92.1 

117.0 
1 14.3 
132.5 
124.0 
136.5 
130.3 
126.3 
91.7 
92.6 
81.3 

6.9 
13.0 
11.3 
14.4 
9.8 
7.0 

12.3 
3.5 
3.7 
2.4 

12.2 
11.3 
3.1 
3.9 
8.5 

11.2 
7.2 
7.3 
8.6 

26.9 
26.5 
32.1 

5.0 x 1 0 8  3.10 107 
5.0 x 108 
5.0 x 108 
5.0 x 108 
5.0 x 108 

5.0 x 108 
5.0 x 108 
5.0 x 108 
5.0 x 1 0 8  
5.0 x 108 
5.0 x 108 
5.0 x 108 
5.0 x 108 

2.75 x 10' 
5.39 x 106 
1.53 x lo6 
9.90 x lo6 

3.55 x 106 
5.0 x 108 2.98 107 

1.24 x 10' 
1.14 x 10' 
1.87 x 108 
3.71 x lo6 
5.39 x 106 
1.47 x 108 
1.06 x lo8 

1.0 109 3.38 x 107 
1.0 109 1.10 107 
1.0 109 5.57 x 107 
5.0 x lo8 2.67 107 
5.0 x lo8 1.61 107 
2.0 109 4.09 104 
1.0 109 2.44 104 
2.0 109 5.08 x 103 

"See Chapter 9 and Table 19.4. 

TABLE 19.19 Enthalpies (AH,), Activation Energies (E) ,  Preexponential Factors 
(A), and Rate Constants ( k )  of Benzoyloxyl Radical Addition to Olefins (Calculated 
by the IPM Method)a 

- A H ,  E A k(300 K) 
CH2=CHY (kJmol-I) (kJmol-') (Lmol-' s-I) (Lmol-' s I )  

CH2=CH2 
CH2 =CHMe 

CH2=CMe2 
(E)-MeCH=CHMe 
(Z)-MeCH=CHMe 

CH2=CMeCl 

CH2=CHEt 

CH,=CHCl 

CHz=CC12 
CH2=CHF 

96.9 
94.5 
95.0 
96.7 
94.0 
97.4 

102.7 
92.7 

115.7 
98.7 

9.6 
10.4 
10.3 
9.6 

10.6 
9.40 
7.6 

11.1 
3.4 
8.9 

2.0 109 
1.0 109 
1.0 109 
1.0 109 
2.0 109 
2.0 x 109 
1.0 109 
1.0 109 
1.0 109 
1.0 109  

4.31 x 107 
1.53 x 107 
1.64 x 107 
2.10 107 
2.84 107 
4.63 x 107 
4.81 107 
1.18 x 107 

2.78 x 107 
2.52 x 10' 

(continued overleaf) 
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TABLE 19.19 (continued) 

CH,=CHY 
-AHe E A k(300 K) 

(kJ mol-I) (kJ mol-') (Lmol-' s-') (Lmol-l s-') 

CH~=CHOAC 
CH,=CHOEt 
CHz=CMeOMe 
CH2=CMeOAc 
CH2 =CHC( 0)OMe 
CH2=CMeC(0)OMe 
( E)-MeCH=CHC(O)OH 
(Z)-MeCH=CHC(O)OH 
CH2 =CHCH*OAc 
CH2=CHC(O)OCH2Ph 
CH2zCHCN 
CH2 =CMeCN 

MeCH=CHCH=CHMe 
CH2 =CMeCMe=CH* 

CH2=CMePh 
HC-CH 
MeC-CH 
MeCECMe 

CH2 =CHCH=CH2 

CH2=CHPh 

103.2 
94.9 

107.4 
115.4 
100.4 
126.7 
126.0 
130.2 
100.7 
103.2 
128.1 
125.4 
143.6 
135.1 
147.6 
141.4 
137.4 
102.8 
103.7 
92.4 

7.4 
10.3 
6.0 
3.5 
8.4 
1.6 
1.8 
1.2 
8.2 
7.4 
1.2 
1.9 
5.1 
7.6 
3.9 
4.0 
5.1 

21.6 
21.2 
26.6 

1.0 x 109 5.15 x 107 
1.0 x 109 1.62 107 
1.0 x 109 8.96 x 107 

1.0 x 109 3.52 x 107 
1.0 109 2.43 x lo8 

1.0 109 5.26 x 10' 
1.0 1 0 9  4.90 x lo8 
1.0 109 6.18 x lo8 
1.0 109 3.66 107 
I .o 109 5.15 107 
1.0 x 109 6.18 x 10' 
1.0 109 4.67 x lo8 
2.0 109 2.61 x lo8 

2.0 109 4.11 x lox 

1.0 109 1.27 x lo8 

2.0 x 109 9.37 x 107 

1.0 109 2.01 x 108 

4.0 109 6.84 105 
2.0 109 4.04 x 105 
4.0 109 9.37 104 

"See Chapter 9 and Table 19.4. 

TABLE 19.20 Enthalpies (AHe) ,  Activation Energies ( E ) ,  Preexponential Factors 
(A), and Rate Constants ( k )  of Methylethylperoxyl Radical Addition to Olefins (Cal- 
culated by the IPM Method)" 

- A H ,  E A k(300 K) 
CHl=CHY (kJmol-') (kJmol-I) (Lmol-l SKI) (Lmol-' SKI )  

CHl=CH2 
CH2=CHMe 

CH2=CMe2 
(E)-MeCH=CHMe 
(Z)-MeCH=CHMe 

CH*=CMeCI 

CH,=CHEt 

CH?=CHCI 

CH?=CC12 
CH2=CHF 
CH~GCHOAC 
CHlzCHOEt 
CH2=CMeOMe 

37.1 
34.7 
35.2 
36.9 
34.2 
37.6 
42.9 
32.9 
55.9 
38.9 
43.4 
35.1 
47.6 

59.2 
60.6 
60.3 
59.3 
60.9 
58.9 

61.7 
48.5 
58.2 
55.6 
60.4 
53.2 

55.8 

2.0 109 

1.0 109 

1.0 x 10' 
1.0 x 109 

2.0 x 109 
2.0 x 109 
1.0 x 10' 
1.0 x 109 
1.0 x 10' 
1.0 x 109 
1.0 x 109 
1.0 x 109 
1.0 x 109 

9.83 x lo-' 
2.80 x lo-* 
3.15 x lop2 
4.70 x lop2 
5.00 x 10-2 

0.1 1 
0.19 

1.83 x lop2 
3.55 

7.47 x 10-2 
0.21 

3.08 x lo-' 
0.55 
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TABLE 19.20 (continued) 

CH*=CHY 
-AHc E A k(300 K) 

(kJmol-') (kJmol-') (Lmol-ls- ') (Lmol-' s-l) 
~~ 

CH*=CMeOAc 
CH2 =CHC( 0)OMe 
CH2 =CMeC( 0)OMe 
(E)-MeCH=CHC(O)OH 
( Z )  -MeCH=CHC(O)OH 
CH~=CHCH~OAC 
CH2=CHC(O)OCH2Ph 
CH2=CHCN 
CH2=CMeCN 

MeCH=CHCH=CHMe 
CH2=CMeCMe=CH2 

CH2=CMePh 
HC=CH 
MeC-CH 
MeC-CMe 

CH2=CHCH=CHz 

CH2zCHPh 

55.6 
40.6 
66.9 
66.2 
70.4 
40.9 
43.4 
68.3 
65.6 
83.8 
75.3 
87.8 
81.6 
77.6 
43.0 
43.9 
32.6 

48.7 
57.2 
42.6 
42.9 
40.7 
57.0 
55.6 
41.8 
43.3 
44.1 
48.5 
42.0 
42.9 
45.0 
78.0 
77.5 
84.8 

1.0 x 109 

1.0 109 

1.0 x 109 
1.0 x 109 

1.0 109 
1.0 109 
2.0 x 109 
2.0 x 109 
2.0 x 109 
1.0 x 109 
1.0 109 
4.0 x 109 
2.0 x 109 
4.0 109 

1.0 x 109 

1.0 x 109 

1.0 x 109 

3.32 
0.1 1 
39.0 
33.6 
82.1 
0.12 
0.21 
52.6 
29.5 
42.9 
7.13 
98.0 
34.0 
14.7 

1.04 x 10-4 
6.54 x 10-5 
6.82 x 

aSee Chapter 9 and Table 19.4. 

TABLE 19.21 Enthalpies (A Ele ) ,  Activation Energies ( E ) ,  Preexponential Factors 
(A), and Rate Constants ( k )  of Aminyl Radical (N'H2) Addition to Olefins (Cal- 
culated by the IPM Method)" 

-AHe E A k(300 K) 
CHz=CHY (kJ mol-') (kJmol-') (Lmol-' SKI) (Lmol-' s-') 

CH2=CMe2 
(E)-MeCH=CHMe 
(Z)-MeCH=CHMe 

CH2=CMeCI 
CH2=CHCI 

CHz=CC12 
CH2=CHF 
CHz=CHOAc 

86.6 
85.6 
89.0 
94.3 
84.3 

107.3 
90.3 
94.8 

CH2zCH2 88.5 9.4 
CH2=CHMe 86.1 10.3 
CH2=CHEt 86.6 10.2 

9.5 
0.5 
9.3 
7.4 
1 .0 
3.1 
8.8 
7.2 

CHz=CHOEt 86.5 10.2 
CH2=CMeOMe 99.0 5.8 
CH2=CMeOAc 107.0 3.2 

1.6 x 10' 
8.0 x 107 
8.0 x 107 
8.0 x 107 

8.0 x 107 
8.0 107 
8.0 107 
8.0 107 
8.0 x 107 
8.0 x 107 
8.0 x 107 
8.0 107 

1.6 x lo8 
1.6 x lo8 

3.63 x lo6 
1.27 x lo6 
1.37 x lo6 
1.76 x lo6 
2.36 x 10' 
3.91 x lo6 
4.18 x lo6 
9.67 x lo" 
2.32 x 107 
2.36 x 10' 
4.49 x 106 
1.35 x 10' 
7.97 x 106 
2.24 x 107 

(continued overleuf ) 
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TABLE 19.21 (continued) 

CH,=CHY 
-AHe E A k(300 K) 

(kJ mol-I) (kJ mol-') (L mol-' S K I )  (L mol - '  SKI) 

CH2=CHC(0)OMe 
CH2 =CMeC( 0)OMe 
(E)-MeCH=CHC(O)OH 
(Z)-MeCH=CHC(O)OH 
CH~=CHCH~OAC 
CHZ=CHC(O)OCH2Ph 
CHl=CHCN 
CH*=CMeCN 

MeCH=CHCH=CHMe 
CH2 =CMeCMe=CH2 

CH2 =CMePh 
HC-CH 
MeC-CH 
MeC-CMe 

CH2=CHCH=CHz 

CH*=CHPh 

92.0 
118.3 
117.6 
121.8 
92.3 
94.8 

119.7 
117.0 
135.2 
126.7 
139.2 
133.0 
129.0 
94.4 
95.3 
84.0 

8.2 
1.2 
0.105 
1.2 
8.1 
7.2 
1.2 
1.5 
3.0 
5.6 
1.9 
1.3 
2.4 

41.4 
41.0 
46.9 

8.0 107 
8.0 107 
8.0 107 
8.0 x 107 
8.0 x 107 
8.0 x 107 
8.0 x 107 
8.0 x 107 
1.6 x 10' 
1.6 x lo8 
1.6 x lo8 
8.0 107 
8.0 x 107 
3.2 x lo8 
1.6 x 10' 
3.2 x 10' 

3.02 x 106 
4.94 x 107 
7.67 x 107 
4.94 107 
3.15 x 106 
4.49 x 106 
4.94 x 107 
4.38 x 107 
4.71 x 107 
1.71 x 107 
7.37 107 
4.69 107 
3.00 x 107 

19.6 
11.8 
2.2 

"See Chapter 9 and Table 19.4. 

TABLE 19.22 Enthalpies (AHe) ,  Activation Energies ( E ) ,  Preexponential Factors 
( A ) ,  and Rate Constants ( k )  of Triethylsilyl Radical Addition to Olefins (Calculated 
by the IPM Method)a 

-AHe  E A k(300 K) 
CH2=CHY (kJmol-') (kJmol-') (Lmol-' SKI) (Lmol-' S-')  

CH*=CHz 97.1 11.8 1.6 x 109 1.41 x 107 
CH2=CHMe 94.7 12.9 8.0 x 10' 4.54 x 106 
CH,=CHEt 95.2 12.7 8.0 x 10' 4.92 x lo6 
CH2=CMe2 96.9 11.9 8.0 x 10' 6.78 x 10' 
(E)-MeCH=CHMe 94.2 13.1 1.6 x lo9 8.38 x lo6 

97.6 11.5 1.6 x 109 3.18 x 107 
02.9 9.2 8.0 x 10s 2.00 x 107 

98.9 10.9 8.0 x 108 1.01 x 107 
03.4 8.9 8.0 x 108 2.26 x 107 

92.9 13.7 8.0 x 108 3.29 x lo6 
15.9 3.8 8.0 x 108 1.74 x lox 

95.1 12.7 8.0 x 10' 4.92 x lo6 
CH2=CMeOMe 107.6 7.2 8.0 x 108 4.46 x 107 

CH2=CHC(0)OMe 100.6 10.2 8.0 x 108 1.34 x 107 
CH2=CMeC(0)OMe 126.9 1.2 8.0 x 108 4.94 x 108 
(E)-MeCH=CHC(O)OH 126.2 1.3 8.0 x 108 4.75 x 10' 

CH2=CMeOAc 115.6 3.9 8.0 x 108 1.67 x 10' 
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TABLE 19.22 (continued) 

CH2=CHY 

~ ~~~~ 

-AHe E A k(300 K) 
(kJ mol-I) (kJ mol-I) (L mol-' SKI) (L mol-' s-I) 

(Z)-MeCH=CHC(O)OH 
CH~=CHCH~OAC 
CH2=CHC(O)OCH2Ph 
CH2=CHCN 
CH2=CMeCN 

MeCH=CHCH=CHMe 
CH2=CMeCMe=CH2 

CH2=CMePh 
HC-CH 
MeC-CH 
MeC-CMe 

CH2=CHCH=CH2 

CH2ZCHPh 

130.4 
100.9 
103.4 
128.3 
125.6 
143.8 
135.3 
147.8 
141.6 
137.6 
103.0 
103.9 
92.6 

1.2 
10.1 
9.0 
1.2 
1 .5 
3.5 
6.7 
2.0 
3.2 
4.7 
9.6 
9.1 

15.0 

~ - ~~~ 

8.0 x 108 
8.0 x lo8 
8.0 x 108 
8.0 x 10' 
8.0 x 10' 
1.6 x 109 

1.6 x 109 
8.0 x lo8 
8.0 x 10' 
3.2 x 109 
1.6 x 109 

4.94 x 10' 
1.39 x 107 
2.17 x 107 
4.94 x 108 
4.38 x 10' 
3.93 x 108 

7.18 x lo8 
2.22 x 108 
1.21 x 108 
6.82 x 107 
4.17 x 107 

1.6 109 4.37 x 107 

3.2 109 7.82 x lo6 

'See Chapter 9 and Table 19.4 

TABLE 19.23 Enthalpies (A He), Activation Energies ( E ) ,  Preexponential Factors 
(A), and Rate Constants ( k )  of Ethylthiyl Radical Addition to Olefins (Calculated 
by the IPM Method)a 

CHz=CHY 
-AHe  

(kJ mol-I) 

CH2=CH2 
CHz=CHMe 

CH2=CMe2 
(E)-MeCH=CHMe 
(Z)-MeCH=CHMe 

CH2=CMeC1 

CH,=CHEt 

CH*=CHCI 

CH2=CC12 
CH2=CHF 
CHz=CHOAc 
CH,=CHOEt 
CH2=CMeOMe 
CH*=CMeOAc 
CH2=CHC(O)OMe 
CH2=CMeC(O)OMe 
(E)-MeCH=CHC(O)OH 
(Z)-MeCH=CHC(O)OH 
CH2 =CHCH2 OAC 

31.5 
29.1 
29.6 
31.3 
28.6 
32.0 
37.3 
27.3 
50.3 
33.3 
37.8 
29.5 
42.0 
50.0 
35.0 
61.3 
60.6 
64.8 
35.3 

~~ - ~~~~ 

E A k(300 K) 
(kJ mol-I) (L mol-' s-') (L moi-' s-') 

14.9 1.40 x 10' 3.55 x 106 

16.0 7.00 x 10' 1.12 x 106 
15.0 7.00 x 10' 1.69 x lo6 
16.7 1.40 109 1.76 x lo6 
14.6 1.40 x 109 4.00 x lo6 
11.5 7.00 x 10' 6.95 x lo6 

4.4 7.00 x 10' 1.18 x 108 
13.8 7.00 x 10' 2.73 x lo6 
11.2 7.00 x lo8 7.79 x 106 
16.1 7.00 x 10' 1.09 x lo6 
8.9 7.00 x 10' 2.01 x 107 
4.6 7.00 x 10' 1.11 x 108 

16.4 7.00 x 10' 9.92 105 

17.5 7.00 x lo8 6.38 105 

12.8 7.00 x 10' 4.07 x lo6 
1.2 7.00 x lo8 4.33 x 10' 
1.2 7.00 x 10' 4.33 x lo8 

12.7 7.00 x 10' 4.37 x lo6 
1.2 7.00 x 10' 4.33 109 

(continued overleaf) 
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TABLE 19.23 (continued) 

CH2zCHY 

CH2=CHC(O)OCH2Ph 
CHzzCHCN 
CH2=CMeCN 

MeCH=CHCH=CHMe 
CH2=CMeCMe=CH2 

CH2 =CMePh 
HCICH 
MeC=CH 
MeC-CMe 

CH*=CHCH=CHz 

CH2 =CHPh 

37.8 
62.7 
60.0 
78.2 
69.7 
82.2 
76.0 
72.0 
37.4 
38.3 
27.0 

11.2 
1.2 
1.2 
1.2 
1.2 
1.2 
1.2 
1.2 
9.6 
9.1 

16.5 

7.00 x 10' 7.79 x 106 
7.00 x 10' 4.33 x 10' 
7.00 x 10' 4.33 x 108 
1.40 x 10' 4.33 x 10"' 
1.40 x 10' 4.33 x 10' 
1.40 x lo9 4.33 x 10'" 
7.00 x lo8 4.33 x 10' 
7.00 x 10* 4.33 109 
2.80 x 10' 5.87 x 107 
1.40 x 10' 
2.80 x 10' 

3.69 x lo7 
3.78 x 10' 

"See Chapter 9 and Table 19.4. 

TABLE 19.24 Rate Constants of Dioxygen Addition to Alkyl Radicals 

R' 
T k 

Solvent (K) (Lmol-' s-I) Reference 

C'H3 
C'H3 

MeC'H2 
MeC'H2 

Me2C.H 
PrC'H2 
PrC'H2 
EtMeC'H 
Me2CHC'H2 
MeqC' 
Me(CH2) IC*H2 
Me(CH2)$C'H2 
Me3CC'H2 
Me(CHI)(,C'H? 
Me(CH2)5C' HMe 
Me(CH2)7C'HMe 
Me(CH2) ?C'HMe 
Me(CH2) I4C'HMe 
Me(CH2)4CH=CHC'HCH= 

C H I  

EtC'H2 

CH(CH2)7COOH 
Et(CH=CHCH2)2CH= 

CHC'H(CHz)(,COOH 

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 

296 
298 
298 
298 
298 
298 
298 
298 
298 
298 
298 
300 
298 
298 
298 
298 
298 
298 
298 
298 
295 

295 

4.7 x 10" 67 
4.1 x lo9 68 
3.7 x 10' 69 
2.1 109 68 
2.9 x 10' 70 
1.9 109 71 
3.8 x 10' 68 
1.8 x 109 68 
1.3 x 10' 71 
3.2 x 10' 68 
3.2 x 10' 68 
4.9 x 10' 72 
3.8 x lo9 68 
3.9 109 68 
2.7 x 10' 68 
2.4 x 10' 68 
2.4 x lo9 68 
4.8 x 10' 73 
1.5 x 109 74 
1.5 x 10' 74 
3.0 x 108 75 

3.0 x 10' 75 
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TABLE 19.24 (continued) 

R' 
T k 

Solvent (K) (Lmol-' s-I) Reference 

0 
0 
0 OH 

F O H  

C'H2C1 
C'H2Br 
MeC'HCl 
CH3C'C12 
CF3C'HCl 
CH2 ClC' HCI 
NzCC'H2 
Me2NC'H2 
C'H2OH 
C'H2CH2OH 
MeC' HOH 
EtC' HOH 
Me2C'OH 
Me2C'OH 
Me2CHC'HOH 
EtMeC'OH 
HOCH=C'H 
C' H(OH)CH2OH 

O O H  

C'H2CO2- 
(COz-)? C'OH 

Water, pH 1.0 

C yclohexane 

Benzene 

Water 

Toluene, 3,5-bis-l,l 
dimethylethyl- 

Water, pH 1.0 
Water, pH 0.0 
Water 
Water 
Waterltert-butanol 
Water 
Watedacetonitrile 
Trimethy lamine 
Water, pH 10.7 
Water, pH 1.0 
Water, pH 7.0 
Water, pH 7.0 
2-Propanol 
Acetonitrile 
Water, pH 7.0 
Water, pH 7.0 
Ethan o 1 
Water, pH 7.0 

Acetonitrile 

Water, pH 8.0 
Water 

298 

298 

300 

RT 

298 

298 
298 
298 
298 
298 
298 
298 
298 
298 
298 
298 
298 
300 
297 
298 
298 
295 
298 

297 

298 
293 

3.5 109 

2.0 109 

1.6 109 

1.5 x 108 

9.0 x 107 

1.9 x 109 
2.0 x 109 
9.0 x 10' 
1.5 109 
1.3 109 
9.7 x 108 
1.3 109 
3.5 x 109 
4.2 x 109 

4.7 x 1 0 9  
3.9 109 

3.4 x 1 0 9  

1.0 109 
3.2 x 109 

5.4 x 109 

1.7 109 
1.6 109 

6.6 x lo9 
4.6 x lo9 

6.6 x lo9 

4.0 x lo9 

68 

76 

72 

77 

74 

68 
68 
78 
78 
79 
78 
80 
81 
82 
83 
84 
84 
72 
85 
84 
84 
86 
84 

85 

87 
88 

(continued overleaf) 
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TABLE 19.24 (continued) 

R' 
T k 

Solvent (K) (L mol-' s-') Reference 

MeC(O)C' H2 
MeC(0)OC'H2 
C'H2C(O)OCH3 
C6H5. 

PhC'H2 
PhC'H2 
PhC'H2 
PhC'H2 
PhC'H2 
PhC'H2 
PhC'H2 
PhC'H2 
PhC'H2 

PhC' HMe 
PhC' HOMe 
PhMelC' 
Ph2C.H 
Ph3C 
EtCH2CHPh 
Ph2NC'HMe 

Water 
Water 
Water 
Water 

Water 

Water 

Water, pH 1.0 
Benzene 
Hexane 
Cyclohexane 
Hexadecane 
Acetonitrile 
2-Propanol 
Toluene 
Hexane 

Hexane 

Hexane 

Hexane 

Hexane 

Hexane 

4-Nitrotoluene 

Ethylbenzene 
Water 
Cumene 
Diphen y lmethane 
Triphenylmethane 
1 -Phenylpropane 
Ethyldiphenylamine 

298 
298 
RT 
293 

288 

293 

298 
300 
300 
300 
300 
300 
300 
294 
298 

298 

298 

298 

298 

298 

294 

323 
293 
323 
294 
293 
323 
300 

3.1 x 10' 
1.4 x 10"' 

3.3 x 109 
1.8 109 

2.7 109 

3.2 x 10' 

2.8 109 
2.9 x lo9 
2.8 x 10' 
2.4 x 109 
1.0 x 109 
3.4 x 109 

2.0 x 10' 
2.5 109 

2.6 109 

3.4 x 109 

1.7 x 109 

2.9 109 

1.3 x 10' 

5.8 x 10' 

9.0 x 108 

8.8 x 10' 

9.0 x 108 
7.5 x 108 
1.2 x 109 
8.0 x 107 
4.9 1 0 9  

3.2 109 

89 
90 
90 
91 

91 

91 

68 
72 
72 
72 
72 
72 
72 
92 
93 

93 

93 

93 

93 

93 

92 

94 
95 
72 
92 
96 
94 
72 
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TABLE 19.24 (continued) 

R' 
T k 

Solvent (K) (Lmol-' s-') Reference 

H 

o<>o Water 298 

H 

Watedmethanol 293 

Acetonitrile 297 
W 

W 

W 

Acetonitrile 297 

O - N G  Acetonitrile 297 

Acetonitrile 297 
W 

\ 

OnN< Acetonitrile 297 

W 

2.0 x 109 97 

2.2 x 109 98 

6.3 x 109 85 

4.5 109 85 

3.9 109 85 

2.3 109 85 

4.3 109 85 
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20 
RECOMBINATION AND 
DISPROPORTIONATION 
OF FREE RADICALS 

20.1 ALKYL RADICALS 

The reaction of two alkyl radicals leads either to one molecule by combination, 
for example, 

C'H3 + C'H3 -+ C2H6 

or to two molecules by the transfer of a hydrogen atom from one radical to the 
second one, for example,'-4 

The latter process is called disproportionation (the back reaction is called retrodis- 
proportionation, see Chapter 10). 

Disproportionation of organic radicals occurs only if at least one radical has 
a hydrogen atom in the position$ to the radical center. 

H' + CH3CH2C0H2 + H2 + CH3CH=CH2 

HO' + HOC'H2 -+ H2O + H2C=O 

R' + H2NCH2 -+ RH + CH2=NH 

Radicals containing fluorine atoms can disproportionate with abstraction of the 
hydrogen atom from the carbon atom with the free valence to form of ~ a r b e n e . ~ ? ~  

CHF2 + C'HF2 4 CH2F2 + CF2 

817 
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818 RECOMBINATION AND DISPROPORTIONATION OF FREE RADICALS 

Recombination and disproportionation of alkyl radicals play an important role 
in many chain reactions, for example, pyrolysis, photolysis and radiolysis of 
organic compounds, free radical polymerization, chlorination of hydrocarbons, 
various organic free radical synthesis, polymer degradation, and so on. 

Reactions of free radical recombination are very exothermic. Entropies of these 
reactions are negative due to the association of two species with free valence. 
For example, the reaction 

occurs (in the gas phase) with AH" = -366.5 kJmol-l and AS" = -192.4 J 
mo1-l s-l. 

For the disproportionation of two ethyl radicals in the gas phase, 
AHo=-270 kJmol-' and AS" = -36.3 Jmol-' s-' (see Table 20.1). 

Recombination of atoms and radicals leads to the formation of energized 
molecules. Such an energized molecule (RR*) should be stabilized in the colli- 
sion with another molecule. The mechanism of free radical recombination in the 

TABLE 20.1 Enthalpies ( A H )  and Entropies (AS) for Recombination and Dispro- 
portionation (R" + R2' + R'H + Olefin) of Alkyl Radicals" 

Radicals Recombination Disproportionation 

R" 

C'H3 
C'H? 
C'H? 
C'H1 
C'H? 
MeC'H2 
MeC'H2 
MeC'H2 
EtC'H2 
EtC'H, 
EtC'H2 
Me2C'H 
Me2C'H 
Me2C'H 
EtCH2C'HZ 
EtCH2C'HZ 
Me2CHC'H2 
Me2CHC'H2 
Me3C' 
MelC' 

R2' 
- A H  -AS 

(kJmol-') (Jmol-' K) 
-AH -AS 

(kJ mol-l) (J mol-' K) 

MeC'H2 

Me2C.H 
Me2CHC'H2 
Me3C' 
MeC'H2 

Me2C'H 
MeC'H2 

Me2C'H 
MeC'H2 

Me2C'H 
MeC'H2 

MeC'H2 
Me2CHC'H2 
MeC'H2 
Me$' 

EtC'H2 

EtC'H, 

EtC'H2 

EtC'H2 

EtCH2C'H2 

372.5 166.8 
375.2 170.7 
374.5 178.6 
373.5 165.1 
362.5 189.4 
366.5 192.4 
367.5 180.3 
364.5 178.2 
367.5 180.3 
367.5 184.8 
364.5 185.2 
364.5 178.2 
364.5 185.2 
363.5 192.4 
367.5 181.3 
367.5 187.3 
367.5 176.8 
367.5 190.2 
354.5 178.6 
323.5 214.0 

288.2 31.1 
301.4 27.4 
291.4 19.9 
308.1 28.8 
328.2 15.9 
269.8 36.3 
283.0 32.6 
213.0 25.1 
271.3 39.8 
303.5 36.1 
393.5 28.6 
261.3 32.3 
314.7 28.6 
264.5 21.1 
303.1 40.2 
282.4 34.4 
270.9 44.1 
290.8 41.8 
291.0 30.3 
331.0 15.1 

"See Ref. 5 
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gas phase is referred as the energy-transfer mechanism. It includes the stages'%6 

R' + R' + RR* 

RR* + R' + R' 

R R * + M + R R + M  

The detailed kinetic schemes and equations of free radical recombination in the 
gas phase are p ~ b l i s h e d . ' ~ ~ ~ ~ ~ ~  

The study of recombination (k,) and disproportionation (kdis) of ethyl radicals 
proved the dependence of the ratio kdis/kc on the solvent (see Table 20.2).49798 

Stefani found that log(kdi,/k,) is a linear function of the solubility 6,, which 
is equal to the square root of the cohesive energy density of the solvents (&) :7 

TABLE 20.2 The Values for the Rate Constant Ratio kdi,/k, in Different Solvents in 
Comparison with AH,,, (298 k) and the Solubility Parameter 6," 

Solvent 

Gas phase 
Isooctane 
Ethylbenzene 
m-Xylene 
Toluene 
2-Butanol 
2-Propanol 
1 -Propano1 
Aniline 
Acetonitrile 
Ethylenegl ycol 
Water 

Gas phase 
Octane 
Decane 
Dodecane 
Tetradecane 
Hexadecane 
Acetonitrile 

Ethyl Radical 

0.14 
0. I45 
0.156 
0. I65 
0.167 
0.168 
0.178 
0.181 
0.195 
0.204 
0.241 
0.350 

1, I-Dimethylethyl Radical 

2.30 
5.4 
5.7 
5.9 
6.4 
6.9 
7.3 

35.1 
42.2 
42.6 
37.3 
49.7 
45.4 
47.4 
55.8 
32.9 

44.0 

41.5 
51.4 
61.5 
71.3 
81.4 
32.9 

15.6 
18.0 
18.0 
18.2 
22.1 
23.5 
24.3 
21.1 
24.3 
29.9 
47.9 

15.6 
15.8 
16.2 
16.4 
16.6 
24.3 

'See Eq. (20.1) and Refs. 4 and 7-9. 
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The latter depends on the energy of evaporation (U,,) 

(20.2) 

where V is the molecular volume, AH,, is the enthalpy of solvent evaporation, 
M and p are the molecular weight and density of the solvent, respectively. The 
ratio values of kdls/k, for ethyl and 1,l-dimethylethyl radicals and the 6, of 
solvents are listed in Table 20.2. This dependence of the kdl,/k, ratio on the 
cohesive energy density of solvents proves that the transition state of radical 
recombination has a loose structure and that of the disproportionation reaction 
has a compact structure. The greater the pressure of the cage molecules on the 
pair of reacting radicals, the faster the reaction of disproportionation. Stefani7 
saw that the k d l s /  k, ratio increased with decreasing temperature. This phenomena 
can be explained because of an increase in the internal pressure of liquid with 
decreasing temperature. 

Alkyl radicals react very rapidly in solution. The rate of their disappearance 
is limited by the frequency of their encounters. This situation is known as micro- 
scopic diffusion control or encounter control, when the measured rate is almost 
exactly equal to the rate of diffusion.6 The rate of diffusionally controlled reaction 
of free radical disappearance is the following (2 is the stoichiometric coefficient 
of reaction):6 

u = 2 k ~ I R . l ~  = ~ ~ T c D R Y R [ R * ] ~  (20.3) 

where DR and YR are the diffusion coefficient and radius of the radical, 
respectively. According to Stokes’s law 

and the rate constant of the diffusion controlled reaction is inversely proportional 
to viscosity. 

kD = 16kT/3q = const x T / q  (20.5) 

Schuh and Fischer’ studied the kinetics of the 1,l -dimethylethyl radical dispro- 
portionation in different solvents and proved the validity of Eq. (20.5) for this 
reaction (see Table 20.3). The values for the rate constants of alkyl radical com- 
bination in solution are in Table 20.3 and these of the hydroxyl, alkoxyl, and 
R3E’ radicals (E = Si, Ge, and Sn) are in Table 20.4. 

20.2 MACRORADICALS 

Chain termination in the free radical polymerization of monomers CH2=CHX 
occurs also by reactions of recombination (k,) and disproportionation ( k d , , )  of 
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828 RECOMBINATION AND DISPROPORTIONATION OF FREE RADICALS 

TABLE 20.4 Rate Constants (2kt)  for the Combination of HO', ROO, PhSO'R3Si0, 
R3Ge*, R&*, and PhS' Radicals in Solution (k ,  = k, + kdis) 

T E log (2A), A 2k,(298 Kj 
R' Solvent (K) (kTmol-'j (Lmol-'s-I) (Lmol-' s - l j  Reference 

HO' Water, pH 7 
HO' Water 
HO' Water 
HO' Water, pH 7 
HO' Water, pH 1 
HO' Water, pH 3.7 
0-' Water, pH 13 
0-' Water, pH 12 
Me3CO' tcrt-Butyl peroxide 
Me3CO' Carbon tetrachloride 
Me3CO' tert-Butyl peroxide 
PhSO' Ethylether 
PhSO' Hexane 
PhSO' Acetonitrile 
PhSO' Cyclohexane 
PhSO' Water 
PhSO' Ethanol 
PhSO' Propanol 
PhSO' Isopropyl alcohol 
PhSO' 2-Methyl-2-propanol 
Me3Si' terf-Butyl peroxide 
Me3Ge' tert-Butyl peroxide 
Me3Sn' tert-Butyl peroxide 
Me3 Sn' Cyclohexane 
Bu3Sn' Cyclohexane 
Ph3Sn' Cyclohexane 
PhS' 1,l-Dimethylethanol 

293 - 353 

298 
298 
298 
298 
298 
298 
298 
313 
295 
298 
298 
298 
298 
298 
298 
298 
298 
298 
298 
233 
233 
298 
298 
298 
298 

293-453 
7.7 11.21 7.25 lo9 

1.10 x 10'0 
3.7 10.58 8.54 x lo9 

1.04 x 10" 
1.24 x 10" 
1.04 x 10" 
1.68 x 10" 
1.8 109 
1.3 109 

2.6 109 

1.0 x 10"' 
6.4 109 
6.2 109 
4.0 lo9 
3.5 x 109 

3.1 109 
1.7 109 
5.5 lo9 
3.6 109 
2.8 109 
3.1 109 
1.4 10' 
2.8 109 
1.8 109 

2.8 x 10' 

1.3 x 10" 

2.5 x 10' 

64 
65 
66 
67 
68 
69 
70 
68 
71 
71 
72 
73 
73 
73 
73 
13 
73 
73 
73 
73 
74 
74 
74 
10 
10 
10 
73 

RCHzC'HX + RCH2C'HX + RCHzCHXCHXCHzR 

RCH2C'HX + RCH2C'HX + RCH=CHX + RCH2CH2X 

Since one macromolecule is formed in the first reaction and two in the second, 
the mode of termination controls the molecular weight of the For 
recombination termination, the number-average degree of polymerization P,, is 
twice as large as its kinetic chain length in the absence of chain-transfer reactions. 
For disproportionation termination the number-average degree of polymeriza- 
tion of the polymer P,, is equal to its kinetic chain length. Molecular weight 
distributions are also affected. The ratio of the weight-average P, to number- 
average P, degree of polymerization is equal to 1.5 for recombination and 2.0 
for disproporti~nation.~~ 
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Reaction of Termination P” p w /  P” 

Recombination 

Disproportionation 

(k, [M~nomer] )~  

(k, [Mon~mer] )~  
kc x u p  

2kdis 

1.5 

2.0 

Here the rate of polymerization is up and the rate constant of chain propagation 
is k,. 

Macroradicals are reactive species and the rate constants of chain termination 
2kt = 2(k,  + k d i s )  are high (106-107 Lmol-I s-1).26,76 However, they are not 
as high as low-molecular-weight radicals (see Table 20.4). This difference is 
the result of the complex diffusive processes of two macroradicals through a 
viscous media. 

It was observed that the rate of polymerization increased rapidly after some 
critical conversion. This increase in the rate of polymerization is a consequence 
of a decrease in the rate constant for chain termination, and hence, an increase in 
the concentration of macroradicals. The latter is the result of the large increase 
in viscosity restriction for the diffusion of the macroradicals and their segments. 
The autoacceleration is a feature of the polymerization of many monomers and 
is known as the “ g e l - e f f e ~ t ” . ~ ~ - ~ ~  It was proved that kt is reduced in the period 
of such acceleration of methyl methacrylate polymerization and the rate constant 
k, remains unchanged. 

The diffusion control of chain termination in free radical polymerization is not 
restricted to high conversions but exists in many monomers at zero conversion. 
The activation energies for termination are the same as for diffusion, which was 
proven in the studies of polymerization in solvents of different viscosities. The 
theoretical analysis of physical models for the reaction of two macroradicals 
showed that the segmental rearrangement diffusion of the reactive sites brought 
them into close proximity and is the controlling factor for the termination act. 
The values of 2kt for several monomers are listed in Table 20.5. 

20.3 PEROXYL RADICALS 

Hydroperoxyl radicals are formed by reactions of free radicals with hydrogen 
peroxides, for example, 

HO’ + H202 + H20 + H02’ 

and in oxidation of alcohols and some olefins.81 Chain termination occurs via 
the disproportionation of two hydroperoxyl radicals. 

H02’ + H02’ -+ H202 + 0 2  
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Hydrogen bonds for the hydroperoxyl radical with polar molecules of solvent, for 
example, water, decrease the rate constant of disproportionation (see Table 20.6). 
Deuteroperoxyl radicals disproportionate more slowly than hydroperoxyl radicals 
(see Table 20.6). 

Chain termination during oxidation of hydrocarbons is usually a result of the 
interaction of two peroxyl radicals by the multistep mechanism. The first step 
involves the reversible formation of unstable t e t r o ~ i d e : ~ ~ ' * ~  

2R02' + ROOOOR 

The equilibrium for this reaction is characterized by the following thermodynamic 
parameters:82 

ROz' Me3C02' EtaMeCO2' PhMezC02' 

K (molL-') (303 K) 0.083 0.12 

AS (Jmol-' K-' ) - 141 -121 
A H  (kJ mol-') -37 -31 

0.45 
-39 
- 134 

When R is a tertiary alkyl radical, tetraoxide decomposes with the formation 
of RO' and 02:82-84 

ROOOOR -+ [ROO + 0 2  + RO'] 

[RO' + 0 2  + RO'] -+ ROOR + 0 2  

[RO' + 0 2  + RO'] -+ 2RO' + 0 2  

Chain termination is a result of only RO' recombination in the solvent cage. 
In the case of primary and secondary peroxyl radicals, tetroxide decomposes by 
the coordinated Russel mechanism into alcohol, ketone, and d i ~ x y g e n . ~ ~  

RIR~HCOOOOCHR~R~ -+ RlR2C=O + 0 2  + HOCHRIR2 

This reaction is very exothermic (e.g., A,H = -405 Hmol-' for cyclohexyl- 
tetraoxide). Rate constants for the primary and secondary peroxyl radical dispro- 
portionation 2k, = lo6- 10' L mol-I s-l are sufficiently lower, namely, lo3 - 105 
for tertiary R O ~ ' . ~ ~  

The high exothermicity of peroxyl radicals disproportionation cause chemilu- 
minescence, whose source is a tripley excited carbonyl compound.86 The mecha- 
nism for this phenomenon was suggested to include tetroxide decomposition via 
an intermediate short-lived biradical. 

HROOOORH -+ [HRO' +' OOORH] 

[HRO' +' OOORH] -+ HROH +' 000R' 

' R 0 0 0 '  -+ R=O* + 0 2  

R=O* -+ R=O + hu 
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PEROXYL RADICALS 843 

Hydrogen peroxide was revealed among the products of disproportionation of 
ethylbenzene and toluene peroxy radicals. The mechanism of successive frag- 
mentation seems to be very pr~bable: '~ 

R1R2CHOOOOCHRiRz -+ [RiRzHCO' +' OOOCHRlRzl 

-+ RIR~C=O + HOOOCHRlR2 

RI RzHCOOOH --+ [RI R2HCO' + HOz'] -+ R1 R2C=O + H202 

Based on the available literature data, one can propose the following putative 
diagram of the disproportionation of primary, secondary, and tertiary peroxyl 
radi~als :**~*~ 

R02' + R02' -+ ROOOOR 

ROOOOR + [RO' +' OOOR] 

[RO' +' OOOR] -+ [RO' + RO'] + 0 2  

[RO' + RO'] -+ ROOR 

[RO' + RO'] + 2RO' 

The primary and secondary peroxyl radicals can be converted additionally accord- 
ing to the reactions: 

HROOOORH + [HRO' +' OOORH] 

[HRO' +' OOORH] --+ HROH +' 000R' 

'000R' -+ 0 2  + R=O* 

[HRO' +' OOORH] --+ R=O + HOOORH 

[HRO' +' OOORH] --+ [HRO' + HRO'] + 0 2  

[HRO' + HRO'] -+ HROH + R=O 

HROOOH + [HRO' + HOz'] 

[HRO' + HOz'] -+ R=O + H202 

[HRO' + HOz'] --+ HROH + 0 2  

It can be seen that primary and secondary R02' radicals disproportionate in 
the cage with the participation of the a-C-H bond, which explains why the 
substitution of D in the a-position for H retards the recombination of ROz' 
( k ~ / k ~  = 1.9 for ethylbenzene and 3.9 ~tyrene).'~ Because of this, the ROz' 
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 lo7 and 3.8 x lo6 Lmol-' s-l for 



844 RECOMBINATION AND DISPROPORTIONATION OF FREE RADICALS 

R02' radicals of cyclohexene and cyclohexane, respe~tively).'~ The peroxyl rad- 
icals of esters disproportionate at a very high rate (at 293 K, 2kt = 7 x 107-4 x 
lo8 Lmol-' s - ~ ) , ' ~  which is probably due to a polar ester group polarizing the 
neighboring bonds. Alkyl radicals recombine with peroxyl radicals at a rate of 
diffusion corresponding to the rate constant 2kt = (2-6) x lo9 Lmol-' s-' in 
RH at 293 K.25 For the rate constants of peroxyl radical disproportionation see 
Table 20.6. 
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Acceptors free radicals, 42, 48-49 
stoichiometric coefficient, 43 -47 
rate constant, 43-47 

hydroperoxides, 102 
peracids, 102 

Activation energy 
bimolecular initiation 

Acidity 

amines with peroxides, 541 -543 
calculation by IPM method, 426-440 
dichlorine, 579-581 
difluorine, 568-573 
dioxygen, 48 1-486 
hydroperoxide, 527-53 1, 533 -538 
nitrogen dioxide, 582-587 
ozone, 507-51 8 
retrodisproportionation, 549-557 

free radical abstraction 
alkyl, 722-729 
aminyl, 730-731 
benzoyloxyl, 734-735 
cyclohexylperoxyl, 735-737 
1-methyl- 1 -phenylethoxyl, 732-733 
triethylsilyl, 744-745 

free radical addition 
aminyl, 805-806 
benzoyloxyl, 803, 804 
dimethylethoxyl, 802 
dimethylethyl, 800 
dimethylethylperoxyl, 804 

ethylthiyl, 807 
hydroxyl, 801, 802 
methyl, 798 
methylethyl, 799 
phenyl, 800, 801 
triethylsilyl, 806 

free radical cyclization, 664-690 
free radical decomposition, see 

free radical decyclization, 692-703 
free radical fragmentation, 705-71 1 
free radical isomerization 

Fragmentation 

alkyl, 658, 661 
alkoxyl, 661 
peroxyl, 662 

free radical reaction with 0 3 ,  520 
free radical recombination, 821 -842 
free radical reduction 

carbonyl compounds, 758-761 
olefins, 761 
peroxides, 773-775 

free radical substitution 
disulfides, 766 
peroxides, 118, 296, 765-766, 

776-777 
thermoneutral reaction, 432-438, 

660, 721, 738, 740, 747, 748, 
759, 774, 788-792 

trialkylboranes, 768-772 
trimolecular dioxigen, 493-499 
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Activation energy (Continued) 
transition metal ion reaction 

hydrogen peroxide, 594 
organic compounds, 621-643 
peroxides, 597-601 

alkylnitrates, 409 
alkylnitrites, 410 
azo compounds, 31 1-352 
concerted fragmentation, 7 
diacylperoxides, 138- 153, 172- 181 
dialkylperoxides, 7 1-93 
difluoroamines, 407-408 
halogen containing peroxides, 

homolytic isomerization, 11 
hydrazines, 366-369 
hydroperoxides, 112-1 14 
hydrotrioxides, 290-295 
N-alkoxyamines, 373-381 
nitrocompounds, 385-406 
N-ni trozo-N-acylarylamines, 

N-nitrozothiols, 370-371 
organometallic compounds, 414 
organometallic peroxides, 258-270 
peroxides with halogen atoms, 

peroxydicarbonatcs, 154- 17 1 
peroxy esters, 197-225 
polyphenylalkanes, 361 -365 
polyperoxides, 231 -2.55 
S-containing-compounds, 41 1-41 2 
tetroxides, 299 
trioxides, 285 

Activation volume, 7-8 
Alfrey-Price scheme, 783 
Alkoxyamine(s), 372 

Al kylperoxyphosphate, 

Aluminium, 

unimolecular decomposition, 7 

27 1 -274 

370-37 1 

271 -274 

decomposition, 373-381 

heterolytic isomerisation, 11 

diethoxy( I ,  1 -dimethylethyldioxy)-, 
decomposition, 265 

diacyl peroxides, 133 
dialkylperoxides, 6.5 
hydroperoxides, 94-96 
hydrotrioxides, 287 
initiator, 41-42 
peroxy esters, 193 

decomposition, 401 

Analysis 

4-Aza-4-nitro- 1,7-heptanedinitrile, 

1,l-Azobis- 
cyclobutanecarbonitrile, 

decomposition, 336 
cyclodecanecarbonitrile, 

decomposition, 338 
cyclohexanecarbonitrile, 

decomposition, 337, 338 
physical properties, 306 

cycloheptanecarbonitrile, 
decomposition, 338 

cyclooctanecarbonitrile, 
decomposition, 338 

2.2-Azobis- 
2-~yclobutylpropanenitrile, 

decomposition, 336 
cyclohexanecarbonitrile, 

physical properties, 306 
2-~yclohexylpropanenitrile, 

decomposition, 336 
2-~yclopentylpropanenitrile, 

decomposition, 336 
2-~yclopropylpropanenitrile, 

decomposition, 336 
2,3-dimethylbutanenitrile, 

decomposition, 334 
2,4-dimcthyl- 

pentanenitrile, 
decomposition, 335 

4-phenylpentanenitrile, 
decomposition, 339 

2-ethyl- 
butanenitrile, 

bond lengths, 307 
3-methylbutanenitrile, 

decomposition, 334 
5-hydroxypentanenitrile, 

decomposition, 335 
2-(imidazolin-2-yl)propane 

dihydrochloride, 
decomposition, 320-321 

butanenitrile, 
decomposition, 334 

3-(4-~hlorophenyl)propanenitrile, 
decomposition, 339 

3-(4-nitrophenyl)propanenitrile, 
decomposition, 339 

3-phenylpropaneni trile, 
decomposition, 339 

heptanenitrile, 
decomposition, 3 35 

hexanenitrile, 
decomposition, 335 

2-methyl- 
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pentanenitrile, 
decomposition, 334 

propanenitrile, (AIBN), 
bond lengths, 307 
decomposition, 33 1-332 
enthalpy, 308 
free radical yield, 31, 332-333 
physical properties, 306 

decomposition, 321 

methylbutanenitrile, 

propionamidine dihydrochloride, 

2-( 1’-methylethyl j-3- 

decomposition, 334 

dihydrochloride, 
decomposition, 32 I 

2-( 3’-methylpropyl)-4- 

decomposition, 335 
2-phenylpropanenitrile, 

decomposition, 338 
2,3,3-trimethyl- 

butanenitrile, 

butanenitrile (diastereomer), 

2-trimethylsilyloxypropanenitrile, 

4,4-Azobis[4-cyanopentanoic acid], 

Azo compound(s) 

2-(4-methylimidazolin-2-yl)propane 

methylpentanenitrile, 

decomposition, 335 

decomposition, 335 

decomposition, 335 

decomposition, 335 

absorbtion spectrum, 308 
bond angles, 307 
bond lengths, 307, 
decomposition, 308-353 
physical properties, 306 
spectrum, 308 
synthesis, 304-305 
thermochemistry, 308 

Azomethane, see also (E)-Diazene, 
dimethyl- 

photolysis, 19 

Bamford- Jenkins scheme, 783 -784 
Benzothiazolyl disulfide, 

decomposition, 41 1 
Benzylmethyl sulfide, 

decomposition, 41 1 
Benzylmethyl sulfone, 

decomposition, 412 
1,l -Bis(difluoroamino) 

cyclohexane, 

1 -methylethane, 
decomposition, 407 

decomposition, 407 

N,N’-Bis-[ (4-( 1 , l  -dimethylethyl-azo)-4- 
cyanopentanoy1)-ox yethyll-azo-bis- 
formamide, 

decomposition, 351 

cyclohexane, 
I , I  -Bis( 1,l-dimethylethylperoxy) 

decomposition, 238 
trade name, 64 

trade name, 64 
3,3,5-trimethylcyclohexylidene, 

2,2-Bis( 1,1 -dimethylethylperoxy) 
butane 

octane 
trade name, 64 

trade name, 64 

cyclohexane, 
decomposition, 238 
trade name, 64 

decomposition, 402 

1 , I  -Bis( 1,l -dimethylpropylperoxy) 

B is(2,2-dinitropropyl)nitroamine, 

1,3-Bis[ 1 -methyl- 1 -( 1,l -dimethylethyl- 1- 
azo)ethyl]benzene, 

decomposition, 351 
1,4-Bis[l-methyl-l-(l,l-dimethylethyl-l- 

azo)ethyl]benzene, 
decomposition, 35 1 

1,4-Bis( 1-methyl-] -( 1,l- 
dimethylethyldioxy)ethylbenzene), 

trade name, 64 

azo compounds, 307 
diacyl peroxides, 135 
dialkyl peroxides, 67-68 
hydroperoxides, 97 
hydrotrioxides, 287 

Bond angles 

Bond dissociation energy of different 
bonds, 1,2 

in free radicals 
C-C1, 471 -476 
C-F, 471-416 
C-H, 461-470 
C-OC(O)Ph, 471-476 
C-OC(O)R, 471-416 
C-OH, 471 -476 
C-OR, 471-476 
N-H, 466 
0-H, 467,470 

C-H, 441-456 
Cl-Y, 461 
F-Y, 460 

N-H, 456 

in molecules 

Ge-H, 460 
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Bond dissociation energy of different 
bonds (Continued) 
N-0, 458, 4.59 
0-H, 456-458 
0-0, 458 
P-H, 460 
S-H, 460 
Si-H, 459 
Sn-H, 460 

rr-Bonds, 745-747, 770, 791, 792 
Bond length 

azo compounds, 307 
diacyl peroxides, I35 
dialkyl peroxides, 67-68 
hydroperoxides, 97 
hydrotrioxides, 287 

(buty1dioxy)dibutoxy-, 
decomposition, 265 

dibutoxy( 1,1 -dimethylethyldioxy)-, 
decomposition, 265 

dibutoxy( 1-methyl- 1 -phenylethyl- 

Borane 

dioxy)), 
decomposition, 265 

decomposition, 265 

decomposition, 264 

decomposition, 264 

pentanitropentane, 

I -Bromo- 1 ,I-dinitroethane, 

Bromodini trofluoromethane, 

4-Bromo-2,6-dini tro-N-methyl-N- 

di( I ,  1 -dimethylethyldioxy)propoxy-, 

diethoxy( 1 , l  -dimethylethyldioxy)-, 

tris-( I ,  1 -dimethylethyldioxy)-, 

3-Bromo- 1,5-difluoro-l, 1 , 3 3 5  

decomposition, 386 

decomposition, 385 

decomposition, 385 

nitrobenzenamine, 
decomposition, 405 

3-Bromo- 1, I ,  1,3,5,5,5-heptanitropentane, 
decomposition, 386 

Bromotrini tromethane, 
decomposition, 389 

1,4-Butandiol dinitrate, 
decomposition, 409 

2,3-Butancdiol dinitrate, 
decomposition, 409 

Butyl-4,4-bis( I ,  1 -dimethylethylperoxy) 
valerate, 

trade name, 64, 191 
Butyl-3,3-bis( 1,l -dimethylethylperoxy) 

butyrate, 
trade name, 64 

Cage effect, 17-38 
in ozone reactions, 504-506 
mechanistic schemes, 27-38 
pressure influence, 26 
in solid polymers, 29-38 

Catalysis hydroperoxide decay 
acids, 538-540 
transition metal ions, 591-596 

reaction 
Chain 

initiator decomposition, 12- 14 
oxidation, 50-53 
ozone reactions, 506, 519-521 
polymerization, 54, 55 

oxidation, 829 -841 
polymerization, 826-828 

termination 

Chemiluminescence, 56, 57, 503, 829 
3-Chloro-1,5-difluoro-1,1,3,5,5- 

pentanitropentane, 

Chlorodinitrofluoromethane, 

4-Chloro-2,6-dinitro-N-methyl-N- 

decomposition, 386 

decomposition, 385 

nitrobenzenamine, 
decomposition, 405 

3-Chloro-l,1,1,3,5,5,5-heptanitropentane, 
decomposition, 386 

Chlorotrinitromethane, 
decomposition, 385, 389 

Correlation equations 
addition, 782-785 

Crossover of radicals, 19 
Cyclic chain termination, 614-61 7 
Cyclo-2,4-pen tadienylidenamino- 

methyldi(5,5-dimethyl- 1,3,4- 
trioxahexyl)amine, 

decomposition, 253 
Cyclo(3,12,15,24-tetradeuterium- 

3,12,15,24-tetraphenyl-1,2,13,14- 
tetraazatetracosane), 

decomposition, 350 
Cyclo(3,12,15,24-tetraphenyl-l,2,13,14- 

tetraazatetracosane), 
decomposition, 350 

Cyclyzation of free radicals, 663-690 

Decay, see Decomposition 
Decomposition 

alkoxyamines, 372 
anchimeric, 9- 10 
azo-compound, 308-352 
chain, 12-14, 115-1 17 
concerted, 6-9 
hydrazines, 360-37 1 
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hydrogen peroxide, 591-595 
hydroperoxide, 13, 527-595 
induced, see chain decomposition 
initiator, 3- 14 
nitrocompounds, 372 -386 
organometallic compounds, 413 
oscillatory model, 7 
peroxide 

anchimerically assisted, 5 ,  9, 196 
bimolecular, 527-529 
catalyzed by transition metal ions, 

chain, 12, 13, 14 
concerted fragmentation, 4, 6, 7, 196 
heterolytic, 10-12 
homolytic, 10- 12, 66-72, 137- 142, 

591 -603 

195-275, 284, 288, 298 
polyphenylhydrocarbons, 359 
sulfides, 387-412 
unimolecular, 5 ,  6, 66-72, 137-142, 

volume of activation, 6, 7 

decomposition, 365 

1-adamantyl 

195-275, 284, 288, 298 

Diacetyl 

Diazene 

1 -bicyclo[2.2.l]heptyl-, 
decomposition, 347 

1 -bicyclo[2.2.2]octyl-, 
decomposition, 347 

1-cyano- 1-methylethyl-, 
decomposition, 348 

1,l-dimethylethyl-, 
decomposition, 341 

benzyl( 1 -methyl- 1-phenylethyl-, 
decomposition, 347 

1 -bicyclo[2.2. llheptyl 
(1,l-dimethylethyl), 

decomposition, 341 
(1 -bicyclo[2.2.2.]octyl)-, 

decomposition, 347 
I-bicyclo[2.2.2.]octyl(l,l- 

dimethylethyl)-, 
decomposition, 341 

1-(4-N-acetamidophenyl) ethyl-, 
decomposition, 326 

1 -acetoxy-I -methylethyl-, 
decomposition, 3 13 

1 -acetylthio- 1 -methylethyl-, 
decomposition, 3 13 

1 -adamantyl-, 
decomposition, 3 19 

bis(di)- 

benzyl-, 
decomposition, 322 

l-bicyclo[2.2.2]octyl-, 
decomposition, 3 17 

1-bicyclo[3.2.l]octyl-, 
decomposition, 3 17 

1 -bicyclo[3.2.2]nonyl-, 
decomposition, 318 

l-bicyclo[3.3.l]nonyl-, 
decomposition, 3 18 

1 -bicycle[ 3.3.2]decyl-, 
decomposition, 320 

1 -(4-bromophenyl)ethyl-, 
decomposition, 325 

decomposition, 31 1 
enthalpy, 308 
physical properties, 306 
spectrum, 308 

(l’, 1’-dimethylethy1)pentyl-, 
decomposition, 3 14 

ethylpentyl-, 
decomposition, 314 

( 1 ‘-methylethy1)pentyl-, 
decomposition, 314 

phenylpentyl-, 
decomposition, 329 

1 -carbazoyl- 1 -methylethyl-, 
decomposition, 3 14 

2-camphyl-, 
decomposition, 320 

1 -chloro- 1-methylethyl-, 
decomposition, 3 13 

4-chlorophenyl-, 
bond lengths, 307 

1 -(4-chlorophenyl)ethyl-, 
decomposition, 32.5 

(4-~hlorophenyl)methyl-, 
decomposition, 322 

4-cyclohexyliden-3,4-diaza- 
1,1-dimethyl-2-oxobutyl-, 

decomposition, 313, 314 
1 -cyclopropyl- 1 -methylethyl-, 

decomposition, 315 
1 -deutero- 1 -phenylethyl-, 

decomposition, 322 
3,4-diaza-2-oxo- 1,1 ,S-trimethyl-4- 

heptenyl-, 

hexenyl-, 

butyl-, 

1-butyl- 1 - 

decomposition, 313 

decomposition, 31 3 
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Diazene (Continued) 
bis(di)- 

dicyclopropylmethyl-, 
decomposition, 3 15 

l,l-dicyclopropyl-2-methylpropyl-, 
decomposition, 3 15 

I,l-diethyl- 
2,2-dimethylpropyl-, 

2-methyl-2-(4’- 
decomposition, 312 

acetamidopheny1)propy 1-, 
decomposition, 329 

decomposition, 3 12 
propyl-, 

1, l-dimethyl- 
butyl-, 

decomposition, 3 12 

decomposition, 3 12 
enthalpy, 308 

decomposition, 314 

decomposition, 328 

decomposition, 328 

decomposition, 3 12 
1,l -di( 1’-methylethyl). 

2-methylpropyl)-, 
decomposition, 3 14 

1 -ethylpropyl-, 

2-(4-methoxyphenyl)propyl-, 

1 -phenylpropyl-, 

2-phenylpropyl-, 

ethyl-, 

nonyl-, 

2-phenylethyl-, 

3-phenylpropyl-, 

propyl-, 

1,2-dimethyI- 

decomposition, 3 I 2  

decomposition, 329 

decomposition, 328 

decomposition, 328 
3,3-dimethyl- 1,l-diethylbutyl-, 

1 -(2’,2’-dimethylpropy1)- I ,3,3- 
decomposition, 3 14 

trimethylbutyl-, 
decomposition, 3 14 

decomposition, 325 
diphenylmethyl-, 

1,2-diphenyl- 
propyl-(dl I-, 

decomposition, 329 

decomposition, 329 
propyl-(meso )-, 

1,3-diphenylpentyl-, 
decomposition, 329 

2-(2-endo-methylbicyclo[2.2.2.]octyl-, 

endo-2-(2-methylnorbomyl)-, 

endo-2-norbornyl-, 

endo-2-(2-phenyl)norbornyl-, 

4-ethoxyphenyl-, 

ethyl-, 

decomposition, 3 1 8 

decomposition, 317 

decomposition, 3 16 

decomposition, 320 

bond lengths, 307 

decomposition, 3 1 1 
spectrum, 308 

1-ethyl- 1 -( 1’-methylethy1)-2- 
methylpropyl-, 

decomposition, 3 14 
1 -(4-ethylphenyl)ethyl-, 

decomposition, 323 
exo-2-(2-methylnorbornyl)-, 

decomposition, 317 
exo-2-norbornyl-, 

decomposition, 316 
exo-2-(2-phenyl)norbornyl-, 

decomposition, 321 
fluoro-, 

bond lengths, 307 
fluoro-( Z)- ,  

bond lengths, 307 
1-(3-fluorophenyI)ethyl-, 

decomposition, 324 
1 -(4-fluorophenyl)ethyI-, 

decomposition, 324 
1 -homoadamantyl-, 

decomposition, 319 
3-homoadamantyl-, 

decomposition, 319 
1 -(4-hydroxyphenyl)ethyl-, 

decomposition, 325 
1 -(2-methoxyphenyl)ethyl-, 

decomposition, 324 
1 -(3-methoxyphenyl)ethyl-, 

decomposition, 324 
1 -(4-methoxyphenyl)ethyl-, 

decomposition, 324 
methyl- (see also Azomethane), 

bond lengths, 303 
decomposition, 3 1 1 
physical properties, 306 
spectrum, 308 

1 -(4-bromophenyl)ethyl-, 
decomposition, 328 

1 -(4-chlorophenyl) ethyl-, 
decomposition, 328 

l-methyl- 



1 -(3-~hlorophenyl)ethyl-, 
decomposition, 328 

decomposition, 3 16 

decomposition, 3 16 
1 -[4-( I ,  I -dimethylethyl) 

phenyl)ethyl]-, 
decomposition, 327 

decomposition, 3 11 
enthalpies, 308 

1 -ethylpropyl-, 
decomposition, 312 

1 -(4-ethylphenyI)ethyl-, 
decomposition, 327 

1 -(4-fluorophenyl)ethyI-, 
decomposition, 327 

1-[4-( 1 -methylethyl)phenyl)ethyl] 
decomposition, 327 

1 -(4-methylphenyl)ethyl-, 
decomposition, 327 

1 -methoxycarbonylethyl-, 
decomposition, 3 13 

I-methoxyethyl-, 
decomposition, 3 12 

1 -methylthioethyl-, 
decomposition, 3 13 

1 -phenoxyethyl-, 
decomposition, 328 

1 -phenylethyl-, 
decomposition, 326 

1 -phenylthioethyl-, 
decomposition, 328 

decomposition, 3 11 

cyclobutyl-, 

cyclooctyl-, 

ethyl-, 

propyl-, 

1 -(4-methylphenyl)- 
cyclohexyl-, 

ethyl-, 
decomposition, 330 

decomposition, 323 
(4-methylphenyl)methyl-, 

decomposition, 322 
1 -(4-nitrophenyl)ethyI-, 

decomposition, 325 
3-noradamantyl-, 

decomposition, 315 
1 -norbornyl-, 

decomposition, 3 15 
phenyl-, 

bond lengths, 307 
spectrum, 308 
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phenyl- (21, 
bond lengths, 307 
spectrum, 308 

l-phenyl- 
cyclobutyl-, 

decomposition, 330 

decomposition, 330 

decomposition, 330 

decomposition, 330 

decomposition, 329 

decomposition, 322 

decomposition, 326 
(4-phenylphenyl)methyl-, 

decomposition, 329 
2-propenyl-, 

decomposition, 3 1 1 

enthalpy, 308 
spectrum, 308 

1,1,3,3-tetrarnethylbutyl-, 
decomposition, 3 12 
enthalpy, 308 

1,1,2,2-tetrarnethylpropyl-, 
decomposition, 3 12 

tri~yclo[4.4.0.O~~~]decyl-, 
decomposition, 320 

tric yclopropylmethyl-, 
decomposition, 3 15 

trideuteriummethyl-, 
decomposition, 3 1 1 

trifluoromethyl-, 
decomposition, 3 1 1 
physical properties, 306 

1 -(3-trifluoromethylphenyl)ethyl, 
decomposition, 324 

trifluoromethyl-( Z)- ,  
bond lengths, 307 

1,1,3-trimethylbutyl-, 
decomposition, 3 12 

1,1,2-trimethylpropyI-, 
decomposition, 3 12 

cycloheptyl-, 

cyclohexyl-, 

cyclopentyl-, 

cyclopropyl-, 

ethyl-, 

ProPYl, 

propyl-, 

3-bromophenyl(triphenylmethyl)-, 

4-bromophenyl(triphenylmethyl)-, 

butylmethyl-, 

decomposition, 343 

decomposition, 343 

enthalpy, 308 
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Diazene (Continued) 
3-chlorophenyl(triphenylmethyl)-, 

4-chlorophenyl( triphenylmethy1)-, 

1 -cyano- 

decomposition, 343 

decomposition, 343 

1,3-dimethyl-3- 
phenylbutyl(phenyl), 
decomposition, 349 

3-methylbutyl( 1-methyl- 1- 
phenylethyl)., 

decomposition, 348 

(1,l -dimethylethyl)-, 

(I-methyl- I -methoxyethyl)-, 

(2-methylphenyI), 

1 -methylethyl- 

decomposition, 348 

decomposition, 348 

decomposition, 349 

decomposition, 348 
(phenyl), 

1 -phenylethyl(phenyl)-, 
decomposition, 349 

1,3,3-trimethylbutyl( 1 , l -  
dimethylethyl)-, 

decomposition, 348 

dimethylethyl), 
decomposition, 34 1 

I-trimethylsilyloxyethyl( 1,l- 

I ,  l-dicyanoethyl- 
2,6-dimethylphenyl-, 

decomposition, 348 
4-methoxyphenyl-, 

decomposition, 349 
1,3-dimethylbutyl( 1,3- 

dimethyl- 1 - 
phenylbutyll-, 

decomposition, 340 
I ,  I-dimethylethyl- 

1,l -dimethyl-2-propenyl-, 
decomposition, 340 

1-methyl- 1-(N,N- 
dimethy1amino)ethyl-, 

decomposition, 34 1 
phenyl, 

dccompoyi tion, 34 1 
1,1,3.3-tetramethylhutyl-, 

enthalpy, 308 
1,3,3-trimethylbutyl-, 

decomposition, 342 
1.3,3-trimethyl- 1 -(2’,2’- 

decomposition, 342 
dimethylpropy1)butyl-, 

diphenylmethyl(pheny1)-, 
decomposition, 342 

ethoxycarbonyl( 1-methyl-] - 
cyanoethy1)-, 

decomposition, 348 

(1 -methylethyl)-, 

phenyl-, 

ethyl 

decomposition, 340 

physical properties, 306 
1 -ethylpropyl( 1 -ethyl- 1 -phenylpropyl)-, 

methyl- 
decomposition, 340 

( 1,l -dimethyl-2-propenyl)-, 

phenyl-, 

(1-phenylethy1)-, 

trifluoromethyl-, 

(2-propenyl)-, 

decomposition, 340 

physical properties, 306 

decomposition, 340 

bond lengths, 307 

decomposition, 340 
l-methyl- 

cyclohexyl( 1-methyl- I-phenylethy1)-, 

cyclopentyl( 1 -methyl- 1 -phenylethyl)-, 
decomposition, 347 

decomposition, 347 
1 -methylethyl- 

(1,l -dimethyl-2-propenyl)-, 

( 1 -methyl- 1 -phenylethyl)-, 

(I-phenylethyl), 

decomposition, 340 

decomposition, 340 

decomposition, 340 
3-methylphenyl( triphenylmethy1)-, 

4-methylphenyl( triphenylmethy1)-, 

3-nitrophenyl(triphenylmethyl)-, 

4-nitrophenyl 

decomposition, 343 

decomposition, 342 

decomposition, 344 

(triphenylmethyl)), 

tris(4-methoxyphenyl)methyl-, 
decomposition, 344 

decomposition, 345 
phenyl- 

[tris(4-methylphenyl)methyI]-, 

(triphenylmethyl)), 
decomposition, 344 

decomposition, 342 
physical properties, 306 

tris(4-chlorophenyl)methyl-, 
decomposition, 345 
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propyl(2-propenyl), 
decomposition, 340 

1,l-Dibenzoyl- 
2,2-bis(4’-bromophenyl)hydrazine, 

decomposition, 368 
2,2-bis(4‘-methylphenyl)hydrazine, 

decomposition, 366 
2,2-bis(4’-nitrophenyl)hydrazine, 

decomposition, 369 
2-(4’-bromophenyl)-2-phenylhydrazine, 

decomposition, 368 
2,2-diphenylhydrazine, 

decomposition, 367 
2-(4’-methylphenyl)-2-phenylhydrazine, 

decomposition, 367 
2-(4’-nitrophenyl)-2-phenylhydrazine, 

decomposition, 369 
5,6-Dibutyl-5,6-diphenyldecane, 

decomposition, 361 
Dibutylmercury 

decomposition, 414 
enthalpy, 41 3 

Dichlorodinitromethane, 
decomposition, 385 

1,l -Dichloro- 1 - 
nitroethane, 

nitropropane, 
decomposition, 385 

decomposition, 38.5 
1,2-Dichloro-l, 1,2,2-tetranitroethane, 

Di( 1 ,I-dimethylethyl)[2-( 1’,1’- 
dimethy1ethoxy)- 1 - 
phenylethyloxy]amine, 

decomposition, 381 
3,4-Diethyl-3,4-diphenylhexane, 

decomposition, 361 
Diethylmercury 

decomposition, 414 
enthalpy, 413 

Diethylnitroamine, 
decomposition, 390 

Diffusion of radicals, 8 18 
Difluorodinitromethane, 

decomposition, 38.5 
1,2-Difluoro- I ,  1,2,2-tetranitroethane, 

decomposition, 385 
1,4-Difluoro- 1,1,4,4-tetranitrobutane, 

decomposition, 386 
1 ,S-Difluoro- 

1,1,3,3,5,S-hexanitropentane, 

1,1,3,5,S-pentanitropentane, 
decomposition, 386 

decomposition, 389 

decomposition, 386 

1,7-Difluoro- 
3,5-dioxa- 1,1,7,7-tetranitroheptane, 

3-oxa-4-0x0- 1,1,7,7-tetranitroheptane, 
decomposition, 389 

decomposition, 389 
Difluorobis(difluoroamino) methane, 

decomposition, 408 
Diffusion of radicals, 8 18 
4,S-Di(4’-iodophenyl)-4,S-dipropyloctane, 

decomposition, 361 
Dimethyl 

cadmium, 
decomposition, 414 
enthalpy, 41 3 

decomposition, 390 

decomposition, 41 1 

decomposition, 414 
enthalpy, 413 

nitroamine, 

tetrasulfide, 

zinc, 

1 , 1  -Dimethyl- 
ethyldioxydiethylphosphate, 

decomposition, 257 
ethyldioxypheny lethylphosphonate, 

physical properties, 257 
ethyloxydiethylphosphate, 

physical properties, 257 
ethyloxydiethylphosphonate, 

physical properties, 257 
ethyl(4-nitro-4-aza- 1,7-heptodionate) 

decomposition, 402 
h ydrazine, 

decomposition, 366 
2-( l’, 1’-Dimethy1ethoxy)- 

1 -(2’,6’-dimethyl-2’,6’-dipropyl- 1 ’- 
piperidiny1oxy)- I -phenylethane, 

decomposition, 38 1 
1 -phenyl- 1 -(2’,2’,6’,6’-tetra 

methyl- 1 -piperidinyloxy)ethane, 
decomposition, 375 

2,3-Dimethyl-2,3-dinitrobutane, 

2,s-Dimethyl- 
enthalpy, 384 

hexane-2,5-dihydroperoxide, 

2,5-bis( 1,1 -dimethylethylperoxy) 
trade name, 65 

hexane, 

hexyne-3, 
trade name, 63 

trade name, 63 

decomposition, 414 
enthalpy, 4 1 3 

Di( 1 -methylethyl)mercury, 
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2,2-Dimethyl- I ,  I ,  I ,4,4- 
pentanitropentane, 

enthalpy, 384 

butylamine, 

ethylamine, 

fluoroiodomethane, 

fluoromethane, 

methane, 

Dini tro- 

decomposition, 390 

decomposition, 390 

decomposition, 385 

decomposition, 385 

enthalpy, 383 
physical properties, 382 

decomposition, 390 

decomposition, 390 

methy lamine, 

propylamine, 

1,LDinitro- 
butane, 

decomposition, 386 
enthalpy, 383 

decomposition, 387 

decomposition, 383 
enthalpy 8.6, 
physical properties, 382 

ethylthiobenzene, 
decomposition, 386 

ethylmethyl sulfone, 
decomposition, 387 

ethylphenyl sulfone, 
decomposition, 387 

1 -fluoroethane, 
decomposition, 385 

1 -methylthioethane, 
decomposition, 386 

pentane, 
enthalpy, 384 

propane, 
decomposition, 385 
enthalpy, 383 

1,2-Dinitroethane, 
enthalpy, 383 

1,3-Dinitro- 
propane, 

tetrahydro- 1,3-diazol, 

4-chloro- 1 -fluoro-3-oxabutane, 

ethane, 

enthalpy, 383 

decomposition, 391,392 
1,4-Dinitro- 

butane, 

enthalpy, 383 
hexahydropyrazine, 

decomposition, 390 
2,2-Dinitro- 

propane, 
decomposition, 385 
enthalpy, 383 

2,4-Dinitro- 
(1 ’, 1’-dinitroethyl) thiobenzene, 

1 -(trinitromethyl)thiobenzene, 

2,6-Dini tro-4-methoxy-N-methyl-N- 

decomposition, 387 

decomposition, 386 

nitrobenzenamine, 
decomposition, 404 

decomposition, 294 

bis( 1,l-dimethylbuthyl) 
cyclohexylidene-, 

decomposition, 239 
bis( 1,l -dimethylethyl) 

1,3-benzenedicarbonyl-, 
enthalpy, 229 

1,4-benzenedicarbonyl-, 
enthalpy, 229 

2-bromoheptanedioyl-, 
decomposition, 235 

2-bromohexanedioyl-, 
decomposition, 235 

butanedioyl-, 
decomposition, 247 

1-butylidene-, 
decomposition, 249 

2-chloropentanedioyl-, 
decomposition, 234 

cyclohexylidene-, 
bond lengths, 68 
decomposition, 238, 252 
free radical yield, 94 

cyclopenty lidene-, 
enthalpy, 234 

decanedioy I - ,  
decomposition, 237 

1,3-dimethyl- 1 -butylidene-, 
enthalpy, 23 1 

dimethylpropanedioyl-, 
decomposition, 23 1 

1,2-dimethylpropylidene-, 
decomposition, 25 1 

diphenylpropanedioyl-, 
decomposition, 231 

ethanedioyl-, 
decomposition, 231 

1,3-Dioxolane, 2-hydrotrioxy-2-pheny1, 

Diperoxide, 
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ethylidene-, 
decomposition, 249 

1 -ethylpropylidene-, 
decomposition, 249 

heptanedioyl-, 
decomposition, 248 

hexanedioyl-, 
decomposition, 247 

2,4-hexadienedioyl-, 
enthalpy, 230 

methy lethy lidene, 
decomposition, 249 

2-methylenepentanedioyl-, 
decomposition, 234 

1 -methyl- 1 -propylidene-, 
decomposition, 249 
enthalpy, 23 1 

2-methylpropylidene-, 
decomposition, 249 

nonanedioyl-, 
decomposition, 248 

octanedioyl-, 
decomposition, 236 

1,1,4,4,7,7, 10,10-octamethyl-5,6- 
dioxa- 1,lO-decaliden-, 

enthalpy, 70 
pentanedioyl-, 

decomposition, 247 
phen ylpropanedioyl-, 

decomposition, 23 1 
propylidene-, 

decomposition, 249 
1,4-(2-propylidene)benzene-, 

bond lengths, 68 
1,1,4,4-tetramethyltetrarnethylene-. 

enthalpy, 70, 230 
undecanedioyl-, 

decomposition, 238 
bis( 1,1 -dimethylpropyl)- 

decomposition, 238 

decomposition, 250 

decomposition, 250 

decomposition, 250 

decomposition, 250 
bis( 1 -methyl- 1 -ethylpropyl)- 

decomposition, 253 

cyclohexylidene-, 

ethylidene-, 

1 -ethylpropylidene-, 

methylene-, 

1-methylethylidene-, 

phenylmethylene-, 

1 -methvlethvlidene-. 

bromobutanedioyl- 
dibenzoyl-, 

dioctanoyl-, 
decomposition, 232 

decomposition, 233 
2-bromodecanedioyl dibenzoyl-, 

decomposition, 237 
2-bromoheptanedioyl- 

dibenzoyl-, 

dioctanoyl-, 
decomposition, 236 

decomposition, 236 
2-bromohexanedioy l- 

dibenzoyl-, 

dioctanoyl-, 
decomposition, 235 

decomposition, 235 
2-bromononanedioyl- 

dibenzoyl-, 

dioctanoyl, 
decomposition, 237 

decomposition, 237 
2-bromopentanedioyl- 

dibenzoyl-, 

dioctanoyl-, 
decomposition, 234 

decomposition, 234 
butanedioyl- 

di benzoyl-, 

didecanoyl-, 
decomposition, 232 

enthalpy, 230 

decomposition, 232 
chlorobutanedioyl dibenzoyl-, 

cyclo-2,4-pentadienylidenaminomethyl 
di(5,S-dimethyl- 1,3,4- 
trioxahexy1)amine-, 

decomposition, 253 
decanedioyl- 

diacetyl-, 
enthalpy, 230 

diacetyl hexanedioyl-, 

dibenzoyl- 
enthalpy, 230 

1,2-cyclohexanedicarbonyl-, 
decomposition, 252 

didecanoy1,- 

dipropanoyl-, 

di( 1,1,3,3-tetramethylbutyl) 
cvclohexvlidene-. 

enthalpy, 230 

enthalpy, 230 

decompoiition, 250,25 1 decompositkn, 239 
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Diperoxide (Continued) 
2-methylbutanedioyl-, 

decomposition, 232 
2-methylenepropanedioyl-, 

decomposition, 23 1 
hexanedioyl-, 

decomposition, 235, 247 
1,2-benzenedicarbonyI-, 

decomposition, 248 
dic yclohexy lidene-, 

decomposition, 239-241 
didecanoyl- 

hexanedioyl-, 

pentanedioyl-, 
enthalpy, 230 

enthalpy, 230 
dihexanoyl hexanedioyl-, 

dioctanoyl- 
enthalpy, 230 

chlorobutanedioyl-, 
decomposition, 233 

methylbutanedioyl-, 
decomposition, 232 

methylenbutanedioyl-, 
decomposition, 233 

Diphenyl- 
144 I 'methyl- l-phenylethyl)-2,5-cyclo 

hexadien- 1 -ylidene]methane, 
decomposition, 365 

decomposition, 41 1 

y lidene)methane, 
decomposition. 365 

thiosulfinate, 

(4-triphenylmethyl-2,s-cyclohexadien- 1 

1,l -Diphenyl-2,2-diethyIcyclopentane, 

4,5-Diphenyl-4,5-dipropyloctane, 

Dipole moment 

decomposition, 361 

decomposition, 361 

diacyl peroxides, 136 
dialkyl peroxides, 69 
hydroperoxides, 98 

Dipropy lmercury 
decomposition, 414 
enthalpy, 4 13 

Disiloxane, 1,3-di- 
(1,l-dimethylethyldioxy) 1,1,3,3-tetra- 

methyl, 

phenyl, 
decomposition, 262 

decomposition. 263 

tetra- 
(1 -phenyl-l-methylethyldioxy)l,l,3,3- 

methyl, 
decomposition, 262 

decomposition, 263 
phenyl, 

Dissociation 
initiator, 3-14, 41-57 

Disulfide( s), 287,409-4 13 
dibutyl, 

dimethylethyl, 

ethyl, 

methyl, 

methylethyl, 

phenyl, 

ProPyl, 

enthalpy, 410 

enthalpy, 410 

enthalpy, 410 

enthalpy, 410, 411 

enthalpy, 410 

enthalpy, 410 

enthalpy, 410 
Di-p-tolyl disulfone, 

decomposition, 412 
Di- p -tolylsulfinyl sulfone, 

decomposition, 412 

Electron affinity, 741 -742, 770 
Enthalpy 

himolecular reaction, 425-428, 
chlorine compound(s), 573-581 
fluorine compound(s), 566-573 
hydrogen peroxide, 592, 613 
ketyl radical, 758, 761, 775 

alkyl radicals, 817-820 
peroxyl radicals, 830-842 

disproportionation 

equilibrium monomer-biradical, 562 
free radical abstraction, 720-7.54 

alkyl, 722-729 
aminyl, 730-73 1 
benzoyloxyl, 734-735 
cyclohexylperoxyl, 736-737 
1-methyl-1-phenylethoxyl, 732-733 
nitrogen dioxide, 583-585 
quinone, 559 
triethylsilyl, 744- 745 

aminyl, 805, 806 
benzoyloxyl, 803, 804 
dimethylethoxyl, 802 
dimethylethyl, 800 
dimethylethylperoxyl, 804 
ethylthiyl, 807 
hydroxyl, 801, 802 

free radical addition, 781 -782 



INDEX 861 

methyl, 798 
methylethyl, 799 
phenyl, 800,801 
triethylsilyl, 806 

hydrogen bonding, 103- 1 11 
isomerization, 658-662 
recombination, 8 16 
substitution, 764-768 
retrodisproportionation, 552-560 
reaction transition metal ions 

dioxygen, 6 I 8 
hydrogen peroxide, 592 
hydroperoxyl radical, 613 

Entropy 
activation 

addition, 781, 782 
formation 

unimolecular decomposition, 6, 7 

dialkyl peroxides, 69 
hydrogen bond, 103- 11 1 
hydroperoxides, 99 

reaction transition metal ions 
dioxygen, 6 18 
hydrogen peroxide, 592 
hydroperoxyl radical, 613 

Equilibrium 
hydrogen bond formation, 101 - 11 1 
hydroperoxide and ketone, 1 17 - 12 1 

1,2-Ethanediol dinitrate, 
decomposition, 409 
physical properties, 382 

decomposition, 409 

decomposition, 405 

Ethyl nitrate, 

N-Ethyl-N-nitro-2,4,6-trinitrobenzenamine, 

3-Fluoro- 1,1,1,3,5,5,5-heptanitropentane, 
decomposition, 386 

Fluoropentanitroethane, 
decomposition, 385 

Fluorotrinitromethane, 
decomposition, 385 

1 -Fluoro-l,1,3-trinitropropane, 
decomposition, 387 

Fluorotris(difluor0amino) methane, 
decomposition, 408 

Force constant of bond, 737, 771, 789 
Fragmentation free radicals, 691, 704-707 

Gallium, 
dimethyl( 1,1 -dimethylethyldioxy)-, 

decomposition, 266 
dimethyl(methy1dioxy)-, 

decomposition, 266 

Geometry transition state of addition, 786 
Germane, 

bis( 1,1 -dimethylethyldioxy)diethyl-, 

1,l -dimethylethyldioxy(triethyl)-, 
decomposition, 263 

decomposition 5.27 
Germanoxane, 

1,1,3,3-tetraethyl-l,3-( 1,l- 
dimethylethy1dioxy)-, 

decomposition 5.27 
Gibbs energy 

addition, 782 
reaction transition metal ions 

dioxygen, 618 
hydrogen peroxide, 592 
hydroperoxyl radical, 61 3 

Hard cage of polymer, 34-37 
1,1,1,3,5,55-Heptanitropentane, 

decomposition, 386 
enthalpy, 384 

Hexamethyldisilane, 
decomposition, 414 

Hexanitroethane, 
decomposition, 385, 389 
enthalpy, 383 

1,1,1,6,6,6-Hexanitro-3,5-oxaheptane, 
decomposition, 388 

1,1,1,7,7,7-Hexanitro-3-oxa-4-oxoheptane, 
decomposition, 388 

Hydrazine(s), 360, 366-369 
decomposition, 366 

Hydrogen atom transfer, 757-761 
Hydrogen bond, 101 - 11 1 
Hydrogen peroxide 

bond angles, 97 
bond lengths, 97 
decomposition, 176 
enthalpy, 98 
reaction transition metal ions, 594-595 

Hydroperoxide, 
1 -acetylethyl-, 

decomposition, 118 
hydrogen bond, 103 

enthalpy, 99 
entropy, 99 

cumyl-, see 1 -methyl-1-phenylethyl- 
trade name, 65 

2-cyclohexenyl-, 
physical properties, 96 

cyclohexyl-, 
decomposition, 1 18 
enthalpy, 99, 100 

butyl-, 
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Hydroperoxide (Continued) 
E-9-decalyl-, 

enthalpy, 100 
physical properties, 96 

1,l -dimethylethyl-, 
bond lengths, 97 
decomposition, 1 12, 1 18 
dipole moment, 98 
enthalpy, 99 
physical properties, 96 
trade name, 64 

1,1 -diethylpropyl, 
physical properties, 96 

1, I -dimethyl-2-butenyl-, 
hydrogen bond, 110 

1,l -dimethylethyl-, 
bond lengths, 97 
dipole moment, 98 
enthalpy, 99 
entropy, 99 
hydrogen bond, 106,107 
physical properties, 96 

I ,  1 -dimethyl-2-pentyn-4-enyl-, 
enthalpy, 99 

I ,  1 -dimethylpropyl, 
hydrogen bond, 107,108 
physical properties, 96 
trade name, 63 

1,l -dimethyl-2-propynyI-, 
physical properties, 96 

ethyl-, 
decomposition, 112 
enthalpy, 99 
entropy, 99 

1 -ethylbutyl-, 
enthalpies, 99 

I -ethylpentyl-, 
enthalpies, 99 

1 -ethynylcyclohexyl-, 
hydrogen bond, 103 

I-heptyl-, 
enthalpy, 99 
entropy, 99 

enthalpies, 99 

bond lengths, 97 
decomposition, 1 12 
enthalpy, 99 
entropy, 99 
physical properties, 96 

1 -methylbutyl-, 
enthalpy, 99 
entropy, 99 

1-hexyl-, 

methyl-, 

1-methylcyclohexyl-, 
enthalpy, 100 
hydrogen bond, 108 
physical properties, 96 

1 -methylethyl-, 
decomposition, 1 I 2  
enthalpy, 99 
entropy, 99 
physical properties, 96 

2-( 4-methylethylphenyl)-2-propyl-, 
trade name, 65 

1 -methylhexyl-, 
enthalpy, 99 
entropy, 99 

1 -methyl-2-oxocyclohexyl-, 
decomposition, 1 19 

2-methyl-5-oxocyclohexyl-, 
decomposition, 1 19 

3-methyl-5-oxocyclohexyl-, 
decomposition, 1 19 

1 -methylpentyl-, 
enthalpy, 99 
entropy, 99 

1 -methyl- 1 -phenylethyl-, 
bond lengths, 97 
decomposition, 1 18 
dipole moment, 98 
enthalpy, 100 
hydrogen bond, 108,109 
physical properties, 96 
trade name, 65 

2-oxocyclohexyl-, 
decomposition, 11 8 

pentyl-, 
enthalpy, 99 
entropy, 99 

1 -phenylcyclohexyl-, 
hydrogen bond, 109 

1 -phenylethyl-, 
physical properties, 96 

pinyl-, 
trade name, 65 

1 -propylbutyl-, 
enthalpy, 99 

1 -tetralyl-, 
enthalpy, 100 

I, I ,3,3-tetramethylbutyl-, 
trade name, 65 

trifluoromethyl-, 
bond lengths, 97 

triphenylmethyl-, 
bond lengths, 97 

analysis, 73, 94-96 
Hydroperoxide 
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bond angles, 97 
bond lengths, 97 
dipole moment, 98 
decomposition, 

chain, 102,112,114- 116 
unimolecular, 102, 112, 113,114 

enthalpy, 99, 100 
entropy, 99 
hydrogen bond, 101-102, 103-112 
interaction with 

ketones, 117, 118-122 
radicals, 1 16- 1 17 

physical properties, 96 
structure, 96- 98 
synthesis, 73, 94-95 
thermochemistry, 98- 101 
trade name, 65 

Hy drotrioxide 
adamantyl-, 

benzoyl-, 
decomposition, 289, 291 

decomposition, 29 1,295 
free radical yield, 295 

decomposition, 291 

decomposition, 290, 294, 296 
free radical yield, 296 

diethoxyphenylmethyl-, 
decomposition, 294 

1,3-dihydroxy- 1 -methylbutyl-, 
decomposition, 295 

1,2-dihydroxy- 1 -methylethyl-, 
decomposition, 295 

1,2-dihydroxy- 1 -methylpropyl-, 
decomposition, 295 

dimethoxy- 
(4-bromophenyl)methyl-, 

decomposition, 294 
(4-chlorophenyl)methyl-, 

decomposition, 294 
(4-fluorophenyl)methyl-, 

decomposition, 294 
(3-methylphenyl)methyl-, 

decomposition, 293 
(4-methoxyphenyl)methyl-, 

decomposition, 293 
phenylmethyl-, 

decomposition, 293 
1 ,I-dimethoxyethyl-, 

decomposition, 293 
1,4-dimethylcyclohexyl-, 

decomposition, 289, 290 

E-decalyl-, 

1,l-diethoxyethyl-, 

dimethylphenylsilyl-, 
decomposition, 295 

1,l-dimethylpropyl-, 
decomposition, 289, 290 

1 -ethoxy- 1- 
(4-bromophenyl) ethyl-, 

decomposition, 293 
(4-chlorophenyl)ethyI-, 

decomposition, 293 
(4-methylphenyl)ethyl-, 

decomposition, 293 
phenylethyl-, 

decomposition, 291 
hydroxymethyl-, 

decomposition, 289 
1 -hydroxy- 

ethyl-, 

1 -methylethyl-, 
decomposition, 294 

decomposition, 294, 296 
free radical yield, 296 

decomposition, 295 

decomposition, 295 

decomposition, 294 

(4-bromophenyl)ethyl-, 
decomposition, 292 

(4-~hlorophenyl)ethyl-, 
decomposition, 292 

(4-fluorophenyl)ethyl-, 
decomposition, 292 

(4-methoxyphenyl)ethyl-, 
decomposition, 292 

methylethyl-, 
decomposition, 29 1 

phenylethyl-, 
decomposition, 29 1 

(4-methylphenyl)ethyl-, 
decomposition, 29 1 

1 -methylpropyl-, 

1-phenylethyl-, 

P'OPYl-, 

l-methoxy-l- 

1 -methyl- 
ethyl-, 

1 -phenylethyl-, 

2-propoxyethyl-, 

decomposition, 290 

decomposition, 295 

decomposition, 290 
tributylsilyl-, 

decomposition, 295 
111,2-trimethylpropyl-, 

decomposition, 296 
free radical yield, 296 



864 INDEX 

Hydrotrioxide(s) (Continued) 

decomposition, 289, 291 
triphenylmethyl-, 

Hydrotrioxide(s) 
bond angles, 287 
bond length, 287 
bonds dissociation energies, 288 
decomposition, 288-296 
enthalpies, 288 
free radical yield, 295, 296 
reactions with free radicals, 296, 

297 
spectrum, 287 
structure, 286, 287 
synthesis, 286 

Hyponi trile,bis(di)- 
4-carboxybenzyl-, 

decomposition, 321 
1,l-dimethylethyl-, 

decomposition, 321 
1 -methyl- 1-phenylethyl-, 

decomposition, 321 

Indium, dimethyl- 
1,l -dimethylethyldioxy-, 

decomposition, 266 
methyldioxy-, 

decomposition, 266 
Intramolecular H abstraction 

in radicals 
alcoxyl, 659-661 
alkyl, 657-661 
peroxyl, 659-663 

azo-compounds, 308-352 
dichlorine, 573-580 
difluorine, 565-572 
dioxygen, 479-500 
nitrogen dioxide, 581 -588 
ozone, 503-520 
peroxides 

Initiation 

diacyl, 137- 142 
dialkyl, 66-72 
haloidalkyl, 271 -275 
hydroperoxides, 102, 117-121, 

525-543, 595-604 
organometallic, 258-270 
polyatomic, 275 

peroxy esters, 195-274 
radical polymerisation, 561 -563 
transition metals, 591-643 

chain decomposition, 12- 14 
concerted fragmentation, 6-7 

Initiators 

isomerization, 11 
kinetics of decay, 41-42 
kinetics of product formation, 42 

Intersecting parabolic model (IPM) 
abstraction, 719-754 
addition, 786- 808 
bimolecular reaction, 423-499 
calculation, 440 
cyclization, 664 
intramolecular H abstraction, 657-663 
kinetic parameters, 427-439, 660, 721, 

759-760, 764, 774, 787 
Iodotrinitromethane 

Isomerization 
decomposition, 385, 389 

heterolytic peroxides, 10- 11 
peroxides, 10- 1 1 
radicals 

alkoxyl, 659, 661 
alkyl, 658, 661 
peroxyl, 660, 662 

Ito-Matsuda scheme, 784-785 

Ketyl radical, 12, 758-761 
Kinetic isotope effect 

dioxygen reaction, 480 
ozone reaction, 505 
retrodisproportionation, 548 

Length of the bond, see Bond length 
Lithium, 1, I -dimethylethyldioxy-, 

decomposition, 267, 268 

Mercury, 
benzyl( 1-methyl-1-phenylethy1dioxy)-, 

bis( 1 -methyl- 1 -phenylethyldioxy)-, 

4-chlorophenyl( 1 -methyl-I - 

decomposition, 267 

decomposition, 267 

phenylethy1dioxy)-, 
decomposition, 267 

decomposition, 267 

decomposition, 266 

( 1  , I  -dimethylethyldioxy)ethyI-, 

ethyl( 1 -methyl- 1 -phenylethyldioxy)-, 

4-methoxyphenyl( 1 -methyl- I - 
phenylethyldioxy )-, 

decomposition, 267 

methylethyl)-, 
decomposition. 267 

decomposition, 267 

1 -methyl- 1 -phenylethyldioxy( 1 - 

( 1 methyl- 1 -phenylethyldioxy)phenyl-, 



N-( 1 -Methylethyl)-N-nitro-2,4,6- 
trinitrobenzenamine, 

decomposition, 406 

decomposition, 366 

decomposition, 409 

Methylhy drazine, 

Methyl nitrate, 

3-(N-Methyl-N-nitro)aminomethyl- 
propionate, 

decomposition, 401 
3-(N-Methyl-N-nitro)aminopropionic acid, 

decomposition, 401 
3-(N-Methyl-N-nitro)aminopropionitrile, 

decomposition, 401 
Methylnitro(2-oxapropyl)amine, 

decomposition, 401 
N-Methyl-N-nitro-2,4,6- 

trinitrobenzenamine, 
decomposition, 402-404 

2-Methyl-2-(4’-oxo-2’,2’,6’,6-tetramethyl- 
1 ’-piperidinyloxy)propionitrile, 

decomposition, 375 

decomposition, 409 
2-Methyl-2-propyl nitrate, 

2-Methyl-2-( l’, 1’,3’,3‘-tetraethyl-2’- 
benz[ c]pirrolidinyloxy)propionitrile, 

decomposition, 379, 380 
2-Methyl-2-(2’,2’,6’,6’-tetramethyl- 1’- 

piperidinyloxy)propane, 
decomposition, 376, 377 

3-Methylsulfonyl- 1 -propene, 
decomposition, 412 

Methylthiotrinitromethane, 
decomposition, 386 

Molecular mobility polymer matrix, 
influence on 

cage effect, 31-33 
rate constant, 33-38 

Multidipole interaction, 750, 752, 795, 796 

Nitrates, 384, 387 

Nitrite, 
decomposition, 409 

butyl-, 

ethyl-, 

methyl-, 

1 -methylethyl-, 

decomposition, 410 

decomposition, 410 

decomposition, 410 

decomposition, 410 
propyl-, 

INDEX 
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Nitrites, 
decomposition, 410 

Nitro compounds, 
decomposition 8.7 - 8.10 
enthalpies 8.6 
physical properties 8.5, 

decomposition, 385 
physical properties, 382 

decomposition, 385 

decomposition, 390 

decomposition, 385 

decomposition, 385 

Nitroethane, 

Nitromethane, 

N-Nitromorpholine, 

Nitropropane, 

2-Nitropropane, 

N-Nitro-N-prop yl- 
2,4,6-trinitrobenzeneamine, 

decomposition, 406 
Nitrotrichloromethane, 

decomposition, 385 
N-Nitrozo-N-ac yl- 

pheny lamine, 
decomposition, 370 

4- bromophenylamine, 
decomposition, 370 

4-c hlorophenylamine, 
decomposition, 370 

4-methylphenylamine, 
decomposition, 370 

4-nitrophenylamine, 
decomposition, 371 

S-Nitrozo- 
c yclohexylthiol, 

decomposition, 371 
1,1 -dimethylpropylthiol, 

decomposition, 3 7 1 
hexylthiol, 

decomposition, 371 
phenylthiol, 

decomposition, 371 

Organoelement peroxides 
decomposition, 258-270 
enthalpies, 257 
physical properties, 257 
synthesis, 256 

decomposition, 4 14 
enthalpies, 413 

Oscillation theory, 428 
Oxidation 

Organometallic compounds, 41 3 
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Oxidation (Continued) 
cerium IV, 624-629 
cobalt 111, 630-633 
copper ions, 633 
dioxygen, 50-56, 596 

ratio v v ~ ” * ,  54 
iron 111, 633-635 
manganese 111, 633, 637 
solid polymers, 
vanadium V, 636, 638-641 

piperidy1oxy)- 1, I -diphenylethane, 
1 -(4’-0xo-2,2’,6’,6’-tetramethyl- 1 ’- 

decomposition, 374 

chain decomposition, 5 19-521 
free radical yield, 505 
reaction with 

Ozone 

C-H bonds, 504-518 
radicals, 519-521 

1,1,1,2,2-Pentanitropropane, 

Peracid, 
enthalpy, 383 

acetic-, 

butyric-, 

3-chlorobenzoic-, 

4-chlorobenzoic-, 

1 -decanoic-, 

decomposition, 1 12 

decomposition, 112 

hydrogen bond, 110 

hydrogen bond, 1 11 

dipole moment, 98 
enthalpy, 100 

hydrogen bond, 110 

dipole moment, 110 

dipole moment, 98 

decomposition, 112 

bond lengths, 97 

bond lengths, 97 

bond lengths, 97 
dipole moment, 98 

decomposition, 1 I 2  

dipole moment, 98 

4-( I ,  1 -dimethylethyl) benzoic-, 

dodecanoic-, 

hexadecanoic-, 

methylpropionic-, 

2-nitrobenzoic-, 

4-ni trobenzoic-, 

nonanoic-, 

propionic-, 

tetradecanoic-, 

I-tridecanoic-, 

enthalpy, 100 

enthalpy, 100 
I-undecanoic-, 

Peracids 
acidic properties, 101 
complexes with polar molecules, I01 
hydrogen bonding, 11 0, 1 1 1 
spectrum, 97 

Perfuorohydrazine, 
decomposition, 366 

Peroxide, 
acetyl- 

benzoyl-, 
decomposition, 172 

butanoyl-, 
decomposition, 177 

2-bromobenzoyl-, 
decomposition, 178 

3-bromobenzoyl-, 
decomposition, 178 

4-bromobenzoyl-, 
decomposition, 178 

2-chlorobenzoyl-, 
decomposition, 179 

3-chlorobenzoyl-, 
decomposition, 179 

cyclohexylcarbonyl-, 
decomposition, 177 

cyclohexylsulfonyl-, 
decomposition, 268-270 

2-ethoxybenzo yl-, 
decomposition, 180 

heptanoyl-, 
decomposition, 177 

4-methoxybenzoyl-, 
decomposition, 180 

3-methylbenzoyl-, 
decomposition, 179 

4-methylbenzoyl-, 
decomposition, 179 

3-methylbutanoyl-, 
decomposition, 177 

3-nitroben~oyl-, 
decomposition, 18 1 

pentanoyl-, 
decomposition, 177 

4-phenylbenzoyl-, 
decomposition, 181 

2,4,6-trimethylbenzoyl-, 
decomposition, 180 

apocamphycarbonyl-, 
benzoyl- 

percentage of radical pairs, 22 
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butanoyl-, 
decomposition, 18 1 

chloroacetyl-, 
decomposition, 181 

cyclopropylcarbonyl-, 
percentage of radical pairs, 21 

cyclopropylcarbonyl (‘*O-labelled)), 
decomposition, 172 

2-[ 1 ’,2’-di(4-nitrophenyl) 
ethenyl] benzoyl-, 

decomposition, 174 
free radical yield, 188 

decomposition, 181 

ethenyl] benzoyl-, 
decomposition, 174 
free radical yield, 186 

decomposition, 174 
free radical yield, 187 

decomposition, 18 1 

decomposition, 172 

decomposition, 173 
free radical yield, 186 

decomposition, 18 I 

3-methylbutanoyl-, 

2-[2’-( 3-nitrophenyl) 

2-[2’-(4-nitrophenyl)ethenyl] benzoy I - ,  

octanoyl-, 

phenoxycarbonyl-, 

2-(2’-phenyletheny1)benzoyl-, 

propanoyl-, 

bis(di)- 
acetyl-, 19 

decomposition, 138 
enthalpy, I36 
percentage of radical pairs, 21 
physical properties, 130 
trade name, 13 1 

analysis, 129-131, 133, 134 
bond angles, 135 
bond lengths, 135 
decomposition, 137- 143, 

144-154, 172-189 
dipole moments, 136 
physical properties, 130 
spectrum, 135 
structure, 134, 135 
synthesis, 129, 130 
thermochemistry, 135- 137 
trade name, 131, 132 

analysis, 62 
bond angles, 67-68 
bond lengths, 67-68 

acyl-, 

alkyl-, 

decomposition, 66 
dipole moment, 69 
physical properties, 63 
spectrum, 66 
structure, 66-68 
synthcsis, 62 
thermochemistry, 66,69,70 
trade name, 63-65 

apocamphylcarbonyl-, 
percentage of radical pairs, 

benzoyl-, 
chain decomposition, 

22 

mechanismm, 12 
decomposition, 139- 140 
enthalpy, 136 
free radical yield, 183 
percentage of radical pairs, 21 
physical properties, 130 
trade name, 131 

decomposition, 140- 142 
free radical yield, 183-185 

benzoyl (symmetrically substituted)-, 

benzoyl (unsymmetrically 
substituted)-, 

3-bromobenzoyl-, 
decomposition, 142- 143 

decomposition, 140 
free radical yield, 184 

decomposition, 274 

decomposition, 144,151 
enthalpy, 136 
free radical yield, 182 

decomposition, 74 
caranylcarbonyl-, 

percentage of radical pairs, 21 
4-chlorobenzoyl-, 

decomposition, 141 
enthalpy, 137 
free radical yield, 184 
trade name, 132 

2-chlorobutanoyl-, 
decomposition, 274 

4-cyanobenzoyl-, 
decomposition, 141 
free radical yield, 184 

decomposition, 150 

decomposition, 148 
percentage of radical pairs, 21 

2-bromobutanoyl-, 

butanoyl-, 

butyl-, 

cyclobutylacetyl-, 

cyclobutylcarbonyl-, 
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Peroxide (Continued) 
bis(di)- 

c ycloheptylcarbonyl-, 
decomposition, 149 

cyclohexylacetyl-, 
decomposition, 150 

cyclohexylcarbonyl-, 
decomposition, 148 
free radical yield, 185 
percentage of radical pairs, 22 

cyclopentylacetyl-, 
decomposition, 150 

cyclopentylcarbonyl-, 
decomposition, 148 
percentage of radical pairs, 22 

cyclopropylcarbonyl-, 
decomposition, 147 
percentage of radical pairs, 21 

cyclopropylcarbonyl 
(0 -labelled )-, 

decomposition, 147 

decomposition, 145,151 
enthalpy, 136 
free radical yield, 183 
trade name, 131 

9,10-dibromoctadecanoyl)-, 
decomposition, 153 

9,10-dibromoundecanoyl)-, 
decomposition, 153 

2,4-dichlorobenzoyl-, 
enthalpy, 137 
physical properties, 130 
trade name, 182 

2,2-dichloropropanoyl-, 
decomposition, 274 

2,2-difluoropropanoyl-, 
decomposition, 274 

1,l-dimethylethyl-, 
bond angles, 67 
bond lengths, 67 
decomposition, 7 1,72 
dipole moment, 69 
enthalpy, 63 
free radical yield, 94 
trade name, 63 

decanoyl-, 

4-( I’,l’-dimethylethyl) 

decomposition, 149 
4 4  l’, 1’-dimethylethyl) 

decomposition, 149 
l,l-dimethylpropyl-, 

trade name, 65 

cyclohexylcarbonyl (I?)-, 

cyclohexylcarbonyl (Z ) - ,  

dipropoxyborane-, 

dodecanoyl-, 
decomposition, 265 

decomposition, 145,151,152 
enthalpy, 136 
free radical yield, 183 
physical properties, 183 
trade name, 132 

2,2,3,3,4,4,5,5,6,6,7,7- 
dodecafluoroctanoyl-, 

decomposition, 273 

decomposition, 74 
enthalpy, 69 

decomposition, 145,15 1 
free radical yield, 182 

decomposition, 145 
free radical yield, 183 

decomposition, 145,15 1 
free radical yield, 182 

decomposition, 146 

bond lengths, 67 
decomposition, 74 
enthalpies, 69 
physical properties, 63 

4-methoxybenzoyl-, 
decomposition, 142 
free radical yield, 185 

3-(4’-methoxyphenyl) 
propenoyl-, 

decomposition, 152 
2-methylbenzoyl-, 

decomposition, 140 
enthalpy, 137 
trade name, 132 

4-methylbenzoyl-, 
decomposition, 140 
free radical yield, 185 

1 -methylethyl-, 
decomposition, 75 

1-methyl-1 -ethylpropyl-, 
decomposition, 75 

1-methyl-1 -phenylethyl-. 
bond lengths, 67 
decomposition, 72, 73 
enthalpy, 70 
trade name, 63 

2-methylpropanoyl-, 
decomposition, 144, 145 

ethyl-, 

heptanoyl-, 

hexadecanoyl-, 

hexanoyl-, 

2-iodophenylacetyl-, 

methyl-, 
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enthalpy, 136 
free radical yield, 182 
trade name, 131 

decomposition, 75 

decomposition, 142 
free radical yield, 185 

decomposition, 152 

decomposition, 145,15 1 
free radical yield, 182 

decomposition, 75 

decomposition, 146 
free radical yield, 183 

2,2,3,3,4,4,5,5-octafluoro 
pentanoyl, 
decomposition, 273 

decomposition, 145, 15 1 
enthalpy, 136 
free radical yield, 182 
trade name, 132 

decomposition, 145, 151 
free radical yield, 182 

decomposition, 272 

decomposition, 273 

decomposition, 273 

decomposition, 272 

decomposition, 146, 152 

decomposition, 146, 152 
free radical yield, 183 

decomposition, 147 
free radical yield, 183 

decomposition, 146, 152 

decomposition, 152 

decomposition, 147 

decomposition, 144, 151 

1 -methylpropyl-, 

4-nitrobenzoyl-, 

3-(4’-nitropheny1)propenoyll-, 

nonanoyl-, 

nonyl-, 

octadecanoyl-, 

octanoyl-, 

pen tanoyl-, 

perfluoracetyl-, 

perfluorbutanoyl-, 

perfiuoroctanoy I-, 

perfluoropropanoy 1-, 

phenylacetyl-, 

4-phenylbutanoyl-, 

5-phenylpentanoyl-, 

3-phenylpropanoyl-, 

3-phenylpropenoyl-, 

3-phenylpropynoyl-, 

propanoyl-, 

enthalpy, 136 

free radical yield, 182 
trade name, 132 

propyl-, 
decomposition, 75 

tetradecanoyl-, 
decomposition, 152 

1,1,2,2-tetramethylpropyl-, 
decomposition, 75 

trifluoromethyl-, 
bond lengths, 67 

trifluoromethylacetyl-, 
decomposition, 273 

2-trifluoromethyl-3,3,3- 
trifluoropropanoyl-, 

decomposition, 274 
3,5,5-trimethylhexanoyl-, 

trade name, 13 1 
triphenylmethyl-, 

bond lengths, 67 

5-phenyl-4-pentenoyl-, 
decomposition, 172 

propanoyl-, 
decomposition, 18 1 

2-cy clopentenyl- 

butanoyl- 

1 ,1-dimethylbutyl-, 
decomposition, 93 

1-methyl- I-phenylethyl-, 
decomposition, 92 

1 ,l-dimethylbutyl- 
dibutylphosphinatomethyl-, 

decomposition, 9 1 
N,N-dimethylaminomethyl-, 

decomposition, 91 
2,3-epoxycyclopentyl-, 

decomposition, 93 
1 ,I-dimethylethyl- 

1 -acetoxyethyl-, 

acet y 1 - , 
decomposition, 77 

decomposition, 197, 224 
free radical yield, 226 
physical propertie, 190 
trade name, 191 

1 -adamantylcarbonyl-, 
decomposition, 203 

1-adamantylcarboxyethyl-, 
decomposition, 78 

allyloxycarbonyl-, 
trade name, 191 

3-allyloxycarbonyl- 
propanoyl-, 

enthalpy, 195 
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Peroxide (Continued) 
1 ,I-dimethylethyl 

3-allyloxycarbonyl-2- 
propenoyl-, 

enthalpy, 195 

decomposition, 2 12, 225 
enthalpy, 196 
physical properties, 190 
trade name, 191 

1 -benzoyloxyethyl-, 
decomposition, 78 

benzyl 
oxyacetyl-, 

benzoyl-, 

decomposition, 21 1 
enthalpies, 195 

decomposition, 222 

decomposition, 21 1 

oxyoxalyl-, 

thioacetyl-, 

2-bicyclo[2.2.l]heptylcarbonyl-, 
decomposition, 202 

2-bicyclo[2.2.2]octylcarbonyl-, 
decomposition, 203 

N,N-bis( 1 -methylethyl)aminomethy 1-, 
dipole moment, 69 

2-bromohexanoyl-, 
decomposition, 21 1 

4-bromophenoxyacetyl-, 
decomposition, 209 

butanoyl-, 
decomposition, 194, 224, 225 

2-butenoyl-, 
enthalpy, 195 

3-butenoyl-, 
decomposition, 201 

butoxyacetyl-, 
decomposition, 204 

dipole moment, 69 

decomposition, 21 1 

decomposition, 21 2 
free radical yields, 226 

decomposition, 213 
free radical yields, 226 

decomposition, 213 
free radical yields, 226 

decomposition, 21 1 

butyl-, 

chloroacetyl-, 

4-chlorobenzoy-, 

2-chlorobenzoyl-, 

3-chlorobenzoyl-, 

chlorocarbonyl-, 

2-chloro- I ,  1 -dimethylethyl-, 

decomposition, 76 
(1 -chloro-2-oxo-3-oxapentyl) 

hydroxy(1,1,2,2,3,3,4,4- 
octafluorobuty1)methyI-, 

decomposition, 27 1 
(3-~hlorophenyl)acetyl-, 

decomposition, 205 
(4-~hlorophenyl)acetyl-, 

decomposition, 205 
4-chlorophenoxyacetyI-, 

decomposition, 209 
2-(4-chlorophenylthio)benzoyl-, 

decomposition, 220 
3-cyclohexenyl- 

carboxymethyl-, 
decomposition, 80 

hydroxymethyl-, 
decomposition, 81 

methoxymethyl- (eq.), 
decomposition, 81 -82 

methoxymethyl- (ax.), 
decomposition, 82-83 

ethoxymethyl- (eq.), 
decomposition, 83-84 

propoxymethyl- (eq.), 
decomposition, 84-85 

propoxymethyl- (ax.), 
decomposition, 85 

3-cyclopentenyl-, 

decanoyl-, 
decomposition, 79 

decomposition, 199 
enthalpy, 195 

decomposition, 221 
4-dibenzo[b,d] thiophenoyl-, 

( I ,  1 -dibromo-2-0~0-3-oxapentyl) 
hydroxy( I ,  1,2,2,3,3,4,4- 
octafluorobuty1)methyl-, 

decomposition, 272 
2,4-dicloro- 

benzoyl-, 
decomposition, 213 
free radical yield, 226 

decomposition, 209 
phenoxyacetyl-, 

diethylacetyl-, 
trade name, I9  I 

2,2-diethylbutanoyl-, 
decomposition, 198 

2,3-dihydroxypropyl-, 
enthalpy, 70 

dimethyl- 
aminomethyl-, 

dipole moment, 69 
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phenoxyacetyl-, 

phenylacetyl-, 
decomposition, 208 

decomposition, 208 
1, l-dimethyl- 

butyl-, 
decomposition, 76 

ethylthio-, 
decomposition, 270 

pent-2-yn-4-enyl-, 
enthalpy, 70 

2-phenylethyl-, 
decomposition, 76 

decomposition, 76 
propyl-, 

2,2-dimethyl- 
butanoyl-, 

octanoyl-, 

pentanoyl-, 

propanoyl-, 

enthalpy, 195 

trade name, 192 

decomposition, 198 

decomposition, 198, 224 
enthalpy, 195 
free radical yield, 226 
trade name, 19 1 

3,3-dimethylbutanoyl-, 
trade name, 192 

2-( 1,l -dimethylethyl)benzoyl-, 
decomposition, 214 

1-( I ,  1’-dimethylpropanoy1oxy)ethyl-, 
decomposition, 78 

diphenylacetyl-, 
decomposition, 207 

3,6-dimethyl-2,5,8-trioxa-9- 
phenylnonanoyl-, 

decomposition, 224 
2,4-dioxa- 

heptyl-, 

hexyl-, 
decomposition, 90 

decomposition, 90 

decomposition, 90 

decomposition, 90 

octyl-, 

pentyl-, 

2-(2’,2’-diphenyIethenyl)benzoyl-, 

(2,3-diphenyl)-2- 
decomposition, 215 

c yclopropenylcarbonyl-, 
decomposition, 202 

(2,3-dipropyl)-2- 
cy clopropenylcarbon yl-, 

decomposition, 202 

decomposition, 7 1 
enthalpy, 195 
trade name, 192 

1,3-epoxycyclopentyl-, 
decomposition, 79 

3,4-epoxycyclohexyl- 
carbox ymethyl-, 

decomposition, 80, 81 
ethoxymethyl- (eq.), 

decomposition, 87, 88 
ethoxymethyl- (ax.), 

decomposition, 88, 89 
methoxymethyl- (ax.), 

decomposition, 87 
methoxymethyl- (eq.), 

decomposition, 86 
ethoxyacetyl-, 

decomposition, 204 
enthalpy, 195 

2-ethylhexanoyl-, 
trade name, 191 

2-ethylhexyloxycarbonyl-, 
trade name, 19 1 

[2-(9-fluorenylidene) 

dodecanoyl-, 

methyl] benzoyl-, 
decomposition, 218 

decomposition, 200 

decomposition, 199 
free radical yield, 226 

2-hydroxyethyl-, 
enthalpy, 69 

hydroxymethyl-, 
decomposition, 77 
enthalpy, 68 

4-hydroxy-1,l ,.l.-trimethylpentyl-, 
enthalpy, 70 

methoxyacetyl-, 
decomposition, 204 
enthalpy, 195 

3-methoxycarbonyl-2-propenoyl-, 
enthalpy, 195 

1 -methoxyheptyl-, 
decomposition, 7 

methoxyphenylmethyl-, 
decomposition, 77 

(3-methoxyphenyl)acetyl-, 
decomposition, 206, 225 

4-methoxy- 
benzoyl-, 

hexadecanoyl-, 

hexanoyl-, 

decomposition, 215 
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Peroxide (Continued) 
benzylox yoxalyl-, 

phenoxyacetyl-, 
decomposition, 222 

decomposition, 2 10 
(4-methoxyphenyl)acetyl-, 

decomposition, 206 
2-(4-methoxyphenylthio)benzoyl, 

decomposition, 220 
methyl- 

diphenylacetyl-, 
decomposition, 207 

methoxyacetyl-, 
enthalpy, 195 

phenoxyacetyl-, 
decomposition, 2 1 1 

1 -(4’-ch1orophenyl)ethyl-, 

ethoxyacetyl-, 

1 -methyl- 

decomposition, 77 

decomposition, 204 
enthalpy, 195 

ethyloxycarbonyl-, 
trade name, 192 

1 -(3’-methoxypheny1)ethyl-, 
decomposition, 76 

I -(4’-methoxypheny1)ethyl-, 
decomposition, 76 

(4’-nitrophenyl)ethyl-, 
decomposition, 77 

1 -phenylethyl-, 
decomposition, 76 
enthalpy, 70 
trade name, 6 

2-methyl- 
benzoyl-, 

decomposition, 214 
free radical yield, 227 

3-pentynoyl-, 
enthalpy, 196 

4-oxapentanoyl-, 
decomposition, 204 

4-phenyl-3-butynoyl-, 
decomposition, 202 
enthalpy, 196 

decomposition, 201 

decomposition, 197, 224 
free radical yield, 226 

decomposition, 218 

decomposition, 215-217 

3-pentynoyl-, 

propanoy I-, 

sulfonylbenzoyl-, 

thiobenzoyl-, 

3-methyl- 
benzoyl-, 

butanoyl-, 
decomposition, 214 

decomposition, 198 
4-methyl- 

benzoyl-, 
decomposition, 214 
free radical yield, 227 

decomposition, 210 
(4-methylphenyl)acetyl-, 

decomposition, 205 
(4-methylthiophenyl)acetyl-, 

decomposition, 206, 225 
5-methyl-2,4-dioxahexyl-, 

decomposition, 90 
1 -naphthoyl-, 

decomposition, 222 
4-nitro- 

benzoyl-, 

phenoxyacetyl-, 

decomposition, 218, 219 
free radical yield, 227 

decomposition, 223 

decomposition, 210 

benzyloxyoxalyl-, 

phenoxyacetyl-, 

(4-nitrophenyl)acetyI-, 
decomposition, 207 

2-(4-nitrophenylthio)benzoyl-, 
decomposition, 221 

1 -nonanoyloxyethyl-, 
decomposition, 78 

octanoyl-, 
decomposition, 199, 225 

(2-0x0-3-oxapenty1)hydroxy- 
(1,1,2,2-tetrafluorethyl)methyl-, 

decomposition, 271 
(1,1,2,2,3,3,4,4- 

octafluorobuty1)methyl-, 
decomposition, 271 

(trifluoromethy1)methyl-, 
decomposition, 27 1 

oxyranylmethyl-, 
enthalpy, 69 

pentanoyl-, 
decomposition, 198, 225 
free radical yield, 226 

1 -pentanoyloxyethyl-, 
decomposition, 78 

3-pentenoyl-, 
enthalpy, 195 

3-pentynoyl-, 
enthalpy, 195 
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perfluorbutanoyl-, 
decomposition, 273 

4-phenoxybutanoyl-, 
decomposition, 21 1 

phenoxyoxalyl-, 
decomposition, 222 

3-phenoxypropanoyl-, 
decomposition, 21 1 

phenylacetyl-, 
decomposition, 204 
enthalpy, 196 

2-phenylbenzoyl-, 
decomposition, 219 

4-phenyl-3-butynoyl-, 
decomposition, 201 
enthalpy, 196 

4-phenylbutanoyl-, 
decomposition, 208 

4-phenyl-3-butenoyl-, 
decomposition, 201 

3-phenylpropanoyl-, 
decomposition, 208 

2-phenylthiobenzoyl-, 
decomposition, 219, 220 
free radical yield, 228 

l-phenylthio-2-naphthoyl-, 
decomposition, 222 

1-pinyl-, 
decomposition, 78 
free radical yield, 94 

propanoyl-, 
decomposition, 197, 224 

1 -propanoyloxyethyl-, 
decomposition, 77 

propenoyl-, 
decomposition, 201 

tetradecanoyl-, 
decomposition, 200 
enthalpy, 195 

1,1,2,2-tetramethylpropyl-, 
decomposition, 76 

4-thioxanthonoyl-, 
decomposition, 221 

trichloroacetyl-, 
decomposition, 2 1 1 

1,1,2-trimethylpropyl-, 
decomposition, 76 

2-trimethylsilyloxyethyl-, 
decomposition, 89 

trimethylsil yloxymethyl-, 
decomposition, 89 

2-trimethylsilyloxypropyl-, 
decomposition, 89 

2,5,8-trioxa-9-phenylnonanoyl-, 

decomposition, 223 
2,5,8-trioxanonanoyl-, 

decomposition, 223 
triphenylacetyl-, 

decomposition, 208 
2-triphenylsilyloxyethyl-, 

decomposition, 90 
1, l-dimethylpropyl- 

N-c yclohexyliminomethyl-, 
decomposition, 9 1 

2-cyclopentenyl-, 
decomposition, 93 

2,4-dioxanonyl-, 
decomposition, 92 

2,3-epoxycyclopentyl-, 
decomposition, 93 

3-ethylhexanoyl-, 
trade name, 192 

2-oxahexyl-, 
decomposition, 92 

2-oxa-3-oxononyl-, 
decomposition, 92 

1,l -diphenylethyl methylphenylethyl-, 
decomposition, 91 
free radical yield, 94 

2,3-epoxycyclopentyl 

decomposition, 93 
1 -ethyl- 1-methylpropyl 

decomposition, 92 

decomposition, 271 -274 

1 -methyl- 1 -phenylethyl-, 

5-methyl-2,4-dioxaheptyl, 

haloid-containing-, 

4-methoxybenzoyl 2-[2’-nitrophenyl) 
ethenyllbenzoyl-, 

decomposition, 176 
free radical yield, 188 

2- [2’-( 4-nitrophenyl) 
4-nitrobenzoyl- 

ethenyllbenzoyl-, 
decomposition, 176 
free radical yield, 187 

decomposition, 173 
2-(2’-phenyletheny1)benzoyl-, 

organoelement-, 
decomposition, 228, 258-270 
enthalpy, 257 
physical properties, 257 
synthesis, 256 

pentanoyl propanoyl-, 
decomposition, 18 1 

Peroxydicarbonate, bis(di)- 
benzyl-, 

decomposition, 158 
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Peroxydicarbonate, bis(di)- (Confinued) 
2-bromobenzyl-, 

butyl-, 

cyclohexyl-, 

decomposition, 158, 159 

trade name, 133 

decomposition, 154- 157, 170- 17 1 
enthalpy, 137 
free radical yield, 189 
trade name, 133 

carbonylmethyl-, 
dimethylethoxy- 

decomposition, 167 
4-( l’, 1’-dimethylethy1)benzyl-, 

decomposition, 160,161 
4-( 1 ‘, 1 ’-dimethylethy1)cyclohexyl-, 

trade name, 132 
1,4-dimethyl-7-phenyl-3,6-dioxaheptyl-, 

decomposition, 167 
3,6-dioxaheptyl-, 

decomposition, 166 
2,s-dimethyl- 1,3-dioxane-S-yl-methyl-, 

decomposition, 168 
1,3-dioxolan-2-on-4-yl-rnethyl-, 

decomposition, 168 
2-ethoxyethyl-, 

trade name, 132 
ethyl-, 

decomposition, 154 
2-ethylhexyl-, 

decomposition, 170 
trade name. 132 

decomposition, 170 
trade name, 133 

3-methoxy-3-methylbutyl-, 
trade name, 133 

l-methyl- 
ethyl-, 

hexadecyl-, 

decomposition, 154 
trade name, 133 

trade name, 133 

trade name, 133 

decomposition, 168 

5- yl-methyl-, 
decomposition, 168 

2-methyl-2-nitrobutyl-, 
decomposition, 154 

phenyl-, 
decomuosition. 157. 158 

2-methoxyethyl-, 

prowl-, 

5-methyl- 1,3-dioxane-S-yl-methyl-, 

2-( 1-methylethyl)-5-methyl- 1,3-dioxane- 

6-phenyl-3,6-dioxahexyl-, 
decomposition, 167 

7-phenyl-3,6-dioxaheptyl-, 
decomposition, 167 

2-(N-phthalimidyl)ethyl J-, 
decomposition, 170 

propyl-, 
trade name, 133 

2-propyl-5-methyl- 1,3-dioxane-S-y1- 
methyl-, 

decomposition, 168 
2-(N-succinimidyl)ethyl-, 

decomposition, I69 
tetradecyl-, 

trade name, 133 
2,4,6-trimethylbenzyl-, 

decomposition, 159, 160 
2-trimethylsilylbenzyl-, 

decomposition, 16 1, 162 
3-trimethylsilylbenzyl-, 

decomposition, 163, 164 
4-trimethylsilylbenzyl-, 

decomposition, 165, 166 
Peroxy esters 

analysis, 143, 193 
decomposition, 194-228 
enthalpy, 195, 196 
influence viscosity, 24 
physical properties, 190 
synthesis, 190 
thermochemistry, 193- 196 
trade names, 191 - 193 

Peroxyl radicals, 43, 46, 47, 50-53, 56, 
57, 520, 521, 662, 663, 709-712, 
736, 737, 83 1-844 

Phenyl- 
disulfone, 

enthalpy, 4 10 
hydrazine, 

decomposition, 366 
(2,2,6,6-tetramethyl- 1 - 

piperidinyloxy)methane, 

1 -Phenyl- 1 -(2’,2’,6’,6’-tetramethyl- 1’- 
decomposition, 377, 378 

piperidiny loxy)ethane, 
decomposition, 377 

2-Phenyl-2-(2’,2’,6’,6-tetramethyl- 1 ’- 
piperidiny loxy)propane, 

decomposition, 376, 377 
Photolysis azocompounds 

quantum yield, 17,18 
racemization, 20, 22, 23 

Physical properties 
azo-comuounds. 306 
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diacyl peroxides, 130 
dialkylperoxides, 63 
hydroperoxides, 96 
peroxy esters, 190 

Polar effect, 749-750, 794-796 
Polarization peroxides, 69, 98 
Poly arylperoxy silane 

heterolytic isomerisation, 
rate constant, 10 

Polyphenylalkane(s), 359,360 
decomposition, 361- 365 

Polymerization of monomers, 
ratio kp(2k,)-'I2, 55 

Polyperoxides 
decomposition, 275, 231-255 
enthalpy, 228-230 

Preexponencial factor 
bimolecular initiation 

amines with peroxides, 541 -543 
dichlorine, 576-58 1 
difluorine, 568-573 
dioxygen, 48 1-492 
hydroperoxide, 527-531, 533-538 
nitrogen dioxide, 582-587 
ozone, 507-5 18 
retrodisproportionation, 549-560 

frec radical abstraction 
alkyl, 721 
aminyl, 730-731 
benzoyloxyl, 734-735 
cyclohexylperoxyl, 736-737 
1-methyl- 1 -phenylethoxyl, 732-733 
triethylsilyl, 744-745 

free radical addition 
aminyl, 805-806 
benzoyloxyl, 803, 804 
dimethylethoxyl, 802 
dimethylethyl, 800 
dimethylethylperoxyl, 804 
ethylthiyl, 807 
hydroxyl, 801, 802 
methyl, 798 
methylethyl, 799 
phenyl, 800,801 
triethylsilyl, 806 

free radical cyclization, 665-690 
free radical decomposition, see 

free radical decyclization, 692-703 
free radical fragmentation, 705-71 I 
free radical isomerization 

Fragmentation 

alkyl, 658, 651 
alkoxyl, 661 
peroxyl, 662 

free radical reaction with ozone, 520 
free radical recombination, 821 -842 
free radical reduction 

carbonyl compounds, 758, 761 
olefins, 760 
peroxides, 773-775 

free radical substitution 
disulfides, 766 
peroxides, 118, 296, 765-766, 

776-177 
trialkylboranes, 768-772 

transition metal ion reaction 
hydrogen peroxide, 594 
organic compounds, 621 -643 
peroxides, 597-601 

trimolecular dioxygen, 493 -499 
unimolecular decomposition, 7 

alkylnitrates, 409 
alkylnitrites, 410 
azo compounds, 3 10-352 
diac ylperoxides, 1 3 8 - I 5 3, 172 - 1 8 1 
dialkylperoxides, 7 1-93 
difluoroamines, 407-408 
halogen containing peroxides, 

hydrazines, 366-369 
hydroperoxides, 112- 1 14 
hydrotrioxides, 290-295 
N-alkoxyamines, 373-38 1 
nitrocompounds, 385-406 
N-nitrozo-N-ac ylarylamines, 

N-nitrozothiols, 370-37 1 
organometallic peroxides, 258-270 
organometallic compounds, 414 
peroxides with halogen atoms, 

peroxydicarbonates, 154- 17 1 
peroxy esters, 197-225 
polyperoxides, 231 -255 
polyphenylalkanes, 361 -365 
S-containing compounds, 4 1 1-412 
tetroxides. 299 
trioxides, 285 

27 1 -274 

370-371 

27 1-274 

Pressure, 
influence on decomposition, 6, 26 

Probability radical pair to escape cage, 
17-25, 27-34, 94, 182-189, 
226-228, 295-296, 332-333 

1,2-Propanediol dinitrate, 
decomposition, 409 

1,3-Propanediol dinitrate, 
decomposition, 409 
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1,2,3-Propanetriol trinitrate, 
decomposition, 409 
physical properties, 382 

decomposition. 409 

decomposition, 409 

1 -Propyl nitrate, 

2-Propyl nitrate, 

Quantum yield, 17 

Racemisation, 

Radical pair 

Rate constant 

azocompounds, 22-23 

combination, 18 

bimolecular initiation 
calculation by IPM method, 426-428 
dichlorine, 576-581 
difluorine, 568-573 
dioxygen, 481 -492 
ethyl lithium with alkylhaloid, 580 
hydroperoxide, 527-53 1, 533-538 
nitrogen dioxide, 584-587 
ozone, 507-51 8 
retrodisproportionation, 549-560 

cyclic chain termination, 614-617 
free radical abstraction 

aminyl, 730-731 
benzoyloxyl, 734-735 
cyclohexylperoxyl, 736-737 
1 -methyl- 1 -phenylethoxyl, 732-733, 

triethylsilyl, 744-745 
744 

free radical acceptor reaction, 43 -47 
free radical addition 

aminyl, 805-806 
benzoyloxyl, 803, 804 
dimethylethoxyl, 802 
dimethylethyl, 800 
dimethylethylperoxyl, 804 
dioxygen, 808-81 1 
ethylthiyl, 807 
hydroxyl, 801, 802 
methyl, 798 
methylethyl, 799 
phenyl, 800,801 
triethylsilyl, 806 

free radical cyclization, 665-690 
free radical decomposition, .see 

free radical decyclization, 692-703 
free radical disproportionation, 817-8 19 
free radical fragmentation, 705-71 1 
free radical isonierization, 

Fragmentation 

alkyl, 661 
alkoxyl, 661 
peroxyl, 662 

free radical ozone reaction, 520 
free radical recombination, 821 -829 
free radical reduction 

carbonyl compounds, 758, 761 
olefins, 760 
peroxides, 116, 297, 773-775 

free radical scrambling, 20-22 
free radical substitution 

disulfides, 766- 767 
peroxides, 118, 296, 763-765, 

773-777 
trialkylboranes, 768-772 

heterolytic peroxides izomerization, 

hydrogen atom transfer, 757-761 
macroradicals combination, 830 
retrodisproportionation, 547-560 
transition metal ion reaction 

free radicals, 604-61 1 
hydrogen peroxide, 594 
organic compounds, 62 1-643 
peroxides, 597-601 
trimolecular doixygen, 493-499 

alkylnitrates, 409 
alkylnitrites, 410 
azo compounds, 309-352 
diacylperoxides, 25, 138-153, 

dialkylperoxides, 7 1-93 
difuoroamines, 407 -408 
free radicals, see Fragmentation 
Fe(II1) complexes with H202, 595 
halogen containing peroxides, 

hydrazines, 366-369 
hydroperoxides, 112- 114 
hydrotrioxides, 290-295 
hydroxyperoxides, 1 18- 12 1 
initiator, 41 -42 
N-alkoxyamines, 373-38 1 
nitrocompounds, 385-406 
N-ni trozo-N-acylarylamines, 

N-nitrozothiols, 370-37 1 
organometallic compounds, 4 I4 
organometallic peroxides, 258-270 
peroxides with halogen atoms, 

peroxydicarbonates, 154- 171 
peroxy esters, 11 ,  24, 197-225 

10-11 

unimolecular decomposition, 6-7 

172-181 

271 -274 

370-371 

27 1-274 
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polyperoxides, 23 1-255 
polyphenylalkanes, 361 -365 
S-containing compounds, 41 1-4 12 
tetroxides, 299 
trioxides, 285 

Reaction 
acceptor with radical, 43-47 
alkyl radicals with 02, 808-81 1 
alkyl with peroxide, 776 
dichlorine with olefin, 578-580 
dichlorine with RH, 573-577 
difluorine with olefin, 571 -573 
dioxygen, 479-499 

bimolecular, 479-492 
C-H bond, 479, 481 -486 
double bond, 480, 491 492 
polymer, 490 

trimolecular, 493 -499 
difluorine with RH, 565-571 
disproportionation, 8 17-820 
ethyl lithium with alkyl haloid, 580 
free radical abstraction, 7 19-754 
free radical addition, 78 1-8 1 1 
free radical H transfer, 657-661 
free radical substitution, 

disulfides, 767 
organoboranes, 768 
peroxides, 765 

FY addition to olefins, 571 -573 
hydroperoxide decomposition 

bimolecular, 527-529 
unimolecular, 102, 113, 114 

hydroperoxide with 
amines, 541-544 
C-H, N-H, 0 - H  bonds, 531-537 
kethyl radicals, 758, 772-775 
olefins, 530, 531 

dioxygen, 621 -623 
free radicals, 606-612 

organic compounds, 625-641 
peroxides, 597-601 

NH2 with RH, 730,731 
NO2 with olefins, T 14.14 
NO2 with RH, T 14.12; T 14.13 
ozone with C-H bonds 11; 507-518 
recombination, 821 -827, 830-842 
retrodisproportionation, 547-562 
tetroxide formation, 20 
transition metal ions 

dioxygene, 618-623 
peroxides, 597 
radicals, 604 

metal ions with 

H202, 594 

Reduction of peroxides by 
alkyl radicals, 774,776 
kethyl radicals, 773, 775 
radical anions, 642-644 

Ring strain energy, 659, 664 
RRKM theory, 5 

Scheme 
a - B of Bamford and Jenkins, 

cage effect, 27-32 
hard cage, 34-38 
K-P of Ito and Matsuda, 784 
Q-e of Alfrey and Price, 783 

acetyl peroxide decomposition, 20-22 

(acryloyloxyethyloxy)dimethyl( 1,l- 

783-784 

Scrambling of isotopes, 

Silane, 

dimethylethyldioxy )-, 
decomposition, 262 

bis(1,l-dimethylethyldioxy) dimethyl-, 
decomposition, 259 

(1,l-dimethylethy1dioxy)- 
trimethyl-, 

decomposition, 258 
enthalpy, 257 

(diacryloyloxyethy1oxy)vinyl-, 
decomposition, 261 

(dimethacryloyloxy-2- 
propy1oxy)vinyl-, 

decomposition, 261 

decomposition, 261 
(dimethacryloyloxyethylox y)vinyl-, 

dimethyldi- 
( 1 , l  -diphenylethyldioxy)trimethyl-, 

decomposition, 259 
(2,6,6-trimethyl- 1,4,5-trioxaheptyl)-, 

decomposition, 247 
(5-ethyl-5-methyl- 1,3,4- 

trioxahepty1)-, 
decomposition, 255 

(1, I -dimethylethyldioxy) 

decomposition, 260 
( I  , 1  -dimethylethyldioxy) 

decomposition, 260 

dimethyl- 

(methacryloyloxy-2-propyloxy)-, 

(methacryloyloxyethy1oxy)-, 

( 1,1 -dimethylethyldioxymethyloxy) 
(me thacrylo yloxye thy1oxy)-, 

decomposition, 260 
(1, l-dimethylethyldioxy- 

methyloxy)(methacryloyloxy- 
ethy1oxy)-, 

decomposition, 260 
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Silane (Continued) 

trimethyl-, 

triphenyl-, 

(1 -methyl- I-phenylethy1dioxy)- 

decomposition, 2.59 

decomposition, 259 

(2,6,6-trimethyl- 1,4,.5- 
trioxaheptyl). , 

decomposition, 246 

decomposition, 246 

trioxahepty1)-, 
decomposition, 246 

decomposition, 260 

(methacry loyloxyethy1oxy)-, 

methyl-, 

methyltris- 

(6,6-dimethyl- 1,4,S-trioxaheptyl)-, 

diphenyldi(2,6,6-trimethyl- 1,4,5- 

terta( 1 , 1-dimethy1ethyldioxy)-, 

tris( 1,1 -dimethylethyldioxy)- 

decomposition, 262 

decomposition, 260 
(triphenylmethy1dioxy)trimethyl-, 

vinyltris- 
decomposition, 259 

(5,s-dimethyl- 1,3,4-trioxahexyl)-, 

(2,6,6-trimethyl- 1,4,5-trioxaheptyl) 

(6,6-dimethyl- 1,4,5trioxaheptyl)-, 

decomposition, 246 

decomposition, 246 

decomposition, 246 
Singlet dioxygen, 289-290 
Solvating effect, 752-754 
Spectrum 

azo compounds, 30.5 
diacyl peroxides, 135 
dialkyl peroxides, 66 
hydroperoxides, 97 
peracids, 98 
peroxy esters, 193 

Spin multiplicity effect, 26 
Stannane, 

1 -methyl- 1 -phenyldioxy(triethyl)-, 

1,l -dimethylethyldioxy(triethyl)-, 
decomposition, 264 

decomposition, 264 
Steric effect, 747-748, 771, 797 
Stoichiometric coefficient, 42-49 
Substitution see Reaction free radical 

substitution 

Tallium, 
diphenyl- 

(1 -methyl- 1-phenylethy1dioxy)-, 
decomposition, 266 

(1,l-dimethylethy1dioxy)-, 
decomposition, 266 

(difluoroamino) methane, 
decomposition, 408 

ethylgermane, 
enthalpy, 41 3 

ethyllead, 
decomposition, 414 

ethyllead, 
enthalpy, 413 

ethylsilane, 
decomposition, 414 

hydrofuran, 2-hydrotrioxy-2-methyl-, 
decomposition, 291 

methyltituram disulfide, 
decomposition, 41 1 

nitromethane, 
decomposition, 385, 388 
enthalpy, 383 
physical properties, 382 

Tetra- 

peroxide, tetra( 1 ,  I-dimethylethyl) 
1,2,4,5-benzenetetracarbonyl-, 

enthalpy, 230 
phenylhydrazine, 

decomposition, 366 
propylsilane, 

decomposition, 414 

decomposition, 407, 408 
I ,  1,4,4-Tetra(difluoroamino) cyclohexane, 

1,1,2,2-Tetramethyl-1,2-bis(l,l- 
dimethylethylazo)ethane, 

decomposition, 351 
1,1,4,4-Tetramethyl- 1,4- 

dihydroperox ybutane, 
enthalpy, 100 

(2,2,6,6-Tetramethyl- 1 - 

decomposition, 373 
piperidiny lox y )methane, 

2-(2’,2’,6’,6’-Tetramethyl- 1’- 
piperidin y lox y ) tetrahy drofurane, 

decomposition, 373 
(2,2,6,6-Tetramethyl- 1 -pi 

decomposition, 374 
peridiny1oxy)c yclohexane, 

1 -(2’,2’,6’,6’-Tetramethyl- 1’- 
piperidin yloxy)butane, 

decomposition, 379 
I ,  1,1,4-Tetranitrobutane, 

enthalpy, 383 
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1,1,3,3-Tetranitrobutane, 

2,2,3,3-Tetranitrobutane, 

1,3,5,7-Tetranitro- 1,3,5,7- 
tetraazacyclooc tane, 

decomposition, 399-401 
2,2,3,3-Tetraphenylbutane, 

decomposition, 361 
3,3,4,4-Tetraphenylhexane, 

decomposition, 361 
1,2,4,5Tetraoxane, 

3,6-( 1,l -dimethylethyl)-3,6-dimethyl-, 

3,3,6,6-tetramethyl-, 

enthalpy, 384 

enthalpy, 384 

decomposition, 244, 245 

decomposition, 245 
Tetroxides, 

bonds dissociation energy, 299 
decomposition, 299 
enthalpy, 299 
equilibrium between peroxyl radical, 

298 
synthesis, 298 
thermochemistry, 299 

p-Tolyl disulfide, 
decomposition, 41 1 

Trade name, 63-65, 131-133, 191-193 
Transition state theory, 

geometry free radical addition, 785 
initiator decomposition, 6 

decomposition, 386 

antimony, 

arsine, 

bismuth, 

gallium, 

indium, 

thallium, 

1,3,5-Trifluoro- 1,1,3,5,S-pentanitropentane, 

Trimethyl- 

enthalpy, 413 

enthalpy , 4 13 

enthalpy, 413 

enthalpy, 413 

decomposition, 414 

decomposition 414 
Trinitro- 

methane, 
decomposition, 385,388 
enthalpy, 383 

methylthiobenzene, 
decomposition, 386 

1, 1,1 -Trinitro- 
butane, 

ethane, 
decomposition, 386 

decomposition, 385, 389 
enthalpy, 383 

enthalpy, 384 

decomposition, 385 
enthalpy, 383 

pentane, 

propane, 

1,3,5Trinitroperhydro- 1,3,5-triazine, 
decomposition, 393-398 
physical properties, 382 

Trioxides, dialkyl-, 
decomposition, 285 
enthalpy, 285 
free radical yields, 285 
synthesis, 283, 284 
structural parameters, 286 
thermochemistry, 284 

tricyclohexylidene-, 

&is( 1, I-dimethylethyl) 

Triperoxide, 

decomposition, 241 -243 

1,2,4-benzenetricarbonyl, 
enthalpy, 229 

Triphenylcumylperoxy silane, 

Triplet repulsion, 737-741, 790, 791 
1,3,5-Tris[ 1-methyl-1-( 1,1 -di 

heterolytic isomerisation, 10 

methylethyl- 1 -azo)ethyl]benzene, 
decomposition, 352 

Unimolecular reaction see Reaction 
unimolecular 

Viscosity, influence on 
cage effect, 23-25 
decomposition, 24 - 25 
radical combination, 8 18 
scrambling, 20 

Volume of transition state, 8 
decomposition of initiator, 8, 26 
influence on rate constant in polymer 

matrix, 36 

Yield products 
homolytic reaction ROOH with metal 

radical pair recombination, 25 
ions, 602 




