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Small but significant effects of solvent polarity have been found in the autoxidation of a variety of olefins and 
aralkyl hydrocarbons. The solvent effect in the autoxidation of cyclohexene can be reasonably correlated 
with the dielectric constant of the solvent. Solvents of high polarity, such as nitromethane, favor the propaga­
tion reaction over the termination reaction. The rates of oxidation of a variety of alicyclic compounds are 
reported. 

T h e k ine t i c s of a u t o x i d a t i o n of c y c l o h e x e n e a n d cu-
m e n e h a v e been i n v e s t i g a t e d in a n u m b e r of so lven t s . 
I n t he p re sence of i n i t i a t o r s s u c h as a z o b i s i s o b u t y r o n i -
tr i le ( A I B N ) i t is g e n e r a l l y a g r e e d t h a t t h e r a t e is 
s t r i c t l y first o r d e r in r e s p e c t t o h y d r o c a r b o n c o n c e n t r a ­
t ion . 4 H o w e v e r , p l o t s of r a t e s of o x i d a t i o n a t c o n s t a n t 
i n i t i a t o r c o n c e n t r a t i o n as a func t ion of h y d r o c a r b o n 
c o n c e n t r a t i o n n e a r l y a l w a y s s h o w s o m e c u r v a t u r e , 4 

p r e s u m a b l y d u e t o v a r i a t i o n s in t h e s o l v e n t co mp o s i ­
t ion. F i g u r e 1 shows t y p i c a l d e v i a t i o n s f rom l i n e a r i t y 
for t h e o x i d a t i o n of c y c l o h e x e n e in b e n z e n e a n d cyc lo-
h e x a n e so lu t i ons a n d t h e t y p e of s o l v e n t effect o b ­
se rved w h e n a p o l a r s o l v e n t s u c h a s n i t r o m e t h a n e is e m ­
p loyed . T a b l e I l is ts t h e o b s e r v e d r a t e s of a u t o x i d a ­
t ion of c y c l o h e x e n e in a n u m b e r of so lven t s . 

TABLE I 

OXIDATION OF CYCLOHEXENE AND CUMENE IN VARIOUS 

SOLVENTS" 

-Cyc lohexene—. -Cumene— 

Solvent 

Cyclohexane 
i-Butylbenzene 
i-Butylnaphthalene 
Benzene 
Diphenyl ether 
Carbon tetrachloride 
Acetic acid 
Benzotrifluoride 
/-Butyl alcohol 
Chlorobenzene 
1-Chloronaphthalene 
<i;-Dichlorobenzene 
3-Pentanone 
2-Pentanol 
2-Xitropropane 
2-Propanol 
Nitrobenzene 
Ethanol 
Xitroethane 
2-Butanone 
Nitromethane 
Acetonitrile 
Dimethyl sulfoxide 

R a t e -
Ri/2b 

0.0306 
.0315 
0339 
.0342 
.0353 
.0364 
.0373 
.0439 
. 0445 
.0461 
.0464 
.0480 
.0500 
.0520 
.0602 
.0613 
.0636 
.0693 

0749 
.0752 
0878 

.0921 

.105 

0.48 
0.54 

0.54 
.67 

0.67 
0.75 

R a t e -
Ri/2b 

Ap/ 

Dielectr ic 
c o n s t a n t 

of 
solvent^ 

0.93 0 

1.31 
1.28 

0139 0.238 

0184 
0158 

0187 0 

0237 0 

0233 
0231 

308 
255 

274 

2. 
2, 

2 
4. 
2. 
6. 

11 
5. 
5. 
5. 

346 

338 
322 

26 
18 
35 
24 
28 
19 
36 
38 
45 

" 2.0 M hydrocarbon at 60° in the presence of 0.0504 M AIBN. 
b Mole/1.-hr. c (l./mole-hr.)''*; see text. d From "Technique 
of Organic Chemistry," Vol. 7, 2nd Ed , Interscience Pub­
lishers, Inc., New York, X. V., 1955. 

(\) Direc t ive Effects in Aliphat ic Subs t i t u t ions . X X V I . T h i s work was 
suppor ted by a g r an t from the P e t r o l e u m Research F u n d admin i s t e red by 
the American Chemical Society, Grateful a c k n o w l e d g m e n t is he reby 
m a d e to the donors of th is fund. 

(2) E thy l Corpora t ion Predoc tora l Research Fellow, 1960-1901 . 
(3) Alfred P. Sloan F o u n d a t i o n Fellow. 1959-1963. 
(4) G. A. Russell, J. Am. Chem. Soc, 79, 3871 (1957); H. S. B lancha rd , 

ibid., 8 1 , 4548 (1959); 82, 2014 (1960). 

T h e a c c e p t e d r a t e express ion for t h e a u t o x i d a t i o n of 
cyc lohexene is 

-d[0->]/dt 
{2kt)

l/ 
[RHKiV1) '7 2 + ^ 1 '2 

w h e r e R1 = r a t e of i n i t i a t i o n = 2e&d [ A I B N ] a n d kp 

a n d kt a re t h e r a t e c o n s t a n t s for t h e p r o p a g a t i o n 

RO2- + RH 

a n d t e r m i n a t i o n r eac t i ons . 

k„ 
RO2H + R-

2RO2 • 
kt 

nonradical products + O2 

S o l v e n t s cou ld affect e i t he r t h e r a t i o kp/kt
1/2, t he 

v a l u e of R1, or t h e a c t i v i t y of cyc lohexene , F o r a 
n u m b e r of s o l v e n t s t h e v a l u e of i?; w a s d e t e r m i n e d b y 
t h e H a m m o n d , Sen, a n d Booze r t e c h n i q u e . 6 

AIBX 2eR-
Oi 

2eR02-

T a b l e I I r e p o r t s v a l u e s of ekd b a s e d on t h e a s s u m p ­
t ion t h a t 2 , 6 - d i - / - b u t y l - 4 - m e t h y l p h e n o l r e a c t s w i t h 
2.0 r ad i ca l s w h e n i t is u sed as an inh ib i to r . 

TABLE II 

INHIBITION PERIODS OBSERVED IN THE AUTOXIDATION OF 

CUMENE AND CYCLOHEXENE" 

Solvent 
Acetoni tr i le 
Carbon t e t ra ­

chloride 
Chlorobenzene 
Chloronaph-

tha lene 
M J u t y l b e n z e n e 
Phenyl e ther 
N i t robenzene 
N i t r o m e t h a n e 

a 1.9 .1/ hy 
2,6-di-f-butyi-

• Cyclohexene . 
Inh ib i t ion 

period, ekj X 10fi, 
min. sec. _ 1 

16.0 ± 0 5 10.4 ± 0 . 3 

, C u m e n e — • 
Inhibi t ion 

period, ei\i X 10«, 
min sec ~l 

2 3 . 5 ± 0 . 0 7 .09 ± 0 00 

3 3 . 0 + 2 . 0 5.0.5 ± 28 4 1 . 7 ± 
2 5 . 7 ± 0 .4 6 . 4 9 = .09 2 5 . 5 ± 

7 4 . 00 ± .07 
0 8 54 ± 00 

2 8 . 5 ± 0 . 5 5 .87 ± .10 3 1 . 7 =c .4 5 .26 i .07 
3 3 . 8 ± 1 . 6 4 . 9 3 ± .21 3 5 . 1 ± 2 4 . 7 5 i .03 
4 0 . 5 ± 0 . 0 4 . 1 1 i 00 4 2 . 8 ± 1.0 3 . 9 0 ± .10 
24 3 zn 2 . 5 6 . 8 7 = : .40 2 5 . 8 ± 0 7 6 . 4 6 ± .16 
14 .0 = 0 . 7 1 1 9 ± .5 2 5 . 6 ± 1 . 1 6 5 1 ± 26 

drocarbon at 60°, 0.0970 M AIBX, 1 X 10"» -1/ 
•4-methylphenol. 

A g r e e m e n t b e t w e e n ekd v a l u e s o b s e r v e d w i t h cyclo­
hexene a n d c u m e n e w a s n o t good, p a r t i c u l a r l y in t h e 
s o l v e n t s w h i c h g a v e rise t o t h e f a s t e s t o x i d a t i o n s , ace­
ton i t r i l e a n d n i t r o m e t h a n e . T h e inh ib i t i on pe r iods in 
n i t r o m e t h a n e were poor ly r e p r o d u c i b l e a n d d e p e n d e d 
on cyc lohexene c o n c e n t r a t i o n . T a b l e I I I l is ts some 
p e r t i n e n t r e su l t s . 

T h e t h e r m a l d e c o m p o s i t i o n of cyc lohexeny l h y d r o ­
pe rox ide in n i t r o m e t h a n e [ ( R O O H ] 0 = 0.085 M) g a v e a 
v a l u e for a first-order d e c o m p o s i t i o n c o n s t a n t of 1.7 X 

K)- / i / , = 110 hr, I n a c e t o n i t r i l e so lvent -

(5) D. G. H e n d r y and G A Russell, ibid., 86, 2371 (1964). 
(6) G. S. H a m m o n d , J. N'. Sen, and C. E. Boozer, ibid., 77. 3244 (1955) 
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o.io 

4 6 
Concentration of cyclohexene. 

Fig. 1.—Rate of oxidation as a function of cyclohexene concen­
tration: A, nitromethane solvent (dashed line indicated hetero­
geneous region); B, benzene solvent; C, cyclohexane solvent. 
All data at 60° in the presence of 0.0504 M AIBX. 

experimentally measured value of kd for AIBN was 
9.93 X l ( r 6 sec."1 a t 60°. I t thus appears tha t the in­
hibitor was not appreciably consumed by radicals pro­
duced from the thermolysis of cyclohexenyl hydroper­
oxide. Nevertheless, the data of Table I I I demand 

TABLE III 

EFFECT OF HYDROCARBON CONCENTRATION ON INHIBITION 

PERIODS IN NITROMETHANE" 

Hydrocarbon 

Cumene 
Cyclohexene 
Cyclohexene 
Cyclohexene 
Cyclohexene 
Cyclohexene containing cyclohexenyl 

hydroperoxide6 

No AIBN present 
0 AIBN = 0.0970 M, 2,6-di-f-buty1-4-methylphenol = 2 X 

10"3 M. " 0.012 M. 

t ha t this hydroperoxide must destroy the inhibitor. 
Possibly an induced reaction (IH = phenolic inhibitor) 
is involved 

Concn., 
moles/1. 

1.4 
0.24 

.48 

.96 
1.92 

0.48 

Inhibition 
min. 

49 
45 
43 
38 
31 

28 
~ 2 0 hr. 

ROOH + I H RO- + I- + H2O 

or cyclohexenyl hydroperoxide participates in a chain 
reaction with the inhibitor, for example 

I- + ROOH -

OH- + IH 

IOR + OH-

• H2O + I-

Similar reactions do not occur for cumene hydro­
peroxide.7 In the present work the oxidation rate of 
cumene during the inhibition period was much less than 
tha t of cyclohexene and the concentration of hydroper­
oxide in solution must always have been less when 

(7) J. R. Thomas, J. Am. Chem. Soc, 85, 2166 (1963). 

0.60 

Fig. 2.—Correlation of oxidation of 2.0 M cyclohexene at 60° 
in various solvents and in the presence of 0.0504 M AIBN with 
Kirkwood-Onsager parameter according to the method of Powling 
and Bernstein. 

cumene was used in the inhibition reaction. Values 
of k9/kth entered in Table I were calculated using the 
ekd values measured with cumene as a substrate.8 

I t is seen tha t the same solvent effect exists whether 
the rates of oxidation are considered or whether only 
the values of kp/kt/2 of Table I are considered. I t 
seems certain tha t the observed solvent effect is con­
nected mainly with a change in the ratios of k^/k^' 
rather than in changes of Ri. Plots of the rates of oxi­
dation (or & p /V / ! ) vs. (D - l)/(2£> 4- 1) for the solvent 
give a fairly smooth curve with no indication of specific 
solvent effects for compounds which could form 7r-com-
plexes with peroxy radicals. The major effect in-

0OR 

volved seems to be a general solvent effect involving 
dielectric constant. Figure 2 shows the correlation of 
the log oxidation rate and the Kirkwood-Onsager pa­
rameter treated according to the method of Powling and 
Bernstein.9 The rates of oxidation in acetic acid and 
ethanol appear to be 57 and 74% of tha t predicted by 
the correlation, respectively. Possibly the reactivity of 
the peroxy radical is reduced by hydrogen bonding. A 

R O O - - H X 

similar effect of acetic acid has been reported in the oxi­
dation of cumene,4 and hydrogen bonding has been 

(8) Using inhibition times measured with cvclohexene as the substrate 
and with kd = 9.6 X 10-« sec.-' (J. P. Van Hook and A. V. Tobolsky, ibid., 
80, 779 (1958)) leads to values of e greater than 1 in nitromethane and 
acetonitrile solution. 

(9) J, Powling and H. J. Bernstein, ibid., 73, 1815, 4353 (1951). 
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suggested to be important in other autoxidation reac­
tions. 10 

The rates of oxidation of several other hydrocarbons 
were measured in a "slow" solvent, chlorobenzene, and 
a "fast" solvent, nitromethane. Table IV lists per­
tinent results. 

TABLE IV 

OXIDATION OF HYDROCARBONS IN CHLOROBENZENE AND 
NITROMETHANE SOLUTION" 

Hydrocarbon 

Cyclopentene 
Cyclohexene 
Cycloheptene 
Cyclooctene 
1,5-Cyclooctadiene 
1,3-Cyclohexadiene 
Cycloheptatriene 
Bicyclo [2.2.1] heptadiene 
Indan 
Tetralin 
Cumene 
p-Nitrocumene 

a 2.0 M at 60° in 
c 2 X rate of 1.0 M 
e 1.33 X rate of 1.5 

presence 
solution 

. Rate -
Chloro­
benzene 

0.0718c 

.0461 

.0311 

.0123 

.0596 
2.06d 

0.0465 
.212 
.0342 
.0402 
.0187 
.00732" 

of 0,0504 
. d 11.8 X 

M solution. 

- Ri/2» . 
Nitro­

methane 

0.1088c 

.0879 

.0526 
, 0294c 

.0931 
3.67d 

0.0946 
.257 
.0585 
.0672 
.0233 
.0101* 

M AIBN. " 
: rate of 0.17 

Rate CH3NOs 
Rate CsHsCl 

1.51 
1.91 
1.70 
2.41 
1.56 
1.78 
2.03 
1,28 
1,71 
1.67 
1.26 
1.38 

Moles/1.-hr. 
M solution. 

Of the compounds listed in Table IV, 1,3-cyclohexa-
diene and bicyclo [2.2. l jheptadiene formed polymeric 
peroxides whereas all the other substrates formed hy­
droperoxides. However, the magnitude of the solvent 
effect is the same whether a hydroperoxide or a poly­
meric peroxide is the reaction product. 

Discussion 
The results presented demand that either the propa­

gation or termination reaction of the autoxidation se­
quence are sensitive to the nature of the solvent. Pos­
sibly both reactions are sensitive to solvent. The ef­
fect is small but can be important in synthetic reac­
tions. The propagation reaction involving either at­
tack of a ,peroxy radical or saturated carbon-hydrogen 
bonds or addition to a conjugated olefin is known to in­
volve a polar effect of the following t y p e . u 

RO2- + RH • [RO2 H-+Rl RO2H + R-

RO2- + C H 2 = C H R > [RO 2 I -CH 2 -CHR] ^RO 2 CH 2 CHR 

I t would be reasonable to a t t r ibute the increase in kp/ 
kth when the solvent polarity is increased to solvation 
of the polar transition state for the propagation reac­
tion. Several of the experiments listed in Table IV were 
designed to test this idea. Thus, the polar nature of the 
transition state should be greater for allylic at tack on 
cycloheptatriene than upon cycloheptene (due to the 
stability of the tropylium cation). A small effect in the 
right direction was observed (Table IV) with the autoxi­
dation of cycloheptatriene being increased by 100% 
(nitromethane vs. chlorobenzene as solvent), whereas the 
same change in solvents only increased the rate of oxi­
dation of cycloheptene by 70%. On the other hand, the 
transition state for at tack of peroxy radicals on ^-nitro-
cumene should possess less polar character than for at-

(10) E. T. DMIiSOV. Izv. Akad. N auk SSSR, Old. Khim. Nauk, 53 (1960); 
V. F. Rust and -E. A. Youngman, J. Org. Chem., 27, 3778 (19625. 

Ul) G. A. Russell and R, C. Williamson, Jr., / . Am. Chem. Sec., 86, 2357 
(1964,): 

tack on cumene bu t the solvent effect observed (Table 
IV) was 40% for />-nitrocumene and 26% for cumene. 

Effects of changes in the dielectric constant of the 
solvent have been examined in the competitive attack 
of chlorine atoms upon saturated carbon-hydrogen 
bonds and no appreciable effect observed.12 Effects of 
solvents on alternating tendencies in the copolymeriza-
tion of s tyrene-methyl methacrylate and a-methyl-
styrene-maleic anhydride, systems where strong polar 
effects are believed to occur in the propagation reac­
tions, have been studied and little, if any, effect ob­
served.13 In view of these observations, the solvent 
effect observed in the present s tudy may be connected 
with the termination process wherein peroxy radicals 
with some polar character in their ground state 

R-O-O- R-O-O-

are converted to nonpolar products, possibly via a tetrox-
ide. In this regard Cook and Norcross found sig­
nificant solvent polarity effects in the disproportiona-
tion of 2,6-di-£-butyl-4-isopropylphenoxy radicals.14 

Phenoxy radicals are recognized to have polar states16 

due to resonance of type 

If it is assumed tha t the oxidation rates summarized 
in Table IV reflect only changes in kp (i.e., kt constant) 
it follows that in chlorobenzene solution at 60° the 
relative reactivities of cyclopentene:cyclohexene:in­
dan: tetralin are 1:0.6:0.5:0.6 per a-hydrogen atom. 
Toward the phenyl radical a t 60° the observed reac­
tivity series is not significantly different, 1.0:1.2:0.8: 
1.3.16 However, toward the bromine atom the cyclo-
alkenes are much more reactive than the aralkanes, 
1.0:0.2:0.07:0.06.17 while toward the methyl radical 
the aralkanes are more reactive than the cycloalkenes 
in hydrogen abstraction, 1.0:0.2:8:12.1S Since the 
electron affinity of the radicals involved are Br- > 
RO2 • > C6H5 • > CH3 •, it would appear that the pecul­
iar reversal in the reactivity series is due to a polar ef­
fect. As the attacking radical (X-) increases in elec­
tron affinity, the cycloalkenes become more reactive 
relative than their benzo analogs apparently because the 
contribution from resonance structure I is more im­
portant than the contribution from II. 

+ H X : 

I 
+ H X--

II 

Experimental 
Oxidation Procedure.—The general procedure has been 

described elsewhere.11 Oxidates were analyzed for hydroper-

(12) G. A, Russell, ibid., 80, 4987 (1958). 
(13) C. Walling and F, R. Mayo, J. Polymer Set., 3, 895 (1948): C. C 

Price and J. G. Walsh, ibid., 6, 239 (1951). 
(14) C. D. Cook and B. E. Norcross, J. Am. Cnem. Soc. 81, 1170 (1959) 
(15) E, Mueller, K. Ley, and W. Kiedaisch, Ber., 88, 1819 (1955) 
(16) R. F. Bridger and G. A. Russell, J. Am. Chem. Soc, 85, 3754 (1903): 
(17) G, A. Russell and K. M. Desmond, ibid.. 85, 3139 (1903). 
(18) J Gresser, A Rajbenbach, and M, Szwarc, ibid., 83, .3005 (1901): 

J. A. Meyer, V. Stannett, and M. Szwarc, ibid., 83, 25 (1901). 
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oxide by the procedure of Barnard and Hargrave.19 In this 
analysis nitromethane interfered slightly and a blank correction 
obtained using the same amount and concentration of nitro­
methane was applied. Table V summarizes typical hydro­
peroxide yields. It is not believed that the solvents employed 
(Table I) were involved in a cooxidation sequence. In the 
absence of cyclohexene or cumene the solvents themselves did 
not undergo oxidation at a significant rate. Moreover, many of 
the solvents would be inert to peroxy radical attack because of 
the polar effect of electron-withdrawing functional groups such 
as nitro, cyano, sulfoxide, carbonyl, and carboxyl substituents. 
Substituents such as ethers, sulfides, amines, or amides were 
not employed because of the possible complications from co-
oxidation. 

TABLE V 

HYDROPEROXIDE YIELDS IN- AUTOXIDATION OF CYCLOHEXENE" 

% of absorbed 

Hydrocarbon 

Cyclohexene 
Cyclohexene 
Tetralin 
Cycloocta-l,5-diene 
Cycloheptene 
Cycloheptatriene 
Cycloheptatriene 
Cyclooctene 
Cyclopentene1" 
Xorbornadiene 

a 2.0 M hydrocarbon at 60° 
6 1.0 M hydrocarbon. 

Solvent 

CH3XO2 

C 

(CH3)2CHOH 
CH3XO2 

CH3XO2 

CH3XO2 

CH3XO2 

C6H5CI 

C6H5Cl 
CH3XO2 

CH3XO2 

in presence of 0.0504 

)2 found as 
ROOH 

101 
104 
93 
90 
65 
47 
36 
62 
70 
9 

M AIBN 

Reagents.—Research grade cyclopentene (99.89 mole %), 
cyclohexene (99.98 mole %), and cumene (100.0 mole %) were 
obtained from Phillips Petroleum Co. Cycloheptene was pre­
pared by the reduction of cycloheptanone by lithium aluminum 
hydride followed by elimination of water catalyzed by naphtha-
lenesulfonic acid. Cyclooctene and cycloocta-l,5-diene were 
gifts from Cities Service Research and Development Co., while 
cycloheptatriene and norbornadiene were gifts from Shell Chemi­
cal Co. Indan (Aldrich Chemical Co.) and tetralin (Matheson, 
Coleman and Bell) were shaken with sulfuric acid, washed, and 
dried. Cyclohexa-l,3-diene was prepared by bromination of 
cyclohexene with N-bromosuccinimide followed by quinoline-
catalyzed dehydrobromination.20 The preparation of ^-nitro-
cumene has already been described." 

The hydrocarbons other than those of research grade were 
rectified in a Todd column with a monel spiral and center 
fractions selected having constant boiling points and having no 
impurities detectable by gas chromatography. The purified 
hydrocarbons were passed through silica gel under a dry nitrogen 
atmosphere and stored under nitrogen prior to use. Cyclo-
hexenyl hydroperoxide was prepared by oxidizing a large volume 
of cyclohexene to the extent of a few per cent with AIBN and 
oxygen. The excess cyclohexene was removed at reduced pres­
sure and the hydroperoxide fractionated in vacuo. Purity by 
hydroperoxide analysis was 82.5%. 

Solvents.—Commercial solvents were distilled prior to use 
and where possible passed through a silica gel column prior to use. 
<-Butylnaphthalene was prepared by the reaction of /-butyl alco­
hol with naphthalene in the presence of boron trifluoride and 
phosphoric anhydride. Distillation gave material, b .p. 84-89° 
(1 mm.), nMD 1.5694, which was passed through silica gel before 
use. 

(19) D. Barnard and K. Hargrave, Anal. Chem. Ada, 6, 476 (1951). 
(20) G. S. Hammond and J. Warkentin, J. Am. Chem. Soc, 83, 2554 

(1961). 
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Retarding Effects of Polyarylmethanes in Autoxidation Reactions12 

B Y D A L E G. H E N D R Y 3 3 AND G L E N A. RUSSELL3 1 3 

RECEIVED JANUARY 6, 1964 

The retarding effect of polyarylmethanes or polyarylalkenes on the autoxidation of cyclohexene or cumene 
has been established to be due to the low reactivity of the polyarylmethyl radicals formed by attack of peroxy 
radicals. The polyarylmethyl radicals can persist in the presence of oxygen and retard the reaction by trapping 
peroxy radicals to give nonradical products. Abilities of polyarylmethanes to inhibit autoxidation reactions 
parallel and are a measure of the resonance stabilization of the polyarylmethyl radicals. Inhibition of this 
type becomes more pronounced as the temperature is raised. 

The rate of autoxidation is generally retarded by ma­

terials which destroy the chain-propagating free radical 

intermediates. The effectiveness of phenols and ani­

lines as inhibitors depends on the reactivity of these 

substances with peroxy radicals and the inability of the 

resulting phenoxy or anilino radicals to carry on ef­

fectively the chain oxidation.4 

The presence of substances which give rise to peroxy 

radicals which readily terminate can bring about a re­

tardation of the autoxidation of substances which yield 

peroxy radicals that terminate at a slower rate.6 Thus 

small amounts of tetralin drastically retard the oxida­

tion of cumene even though tetralin is more reactive 

than cumene toward peroxy radicals.56 In this com­

petitive oxidation it can be proyed tha t only peroxy 

radicals are involved in the termination process.5 

ill Directive Kffeets in Aliphatic Substitutions. XXVII. 
(2) This work was supported by a grant from the Petroleum Research 

Foundation administered by the American Chemical Society. Grateful 
acknowledgment is hereby made to the donors of this fund 

13) i a) Kthyl Corporation Predoctoral Research Fellow, 1960-1961; 
(b) Alfred P. Sloan Foundation Fellow. 1959-1963 

(4) For an extensive review see K. U. Tngold, Chem. Rev.. 61, 563 (1981). 
(.">) G A Russell. J. Am Chem. Snc, 77, 4583 (1955); 78, 1047 (1956), 
Ki,! G. A. Russell and R. C. Williamson, Jr.. iliiil.. 86, 2364 (1964) 
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