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The attack of chlorine atoms upon substituted toluenes and of peroxy radicals upon substituted cumenes

has been found to show a polar effect best correlated by ¢ T-constants,

Polar effects in the oxidation of sub-

stituted styrenes were found, but the rates of autoxidation of benzyl phenyl ethers were found to be insensitive

to the nature of substituents.

No polar effect could be found when the reactivities of styrenyl and p-nitro-

styrenv] radicals toward molecular oxvgen were conipared.

Competitive photochlorinations of m- and p-sub-
stituted toluenes have been performed by Van Helden
and Kooynian? and by Walling and Miller.® Although
both groups of workers found the Hammett po-rela-
tionship to be obeyed, there were quantitative dif-
ferences between the two sets of results. Depending
upon how the data are treated, either a better ¢- or ¢*-
correlation can be shown.%” Since the previous work in-
volved different solvents as well as high concentrations
of the toluene derivatives which might have influenced
the relative reactivities by complexing the chlorine
atom,® we have repeated the competitive photochlorina-
tions in dilute carbon tetrachloride solution using
several p-substituted toluenes wherein the substituents
have significantly different o- and ¢ *-constants.

We have also repeated the autoxidation of a series of
substituted cumenes® using the p-methoxy substituent
to allow a distinction between ¢- and ¢ *-correlations.
In addition, the oxidations of a number of alkyl benzyl
ethers and substituted benzyl ethers were investigated
as well as the co- and terpolymerization of oxygen with
substituted styrenes.

Results

Photochlorination of Substituted Toluenes.—Table I
lists the results obtained in the competitive photo-

TaBLE I
CoMPETITIVE PHOTOCHLORINATIONS AT 40° 1N CARBON
TETRACHLORIDE
Estimated

ka/ uncer-
Hydrocarbon A [A);¢ 1A 54 [B];? [B]{b kB tainty
p-Phenoxytoluene 0.204 0.113 0.806 0.636 2.50 =0.02
p-Phenyltoluene .500 .290 395 .278 1.55 %= .01
p-Xylene .807 1404 .6680 535 1.57¢ =+ .01
m-Xylene .763 .430 654 .525 1.30¢ = .02
m-Phenoxytaluene .399 .2286 . 596 .307  0.86 += .01
p-Chlorutoluene 607 .490 .333 .230 Y + .01
p-Chlorotoluene . 266 L0196 0133 .0092 79 += .02
p-Chlorotaluene? .867 .520 1333 .240 .79 =+ .01
m-Chlorotoluene 582 320 .330 .120 595 = .005
p-Nitrotoluene .734 LT15 L 294 .270 .32 = .01

“ Initial and final concentration, mole 1. 7Y, ? Toluene. ¢ Sta-

tistically corrected.  # Benzene solvent.
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chlorination of a series of substituted toluenes. The
disappearance of the hydrocarbons was determined by
gas—-liquid chromatography (g.l.c.) and relative reac-
tivities calculated by the equation

ba/kn = log ([Al/[Aln)
log ([B):/[B]:)
where the subscripts refer to final and initial concen-
trations. The competitive chlorination of toluene and
p-chlorotoluene was performed at several concentrations
of aromatics, including benzene solution, to ascertain
if the relative reactivities were solvent dependent. No
dependence on solvent was noted. This result is con-
trary to an earlier report by Walling and Miller, who
found an effect of benzene upon this competitive chlori-
nation.® Nevertheless, the total initial aromatic hy-
drocarbon concentration in Table I was held at a con-
stant and fairly low value (1 1) to minimize possible
solvent effects.

When the data of Table I (with the exception of the
m-phenoxy substituent for which a ¢7-constant is not
available) were plotted as a function of ¢- and o*-
parameters, the best linear correlation with ¢-con-
stants®® had a p of —0.76 with a std. dev. of 0.06 log
unit, whereas the ¢ T-correlation!! had a p of — (.66 with
a std. dev. of 0.02 log unit. Previous c-correlations
have given values of p = — (.76 at 70° (photochlorina-
tion, no added solvent)® and —1.50 at 80° (surfuryl
chloride chlorination, benzene solution).*

Autoxidation of Substituted Cumenes.—Table II
summarizes the rates of autoxidation (R,) of a series of
cumene derivatives in the presence of azobisisobutyro-
nitrile (AIBN) at 60° (¢ = efficiency of initiation).

kd 02
AIBN —> 2¢R- —> 2¢ RO,-

kn
CsHﬁC( CHs)ﬂoO + CsHaCH(CH;)Q —
CeH;C(CH;):00H + Ce¢Hi CHj)s:

ke
2C¢H,C(CH;)s00- ~—> nonradical products

Relative values of k,/k!/? were calculated froin the
equations?!?

R, = F[RH)(R)"*/(2k)"* 4+ R '2: R, = 2ck,[AIBN |

(10) . H McDaniel and H. C. Brown, J. Ocg. Chrm., 28, 420 (14438).

(11) ¢ ~-Constants of H. C. Brown and Y. Okamoto (J. Awm. Chem
Soc., 80, 4979 (1948)) were used for all substituents except p-pthenoxy for
which a vabie of —0.37 was derived by comparisan of the rates of solvolysis
of benzhydryl chlorides (J. Packer, J. Vaughan. antd A. P. Wilson, J. Org
Chem.. 23, 1215 (1858)) with twelve other g *-constants of Brown and
Okamoto.
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Fig. 1.—Effect of anisole (1) and diphenyl ether (2) on the
rate of oxidation of 1.0 3 cumene in chlorobenzene at 60°, 0.10 M
Al1BN.

The rates of oxidation of p-methoxy-, p-t-butoxy-, and
p-phenoxycuinene (Table II) were surprisingly low.
We, therefore, investigated the effects of other aromatic
ethers on the oxidation of cumene. Figure 1 shows that
both anisole and diphenyl ether retard the oxidation
of cunene more than would have been expected for an
inert diluent. We feel this is a solvent effect which may
be partially connected with the efficiency of imitiation
of the reactions.'®

TaBLE I1
RATES OF OXIDATION oF CUMENES (1.0 M) AT 60°°

(Ro — R;/ Rel. value

Substituent Salvent 2) X 1030 kpik/2° kprkyt/?
None C:H;Cl 13.4 0.275 1.00°
Note CH,CO;HL  11.1 .23 1.04
p-Methoxy CeH;Cl 19.7 405 1.47
p-t-Butoxy CeH;Cl 17.4 .358  1.30
p-Phenoxy C¢H,;Cl 16.5 .339 1.23
p-Isopropyl CsH.CI 18 .3° 377 1.37
p-Isapropyl CH;CO:H  15.3° 32° 1.4°
p-Bromo CqH,Cl 11.3 232 0.84
p-Bromo CH:COH 9.4 19 0.83
p-Carbomethoxy CeH;Cl 8.4 17 0.62
p-Carbomethoxy CH3COH 8.2 17 0.74
p-Nitro Ce¢H;Cl 6.5 .13 0.49
p-Nitro CH;COH 6.3 .13 0.56

“ 1n the presence 0.10 M AIBN. °? Mole/l.-hr.; Ry = 1.31 X
10~% niole/l.-sec. (ref. 13). ¢ (l./mole-hr.)'/% ¢ Assumed.
¢ Statistically corrected.

TapLE 111

COMPETITIVE AUTOX1DATION oF CUMENE, p-METHOXYCUMENE,
AND p-N1TROCUMENE®

p-Methoxy- Initial rate
e ——Cumene’—— cumene?® p-Nitrocumene? (Ro — R/

C; Cy s Ct Cy Ct 2) X 10%°
1.000 13.7
0.800 0.630 0.200 0.129 C ..

. 500 390 500 294 L 15.8

200) 160 800 .300 s S .

. . 1.000 19.7
0.800 0.618 0.200 0.171 o
0.500 0. 383 S S 0.500 0.435 10.1

1.000 S 6.75

7(0.10 M/ AIBN at 60°. ? Moles/1., initial and final concen-
tration in benzene solution. ¢ Moles/l.-hr. in chlorobenzene
solution,

{133 It G. Hendry and G. A, Russell, J. Am. Chem. Soc., 86, 2368 (1064).
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Fig. 2. —Correlation of reactivity of substituted cumenes (k)

and cumene (k,) toward peroxy radicals at 60°: @, ¢- = 7~

constants; Q, ¢ *-comstant; O, ¢-constant; [, data from com-

petitive oxidations in benzene. All otyier data for chlarobenzene
solution.

Competitive autoxidations of cumene and p-ineth-
oxycumene were performed to ascertain relative values
of k.. We also performed competitive autoxidation of
cumene and p-nitrocumene even though nitrobenzene
does not retard the autoxidation of cumene in excess
of that expected for an inert diluent.  Pertmment data
are summarized in Table III. Concentrations were
determined by gas-liquid chromatograpliy after column
chromatography to remove oxidative products.

Treatment of the above data by the ‘‘Copolymeriza-
tion” equation't demonstrates that toward the cumyl-
peroxy radical, p-methoxycumene is 2.2 times as re-
active as cumene while toward the p-methoxycumyl-
peroxy radical, the relative reactivity s 2.1. The
competitive experiments utilizing p-nitrocuinene indi-
cate that toward the cumylperoxy radical cumene is 1.5
times as reactive as p-nitrocumene, This value com-
pares with relative k,/k’/* values (Table IT) of 2.2
in chlorobenzene and 1.6 in acetic acid for cumene and
p-nitrocumene.

If it is assumed that values of k are independent of
the substituent, relative values of k, can be calculated
from Table IT which in conjunction with the cooxida-
tion results (indicating a reactivity of p-methoxycumene
9.2 times that of cumene) lead to the ¢- and ¢ T-correla-
tions shown in Fig. 2. A o*-correlation (log ky/k, =
—0.4107, std. dev. < 0.01 log unit) is obviously pre-
ferred. The best o-correlation has a std. dev. of 0.09
log unit. The rates in acetic acid also appear to fit a
o*-correlation. However, oxidation rates of the p-
alkoxycumenes could not be obtained in acetic acid
since after a very brief period of oxygen absorption all
oxidation ceased. Apparently the initially formed hy-
droperoxide underwent an acid-catalyzed decomposition
to the corresponding p-alkoxyphenol which served as
an effective oxidation inhibitor.

Autoxidation of Substituted Styrenes.-—Competitive
oxidations of styrene, p-nitrostyrene, and p-methoxy-
styrene were performed at 60° in benzene solution. The
rates of oxidation were measured and the uureacted
styrenes determined by g.l.c. at the eud of the reac-
tion. Table I'V summarizes the results.

(14) F. R. Mayo and C. Walling, Chem. Rez., 46, 191 (19350).
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TABLE IV

COMPETITIVE AUTOXIDATION OF STYRENES®

p-Methoxy-

—Styreneb— styrene? #-Nitrostyrene? (R, — R;/ kp/

C; Ci C; Ct C; Ct 2) X 108¢ '/ 4
1.000 66.1 1.37

1.000 103 2.12

. 1.000 65.5 1.35
0.800 0.675 0.200 0.156 .

500 415 . 500 376 82.0

200 162 800 617

.800  .620 0.200 0.175 65.5

.500 430 S . .500 462 65.5

200 130 .800 724 65.5

0.640 0.392 200 .171
400 226 .500  .406 3.7
.1860 0615 .800  .691 ..
% Ten ml. of a benzene solution at 60° containing 0.10 4/ AIBN.

® Moles/l., initial and final concentration. ¢ Moles/l -hr.;
R, taken as 1.31 X 107° moles/l.-sec. (ref. 13). ¢ (I./mole-hr.}"/2.

Solutions of the “Copolymerization” equation using
the data of Table IV are summarized in Table V.

TABLE \

RELATIVE PROPAGATION CONSTANTS BETWEEN
STYRENYLPEROXY RADICALS AND STYRENES

My M. knTk? kay Thn®
p-Methoxy-
styrene p-Nitrostyrene 3.2,2.8,1.4,2.3 0.45.0.08,0.05,0.17
Styrene #-Methoxy-
styrene 0.70,0.64,0.39.0.55 1.62,1.18,1.10,1.2
Styrene p-Nitrostyrene 1.90,1.69,1.00,7.5 0.52,0.10,0.07,0.22
Radical Substrate Rel. react.
p-Methoxystyrenylperoxy p-Methoxystyrene 1.2 £0.2
Styrene 1.0°
p-Nitrostyrene 0.5 £0.2
Styrenylperoxy #-Methoxystyrene 1.8 0.2
Styrene 1.0°
p-Nitrostyrene 0.6 = 0.2
p-Nitrostyrenylperoxy p-Methoxystyrene 1.2 =1
Styrene 1.0b
p-Nitrostyrene 0.2 +£0.1

ku

2 M00- + M; —> M,;00M,:, etc. The “Copolvmeriza-
tion’’ equation has been solved by machine to give an equation,
kn/k1, = a + bkee/kn. Three experiments vield three lines and
three intersections when ki /kis and kx/kx are plotted against
each other. The intersections are given together with the
center of gravity (in italic type) for the triangle thus formed.
? Assumed.

The data of Table V show a consistent gqualitative
trend. The limited data indicate that toward the
styrenylperoxy radical a o*-correlation (p = —0.3) is
preferred, but toward the p-methoxystyrenylperoxy
radical a ¢-correlation (p = —0.4) gives better agree-
ment.

Polar Effects in the Reactions of Styrenyl Radicals
with Oxygen.—Another polar effect was investigated in
the autoxidation of p-nitrostyrene, namely, the ques-
tion of whether a polar effect exists in the very rapid
reaction

ko
p-YYC5H4CHCHQOOR + 0‘2 —
p-YCsH,CH(O;-)CH,O0R (1)

ks
p-Y CH,CHCH,00R + $-YCH,CH=CH, —>
$-YCeH,CHCH,00R @)
CH.CHCH.Y-p

Comparison of &, with ks was attempted by analysis of
the polymeric peroxides formed, but for Y = hydrogen?

(15) A. A. Miller and F. R. Mayo, J. Am. Chem. So?., 18, 1017 (1956).
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and nitro an exact 1:1 copolymer (within analytical
limits) was formed at 60° in a solution saturated with
oxygen at a pressure of 1 atm. A more sensitive
test for a polar effect of Y on reaction 1 appeared to
be an analysis of the benzaldehydes formed by the
spalation reaction (4)'6

ks
R‘OO(CH,CHROO),CH,CHROOCH:CHR - —>
R‘OO(CH.CHROO),CH,CHRO:- + CH.—CHR (3)
N

ky
R‘OO(CH,CHR0O0),CH,CHRO" —>
R'‘O- + (n + 1)CH.0 + (#n + 1)RCHO (4)

A polar effect lowering the magmtude of k2, might be
expected to increase the probability of occurrence of
reactions 3 and 4. Table VI shows that at high oxygen
pressures reactions 3 and 4 do have a higher probability
when Y is nitro, but at lower oxygen pressures reactions
3 and 4 are actually less favored when Y is nitro. The
data thus gave no evidence of a polar effect in the per-
oxidation step (reaction 1) when Y is a powerful elec-
tron-withdrawing group.

TaBLE VI

BEXNZALDEHYDES FORMED 1N THE OXIDATION OF STYRENE
AXD p-N1TROSTYRENE"

Mole aromatic aldehyde

Mole oxygen absorbed b

Oxygen press., mm. Styrene p-Nitrostyrene
50 0.700 0.458
100 .592 L350
250 .390 .319
300 .200 . 268
710 .160 220
2280 103 154

21 M in m-dichlorobenzene solutions containir;g 010 M
AIBN at 60°. ® Approximately 1 mmole of oxygen absorbed per
10 ml. of solution.

Autoxidation of Benzyl Ethers.—Polar effects were
also investigated in the oxidation of benzyl ethers. Re-
sults of rate studies are summarized in Table VII.

TaBLE VII
RATES oF Ox1pATION OF BENZYL ETHERS”
Ether Rel.
Entry ~—(YC:H{CH;:OR)}—— (Ro — R;/ value of
no. vV = R = 2) X 1030 kpik /20 kR
1 p-CH;0 CeH; 4.6 0.095 0.46
2 p-CH; CeHj 8.3 175 .85
3 m-CHj CeH; 7.8 161 78
4 H CeH; 7.2 .148 72
5 p-Cl CeH; 7.0 144 70
6 m-Cl CsH; 6.6 1136 .66
7 p-NO» CeHs 7.5 155 )
8 m—NOw Cst, 5.7 . 118 ‘57
9 H p-CH;CeH,4 8.1 167 81
10 H p-NO,CsH, 8.1 167 .81
11 H CH,CeH; 67.6 6957 3.4°
12 H C(CH3)s 29 4 605 2.9
13 H CH,CH; 21.6 445 2.2
14 H CH; 20.1 415 2.0
15 H H 10.0 206 1.0
16 m-CHj CH; 20.1 415 2.0
17 p-Cl CH; 20.1 415 2.0

@ In chlorobenzene solution at 60° containing 0.10 A/ AIBXN.

> Moles/l.-hr.; YR; taken as 1.31 X 107% mole/l.-sec. (ref. 13).
¢ (1./mole-hr.)'/? ¢ Statistically corrected.

(16) F. R. Mayo, ibid., 80, 2465 (1058).
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Fig. 3.—Rates of oxidation of mixtures of dibenzyl ether and
benzyl plienyl ether in chlorobenzene at 60°; total concentration
of benzylic methylene groups held constant at 1.0 3/; 0.10 M
AIBN.

A comparison of entries 2-7 in Table VII leads to the
conclusion that attack of peroxy radicals on Y-CgH.-
CH,0C¢H; is rather insensitive to the nature of Y.
Entries 16 and 17 show the same lack of polar sensitivity
for Y~C¢H,CH,OCH;. Entries 9 and 10 in the table
suggest that benzylic attack on CeH;CH,OC¢H:~Y by
peroxy radicals is also quite insensitive to the nature of
Y. However, there is a variation in rate of autoxida-
tion of compounds of the type C¢H:CH,OR as R is
varied from hydrogen to phenyl or alkyl (entries 4, 11-
15). The rate of oxidation of dibenzyl ether and the
benzyl alkyl ethers appeared too large in view of the
rates observed for other ethers, particularly when con-
sidered in view of reasonable inductive parameters for
R. We therefore investigated the oxidation of di-
benzyl ether with the idea that for some reason k; might
be less for dibenzyl ether and the benzyl alkyl ethers
than for the benzyl phenyl ethers. One test to deter-
mine qualitatively significant differences in termina-
tion rate constants in comnpetitive autoxidations in-
volves the shape of plots of oxidation rates zs. com-
position of a two-component (plus solvent) mixture.'*
If values of A, are nearly the same an additive rate
should result, while if values of %, differ greatly the ob-
served rates should be less than the additive value.
Figure 3 shows that this is indeed the case when dibenzyl
ether and benzyl phenyl ether are competitively oxi-
dized. Benzyl phenyl ether in O to 0.6 W concentra-
tions depresses the rate of oxidation of a I M mixture
of dibenzyl and benzyl phenyl ether below that ex-
pected if an inert diluent had been substituted for
the benzyl phenyl ether. Dibenzyl ether and benzyl
ethyl ether were each competitively autoxidized with
styrene in a separate study.’” Solution of the “Co-
polyinerization' equation showed that both ethers had
about the same reactivity per benzylic methylene group
toward styrenylperoxy radicals (dibenzyl ether =
(.85, benzyl ethyl ether = (.75, tetralin = 1.00).

Discussion

The results summarized in the previous section have
demonstrated that: (a) in carbon tetrachloride solu-
tion the attack of chlorine atoms on benzylic hydrogen
atoms follows the c+.-rather than the c-constants of

117) G. A. Russell and R. C. Williamson, Jr., J. Am. Chem. Soc., 86, 2364
(19064)
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substituents in the aromatic ring, (b) a ¢*-correlation
is preferred in the attack of peroxy radicals upon sub-
stituted cuinenes, (c) electron-withdrawing substitu-
ents deactivate and electron-supplying substituents ac-
tivate substituted styrenes in addition reactions in-
volving peroxy radicals, (d) the reactivities of a variety
of benzyl and phenyl ethers toward peroxy radicals are
rather insensitive to polar substituents in the benzyl or
phenyl nucleus, (e) the reactivity of substituted sty-
renyl radicals toward oxygen does not show a pro-
nounced polar effect.

All electron-poor radicals or atoms display pro-
nounced polar effects in their attack on carbon-hydro-
gen bonds. This is undoubtedly due to contributions
to the transition state of resonance structure I.

N
[R-H X s R‘H X:~ s R-H-X]
1

For attack on benzylic hydrogen atoms all or nearly all
electron-seeking radicals or atoins give rise to rate data
best correlated by ¢ *-parameters.’® When the attack-
ing radical or atom has a low electron affimty, for ex-
ample, the phenyl radical'® and presumably the methyl
radical, no polar effect exists, even though the energy of
activation and hence the degree of bond breaking is
greater for the phenyl radical than for the highly reac-
tive but electron-seeking chlorine atom.'® This rules
out the explanation® that the polar effect results from
resonance structures for the incipient aralkyl radical of
the type

Ot b a O

That is, the polar effect in reactions of this type is con-
cerned with the nature of the attacking radical and not
with the resonance stabilization of the resulting ben-
zylic radical.

It is interesting to compare the magnitude of the
polar effect in the attack of radicals and atoms upon
benzylic hydrogen atoms. It has been emphasized
that the magnitude of this effect for attack upon a
given substrate or group of similar substrates is best
understood by considering two factors: (a) the elec-
tron affinity of the attacking atom or radical and (b)
the degree of bond breaking in the transition state.’
In general, substitutions at benzylic hydrogen atoms
involve a variable degree of bond breaking and any in-
crease in bond breaking (through a decrease in the reac-
tivity of the attacking radical) will favor polar and
other resonance contributions to the transition state
(resonance structure I). Table VIII summarizes
those substitutions wherein clearly defined p’s are now
available. In every case but for the {-butoxy radical a
better fit with ¢ *-constants than for ¢-constants is ob-
served. For the f-butoxy radical the proper substitu-
ents have not been examined to distinguish clearly be-
tween a - and a ¢ -correlation.

Some data for phenols have been included in Table
VIII since it now appears that the initial reaction be-

(18) For a summary of numerous correlations of this tvpe see J. A
Howard and K. U. Tngold. Caa. J. Chem., 41, 1744 (1963),

(19) R. F. Bridger and G. A, Russell, /. Am. Chem. Soc., 88, 3754 (14G3)
(20) R. W. Taft, 1. R, Fox, and 1. C. Lewis, /bia,, 83, 3349 (1661)
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TapLE VIII
MAGNITUDE OF POLAR EFFECT IN SELECTED RADICAL REACTIONS

Attacking radical Substrate Solvent Temp., °C. P Reference
CeHs- Toluenes CCl, 60 0 19
RO;- Cumenes Chlorobenzene 60 —0.41 This work
RO, Styrenes Benzene 60 —-0.3to -0.4 This work
RO, Phenols Styrene 65 —1.49 18
RO, Benzyl phenyl ethers Chlorobenzene 60 0 This work
CsH;COs,- Dibenzyl! ethers Reactants 80-90 —-0.65 21
Cl- Toluenes CCly 40 —0.66 This work
Br- Toluenes Reactants 80 —1.46 22
(CH;);,CO- Toluenes Reactants 40 —0.83 23
(CH;);CO- Phenols CCl, 122 —-1.19 24
CCls- Toluenes Chlorobenzene 80 —1.46 25
DPPH- Phenols CCl4 30 —4.54 26

tween peroxy”® or other radicals?”® and a phenol
involves abstraction of the phenolic hydrogen atom.
Toward the peroxy or alkoxy radicals, a greater polar
effect is observed in attack upon phenols than upon
cumenes. We feel that bond breaking is probably
greater for attack upon the cumenes and that the dif-
ference in values of p reflect different electron-donating
abilities of the two classes of compounds. The large
p observed for diphenylpicrylhydrazyl in attack on
phenols (—4.5) is probably connected with a higher de-
gree of bond breaking as well as a different electron
affinity of the attacking radical than for attack by a
peroxy radical (p = —1.5).

Another polar effect that may be important in reac-
tions of phenols or anilines should be considered.
Resonance interaction of the nonbonding electron pairs
on the oxygen or nitrogen atom with the substituent
will favor conformations in which the OH or NH bonds
are coplanar with the aromatic ring for powerful
electron-withdrawing p-substituents

+/H +/H

The O-H or N-H bonds are in these cases poorly
situated (not perpendicular to the plane of the ring)
from a sterecelectric viewpoint for benzylic-type
resonance stabilization of the incipient phenoxy or
anilino radicals.

The electron affinities of the five radicals and atoms
studied in attack on substituted toluenes are in the
order Cl > Br- > (CHs)gCO > CC13 > C(;H,a'.28
The magnitude of the polar effects observed are Br- ~
CCl;- > (CH;);CO- > Cl- > CgH;. We believe the
discrepancies between these two series are best ex-
plained by a consideration of the amount of bond break-
ing in the transition states. The electron affinity of
chlorine and bromine atoms are rather similar and the
widely different values of p are consistent with a con-
siderably greater bond-breaking in the transition state
for attack by bromine atoms. Despite the low elec-
tron affinity of the trichloromethyl radical, its low re-
activity gives rise to a transition state with extensive

H

(21) R.1, Huang, H. H. Lee, and S. H. Ong, J. Chem. Soc., 3336 (1962)

(22) R. E. Pearson and J. C. Martin, J. Am. Chem. Soc., 88, 354 (1963).

(23) C. Walling and B. B. Jacknow, ibid.. 82, 6113 (1960).

(24) K. U. 1ngotd, Can. J. Chem., 41, 2816 (1963).

(25) E. S. Huyser, J. Am. Chem. Soc., 82, 394 (1960).

(26) M. P. Godsoy, D. H. Lohman, and K. E. Russell, Ckhem. Ind. (Lon-
don), 1603 (1959).

(27) (a) 1.. R. Mahoney and F. C. Ferris, J. Am. Chem. Soc.,
(1963): (b) K. U. lngold, Cen. J. Chem., 41, 2807 (1963).

(28) H. O. Pritchard, Chem. Rev., 83, 529 (1953).
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bond breaking, and a fairly large polar effect (p =
—1.46) results. The more reactive ¢-butoxy radical
displays a smaller polar effect (p = —0.83) despite
higher electron affinity because of the lower degree of
bond breaking in the transition state and a smaller
contribution from the dipolar resonance structure I.

Polar effects were also observed in the terpolymeriza-
tion reaction between oxygen, styrene, and substituted
styrenes (Table V). Qualitatively these results paral-
lel those observed in benzylic substitution and are con-
sistent with the occurrence of resonance structure II in
the transition state for the addition reaction of the
peroxy radical.

+
[YCsHiCH=CH: X «» YCH,CH—CH, X: ~ <>

YCeH,CH—CH,— X]
II

The results of autoxidation of substituted benzyl
phenyl ethers and benzyl alkyl ethers lead to the con-
clusion that attack by peroxy radicals is insensitive to
polar effects of substituents in either the phenyl or
benzyl group. It is believed that this insensitivity re-
sults from the fact that the ether oxygen atom acts as
a powerful electron-supplying group in both the sub-

stituted and unsubstituted compounds. This effect
i 2
ROO.- + CeH;CH,OCsHs— | ROO: H ClH—-.O_—CsHs -
CeHs

ROOH + Ce¢Hs;CHOCeH,

apparently overshadows effects of polar substitutions in
either of the phenyl rings. In view of this conclusion
the semiquantitative relationships reported between
reactivities and substituent constants for several sub-
stituted benzyl ethers (RC:H,CH,OCH,C¢H;) toward
t-butoxy (p ~ 0.5) and benzoyloxy radicals (p =
—0.65)2! appear surprising. However, Table VIII
does indicate that in reactions with benzylic hydrogen
atoms that {-butoxy radicals show a considerably
greater polar effect than do peroxy radicals and the re-
ported results are consistent with a decreasing polar ef-
fect and decreasing electron affinity in the order, Cs
H;CO,- > (CH;);CO- > RO,

From the present work it would appear that the reac-
tion of oxygen with substituted styrenyl radicals is in-
dependent of substituents in the styrenyl ring. How-
ever, when radicals of more widely different electron-
donating properties are compared, such as styrenyl and
phenyl radicals,?® it does appear that polar structures
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do make important contributions to the transition
states and to the rates of the reactions. Thus, reso-
nance structure IIT is much more important for R =

[R--0-0- <5 R*:0-0- <> R-00]
111

styrenyl than for R = phenyl or phenoxy.!?

Experimental

Apparatus and Procedure for Competitive Photochlorinations.
—The photochlorination apparatus was designed so that the
carrier gas (prepurified nitrogen) after entering the system
could be directed by the manipulation of a three-way Teflon
stopcock eitlier directly to a 500-ml. mixing bulb or through a
liquid chlorine reservoir and then to the mixing bulb. From the
mixing bulb the gas continued to a reaction flask (approxi-
mately 30-ml. in volume) through a finely drawn inlet tube which
reached nearly to the bottom of the flask. The exit gas passed
through an ice-water condenser and a trap containing a 109%
sodium hydroxide solution before entering the atmosphere.
The reaction flask was mounted in a 40° water thermostat and
placed approximately 3 cni. from a 200-watt unfrosted tungsten
light bulb.

The procedure used for the photochlorination involved first
sweeping carrier gas through the sample to remove traces of
oxygen. When it was desired to start the chlorination the
stopcock was adjusted to allow nitrogen to pass over the liquid
chlorine. The liquid chlorine was then allowed to warm to its
boiling point. After the proper amount of chlorine had evapo-
rated, as determined by the calibration on the liquid reservoir,
the liquid chlorine remaining in the reservoir was gradually
cooled. After the liquid chlorine was sufficiently cool, the stop-
cock was adjusted so that nitrogen again bypassed the reservoir.
Generally the flow of nitrogen was regulated so all the chlorine
was added to the reaction mixture in about 2 hr. After the
addition was coniplete, nitrogen was allowed to pass through the
reaction mixture to remove traces of hydrogen chloride.

Analysis of Photochlorination Products.—A known amount of
an internal standard was added to the reaction mixture in the
reaction flask after completion of the photochlorination. This
ensured against errors caused by loss on transfer. The unreacted
toluene and substituted toluene were then analyzed by a g.l.c.
unit equipped with a hot wire detector. In all determinations,
a correction factor was determined to account for the difference
in thermal conductivity between the substrates and the standard.
In several instances two internal standards were added and each
substrate analyzed at a different temperature.

Apparatus and Procedure for Autoxidation.—The oxidation
reactions were carried out in a reaction flask that was about 20 in.
in length. The bottom of the flask was constructed from a 50-ml.
erlenmeyer flask and joined to a standard tapered joint by approx-
imately 16 in. of 8-10 mm. glass tubing jacketed by an outside
jacket of 20 mm. tubing. The standard tapered joint fitted
an adaptor which was connected to a gas buret by a short length
of rubber tubing. When AIBN was used as the catalyst it was
added to the flask in a benzene solution and the benzene removed
at a pressure of 20-30 mm. Solutions that were to be oxidized
were added by pipet to the reaction flask and the mixture cooled
by Dry Ice. The entire system was alternately evacuated and
filled with oxygen several times, the flask warmed to room tem-
perature, and fastened to a reciprocating rack in a 60.00 == 0.15°
o1l thermostat. After allowing the temperature of the contents
ia the reaction flask to equilibrate to the temperature of the oil
batlh, the gas buret was adjusted, the reciprocation started, and
readings were taken periodically. The volunie of oxygen ab-
sorbed was corrected for nitrogen evolution from the AIBN.
A correction factor of 1.50 ml. of nitrogen (25°, 740 mm.) per
min. per I. was used for 0.10 M solutions of AIBN. The recipro-
cating rack was powered by a !/; horse powermotor and operated
betweein 145 to 150 c.p.m. The rate of oxidation did not change
when the rate of shaking was increased by a factor of two. When
competitive autoxidations were perfornied, the length of time
required for 15-209 reaction varied from 4 hr. for the styrenes
to 20 lir. for the cumenes.

Solutions were ordinarily prepared and pipetted at known con-
ventrations at tlie reaction temperature. In some cases, solu-
tions were prepared at room temperature and pipetted at room
temperature. In these cases the volume and concentration of

GLEN A. RUSSELL AND ROGER C. WILLIAMSON, JR.

Vol. 86

the solution at the reaction temperature were computed and the
rates calculated on this basis.

Method of Analysis of Competitive Autoxidations.—The re-
action mixture was added to a silica gel chromatography column
and eluted by a 20-fold excess of benzene. When the highly
polar substrate p-nitrostyrene was involved the eluting solvent
was a 19 solution of diethyl ether in benzene. A known
quantity of an internal standard was then added to the eluted
solution for g.l.c. analysis. This procedure was proved to be
quantitative in eluting the substrates cumene, styrene, p-nitro-
styrene, and benzyl phenyl ether by absorbing a solution con-
taining a known amount of each of these substrates on the colunn
and eluting with a 20-fold excess of solvent. The amount of
substrate in the eluent was shown to be the same as that added
by g.l.c. analysis. p-Methoxycumene and p-methoxystyrene
were shown to be eluted quantitatively after oxidation by follow-
ing the 20-fold excess of solvent with an additional 100 ml. of
solvent. This 100 ml. of solution was then concentrated to
about 5 ml. and this solution was tested for traces of the sub-
strate by g.l.c. analysis. In all cases this test was negative.
The products of oxidation and unreacted AIBN, which could
later interfere with the g.l.c. analysis, were retained quanti-
tatively on the silica gel column.

Analysis of Benzaldehydes Formed in the Oxidation of Sty-
renes.—Solutions of benzaldehyde and p-nitrobenzaldehyde in
a 1:4 mixture of m-dichlorobenzene and pentane followed Beer’'s
law (5.93 u for benzaldehyde and 5.96 u for p-nitrobenzaldehyde)
below 1 X 1072 M. Solutions of styrene and p-nitrostyrene (10
ml. of a 1 M solution containing 0.10 M AIBN) were oxidized at
a variety of pressures and the oxygen uptake measured (see
Table VII). For oxidations above 1 atm. a Paar shaker was used
and oxygen uptake approximated by assuming that the rate of
oxidation was the same as measured at 710 mm. pressure. After
the absorption of about 1 mmole of oxygen the oxidates were
diluted to 50 or 100 ml. with pentane and stored at 0° until the
precipitation of polymer ceased. The resulting clear solutions
were analyzed for carbonyl using a Perkin—Elmer Model 21
spectrometer.

Materials.—All liquid hydrocarbons were passed over silica
gel and stored under nitrogen at 5° prior to use. Solids were
kept in brown bottles stoppered under nitrogen. Carbon tetra-
chloride, benzene, and chlorobenzene were passed over silica
gel while glacial acetic acid was used from freshly opened bottles.
Benzene was used as the solvent in all competitive oxidations
since chlorobenzene interfered with many g.l.c. determinations.

Azobisisobutyronitrile (AIBN) obtained from Chemical Inter-
mediates and the Bordon Monomer—Polymer division was re-
crystallized from methanol and dried under vacuum, m.p.
101.5-102° dec.

Toluene (Fisher reagent grade) was rectified.
purity was 99.99 by g.l.c. analysis.

p-Chlorotoluene (Matheson Coleman and Bell) was rectified
to remove traces of toluene. The fraction used was greater than
999% pure by g.l.c. analysis.

p-Phenoxytoluene was prepared by treating the potassium
salt of p-cresol with a slight excess of bromobenzene in the
presence of catalytic amount of powdered copper at 270° for 3 hr.2¢
The potassium salt was prepared by treating 2 moles of p-cresol
with 1 mole of potassium hydroxide at 150°. This melt was then
cooled and benzene added to azeotrope on the water fornied in
the reaction. The excess cresol then served as a solvent for the
potassium salt in the reaction with bromobenzene. The reaction
mixture containing the ether was washed with 159, aqueous
sodium hydroxide (to remove the unreacted p-cresol), water,
dried over sodium sulfate, and distilled. The fraction used had
b.p. 110-111° at 2 mm., lit.2* b.p. 202° at 1 atm. pressure. The
complete absence of other materials was shown by g.l.c. analysis.

p-Nitrotoluene (Eastman) was recrystallized from ethanol and
dried under vacuum, m.p. 50.5-51°.

m-Chlorotoluene (Matheson Coleman and Bell) was rectified to
remove traces of toluene and p-chlorotoluene; g.l.c. showed
greater than 989, purity.

m- and p-xylene (Phillips 99 mole ;) was rectified to remove a
lower boiling constituent and ethylbenzene. The fraction used
was one showing no other peaks on g.l.c. analysis, #»2p 1.4915.

p-Methoxycumene was prepared by treating 55 g. of p-iso-
propylphenol dissolved in 150 mil. of a 1:1 water-ethanol mixture
containing 25 g. of potassium hydroxide with 51 g. of methyl

The minimum
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sulfate. Thirty minutes after the dropwise addition of the
methyl sulfate, 200 ml. of a 1.1 methanol-concentrated ammo-
num hydroxide solution was added to destroy any unreacted
methyl sulfate. The reaction mixture was then extracted with
ether and the ether layer washed with 109, potassium hydroxide
solution, water, dried over sodium sulfate, and the ether distilled.
Rectification of the remaining material gave 37 g. of the desired
product, b.p. 85° at 10 mm., %D 1.5033.

p-t-Butoxycumene, b.p. 111.7° at 12 mm., #p 1.4860, was
prepared by the addition of isobutylene to p-isopropylphenol in
the presence of a catalytic amount of sulfuric acid.®

p-Phenoxycumene and m-plienoxycumene were prepared from
the p- and m-isopropylphenols by the procedure described for the
phenoxytoluenes. The m-isopropylphenol was a gift from the
Hercules Powder Co. The p-isomer had b.p. 150° at 7 mm.,
lit.®! b.p. 288.9° at 760 mm. The m-isomer had b.p. 144° at 7
mim., #¥ 1.5570; g.l.c. analysis showed both compounds to be
greater than 99.87; pure.

p-Brontocumene was prepared by the bromination of cumene
in the dark using iodine as a catalyst. To 100 g. of cumene dis-
solved in 100 ml. of a 1:1 mixture of carbon tetrachloride and
acetic acid was added one large crystal of iodine and 150 g. of
bromine in 150 ml. of carbon tetrachloride. The reaction was
allowed to proceed overnight with gentle refluxing. The mixture
was then washed with 109 sodium hydroxide solution, water,
and then dried over sodium sulfate. A crude distillation through
a Vigreux column was followed by a careful rectification through
a Todd column packed with glass helices to give material, b.p.
of 110° at 22 mm., »®p 1.5360; lit.? b.p. 123.5° at 53 mm., »*Dp
1.5363.

p-Nitrocumene was prepared by the procedure of Brown and
Bonner?®; b.p.110° at 5 mm., 720D 1.5369, lit.?2 n20p 1.5369.

Methyl p-isopropylbenzoate was synthesized by converting
p-isopropylbenzoic acid to the acid chloride with thionyl chloride
followed by treatment with excess methanol in pyridine;
b.p. 118-118° at 12 mm., »*p 1.5108, lit.? #2p 1.5108.

p-Diisopropylbenzene (Aldrich Chemical Co.) was distilled
through a glass helices packed Todd column; b.p. 112.3° at 3
mm., #*Dp 1.4896, lit.?¢ n2° 1.4898.

The substituted-benzyl phenyl ethers were prepared by treat-
ing equal molar quantities of potassium phenoxide with the cor-
responding benzyl chloride or bromide (the bromide was used
when it was commercially available) in a 1:1 mixture of ethanol
and tetrahydrofuran. The potassium phenoxide was freshly
prepared by treating equal molar quantities of phenol and potas-
sium hydroxide in a melt at about 150°. Enough solvent was
then added to the cooled salt to give a saturated solution. The
benzyl halide was then added dropwise over a period of approxi-
mately 2 hr. with stirring and the resulting solution stirred under
reflux overnight. Solvent was then removed with a rotating
evaporator until crystals began to form in the solution or until
most of the solvent had been removed in instances where the
product was a liquid. All solutions containing solid products
were then cooled in an ice bath and the solids filtered and re-
crystallized from ethanol. Liquids were rectified and fractions
chosen having a constant boiling point and refractive index.
Special care had to be taken, however, in the preparation of p-
methoxybenzyl phenyl ether. As little ethanol as possible
should be used to dissolve the potassium phenoxide in tetra-
hydrofuran and this solution added dropwise to a concentrated
solution of p-methoxybenzyl chloride in tetrahydrofuran. If
the normal procedure is followed the major product formed is
p-methoxy-p ~hydroxydiphenylmethane. Table IX lists the
physical properties of the benzyl phenyl ethers. All new com-
pounds had n.m.r. spectra consistent with their structures.

p-Nitrophenyl benzyl ether (m.p. 105-105.5°) and p-tolyl
benzyl ether (m.p. 39-40°) were synthesized by adding benzyl
chloride dropwise to a saturated solution of the potassium salt of
the corresponding phenol in a 1:1 ethanol-tetrahydrofuran
solution followed by stirring under reflux overnight. Both of
these potassium salts were prepared by treating potassium ¢-
butoxide with the phenols in 150 ml. of tetrahydrofuran. Eth-
anol (150 ml.) was then added to dissolve the salt. The same
work-up procedure employed for the preparation of the substi-

(30) D. R. Stevens, J. Org. Chem., 30, 1232 (1955).

(31) R. A. Smith, J. Am. Chem. Soc., 86, 717 (1934).

(32) H. C. Brown and W. H. Bonner, ibid.. 76, 605 (1954).
(33) L. Bert, Bull. soc. chim. France, 87, 1397 (1925).

(34) A. W. Francis, Chem. Rev., 43, 107 (1948).
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TaBLE IX
PHysicaAL CONSTANTS OF SOME BENzVL PHENYL ETHERS
(CeH;OCH,CsH,.X)
———~Literature———
Found Bop.
B.p., °C. °C
X = M.p.. °C. (mm.) n?p M.p.. °C. (mm.)
Hydrogen 39.0-39.2 39
p-Nitro- 90.3-90.7 9138
m-Nitro- 163 (1.5) 1.5980 182 (2)#
p-Chloro- 85.0-85.5 85 5-86 . 5%
m-Chloro- 36.0-36.5 36-36. 438
m-Methyl- 160 (0.5) 1.5731 168-170
(]7)29
p-Methyl- 81 .5-82.0

p-Methoxy- 89.5-90.5

tuted-benzyl phenyl ethers was used.
lized from ethanol.

Benzyl methyl ether was prepared by adding 20 g. (0.5 g.-atom)
of potassium in small pieces to 300 ml. of a 1:1 methanol-tetra-
hydrofuran solution. After the last of the potassium had reacted,
63 g. (0.5 mole) of benzyl chloride was then added slowly and the
resulting solution was stirred and heated under reflux overnight.
This solution was then washed with 109, sodium hydroxide solu-
tion, water, and dried over sodium sulfate. Solvent was then
distilled off and the remaining liquid rectified through a 15-in.
spinning band column. The fraction used showed no impurities
by g.l.c. analysis; n2'p 1.5028, 1it.* n%p 1.5022.

Benzyl ethyl ether (Eastman) was distilled through a 15-in.
spinning band column; n2Dp 1.4950.

Benzyl t-butyl ether was prepared by the reaction of potassium
t-butoxide with benzyl chloride in a ¢-butyl alcohol-tetrahydro-
furan solution at room temperature with stirring for 7 days;
b.p. 36-40° at 0.5 mm., n?p 1.4858.

m-Methylbenzyl methyl ether was synthesized from m-
methylbenzyl bromide and potassium methoxide using the same
method and work-up procedure as in making benzyl methyl ether.
Analysis by g.l.c. showed 999, purity with the impurity being the
m-methylbenzyl bromide; b.p. 47° at 2 mm., =n%p 1.5003.
p-Chlorobenzyl methyl ether was prepared from p-chlorobenzyl
bromide in the same manner as the m-methyl isomer; b.p. 60°
at 2 mm., n%p 1.5467.

Commercial styrene containing inhibitor was distilled through
a silver jacketed, glass helices packed, 10-in. column; #»n%*p
1.5467.

p-Nitrostyrene was prepared according to the procedure of
Walling and Wolfstirn4!; m.p. 21.2-21.5°, 1it.*1 21.4°.

The copolymer of p-nitrostyrene with oxygen was a solid that
could be precipitated from acetone by benzene; m.p. (decompo-
sition) 120-122°.

Anal. Caled. C§H7NO4I C, 5322,
Found: C, 53.04; H, 3.86; N, 7.73.

In a typical preparation 20 ml. of a 1 A/ solution of p-nitro-
styrene in benzene containing 0.1 M AIBN was shakenina 1 atm.
pressure of oxygen for 20 hr. at 60°. At this time 1.65 g. of
solid peroxide (559, based on oxygen absorbed) was removed by
filtration and the filtrate added to cold methanol and an addi-
tional 0.90 g. (309;) of peroxide collected. After precipitation,
this sample could not be redissolved in benzene. Both samples
were swollen with benzene at 50°, cooled, and filtered. This
process was repeated; the samples were dried at 15 mm, for 24 hr.
and analyzed.

p-Methoxystyrene was prepared by the procedure of Walling
and Wolfstirn.®? This compound contained an autoxidation
inhibitor which could not be removed by distillations, by washing
with acid or base, or by passage through alumina or silica gel.
It was finally removed by treating 15 g. of p-methoxystyrene with
0.08 g. of AIBN and oxygen at 60°. Upon observing oxygen up-
take the reaction was stopped and passed through a silica gel
column toremoveany unreacted AIBN and oxidized products. The

Both solids were recrystal-

H, 4.11; XN, 7.92.
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resulting liquid was then flash distilled at 0.1 mum. This liquid
was curcfully distilled, giving a pure compound, b.p. 54-55° at
2 mm., #¥') 1.5618; lit.4! b.p. 53-54° at 2 mun., #¥*p 1.5612,
1.5608, and 1.5620.

Gas-Liquid Chromatographic Analysis.—Solutions of mixtures
of liydrocarbons for competitive oxidation or chlorination were
prepared, then aliquots niixed with an aliquot of a standard solu-
tion of the internal standard and triplicate g.l.c. analyses per-

formed to provide calibration factors to convert area ratios into
mole ratios, After chilorination or oxidation, analyses were again
perfornied at least in triplicate. A number of different colunin
substrates, conditions, and internal standards werc emploved.
Pertinent details are summarized elsewhere.4?

(42) R. C. Widllamson, Jr
Library, 1963,
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Directive Effects in Aliphatic Substitutions. XXV. Reactivity of Aralkanes, Aralkenes,
and Benzylic Ethers toward Peroxy Radicals!®

By GLEN A. RUssSELL*® AND ROGER C. WILLIAMSON, JR.??

RECEIVED JANUARY 18, 1964

The competitive oxidation of a number of aralkanes, aralkenes, and benzy! ethers has been performed and
their reactivities toward the derived peroxy radicals measured. The reactivities are fairly independent of the
structure of R in ROO-. To explain the rates of oxidation of the pure compounds, it must be assumed that
termination rate constants are dependent upon the structures of the peroxy radicals. This observation is con-
sistent with the rate miniina observed in the autoxidation of numerous binary mixtures.

The rates of autoxidation of numerous substances
capable of yielding benzylic-type radicals have been re-
ported in the literature.? From these rates the relative
values of rate constants for the attack of peroxy radicals
upon benzylic hydrogen atoms

ko
RO;» + RH —> ROsH + R-

or addition to a double bond

kx o
ROy + >C=C< ~—> RO-z(]l—C-
0

have been inferred.?® We thought it advisable to es-
tablish firmly the relative values of %, and &, for a
series of aralkanes (cumene, tetralin, 2°-butylbenzene,
bibenzenyl), aralkenes (stvrene, substituted styrenes,*
a-methylstyrene), and benzylic ethers (dibenzyl ether,
benzyl ethyl ether, 2-phenyl-1,3-dioxolane). We have
therefore measured the rates of autoxidation of the
above compounds at 60° in chlorobenzene and benzene
solution countaining 0.1 1/ azobisisobutyronitrile (AI-
BN) as well as the rates of oxidation of various binary
nuxtures. In addition, the relative rates of disappear-
ance of substrates in the cooxidation of binary mixtures
was measured by gas-liquid chromnatography (g.l.c.).
Table 1 Lists the pertiment results.

Table 1 indicates that in mmany mstances rate minima
were observed in the oxidation of binary mixtures. This
reflects differences 1 the terimnination rate constants as
well as possibly favored cross termination reactions in
the cooxidations.?*?
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¢53 The aver-all rate expression applical:le to a competitive oxidation has
been developed (ref. 3a). The presence of a rate minimum in a binary
A + B) mixture where {Al + [B] = constant is the result of the values of
the rarios, kaa kaB. ABa kBB, Aas thian)'/2 kup hpm)'/oand ¢ =
keats *’MAA/MBH': 2 It can e shown that when ¢ = 1 and kaa kaB =
bpy Ap = k,x,x(/cm}i"'/f 1\‘};};"&\‘4‘4)""?, a linear relationship results when
the rate of oxidation is plotted against (A] or {B]

AN

Noalinear relationships

Propagation

kaa
AOQOO + A (or AH) —>

AOOA- (or AOOH + AY) (1)
kaB ra = kaa/kan
AOO: + B (or BH) —>
AOQOB: (or AOOH + B-) (2)
*BB
BOO- + B (or BH) —>
BOOB: (or BOOH + B:) (3)
kBA rs = ksB/kBaA
BOO- + A (or AH) —>
BOOA: (or BOOH + A-) (4)
Termination
kA
2A00: ~—>
kBB

2BOO- nonradical products

RtAB
AOO- + BOO: —>

This phenomenon has been previously discussed in con-
nection with the cooxidation of mixtures of cumene-
tetralin, cuinene—indan, and cumene~dibenzyl ether %P
Figure 1 shows the effects of several cooxidants on the
rate of oxidation of binary mixtures containing styrene.
Curves such as 3 (p-inethoxystyrene), 4 (p-nitrosty-
rene), or 7 (benzyl ethyl ether) indicate that peroxy
radicals formed from these substrates have termination
rate constants approximmately the sanie as those for ter-
mination of styrenylperoxy radicals. This seems rea-
sonable since all the radicals involved are 2°-benzylic
radicals.® Apparently, styrenylperoxy radicals ter-
minate more readily than cumylperoxy radicals as m-
dicated by the sharp minimum i the rate (curve &,
Fig. 1) of oxidation of mixtures of cumene and styreiie.
The same effect is observed with c¢is-decalin (curve 9,
Fig. 1) where a mixture of 3° and 2°-aliphatic peroxy
can be observed even when ¢ = 1 and kiaa = kBB if the values of Ay

kAB. kBa kBB, and kaa kBB are quite different.  Although values of ¢
can be obtained from plots of oxidation rate vs. [A] or [B] by curve fitting.
values af k34 4 BB cannat be obtained unless the ratio ka4 kBB can he
independently measured However, the presence of a sharp minimum in
the rate curve seems fairly diagnostic of large differences in the values of

kiaa. keBR. and or ¢ > 1
) G. A Russell, J. Ao Chem, Soc., 79, 3871 (1457).



