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Abstract—The effect of the hydroxy group on the partial rate constants of the reactions of the tert-butyl peroxy
radical with CH bonds in cyclohexanol at 333 K was studied by the Howard-Ingold method. The overall reac-
tion rate constant increased with decreasing al cohol concentration in chlorobenzene because of complex effects
of hydrogen bonds at the steps of chain growth and termination. The hydroxy group activates the a-CH bond
and deactivates the 3- and y-CH bonds. The reactivity of 3-CH bondsis close to the reactivity of CH bondsin

cyclohexane.

INTRODUCTION

Secondary alcohols are formed along with ketones
in the liquid-phase oxidation of aiphatic and alicyclic
hydrocarbons with molecular oxygen at the step of
decomposition of secondary hydroperoxides [1-3].
Their subsequent reactions are usually associated with
chain radical oxidation at an activated CH bond at the
o-position with respect to the functiona group.
According to published data [4], the reactivity of the
0-CH bond in 2-propanol toward the “standard” tert-
butylperoxy radical at 303 K is higher than that of sec-
ondary CH bonds in n-hexane at the 2- and 3-positions
by factorsof 16 and 26, respectively. At 353 K, thisrad-
ica reacted with the a-CH bond in cyclohexanol
50 times more rapidly than with the secondary CH
bond of cyclohexane [4, 5]. The reactivity of more dis-
tant CH bonds in secondary alcohols was not studied;
usually, it isassumed to be equal to the reactivity of cor-
responding CH bonds in hydrocarbons. At the same
time, the electron-acceptor properties of the hydroxy
group suggest the deactivation of CH bonds at the 3-
and y-positions by analogy with the effect of the acetyl
group on the reactivity of CH bonds in the cyclohexy-
loxy moiety of cyclohexyl acetate [6].

The aim of this work was to study the reactivity of
CH bonds in cyclohexanol toward the tert-butylperoxy
radical. It is believed that these data will be useful for
understanding the formation of degradation productsin
the liquid-phase oxidation of cyclohexane and cyclo-
hexanol.

EXPERIMENTAL

Cyclohexanol of analytical grade was purified
sequentially by azeotropic digtillation of impurities
with water, treatment with a saturated sodium bisulfite
solution, and vacuum rectification in an argon flow for
the removal of ethers and cyclohexanone. According to

GLC data, the purity of the resulting compound was
99.5 + 0.1%; the concentrations of cyclohexanaol ethers
(GLC) and cyclohexanone (spectrophotometric deter-
mination as 24-dinitrophenylhydrazone) were no
higher than 0.01 and lower than 0.003%, respectively.

tert-Butyl hydroperoxide (TBHP) was synthesized
according to the published procedure [7]. The com-
pound contained 99.3 + 0.2% hydroperoxide as deter-
mined by iodometry.

Cyclohexane of reagent grade and toluene of analyt-
ical grade were purified by rectification in an argon
flow; the concentrations of cyclohexanol and benzyl
alcohol (GLC) in the compounds were no higher than
0.01 and 0.005%, respectively.

The procedures used for the purification of azobi-
sisobutyronitrile (AIBN) and chlorobenzene were
reported elsewhere [6, 8].

The kinetics of gas consumption in the oxidation of
cyclohexanol with molecular oxygen was measured in
a manometric system in the kinetic region of oxygen
consumption under conditions of mixed initiation with
AIBN and TBHP, as described previoudly [6, 8]. Oxi-
dized alcohol samples for studying the compoasition of
products were obtained under the same conditions.

Cyclohexanonein oxidized cyclohexanol was deter-
mined by spectrophotometry after derivatization to
2,4-dinitrophenylhydrazone and by GLC. The condi-
tions of determination were described previously [6].
To determine isomeric cis- and trans-2-, 3-, and
4-hydroxycyclohexyl hydroperoxides, the oxidized
alcohol was preconcentrated at a reduced pressure. Per-
oxide compounds were reduced by treatment with a
50% potassium iodide solution in 0.1 M hydrochloric
acid, extracted with 1,2-dichloroethane, and dried with
anhydrous magnesium sulfate. The extractant was dis-
tilled off, and diols were converted into diacetates by
treatment with an acetic anhydride—pyridine mixture
(1:1)at 373K for 2h[9]. Theidentification and GLC
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determination of the diacetates of isomeric diols were
described elsewhere [6].

Cyclohexyl and benzyl adcohols in the cooxidation
products of cyclohexane with toluene were determined
after acetylation with the use of a column (2000 x 3 mm)
packed with 5% SP-2100 on Chromaton N-AW-Super
at 398 K. Cyclohexanone and benzyl acohol (cyclo-
hexanol and toluene cooxidation products) were deter-
mined (also after the treastment with an acetic anhy-
dride—pyridine mixture) on a column (3000 x 3 mm)
packed with 5% OV-210 silicone on Chromaton N-AW-
Super under conditions of temperature programming.

The optimum values of kv l(2k)™> and Wi roon
were found from the dependence of wg, on [AIBN] at

a constant value of [TBHP] on a personal computer using
aprogram based on the least-squares technique [6].

RESULTS AND DISCUSSION

The radica chain oxidation of cyclohexanol
(R,CHOH) initiated by AIBN and TBHP under condi-
tions of the Howard-Ingold method is described by the
following reaction scheme:

(CH3)2C|:N:N(|:(CH3)2
CN CN
@
k1 AIBN 2(CH3)2C ﬂ»
CN

2(CH4),COOH

2(CH;),C00",
CN

’ (I
ST (CH,),CO’" + (CH,),CO0" + H,0,

(CH3),COOH + R,CHOH
(1)

ki TBHP

ST (CH,),CO’ + R,CHO' + H,0,

(CH;),COO" + (CH;),COOH

CN (IV)

= (CH5),COOH + (CHy);COO",
CN

(CH4),CO’ + (CH,4),COOH V)

— > (CH3),COH + (CH,4),CO0",
R,CHO" + (CH,),COOH
(VI)
— R,CHOH + (CH,),CO0",
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R,CHOH + (CH3)3COO'
o (VII)
4»@,*3)300% R,C’OH 2~ RZCOH
oo
R2(|ZOH — R,C=0+HO,, (VIII)
o]0}
Rz(IZOH + (CH,3),COOH

—+(CH,),COO" + R,C(OH)(OOH),
HO; + (CH,);COOH — - (CH3),CO0" +HOOH, (X)

2(CH3),CO0" > (CH3),COOC(CH,3), + O,, (XI)

2(CH5),C00" ¥+ 2(CH,),CO" +0,.  (XID)

In this case, the rate of radical chain oxidation (w,)
can be expressed by the equation [10]

W, = koveraII(Zkt)—O.S[CHOH]
M

05
X (Wi, aign + Wi 7BHP, + Wi TBHP,)

where k&l s the rate constant of the overall reaction
of the tert-butylperoxy radical with cyclohexanol; this
rate constant is related to the partial rate constants (k:4 )

of hydrogen atom abstraction from CH bonds at differ-
ent positions of the alcohol and to the number (n) of
hydrogen atoms by the equation

koverall — Znik:-'; (2)
k. isthe rate constant of the colligation of tert-butylper-
oxy radicals with chain termination; and W zpx,
Wi tgup, » @Nd W, gyp, are the rate constants of initia-

tion by reactions (1), (11), and (111), which can be calcu-
lated using Egs. (3)—«(5), respectively.

Wi aien = Ki aisn[AIBN], (3)
Wi tBHP, = ki,TBHP[TBHP]Zv “4)
Wi terp, = Ki tnp[ TBHP][CHOH]. (%)

In the calculation of W; 1gp, , We used the value of

k. reup €Qual to 4.0 x 10 | mol-! s!, which was
obtained from published data[6] by Eq. (4) with theuse
of the value W, rppp = 1.0 X 10 | mol~' s (333 K;
[TBHP] = 0.5 M).

The constant k_,;x is related to the rate constant of
decomposition of theinitiator (kg Apx) @nd to the factor
that characterizesradical escape from asolvent cage (€)
by the equation [10]
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Table 1. Effect of TBHP concentration on the parameter k®a!(2k,)5 in the oxidation of cyclohexanol
Wo, x 107, |w x 108, | w, x 108, 7 verdl D} Y05 x 103
[TBHP], mol/l o, i, TBHP, i, TBHP, W, X_Z}O ) - k° - (2k[)_05 X 150 :
mol I s mol s mol It s mol I s~ 199 mol=%° s
0.25 5.60 0.25 1.25 8.02 14.7 34201
0.5 8.10 1.00 250 11.43 15.3 42+0.2
0.7 11.80 1.96 3.50 16.02 17.0 53102
0.9 12.50 3.24 4.50 17.80 15.2 53+0.2
135 14.20 7.29 6.75 22.33 124 53+0.2

Note: Solvent, chlorobenzene; T = 333 K; [R,CHOH] = 1.0 mol/I; [AIBN] = 2.1 x 1073 mol/l.

* W, rgpp, Was obtained by solving Eq. (9).

W,
*% ) = v

isthe chain length.

w + W,

i, TBHP, T Wi

i, AIBN i, TBHP,

ki,AIBN =2e kd AIBN- (6)

The following well-known relations (from [4] and
[10], respectively) were used for calculating 2k; and

| AiBN-

5138.4

IOngt = 1015—m, 7)
_ 15186.5

At 333 K, 2k, = (2.90 + 0.05) x 10° | mol~! s and
ki,AIBN =1.80 x 1075 ¢! (aI e=0.6 [8])

Taking into account corrections for the nonchain
consumption of oxygen and for the release of nitrogen
in reaction (1), as well as for the release of oxygen in
reactions (X1) and (X11), w,, isrelated to the experimen-

tally measured rate of gas consumption (wo,) by the
expression [8, 10]

W, = Wq, +0.5W; pign(K/K —1) + 0.5W, pgn/€

)

+0.5(W; 1gnp, + Wi 1a1p,) (1 + K'/k)),

where K/k; is the ratio between the rate constants of
reactions (X1) and (XIl)—the combination of tert-
butylperoxy radicalswith and without chain termina-
tion, respectively (the value k'/k(323 K) = 8.1 was
used [11]).

An important prerequisite for the correct use of
Egs. (1) and (9) isthe completeness of exchange of for-
eign peroxy and oxy radicals for tert-butylperoxy radi-
cals by reactions (1V)—(VI), (IX), and (X); thisis usu-
ally achieved at a reasonably high hydroperoxide con-
centration [2, 5, 6, §].

Itiswell known that, in the presence of alcohols, the
attack of peroxy and, evidently, oxy radicals at the OH
bond of the hydroperoxide molecule is hindered

because of associate formation due to the hydrogen
bonding

(CH;);COOH + R,CHOH
—= (CH3);C00-H--O-CHR,.
H

Thus, at the first stage, we studied the effect of
TBHP concentration on the completeness of exchange
of the above radicals at the highest concentration of
cyclohexanol equal to 1.0 mol/l. Table 1 summarizes
the experimental data.

Data given in Table 1 indicate that, at [TBHP] =
0.7 mol/l or higher, the value of koverall(2k,)=- reached a
constant (maximum) value. This fact suggests almost
complete exchange of foreign peroxy and oxy radicals
for tert-butylperoxy radicals [6, 8].

It iswell known [2, 5] that in the oxidation of alco-
hols the parameter koverll(2k,)> can depend on sub-
strate concentration. Therefore, we studied the depen-
dence of the rate of chain-radical oxidation of cyclo-
hexanol in a chlorobenzene solution in the presence of
TBHP ([TBHP] = 1.0 mal/l) on AIBN and substrate
concentrations (Table 2).

It can be seen in Table 2 that the parameter
keverall 2k )05 decreases with alcohol concentration.
According to Hendry et al. [5], thisis due to the incom-

plete exchange of HO, , which isthe most active radical
among oxidation chain-propagating radicals, for tert-
butylperoxy radicals. In the majority of publications
summarized in monograph [2], it is believed that a
decrease in the parameter of oxidizability with increas-
ing [R,CHOH] isdueto adecreasein the reactivities of
the alcohol and peroxy radicals in chain propagation
and termination reactions, which are analogous to
(VID—(XII), because of solvation effects.

Data on the AIBN-initiated oxidation of cyclohexanol
in the absence of TBHP (Table 3, figure) indicate that the
above decrease in keverall(2k)03 with increasing dcohol

(XTIT)
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Table 2. Effects of AIBN and substrate concentrations on the rate of cyclohexanol oxidation in the presence of TBHP

[R,CHOH], | Wi oy X 105, | wg, x 107, w, x 107, W, gHp X 198, v koverall(2}¢)=05 x 103,
mol/l mol 172 g2 mol 1= s mol It s mol = s~ |95 mol—05 505

0.1 3.96 0.43 3.70 3.32 5.95 19.1+0.9
8.05 0.98 5.98 5.24
11.87 1.21 7.97 5.24
15.80 1.50 9.96 5.20

0.2 3.96 1.57 5.00 3.74 6.50 109+ 05
8.05 1.65 6.83 5.85
11.87 1.84 8.75 5.60
15.80 2.08 10.70 5.48

0.3 3.96 2.60 6.23 417 7.67 88+04
8.05 3.24 8.60 7.12
11.87 3.80 10.90 6.79
15.80 3.95 17.80 6.39

0.5 3.96 4.60 9.42 5.02 10.50 6.8+04
8.05 6.20 11.96 9.24
11.87 6.61 14.49 8.57
15.80 7.40 16.58 7.95

1.0 3.96 12.30 17.30 7.14 15.60 53+04
8.05 13.20 20.40 13.60
11.87 14.60 23.10 12.12
15.80 17.40 27.60 12.02

Note: Solvent, chlorobenzene; T = 333 K; [R,CHOH] = 0.1-1.0 mol/l; [AIBN] = (2.1-8.4) x 10~ mol/l; [TBHP] = 1.0 mol/I.

Table 3. Experimental data on the AIBN-initiated oxidation of cyclohexanol

W AN X 108, Woz X 107, W, X 107' koveraII(Zk[)—O.S x 103’
[R,CHOH], mal/l ol [ st ol [ s mol -1 v 105 mol 05 g 05
0.1 0.38 0.11 0.08 2.11 1.30+£ 0.05
0.3 0.94 0.24 0.17 181 0.60 £ 0.02
0.5 3.96 0.81 0.53 1.34 0.50+0.01
1.0 15.80 2.86 1.75 111 0.40+£0.01

Note: Solvent, chlorobenzene; T = 333 K; [R,CHOH] = 0.1-1.0 mol/l; [AIBN] = (0.2-8.4) x 10~ 3 mol/l.

KINETICS AND CATALYSIS Vol. 43 No.6 2002
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A plot of the parameter k°V"™(2k,)"0-3 vs. the concentration
of substrate in the oxidation of the cyclohexanol solution in
chlorobenzene at T =333 K (/) in the presence of fert-butyl
hydroperoxide and (2) without it; (/) [TBHP] = 1.0 M,

[AIBN] = (2.1-8.4) x 10~ M; (2) [AIBN] = (0.20-8.4) x
1073 M.

concentration aso occurs in a similar manner without
TBHPR That is, theexchange process cannot play adecisive
rolein the phenomenon under consideration.

Because the known value of 2k; for the tert-butyl-
peroxy radical was determined in the absence of an
acohol, we used the vaue koverdll(2k) 05 = (28.0 + 1.0) x
1072 1%5 mol-9° 593, which was found by the extrapola-
tion of curve 1 (figure) to the zero concentration of

PUCHKOV et al.

cyclohexanol, for calculating kover!, At T = 333 K,
koverall = 1,51 + 0.08 | mol~ s. A comparison of the
obtained value of kevera!! with an anad ogous value for cyclo-

all H al
hexane (kg;/lcerlihexane = 12kcyclihexane; kgllgliha(ane(333 K) =

0.046 | mol-! s!) calculated by the equation [12]

9831.5
2.303T’

indicates that, in the reaction with the tert-butylperoxy
radical, the cyclohexanol moleculeismore highly reac-
tive than the cyclohexane molecule by a factor of ~30.
This fact is consistent with data on the reactions of
cyclohexanol and cyclohexane with the tert-butylper-
oxy radical at 353 K [5].

The partial rate constants of the reactions of tert-
butylperoxy radicals with various CH bonds in cyclo-
hexanol can be evaluated based on k°ver!! and the anal-
ysis of oxidation product composition. Inthiscase, it is
reasonable to convert primary oxidation products (iso-
meric hydroxyhydroperoxides) into more stable non-
peroxide compounds by reduction [13].

The cyclohexanol molecule contains 11 CH bonds
of the following four types: one a-CH bond (1-posi-
tion), four B-CH bonds (2- and 6-positions), four y-CH
bonds (3- and 5-positions), and two &CH bonds
(4-position).

logkedinene = 10.4— (10)

3 2
H,C— CH,
4/v B\J

H,Cs CH— OH
Ra
L—CH

The oxidation of cyclohexanol at the a-CH bond
results in 1-hydroxycyclohexyl hydroperoxide, the dis-
sociation or reduction of which results in cyclohex-
anone [13]:

HaC—CHy
HoC CH_OH’
N
HaC— CH,
(XIV)
HaC— CH, H0, H,C—CH,
RO3, Oy, RH / \ - -OOH +H,0 N
TR ML CTOH W HC o c==0
H,C— CH, 20" H,C—CH,

The interaction of the tert-butylperoxy radical with the 3-, y-, or &CH bonds of cyclohexanal givesisomeric
2-, 3-, or 4-hydroxycyclohexyl hydroperoxide, the reduction of which resultsin 1,2-, 1,3-, or 1,4-cyclohexanediol,

respectively, for example:

HaC—CH, HZ/C—C{-|—OOH HZ/C—C{-|—OH
\ RO3, Oy, RH L HI _ X
HC,~ CH—OH === o CH—OH 3 g HC  CH—OH (XV)

H,C—CH, H,C—CH, H,C—CH;
KINETICS AND CATALYSIS Vol. 43 No. 6 2002
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Table 4. Effect of substrate conversion (x) on the composition of cyclohexanol oxidation products (after reduction and acety-

|ation)
X, %
Determined products 33 5.3 6.4
Cx10% mol/l | C,mol % | Cx10* mol/l C, mol % C x 10%, mol/I C, mol %
Cyclohexanone 320.0+0.3 975 520.0+ 0.5 975 620.0 £ 0.6 97.5
cis-1,2-Diacetoxy- 0.38+0.02 0.26* 0.58 £ 0.03 0.24* 0.68 £ 0.04 0.24*
cyclohexane
trans-1,2-Diacetoxy- 0.46 £ 0.02 0.70+0.04 0.82+0.05
cyclohexane
cis-1,3-Diacetoxy- 0.43+0.02 0.30* 0.66 + 0.03 0.30* 0.89+0.04 0.32*
cyclohexane
trans-1,3-Diacetoxy- 0.55+0.03 0.91+0.05 1.18+ 0.06
cyclohexane
cis-1,4-Diacetoxy- 1.60+0.08 1.90* 250+ 0.12 1.89* 2.80+0.14 1.89*
cyclohexane
trans-1,4-Diacetoxy- 470+ 0.20 7.60 = 0.40 9.30+ 0.50
cyclohexane

Note: T =2333K; [R,CHOH] = 1.0 mol/l; [TBHP] = 1.0 mol/l; [AIBN] = 2.1 x 103 mol/l.
* Total concentration of cisand transisomers.

Table 5. Effect of substrate concentration on the composition of cyclohexanol oxidation products in a chlorobenzene solu-

tion at conversions from 1.9 to 4.3%
[R,CHOH], mal/l
Determined products 10 L5 2.0 4.35
C* y 4 C, Cy Cl

C x 10*, mol/l mol % | Cx 104 mol/l | -~ | C x 10%, mol/l mol % |C X 104 mol/l Mol %
Cyclohexanone 320.0+£03 | 975 | 6300+06 | 975 710.0+0.6 | 976 |780.0+0.7 | 975
cis and trans-1,2-diace-| 0.84+0.04| 025 | 155+0.08 | 0.24 1.75+009| 024 | 1.92+0.09 | 024
toxycyclohexane
cis- and trans-1,3-diace-| 0.98+0.05| 031 | 200+0.10 | 031 226+0.10| 031 | 248+0.12 | 031
toxycyclohexane
cis- and trans-1,4-diace-| 6.30+0.30| 190 | 1230+0.60 | 1.90 | 13.80+£0.70 | 1.90 | 1520+0.80 | 1.90
toxycyclohexane

Note: T =333K; [R,CHOH] = 1.00-4.35 mol/I; [TBHP] = 1.0 mol/I; [AIBN] = 2.1 x 103 mol/l.

* Average value according to datain Table 4.

Indeed, the presence of cyclohexanone and the cis
andtransisomersof 1,2-, 1,3-, and 1,4-diacetoxycyclo-
hexanes was found in a study of the product composi-
tion in the oxidation of a 1.0 M cyclohexanol solution
in chlorobenzeneinitiated by AIBN (0.021 mol/l) in the
presence of TBHP (1.0 mol/l) at 333 K after the reduc-
tion of oxidation products with Kl and acetylation
(Table 4).

It can be seenin Table 4 that the composition of oxi-
dation products is almost independent of cyclohexanol
conversion. Consequently, isomeric hydroxycyclo-
hexyl hydroperoxides, which are formed in competing

KINETICS AND CATALYSIS Vol. 43 No.6 2002

paralel reactions, did not undergo decomposition
under the experimental conditions. The analysis of oxi-
dation products at different cyclohexanol concentra-
tions in chlorobenzene demonstrated that the composi-
tion of the products was almost independent of sub-
strate concentration (Table 5).

The partia rate constants kiH of hydrogen abstrac-

tion by the tert-butylperoxy radical from CH bonds of
different types in cyclohexanol at a concentration of
cyclohexanol approaching zero were calculated from
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Table 6. Partia rate constants of the reactions of various types of CH bonds in cyclohexanol, cyclohexyl acetate, and cyclo-

hexane with the tert-butylperoxy radical at T= 333 K

Cyclohexanol Cyclohexyl acetate** Cyclohexane***
Type
of CH bonds k" x 109, H, H H, H o KT x108 H, H k! x 10°,
! ki / kcyclohexane ki / kcyclohexane ! ki / kcyclohexane cyclohexane
I molts? | molts? I moltst
a 1470+ 20 387.6 101.9 182+15 4.90 38
B 0.90 = 0.06 0.24 0.074 0.31+0.05 0.082
y 117+ 0.09 0.31 0.095 0.52+0.07 0.14
o 143+ 05 3.78 115 3.70+£0.40 0.97

* According to experimental data on cooxidation.
** According to published data [6].
*** According to published data[12].

kverdl and the average yields of products for [R,CHOH] =
1.0 mol/I (Table 6).

A comparison of the resulting k:4 with the partia

rate constants of the reactions of the tert-butylperoxy
radical with CH bonds in cyclohexane (Table 6) dem-
onstratesthat the hydroxy group considerably increases
the reactivity of the a-CH bond and, to a smaller
degree, -CH bonds and considerably decreases the
reactivity of (3- and y-CH bonds.

A similar effect of functional groups was observed
previously in astudy of the reaction of cyclohexy! ace-
tate with the tert-butylperoxy radical [6]. The exception
is provided by the &CH bonds, whose reactivity is
almost equal to the reactivity of CH bondsin cyclohex-
ane (Table 6).

Additional data on the relative reactivity of various
types of CH bonds in cyclohexanol, as compared with
CH bonds in cyclohexane, in the reaction with the tert-
butylperoxy radical were obtained using the method of
competing reactions [6, 12]. This method is based on a
study of the ratio between the yields of substrate con-
version products in cooxidation. Because cyclohexyl
hydroperoxide (after reduction, cyclohexanol) is the
product of cyclohexane oxidation under conditions of
the Howard— ngold method, we studied the cooxidation
of binary mixtures of cyclohexane with toluene at the
first stage and of toluene with cyclohexanol at the sec-
ond stage.

Toluene ([toluene] = 2.1 mol/l) and cyclohexane
([cyclohexang] = 4.4 moal/l) in chlorobenzene with
AIBN (0.01 mol/l) at 333 K were oxidized in the pres-
ence of TBHP (1.0 mol/l) for 390 min. The reaction
mixture after reduction and acetylation contained ben-
zyl acetate and cyclohexyl acetate in the ratio [benzyl
acetate] / [cyclohexyl acetate] = 0.84 + 0.02. Based on
these data, we cal cul ated the ratio between therate con-
stants of overal reactions of the tert-butylperoxy radi-

overall overall

cal with toluene and cyclohexane (Kigjuene /Keyciohexane ) =
1.77 £ 0.04 with the use of the equation [6]

overall
ktoI uene
koveral |
cyclohexane

_ [benzyl acetate] [ cyclohexane]
[cyclohexyl acetate] [tolyene]

(11)

In the oxidation of a mixture of cyclohexanol
([R,CHOH] = 1.17 mol/l) and toluene ([toluene] =
5.17 mol/l) in chlorobenzene under the specified condi-
tions for 350 min, after an analogous treatment, we
found that the ratio of the total yield of alcohol oxida-
tion products (cyclohexanone and the monoacetates of
isomeric diols) to the yield of benzyl acetate equals
1.29 £ 0.03. The ratio between the rate constants of
overall reactions of the tert-butylperoxy radical with

overall overall

Cyclohexanol and toluene (kcyclohe)(anole/ ktoluene) is
5.70 £ 0.06.

Based on the above values of kiyime!Koraheme aNd

overall overall

Keyclohexanole Kioluene @Nd 0N the data on the composition
of cyclohexanol oxidation products, which were used

previously for calculating k:4 (Table 4), we found the

ratios of the partial rate constants of reactions of the
tert-butylperoxy radical with various types of CH
bonds in cyclohexanal to the partial rate constant of the
reaction of this radical with cyclohexane (Table 6). It
follows from the above ratios that, under comparable
conditions, the tert-butylperoxy radical reacts with the
0-CH bond of cyclohexanol at amost the same rate as
with the CH bond of cyclohexane. Previously [6], such
abehavior was observed in a study of the interaction of
cyclohexyl acetate with thisradical.

The oxidation of cyclohexanol, as well as of the
alkoxy moiety of the cyclohexyl acetate molecule, isa
case of homolytic substitution at a hydrocarbon chain
bound to an electron-acceptor substituent. Because of
the polar effect (inductive effect + field effect) of such
asubstituent, the electron density at the hydrogen atom
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of the attacked CH bond decreases. Thus, the probabil-
ity of reactions with electrophilic peroxy radicals
decreases [14]. Moreover, an el ectron-acceptor substit-
uent destabilizes the transition state and the carbon-
centered radicals that are formed when cyclohexanol
attacks CH bondsin the 3- and y-positions.

In the reaction of a peroxy radical with the a-CH
bond, along with the destabilization of the transition
state and hydroxyalkyl radical |1 due to the inductive
effect, they are significantly stabilized by the conjuga-
tion of an unpaired electron with lone electron pairs of
the hydroxy group. Obvioudly, this stabilization is
higher in cyclohexanol than in cyclohexyl acetate (cf. |
and I 1); in the latter compound, the rate constant of the
reaction of the tert-butylperoxy radical with the a-CH
bond is much lower than that for the a-CH bond of
cyclohexanol (Table 6).

H—O=CH=~R=<—-H—0O=CH=~R:
Ia Ib
RC*—0O—CH=R!=— RC*—0O=CH~R!
Ay Ay
IIa IIb

It isimportant that, asin the reaction of the tert-butylp-
eroxy radical with cyclohexyl acetate, the deactivating
effect of an electron-acceptor substituent applies not
only to 3-CH bonds but also to more distant y-CH
bonds.
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