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Abstract�Ozonolysis of isomeric methylcyclohexanols and methylcyclohexanones was studied.

Oxidation of methylcyclohexane with ozone�oxy-
gen mixtures involves formation of isomeric methyl-
cyclohexanols (MCHLs) and methylcyclohexanones
(MCHNs), which subsequently transform into acids
and esters. Previously we studied ozonolysis of cyclo-
hexanol [1], cyclohexanone [2], and 1-methylcyclo-
hexanol [3].

Here we consider ozonolysis of secondary alcohols
(MCHLs) and the corresponding isomeric MCHNs.
The oxidation and analytical procedures are described
in [4].

In ozonolysis of methylcyclohexane (MCH), the
accumulating secondary and tertiary alcohols are ac-
tively consumed. For example, the rate of ozonolysis
of 2-methylcyclohexanol grows from 8.3 � 10�3 to
22.2 � 10�3 mol l�1 min�1 as the temperature is in-
creased from 40 to 100�C ([O3] = 4 vol %).

Ozonolysis of secondary MCHLs yields the corre-
sponding isomeric MCHNs (see table), hydroxy hy-
droperoxides, hydrogen peroxide, esters, and acids
[5, 6]. The composition of the acids was studied in
detail in [7�9]. The selectivity of ozonolysis of iso-
meric MCHLs is higher compared to their oxidation
with oxygen [6, 10�18]; the yields of the target prod-
ucts are given in the table.

Recombination of hydroperoxy radicals and their
reaction with ozone can yield hydroxyalkoxy radicals,
which isomerize to form mono- and dicarboxylic acids
[19�22]. The acids are also formed by reaction of
hydroxy hydroperoxides derived from MCHLs with
ozone [6, 15, 16]. The RO� radical is also a source of
acids at elevated temperatures. It is formed from the
adduct 2ROH �H2O2 [18] with the activation energy
of 19 kJ mol�1. In the developed ozonolysis of iso-
meric MCHLs, the accumulating MCHNs are actively
oxidized into acids [20�22] and lactones.

The abnormally high reactivity of ozone toward

nonassociated primary and secondary alcohols [8, 9],
along with the reactivity of ozone with alcoholic C�H
bonds, discussed in this paper, may also be due to
concerted detachment of hydrogen from the alcoholic
hydroxy group with ozone [23]:
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Yield of ozonolysis products of secondary MCHLs*
([O3] = 4 vol %)
����������������������������������������

T,
� MCHL � Acid content, � Yield of MCHN

�C
� conver- � mol % relative � based on con-
� sion, % � to sum of acids � verted MCHL, %

����������������������������������������
4-MCHL

40 � 10 � 80 � 79
� 25 � 76 � 75

80 � 10 � 79 � 83
� 25 � 74 � 73

100 � 10 � 83 � 75
� 25 � 71 � 72
� 50 � � 66

2-MCHL

40 � 10 � 93 �
� 25 � 90 �

80 � 10 � 89 � 80
� 25 � � 75

100 � 15 � 88 � 74
� 30 � 87 � 63

2-MCHL

80 � 10 � 75 � 68
� 25 � 72 � 42

����������������������������������������
* Major products: 4-MCHL, �-methyladipic acid and 4-methyl-

cyclohexanone; 2-MCHL, �-ketoenanthic acid and 2-methyl-
cyclohexanone; and 3-MCHL, sum of �- and �-methyladipic
acids and 3-methylcyclohexanone.
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This reaction is exothermic (�H �46 kJ mol�1

[23]) at the C�H bond energy of 360 kJ mol�1. Simple
hydrogen detachment from the C�H group is endo-
thermic (�H 40 kJ mol�1). Most probably, ozone
reacts with alcohols not only by the radical mechan-
ism discussed above, but also by the mechanism of
1,3-dipolar insertion. The primary molecular product,
MCHL hydrotrioxide, can be formed by the mechan-
ism of the hydride ion transfer, with formation of an
intermediate ion pair:
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In ozonolysis of methanol, the activation energy of
formation of the related ion pair is about 5 kJ mol�1

[24]. The ionization potential and hence the probabil-
ity of formation of ion pairs are determined by the
structure and concentration of the starting alcohols
and by the polarity of the medium. In formation of the
intermediate cyclohexanol hydrotrioxide or isomeric
secondary MCHLs, the transition state will be stabi-
lized owing to formation of a relatively stable six-
membered ring:
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The mechanisms of ozonolysis of cyclohexanone
and isomeric MCHLs are similar [2]. The major reac-
tion products are lactones and acids. �-Keto hydrotri-
oxide, polyozonides, and isomeric methyl-1-hydroxy-
cyclohexan-2-ones and methyl-1,2-cyclohexanediones
are accumulated in smaller amounts.

The mechanism of their formation is schematically
shown below:
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At lower temperatures (15�20�C), the yield of
lactones reaches 52% [25]. As the temperature is ele-
vated (40�80�C), the reaction selectivity with respect
to acids grows by 12�16% compared to oxidation
with oxygen. Ozonolysis of 4-methylcyclohexanone
yields mainly �-methyladipic and �-methylglutaric
acids [20�26]. In acidic products of 3-methylcyclo-
hexanone ozonolysis, the major components are �-
and �-methyladipic and �-methylglutaric acids [6].
In ozonolysis of 2-methylcyclohexanone, the major
acidic products are �-methyladipic, �-ketoenanthic,
and caproic acids. Formation of acids [15, 21] at ele-
vated temperatures presumably occurs via isomeric
�-keto oxy radicals tending to isomerize with ring
opening:
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Ozonolysis of MCHNs is more selective than their
oxidation with oxygen [14].

CONCLUSIONS

(1) Ozonolysis of isomeric secondary methylcy-
clohexanols to the corresponding isomeric methyl-
cyclohexanones is more selective than oxidation with
atmospheric oxygen.

(2) Ozonolysis of isomeric methylcyclohexanones
mainly yields lactones and acids: monocarboxylic,
dicarboxylic, and keto carboxylic.
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