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Carboxylic acid esters resulting from the liquid�
phase oxidation of hydrocarbons and their oxygen
derivatives [1, 2] can enter into free�radical chain pro�
cesses involving both the acyl and alkoxyl moieties
[1, 3, 4]. The electron�withdrawing functional group
affects the mechanisms of formation and transforma�
tion of the intermediates (peroxyl radicals and hydro�
peroxides) and also the reactivity of the C–H bonds
nearest to this functional group [1, 3, 4]. It was shown
for the reactions of tert�butylperoxy radicals with
cyclohexyl acetate at 333 K [5] that the ester group
activates the α�C–H bonds and substantially deacti�
vates the β� and γ�C–H bonds of the alkoxyl moiety
with respect to the peroxyl radicals. Although there
have been many works devoted to ester oxidations (see
monograph [1] and review [3]), the influence of the
functional group on the reactivity of various types of
C–H bonds in the acyl moiety remains unclear. The
discovery of a new mechanism and new products of the
oxidation of carbonyl�containing compounds at the
β�C–H bonds [6–8] makes disputable the results of an
earlier study [9] in which the relative reactivity of the
C–H bonds of methyl hexanoate were determined
from the composition of the alcohols that resulted
from the reduction of the oxidation products of this
ester with lithium aluminum hydride at 413 K. 

The purpose of the present work is to determine,
using methyl hexanoate as an example, the reactivity
of the main types of C–H bonds in the acyl moiety of
the ester toward the tert�butylperoxy radical at 373 K.

EXPERIMENTAL

Methyl hexanoate (analytical grade) was purified
by vacuum distillation in flowing argon. According to

GLC data, the product contained 99.5 ± 0.1% methyl
hexanoate. 

tert�Butyl hydroperoxide (TBHP) was synthesized
and purified by a standard procedure [10]. As deter�
mined by iodometry, the synthesized compound con�
tained at least 99.3 ± 0.2% hydroperoxide. Peroxide
compounds were quantified by a colorimetric method
using a reagent containing Fe2+ ions and N,N�dime�
thyl�para�phenylenediamine [11].

The reference substances necessary for gas chro�
matographic identification of methyl hexanoate oxi�
dation products were synthesized using standard
methods. 2�Hydroxyhexanoic acid was obtained by
the hydrolysis of 2�bromohexanoic acid [12]. Accord�
ing to GLC data, the 2�hydroxyhexanoic acid content
of the product was 99.3 ± 0.2%. Methyl 6�hydroxy�
hexanoate was obtained by heating ε�caprolactone
with water in a sealed tube followed by the esterifica�
tion of the carboxyl groups with diazomethane.
2�Hexenic acid was synthesized by the Knoevenagel
condensation of butanal and propanedioic acid in the
presence of pyridine [13] and was purified by consec�
utive recrystallization from water and an ethanol–
water (1 : 1) mixture. The melting point of the product
was 32°С (reference value: 32–33°С [13]). 2,3�Epoxy�
hexanoic acid was obtained by treating 2�hexenic acid
with a 30% aqueous solution of hydrogen peroxide in
the presence of Na2WO4 [14]. The purity of the result�
ing acid, according to the GLC analysis of its methyl
ester, was at least 95.0 ± 0.5%. 2,3�Dihydroxyhexanoic
acid was synthesized by the oxidation of 2�hexenic
acid with potassium permanganate [15]. According to
GLC data, the purity of the product was 99.3 ± 0.2%. 

The kinetics of gas uptake in methyl hexanoate oxi�
dation with dioxygen was studied by the Howard–
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Ingold method using a manometric setup. The exper�
iments were carried out under kinetically controlled
dioxygen uptake conditions. The mixed initiation
method was used, in which cumyl peroxide (CP) and
tert�butyl hydroperoxide served as initiators. The
kinetics of the accumulation of methyl hexanoate oxi�
dation products was studied by analyzing oxidized
substrate samples.

Prior to performing GLC analysis, isomeric methyl
2�, methyl 4�, methyl 5�, and methyl 6�hydroperoxy�
hexanoates, as well as methyl 2,3�dihydroperoxyhex�
anoate, were converted to the corresponding hydroxyl
derivatives by treating them with triphenylphosphine
[16, 17]. Thereafter, methyl 2�, methyl 4�, and methyl
5�hydroperoxyhexanoates were analyzed on a column
packed with 15% silicone rubber Carbowax�6000 on
Chromatone N�AW�DMCS using methyl tetrade�
canoate as the internal standard. Methyl 6�hydroxy�
hexanoate was determined as methyl 6�acetyloxyhex�
anoate (after its acetylation with a pyridine–acetic
anhydride (1 : 1) mixture) on a column packed with
5% silicone rubber SE�30 on Chromatone N�AW
using dimethyl decanedioate as the internal standard.
Methyl 2,3�dihydroxyhexanoate was analyzed on a
column packed with 5% silicone OV�17 on Chroma�
tone N�AW�super (dimethyl decandioate as the inter�
nal standard).

Prior to performing GLC analysis, methyl 2�hex�
enoate was converted to methyl 2,3�dibromohex�
anoate via a standard procedure [18]. A column
packed with Sp�2100 on Chromatone N�AW�super
was used in the analysis (methyl dodecanoate as the
internal standard).

Methyl 2,3�epoxyhexanoate was determined in
triphenylphosphine�unreduced aliquots of the sample
on a column packed with 15% silicone rubber Carbo�
wax�6000 on Chromatone N�AW�DMCS (methyl
tetradecanoate as the internal standard).

Prior to GLC determination, free hexanoic acid
was extracted from oxidized methyl hexanoate by
treating an aliquot of the sample with the AB�17P

anion�exchange resin in  form under static
exchange conditions [17, 19].Thereafter, the resin was
thoroughly washed with hexane to remove methyl
hexanoate (with GLC monitoring), and the acid was
converted into methyl hexanoate directly on the resin
by treating it with a 10% СН3I solution in hexane [19].
After concentrating in a vacuum created by a water�jet
pump, the resulting methyl hexanoate was analyzed
on a packed column packed with the 20% diethylene
glycol succinate phase on Chromatone N�AW�
HMDS (methyl octanoate as the internal standard).

The optimal values of kinetic parameters were
determined from the dependence of the О2 uptake rate
on [CP] at a constant [TBHP] value using a least�
squares based program. The objective function was
optimized by the Fletcher–Reeves conjugate gradient
method. 

3HCO−

RESULTS AND DISCUSSION

In order to calculate the partial rate constants for
the interaction of the tert�butylperoxy radical with the
C–H bonds of methyl hexanoate, it was necessary to
determine the empirical rate constant for the reaction
between the tert�butylperoxy radical and the ester
under Howard–Ingold method conditions and to
identify the products so as to determine the direction
of oxidation. 

The radical chain oxidation of methyl hexanoate
(RH) under conditions of mixed initiation with CP
and TBHP can be presented as follows: 

 (I)

 (II)

 (III)

 (IV)

 (V)

 (VI)

(VII)

 (VIII)

where kd is the rate constant of the decomposition of
the initiator, wi,TBHP is the initiation rate due to the
decomposition of TBHP (mol L–1 s–1), kem is the
empirical rate constant of the reaction between the
tert�butylperoxy radical and methyl hexanoate
(L mol–1 s–1), kt and k' are the rate constants of the
recombination of tert�butylperoxy radicals with and
without chain termination, respectively (L mol–1 s–1).
At 323 K, kt/k' = 8.1 [20].

Under these conditions, the rate of radical chain
oxidation, wrc, is given by the equation

 (1)

where wi,CP is the initiation rate due to the decomposi�
tion of CP (mol L–1 s–1).

The constant kem can be expressed in terms of the
partial rate constants for the abstraction of hydrogen
atoms from different positions in the methyl hex�
anoate molecule by the tert�butylperoxy radical (kН)
and in terms of the number of these atoms (ni):
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According to reaction (I), wi,CP is described by the
equation

 (3)

The constant ki,CP is related to the initiator decompo�
sition rate constant kd,CP and to the coefficient of rad�
ical escape to the bulk, e, by the following equation
[21]:

 (4)

A known relationship [22] was used in the calculation
of 2kt:

 (5)

where the factor 42.7 has dimensions of kJ/mol.
Hence, at 373 K, 2kt = 14.734 × 103 L mol–1 s–1.

Several temperature dependences of kd,CP have been
published [21, 23, 24]. Use of these dependences leads to
calculated initiation rates differing by one order of mag�
nitude. The value wi,CP = 1.78 × 10–8 mol L–1 s–1 was
obtained by determining the rate of inhibitor (ionol)
consumption in the CP�initiated oxidation of methyl
hexanoate (373 K, [RH] = 6.46 mol/L, [CP] =
0.006 mol/L). This value agrees well with wi,CP =
1.77 × 10–8 mol L–1 s–1 value, which was calculated
using the following relationship [23]:

 (6)

where the factor 144.3 has dimensions of kJ/mol. At
373 K and е = 0.6, ki,CP = 2.94 × 10–6 s–1 [23].

[ ]i,CP i,CP CP .w k=

i,CP d,CP2 .k ek=

t ,log 2 10.15 42.7 2.303k RT= −

d,CP ,log 14.63 144.3 2.303k RT= −

If corrections for dioxygen evolution in reactions
(VII) and (VIII) are applied [21], the constant wrc will
be related to the gas uptake rate  by the equation

 (7)

The conditions for correct application of Eqs. (1)
and (7) are the complete replacement of the peroxyl
radicals of the compound being oxidized, initiator,
and tert�butyloxy radicals by tert�butylperoxy radicals
via reactions (III), (IV), and (VI) and the stability of
the peroxide products of the oxidized compound (the
absence of degenerate branching). It is known that a
rather high tert�butyl hydroperoxide concentration is
necessary to fulfill the first condition. For this reason,
we initially studied the influence of the TBHP con�
centration on the oxygen uptake rate in the oxidation
of methyl hexanoate (373 K, [RH] = 6.46 mol/L,
[CP] = 0.006 mol/L).

The dependence of  on [THBP]2 (Fig. 1) is
linear starting at [TBHP] = 0.35 mol/L, when the
aforementioned radicals are almost completely
exchanged for tert�butylperoxy radicals. 

The kinetics of accumulation of all peroxide com�
pounds formed under the conditions of the CP�initi�
ated oxidation of methyl hexanoate (373 K, [RH] =
6.46 mol/L, [CP] = 0.006 mol/L) was studied to esti�
mate the stability of the peroxide compounds of oxi�
dized methyl hexanoate. It can be seen from Fig. 2 that
the concentration of the peroxide compounds
depends linearly on the reaction time and, hence, the
peroxide products resulting from methyl hexanoate
oxidation at 373 K do not decompose at any notice�
able rate.
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Fig. 1. Oxygen uptake rate in the oxidation of methyl hex�
anoate initiated by cumyl peroxide and tert�butyl hydrop�
eroxide versus the tert�butyl hydroperoxide concentration
(373 K, [RH] = 6.46 mol/L, [CP] = 0.006 mol/L). 

0.03

0.02

0.01

30252015105
Time, h

Concentration, mol/L

Fig. 2. Kinetics of the accumulation of the sum of the per�
oxide compounds resulting from methyl hexanoate oxida�
tion initiated by cumyl peroxide ([CP] = 0.006 mol/L) at
373 K ([RH] = 6.46 mol/L).
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The parameter kem(2kt)
–0.5, which is necessary for

calculation of the empirical rate constant for the reac�
tion between the tert�butylperoxy radical and methyl
hexanoate, was determined from the results of experi�
ments on methyl hexanoate oxidation (373 K, [RH] =
6.46 mol/L, [TBHP] = 0.5 mol/L) at CP concentra�
tions varied between 0.001 and 0.006 mol/L. The
results of these experiments and the results of data fit�
ting to Eqs. (1) and (7) are presented in Table 1.

The composition of the oxidation products should
be known for estimation of the partial rate constants
for the interaction of the tert�butylperoxy radical with
different types of C–H bonds of methyl hexanoate. A
methyl hexanoate molecule has six types of C–H
bonds (five types in the acyl moiety and one in the
alkoxyl moiety). The interaction of the tert�butylper�
oxy radical with the α�, γ�, δ�, and ε�C–H bonds of
the acyl moiety of the ester and with the C–H bond of
the alkoxyl moiety yields hydroperoxides 1–5:

(IX)

The reduction of products 1–4 with triphenylphosphine yields the corresponding hydroxy esters, for example,

(X)

The reduction of product 5 results in the formation of hexanoic acid and formaldehyde:

(XI)

It has recently been demonstrated that the oxida�
tion of carbonyl�containing compounds (including
esters) at the β�C–H bonds yields α,β�unsaturated
compounds [6–8, 25] and their oxides [7, 25]. The
oxidation of methyl hexanoate via these mechanisms
should result in the formation of methyl 2�hexenoate
and methyl 2,3�epoxyhexanoate (routes а and b in the

scheme presented below). The observation of the pre�
cursor of these compounds, namely, carbon�centered
radical А [6–8, 25] suggests the possibility of its trans�
formation (via interaction with oxygen and the sub�
strate) into methyl 2,3�dihydroperoxyhexanoate. The
reduction of the latter gives methyl 2,3�dihydroxyhex�
anoate (route c):
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(XII)

The study of the composition of the products of the
CP�initiated oxidation of methyl caproate at 373 K in
the presence of RH (6.46 mol/L), TBHP (0.5 mol/L),
and CP (0.006 mol/L) after their reduction with triph�
enylphosphine indeed revealed the presence of the
above compounds (Fig. 3). It can be seen from Fig. 3
that, under the conditions examined, the concentra�
tions of all products depend linearly on the reaction
time. This means that these products form via compet�
ing parallel reactions, making it possible to calculate
kH (Table 2) provided that kem and the average product
accumulation rates are known. 

The data listed in Table 2 show that kН for the
methylenic α�C–H bonds of the acyl moiety of the
methyl hexanoate molecule is almost 1.7 times lower
than kН = 14.0 × 10–2 L mol–1 s–1 for the δ�C–H bond.
The latter value is likely close to kН for the reactions of
the methylenic C–H bonds of saturated hydrocarbons
with the tert�butylperoxy radical. The values of kН at
373 K are known for the secondary C–H bonds of
cyclohexane (11 × 10–2 L mol–1 s–1 [26]), methylcy�
clohexane (15.5 × 10–2 L mol–1 s–1 for the 3�position
and 6.5 × 10–2 L mol–1 s–1 in the 2�position [26]), and
tridecane (9.5 × 10–2 L mol–1 s–1 [27]). They are close
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Fig. 3. Kinetics of the accumulation of the products of the CP�initiated oxidation of methyl hexanoate: (1) methyl 2,3�dihydroxy�
hexanoate, (2) methyl 6�hydroxyhexanoate, (3) methyl 2,3�epoxyhexanoate, (4) methyl 2�hexenoate, (5) methyl 2�hydroxyhex�
anoate, (6) methyl 4�hydroxyhexanoate, (7) methyl 5�hydroxyhexanoate, and (8) hexanoic acid. Reaction conditions: 373 K,
[RH] = 6.46 mol/L, [CP] = 0.006 mol/L, [TBHP] = 0.5 mol/L.
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to the value of kН obtained for the δ�C–H bond of
methyl hexanoate. The bonds in the β�position also
have a lower reactivity than the methylenic C–H
bonds (Table 2). At the same time, kН for the methoxyl
group is considerably higher than that for the methyl

group (Table 2). The influence of electron�withdraw�
ing functional groups on the reactivity of the C–H
bonds in the α� and β�positions was observed earlier
for the oxidation of cyclohexanol [28], cyclohexyl ace�
tate [5], and butanoic acid [25]:

All of the experimental data obtained can be
explained in terms of the dual effect of electron�with�
drawing functional groups on the interaction of the
C–H bonds with electrophilic peroxyl radicals [3, 5,
25, 28]. On the one hand, the polar effect (inductive
effect + field effect) of the electron�withdrawing func�
tional group decreases the electron density on the
hydrogen atom of the attacked C–H bond, thus low�
ering the probability of interaction with electrophilic
peroxy radicals [3]. Naturally, this deactivating effect

of the electron�withdrawing functional groups weak�
ens on passing from the α�position to the β� and, par�
ticularly, γ�position. On the other hand, electron�
withdrawing oxygen�containing groups, due to the
conjugation effect, can stabilize the transition state,
which is likely closer to the carbon�centered radicals
(B and С). Possibly, the ester group exerts this stabiliz�
ing effect on the α�position of both the acyl and
alkoxyl moieties of the ester molecule:

CH2H2C

H2C

H2C CH2

CH OH

CH2H2C

H2C

H2C CH2

CH O C
O

CH3

CH3 CH2 CH2 C
O

OHα
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δ α α β
β

β

β

γ

γ

γ

γδ

CH2H2C

H2C

H2C CH2

CH OH
β

γ

δ α
β

γ

δ  γ β α δ γ β α γ β α

1.0 0.087 0.068 110.5 1.0 0.21 0.087 5.0 1.0 7.4 5.0

Table 1. Influence of the CP concentration on the oxygen uptake rate in methyl hexanoate oxidation

[CP], mol/L wi,CP × 108, 
mol L–1 s–1

 × 106, 
mol L–1 s–1

wi,TBHP × 108, 
mol L–1 s–1

kem(2kt)
–0.5 × 103, 

L0.5 mol–0.5 s–0.5
kem, L mol–1 s–1 k'/kt

0.001 0.29 2.10 ± 0.25

1.76 2.48 1.18 15.5
0.002 0.59 2.22 ± 0.17
0.003 0.88 2.34 ± 0.32
0.004 1.18 2.58 ± 0.16
0.006 1.77 2.80 ± 0.24

Note: Reaction conditions: 373 K, [RH] = 6.46 mol/L, [TBHP] = 0.5 mol/L.

wO2

Table 2. Partial oxidation rate constants kH and the relative reactivities of different types of C–H bonds in methyl hex�
anoate toward the tert�butylperoxy radical

Type of bond Number 
of bonds

Product accumulation 
rate w × 107, mol L–1 s–1

kH × 102,
L mol–1 s–1

 

experiment data from [9]

Alkoxyl 3 2.8 ± 0.4 6.6 ± 0.9 5.5 –

α 2 2.5 ± 0.5 8.3 ± 1.6 6.9 6.9

β 2 3.4 ± 0.4 11.4 ± 1.3 9.5 2.4

γ 2 4.1 ± 0.7 13.8 ± 2.3 11.5 26.4

δ 2 4.2 ± 0.8 14.0 ± 2.7 11.7 18.3

ε 3 0.52 ± 0.08 1.2 ± 0.2 1.0 1.0

Note: Reaction conditions: 373 K, [RH] = 6.46 mol/L, [CP] = 0.006 mol/L, [TBHP] = 0.5 mol/L.

k
Hi/k

Hz
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The reactivity of the C–H bonds in both α posi�
tions of the ester molecule is determined by the inter�
play of the two opposite electronic effects [3]. The
conjugation effect cannot stabilize the β� or γ�cen�
tered radical, and, hence, only the former (deactivat�
ing) affect can alter the reactivity of the C–H bonds in
these positions.

The data presented in Table 2 also indicates that the
relative reactivity of the β�C–H bonds of methyl hex�
anoate is substantially higher than was assumed earlier
[9]. This is explained by the fact that the products
resulting from methyl hexanoate oxidation at the β�
C–H bonds were determined more thoroughly in this
study. 
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