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Effect of acetonitrile on the catalytic decomposition of hydrogen peroxide
by vanadium ions and conjugated oxidation of alkanes
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The rate of hydrogen peroxide decomposition in acetonitrile in the presence of a vanadate
anion and pyrazine�2�carboxylic acid decreases remarkably when alkane (cyclohexane,
n�heptane, isooctane) is added to the reaction solution. The alkane added is oxidized by this
system to alkyl hydroperoxide. This is explained by the fact that much more hydrogen peroxide
molecules are consumed to acetonitrile oxidation with formation of the final products, which is
suppressed considerably by additives of necessary amounts of alkane, than those consumed to
the oxidation of cyclohexane to form cyclohexyl hydroperoxide. In an organic solvent, H2O2
decomposes in a non�chain radical process.
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It is known1—3 that in an aqueous solution the photo�
chemical decomposition of hydrogen peroxide and many
reactions of its catalytic decomposition by ions and com�
plexes of transition metals are chain�radical processes. In
these processes, chain mediators are, in particular, hydr�
oxyl (HO•) and hydroperoxyl (HO2

•) radicals. Chain
propagation steps in the photochemical process are de�
scribed by the following reactions:

HO• + H2O2
  H2O + HO2

•, (1)

HO2
• + H2O2

  HO• + O2 + H2O. (2)

Transition metal ions (Mn+) often catalyze reaction (2)
in addition to their involvement in the chain initiation step

HO2
• + Mn+  H + O2 + M(n–1)+, (3)

M(n–1)+ + H2O2
  Mn+ + HO– + HO•. (4)

The addition of some organic substances to these sys�
tems decreases the rate of hydrogen peroxide decomposi�
tion without changing the initiation rate. This is related to
a change in the mechanism of chain termination: the
interaction of the organic substance with hydroxyl radi�
cals results in the formation of secondary radicals that are
less reactive in chain propagation steps but are efficient in
chain termination processes. The degree of suppression of
a chain process should depend on the reactivity of sec�
ondary radicals. Only in the case where they are inactive
in chain propagation reactions, the chain process is sup�
pressed completely, and the rate of organic substance
oxidation corresponds to the initiation rate. Hydrogen

peroxide decomposition is inhibited in an aqueous solu�
tion, as a rule, at concentrations of organic substances
much lower than the H2O2 concentration due to their
higher reactivity (compared to H2O2) toward HO• radi�
cals and to the chain character of decomposition.

Evidently, in an organic solvent, whose molecules, as
a rule, interact rather efficiently with hydroxyl radicals,
chain processes of hydrogen peroxide decomposition are
impeded by a conjugated process of solvent oxidation.
This also concerns chain�radical reactions of decomposi�
tion of organic peroxides and any radical reactions in
which free radicals that formed can interact with solvent
molecules. Therefore, it seemed of interest to analyze the
decomposition of hydrogen peroxide by vanadium(V) ions
in acetonitrile producing hydroxyl radicals.4—9

We showed that the initial rate of decomposition of
hydrogen peroxide (0.5 mol L–1), introduced into aceto�
nitrile as a 38% aqueous solution, at 50 °C in the presence
of catalyst Bun

4NVO3 (5•10–4 mol L–1) and cocatalyst
pyrazine�2�carboxylic acid (PCA; 2.5•10–3 mol L–1)
is equal to 2•10–4 mol L–1 s–1. Under these con�
ditions, the rate of molecular oxygen evolution is
0.6•10–4 mol L–1 s–1. Therefore, hydrogen peroxide is
consumed to the oxidation of components of the reaction
solution with a rate of 0.8•10–4 mol L–1 s–1. The oxida�
tion of the solution components during the reaction is
indicated by the formation of such products as formalde�
hyde, CO, and formic acid. Their yield increases with the
reaction time8 but remains low. Other oxidation products
were not identified. Two substances that can be oxidized
under these conditions are PCA and acetonitrile. Taking
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into account that the oxidizing effect of the system con�
sidered is caused by the generation of hydroxyl radicals, it
should be assumed that acetonitrile is mainly oxidized.
Indeed, even accepting that the rate constant of the reac�
tion of PCA with HO• is 1.0•1010 L mol–1 s–1, we have
that the ratio of the reaction rates of HO• with PCA and
MeCN does not exceed 0.07, because it is known10 that
k(HO• + MeCN) = 2.2•107 L mol–1 s–1. In fact, it is
likely that k(HO• + PCA) < 1.0•1010 L mol–1 s–1.

We previously9 took into account the possibility of
withdrawing hydroxyl radicals by acetonitrile when ana�
lyzed the influence of the initial concentration of cyclo�
hexane (CyH) on the rate of formation of cyclohexyl
hydroperoxide (CyOOH). The analysis was based on as�
sumptions that the presence of cyclohexane exerts no
effect on the rate of hydroxyl radical generation, and sec�
ondary radicals formed from CyH and acetonitrile are not
involved in the chain decomposition of hydrogen per�
oxide. This analysis allowed us to conclude that at a high
cyclohexane concentration the rate of formation of
cyclohexyl hydroperoxide tends to the rate of generation
of hydroxyl radicals by the system, i.e., to the initiation
rate. If these assumptions are valid, then CyH additives
should not affect the rate hydrogen peroxide decomposi�
tion. However, our experiments showed that cyclohexane
additives decrease the rate of hydrogen peroxide decom�
position under the above�indicated conditions. For in�
stance, in the presence of cyclohexane (0.46 mol L–1),
the rates of H2O2 decomposition and O2 evolution de�
crease to 0.9•10–4 and 1.5•10–5 mol L–1 s–1, respectively,
from 2•10–4 and 6•10–5 mol L–1 s–1 in its absence. In
this case, the rate of formation of the main oxidation
product (cyclohexyl hydroperoxide) is equal to 1.5•10–5

mol L–1 s–1, which is 70% of the initiation rate.9,11 With
an increase in the initial concentration of CyH, the rate
of dioxygen evolution tends to zero, and the rate of
hydrogen peroxide decomposition tends to a doubled
rate of CyOOH formation, i.e., the empirical reaction
of catalytic cyclohexane oxidation corresponds to the
equation

2 H2O2 + CyH = 2 H2O + CyOOH. (5)

These data show that the oxidation of one acetonitrile
molecule induced by hydroxyl radicals results in the de�
composition of about ten H2O2 molecules, 50% of which
are consumed to the oxidation of MeCN, and the second
half is consumed to H2O2 decomposition accompanied
by molecular oxygen evolution. It should be noted that
the additional consumption of hydrogen peroxide in the
oxidation of MeCN cannot be related to the induction of
chain H2O2 decomposition by radicals formed from aceto�
nitrile. In fact, if the radicals formed from MeCN induce
the chain decomposition of hydrogen peroxide involving
HO• radicals, then the rate of removal of hydroxyl radi�

cals from the process due to their interaction with aceto�
nitrile would be lower than the rate calculated as

WMeCN = k(HO• + MeCN)•[MeCN]•[HO•], (6)

because of HO• regeneration in subsequent steps. In this
case, one of the main assumption of the scheme of com�
petitive interaction of hydroxyl radicals with MeCN and
cyclohexane would be violated.9 Therefore, first, the ratio
of rate constants

k(HO• + MeCN)/k(HO• + CyH), (7)

determined by the competitive method from the plot of
the rate of cyclohexyl hydroperoxide formation vs. cyclo�
hexane concentration should be lower than the ratio cal�
culated from the radiation chemical data on the rate con�
stants of the reactions of HO• with these substrates. Sec�
ond, a difference between ratio (7) determined in photo�
chemical (in the absence of catalyst) and catalytic (in the
presence of catalyst) experiments should be expected, be�
cause the involvement of a catalyst in the chain propaga�
tion cycle seems highly probable. Third, the experimental
dependence of the rate of cyclohexyl hydroperoxide for�
mation on the cyclohexane concentration should not cor�
respond, generally speaking, to the dependence predicted
in the framework of the simplest competitive model.9 In
fact, the ratio of constants corresponds to that calculated
from the radiation chemical data. Since this ratio is al�
most the same for photochemical and catalytic experi�
ments,11 we can assert that the experimental data corre�
spond to the simplest competitive scheme. Therefore, we
believe that the additional consumption of hydrogen per�
oxide for acetonitrile oxidation to final products is not
related to the induction of chain H2O2 decomposition by
radicals formed from MeCN. This chain decomposition
is accompanied by the generation of HO• radicals.

Since in acetonitrile the rate of possible chain propa�
gation (1) is much lower that the rate of the reaction of
HO• radicals with MeCN (i.e., chain termination rate),
the catalytic decomposition of hydrogen peroxide by va�
nadium ions is a radical but not chain process. The main
channel of O2 evolution in the reaction is presented by
secondary processes of acetonitrile oxidation by hydrogen
peroxide, because the rate of O2 evolution decreases with
a decrease in the rate of acetonitrile oxidation. Under the
conditions studied ([Bun

4NVO3] = 5•10–4 mol L–1,
[PCA] = 2.5•10–3 mol L–1, [H2O2] = 0.5 mol L–1, 50 °С),
in the absence of cyclohexane additive, a high consump�
tion of H2O2 calculated to oxidized MeCN molecule is
observed. Additives of CyH decrease considerably the con�
sumption of H2O2 followed by the formation of the target
product of alkane oxidation, viz., CyOOH. This is dem�
onstrated by the presented below results of experimental
measurements and estimation calculations of the rate of
hydrogen peroxide decomposition (WH2O2

) and cyclo�
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hexane oxidation (WCyH) at different alkane concentra�
tions. For example, at [CyH] = 0.92 mol L–1 and using
38% H2O2 in the initial reaction period, approximately a
half of the whole amount of H2O2 is consumed to the
oxidation of CyH, whereas the second half is consumed
to the oxidation of MeCN and formation of O2.

[CyH]0 WH2O2
•104 WCyH•104

/mol L–1
mol L–1 s–1

0 2.0 0
0.46 0.9 0.15
0.92 0.7 0.175
1.84 0.6 0.19

At a high cyclohexane concentration, acetonitrile, be�
ing an acceptor of HO• radicals, effects neither the rate of
H2O2 decomposition, nor the rate of cyclohexane oxida�
tion. Taking into account the stoichiometry of cyclohex�
ane oxidation (Eq. (5)) and the fact that cyclohexyl hydro�
peroxide is not formed9 when argon is vigorously passed
through the reaction solution (i.e., in the absence of O2),
one should accept that oxygen necessary for the reaction
is formed in required amounts when hydrogen peroxide
decomposes in the catalytic cycle. Based on this, we can
propose a mechanism of hydrogen peroxide decomposi�
tion and cyclohexane oxidation at a high concentration of
the latter when all hydroxyl radicals formed interact with
alkane (Eqs (8)—(16)).

V5+ + H2O2  Complex (8)

Complex  V4+ + H+ + HO2
• (9)

V5+ + HO2
•  V4+ + H+ + O2 (10)

V4+ + H2O2
  V5+ + HO– + HO• (11)

HO• + CyH  H2O + Cy• (12)

Cy• + O2
  CyOO• (13)

CyOO• + V4+ + H+  CyOOH + V5+ (14)

CyOO• + HOO•  CyOOH + O2 (15)

CyOO• + H2O2
  CyOOH + HOO• (16)

The formation of CyOOH in reaction (15) cannot be
excluded, and reaction (16) is hardly possible. First, its
rate constant is low. Second, if this reaction occurs, then
the chain process of CyOOH formation should inevitably
proceed through the sequence of steps (10)—(13), which
contradicts the main assumption of the scheme of com�
petitive interaction of hydroxyl radicals with acetonitrile
and cyclohexane.9 The latter scheme satisfactorily de�
scribes the experimental data.9

We found that other alkanes, viz., n�heptane and iso�
octane (2,2,4�trimethylpentane), similarly affect the pro�

cess. Additives of these hydrocarbons suppress cyclohex�
ane oxidation (the initial rate of CyH oxidation decreases
by ~3 times). The influence of an isooctane additive on
the yield of CyOOH can be described by the simplest
competitive scheme assuming that secondary radicals are
not involved in H2O2 decomposition. An analysis of the
obtained experimental data made it possible to determine
the ratio of rate constants

k(HO• + isooctane)/k(HO• + CyH) = 1.16±0.06,

which agrees well with the parameter calculated from the
radiation chemical experiments (1.15).10

It is of interest that methanol additives decrease the
rate of hydrogen peroxide decomposition to a noticeably
less extent than alkanes do. For example, when its con�
centration is 0.5 mol L–1, the rate of H2O2 decomposition
decreases only by 30%. The reason for this phenomenon
is not related to the difference of rate constants of the
reactions of HO• radicals with MeOH and cyclohexane.
Indeed, the rate constants of these reactions are close10:
(8.4±1.7)•108 and 1.25•109 L mol–1 s–1, respectively.
A less efficient decrease in the rate of hydrogen peroxide
decomposition by methanol additives compared to al�
kanes is caused, most likely, by the fact that the radicals
formed from MeOH induce the chain process of H2O2
decomposition involving hydroxyl radicals (see, in par�
ticular, reactions (1) and (2)), which cannot be done by
saturated hydrocarbons.

Thus, based on the obtained results, we can conclude
that the decomposition of hydrogen peroxide in the or�
ganic solvent (acetonitrile) with formation of hydroxyl
radicals proceeds via the non�chain radical mechanism.

Experimental

Experiments were carried out in glass cylindrical vessels tem�
perature�controlled using water jackets. Reactions were carried
out at 50 °С in air (no special protection from air penetration
into a reaction vessel was carried out). The volume of a reaction
solution was 5 mL. Samples of the reaction solution (0.2 mL)
were taken at certain time intervals, treated with excess solid
triphenylphosphine for 10 min, and analyzed by GLC. After the
solution was reduced with triphenylphosphine, alkyl hydroper�
oxide converted to the corresponding alcohol in ~100% yield.
An LKhM�80�6 chromatograph (columns 2 m long containing
5% Carbowax 1500 on Inerton AW�HMDS (0.25—0.315 mm);
argon as carrier gas) was used. In experiments determining the
rate of molecular oxygen evolution, the volume of the evolved
gas was measured by the volumetric method. The concentration
of H2O2 was determined spectrophotometrically after addition
of titanium(IV) sulfate.12
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Mechanisms of the Most Important Chemical Reactions
and Processes").
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