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Abstract—The kinetics of oxidation of diethyl sulfide (Et,S) with hydrogen peroxide (H,0,) in aqueous solu-
tions of acetonitrile (MeCN) was studied using a kinetic distribution method. It was found that the order of
the reaction with respect to the substrate depends on pH and changes from the first at pH 8.06 to nearly zero
at pH 11.02. The initial rates of Et,S consumption increase with pH and linearly depend on the concentrations
of the hydroperoxide anion (HOO™) and MeCN. It was assumed that the reaction involves the nonequilib-
rium formation of peroxyimidate in the slow stage of the interaction of HOO™ with MeCN followed by the

rapid oxidation of Et,S.
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INTRODUCTION

The oxidation of organic sulfides (RSR') is widely
used for the decomposition of active components of
pesticides and toxic substances [ 1], the desulfurization
of hydrocarbons and fuels [2], and the synthesis of sul-
fones and sulfoxides, which are important intermedi-
ates in the synthesis of biologically active compounds
and drugs [3]. The development of systems for the
rapid selective oxidation of RSR' includes the solution
of two main problems: (1) the search for new effective
oxidants that meet the requirements of green chemis-
try and (2) the choice of solvents that significantly
increase the solubility of sulfides, which are often
almost insoluble in water, on the one hand and retain
a high rate of the oxidation on the other hand.

Among the numerous oxidants [4] used for the oxi-
dation of RSR', hydrogen peroxide (H,0,) is the most
environmentally friendly and cheap one. However,
hydrogen peroxide itself has a low activity in the oxi-
dation of sulfides and often requires specific activa-
tion. One of the ways to activate H,0, is its conversion
into peroxo acids using activators such as bicarbonates
[5, 6], borates [7—10], molybdates [11], silicates [12],
nitrites [13, 14], and other compounds [4].

Water—alcohol mixtures are used to increase the
solubility of sulfides and, consequently, the rate of

Abbreviations and designations: RSR', organic sulfides; MeCN,
acetonitrile; RCN, nitriles; ArSMe, aryl methyl sulfides; Et,S,
diethyl sulfide; PH, hydrogen peroxide; PI, activated form of
H,0,, peroxyimidic acid MeC(O,H)=NH, or peroxyimidate
MeC(O,H)=NH"; GLC, gas—liquid chromatography; KDM,
kinetic distribution method.

their oxidation [5, 6, 10]. An alternative method for
increasing the rates of reactions of hydrophobic sub-
strates in water consists in their solubilization with sur-
factants.

In this regard, water/acetonitrile (MeCN) solu-
tions are of particular interest. The use of a
H,0/MeCN mixture should lead to an increase in the
solubility of RSR'. In addition, it is well known that
nitriles (RCN) interact with H,0, in alkaline media to
form short-lived peroxyimidic acids RC(O,H)=NH,
or peroxyimidates RC(O,H)=NH~ [15—17], which
efficiently oxidize alkenes to epoxides [18], amines to
N-oxides [15], and sulfides to sulfoxides and sulfones
[16, 17].

The oxidation of aryl methyl sulfides (ArSMe) by
hydrogen peroxide in the presence of MeCN was stud-
ied in methanol—K,CO; solutions [ 16] and in aqueous
NaOH solutions (0.001—0.002 M) at [H,0,] >
[NaOH] [17]. In the latter system, the rate of thioan-
isole oxidation does not depend on the substrate con-
centration (zero order with respect to ArSMe), but it
linearly depends on [HOO™] and [MeCN]. The
kinetic data were interpreted within the framework of
a mechanism involving the formation of peroxyimi-
date (or peroxyimidic acid) in a slow step and in their
rapid competitive reactions with ArSMe and H,0,
with the formation of sulfoxide and amide, respec-
tively [17].

The aim of this work was to establish the reaction
mechanism and the nature of the active species in the
oxidation of diethyl sulfide by the H,0,/MeCN sys-
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Table 1. Dependences of the initial rates (WMSCN) of Et,S oxidation and the order of reaction with respect to the substrate
(n) on the pH of solutions in the H,0/MeCN system; contributions of the reaction paths with hydrogen peroxide (W¥H)2

and peroxyimidate (WP at [H,0,] =0.006 M

_ wry
pH AR fl 10% n e ong’ W X,llog’ [HOO ]CX 10% [HOO™][MeCN]
Ms Ms Ms M 4wl —1
X 10%, M™'s

8.06 5.8 1.0 5.8 0 0.0434 0
8.63 5.9 0.95 5.8 0.1 0.161 0.32
9.08 6.7 0.54 5.8 0.90 0.451 1.1
9.49 8.4 0.30 5.8 2.6 1.147 1.2
9.97 13 0.25 5.7 7.3 3.34 1.2
10.0 14 0.21 5.6 8.4 3.57 1.2
10.5 29 0.15 5.3 24 9.98 1.3
11.02 60 0.10 4.4 56 23.9 1.2

Reaction conditions: [MeCN] = 0.19 M (1 vol %), NS =84x 1077 mol, reactor volume V=622 mL, A =2.12; o= 0.06, 7= 25°C.
@ Calculation according to Eq. (9) at AH1OOH =27 x 1072 M~ 157!, k100 =041 x 102 M~ 571 pk, = 11.5[6]. P WPT = pMeCN _ pPH,

¢ Calculation according to Eq. (10).

tem. For this purpose, we studied the dependence of
the initial rates of Et,S reactions with hydrogen perox-
ide on the acidity of solution over a wide range of pH
and on the concentrations of H,0, and MeCN.

EXPERIMENTAL
Starting Materials and Reagents

Diethyl sulfide (Et,S) was synthesized in accor-
dance with a published procedure [19]. Twice-distilled
water, a 30% solution of H,0,, H;PO, (chemically
pure grade), and NaOH (chemically pure grade) were
used to prepare working solutions. Acetonitrile was
purified as described elsewhere [20].

Kinetic Measurements

The kinetics of Et,S oxidation in the H,O/MeCN
system was studied by the kinetic distribution method
[21] based on a decrease in the substrate concentration
in a gas phase at [MeCN] > [H,0,] > [ Et,S]. Working
solutions were prepared immediately before kinetic
measurements. A mixture of the vapors of Et,S and
toluene, which was stable under the reaction condi-
tions and used as an internal standard, was introduced
into the gas (air) phase of a thermostatically controlled
shaken catalytic duck reactor (the total volume V =
62.3 cm?). At certain time intervals, gas-phase samples
(0.1 cm®) were taken with a glass syringe through a
hole in the reactor plug closed with rubber and Teflon
septa. Changes in the substrate concentration in the
gas phase were monitored by GLC using an LKhM-80
chromatograph (Russia), a flame-ionization detector,
and a 2-m column with a 5% SE-30 stationary phase
on a Chromaton N-AW support.
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The high frequency of reactor shaking (500 min—')
makes it possible to exclude diffusion complications
associated with the mass transfer of Et,S from the gas
phase to the solution [21].

RESULTS AND DISCUSSION
Observed Kinetics of Diethyl Sulfide Oxidation

According to Lobachev et al. [6], the oxidation
reaction of diethyl sulfide with hydrogen peroxide in
water has the first order with respect to both Et,S and
H,0, in a range of pH 9 to 12. In H,0/MeCN solu-
tions, the reaction order with respect to the substrate
(n) determined by a differential method [22] depends
on pH and varies from the first at pH 8.06 to nearly
zero at pH 11.02 (Table 1).

The rate of consumption of Et,S from the gas phase
in the H,O/MeCN system at a constant pH value lin-
early increased with the concentration of H,O, (Table 2);
in this case, the order of the reaction with respect to the
substrate remained almost unchanged within the mea-
surement accuracy. The rate of the reaction also lin-
early increased with the concentration of MeCN, and
the reaction order with respect to Et,S did not depend
on [MeCN] (Table 3).

Therefore, we used the initial rates of the reaction
in order to analyze Kkinetic data obtained in
H,0/MeCN solutions under various conditions and
compare them with data on the oxidation of Et,S with
hydrogen peroxide in water.
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Table 2. Dependences of the initial rates (WMSCN) of Et,S oxidation and the order of reaction with respect to the substrate

(n) on the concentration of H,0, in HyO/MeCN solutions at pH 10; contributions of the reaction paths W¥H and W *
3 eCN 9 H 9 1 9 4 wrl/
[Hzozllf v WMM S—Xl ol " WPM Z—}O ’ WPM>;_110 [HOOI\}[ “ 17 oo jieryeny
x 104, M1 s~
3 6.9 0.28 2.8 4.1 1.79 1.2
5 12 0.33 4.7 7.3 2.98 1.3
6 14 0.21 5.6 8.4 3.57 1.2
7 17 0.21 6.6 10 4.17 1,3
9 21 0.19 8.5 13 5.36 1.2

* See Table 1 for the reaction conditions.

Table 3. Dependences of the initial rates (WM°CN) and the order of reaction with respect to the substrate (r) on the con-
centration of MeCN for the oxidation of Et,S with hydrogen peroxide at [H,0,] = 0.006 M, pH 10; contributions of the

reaction paths W*H and WFT *

wrl
MeCN], WMeCN 5 109, WP x 10°, WP/[HOO~
[ 19’] [MeCN], M s n b /[5 7“] [HOO~][MeCN]
vol % Ms Ms x 107, s 1
x 104, M1 s~
0.5 0.095 10 0.26 4.4 1.2 1.3
1.0 0.19 14 0.21 8.4 2.4 1.2
1,5 0.29 19 0.22 13 3.8 1.3
2.0 0.38 21 0.25 15 4.3 1.1
2.5 0.48 26 0.24 20 5.7 1.2
5.0 0.95 47 0.22 41 12 1.2

* See Table 1 for the reaction conditions. 2 Calculation at o, = 0.06. ® WFT= pMeCN _ pPH 5 pPH = 56 x 102 M s~!. ¢ [HOO™] =

3.57 x 1074 M.

Calculation of the Rates of Liquid-Phase Oxidation
Reactions of Et,S in H,O/MeCN Solutions

The kinetic distribution method (KDM) was pro-
posed, widely studied, and applied in various versions
to study the reaction Kkinetics of volatile low-soluble
substrates, such as alkanes, in aqueous or sulfuric acid
solutions [21]. The intense mixing of phases, which
makes it possible to exclude complications related to
diffusion and interphase mass transfer, is of great
importance in the KDM.

In asimple KDM model [21], it is assumed that the
substrate S is distributed in equilibrium between the
gas (g) and liquid phases (1) of a closed reactor, but
reaction with the reagent X proceeds only in solution.
At [S] < [X], the kinetics of substrate loss from the gas
phase corresponds to the equation

~d[S],/dt = K[SI[X] = AISLIX])/ +od), (1)

where k, is the observed constant of substrate con-
sumption from the gas phase at a given ratio between
gas V, and solution V] volumes in the reactor, A =
Vo/Vi; ky is the true liquid-phase second-order rate

constant; and o = [S],/[S]; is the equilibrium coeffi-
cient of substrate distribution between the gas and the
solution. The method makes it possible to determine
the values of k, and o from the dependence of 1/k; on
A by varying the values of A.

Let us consider the KDM model for the rate of sub-
strate consumption (W). We introduce the following

designations: N, gs and [S],= N, gs /V,are the amount and
concentration of the substrate S in the gas, respec-

tively, and le and [S], = le/ V] are the above quanti-
ties in the solution. Then, the total amount of the sub-
stance S (V%) in a closed system is

N® =N, + N} =[Sl,V,
+ [SIV; = [SI V(1 +1/od).

If the reaction proceeds only in solution, the rate of
substrate consumption in the system is

(2

~AN°/dv) = W, = W, /A, (3)
where 7T is the reaction time.
KINETICS AND CATALYSIS Vol. 62 No.3 2021



ACTIVATION OF HYDROGEN PEROXIDE BY ACETONITRILE

(1/ W) x 107, s M~
1.8 -

1.7

1.6

1.5

1.4

1.3

1.2

345

5 6 7 8 A

Fig. 1. Plot of relationship (7) for the oxidation reaction of Et,S with hydrogen peroxide in H,O/MeCN solutions at [H,0,] =
0.006 M, [MeCN] = 1vol % (0.19 M), NS=8.4 x 10~ mol, and pH 10.0.

At the same time, according to Eq. (2),

~(dN®/dT) = V(1 + 1/ aM)(d[S], /dT)
=V, (1 + 1/ o)W,
From the equality
Vel +1/0MW, = VW, /M )

there follows a relation linking the measured
(observed) rate of substrate consumption in the gas
phase W, with the reaction rate in solution W}

W, = Wo/(1 + al). (6)

By varying A, the liquid phase rates (W)) and the
distribution coefficient o/ can be calculated from the
linear dependence

W, =MW, +1/aW,. (7)

The same equation is valid for the initial rates of
reaction. As an example, Fig. 1 shows a plot of rela-
tionship (7) for the oxidation reaction of Et,S with
hydrogen peroxide at [H,0,], = 0.006 M, [MeCN] =
1 vol % (0.19 M), N5 = 8.4 x 1077 mol, and pH 10.0.
The calculated values of the initial rate W, and o were
(1.4 £0.1) x 10°® M s~! and 0.06, respectively. The
coefficient o in this system was almost two times lower

4
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than that in water (0.1) [6], and this fact indicated an
increase in the solubility of diethyl sulfide on going
from water to the H,O/MeCN system (1 vol %). The
same increase in the solubility of Et,S was found in
aqueous alcohol solutions of H,O/ROH (70 : 30, vol %)
[6], oo =10.04—0.08.

The observed initial rates were determined from
the time dependence of the measured substrate con-

centration in the gas phase (N TS / V,) in the region of a
decrease in NS < 20%. The current substrate concen-

tration in the gas phase (NTS / V,) was calculated using
the equation

(N3 V) = @/ 0 (Ng [V, (8)

where (Ng / V,) is the initial concentration of diethyl
sulfide; @, is the measured ratio between the chro-
matographic peak heights (or areas) of the substrate
(hg) and a reference standard (4,), proportional to the
current concentration of Et,S; @, is the intercept of @,
as a function of the reaction time, which corresponds
to the composition of the initial mixture.
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Fig. 2. Dependences of the initial rates of Et,S oxidation by hydrogen peroxide on the pH values in aqueous solutions (/) accord-
ing to published data [6] and (2) in a mixture of H,O/MeCN under the conditions specified in Table 1.

Effect of Acidity on the Rate of Et,S Oxidation

According to Lobacheyv et al. [6], the oxidation of
Et,S with hydrogen peroxide (PH) in aqueous solu-
tions at pH 8—12 proceeds according to two parallel
reaction paths with the participation of HOOH and
HOO™. In this case, the dependence of the initial rate
of consumption of diethyl sulfide (W*H) on acidity has
the form

WPH — WHOOH + W]-[007
B kHOOH[H+] + kHoo’Ka
[H']+ K,

where [PH], and [Et,S], are the initial concentrations
of hydrogen peroxide and diethyl sulfide in solution,
respectively, and K, is the acid ionization constant of
H,0,.

The dependence of the initial rates of Et,S oxida-

][PH]o[EtzS]o,

tion in water (WHZO), calculated from previously pub-
lished data [6], was adequately described by Eq. (9) at

the parameters kKHOOH = 2.7 x 102 M~! 57!, k190 =
0.41 x 102 M~'s7!, and pK, = 11.5 (Fig. 2, curve /).
In contrast to aqueous solutions, the rate of reac-

tion in a H,0O/MeCN mixture (1 vol %) increased
exponentially with a decrease in the acidity (Fig. 2,

curve 2), and it was higher at pH 11 by a factor of more
than 10 than the rate of oxidation in water (Table 1).
These results indicate that the concentration of active
species participating in the oxidation of Et,S in the
above system increased with pH. Note that, at pH 8—9,
the oxidation rate in H,O/MeCN solutions weakly
depended on the acidity, and it was close to the corre-
sponding values in water.

The data on the orders of reaction and the depen-
dence of the rate on the acidity of solution allowed us
to assume that, at pH < 9, reaction paths with hydro-
gen peroxide, Eq. (9), made the main contribution to
the rate of Et,S oxidation in the H,O/MeCN system
(WMeCN) This is evidenced by the orders of the reac-
tion with respect to Et,S (n > 0.5), the constancy of the
rates in the test range of pH, and their similarity to the
corresponding values for the reaction in water.

An increase in the reaction rate at pH > 10 indicates
that, under these conditions, the route with an acti-
vated form of H,0, (PI), peroxyimidic acid
MeC(O,H)=NH, or peroxyimidate MeC(O,H)=NH",
played the main role in the oxidation of Et,S; these

active species are formed in the interaction of HOO~
with MeCN [15—17, 23], Scheme 1:

KINETICS AND CATALYSIS  Vol. 62 No.3 2021
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E,SO + MeCONH,
/ s
\

kr
H,0,
MeCONH, + O,

Scheme 1.

Here, k; and k_; are the rate constants of the for-
ward and reverse reaction stages of the formation of
PI; kg is the rate constant of the reaction of Et,S with
PI; and ky is the rate constant of the reaction path of
PI with hydrogen peroxide leading to the formation of
acetylamide [23].

Separation of Et,S Oxidation Routes
in the H,O/MeCN System

The contribution of the WPH route to the oxidation
of diethyl sulfide with hydrogen peroxide in H,O/MeCN
solutions was calculated according to Eq. (9) using the

rate constants AHO0H =27 x 102 M~ s~! and £k"°° =
0.41 x 102 M~'s7!, pK, = 11.5 [6]", and the concen-
tration of diethyl sulfide in solution calculated at o =
0.06 and under the assumption that the rates of Et,S
oxidation in this system and in water are similar. This
can be evidenced? by the coincidence of the reaction
rates in aqueous solutions and in the H,O/MeCN sys-
tem at pH < 9 (Table 1). The contribution of the route
with peroxyimidate (W) (Scheme 1) was determined
as the difference between the measured initial rate of
Et,S oxidation in H,0/MeCN solutions (WMeN) and
the rate of oxidation with hydrogen peroxide (W'H).
The rate of the W' route increased with pH and
was a linear function of the concentration of HOO~
(Fig. 3, curve I). The concentrations of HOO~
(Tables 1—3) were calculated using the equation

K,[PH],

[HOO ] = J
K, +[H']

(10)
at pK, = 11.5.

In a range of pH 9.08—10.02, where the contribu-
tion of the route with peroxyimidate became signifi-
cant or major, the values of WP!//[HOO][MeCN]
were the same (1.2 £0.1) x 10~ M~!'s~! (Table 3). The
values of Wl at constant pH also linearly depended on
[HOO™] with varying the initial concentration of

! According to Gillitt et al. [17], we hypothesized that the addi-
thCS of MeCN do not have a significant effect on Kj,.
2 As demonstrated previously [6], an increase in the solublhty of
Et,S in aqueous alcohol solutions makes it possible to compen-
sate increase in the reaction rate constants and provide a high
rate (W = k[ Et,S], of its oxidation.
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hydrogen peroxide (Table 2, Fig. 3) and the concen-
tration of MeCN (Fig. 3, curve 2).

The found value of W*/[HOO"][MeCN] = (1.2 +
0.1) x 107* M~! s7! differs from the value of
WMeCN/THOO-][MeCN] = (7.8 £ 0.8) X 107* M~! ¢!
found by Gillitt et al. [17] for the oxidation of thioan-
isole with hydrogen peroxide in aqueous solutions of
NaOH (0.01-0.02 M) in the presence of acetonitrile.
This may be due to the fact that Gillitt et al. [17] used
the measured rates WMe“N and did not take into
account the contribution of the route with hydrogen
peroxide.

On the Mechanism of Et,S Oxidation by Peroxyimidate

According to published data [16, 17], the oxidation
of thioethers with peroxyimidates (or peroxyimidic
acids) proceeds according to Scheme 1, which
includes a slow stage of the formation of an active PI
intermediate in the reaction of MeCN with HOO~
and its rapid reaction with the substrate, as evidenced
by the first orders of the reaction with respect to
MeCN and HOO™ and the zero order with respect to
RSR'. The data obtained in this work (Tables 1—3) are
also consistent with the mechanism proposed previ-
ously [16, 17].

There are no unambiguous published data on the
nature of the first stage in Scheme 1 and the degree of
protonation of the PI intermediate [17]. In the papers
[16, 17] devoted to the study of ArSMe, it was hypoth-
esized that this stage is slow (possibly, reversible) but
nonequilibrium. At the same time, according to Laus
[15], the equilibrium constants K = ki/k_; X 10* deter-
mined by spectrophotometry in a phosphate buffer
solutions (pH 7) were 2.0, 3.3, and 5.2 M~! at 20, 30,
and 40°C, respectively.

For Scheme 1 with the rapid equilibrium formation
of peroxyimidate, the rate of Et,S consumption should
be described by the equation

W = Kk[MeCN][HOO |[Et,S],
_ KK k[MeCN][PH],[Et,S],
K, +[H'] '

According to Eq. (11), in the case when the forma-
tion of peroxyimidate is an equilibrium stage, the rate
of diethyl sulfide consumption should be of the first

(11)
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Fig. 3. Dependences of the initial rates of Et,S consumption in the reaction path with peroxyimidate in the H,O/MeCN system
on (/) the concentration of HOO™ and (2) the concentration of MeCN. See Table 1 for the reaction conditions.

order with respect to the substrate over the entire range
of pH in contrast to the experimental data.

Let us consider a mechanism (Scheme 1) with the
reversible but nonequilibrium formation of peroxyim-
idate. Under the assumption of the steady-state con-
centration of the PI intermediate, the observed initial
rate of Et,S consumption is described by the equation

WP = kfks[MeCN][Hoof][EtZS]o.
k_¢ + kg[Et,S], + kg [PH],
If we assume that k_; < kg[Et,S] > kgz[PH],, the

expression for the initial rate of Et,S oxidation by per-
oxyimidate in the test range of pH has the form:

(12)

W = k[MeCN|[HOO]. (13)

That is, the slow stage of the reaction is the interac-
tion of acetonitrile with the hydroperoxide anion with
the formation of peroxyimidate PI, and the rate of
Et,S consumption corresponds to the zero order with
respect to the substrate. The constancy of the values of
WP /[MeCN][HOO] in the test range of pH (Tables 1—-3)
is consistent with this assumption and the data reported by
Bethell et al. [16], who found that kg > kg > k.

Reactivity of Peroxyimidates

The reactions of RSR' with H,0,, peroxyformic
acid, peroxyacetic acid, peroxynitrous acid, the per-
oxosulfate anion [14], peroxocarbonate anion, and
mono- and diperoxoborate anions [8] are of the first
order with respect to sulfide. The rate constants of the
second-order reactions of Et,S with B(OH);(OOH)™,

B(OH), (OOH),, and HCO, are higher than by fac-
tors of 2.5, 100, and 97, respectively, that that of the
reaction with H,O, [8].

Peroxyimidates react rapidly with sulfides, and the
observed zero-order kinetics of the oxidation of Et,S
and PhSMe [17] may indicate that RC(O,H)=NH,
(or RC(O,H)=NH™) are much more reactive than
other typical peroxo acids, and the rate of substrate
consumption is limited by the rate of a reaction
between MeCN and HOO™. Another explanation of
the zero order with respect to RSR' is that the reaction
of peroxyimidate formation is a nonequilibrium pro-
cess, and it proceeds much more slowly than that in
the case of the formation of other peroxo acids.

KINETICS AND CATALYSIS  Vol. 62 No.3 2021
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CONCLUSIONS

We found that the rate of Et,S oxidation by hydro-
gen peroxide in aqueous solutions of MeCN increases
with the pH of the solution. The nearly zero order of
reaction with respect to the substrate indicates that the
reaction of HOO~ with MeCN, which leads to the for-
mation of active peroxyimidate PI, is a rate-limiting
stage of the process; then, PI reacts with Et,S in a
rapid stage, Scheme 1. At pH 10, the rate of Et,S con-
sumption in the MeCN/H,O system was higher by a
factor of almost 15 than the rate of oxidation of diethyl
sulfide by hydrogen peroxide in water. Hence, we can
conclude that acetonitrile is one of the most effective
activators of H,0, in the oxidation reactions of organic
sulfides.
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