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bstract

Kinetic studies on the catalytic activity of phenylphosphopolyperoxotungstate complexes [C21H37N]2[(PhPO3){WO(O2)2}2{WO(O2)2H2O}],
A) and [C21H37N]2[(p-NO2Ph(O)PO3){WO(O2)2}2{WO(O2)2H2O}], (B) toward oxidation of organic sulfides by hydrogen peroxide were carried
ut in CH3OH/H2O mixed solvents. Compound B has been prepared for the first time as a modified form of A. The presence of a nitro group in B
ncreases the electrophilicity of the catalyst, and leads to a higher activity and selectivity for the oxidation of sulfides to sulfoxides by H2O2. The
eaction rate is found to be first-order in the [catalyst], the [sulfide] and the [H2O2] at low [H2O2] (<0.01). At higher [H2O2] (>0.06 M), the rate
ecomes almost zero-order in [H2O2]. The rate of oxidation increases with the sulfide nucleophilicity. Hammett correlations of the rate constants

ith σ for different substituted diaryl sulfides give negative reaction constants (ρ ∼ −1.2). The effects of temperature variation, the ratio of water in

he solvent, and the solution acidity on the reaction rate are also investigated. A three-membered-ring transition state has been proposed, in which
he sulfide attacks the electrophilic O-atom of the W-peroxo species prior to a complete oxygen transfer, as a key step in the reaction mechanism.

radical mechanism has been ruled out.
2007 Elsevier B.V. All rights reserved.
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. Introduction

Due to recent environmental concerns, research on the
atalytic activation of hydrogen peroxide toward oxidation pro-
esses in aqueous solutions has been receiving more attention
1]. Hydrogen peroxide has many advantages over other tradi-
ional oxidants including organic peroxides. The major benefit
f using H2O2 is its environmental acceptability in which
he by-product from oxidation is water which eliminates the
eed for expensive effluent disposal treatments [1c,2]. In addi-
ion, H2O2 has high oxygen content (47%), exists in high
urity, and has acceptable safety in storage and operation [3,4].
ydrogen peroxide is a mild oxidizing agent, and often acti-

ated by homogeneous [5] or heterogeneous [6–8] catalysts.
olyoxometalates (POMs) can combine the selectivity advan-

ages of homogeneous catalysts with stability advantages of
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inetics and mechanism

eterogeneous catalysts. This is due to the exclusive inor-
anic nature of their coordination sphere [9]. Tungsten–POMs
xhibit interesting catalytic properties, and has been proved to
e useful catalysts for oxidation of different substrates, such
s olefins and sulfides [10–12]. A special attention has been
iven to phosphorus containing POMs due to their high activi-
ies [10,9b]. The well known active anions of these complexes
re {PO4[WO(O2)2]4}3− and {PO4[MoO(O2)2]4}3−. They are
sually prepared from the reaction of polyoxometalates with
xcess H2O2 under mild conditions to form the correspond-
ng polyperoxometalates [13,14]. The tungsten complexes have
sually shown a better activity than the Mo analogues toward
xidations by H2O2 [9]. Griffith et al. [15] have prepared and
haracterized a phenylphosphopolyperoxometalates, [NMe4]
[(PhPO3){MO(O2)2}2–{MO(O2)2(H2O)}]; (M = Mo and W).
oth Mo and W compounds are active catalysts toward oxida-

ion reactions with H2O2 and, as expected, the tungsten complex
s more active [11]. The presence of a phenyl group in these sys-

ems increases their solubility in organic solvents and promotes
heir use under homogeneous conditions. In addition, one can
tilize the phenyl (or other organic groups) to modify the catalyst
n order to enhance the catalyst activity and/or selectivity.

mailto:aajlouni@just.edu.jo
dx.doi.org/10.1016/j.molcata.2007.05.041
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Research in the field of the catalytic oxidation of sulfides
s promoted due to several reasons. Of these: (a) the synthesis
f different chemically and biologically important molecules
16–18] and (b) the removal of sulfur from fuels, and industrial
roducts and wastes, in order to comply with environmental leg-
slations [19]. In addition to hydrodesulfurization (HDS), new
ethods were recently proposed for the removal of sulfur by

xidation [20,21]. Research on oxidative desulfurization (ODS)
as been growing and appeared to be promising. Catalytic oxida-
ion of sulfur-containing compounds by H2O2 has been carried
ut using different homogeneous and heterogeneous catalysts
22–27]. A special attention has been given to catalytic pro-
esses in which sulfides are selectively oxidized to sulfoxide
28].

Most POMs activate H2O2 by the formation of η2 or η1-
eroxo moieties from which a nucleophilic reductant abstracts
n O-atom [9,11,15]. To enhance the oxygen transfer from the
olyperoxometalate to the reductant, the electropositivity of the
-peroxo group should be increased. In this work, we modify

he phenylphosphopolyperoxotungstate complex by introducing
nitro group onto the phenyl ring in an attempt to increase the

atalyst reactivity toward oxidation of nucleophilic reductants,
uch as sulfides. The catalytic activities of the new catalyst and
he original one (without a nitro group) were investigated, and
etail kinetic studies on the oxidation of organic sulfides were
arried out under homogeneous conditions in mixed organic-
queous media.

. Experimental

.1. Materials and methods

Diethyl ether, methanol and acetonitrile (HPLC grade,
ldrich) were used without further drying or purification.
ater was purified by a Milipore-Q deionization system. H2O2

35%, 3%) was purchased from Scharlau and used as received.
ydrated tungsten trioxide [WO3·H2O], sodium tungstate
ihydrate [Na2WO4·2H2O], organic sulfides and methylphenyl-
ulfoxide, phenylphosphonic acid [C6H5P(O)(OH)2], (4-
itrophenyl)-phosphoryldichloride [4-O2NC6H4OP(O)(Cl)2],
nd cetylpyridinium chloride [C21H37NCl] were used as pur-
hased from Aldrich. Stock solutions of hydrogen peroxide were
repared in deionized water by diluting commercial samples of
2O2 (3% or 35%). The diluted stock solutions were standard-

zed daily by iodometric method [29].
FT-IR measurements were carried out using a Nicolet-Impact

10 FT-IR spectrometer (solid KBr disk). The NMR spectra were
btained on a Bruker DXP-400 spectrometer (31P, 162 MHz,
sing external H3PO4 as reference; 1H, 400 MHz, TMS) in
D3CN solutions. The UV–vis spectra were recorded using
hamadzu UV-2401-PC spectrometer.

.2. Synthesis of the catalysts
[C21H37N]2[(PhPO3){WO(O2)2}2{WO(O2)2H2O}] (A)
as prepared as previously described [15], with cetylpyrid-

num chloride instead of NMe4Cl. When 2.5 g (10 mmol) of

w
m
a

talysis A: Chemical 275 (2007) 139–147

O3·H2O was used, the yield was 3.3 g (2.1 mmol, 63%). The
roduct was identified by UV–vis, IR and NMR spectroscopic
ethods. IR (KBr, cm−1): 958vs, 956vs ν(M O), 767s, 768s

(MO2), 851vs, 847vs ν(O–O). 1H NMR (CD3CN) δ (ppm): the
henyl protons appear at 7.3 (m, 5H). 31P (NMR): 15.77 ppm.

[C21H37N]2[(p-NO2Ph(O)-
O3){WO(O2)2}2{WO(O2)2H2O}] (B) was prepared by
light modification of the method used to prepare compound A
bove.

A suspension of hydrated tungsten trioxide, WO3·H2O (2.5 g,
0 mmol) in 30% H2O2 (8 mL) was stirred for 7–8 h at 45–50 ◦C.
his solution was filtered to remove undissolved residue, then

4-nitrophenyl)-phosphoryldichloride (0.8 g, 3.5 mmol) in water
10 mL) was added followed by dropwise addition of cetylpyri-
inium chloride, C21H37NCl, (2.4 g, 7.0 mmol). The mixture
as stirred in an ice-bath (0 ◦C) until a precipitate was formed.
he solid product was isolated (by filtration), washed succes-
ively with cold ethanol (2×5 mL) and diethyl ether (2×10 mL),
nd air dried. Yield 3.2 g (59%). Elemental analysis (C, 34.15%
, 5.12%; N, 2.49% is in agreement with the calculated val-
es for C48H80N3O22PW3 (C, 35.28%; H, 4.90%; N 2.57%).
ttempts to obtain suitable crystals for X-ray crystallography
ere not successful. The pure compound was characterized by

R and NMR spectroscopy. IR (KBr, cm−1): 959vs ν(M O), 755s
(MO2), 887vs ν(O–O), 1468s, 1381s ν(NO2). 1H NMR (CD3CN)
(ppm): the p-nitrophenyl protons appear at 7.5 (m, 2H) and 8.2

m, 2H). 31P (NMR): 27.35 ppm.

.3. Kinetic studies

.3.1. Oxidation of sulfides
The reactions were carried out in mixed CH3OH/H2O sol-

ents. Kinetic data were collected by following the absorbance
hange due to the loss of the sulfide and the formation
f the product(s) in the region 260–300 nm, using UV–vis
pectrometer (Shimadzu UV-2401-PC). At these wavelengths,
he absorbance of the catalyst is minimal at the concentra-
ions employed. Quartz cuvettes with optical path of 1.0 cm
VT = 3.0 mL) were used. The temperature was kept constant at
5.0 ± 0.5 ◦C throughout the entire series of experiments. The
olution ionic strength was not maintained for these reactions.

hen the effect of solution acidity was studied, the solution pH
as regulated by HClO4 and was checked with a pH-meter. Ini-

ial rate and pseudo-first-order conditions applied in different
rotocols.

.3.1.1. Initial rate method. In this method, the full kinetic trace
f the reaction was not always acquired. Reaction mixtures were
repared in a spectrophotometric cell with the last reagent added
eing the sulfide. The initial rates were calculated from the first
% of the curves by using the following equation:

.r. = −
(

1
)

× �Absi (1)

b�ελ �t

here b is the optical path length, �ελ is the total change in the
olar absorptivity at λ, and �Absi is the initial change in the

bsorbance.
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.3.1.2. Pseudo-first-order method. Except when the effect
f [H2O2] was studied, all UV–vis experiments were done
n the presence of large excess [H2O2] (=0.1 M) over
he sulfides and the catalysts. The sulfides concentrations
ere (0.05–0.50 mM) while the catalysts concentrations were

0.005–0.05 mM). The change in the absorbance of sulfides
ith time followed first-order kinetics. The observed-first-order

ate constants were evaluated by nonlinear least-square fitting
f the absorbance–time curves to a single exponential equation
Eq. (2)):

bst = Abs∞ + (Abso − Abs∞) exp(−k�t) (2)

here Abst, Abso and Abs∞ are the absorbance at any-
ime, initial and final absorbance, respectively, and k� is the
bserved-first-order rate constant. The data were analyzed by
aleidaGraph program, version 3.09.

.3.2. Oxidation of the sulfoxide
The oxidation of methylphenylsulfoxide by H2O2 as cat-

lyzed by A and B were studied by 1H NMR spectroscopic
ethod in methanol-d4/D2O (9:1, v/v). The reactions were car-

ied out under pseudo-first-order conditions (as shown above)
n the presence of large excess [H2O2] (=1.0 M) over the sul-
des (0.02 M) and the catalysts. The catalysts concentrations
ere varied in the range 0.04–0.4 mM. 1H NMR spectra were

ecorded every 5 min for the first hour, then every 20 min for
–5 h. The changes in the relative peak intensities with time
f the CH3 protons at 2.73 ppm followed first-order kinetics.
he observed-first-order rate constants were evaluated by non-

inear least-square fitting of the intensity–time curves to a single
xponential equation, Eq. (2).

. Results and discussion

.1. The catalysts

The new phosphopolyperoxotungstate complex ([C21H37N]2
(p-NO2Ph(O)-PO3)–{WO(O2)2}2{WO(O2)2H2O}] (B) was
repared for the first time using a modified procedure of a liter-
ture method [15]. It was characterized by IR, and 1H and 31P
MR spectroscopic techniques and the spectroscopic data were

ompared with that of compound A.
We were unable to get suitable crystals of B for X-ray crystal

tructure determination. The compound was always precipitate
s fine solid material. However, the similarities between the
pectroscopic data of B and the spectroscopic data reported
or the known complexes; ([R4N]2[(PhPO3){MO(O2)2}
{MO(O2)2H2O}], (M = Mo or W) indicate that compound B
ay have a similar structure, Scheme 1.
The X-ray crystal structure of the trinuclear compound,

[R4N]2[(PhPO3){MO(O2)2}2–{MO(O2)2H2O}], shows that
wo M atoms are identical, each have two peroxo and an oxo

roups, and the third M has similar groups in addition to a water
olecule as shown above [15].
In this study, we have chosen to investigate the activities

f the above tungsten catalysts because they are significantly

c
t
k
p

Scheme 1. A proposed structure for compound B.

ore active than the analogues polyperoxomolybdate [11].
lso, the presence of a phenyl group and a large organic

ounter-cation (cetylpyridinium) enhance the catalyst solubility
n organic solvents in which homogeneous catalytic reactions
an be studies. In addition, a nitro group was introduced to
ncrease the electrophilicity of the W-peroxo group in an attempt
o increase its activity toward oxygen transfer to a nucle-
philic substrate. Aromatic sulfides are soft nucleophiles and
ood reductants. For kinetic studies, aromatic sulfides, such as
hioanisole, can be followed by recording the absorbance change
n the UV region (260–300 nm) or by NMR spectroscopic

ethods.

.2. Identity of the oxidation products

Sulfide oxidation by H2O2 catalyzed by compounds A and
was monitored via 1H NMR spectroscopy to determine

he identity of the products. With thioanisole, CH3-S-Ph, the
H3 signal is particularly informative. The CH3 protons in

hioanisole show up as a singlet at 2.55 ppm. In the sulfoxide
nd the sulfone, the CH3 protons chemical shifts are at 2.73 and
.86 ppm, respectively. The NMR measurements were carried
ut in methanol-d4/D2O (9:1, v/v) with H2O2:cat:sulfide ratio
00:0.2:20 (mM), respectively. 1H NMR spectra were recorded
very 5 min for the first hour, then every 20 min for 3 h. The
hanges in the relative peak intensities with time for thioanisol
nd its oxidation products are shown in Fig. 1. In the reac-
ion catalyzed by A, the sulfoxide signal reaches maximum
fter ∼50 min with 50% accumulation. The relative amount of
ulfone at this time was ∼25%. After 2 h, the sulfide signal
t 2.55 ppm disappeared almost completely, and the sulfoxide
o sulfone ratio was ∼1:4 (Fig. 1). When the reaction is cat-
lyzed by B, under exactly the same conditions, the sulfoxide
eaches maximum after ∼20 min with 70% accumulation, and
he sulfone signal was less than 15%. After 50 min, the sul-
de was completely reacted. These results show that the new
atalyst (B) is more active toward sulfide oxidation to sulfox-
de. This has been confirmed by the detail kinetic studies that

arried out on the activation of H2O2 by both catalysts, and
he formation of sulfoxide and sulfone, as shown below. The
inetic analysis of the data in Fig. 1 is also presented later in this
aper.
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Fig. 1. The changes in the relative peak intensities with time of thioanisol (�,
© at δ = 2.55 ppm), and its sulfoxide (�, � at δ = 2.73 ppm) and sulfone (�,
�
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Fig. 2. Variation of the pseudo-first-order rate constants with the catalyst concen-
trations for the oxidation of 0.2 mM thioanisol with H2O2 (0.1 M) as catalyzed
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and B) are listed in Table 1. In all cases, the catalyzed rate con-
stant for B is almost twice that of A indicating that the oxidation
mechanism is probably the same for all sulfides.

Table 1
The catalyzed rate constant for the oxidation of different aromatic sulfides
by H2O2 catalyzed by A or B, in CH3OH/H2O (9:1, v/v) at 25 ◦C with
[H2O2] = 0.1 M, [sulfide] = 0.4 mM and [cat] varied (0.005–0.05 mM)

Sulfide k(A) (M−1 s−1) k(B) (M−1 s−1)

H3C-S-Ph 12.7 ± 0.4 26.4 ± 1.3
at δ = 2.86 ppm) during the oxidation of thioanisol by H2O2 catalyzed by A
closed legend) and B (opened legend) in CD3OD at 25 ◦C with [H2O2] = 0.1 M,
thioanisol] = 0.02 M and [cat] = 0.2 mM.

.3. Kinetics

The NMR data (Fig. 1) shows the general behavior of reac-
ions that involve oxidation of an organic sulfide; the sulfide
isappearance, the build up and decay of the sulfoxide and the
ulfone formation (Eq. (3)):

(3)

The sulfide usually acts as a nucleophilic reductant, while the
ulfoxide is electrophilic [30]. This dual behavior of the sulfur
tom in the sulfide and the sulfoxide makes it a suitable system to
nvestigate a nucleophilic versus an electrophilic behavior of an
xidant. On the other hand, one can control the product forma-
ion by modifying the oxidant nucleophilicity or electrophilicity.
olyoxoperoxometalates of high valent early transition metals
re usually acidic and one expects an electrophilic behavior
hen reacting with a reductant, i.e. more active toward nucle-
philic reductants. Therefore, a nitro group was added in B to
nhance its electrophilicity.

.3.1. The catalysts’ activities
Kinetic experiments on the activity of each catalyst (A

nd B) toward oxidation of thioanisol by H2O2 were car-
ied out in CH3OH/H2O (9:1, v/v) at 25 ◦C with [H2O2] =
.1 M, [thioanisol] = 0.4 mM and [cat] varied in the range

.005–0.05 mM. The change in absorbance with time due to
he reaction of thioanisol was recorded at 285 nm. Under these
onditions, the reaction rates were independent on [H2O2] (as
ill be explained later), and the reaction follow a pseudo-

[
P
(
(

y A and B. The slopes are the catalyzed second-order rate constants and the
ntercepts are the uncatalyzed rate constants; kcat/kuncat of A and B are 2.3 × 102

nd 5.6 × 102, respectively. The inset shows the log plots.

rst-order kinetic. The absorbance–time curves were fit to a
rst-order exponential decay equation (Eq. (2)). The orders
f the reactions with respect to the catalyst concentrations
ere determined from plots of log(k�) against log[catalyst]

nd found to be 0.87 ± 0.04 and 0.98 ± 0.07 for A and B,
espectively (Fig. 2 inset). This indicates, within experimental
rror, that the reaction in both cases is first-order in the [cata-
yst]. The observed-first-order rate constants (k�) obtained for
ach catalyst were varied linearly with the catalyst concentra-
ion (Fig. 2). The slopes of the lines represent the catalyzed
ate constants and the intercepts are the uncatalyzed rate con-
tants. The catalyzed rate constant of B is almost twice that
f A under the same conditions (k(B) = 26.4 ± 1.3 M−1 s−1 and
(A) = 12.7 ± 0.4 M−1 s−1). These results show that the pres-
nce of a nitro group on B increases the reactivity to oxidize
hioanisol by H2O2. Similar experiments were carried out on
he oxidation of other aromatic sulfides. The values of the cat-
lyzed rate constants for reactions catalyzed by both catalysts (A
(p-CH3)C6H4]2S 0.58 ± 0.05 1.23 ± 0.06
h-S-Ph 0.18 ± 0.02 0.38 ± 0.05
p-ClC6H4)2S 0.13 ± 0.03 0.27 ± 0.04
p-O2NC6H4)2S 0.034 ± 0.006 0.062 ± 0.005
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ig. 3. The Hammett correlation of k(A) and k(B) for the oxidation of p-
ubstituted diphenyl sulfides (shown in Table 1) by H2O2 as catalyzed by A (�)
nd B (©) against σ. The reaction constants are ρ (A) = −1.16 and ρ (B) = −1.25.

The data in Table 1 show that the reactivity of the sul-
des increases with their nucleophilicity. Indeed, Hammett
orrelations of the rate constants of p-substituted diphenyl sul-
de with σ, (log(kX/kH)) = ρσ), were linear, and give values;
(A) = −1.16 ± 0.20 and ρ(B) = −1.25 ± 0.21 (Fig. 3). Actu-
lly, the ρ values of both catalysts are considered the same within
he experimental error associated with each measurement. Sim-
lar negative values of ρ have been reported for the oxidation of
iaryl sulfides by H2O2 catalyzed by metal-peroxo catalysts of
o(VI), W(VI) and Re(VII) [5a,31] which suggest the buildup

f a positive charge at the reaction center. The linear corre-
ation indicates that all the sulfides are oxidized by the same

echanism.

.3.2. The rate law
It is quite complicated to study the complete kinetic profile

f these oxidation reactions due to the fact that two oxida-
ion steps (sulfoxide and sulfone formation) are present in the
eaction and presumably other polyoxoperoxotungstate inter-
ediates are generated from the catalyst reduction. Therefore,

nitial rate method (see Section 2) was used to determine the rate
aw, in which the data obtained from the beginning of the reaction
�absi ≤ 5%) were used for kinetic analysis. This would mini-
ize the involvement of more than one form of the catalyst, and

e limited to the sulfide oxidation.
Studies on the catalytic activity of A (or similar POMs)

oward oxidation of different substrates, including sulfides, by
2O2 have shown that the polyperoxotungstate with the maxi-
um number of peroxo groups is the active form of the catalyst.
his species is the dominant species (or the only one exists)

n the presence of large excess H2O2 [10,11]. Upon oxidation
f the sulfide, it loses one oxygen atom from one of the per-

xo groups to form an intermediate with one less peroxo group.
hen, the active peroxo species is regenerated from the reaction
f this intermediate with H2O2. A proposed reaction sequence
hat may be involved in this oxidation is shown in Scheme 2. The

o
d
r
c

Scheme 2.

rst step must be reversible to regenerate the catalyst, followed
y two oxidation steps which lead to sulfoxide and sulfone.

The kinetic data were collected by following the absorbance
hanges due to the decrease in the sulfide concentration with
ime, so the rate can be expressed as follows:

ate (v) = −d[R2S]

dt
= k2[WO2][R2S] (4)

If k2[R2S] + k−1 	 k1[H2O2], a steady-state approximation
n WO2 (the peroxo species) can be applied. With the mass
alanced equation [W]T = WO2 + WO, the rate of the reaction
an be expressed as follows:

= −d[R2S]

dt
= k1k2[W]T[H2O2][R2S]

k−1 + k1[H2O2] + k2[R2S] + k3[R2SO]
(5)

Under initial rate conditions, the involvement of the sec-
nd oxidation would be negligible, and the initial rate can be
implified as shown below:

i = −�[R2S]i
�t

= k1k2[W]T[H2O2]i[R2S]

k−1 + k1[H2O2]i + k2[R2S]i
(5a)

On the other hand, if k1[H2O2] + k−1 	 k2[R2S], then an
quilibrium (in the first step, K1 = k1/k−1) is established before
he active species reacts with the sulfide or the sulfoxide. In this
ase, both oxidation rates are first-order in [WO2] which depends
n the total concentration of the catalyst ([W]T), [H2O2], and
he value of K1. The rate laws for sulfide and sulfoxide oxidation
an be expressed as follows:

= −d[R2S]

dt
= K1k2[W]T[H2O2][R2S]

1 + K1[H2O2]
(6a)

′ = −d[R2SO]

dt
= K1k3[W]T[H2O2][R2SO]

1 + K1[H2O2]
(6b)

.3.3. Variation of the sulfide concentration
Kinetic experiments on the oxidation of thioanisol were car-

ied out at constant [H2O2] = 0.1 M and [catalyst] = 0.05 mM,
nd [thioanisol] was varied in the range 0.05–0.5 mM. An
quilibirium between the catalyst and H2O2 was established
efore thioanisol was added. With high ratio of H2O2:catalyst
∼2000:1), we assumed that the catalyst exists in the final per-

xo form (Scheme 1). The change in the absorbance at 285 nm
ue to the loss of thioanisol was recorded with time. The initial
ates were calculated from the first 2–5% of the absorbance–time
urves using Eq. (1). The change in the molar absorptivity (�ε)
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Fig. 4. The initial rate of oxidation of thioanisol by [H O ] (0.1 M) cat-
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lyzed by [A] (0.05 mM) and [B] (0.05 mM) varies linearly with [thioanisol]
n CH3OH/H2O (9:1, v/v) at 25 ◦C. The fit to Eq. (7) gave k3 = 10.6 ± 0.5 and
1.1 ± 1.3 M−1 s−1 for the reactions catalyzed by A and B, respectively.

as estimated from the total absorbance change during the whole
eaction. Under these conditions, the initial rates of oxidation of
hioanisol by H2O2 catalyzed by both catalysts were varied lin-
arly with [thioanisol] (Fig. 4). The orders of the reactions with
espect to [thioanisol] were determined from plots of log(i.r.)
gainst log[thioanisol] as 1.07 ± 0.03 and 0.94 ± 0.01 for the
eactions catalyzed by A and B, respectively. These results show
hat the reaction in both cases is first-order in the sulfide con-
entration. It also indicates that k1[H2O2] + k−1 	 k2[R2S], so
q. (6a) is valid under these conditions. In the presence of high

H2O2], K1[H2O2] would be significantly greater than 1, and
q. (6a) can be simplified to

= −d[R2S]

dt
= k2[W]T[R2S] (7)

Based on Eq. (7), the slopes of Fig. 4 equal k2[W]T
[W]T = the total concentration of the catalyst). The values of
2 were determined (using [W]T = 0.05 mM) as 10.6 ± 0.5 and
1.1 ± 1.3 M−1 s−1 for the reactions catalyzed by A and B,
espectively. These values are in agreement with the rate con-
tant values obtained from studies on the catalyst variation under
imilar conditions; kA = 12.7 ± 0.4 and kB = 26.4 ± 1.3 M−1 s−1

Table 1).

.3.4. Variation of H2O2 concentration
Kinetic measurements were carried out with a constant [cat-

lyst] (=0.05 mM) and a constant concentration of thioanisol
f 0.4 mM. The concentration of H2O2 was varied in the
ange 1–100 mM. The initial rates were calculated from the
bsorbance–time curves as previously described. Variation of the
nitial rate with [H2O2] for reactions catalyzed by B is shown

n Fig. 5. At low [H2O2] (≤5 mM), the dependence is almost
inear (i.e. first-order in [H2O2]). This dependence decreases
t higher [H2O2] and becomes independent (zero-order) when
H2O2] reaches about 80 mM. The data in Fig. 5 were fitted to

t

c

ig. 5. A plot of the initial rate of oxidation of thioanisol (0.4 mM) by H2O2

atalyzed by the catalyst B (0.05 mM) against [H2O2]. The data fits to Eq. (5a).

q. (5a) and gave the values of k1 × k2 = 30.1 ± 3.5, and k−1 + k2
R2S] = 0.015 ± 0.005. The rate constant k1 was calculated using
he value of k2 = 21.1 M−1 s−1 to be k1 = 1.5 ± 0.3 M−1 s−1.
he value of k−1 cannot be determined accurately. How-
ver, it was estimated as k−1 ≤ 0.007 s−1 and the equilibrium
onstant K1 ≥ 2 × 102. Similar experiments and kinetic anal-
sis were carried out using the catalyst A. The following
alues were obtained: k1 = 0.5 ± 0.1 M−1 s−1, k−1 ≤ 0.004 s−1

K1 ≥ 1 × 102) and k2 = 10.6 ± 0.5 M−1 s−1.

.4. Sulfide versus sulfoxide oxidation

The NMR data in Fig. 1 shows clearly the two-oxidation
teps, formation of the sulfoxide from the sulfide followed by
xidation of the sulfoxide to form the sulfone. The change in the
MR signal intensity at 2.55 ppm (sulfide signal) with time was

urved but not exponential. It is exhibiting an approach toward
inearity at the beginning of the reaction but becoming more
early exponential during the latter stages (Fig. 1). The last 20%
f the intensity–time curves (after 60 and 20 min for the reactions
atalyzed by A and B, respectively) fit very well to a first-order
xponential decay equation (Eq. (2)). The observed-first-order
ate constants obtained from this fitting were used to calculate
he values of the second-order rate constants for the oxidation of
hioanisol according to Eq. (7), where k� = k2[W]T, assuming the
eaction rate is independent on [H2O2], and the [W]T is constant
uring the reaction. The values of k2 determined by this method
ere similar (within 5–10% error) to that obtained previously

rom the UV experiments using the initial rate method.

.5. The rate of oxidation of the sulfoxide generated from

he sulfide

The change in the sulfoxide NMR-signal intensity with time
onsists of two stages (biphasic), as shown in Fig. 1. The val-
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Table 2
The rate constants for the oxidation of sulfides (k2) and oxidation of sulfoxides (k3) by the active forms of the catalysts A and B based on Scheme 2, in CH3OH/H2O
(9:1, v/v) at 25 ◦C with [H2O2] = 0.1 M

Sulfide Catalyst A Catalyst B

k2 (k3) (M−1 s−1) k2/k3 k2 (k3) (M−1 s−1) k2/k3

M
D
D

u
s
i
(
t
c
i
r

v

e
t
fi
a
o
c
T
w
i

3

m
c
f
a
w
f
N
I
t
l
k
(
e
c
l
a
t
o

(
c
c
t

t
T
t
t
s
i

t

t
o
o
s
o
r

3

The kinetic results obtained from studying the rate law agree
with the general reaction mechanism shown in Scheme 2. The
most important step is probably the oxygen-atom-transfer step

Fig. 6. The changes in the relative peak intensities with time of methylphenyl-
ethylphenyl sulfide 10.6 ± 0.5 (4.8 ± 0.1)
i-(p-toulyl) sulfide 0.58 ± 0.05 (0.28 ± 0.03)
iphenyl sulfide 0.18 ± 0.02 (0.08 ± 0.02)

es of the second-order rate constants for the oxidation of
ulfoxide to sulfone (second stage) were determined from the
ntensity–time curves after the sulfide was completely reacted
after 120 or 50 min for the reaction catalyzed by A or B, respec-
ively). At this stage of reaction ([sulfide] = 0), assuming that the
atalyst concentration remains constant and the reaction rate is
ndependent on the [H2O2] ([H2O2] > 0.06 M, see Fig. 5), the
ate equation for the sulfoxide oxidation (Eq. (6b)) becomes

′ = −d[R2SO]

dt
= k3[W]T[R2SO] (8)

Therefore, the change in [R2SO] should fit to a first-order
xponential equation with k� = k3[W]T. Indeed, the changes in
he intensity of the sulfoxide signals with time (after the sul-
de was completely disappeared, Fig. 1) fit very well to Eq. (2),
nd the values of the second-order rate constants (k3) for the
xidation of sulfoxide by H2O2 catalyzed by A and B were cal-
ulated from the pseudo-first-order rate constant, k� = k3[W]T.
he rate constants, k2 and k3, for oxidation of different sulfides
ith H2O2 catalyzed by A and B and their ratios are summarized

n Table 2.

.5.1. Direct oxidation of the sulfoxide
In the above method, sulfoxides were generated as inter-

ediates during the reaction, and are further oxidized to the
orresponding sulfones. Therefore, the rate constants for the sul-
oxide oxidation (k3) were not determined independently, and
re subject to error. To confirm the values of k3, kinetic studies
ere carried out directly on the oxidation of methylphenylsul-

oxide by H2O2 catalyzed by both catalysts (A and B). An
MR method was used under pseudo-first-order conditions.

n the presence of large excess H2O2 over the catalyst and
he sulfoxide (H2O2:cat:sulfoxide/5000:1:50), the reactions fol-
ow first-order kinetics, and therefore, Eq. (8) is applied with
� = k3[W]T. The intensity–time curves were fit well to Eq. (2)
Fig. 6). The observed-first-order rate constants (k�) varied lin-
arly with the [catalyst] (Fig. 6 inset), and the second-order rate
onstants for the oxidation of methylphenolsuloxide were calcu-
ated from the slopes, k3 = k�/[W]T. The values of k3 (4.4 ± 0.2
nd 2.8 ± 0.1 M−1 s−1 for A and B, respectively) obtained by
his direct method agree with the k3 values determined from the
xidation of thioanisol (Table 2).

In all cases, the rate constants for the oxidation of sulfoxides

k3) by A are higher than the rate constants of the reactions
atalyzed by B. However, an opposite trend was found in the
ase of the sulfide oxidation (k2). Also, the ratios of k2/k3 for
he reactions that are catalyzed by B is almost three times higher

s
(
[
i
[

2.2 21.1 ± 1.3 (3.1 ± 0.2) 6.8
2.1 1.23 ± 0.06 (0.20 ± 0.03) 6.2
2.3 0.38 ± 0.05 (0.07 ± 0.03) 5.4

han the corresponding ratios for the reactions catalyzed by A.
he maximum amounts of sulfoxide ([sulfoxide]max) formed in

he catalyzed reactions with both catalysts and the time needed
o reach this maximum (tmax) depend on the value of k2/k3,
ee Fig. 1. As the ratio of k2/k3 increases, the [sulfoxide]max
ncreases and tmax (Eq. (9)) decreases [32]:

max = ln (k3/k2)

k3 − k2
(9)

The k2/k3 ratio also reflects the selectivity of the catalytic sys-
em to oxidize the sulfide to the sulfoxide over further oxidation
f the sulfoxide, and the electrophilic versus nucleophilic nature
f the active form of the catalyst. The lower activity of B toward
ulfoxide oxidation confirms the effect of adding a nitro group
n the electrophilicity of B, since sulfoxides are electrophilic
eductants [30].

.6. The proposed mechanism
ulfoxide (at δ = 2.73 ppm) during the oxidation by H2O2 catalyzed by A
opened legend) and B (closed legend) in CD3OD/D2O (9/1) at 25 ◦C with
H2O2] = 1.0 M, [methylphenylsulfoxide] = 0.02 M and [cat] = 0.2 mM. The
nset shows the variation of the observed-first-order rate constant (k�) with the
catalyst].
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the oxidation step). Radical reaction has been ruled out because
olecular oxygen had no effect on the rate of sulfide oxidation,

nd when acrylonitrile (a radical scavenger) is added to the reac-
ion mixture no precipitate was formed. In addition, the negative
alues of the reaction constant (ρ ∼ −1.2, Fig. 3) obtained by
ammett correlation indicates a build up of a positive charge
pon the formation of the highest energy transition state dur-
ng the reaction. Similar ρ values for the catalytic oxidation of
ulfides by H2O2 have been reported previously [5a,31], and
uggested the involvement of an oxygen-atom transfer as shown
elow:

This may be occurred in a transition state or forms as a short-
ived intermediate followed by a complete oxygen abstraction.
n early study on the oxidation of organic sulfides by t-BuOOH

atalyzed by H5PV2Mo10O40 has suggested a radical mecha-
ism [33]. In contrast to the results obtained in this study, the
ates of sulfide oxidation to sulfoxide do not correlate with the
ulfide nucleophilicity or its redox potential. For example, the
ate for oxidation of thioanisole was about six times slower than
hat for oxidation of diphenyl sulfide. Also, addition of water
educes the catalyst’ activity, and the reaction rate was found
o be inversely proportional to [H2O]. In this study, however,
hen the ratio of water in the solvent mixture was increased

rom 1:9 to 1:1 (H2O:CH3OH) the reaction rate increased. This
esult rules out the possibility of binding the sulfide to the metal
rior to the oxygen transfer. In such mechanisms, the reaction is
sually inhibited by adding basic ligands including water [34].
t may suggest the formation of a polar transition state (or inter-
ediate) relative to the reactants. The above transition state is
ore polar than the separate reactants, and it involves a charge

eparation. Furthermore, we found that the rate of oxidation of
he sulfide by H2O2 catalyzed by B increases with the solution
cidity. The dependence of the reaction rate on [H+] was linear
n the range from 0.1 to 0.01 M. This is may be attributed to
he protonation of the peroxo species (as shown below) which
nhances its electrophilicity and polarizability. Therefore, the
eactivity toward a soft-nucleophilic reductant, such as sulfide,
s increased.

The activation parameters obtained from the variation of the
atalyzed rate constants for the oxidation of thioanisol with tem-
erature in the range 10–40 ◦C are listed below. The negative
S‡ values usually point out to an associative transition state.

-catalyst �H‡ (kJ/mol) �S‡ (J/mol)
64 ± 2 −34 ± 7
56 ± 4 −36 ± 10

Based on the reaction products and the kinetic results,
he catalytic cycle for oxidation of sulfide by H2O2 cat-

t
o
p
l

Scheme 3. The proposed mechanism.

lyzed by the polyperoxotungstate catalysts is proposed,
cheme 3.

In this mechanism, the oxygen-transfer from the active W-
eroxo group to the sulfide is the rate-controlling step. This is
ost probably a concerted step that involves a transition state in
hich an external attack of the sulfide onto one of the peroxy-
xygen takes place. This is followed by heterolytic cleavage of
he O–O bond (and the M–OO), and end up with a complete
-transfer to the sulfide yielding the sulfoxide and the W-oxo

pecies. Then, the active species (W-peroxo) is regenerated from
he reaction of the W-oxo species with H2O2.

. Conclusion

The kinetic results of this study show clearly that the new cat-
lyst (B) with a nitrophenyl group is more active toward sulfide
xidation by H2O2 than A which contains unsubstituted phenyl
roup, and B is less active toward sulfoxide oxidation under
imilar conditions. This modification is in the route for more
apid and selective formation of sulfoxides from sulfides. The
inetic findings also support the suggested mechanism shown
n Scheme 3. The mechanism is limited to one active species,
he peroxo form which is shown in Scheme 1. Previous stud-
es have shown that the polyperoxometalates (with a maximum
umber of peroxo groups) are usually the most active and their
ormation from the parent polyoxometalates in the presence
f excess H2O2 is rapid [15,35]. It is also possible that other
pecies, with less number of peroxo groups, are active toward
xidation reactions. Kinetically, it would be very complicated to
tudy all these peroxo species together. Therefore, most kinetic
xperiments were carried out with high H2O2 in which the
atalyst exists with the maximum number of peroxo groups,
nd the involvement of other forms of the catalyst is negligi-
le.

In order to explore the catalytic activity of the new catalyst
oward other oxidations, kinetic studies on the oxidation of other

rganic substrates, such as olefins, by H2O2 catalyzed by these
olyperoxotungstate catalysts (A and B) are conducted in our
aboratory now, and the higher activity of B is also observed.
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