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a b s t r a c t

Highly stable polyvinylpyrrolidone (PVP) capped ruthenium nanoparticles (RuNPs) supported on �-Al2O3

in CH3CN serve as efficient heterogeneous catalysts for the H2O2 oxidation of sulfides into the correspond-
ing sulfoxides in excellent yields. The synthesized catalyst I is well characterized by XRD, HRTEM, BET,
H2 chemisorption, SEM–EDX, AFM, FT-IR, and UV–vis spectral techniques. The catalyst I can be recovered
and reused for several cycles without loss of any activity.
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. Introduction

Heterogeneous catalysis has been employed as an important
hemical technology because of its inherent operational advan-
ages such as ease of handling, separation, and recovery for the
euse of catalysts [1]. Ruthenium, in the nanoform, is known
or the past one decade to show fascinating catalytic activity for
he oxidation reactions [2]. Ruthenium is less expensive com-
ared to Au, Pd, Pt, and Rh which have been extensively used
s catalysts for organic transformations. [3,4]. Nanocrystalline
amma-phase (�) alumina is among many polytypes of alumina
hat find extensive applications as a catalyst and catalytic support
5,6]. The number of ruthenium-catalyst systems used, employ-
ng oxygen (or air) as the sole oxidant, is limited. For example,
RuCl2(p-cymene)]2 complex on carbon [7] and Ru/C [8] have

een shown to catalyze the oxidation of alcohols, Ru/CeO2 [9]
nd Ru/Al2O3 [10,11], for the oxidation of alcohols and amines.
u-hydroxyapatite (nano-RuHAP) [12] has been used for effective
xidation reactions using NaIO4 as an oxidant. The most useful
roperties provided by alumina as catalyst support are high surface

∗ Corresponding author. Tel.: +91 452 2458246; fax: +91 452 2459105.
E-mail addresses: rajagopalseenivasan@yahoo.com, spveerakumar@gmail.com

S. Rajagopal).

381-1169/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
oi:10.1016/j.molcata.2010.09.008
area and well defined porosity. Apart from ruthenium, other metal
nanocatalysts, e.g., Ag [13], Pd [14], Cu [15], Au [16], Ni [17] and Pt
[18] on alumina support were used as the catalysts for oxidation
reactions.

The oxidation of organic sulfides to the corresponding sulfoxides
is one of the important functional group transformations in organic
synthesis [19]. Organic sulfoxides are also important intermediates
for the asymmetric synthesis of biologically active compounds [20].
The oxidation reaction of organic sulfides is also of potential use in
the decontamination of toxic chemicals and facile electron transfer
reactions [21,22]. The metal-salen complexes (metal = Mn, Cr, Fe,
Ru, Co, V and Ti) have extensively been used, particularly in our
laboratory, as efficient homogenous catalysts for the selective oxy-
genation of organic sulfides and sulfoxides [23–28]. Very recently
efficient oxidation of sulfides to sulfoxides with H2O2 catalyzed
by core–shell (SiO2@WO4

2−) nanoparticles has been reported [29].
The uncatalyzed H2O2 oxidation of sulfide into sulfoxide or sulfone
at room temperature (RT) is a slow reaction [30]. Herein we report a
novel and simple method for the oxidative conversion of sulfides to
sulfoxides using H2O2 as the oxidant and RuNPs loaded on �-Al2O3
as the catalyst I, (Ru (PVP)/�-Al2O3). H2O2, an environmentally

benign oxidant, is frequently used by many researchers. However,
H2O2 alone has to be used in a controlled manner to reduce the pos-
sibility of an over-oxidation reaction. Therefore, there is a need to
improve the utility of H2O2 for the selective conversion of sulfides
to sulfoxides. The title reaction is represented in Eq. (1).

dx.doi.org/10.1016/j.molcata.2010.09.008
http://www.sciencedirect.com/science/journal/13811169
http://www.elsevier.com/locate/molcata
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Scheme 1. Two-step proce

(1)

. Experimental

.1. Materials

RuCl3·H2O (38.0–42.0% Ru basis), 1,2-propanediol,
olyvinylpyrrolidone (PVP, Mw ∼ 40,000), �-Al2O3, methyl
henyl sulfide (MPS), para-substituted phenyl methyl sulfides
p-methoxy, p-methyl, p-flouro, p-chloro, p-bromo, and p-nitro),
iphenyl, diethyl, di-n-propyl, di-n-butyl, and di-sec-butyl sulfide
ere purchased from Aldrich and used as such. HPLC grade ace-

onitrile and 30% H2O2 were used as received. All the glassware
ere cleaned with aqua regia (v/v, HCl/HNO3, 3:1; caution: aqua

egia is very toxic and should be handled carefully!)

.2. Synthesis of Ru (PVP)/�-Al2O3 catalyst

Metal colloids dispersed liquid medium can be divided into
our categories, solvent-stabilized [31], surfactant-stabilized [32],
igand-stabilized [33] and polymer-stabilized [34]. Metal colloids
f the first three categories are usually unstable when they are
sed as catalysts even when the reaction conducted in ambi-
nt conditions. Thus, the polymer-stabilized metal colloids are
he most useful catalytic systems for organic transformation.
ery stable PVP-capped RuNPs were synthesized by reduction of
u3+ with 1,2-propanediol in the presence of PVP according to
hen et al. [35] Briefly, RuCl3 (0.1434 g, 5.25 × 10−4 M), and PVP
0.5828 g, 5.25 × 10−3 M, as monomeric unit) were dissolved in
,2-propanediol (100 mL) under stirring to form a dark red solu-
ion and refluxed. The color of the solution changed from dark
ed to yellow and then turned to deep green and finally to dark
rown. The dark brown colored solution was then left to cool to
oom temperature. Scheme 1 illustrates the two-step process that
e have used for the synthesis of the RuNPs supported on the

lumina: (1) synthesis of the ruthenium colloids, and (2) impreg-
ation of the RuNPs onto the alumina nano surface using PVP as

he stabilizer. The 1,2-propanediol was removed later by dilut-
ng the suspension with 450 mL of 0.3 M NaNO3 aqueous solution.
he black solid was collected by filtration, washed with distilled
ater to remove the Na+ and Cl− ions, dried under vacuum at
T and calcinated at 500 ◦C for 8 h and stored in a closed con-
the synthesis of catalyst I.

tainer. The details of the synthesis of the catalyst I are given in
Scheme 1.

The catalyst support, �-Al2O3, was dried at 120 ◦C overnight
prior to impregnation and surface area >40 m2/g (BET) is the prop-
erty which makes �-Al2O3 appealing as a catalyst support. The
�-alumina supplied by Sigma–Aldrich with an average particle size
of <50 nm (TEM) is used as the support in this study.

2.3. Characterization

Powder X-ray diffraction (XRD) patterns were recorded using
a XPERT-PRO diffractometer operated at a voltage of 40 kV
and a current of 30 mA with Cu K� radiation (� = 1.54060 Å).
High resolution transmission electron microscopy (HRTEM) and
selected area electron diffraction (SAED) patterns were performed
using a JEOL 3011, 300 kV instrument with a UHR pole piece.
The nitrogen adsorption/desorption was performed by using a
Micromeritics ASAP 2010 sorptometer for high-resolution low
surface area studies. The same apparatus was used to perform
H2 chemisorption measurements. Detailed measurements of sur-
face area were determined from nitrogen adsorption isotherm
by the Brunauer–Emmett–Teller (BET) method and determina-
tion of the pore size distribution from adsorption branch by
the Barrett–Joyner–Halenda (BJH) method. SEM–EDX observations
were carried out on a Hitachi S-3400N electron microscope. The
energy dispersive X-ray analysis (Thermo SuperDry II) is used to
carry out semi-quantitative elemental analysis of the samples. EDX
observations were carried out by a cathodoluminescence detec-
tor. Ultraviolet–visible absorption spectra were recorded using a
SPECORD S100 diode-array spectrophotometer. FT-IR spectra were
recorded using 8400S Shimadzu FT-IR spectrometer in the region
of 4000–400 cm−1 with a spectral resolution of 2 cm−1 using dry
KBr at room temperature. Atomic force microscopy (AFM) (APE
Research nanotechnology, AFM A100 SGS), working at 100 kV, was
used to measure the size of nanoparticles. The samples for AFM
measurements were prepared by evaporating a drop of the dilute
aliquot solution on a thin glass plate. 1H NMR data for the sulfoxides
were acquired on a Bruker 300 MHz NMR spectrometer with CDCl3
as the solvent. GC analyses were carried out using a Shimadzu 17
A model capillary gas chromatography (SE-30 10%; carbowase and
ZB-55%, with FID detector).

2.4. Selective oxidation
The general procedure for the sulfoxidation reaction is as fol-
lows: Catalyst I (1 wt%, 0.5–2.0 mmol) and sulfide (1.0 mmol) were
dissolved in CH3CN (3 mL) at 298 K. To this mixture, 30% H2O2
(1.0 mmol) was added dropwise slowly. The mixture was stirred
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ig. 1. The XRD patterns of the catalyst I. The catalyst was calcinated at 500 ◦C in air
or 8 h. Fresh catalyst (black line), and used catalyst (red line). (�), Ru; (�), RuO2;
©), (-Al2O3. (For interpretation of the references to color in this figure legend, the
eader is referred to the web version of the article.)

or 1–2 h at room temperature. The resulting solution was diluted
ith CHCl3, washed initially with water and then with saturated

rine solution. The organic layer was dried over anhydrous MgSO4,
ltered and concentrated under reduced pressure. The crude prod-
ct was purified by flash column chromatography on silica gel using
etroleum ether and ethyl acetate (2:1) as eluent. The solvent was
vaporated and the product was analyzed using 1H NMR and FT-IR
echniques.

. Results and discussion

.1. XRD results
The X-ray diffraction pattern of the catalyst I is shown in Fig. 1.
or the metallic ruthenium, the diffraction peak is around 2� = 44◦

hich is exactly consistent with the d value (2.11 Å) of standard
uthenium metal data file (JCPDS No. 06-0663). The pattern of the

ig. 2. HRTEM images of ruthenium catalyst I. (a), (b), (c), and (d) correspond to the d
anoparticle is also shown in inset (d). The bars represent (a, b) 50 nm, (c) 20 nm, and (d)
alysis A: Chemical 332 (2010) 128–137

catalyst I (Fig. 1) containing reflections from �-Al2O3, Ru, and RuO2
were detected by XRD. Fig. 1 also indicates a very little aggrega-
tion on the catalyst surface. Minor ruthenium reflections peaks
emerging from catalyst I indicate that Ru forms very small parti-
cles dispersed on the support [36]. The Ru colloids showed a diffuse
peak which was separated into three independent peaks located at
2� = 38.5◦, 42.8◦ and 44◦ stand for Ru (1 0 0), Ru (0 0 2) and Ru (1 0 1),
respectively [37].

The average crystal size of the RuNPs calculated by the Scher-
rer formula is in agreement with the average diameter (5–6 nm)
determined by HRTEM. (vide infra).

3.2. HRTEM results

Representative HRTEM images of the catalyst I (Fig. 2a and b)
show the presence of numerous dark and well-dispersed RuNPs on
the alumina support. These dark spots correspond to the RuNPs.
The individual RuNPs have clear edge and are quite uniform in size
as shown in Fig. 2c. The RuNPs are crystalline and the observed lat-
tice fringes are shown in Fig. 2d. The average diameter of RuNPs
estimated from the Gaussian fit of the particle size distribution his-
tograms is about 5–6 nm. SAED (Selective Area Electron Diffraction)
analysis also confirmed that the RuNPs have an average diameter
of about 5–6 nm.

At low magnification all particles appear as smooth-surfaced
and perfect spheres (Fig. 2a). At higher magnification, the particles
are single crystals exhibiting lattice fringes characteristic of Ru0.
The electron diffraction pattern of the representative ruthenium
nanoparticle is also shown in Fig. 2d; it exhibits bright spot with
rings with the d-spacings of hcp ruthenium metal. Considerable
broadening of the diffraction rings suggests that the particles are
very small and of high crystallinity. These results are in good agree-
ment with the corresponding XRD data. When high-energy X-ray

diffraction is used for the characterization of RuNPs it is realized
that the nanoparticles are only 5 nm in size and are heavily disor-
dered [38]. Calcination at 500 ◦C for 8 h caused some broadening
of the particle size distribution and the particles had crystal faces
with no evidence of any amorphous surface layer (Fig. 2d). Bedford

ifferent images and electron diffraction pattern of the representative ruthenium
5 nm.
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Table 1
Physicochemical properties of the (-Al2O3 and catalyst I.

Sample Ru content (wt%) BET surface Langmuir surface
)

t-plot micropore Average pore Pore volume

e
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p
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s

area (m2/g) area (m2/g

�-Al2O3 – 26.5 42.4
Catalyst I 1.0 24.2 40.0

t al. [39] showed, by calcination at higher temperatures, 600 and
00 ◦C, significant broadening of the particle shape with increas-

ng particle size from round ones (small particles) to flat, elongated
nes (large particles). It has high thermal stability up to 700 ◦C of
mall RuNPs which has already been reported [40].

.3. BET surface area studies

The N2 adsorption and desorption isotherms for �-Al2O3 and
atalyst I were measured at 77 K. Prior to the adsorption mea-
urement, the samples were pretreated under helium gas flow
t 300 ◦C for 4 h. Total surface areas were calculated accord-
ng to the BET and Langmuir methods [41]. Alumina exhibited a
runauer–Emmett–Teller (BET) surface area of 26.5 m2/g, including
icropore area of 0.19 m2/g and external surface area of 29.2 m2/g.
he catalyst I gave a BET surface area of 24.2 m2/g, average micro-
ore area of 0.14 m2/g and external surface area of 26.3 m2/g. The
ecrease in surface area is mainly due to the reduction of micropore
urface area. The results help us to conclude that the RuNPs were

Fig. 3. Adsorption–desorption isotherm for (a) (-Al2O3 and (b) catalyst I.
area (m2/g) diameter (nm) (cm3/g)

0.19 33 0.13
0.14 20 0.05

impregnated on the surface of the �-Al2O3. The RuNPs were well
dispersed on the outside surface and no obvious aggregation was
observed, whereas unsupported RuNPs were likely to aggregate
immediately.

From the measurements, the BET surface area, Langmuir surface
area, pore volume and average pore diameter were calculated and
the data are given in Table 1.

The change in textual property of �-Al2O3 and RuNPs impreg-
nated on �-Al2O3 (catalyst I) are given in the supporting
information. A sharp inflection of the adsorption and desorption
isotherms, in particular around P/Po = 0.9712 (for N2 at 77 K), indi-
cates a forced closure of the hysteresis loop. In Fig. 3a the inset
figure shows the details of the isotherm in the P/Po range 0.8–1.0
(dotted square) emphasizing the TSE (tensile strength effect) at
P/Po = 0.97. The (4V/A) term used in the estimation of pore average
sizes corresponds to the assumed cylindrical model of pores. How-
ever, this assumption of cylindrical model of pores is also cited in
BJH estimates of pore volume and surface area distributions. Fig. 3b
shows the adsorption and desorption isotherm value of catalyst I
at P/Po = 0.9711. However, pores with diameters smaller than 4 nm
show no hysteresis and are completely filled and emptied at sim-
ilar pressures, resulting in a reversible adsorption and desorption
isotherm [42]. The results may point to localization of the RuNPs
mainly at the outer surface of the �-Al2O3 and only some of them
may be present inside the �-Al2O3 pores. The average pore diam-
eter, pore volume and surface area of the �-Al2O3 decrease after
impregnation with RuNPs (Table 1). Okal et al. [43] reported that
the impregnation of �-Al2O3 with an aqueous solution of RuCl3
caused a 25% decrease in BET surface area and some drop of the pore
volume. Mieth and Schwarz [44] pointed out that the partial dis-
solution of the support during impregnation may have significant
consequences on the catalyst activity. Similar effect was observed

in other systems such as Pd/Al2O3 [45] and Pt/Al2O3 [46]. The
adsorption studies help us to conclude that due to impregnation of
RuNPs on �-Al2O3 the surface area, pore diameter and pore volume
of catalyst I decreased.

Fig. 4. Hydrogen chemisorption isotherm of catalyst I.
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solutions are displayed in Fig. 6 and color changes with the change
of temperature is shown in Scheme 2.

One of the well-known reduction methods for the preparation
of metal colloid is by employing 1,2-propanediol as a solvent and
reducing agent, and the polymer like PVP as the stabilizing agent.
Fig. 5. SEM pictures of catalyst I: (a) 40 K× magnificatio

.4. Hydrogen chemisorption studies

Fig. 4 presents the hydrogen chemisorption on catalyst I carried
ut at 77 K using Micromeritics 2020 equipment with use of glass
olumetric adsorption system described elsewhere [47]. This study
rovides hydrogen/metal (H/M) data. (H/M is the ratio of the num-
er of adsorbed hydrogen atoms to the total number of metal atoms
ultiplied by 100%.) Each measurement was performed three times

nd the average value H/M = 1:1 was used. The total amount of
dsorbed hydrogen was obtained by extrapolating the linear high-
ressure part of the isotherm to zero pressure. H2 chemisorption
t 77 K is helpful to determine the percent dispersion and average
u particle size to be 17% and 5.1 nm respectively. The equilibrium
dsorption measurements were made for equilibrium pressures of
–850 mm Hg range. Average RuNPs size was estimated using the
elation l (chem) = 5/Sd, where S is the metal surface area and d is
he density of ruthenium [48,49].

The reversible hydrogen isotherms (Fig. 4) show a linear depen-
ence on pressure in the 200–850 mm Hg range but the uptake
ecreased slowly at 200 mm Hg (see supporting information).
ayari et al. [50] found that at room temperature reversible H2
hemisorption occurs in appreciable amounts on the Ru crystal-
ites with sizes within the limited range of 5–6 nm. Zupanc et al.
51] explained this finding by a modification in the surface ener-
etics of the Ru crystallites with the change of their size. However,
nly very small change in the mean size of RuNPs was detected by
he hydrogen chemisorption.

.5. SEM–EDX observations

SEM–EDX shows typical results of catalyst I deposited on a car-
on strip by means of SEM. Fig. 5a represents the view of the
ample at 40k× magnification which stands for examining the area
f 9.6 × 9.6 mm2 surface. These objects consist of tiny particles,

onfirmed by SEM results.

Analysis through energy dispersive X-ray (EDX) spectrometers
onfirmed the presence of elemental ruthenium and aluminum sig-
als from the catalyst I (Fig. 5). The vertical axis displays the number
f X-ray counts whilst the horizontal axis displays energy in keV.
100 K× magnification and (c) EDX analysis of catalyst I.

Identification lines for the major emission energies of Al metal from
the catalyst I are displayed and these correspond with peaks in the
spectrum, thus giving confidence that ruthenium has been correctly
identified (see supporting information).

3.6. UV–vis absorption spectral data

UV–vis absorption spectroscopy was also used to establish the
complete reduction of Ru3+ to Ru0 state [52,53]. The Ru3+ is mixed
with PVP in 1,2-propanediol and heated to the temperatures indi-
cated in Scheme 2.

Ru3+ (dark red) was reduced, step-by-step, to Ru0 (dark brown)
during the reaction: (a) the reaction mixture at the beginning of the
reaction; (b) reaction solution obtained at approximately 20 min of
the reaction; (c) at approximately 30 min (d and e), at 50–90 min;
(f) at the end of the reaction. The UV–vis absorption spectra of the
Fig. 6. UV–vis absorption spectra of the PVP-Ru in a 1,2-propanediol solution at
different stages.
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Scheme 2. Color changes of the reaction solution during the course of the

Table 2
Relationship between the oxidation states of Ru in the Ru-PVP in 1,2-propanediol
with the absorbance data.

Oxidation state Temp (◦C) Color Wavelength (nm)

Ru3+ RT Dark red 391
Ru2+ 80–120 Yellow 345

T
(
i

1
3
b
t
t
o
l
t
p
f
p
t
l
o
i
w
T

ing agent. Compared to the spectrum of PVP, the resonance peak
−1
Ru+ 120–180 Green 328
Ru0 >200 Dark brown No characteristic peak

he standard reduction potential of Ru3+ to Ru0 is relatively high
E0 = 0.3862 V) [54]. The redox properties of 1,2-propandiol is sim-
lar to 1,2-ethanediol [55] but it is less toxic [56].

The UV–vis spectrum of the freshly prepared Ru3+ solution in
,2-propanediol exhibited a broad absorption with maximum at
91 nm. It is well known that colloidal dispersion of metals exhibit
road regions of absorption in the UV–vis range. These are due to
he excitation of plasma resonances or interband transitions, and
hey are thus a very characteristic property of the metallic nature
f the particles (Fig. 6b). This peak is shifted to a shorter wave-
ength, 345 nm, after 20 min of reduction (Fig. 6c). At this reduction
ime the solution turned to light yellow color. The intensity of the
eak decreases at 328 nm and the solution turned dark green by
urther heating. After about 110 min, the absorption peak disap-
eared completely, which indicated that Ru3+ was entirely reduced
o Ru0 (Fig. 6f and g). The increasing scattering absorbance at wave-
engths between 300 and 800 nm with time revealed the formation

f ruthenium colloids [57]. Each color change represents a change
n the oxidation state of ruthenium and reduction takes place step-

ise from Ru3+ state to Ru0 state and the details are collected in
able 2.

Fig. 7. (a) AFM image of catalyst I in 2
Ru nanocolloids formation with 1,2-propanediol taken as solvent.

3.7. AFM analysis

AFM provides real topographical image of sample surface. Since
ruthenium nanocatalysts exhibit physical properties different from
bulk ruthenium and the properties largely dependent on their size
and structure, a good structural characterization becomes possible.
A good dispersion of the nanoparticles is possible to image them
individually using AFM. Further, this technique enables measur-
ing the size of the particle, considering the particle height rather
than its width because the particle may be distorted by the AFM
tip geometry. Fig. 7 provides three-dimensional structural infor-
mation, which is not available with conventional light-scattering
measurements. Fig. 7a and b shows three-dimensional overview of
the fresh catalyst I in a scan size of 1.7 × 1.7 �m.

The nanoparticles have an average size of 50–100 nm and are
separated from each other. The particle size of nanoruthenium was
determined using HRTEM as shown in Fig. 2.

3.8. FT-IR analysis

The �-alumina is chemically inert in 1,2-propanediol under the
conditions used in this study and thus used as a support for Ru
catalyst. The catalyst I is characterized using FT-IR spectroscopy
and the spectrum is shown in Fig. 8.

The FT-IR fingerprints of the PVP indicate that the polymer is
present on the surface of the RuNPs serving as a good stabiliz-
of C O of PVP coordinated to RuNPs was shifted from1656 cm
to 1644 cm−1 while the C–N peaks at (1014 cm−1 and 1074 cm−1)
were not changed. These changes suggest that the coordination of
nitrogen-containing heterocyclic ring of the PVP to the RuNPs sur-

D and (b) the 3D representation.
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Table 3
Oxidation of various sulfides H2O2 catalyzed catalyst Ia.

Entry Substrate Time (min) Conversion (%)b Yield (%)b,c Selectivity (%)b,c

1

S

120 100 98, 92b, 98c 98

2

S

Cl
150 98 96 95

3

S

Br
150 98 97 98

4

S

F
150 99 96 96

5

S

O2N
180 99 90 95

6

S

H3C
120 98 92 98

3

S

H3CO
100 99 97 99

8f

S

75 99 99 99

9

S

110 99 92 97

10

S

100 95 96 94

11 S 100 >98 100 99

12
S

100 >98 100 98

13
S

100 >97 100 99

14

S
100 >97 100 97

a Reaction conditions: sulfide (1 mmol), 30%H2O2 (1 mmol), catalyst I (1 wt%, 0.5–2 mmol), CH3CN (3 ml).
b Determined by GC or 1H NMR using an internal standard technique on the crude reaction mixture.
c Yield = No. of moles of sulfoxide/No. of moles of sulfide; Selectivity = Sulfoxide/(Sulfoxide + Sulfone).

d,eThe catalyst is reused repeatedly.
f MeOH was used (70% yield in CH3CN medium).

f
P
b
i
a
o
t
i

ace may be weaker compared to the carbonyl group [34]. Such
VP coordination to the surface of the RuNPs was also proposed
y Bonet et al. [58] the spectrum also exhibits an O–H stretch-
ng mode, associated with water and hydroxide species centered
t ∼3470 cm−1 and ∼1620 cm−1 respectively. Though the signal
btained for the FT-IR spectrum is predominantly from the RuNPs
here is some contribution from the surface of �-alumina as shown
n Fig. 8.
3.9. Selective oxidation of sulfides to sulfoxides

In this study, 14 organic sulfides are oxidized to sulfoxides by

using H2O2 and catalyst I (Table 3).

After the completion of the reaction, the catalyst was extracted
with CHCl3. The oxidation process was repeated for three consecu-
tive cycles with little loss of activity (entry 1). The data collected in
Table 3 show that the rate of oxidation of aromatic sulfides varied
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Table 4
Oxidation of MPS by H2O2 in the presence of catalyst Ia.

Entry Solvent Conversion (%)b Yield (%)b,c Selectivity (%)d

1 – 80 52 86
2 H2O:CH3CN 80 75 73
3 MeOH 90 82 80
4 EtOH 95 85 85
5 CH3CN 98 97 98
6 CHCl3 72 70 80
7 CH2Cl2 75 60 85
8 1,4-Dioxane 88 71 86
9 MeOH 99 98 98e

a Reaction conditions: 3 mL of solvent; 1.0 mmol of MPS; 1 mmol, H2O2; 0.5 mmol
(catalyst I); RT with stirring.

b Determined by GC on the crude reaction mixture.
c Yield = No. of moles of sulfoxide/No. of moles of sulfide.

tion time is increased to 150 min there is no change in selectivity
as well as in yield.

Table 5
Influence of the reaction time with MPSa.

Entry Time (min) Conversion (%)b Yield (%)b,c Selectivity (%)d

1 30 73 60 85
2 60 89 70 90
3 90 92 85 95
4 120 98 98 98
5 150 98 98 98

a Reaction conditions: 3 mL of solvent; 1.0 mmol of MPS; 1 mmol, H2O2; 0.5 mmol
ig. 8. FT-IR spectra of (a) PVP (b) (-Al2O3 and (c) catalyst I after treatment at 500 ◦C.

ith the nature of substituents on the phenyl ring (entries 2–7). The
resence of electron withdrawing substituents on the phenyl ring
equired slightly longer reaction times when compared to electron
onating substituents. Selectivity towards the formation of sulfox-

de is higher than 90% in all cases and in most of the cases it is close
o 100%. The other product expected is the corresponding sulfone
ut the yield of sulfone is negligible here. However, with increase

n time and H2O2, the formation of sulfone (i.e. overoxidation) has
een observed. As far as diphenyl sulfide (DPS) is concerned MeOH
eems to be better solvent than CH3CN. The alkyl sulfides are more
eactive than aryl sulfides and the reaction is little sensitive to steric
ffect. The values of selectivity for the obtained products are pre-
ented in Table 3. Notably, the use of catalyst I at 1 wt% resulted
n the quantitative conversion of sulfides to the corresponding sul-
oxides with 1 mmol of 30% H2O2.

.10. Product analysis

The H2O2 oxidation of sulfides in the presence of the cata-
yst I was monitored via 1H NMR to identity the products of the
eaction. The 1H NMR spectra for the products obtained during
he course of the reaction (entry1, 5, 8, 10 and 13 in Table 3)
re shown in Figs. S4–S15 (see supporting information). CDCl3 is
sed as the solvent and TMS as an internal standard. The peak
ppeared as a singlet at ı 2.73 ppm corresponds to methyl proton.
he aromatic region is also informative as the aromatic protons
f sulfoxide appear as multiplets centered at ı values 7.4–7.6 ppm
59–63]. The FT-IR spectrum of the product obtained from the oxi-
ation of MPS shows S O stretching frequency at 1043 cm−1 and
o stretching frequency at 1150 cm−1 corresponding to the forma-
ion of sulfone is seen. The interesting aspect of this work is that the
ubstrate to H2O2 molar ratio of 1:1 was sufficient enough to give
8% conversion within 2 h. Increasing the amount of oxidant to 2:1
oxidant:substrate) molar ratio causes the formation of a mixture of
ulfoxide and sulfones which is confirmed using 1H NMR and FT-IR
pectroscopy (see supporting information). The aqueous layer con-
aining the catalyst was washed with acetone three times, dried

n vacuum and preserved for the next run to check their catalytic
ctivity. This product analysis study demonstrates that sulfoxide is
he only product formed under the present reaction conditions.
d Selectivity = Sulfoxide/(Sulfoxide + Sulfone).
e The substrate used was DPS.

3.11. Influence of different solvents with H2O2

We first investigated the oxidation reaction with MPS as model
substrate by using 30% H2O2 (1.0 mmol) as an oxidant. To a solution
of 3 mL of MPS (1.0 mmol) and catalyst I (1.0 mmol) taken in a sol-
vent (the reaction was carried out in different solvents) the oxidant
was added at room temperature. The results given in Table 4 show
that the reaction is sensitive to the change of solvent.

Generally sulfides are insoluble in water, but when a mixed sol-
vent (H2O:CH3CN) 1:1 (v/v) is used for oxidation the yield is 75%.
As far as the oxidation of MPS is concerned CH3CN is the best sol-
vent. On the other hand, CH3OH seems to be the better solvent for
the oxidation of DPS and it provides the highest yield (99%) and
selectivity is 98%. The data collected in Table 4 show that of all the
solvents, the selectivity and yields are better in CH3CN but lower
in the mixed solvent H2O:CH3CN (1:1) because the substrates are
poorly soluble in water specifically.

3.12. Influence of reaction time with MPS

The influence of the reaction time was investigated with catalyst
I and MPS as the substrate at RT and the results were summarized
in Table 5.

Initially the oxidation reaction was slow till 60 min but the reac-
tion is completed in 120 min (Table 5). When the progress of the
oxidation reaction was monitored for 30 min, the yield was 60% but
the maximum yield is obtained in 120 min. But the increase in the
selectivity is also significant, from 85% to 98%, compared with the
results obtained in 30 min (Table 5, entry 1 vs. entry 4). If the reac-
(catalyst I); RT with stirring.
b Determined by GC on the crude reaction mixture.
c Yield = No. of moles of sulfoxide/No.of moles of sulfide.
d Selectivity = sulfoxide/(sulfoxide + sulfone).
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Table 6
Oxidation of MPS using 30% H2O2 using different catalysts.

Catalysta Size (nm) Mol. (%) Time (h) Solvent Conversion (%) Yield (%)

LDH-WO4
2− [64] – 4.4 0.5 H2O 94 88

SiO2@WO4
2− [29] 50–60 2.0 1.5 CH2Cl2:CH3OH 100 82

WO3/MCM-48 [65] 30–100 1.0 4.0 CH3OH 100 100
Nanobiocatalyst [66] 90 5 10 min – >99% >99%
TiO2 [62] 6–8 1.25 3.0 CH3CN 100 99
�-Al2O3 <50 0.5 5.0 CH3CN 60 50b

Catalyst I 5–6 0.5 2.0 CH3CN 100 98c

RuCl3 – 0.5 5.0 CH3CN 50 Traced

aReferences.
b
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Scheme 3. Mechanism for the oxidation of sulfides using catalyst I in CH3CN.
,c,dReaction conditions as exemplified in the experimental procedure.

.13. Comparison with other catalyst systems

In order to evaluate the efficiency of the catalyst, we have
ompiled the data available on the H2O2 oxidation of MPS in the
resence of other catalysts in Table 6. It is clear from the data col-

ected in Table 6 that although the yields are similar, and mol%
nd the size of catalyst I used in the present case are smallest, the
electivity is better than the other systems, i.e., metal nanoparticles
re very attractive catalysts compared to bulk catalytic materials
ue to their high surface-to-volume ratio. The additional advan-
age with the present system is that the reaction is conducted at
oom temperature.

To investigate the effect of size on the catalytic activity, different
upported catalysts used for the oxidation of organic sulfides are
ollected in Table 6. In the present work when catalyst I is used for
he oxidation of MPS (as illustrated in Table 3) the reaction is carried
ut using 0.5 mol% of catalyst I and 1.0 mmol of 30% H2O2. The data
n Table 6 clearly indicate that the catalyst I has the smallest size but
xhibits comparable efficiency and selectivity with SiO2@WO4

2−

29] and nanocatalyst systems [64–66]. The novelty of this cata-
yst is that less quantity of catalyst (0.5 mol%) is needed during the
ulfoxidation reaction compared to other catalysts (Table 6). There-
ore, the catalytic activity is influenced by the nature and size of the
anocatalyst. Thus, ruthenium catalyst (0.5 mol%) in combination
ith H2O2 provided the complete conversion of MPS to MPSO (98%

ield), indicating a very good catalytic performance in sulfoxida-
ion reactions. The major problem with the nanobiocatalyst [66]
chloroperoxidase-coated magnetic nanoparticles) is the unsatis-
ed catalyst stability during operation and the recycling process
nd the dramatically reduced activity in comparison with catalyst
.

.14. Mechanism for the oxidation of organic sulfides to sulfoxides

Generally, thiols (–SH) interact strongly with RuNPs [67]. Here
e presume that organic sulfides also bind fairly well with Ru

urface. A possible reaction mechanism for the H2O2 oxidation of

ulfides to sulfoxides using catalyst I is proposed in Scheme 3.

Initially, the sulfur atom of the substrate is likely to attach with
he surface of the ruthenium nanoparticles. It is proposed that the
nteraction between the metal and sulfur is due to metal-to-sulfur
harge transfer as the result of thiol–metal bonds at the surface of

Scheme 4. Nucleophilic attack of the
the particles [68]. It is known that organic sulfides are oxidised by
H2O2 in a heterolytic process involving the nucleophilic attack of
the sulfur atom on the oxygen according to Scheme 4.

The rate of the oxidation of substrates increases with the
increased nucleophilicity on the sulfur atom. The oxygen atoms
of the H2O2 molecule bound on the surface of Ru(0) can interact
with sulfide to form an intermediate which readily forms the cor-
responding sulfoxide and water as the products. Aqueous H2O2 is
an ideal oxidant owing to its high effective-oxygen content, clean-
liness (it produces only water as by-product), and enough safety
in storage and operation. Therefore, the importance of H2O2 as a
“green” oxidizing agent has grown considerably. The progress of
the reaction is monitored using TLC and yield of products analyzed
by using GC method. Also, the catalyst I was reused up to three
times (entry1 in Table 3) and the catalytic activity decreased only

slightly.

sulfur to oxygen atom of H2O2.
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. Conclusions

This work provides important insight into the heterogeneous
atalysis on the H2O2 oxidation of sulfides in the presence of cat-
lyst I, which is one of the most convenient, cheap and green
ethods for the synthesis of various sulfoxides. The vital role of

atalyst is surface binding and the surface binding facilitates the
nteraction of substrate (thioether) with the oxidant (H2O2) result-
ng in the efficient formation of the selective oxidized products.
he synthesized catalyst I was characterized using XRD, HRTEM,
ET, H2 chemisorption, SEM–EDX, AFM, FT-IR, and UV–vis spectral
echniques and the characterization of products was done by 1H
MR, FT-IR, and GC analysis. This nanocatalyst may prove useful in

he development of selective oxidation catalyst for the oxidation of
ther organic substrates.
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