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ABSTRACT: Atom-efficient and selective oxidation of
sulfides to sulfoxides and sulfones in water and epoxidation
of olefins in ethanol with hydrogen peroxide catalyzed by
Keplerate nanoball polyoxomolybdate {Mo132} under hetero-
geneous conditions are reported. The reaction yield and
selectivity was affected crucially by catalyst concentration. A
structurally diverse set of sulfides and olefins were transformed
into desired oxidation products regardless of the electronic
nature of the substituents. In spite of the heterogeneous
reaction mixtures throughout the work, no difficulties with
reaction progress were noted. Products were isolated easily from green media, and the catalyst could be reused several times
without any appreciable decrease in catalytic activity and selectivity. Accelerated reactions under ultrasonic irradiation did not
change the selectivity of the oxidation products.
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■ INTRODUCTION

Selective oxyfunctionalization of organic compounds is a pivotal
reaction in many organic syntheses of biologically active
molecules such as sulfoxides, sulfones, and epoxides.1 The long-
standing interest in the sulfoxidation of organic sulfides is
primarily fueled by its utility in diverse areas of chemistry
originating from the constant use of sulfoxides-derived chiral
auxiliaries in total synthesis2−5 to its use in medicinal
chemistry6−9 and biology10 to its application in industrially
important desulfurization processes.11−14 Moreover, over-
oxidation of sulfoxides generates sulfone products that exhibit
different biological activities and have been the subject of
extensive investigation.15−20 Epoxides are also industrially
important chemicals that are produced at scales ranging from
millions of tons to a few grams per year. They are widely used
as intermediates for several perfumery chemicals, plasticizers,
and sweeteners.21,22

In the area of oxidative transformations, an important issue is
the replacement of stoichiometric procedures using classical
toxic waste-producing oxidants with catalytic procedures using
environmentally benign oxidants such as molecular oxygen and
hydrogen peroxide, where their only “waste” product is water.
Furthermore, a major challenge is to accomplish organic
processes in nontoxic solvents, particularly in aqueous
media.23−27 The catalytic oxidation with aqueous H2O2 is
desirable from the stand points of green sustainable chemistry,
and thus, many systems with homogeneous and heterogeneous
catalysts have been reported.28−32 While acknowledging the

pioneering works, there are some disadvantages: the inability
for selective oxidation of a variety of organic compounds,
reactivity toward other oxidative functional groups, use of
excess H2O2 (up to 8.0 equiv) with respect to substrates, lack of
reusability of catalyst, use of organic solvents, and harsh
reaction conditions.28−32 Thus, a practical oxidation method
that is capable of selective production of different oxygen-
containing compounds, namely, sulfoxides, sulfones, and
epoxides, under mild green conditions and that is tolerant of
other easily oxidized groups is needed in modern organic
synthesis.
Recent progress in the synthesis of nanometer-scale

polyoxometalate (POM) molecular clusters, especially poly-
oxomolybdates and polyoxotungstates with well-defined
structures and potential applications in catalysis, electro-
chemistry, biomedicine, and magnetism as sensors, surfaces,
and coatings, has successfully pushed the size of inorganic
molecules to the nanometer scale and offered new
opportunities in many different fields.33−37 Giant polyoxomo-
lybdates, especially spherical ball-like clusters, are nanoscale
architectures with more than 500 atoms and the highest
Euclidean symmetry.38−41 They have gained significant interest
as cation carriers, nanosponges, and for various other material
science applications in the solid state.38,42−44 However, to the
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best of our knowledge, selective oxidation of thioanisole to the
pertinent sulfoxide using H2O2 catalyzed by {Mo72Fe30} cluster
that is carried out in methanol is the only actual report on
oxidation activity of Keplerate POM.45 Just recently,
we have d i scovered ca ta ly t i c effic i ency o f the
(NH4)42[MoVI72MoV60O372(CH3COO)30(H2O)72] “{Mo132}”
nanoball in selective epoxidation of aqueous suspension of
olefins under mild aerobic conditions.46 However, no activity
toward sulfides was observed, except for electron-rich allyl
sulfides that led to sulfone products.46 Now, in continuation of
our ongoing research on the development of novel catalytic
methods for oxidation of organic compounds in green
media,47−56 we describe the catalytic activity and selectivity of
the easily prepared {Mo132} nanoball, in the heterogeneous
oxidation of aqueous suspension of organic sulfides to both
sulfoxides and sulfones using 30% H2O2 under mechanical
stirring (MS) and ultrasonic irradiation (US) conditions
(Scheme 1). The heterogeneous epoxidation of different olefins
also successfully occurred in ethanol in the presence of the solid
nanocatalyst {Mo132}. The catalyst was reused in the procedure
efficiently many times.

■ EXPERIMENTAL SECTION
Remarks. Conversion and yields of the products were accom-

plished by GC-FID on a Shimadzu GC-16A instrument using a 25 m
CBP1-S25 (0.32 mm ID, 0.5 μm coating) capillary column using
toluene as the internal standard. IR spectra were recorded on a Perkin-
Elmer 780 instrument. UV−vis spectra were recorded on a Shimadzu
UV-2501pc spectrophotometer. 1H NMR spectra were recorded with
a Bruker Avance DPX FT-NMR 250 and 400 MHz instrument. TEM
images were obtained by TEM instrumentation (Philips CM 10). X-
ray diffraction (XRD, D8, Advance, Bruker, AXS) and TGA
(Shimadzu 50) were employed for characterization of the catalyst.
Preparation of the {Mo132} Nanoball. The cluster was prepared

according to the literature procedure.41 N2H4·H2SO4 (0.8 g, 6.1
mmol) was added to a solution of (NH4)6Mo7O24·4H2O (5.6 g, 4.5
mmol) and CH3COONH4 (12.5 g, 162.2 mmol) in H2O (250 mL).
The solution was then stirred for 10 min (color change to blue green),
and 50% CH3COOH (83.0 mL) was subsequently added. The
reaction solution, now green, was stored in an open 500 mL
Erlenmeyer flask at 20 °C without further stirring (fume hood; slow
color change to dark brown). After 4 days, the precipitated red-brown
crystals of {Mo132} were filtered off over a glass fritt (D2), washed with
90% ethanol, ethanol, and diethyl ether, and finally dried in air. Yield:
3.3 g (52% based on molybdate). The Raman (Figure S1, Supporting
Information),41 FT-IR (Figure S2, Supporting Information),41 UV−vis

spectra (Figure S3, Supporting Information),41 XRD, (Figure S4,
Supporting Information),57 and TG analysis (Figure S5, Supporting
Information)57 confirmed well the structure of prepared {Mo132}.
TEM images of {Mo132} in ethanol showed ball morphology with the
size ranging between 5 and 25 nm (Figure S6, Supporting
Information).

General Procedure for Oxidation of Sulfides. To a 1.0 mL
aqueous suspension of sulfides (1.0 M) containing 0.1 μmol {Mo132}
(1.4 mg) for sulfoxide formation (and 2 μmol, 28.6 mg, for sulfone
formation) was added hydrogen peroxide (2.0 mmol 30%, 200 μL),
and the reaction mixture was stirred under air at 25 °C with a magnetic
stirrer bar or under US irradiation with a power of 100 W for the
required time (Table 2). The reaction progress was monitored by
TLC, and the yield of products was determined by GC analysis using
toluene as the internal standard. After completion of the reaction ethyl
acetate, 3 × 2 mL was added, and the organic phase was extracted
followed by evaporation of solvent. Higher purification of products
was achieved by chromatography over silica gel (eluent: n-hexane/
ethyl acetate 70:30 for solfoxides isolation and 90:10 for sulfones
isolation). An aqueous solution of {Mo132} was used for the next runs
without any purification. Identification of products was made by their
1H NMR spectra.

General Procedure for Epoxidation of Olefins. A mixture of
olefins (1.0 mmol), hydrogen peroxide (2.0 mmol 30%, 200 μL), and
{Mo132} (2 μmol, 28.6 mg) in 2.0 mL ethanol was stirred with a
magnetic stirrer bar or under US irradiation with a power of 100 W
under air at 75 °C for the required time (Table 3). The reaction
progress was monitored by TLC and GC, and the yield of products
was determined by GC analysis using toluene as the internal standard.
After completion of the reaction, the solid catalyst was isolated by
filtration and washed with hot ethanol and used for the next runs.
Evaporation of ethanol gave the desired epoxides. Higher purification
of products was achieved by chromatography over silica gel (eluent: n-
hexane/ethyl acetate 80:20). Identification of products was made by
their 1H NMR spectra.

Note: A UP 400S ultrasonic processor equipped with a 3 mm wide
and 140 mm long probe that was immersed directly into the reaction
mixture was used for sonication.

■ RESULTS AND DISCUSSION

Catalytic Oxidation of Sulfides. Initially, oxidation of
thioanisole was selected as a model reaction, and water was
used as a standard “green” solvent. Knowing that molecular
oxygen is unable to oxidize the sulfides in the presence of
{Mo132},

46 H2O2 was used as oxidant, which did not show any
activity in the absence of a catalyst under mild conditions. Our
results showed that the reaction yield and selectivity was
affected crucially by the catalyst concentration (Figure 1).
Methyl phenyl sulfoxide was achieved with excellent yield and
selectivity, with 2.0 equiv. of H2O2 using 0.01 mol % catalyst
within 45 min (procedure A). With catalyst concentration
increasing, sulfone selectivity increased significantly and
reached its maximum at 0.2 mol %, readily making a new
procedure for easy access to the sulfone product with no need
for more oxidant and temperature (procedure B). Thus, under
mild conditions, both sulfoxide and sulfone products could be
secured quantitatively from aqueous media in the desired time
(45 min) using a few minutes for the catalyst to demonstrate
high atom efficiency of the title nanopolyoxomolybdate (Figure
2). It should be noted that when the catalyst was replaced by
MoO3, Na2MoO4·4H2O, and (NH4)6MO7O24·4H2O as simple
salts of Mo(VI), no oxidation product was observed selectively
even at longer reaction times up to 24 h.
The effect of the amount of H2O2 used on the conversion

and product selectivity was studied at various H2O2/substrate
molar ratios in the presence of 0.01 and 0.2 mol % catalyst

Scheme 1. Oxidation of Sulfides and Olefins Using H2O2
Catalyzed by a {Mo132} Nanoball

ACS Sustainable Chemistry & Engineering Research Article

dx.doi.org/10.1021/sc4005263 | ACS Sustainable Chem. Eng. 2014, 2, 942−950943



(Table 1). The selectivity pattern changed with varying
amounts of H2O2 in the oxidation of thioanisole. With 2.0
equiv. of H2O2, desired yields and selectivity of sulfoxide
(procedure A) and sulfone (procedure B) were achieved.
Nevertheless, a further increase in this ratio reduced
significantly the conversion and/or selectivity of the reaction
products.
Because the structure of POMs is pH dependent,58 the

oxidation of thioanisole was run at different pH values. When,
pH value was adjusted to less than or equal to 8, exactly the
same conversions and selectivity were obtained. Nevertheless, a
further increase in the pH reduced significantly both the

conversion and selectivity (Figure 3) because the {Mo132}
cluster becomes less stable with the consequence that they are
broken as established by a UV−vis study.46,58
The use of ultrasound irradiation (US) to accelerate

reactions has proven to be a particularly important tool for
meeting the green chemistry goals of minimization of waste and
reduction of energy requirements.59 It was found that the
ultrasonic irradiation with a 100 W power accelerated the
oxidation of thioanisole to achieve the same conversion and
selectivity within 15 min (Figure 4). Improved dispersion of the
catalyst as well as organic droplets by sonication can be a good
reason for enhancing the reaction rate in the title heteroge-
neous system. However, thorough mixing of the reactants and
the production of hot spots by ultrasonic irradiation should also
be taken into account.59

Seeking to expand the scope of methodology, different
sulfides were subjected to the reaction system in the presence
of H2O2 under both magnetic stirring and ultrasonic irradiation
(Table 2). A structurally diverse set of phenyl alkyl-sulfides,
phenyl benzyl-sulfides, dialkyl-sulfides, unsaturated, and
hydroxylated alkyl sulfides were transformed into sulfoxides
and sulfones regardless of the aggregate state and electronic
nature of the substituents. All substrates could be smoothly
converted to sulfoxides (procedure A) and sulfones (procedure
B) with good to high conversion rates, and excellent
selectivities were obtained under mild conditions with both
mechanical stirring and ultrasonic irradiation. Sulfoxides could
be nearly stoichiometrically produced, and the generation of
the corresponding sulfones was well controlled, which makes
this process a good alternative for sulfoxide production.
Moreover, as mentioned above, the increase in molar ratio of
the catalyst/sulfide readily produced a new procedure for easy
access to sulfone products with high and excellent yields using
the same amount of H2O2 (procedure B). The methods possess
a novelty regarding chemoselectivity. The CC double bond
(entries 4,9) and hydroxyl group (entry 7) that are sensitive to
oxidation remained completely intact under the influence of the
catalyst, producing the pertinent sulfoxides and sulfones in high
yields. In addition, benzyl phenyl sulfide (entry 6) was
selectively oxidized to its corresponding sulfoxide and sulfone
without formation of any benzylic oxidation byproducts. An
additional advantage of this heterogeneous system is that at the
end of the reactions, hydrophobic organic sulfoxides and
sulfones were isolated easily by adding ethyl acetate as a safe
solvent followed by evaporation.

Figure 1. Screening of {Mo132} concentration on the oxidation of
thioanisole using H2O2 in water. The reactions were run for 45 min
under air at 25 °C using 2.0 equiv. of H2O2. Yields determined by GC.

Figure 2. Time course of oxidation products of thioanisole in water at
25 °C using 2.0 equiv. of H2O2 under magnetic stirring catalyzed by
{Mo132} (0.01 mol %, procedure A; 0.2 mol %, procedure B). Yields
determined by GC.

Table 1. Effect of Varying H2O2 Amount on Oxidation of
Thioanisole Catalyzed by {Mo132} in Watera

procedure A
(0.01 mol % catalyst)

procedure B
(0.2 mol % catalyst)

H2O2 (mmol) sulfoxide %b sulfone %b sulfoxide %b sulfone %b

1.5 42 0 33 27
2 100 0 0 100
2.5 70 10 0 95
3 48 17 0 67
3.5 30 22 0 35

aReactions were run under air at 25 °C for 45 min using 1.0 mmol
thioanisole. bGC yields based on the toluene as the internal standard.

Figure 3. Screening of pH in the aqueous oxidation of thioanisole
using 2.0 equiv. of H2O2 catalyzed by 0.2 mol % {Mo132} at 25 °C after
45 min according to procedure B. Yields determined by GC.
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Catalytic Epoxidation of Olefins. Promising results
obtained from epoxidation activity of the {Mo132} nanoball
under mild aerobic conditions46 induce us to evaluate its
catalytic potential toward hydrogen peroxide. Cyclooctene,
indene, and 1-octene were chosen as model olefins. No activity
was observed for olefins in aqueous solution containing 2.0
equiv. of H2O2. and a 0.2 mol % {Mo132} nanoball at ambient
temperature even at long period of time. With increasing
temperature up to 75 °C, cyclooctene converted 67% after 3 h;
nevertheless, minor progresses in the oxidation of 1-octene
(8%) and indene (12%) were observed. When, ethanol was
added to the aqueous media at 25 °C, the reactions were
triggered. For example, oxidation of indene in the water/
ethanol mixture (1:1) produced 12%, 22%, 47%, and 66% of

indene oxide after 1.5, 2, 6, and 8 h, respectively. The
conversion rate was enhanced with rising temperature up to 75
°C producing 28% and 43% yields of 1-octene oxide and indene
oxide, respectively, after 3 h in the same media. Full conversion
of title olefins was observed at the same time in neat ethanol
making a heterogeneous system with a solid catalyst (Figure 5).
Using this heterogeneous catalytic system, cyclooctene
oxidation took only 30 min. The screening of the catalyst
and oxidant amounts was also investigated. It was observed that
the reaction required 0.2 mol % {Mo132} to proceed with high
performance. For example, 60% and 98% cyclooctene oxide
were obtained using 0.1 and 0.2 mol % catalyst, respectively,
after 30 min according to GC analysis (Figure S7, Supporting
Information). Moreover, as illustrated in Figure 6, to complete

Figure 4. Screening of ultrasonic irradiation intensity (left, after 15 min) and time course of oxidation products under ultrasonic irradiation with a
power of 100 W (right) in the oxidation of thioanisole in water at 25 °C using 2.0 equiv. of H2O2 catalyzed by {Mo132} (0.01 mol %, procedure A;
0.2 mol %, procedure B). Yields determined by GC.

Table 2. Aqueous Oxidation of Sulfides Using H2O2 Catalyzed by {Mo132}
a

aReactions were run under air at 25 °C using 2.0 equiv. of H2O2 in the presence of {Mo132}(0.01 mol %, procedure A; 0.2 mol %, procedure B).
bIsolated yield ranges of magnetic stirring (MS) and ultrasonic stirring (US). cSelectivity of products were >99% based on GC and 1H NMR
analyses. dGC yields were based on the toluene as internal standard.
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the reaction at desired times, 2.0 equiv. of 30% H2O2 is
adequate.
The influence of ultrasonic irradiation on the oxidation of

indene was also investigated (Figure 7). With a sonication

power of 100 W, indene was consumed completely in less than
60 min, albeit with the same selectivity as demonstrated in
sulfide oxidation.
Under optimized conditions, different olefins were subjected

to oxidation procedures under both magnetic stirring and
ultrasonic irradiation (Table 3). Cyclooctene, cyclohexenes,
norbornene, and indene oxidized in desired times and pertinent
epoxides were isolated in 89−95% yields after a simple filtration
and evaporation. No allylic oxidation occurred in the oxidation
of cyclohexenes. Moreover, the catalyst was able to oxidize
electron-deficient 2-cyclohxene-1-one to the related epoxide in
high yield (entry 14). The procedure presented excellent
chemoselectivity. The hydroxyl group, which is sensitive to
oxidation, remained completely intact under the influence of
the catalyst producing the pertinent epoxides in desired yields
(entries 11−13). To confirm our claim, a competitive reaction
between cyclooctene and benzyl alcohol was run. After 2h,
cyclooctene oxide was obtained quantitatively as the only
product.
The stereoselectivity of the method was also noteworthy.

Norbornene oxide formed exclusively as an exo-isomer.
Moreover, epoxidation of cis- and trans-olefins proceeded
with absolute stereospecificity (entries 8, 15, 16). However, 1-
octen-3-ol (entry12) gave an equal yield of disasteroisomers of
erythro- and threo-1,2-epoxy-3-octanol (50:50 ratio).46 The
reaction also proceeded smoothly with 1-octene (entry 10), a
less reactive terminal olefin, and 92% of the corresponding
epoxide was secured as the only product. It should be noted
that hindered olefins such as 1-phenyl cyclohexene and trans-β-
methyl styrene as well as stilbenes (entries 4, 8, 15, 16)
displayed poor reactivity, demonstrating the steric hindrance
around the active site of catalyst. In addition, cis-stilbene
reacted faster than that of the corresponding trans-olefin as
observed under aerobic conditions.46 The reactions also
proceeded well under Ar atmosphere. Moreover, by the
presence of radical scavengers such as 2,6-ditert-butyl-4-
methylphenol (BHT), no noticeable change in the conversion
and selectivity of oxygenation of cyclooctene was observed. For
example, cyclooctene oxide appeared in 92% yield (GC) as the
sole product within 30 min using 0.2 mol % catalyst in the
presence of greater than 5 equiv. of BHT. These results rule out
a radical pathway for the present system to a high extent,
although some contribution of free radicals could exist.

Figure 5. Effect of ethanol on the epoxidation of indene and 1-octene
using 2.0 equiv. of 30% H2O2 catalyzed by 0.2 mol % {Mo132} at 75 °C
after 3 h. Yields determined by GC.

Figure 6. Screening of H2O2 amounts on the epoxidation of indene
(1.0 mmol, after 3 h) and cyclooctene (1.0 mmol, after 30 min) using
30% H2O2 catalyzed by 0.2 mol % {Mo132} at 75 °C. Yields
determined by GC.

Figure 7. Screening of ultrasonic irradiation intensity (left, after 60 min) and time course of epoxide formation under ultrasonic irradiation with a
power of 100 W (right) in the epoxidation of indene in ethanol at 75 °C using 2.0 equiv. of H2O2 catalyzed by 0.2 mol % {Mo132}. Yields determined
by GC.
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Contrary to other olefins, a terminal CC bond conjugated
with phenyl rings solely gave the related carbonyl compounds,
indicating that the epoxide ring-opening reactions occurred at
high temperature, which supply high energy to break the CC
bond.60,61 It should be noted that ultrasonic irradiation that
reduced the reaction times to even less than half in some cases
did not change the selectivity of olefin oxidation.
Catalyst Activity. The good to high yields of oxidation

products obtained by this catalytic system for both sulfide and
olefin oxidation indicates the high catalytic efficiency of the title
nanocatalyst. More evidence for such an activity was obtained
by determining of the turnover numbers of {Mo132} in aqueous
media. The turnover numbers of 4500 and 2500 per hour
(TOF) were achieved for thioanisole and diphenyl sulfide,
respectively, using a 25,000:50,000:1 molar ratio for sulfide/
H2O2/catalyst under agitation with magnetic stirring. After 24
h, these numbers increased to 16,500 and 10,500, respectively.
Thioanisole and aqueous H2O2 form two separable phases at 25

°C, but the reaction took place surprisingly well. This can be
rationalized in terms of the reaction conditions as a
heterogeneous suspension of organic droplets in water (“on
water”).62−68 However, the excellent dispersity of the {Mo132}-
type cluster in an aqueous solution, particularly under US
irradiation, generating discrete single-molecular clusters should
be taken into account for such an activity.69 The additional
advantage of the reported nanocatalyst relates to a simple and
safe procedure for its preparation. The possibility to use water
as a standard “green” solvent for preparation of a catalyst as
well as a reaction medium is a salient feature especially due to
the very low solubility of organic compounds in water
providing easy separation of products. After isolation of
hydrophobic organic sulfoxides and sulfones by ethyl acetate
at the end of the reactions, an aqueous solution of the catalyst
was reused directly for the next round of reactions without
further purification. In other procedures, the solid catalyst in
the epoxidation reactions in ethanol could also be isolated

Table 3. Olefin Oxidation with 30% H2O2 in Ethanol Catalyzed by {Mo132}
a

aReactions were run under air at 75 °C using 2.0 equiv. of 30% H2O2 in the presence of {Mo132}(0.2 mol %). bIsolated yield ranges of magnetic
stirring (MS) and ultrasonic stirring (US). cSelectivity of products were >98% based on GC and 1H NMR (entries 5, 12, 15, and 16) analysis, except
for entry 12, which gave a mixture of diastereoisomers . d1H NMR yields.
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easily by simple filtration and reused in the next runs after
washing with ethanol and ethyl acetate. The nanocatalyst could
be reused at least five times without any significant loss of initial
catalytic activity (Figure 8). After the fifth run, the yield of
methyl phenyl sulfone (procedure B, Table 2) and cyclooctene
oxide (Table 3) were 93−95% and 83−88%, respectively, under
both magnetic stirring and ultrasonic irradiation at the same
times. Further works on different Keplerates using various
oxidation systems are currently under investigation in our
laboratory.

■ CONCLUSION

In this work, we used the easily prepared {Mo132} nanoball as
an efficient nanocatalyst for environmentally friendly oxidation
of various sulfides into both sulfoxides and sulfones at 25 °C in
water and olefins to epoxides at 75 °C in ethanol using 30%
H2O2. The transformation worked well with both the liquid and
solid sulfides in spite of a heterogeneous reaction mixture, and
no difficulties with stirring were noted. Sulfides containing C
C, benzylic C−H, and C−OH bonds were selectively oxidized
into their sulfoxides and sulfones. The epoxidation procedure
also presented excellent chemoselectivity. The hydroxyl group
remained completely intact under the influence of the catalyst
producing the pertinent epoxides in desired yields. Notable
stereoselectivity was observed for oxidation of norbornene as
well as cis- and trans-olefins. No surfactants, additives, toxic
reagents, or solvents and byproduct were involved, and no
laborious purifications were necessary in most cases. In addition
to the above-mentioned advantageous, the use of eco-friendly
oxidant and solvents as well as easy and safe workup procedures
and reusability of the catalyst are cost-effective, environmentally
benign, and possess high generality, which makes title
methodologies suitable for industrial goals.
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