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EFFICIENT MOLYBDENUM CATALYZED CHEMOSELECTIVE, SOLVENT-FREE OXIDATION OF SULFIDES 
TO SULFONES AT ROOM TEMPERATURE
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ABSTRACT

An efficient and reusable molybdenum-based catalyst has been prepared by tethering dioxomolybdenumacetylacetonate complex, MoO2(acac)2, via post-
synthesis modification of zeolite beta. The catalyst has been characterized by Fourier-transform infrared spectroscopy (FTIR), X-ray diffraction (XRD), scanning 
electron microscopy-energy dispersive X-ray analysis (SEM-EDX) and inductively coupled plasma (ICP). The catalyst exhibited very high activity for the 
selective oxidation of sulfides to sulfones at room temperature. The catalyst can be recycled and reused four times without significant loss of activity.
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1. INTRODUCTION

Sulfides are the most undesirable contaminants of industrial effluents. 
In aqueous medium, sulfides in the form of hydrogen sulfide, have corrosive 
effects on the equipment and constructions.1 Therefore, the removal of 
sulfide-containing pollutants from air and wastewaters is essential in chemical 
industries.2 Various methods such as adsorption, biological processes and 
catalytic oxidations have been used for removal of sulfides. 3,4 Oxidative 
desulfurization (ODS) is known as the main route to remove sulfur compounds 
from petroleum fuels. 5 The selective oxidation of sulfide to sulfone has 
attracted considerable interest because of the preparation of valuable synthetic 
intermediates6 and the desulfurization of fuels.7 Diverse biological activity of 
sulfone linked bis(heterocycles) are reported.8 Thiosulfonates have antimicrobial 
and fungicidal activities9 and used as sulfenylating agents.10 For the oxidation 
of sulfides to sulfones, a variety of oxidants such as KMnO4,

11 periodic acid,12 
tert-butylhydroperoxide13 tetrabutylammoniumperoxymonosulfate,14 hydrogen 
peroxide,15 peroxotungstate complexes16 and NaOCl,17 have been used. Among 
these oxidants, aqueous hydrogen peroxide, is the best choice since it is a 
cheap, readily available reagent and produces water as a harmless byproduct. 
In the absence of catalyst, the oxidation reaction is very slow. To overcome 
this limitation, H2O2 in combination with various catalysts such as silica 
sulfuric acid,18 TiO2,

19 H3BO3,
20 cyanuric chloride,21 NH4Cl22 and chromium 

substituted polyoxometalate23 has been used. On the other hand, molybdenum 
complexes are known as useful catalysts for the oxidation of organic 
substrates.24 Among them, Mo(VI) has attracted considerable interest due to 
its biochemical importance25 as well as the catalytic activity of molybdenyum 
(VI) complexes in various industrial processes such as olefin metathesis,26 

ammoxidation of olefins27 and epoxidation of olefins.28 Moreover, Mo(VI) 
compounds such as MoO2Cl2,

29 MoO3
30 and dioxo-molybdenum(VI) complex31 

are considered to be very effective catalysts for the oxidation of sulfides 
using hydrogen peroxide as an environmentally benign oxidant. Although 
homogeneous catalysts exhibit very high activity, an important drawback 
associated with such catalysts is difficult separation from the catalytic media. 
So the development of heterogeneous systems where the molybdenum is 
immobilized on the supports has been attracted much attention.32,33 Moreover, 
metal-zeolites have successfully applied in the catalytic oxidation reactions 
of sulfides.34-36 In this context, zeolite beta with superior physicochemical 
properties such as large pore size, high silicon to aluminum ratio, high acid 
strength and thermal stability could be a good scaffold for the immobilization 
of molybdenum species. In continuation of our recent work,37 herein anchoring 
of MoO2(acac)2 onto zeolite beta through Schiff-base condensation reaction 
between 3-aminopropyltrethoxysilane (APTES) functionalized zeolite beta and 
2-pyridine carbaldehyde is reported (Scheme 1). The resultant material acts 
as an effective catalyst for the selective oxidation of sulfides using hydrogen 
peroxide under solvent-free condition at room temperature (Scheme 2).

Scheme 1. Anchoring of molybdenum onto zeolite beta via coordinative attachment.
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Scheme 2. Oxidation of sulfides to sulfones in the presence of Mo@
imine-Z.

2. EXPERIMENTAL

2.1. Chemicals and instrumentation
All solvents were obtained from Merck and used without further 

purification. 3-Aminopropyltriethoxysilane (APTES, 98%), 2-pyridine 
carbaldehyde, tetraethylammoniumhydroxide (TEAOH, 20%), sodium 
chloride (99.5%), potassium chloride (99.5%), sodium hydroxide (98%) and 
H2O2 (30% in water) were purchased from Merck. Sodium aluminate (56 wt% 
Al2O3, 37 wt% Na2O) was supplied by Technical Company. MoO2(acac)2 was 
obtained from Sigma Aldrich. Degussa aerosol was used for the synthesis of 
zeolite beta. Sulfides were purchased from Alfa Aesar. The powder X-ray 
diffraction (XRD) patterns of the samples were obtained on a Philips PW1840 
diffractometer with Cu-Kα radiation (1.5418 Å), in the range of 4-70º at a 
scan rate of 0.1º 2θ/s. SEM-EDX analyses were performed on a LEO 1430 VP 
instrument. The molybdenum content was measured by inductively coupled 
plasma (ICP; Labtam 8440 plasma lab). The FTIR spectra of the samples were 
recorded using Bruker model Alpha spectrophotometer in KBr matrix in the 
range of 4000-400cm-1. 1H NMR spectra were recorded on a Bruker Avance 
spectrometer at 500 MHz, by using CDCl3 or DMSO-d6 as solvent and TMS as 
internal reference. Melting points were determined on a BUCHI Melting point 
B-540 apparatus and are uncorrected.

2.2. Catalyst preparation
The catalyst was prepared according to the three step procedure shown in the 

reaction Scheme 1. The preparation of zeolite H-beta (Z-H), aminopropylated 
zeolite beta (APTES@Z) and imine-functionalized zeolite beta (Imine@Z) 
was described in our recent work.37 The molybdenum-bounded heterogeneous 
catalyst was prepared by stirring 2.0 g of the imine-functionalized zeolite 
H-beta with MoO2(acac)2 (0.113 g, 0.5 mmol) in methanol (20 mL) under 
reflux condition for 24 h. Then, the resulting solid was centrifuged and Soxhlet-
extracted with ethanol and acetone and dried at 60 ºC overnight, leading to 
molybdenum anchored zeolite H-beta (Mo@imine-Z, 2.04 g) as a pale yellow 
powder. The metal loading in the catalyst was found to be 1.70 wt% based on 
ICP analysis.

2.3. General procedure for the oxidation of sulfides to sulfones
To a mixture of sulfide (1 mmol) and catalyst (0.04 g), H2O2 30% 

(v/v) (0.28 g, 2.5 equiv.) was added and stirred at room temperature for a 
specified time. After completion of the reaction, as indicated on thin-layer 
chromatography (TLC), ethyl acetate (20 mL) was added and the mixture 
was centrifuged to separate the catalyst. The filtrate was washed with brine 
and dried over anhydrous Na2SO4. Purification of the combined organics by 
preparative TLC (hexane-ethyl acetate, 10:1) provided pure products. The 
recycled catalyst was washed with ethyl acetate and acetone. After being dried 
at 60 ºC, it can be reused without further purification. All of the products were 
known and identified by comparison of their melting points and spectral data 
with those reported in the literature.

2.4. Selected characterization data
Diphenylsulfone: white solid; m.p.: 127-129˚C; Yield: 95%; IR (KBr): υ 

= 3071, 1581, 1443, 1304, 1156 cm-1; 1H NMR (500 MHz, CDCl3): δ = 7.49 
(t, j= 7.47 Hz, 4H, Ar-H), 7.55 (t, j=7.27 Hz, 2H, Ar-H), 7.94 (d, j =7.38 Hz, 
4H, Ar-H) ppm.

3. RESULTS AND DISCUSSION
3.1. Characterization of the heterogeneous catalyst
The FTIR spectra of the zeolite H-beta (Z-H), aminopropylated zeolite beta 

(APTES@Z) and imine-functionalized zeolite beta (Imine@Z) were described 
in our recent work.37 The spectrum of the catalyst exhibit a broad band at 3437 
cm-1 attributed to the O-H stretching vibrations of surface silanol groups, a 
strong band at 1090 cm-1 due to the asymmetric Si-O-Si stretching vibrations 
and a band at 798 cm-1 corresponding to the symmetric Si-O-Si stretching 
modes. The expected vibration band for C=N group was appeared at 1622 cm-

1, which indicated the involvement of azomethine nitrogen in coordination with 
metal center. Moreover, the appearance of two bands at 911 and 933 cm-1for 
stretching vibrations of molybdenum oxide (Mo=O) further substantiate the 
immobilization of molybdenum complex onto zeolite (Figure1).32, 38, 39

Figure 1. FT-IR spectrum of Mo@imine-Z.
The X-ray diffraction pattern of the catalyst is shown in Figure 2. The 

characteristic peaks of zeolite beta were observed in the XRD pattern.40 Since 
the changes in the peak positions are not prominent, it could be concluded 
that the crystallinity of zeolite matrix remains intact after molybdenum 
immobilization.

Figure 2. X-ray diffraction pattern of Mo@imine-Z.
SEM images of the synthesized zeolite and the prepared catalyst are shown 

in Figure 3. The images show that the crystal morphology has changed due to 
the surface modification. The presence of molybdenum caused a significant 
decrease in the zeolite particle size (Figure 3b).

Figure 3. SEM images of (a) Z, (b) Mo@imine-Z.
In the EDX spectrum of the catalyst, the small peak for molybdenum 

clearly indicates that molybdenum is attached onto the surface of zeolite beta 
(Figure 4).

3.2. Catalytic activity
To find out the optimum reaction condition, the oxidation of diphenyl 

sulfide using 30% aqueous solution of hydrogen peroxide in the presence of 
catalyst was examined as a model reaction. The results are shown in Table 1. 
Firstly, to optimize the quantity of the oxidant, this model reaction was carried 
out using 1.2, 2 and 2.5 equivalents of H2O2 in the presence of the catalyst (20 
mg). The reaction yield was affected crucially by the oxidant amount. The best 
amount of the oxidant for higher yields of sulfone was 2.5 equivalents (Table 
1, Entries 1-3). Then the effect of the amount of catalyst was investigated. By 
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raising the catalyst amounts, oxidation of diphenyl sulfide was increased (Table 
1, Entries 4-5). When we carried out a blank reaction using H2O2 (2.5 equiv.) 
in the absence of catalyst, the reaction was not completed and a low yield of 
corresponding sulfone was formed (Table 1, Entry 6). The effect of solvent 
was investigated for the diphenyl sulfide oxidation under reflux condition. 
As seen in Table 1, in the presence of EtOH and CH3CN as solvent, the sole 

product is sulfone (Table 1, Entries 7-10). In order to study the effect of the 
oxidizing agent in the oxidation reaction, TBHP and H2O2 were used. From 
the economical and environmental point of view, solvent-free condition using 
hydrogen peroxide as oxidant (2.5 equiv.) and catalyst (40 mg) was chosen as 
the best reaction condition (Table 1, Entry 5, Scheme 2).

Figure 4. EDX analysis of Mo@imine-Z.

Table 1. Optimization of reaction condition for the oxidation of diphenyl sulfide.

Entry Catalyst (mg) Oxidant (equiv.) Solvent Temperature (ºC) Time (min)
Isolated yields (%)

Sulfoxide Sulfone

1 20 H2O2 (1.2) - r.t. 45 Trace 50

2 20 H2O2 (2) - r.t. 45 Trace 60

3 20 H2O2 (2.5) - r.t. 45 Trace 65

4 30 H2O2 (2.5) - r.t. 30 Trace 85

5 40 H2O2 (2.5) - r.t. 30 Trace 95

6 - H2O2 (2.5) - r.t. 240 Trace 20

7 40 H2O2 (2.5) EtOH 80 15 - 90

8 40 H2O2 (2.5) CH3CN 80 15 - 85

9 40 TBHP (2.5) EtOH 80 15 - 85

10 40 TBHP (2.5) CH3CN 80 15 - 80

With the optimized condition in hand, oxidation of various aromatic 
and aliphatic sulfides was performed. The results are summarized in Table 
2. Various sulfides such as diaryl, dibenzyl, dialkyl, diallyl and arylbenzyl 
were selectively oxidized to the corresponding sulfones. With regard to the 
aliphatic sulfides, however, the present method showed longer reaction times 
and lower yields (Table 2, Entries 9–10). To evaluate the chemoselectivity of 

the catalytic system, sulfides containing sensitive functional groups such as 
diallyl sulfide, 2-hydroxyethyl phenyl sulfide, 4-(methylthio)benzaldehyde 
and benzothiophene were subjected to the sulfoxidation reaction and it was 
observed that these reactive functional groups remained intact during the 
reaction (Table 2, Entries 4, 5, 8, 9).

Table 2. Selective oxidation of sulfides to the corresponding sulfones.

Entry Substrate Time (min) Yield (%)a
M.P. (ºC)

References
Found Reported

1 Diphenyl sulfide 30 95 127-129 128-129 [41]

2 Dibenzyl sulfide 20 90 148-150 148-151 [18]

3 Benzyl phenyl  sulfide 30 92 142-144 142-144 [18]

4 4,4´-thiodiphenol 50 94 245-247 245-247 [42]

5 2-hydroxyethyl phenyl sulfide 60 90 - - [41]

6 Benzothiophene 30 94 140-142 141-143 [43]

7 Dibenzothiophene 45 90 231-233 232-232.5 [41]

8 4-(methylthio) benzaldehyde 10 94 158-160 155-161 [42]

9 Diallyl sulfide 60 88 - - [41]

10 Dibutyl sulfide 50 88 42-44 46-46.5 [41]
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Note: All products were characterized by 1H NMR and IR data and 
Identified by comparison with authentic samples.a Yields refer to the isolated 
pure products.

A plausible mechanism for this oxidation reaction is presented in Scheme

3. As shown, prior coordination of hydrogen peroxide to molybdenum, 

polarizes the O-O bond in H2O2 and gives intermediate I. Oxygen transfer 
between intermediate I and sulfide followed by loss of water gives sulfoxide 
and the catalyst backs to its original structure. This catalytic cycle was repeated 
again and after loss of second molecule of water, sulfone as a final product is 
obtained.

Scheme 3. A plausible mechanism for the oxidation of sulfides in the presence of Mo@imine-Z.

In order to demonstrate the efficiency of this method, our results on the oxidation of diphenyl sulfide were compared with some of those reported in the 
literature (Table 3). As shown in Table 3, the present protocol is comparable with several of the others.

Table 3. Comparison of our results with those obtained using other catalysts for the oxidation of diphenyl sulfide.

Entry Catalyst (amount) Condition Time (min) Yield (%) References

1 peroxotungstate complexes (2 mol%) H2O2, CH2Cl2: CH3OH, 
12ºC. 420 84.4a [16]

2 silica sulfuric acid (0.2 g) H2O2, CH3CN, r.t. 45 95 [18]

3 MoO3 (0.05 equiv.) H2O2, EtOH, 50 ºC 40 97 [30]

4 MoO2Cl2 (15 mol%) H2O2, CH3CN, r.t. 35 91 [29]

5 cyanuric chloride (1 equiv.) H2O2, CH3CN, r.t. 25 96 [21]

6 H3BO3 (20 mol%) H2O2, solvent-free, r.t. 25 95 [20]

7 silica-vanadia (0.0043 equiv.) H2O2, CH3OH, r.t. 20 90 [15]

8 Mo@imine-Z (40 mg) H2O2, solvent-free, r.t. 30 95 This work

a GC yield.
Catalyst reusability
Reusability of the catalyst was examined in the oxidation of diphenyl sulfide under solvent-free condition as a model reaction. The catalyst was separated after 

each run, washed with ethyl acetate and acetone, dried in an oven at 60 ºC and reused in subsequent runs. After four successive runs, the catalytic activity of the 
catalyst was maintained without significant loss of the activity (Table 4).

Table 4. Reusability of the catalyst in the oxidation of diphenyl sulfide.

Run Number Yield (%)

1 95

2 94

3 92

4 90



J. Chil. Chem. Soc., 63, Nº 1 (2018)

3833

4. CONCLUSION

In brief, we have demonstrated that molybdenum supported on zeolite beta 
was a novel and effective heterogeneous catalyst for the oxidation of sulfides 
under solvent-free condition. Mild reaction condition, chemoselectivity, 
reusability of the catalyst, high yields of the products and lower reaction times 
are the main merits of this methodology.
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