
 

 

 

CHAPTER 5 

New peroxidomolybdenum(VI) complexes immobilized on Merrifield resin: 

highly efficient catalysts for selective oxidation of sulfides and olefins under 

solvent-free condition  
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5.1 Introduction 

The epoxidation of alkenes is a highly important industrial transformation in 

organic synthesis as epoxides are precious building blocks in the synthesis of a diverse 

range of fine and bulk chemicals [1-5]. As revealed by a survey of literature, 

dioxidomolybdenum(VI) complexes are among the most active epoxidation catalysts [6-

7]. However, majority of these methodologies, typically utilize expensive, non-aqueous 

organohydroperoxides such as tert-butyl hydroperoxide (TBHP) as oxygen source along 

with hazardous chlorinated solvents to achieve high activity [8-16]. Such limitations are 

becoming more conspicuous in view of the current intense search for new oxidation 

methodologies that are not only efficient, selective and high yielding, but are also 

ecologically benign. Use of greener oxidants and solvent-free conditions are emerging as 

key issues in green synthetic strategy. Moreover, development of synthetic 

methodologies which promote the use of active as well as recyclable heterogeneous  

catalysts  has long been a challenge in organic chemistry. Solvent-free organic 

transformations being cost efficient and environmentally safe are economically and 

industrially useful as such systems contribute considerably towards waste minimization 

[17]. On the other hand, aqueous hydrogen peroxide with high oxygen content offers a 

predominantly desirable choice of green oxidant as it is readily available, inexpensive, 

safe, and generates water as the only by product [18-20]. 

 Notwithstanding the numerous innovative and promising oxidoperoxido Mo(VI) 

complexes based homogeneous and heterogeneous catalysts reported for olefin 

epoxidation in the past decades, there is still a dearth of information on pMo catalyzed  

olefin epoxidation under solvent free condition [6,21]. Recently Zara et al.  reported a 

pMo based heterogeneous catalyst for the olefin epoxidation using TBHP as oxidant 

under solvent free condition at 95 0C [22]. With H2O2 as an oxidant, Herbert and co-

workers carried out epoxidation of cyclooctene using soluble peroxidomolybdenum 

catalyst containing pyridine or pyrazole ligands under solvent-free condition [23]. 

However, the reaction required base additives and a temperature of  60 0C. Moreover, the 

system was not effective for epoxidation of other olefinic substrates and catalyst 

regeneration was an issue. 

Merrifield resin (MR) or cross-linked poly(styrene-divenylbenzene) with its 

potential to undergo facile functionalization still stand out as one of the most attractive   
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macromolecular supports for catalytic applications [24-25]. Previously, our group has 

developed highly efficient heterogeneous catalysts by grafting pMo or peroxidotantalum 

species on to functionalized MR, which exhibited excellent activity in selective oxidation 

of sulfides to the corresponding sulfoxide and sulfone by H2O2 under mild condition [26-

27]. Moreover, the same MR-peroxidotantalum complexes served as active catalysts for 

epoxidation of variety of olefins with H2O2 in absence of solvent.  

These exciting results provided us with the impetus to direct our efforts to 

develop new versatile pMo based heterogeneous catalysts supported on appropriately 

functionalized MR. Since the catalytic activity and selectivity of such functionalized 

systems mainly depend on the coordination sphere created by the chelating ligands, 

proper choice of functional group is an essential requirement in order to obtain the metal 

supported catalyst that should be catalytically active and robust during the reaction and 

recycling process.  

This chapter describes the development of a pair of new heterogeneous pMo 

catalysts supported on MR functionalized with ligands L-asparagine or nicotinic acid 

and their role as recoverable heterogeneous catalysts in olefin epoxidation as well as 

sulfide oxidation with H2O2 under mild condition. Asparagine (Asn), a bulky tridentate 

amino acid ligand with polar side chains offers excellent coordination facility in the 

formation of various stable metal complexes [28-32]. Nicotinic acid (niacin) or pyridine-

3-carboxylic acid which contains carboxyl ligating group forms different types of metal 

complexes that are used as therapeutic agents [33-39]. This biological ligand may present 

in the complex in neutral, anionic or zwitterionic form. To the best of our knowledge, 

these ligands have not been used so far for attaching pMo species to MR.   

5.2 Experimental section 

5.2.1 Functionalization of the Merrifield resin (MR): 

In this work, functionalization of the polymer support with the ligands was 

achieved according to the methods reported earlier with some modifications [26-27,40-

41]. 2 g (5 mmol Cl) of pre-washed chloromethylated poly(styrene-divinylbenzene) 

copolymer beads were swelled in 6 mL methanol for 1 h at room temperature. An 

aqueous solution of L-asparagine (0.82 g, 6.25 mmol) or nicotinic acid (0.76 g, 6.25 mmol) 

in 20 mL distilled water was added to the swollen polymer in methanol. The molar ratio 
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of Cl:ligand:base on the basis of percent replaceable chlorine on resin was maintained 

approximately at 1:1.25:1.25. The resulting system was then kept for 24 h under 

refluxing conditionin presence of pyridine (0.50 mL, 6.25 mmol). The contents were 

cooled and allowed to stand at room temperature for a week with occasional shaking. 

After 7 days, pH of the reaction mixture containing L-asparagine decreased to ca. 5 from 

its initial value ca. 7, while for the system containing nicotinic acid, pH was observed ca. 

3.5 from its initial value 5.2. The color of the beads were observed to change from off-

white to pale yellow indicating the attachment of the ligand. Finally, the L-asparagine or 

nicotinic acid functionalized polymer beads were collected by filtration, followed by 

washing with hot water till no precipitate of AgCl was observed in the filtrate on treating 

with AgNO3. It was further rinsed with excess ethanol. The final product was obtained 

after drying at 90 0C in an oven for 6 h to yield 2.65 g of MRAsn and 2.51 g of MRNA 

respectively. 

5.2.2 Synthesis of immobilized molybdenum dioxidomonoperoxido compounds 

[MoO2(O2)(L)]-—MR, [L = Asparagine (MRAsnMo) (5.1)] or [MoO2(O2)(L)2]— 

MR, [L = Nicotinic acid (MRNAMo) (5.2)] 

Molybdic acid (0.40 g, 2.5 mmol) was dissolved in 30% H2O2 (2.55 mL, 22.5 mmol) at 

room temperature. The initial pH of the clear solution was recorded to be ca. 1. Sodium 

hydroxide solution (8 M) was then added to the above system dropwise with constant 

stirring until the pH of the reaction medium become 5.0. The temperature of the system 

was maintained below 4 0C in an ice bath. 1.0 g of MRAsn or MRNA, pre-swelled in 5 

mL ethanol for 1 h was added to it. The mixture was kept for 24 h under stirring in an ice 

bath. The supernatant liquid of reaction mixture was decanted and the yellowish residue 

was repeatedly washed with pre-cooled acetone. The final products were separated by 

centrifugation and dried in vacuo over concentrated sulfuric acid.  

5.2.3 Elemental analysis 

Quantitative determination of molybdenum, peroxide, carbon, hydrogen, 

nitrogen, chlorine and sodium were obtained by the methods described in Chapter 2. The 

analytical data of the compounds are summarized in Table 5.1.  
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5.2.4 Physical and spectroscopic measurements 

According to the methods described in Chapter 2, the compounds were 

characterized with the help of spectroscopic measurements, TG analysis as well as 

scanning electron micrographs (SEM) and EDX analysis. Structurally significant IR 

bands and their assignments are summarized in Table 5.4. TGA data of the complexes 

are reported in Table 5.6. Table 5.5 describe the 13C NMR chemical shift values for the 

complexes and their respective free polymers.  

5.2.5 General procedure for epoxidation of alkenes 

Catalytic oxidation of alkene was carried out as follows: Initially, 5 mmol of 

styrene and 0.005 mmol of catalyst [MRAsnMo (3.5 mg) or MRNAMo (8.3 mg)] was 

placed in a round bottom flask. To this 30% H2O2 (5 mmol, 0.56 mL) was added and the 

system was placed at 80 0C under continuous stirring. The molar ratio of Mo: substrate: 

oxidant was maintained at 1:1000:1000. The progress of the reaction was monitored by 

HPLC. After completion of the reaction, the solid catalyst was separated by filtering the 

reaction mixture and washed with acetone for further use.  

The quantitative analysis of styrene and its oxidized products was performed on a 

Thermo-Scientific Dionex Ultimate 3000 HPLC system equipped with a UV detector. 

The products were detected at a wavelength of 254 nm and well separated by the use of a 

reversed phase C18 column (250 × 4.6 mm). The mobile phase was composed of 

acetonitrile, methanol and water in a volume ratio of 2:3:5 with a flow rate of 1 mL/min 

and an injection volume of 20 μL. The substrate and products were identified by using 

authentic samples. The content of the compounds in the sample was determined directly 

from interpolation of the calibration curves taken (Appendix III).  

5.2.6 General procedure for oxidation of sulfide to sulfoxide 

 In a representative procedure, 5 mmol of substrate was added to a system 

containing catalyst (0.0017 mmol) [MRAsnMo (1.2 mg) or MRNAMo (2.8 mg)] in 5 

mL MeOH. 10 mmol 30% H2O2 (1.13 mL) was then added to the above reaction mixture 

maintaining a Mo: substrate molar ratio of 1:3000 and a substrate: H2O2 molar ratio of 

1:2 in a 50 mL two necked round-bottomed flask. The reaction was conducted at room 

temperature under continuous stirring. The progress of the reaction was monitored by 

thin-layer chromatography (TLC) and GC. After completion of the reaction, the catalyst 
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was removed from the system by filtration and washed with profuse amount of acetone. 

The products and unreacted substrates were extracted with diethyl ether. The 

corresponding sulfoxide obtained was purified by column chromatography on silica gel 

using ethyl acetate and n-hexane (1:9). The products obtained were characterized by IR, 

1H NMR and 13C NMR spectroscopy, and in case of solid products, in addition to the 

above analysis, we have also carried out melting point determination (Appendix I).  

5.2.7 General procedure for oxidation of sulfide to sulfone 

 In a typical reaction, 0.005 mmol of catalyst [MRAsnMo (3.5 mg) or MRNAMo 

(8.3 mg)] was added to 5 mmol of sulfide followed by the addition of  15 mmol 50% 

H2O2 (1.02 mL) in a 50 mL two necked round-bottomed flask. The molar ratio of 

substrate: H2O2 and that of catalyst (Mo): substrate was maintained at 1:3 and 1:1000, 

respectively. The reaction was conducted at room temperature under magnetic stirring. 

The reaction progress was monitored by thin layer chromatography (TLC) and GC. After 

completion, the product and unreacted organic substrates were extracted with diethyl 

ether, over anhydrous sodium sulfate and distilled under reduced pressure to remove 

excess solvent. The crude product obtained was purified by column chromatography on 

silica gel with ethyl acetate-hexane (1:9 v/v) as the eluent. The product obtained was 

characterized by a combination of IR, 1H NMR, 13C NMR spectroscopy and melting 

point determination (Appendix II).  

5.2.8 Regeneration of the catalyst 

Regeneration and recyclability of the catalysts were examined using styrene as 

the substrate for epoxidation reaction. After completion of the reaction (as mentioned 

under Section 5.2.5), the catalyst was separated from the reaction mixture by filtration, 

washed with excess amount of acetone and dried in vacuo. The recovered solid catalyst 

was then added to a fresh reaction mixture of styrene (5 mmol) and 30% H2O2 (5 mmol) 

to repeat the experiment under the optimized reaction condition. The progress of the 

reaction was monitored by HPLC.  

In case of oxidation of sulfide to either sulfoxide or sulfone, the solid catalyst was 

similarly recovered and the dried catalyst was then reused in subsequent cycles of 

oxidation. The oxidation reactions were repeated up to ten reaction cycles for each 

catalyst in the production of sulfoxide under optimized condition (Section 5.2.6). In 
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sulfide to sulfone oxidation, the process was repeated for six cycles of reaction under 

standard condition as mentioned in Section 5.2.7. 

5.3 Results and discussion  

5.3.1 Synthesis 

The preparation of polymer immobilized catalysts, MRAsnMo (5.1) and 

MRNAMo (5.2) involved a two steps synthetic protocol, as depicted in Scheme 5.1. 

Chloromethylated polystyrene cross-linked with 2% DVB was used as support mainly 

due to its superior flexibility, which is known to facilitate grafting of metallic atoms via 

polymer anchored ligands [26-27,42-43]. To obtain the catalyst 5.1, the polymer resin 

was functionalized in the first step with L-asparagine  using pyridine as base according 

to the previously established procedure [26-27,40]. The niacin grafted resin MRNA, was 

isolated in a similar manner by using niacin in lieu of L-asparagine [26-27,40-41].  

Reaction of the respective functionalized polymer with pMo species, generated in situ by 

reacting H2MoO4 with 30% H2O2, afforded the catalysts 5.1 and 5.2.  
 

 

 

 

 

 

 

 

 

 

 

 

 

 

Scheme 5.1 Synthesis of chloromethylated poly(styrene divinylbenzene) supported pMo 

complexes, (a) [MoO2(O2)(L)]-—MR, (L = L-Asparagine) (MRAsnMo) and (b) 

[MoO2(O2)(L)2]— MR, (L = Nicotinic acid) (MRNAMo).   “     ” represents 

polymer chain. 
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 Maintenance of pH of the reaction mixture at ca. 5 was found to be optimal for the 

formation and subsequent isolation of each of the catalysts. It is significant to note that 

these catalysts, unlike many of the reported monomeric peroxidometallates, were found 

to be non-hygroscopic and stable for a prolonged period without any alteration in its 

catalytic efficiency.  

 5.3.2 Characterization and formulation  

The elemental analysis data for the synthesized compounds in each step of 

synthesis are presented in Table 5.1. From the elemental analysis it was observed that 

complete removal of the Cl of -CH2Cl groups by L-asparagine took place during the 

functionalization to form MRAsn. Whereas, almost 87% of Cl was replaced by the 

nicotinic acid (NA) to form MRNA. The occurrence of the pMo species in the 

complexes in their monoperoxido form was indicated by the ratio of Mo:O2
2- content 

which was found to be nearly unity. The molybdenum loading on the compounds, 

MRAsnMo (5.1) and MRNAMo (5.2) correspond to 1.41 and 0.60 mmol per gram of 

the polymeric support, respectively which was calculated on the basis of Mo content, 

obtained from elemental analysis and confirmed by EDX spectral analysis as well as 

with inductively coupled plasma optical emission spectrometry (ICP-OES). The pMo 

compounds were diamagnetic in nature, in conformity with the presence of Mo centers in 

their +6 oxidation states  which was further confirmed from XPS analysis data. 

5.3.2.1 SEM and Energy Dispersive X-ray (EDX) Analysis  

The surface morphology of the synthesized peroxidomolybdenum (pMo) 

complexes were studied at different stages of preparation and are shown in Fig. 5.1. The 

SEM images revealed that the smooth surface of the starting resin, MR [Fig. 5.1(a)] 

undergoes considerable roughening upon functionalization with the ligands [Fig. 5.1(b) 

and 5.1(e)]. Further roughening was observed along with randomly oriented depositions 

on the surfaces of the polymeric catalysts MRAsnMo (5.1) and MRNAMo (5.2) after 

incorporation of  pMo units [ Fig. 5.1(c)-(d) and 5.1(e)-(f)]. 
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Table 5.1 Analytical data for the functionalized Merrifield resin and polymer-bound peroxidomolybdates 
 

 

 

 

 

b Determined by ICP-OES.

Compound % Found from elemental analysis 

(% obtained from EDX spectra) 

Molybdenum loading a (mmol 

g-1 of polymer) 

C H N Cl Na Mo O2
2-  

 MRAsn 73.06 6.96 7.11 -- -- -- --  

(77.74) -- (6.97) -- -- -- --  

MRNA 80.56 7.70 3.39 -- -- -- --  

(75.81) -- (3.34) (0.94) -- -- --  

MRAsnMo 56.49 5.80 6.71 -- 2.61b 13.38 4.68 

-- 

1.41 

(55.54) -- (6.49) -- (2.83) (13.63) 

 

MRNAMo 70.82 6.50 2.96 -- -- 5.81 2.1 

-- 

0.60 

(68.32) -- (3.03) (0.86) -- (5.84) 

a Molybdenum loading   = 
Atomic weight of metal 

Observed metal % X 10 
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Fig. 5.1 Scanning electron micrographs of (a) MR, (b) MRAsn, (c) MRAsnMo at 10 

µm, (d) MRAsnMo at 5µm, (e) MRNA, (f) MRNAMo at 10 µm and (g) MRNAMo at 

5 µm. 

 

 

Successful functionalization of the resin and subsequent formation of the pMo 

immobilized compounds were also evident from the energy dispersive X-ray 

spectroscopic analysis, that was carried out focusing multiple regions over the surface of 

the polymer at different stages of synthesis. EDX spectra showed Mo, C, N and O as the 

constituents of the compounds 5.1 and 5.2) (Fig. 5.2). The EDX analysis also confirms 

the presence of sodium as the counter ion in MRAsnMo. The composition of the 

compounds as obtained by EDX analysis is in close agreement with the elemental 

analysis values as shown in Table 5.1. 
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Fig. 5.2 EDX spectra of (a) MRAsnMo and (b) MRNAMo. 

 

5.3.2.2 Powder X-ray diffraction (XRD) studies 

The crystal phase analysis of the systhesized peroxido molybdenum complexes 

(MRAsnMo and MRNAMo), functionalized resins (MRAsn and MRNA) as well as the 

pristin polymer (MR) has been performed under the range of 10 ≤ 2θ ≤ 700 and are 

shown in Fig. 5.3. The XRD spectrum reveals that each of the samples contains a broad 

peak at 2θ value of 20o which is the charecteristic diffraction pattern for PS-DVB resin 

[44-45]. This shows that during the systhesis of the polymer supported peroxido Mo(VI) 

complexes, the amorphous nature of MR remains unchanged. For the functionalized 

resins (MRAsn or MRNA), no change in the diffraction pattern was observed compared 

to the pristin polymer MR. In contrast, both the complexes MRAsnMo and MRNAMo 

exhibited some new peaks at 2θ values of 14.62, 15.64, 26.490 and 14.65, 15.69, 26.490 

respectively. These peak values were found close to the main crystalline peaks observed 

for the monoperoxidomolybdate species with the corresponding phases at (200), (101) 

and (011) respectively (PDF 41-359), thus confirming the presence of monoperoxido  
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Fig. 5.3 X-ray diffraction (XRD) pattern of (a) MR, (b) MRNA, (c) MRAsn, (d) 

MRNAMo and (e) MRAsnMo. 

 

molybdate moeity in the synthesized complexes. No  additional peak was observed in 

any stage of the samples during the synthesis and this shows high purity of the 

synthesized compounds. 

5.3.2.3 X-ray photoelectron spectroscopy 

 XPS investigation was further performed to identify the possible oxidation state 

of the molybdenum ions present on the surface of the catalysts. The XPS spectra of 

Mo(3d) core for the complexes are shown in Fig. 5.4. Table 5.2 displays the 

experimental values obtained for complexes MRAsnMo and MRNAMo. The analysis 

data revealed that the surface bound Mo ions in both the complexes are in +6 oxidation 

state [46-48]. For the complex MRAsnMo, the binding energy for Mo(3d) core was 

observed at a higher value in comparison to the Mo(3d) binding energy for MRNAMo. 

This variation further indicates that in the two complexes the metal is in different 

coordination environment. The XPS analysis results were found to be in agreement with 

the magnetic susceptibility measurements which show diamagnetic nature of the 

complexes. 
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Table 5.2 Mo(3d) binding energies of the complexes MRAsnMo and MRNAMo 

Compounds Binding energy (eV) 

3d3/2 3d5/2 

MRAsnMo 233.4 236.4 

MRNAMo 232.5 235.6 

 

 

Fig. 5.4 XPS core level spectra for Mo (3d3/2) and Mo (3d5/2) for MRAsnMo and 

MRNAMo. 

5.3.2.4 BET analysis 

The surface area of the polymeric samples was measured by using BET analysis 

with the nitrogen adsorption method [49] and pore volume was determined by BJH 

model [50]. The experimental data presented in Table 5.3 reveal that a significant 

decrease in the surface area, total pore volume and pore radius occur after 

functionalization of the virgin polymer MR. Further treatment of the functionalized 

resins (MRAsn or MRNA) with pMo species resulted in more reduced values in the 

compounds MRAsnMo (5.1) or MRNAMo (5.2). The lowering of BET parameters is 

presumably due to blocking of pores because of functionalization and incorporation of 

peroxidomolybdenum moieties [26-27]. The N2 adsorption/desorption isotherms for each 
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of the samples showed typical TYPE II adsorption of an IUPAC standard on particles 

which have macropores or nonpores, showing poor adsorption (Fig. 5.5) [51-53]. 

Table 5.3 BET surface area, Vtot and pore radius of the pMo compounds 5.1 and 5.2 and 

base polymers 

 

 

a BET surface area. 
b Total pore volume. 

 

 

 

      

Fig. 5.5 The N2 adsorption/desorption isotherm of (a) MRAsn. (b) MRAsnMo, (c) 

MRNA and (d) MRNAMo. 

Compound SBET
a (m2/g) Vtot b (cc/g) Pore radius (Å) 

MR 11.4 0.12 53.7 

MRAsn 9.6 0.10 39.9 

MRNA 5.3 0.05 17.9 

MRAsnMo 8.7 0.09 36.1 

MRNAMo 2.5 0.03 15.1 
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5.3.2.5 IR and Raman spectral studies 

FTIR spectra of the compounds were recorded at each step of synthesis and are 

shown in Fig. 5.6 and Fig. 5.7. Characteristic differences in the IR spectrum of the 

pristine polymer, the functionalized resins and the polymer-metal complexes either by 

shifting of peaks or by appearance of new bands were observed. Important peaks were 

assigned on the basis of available literature (Table 5.4) [26-27,40,54-57]. In the 

spectrum of complexes MRAsnMo or MRNAMo, the vibrational modes at ca. 850, ca. 

625 and ca. 520 cm-1 have been assigned to ν(O-O), νasym(Mo-O2) and νsym(Mo-O2), 

respectively [26,58-59]. The presence of these bands confirmed the existence of side-on 

bound peroxido ligand in each of the compounds. Strong absorption at ca. 950 cm-1 in 

the spectrum of each of the title compounds was attributable to a terminally bonded 

Mo=O group [26,58-59]. 

The strong absorption in the spectrum of the virgin MR at 1264 cm-1 has been 

assigned to ν(C-Cl) mode of vibration of –CH2Cl moiety [40,54]. The decrease of band 

intensity was observed in the spectrum of the functionalized polymers MRNA on 

anchoring of nicotinic acid and in MRAsn the band was found absent on anchoring of 

the amino acid, suggesting replacement of the Cl from the –CH2Cl group of the MR by 

the ligands [40,54]. 

The IR spectrum of  MRAsn, apart from showing the characteristic absorptions 

at ca. 3050, 2900, 1025 and 695 cm-1 due to νaromatic(CH), νaliphatic(CH), δaromatic in-plane(CH) 

and δaromatic out-of-plane(CH), displayed new bands typical of Asn ligand giving clear 

indication of functionalization of polymeric matrix with the amino acid [26-

27,40,54,56,60]. The most prominent band observed at 1629 cm-1 in IR spectrum of 

MRAsn has been ascribed to ν(C=O) (amide I) [60-62]. The band due to δ(NH3
+) 

observed at ca. 1680 cm-1 in the spectrum of free asparagine was absent in the spectrum 

of polymer bound MRAsn, indicating the participation of the group in bond formation 

with the polymer [60]. In addition, the appearance of new band at 1089 cm-1 for ν(C–N) 

indicated the formation of carbon-nitrogen bond by replacing the chloride group of the 

host resin [26-27,40,54].  The bands due to νasym(COO) and νsym(COO) modes of Asn 

occurred at 1600 and 1422 cm-1, respectively in MRAsn spectrum [60-62]. After metal 

incorporation, asym(COO)  band was observed at a higher frequency of 1696 cm-1 

whereas, the νsym(COO) band was  shifted to a lower value (1406 cm-1) indicating 

complexation of the metal through the -COO group [26-27,56,63]. The resulting  
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[asym(COO) - sym(COO)] is 290 cm-1 for MRAsnMo which confirms unidentate 

coordination of the complex [26-27,56,61]. The unaltered position of the amide bands 

suggests that the amide group in not involved in coordination with the metal center. The 

band at 1747 cm-1 showed the presence of free -COOH group in the compound (5.1). In 

the low frequency region of the spectrum, appearance of a new band at 575 cm-1 

indicated the M-N bond formation in the complex [64-65]. 

In case of the spectrum of niacin grafted MRNA, additional bands appeared 

attributable to νasym(COO), νsym(COO) and ν(CN) respectively, apart from the typical 

absorptions  due to MR (Fig. 5.7, Table 5.4), showing complexation of the ligand to the 

resin [34-35,66-72]. The band at 1707 and 1417 cm-1 for the νasym(COO) and νsym(COO) 

groups of pure ligand remain almost unaltered in MRNA. In contrast, the CN vibrational 

frequency of the ligand at 1087 cm-1 was shifted to a positive value of 1110 cm-1, thus 

providing evidence of anchoring of the ligand to the polymer through the pyridine ring 

nitrogen atom [35]. Upon anchoring of pMo groups to MRNA, the spectrum showed a 

distinct shift of the νasym(COO) to higher frequency and that of νsym(COO) group to a lower 

value, relative to the free pendant ligand values (Table 5.4). The corresponding 

[asym(COO) - sym(COO)] was 323 cm-1, which strongly suggests unidentate 

coordination of the –COO group to the metal [34,35,56,70-73]. 

The broad absorption bands around 3500-3400 cm-1 in the spectra of the title 

compounds reveal the presence of lattice water. Since the ν(NH) band appear in the same 

frequency region, therefore, it is not possible to distinguished the two bands with 

certainty. 

The IR results have been corroborated further by the complementary Raman 

spectral analysis (Fig. 5.8 - Fig. 5.9) which exhibited the well resolved bands 

corresponding to ν(Mo=O), ν(O-O), νasym(Mo-O2), νsym(Mo-O2) vibrations at 954, 846, 

622, 523 cm−1 for MRAsnMo (5.1) and 956, 853, 625, 525 cm-1 for MRNAMo (5.2) 

respectively [58-59,74]. Raman spectra of the complexes 5.1 and 5.2 also displayed 

weak intensity bands for νasym(COO) and νsym(COO) modes of vibrations at 1682, 1379 

cm-1 and 1691, 1369 cm-1 respectively. The benzene skeletal vibrations appeared at ca. 

1600 and 1000 cm-1  as intense peaks in each of the spectra [55,75-76].   
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Table 5.4 Infrared and Raman spectral data (in cm-1) for polymer support, ligand-anchored Merrifield resin and polymer immobilized peroxido 

molybdatesa 

Compound  νas(COO) νs(COO) ν(C-Cl) ν(Mo=O) ν(O-O) νas (M-O2) νs(M-O2) Mo-N 

MR IR -- -- 1267(m) -- -- -- -- -- 

 R -- -- 1265(m) -- -- -- -- -- 

MRAsn IR  1600(s) 1423(s) -- -- -- -- -- -- 

 R 1620(w) 1453(w) -- -- -- -- -- -- 

MRAsnMo IR 1696(s) 1406(s) -- 954(s) 846(s) 523(s) 622(s) 575(s) 

 R 1682(vw) 1379(w) -- 943(s) 851(s) 535(m) 638(m) 572(m) 

MRNA IR 1704(m) 1422(s) 1274(w) -- -- -- -- -- 

 R 1707(vw) 1441(w) 1273(vw) -- -- -- -- -- 

MRNAMo IR 1698(m) 1375(m, sh) 1276(w) 956(s) 853(s) 525(s) 625(s) -- 

 R 1691(w) 1369(w) 1273(vw) 948(s) 857(s) 538(w) 623(m) -- 

as, strong; m, medium; w, weak; vw, very weak; sh, shoulder 



Chapter 5 

 

5-17 | P a g e  

 
 

 

Fig. 5.6 IR spectra of (a) MR, (b) MRAsn and (c) MRAsnMo. 
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Fig. 5.7 IR spectra of (a) MR, (b) MRNA and (c) MRNAMo.  
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Fig. 5.8 Raman spectrum of MRAsnMo. 

 

 

 

Fig. 5.9 Raman spectrum of MRNAMo. 
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5.3.2.6 Diffuse reflectance UV–visible analysis 

The diffuse reflectance UV–visible spectra of both the compounds 5.1 and  5.2 

exhibited two well-resolved peaks in the region 260-380 nm (Fig. 5.10 and Fig. 5.11). 

The weaker intensity absorption at ca. 360 nm is characteristic of peroxido to metal 

(LMCT) transition of a monoperoxidomolybdate(VI) species [26,34,7778]. The strong 

peak at ca. 260 nm is attributable to  π→π* transitions in the polymeric ligand [78].  

 

 

 

 

 

 

Fig. 5.10 Diffuse reflectance UV–vis spectrum of MRAsnMo (5.1). 

 

 

 

Fig. 5.11 Diffuse reflectance UV–vis spectrum of MRNAMo (5.2). 
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5.3.2.7 13C NMR studies 

The solid state 13C NMR spectra of the synthesized complexes are shown in Fig. 

5.12 and Fig. 5.13.  The corresponding chemical shift data obtained for the compounds 

in each step of synthesis are presented in Table 5.5 along with peak assignments, made 

on the basis of available literature [26-27,66,73,79-85]. The spectra of the pristine 

polymer and the resins MRAsn or MRNA displayed characteristic resonances 

corresponding to quaternary and protonated aromatic as well as aliphatic methine 

carbons [80]. In addition to these resonances, in the spectra of MRAsnMo and 

MRNAMo new peaks appear due to carboxylate carbon at 181 (MRAsn) and 165 ppm 

(MRNA), providing evidence for  the presence of L-asparagine and niacin in the 

functionalized polymers [27,66]. Also a closely spaced peak at 179.8 ppm was observed 

in the spectrum of MRAsn, which corresponds to the free amide carbon. Complete 

removal of Cl from -CH2Cl group by the amino acid in MRAsn was evident from the 

absence of signal at ca. 46 ppm. Along with this the appearance of new NMR signal at 

ca. 64 ppm that ascribes to amine bounded carbon of L-asparagine, confirms the 

presence of C-N bonding in MRAsn [26-27,82-83]. On the other hand, the resin MRNA 

exhibited signal at ca. 46 ppm along with a new one at ca. 64 ppm. While the former is 

due to the presence of -CH2Cl group, the later peak indicates the bonding of  methylene 

carbon of the polymer to the nitrogen of the  pyridine ring of the ligand [26-27,84-85]. 

Signals of the complexes, that are not detected in the solid state 13C NMR are believed to 

have been merged with the broad signals for the pure polymer that is present in the major 

amount. 

The NMR spectra of both the catalysts displayed a new peak at considerably 

lower field of 214.8 ppm (MRAsnMo) (5.1) and 206.0 ppm (MRNAMo) (5.2), 

respectively which are attributable to the metal coordinated carboxylate C atom. 

Moreover, the significant downfield shift, Δδ (δcomplex – δfree carboxylate) ≈ 33.1 ppm in case 

of MRAsnMo and ca. 39.8 ppm in MRNAMo relative to the free carboxylate of the 

ligand suggest strong metal ligand interaction in the complexes [26-27,73]. The solid 

state 13C NMR spectral studies thus provided further evidence in support of the 

functionalization of the resins and formation of the complexes, MRAsnMo (5.1) and 

MRNAMo (5.2). 
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Fig. 5.12 Solid state 13C NMR spectra of (a) MRAsn and (b) MRAsnMo. 

 

 

 

Fig. 5.13 Solid state 13C NMR spectra of (a) MRNA and (b) MRNAMo. 
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Table 5.5 13C NMR chemical shifts for Merrifield resin, ligand-anchored Merrifield resin and polymer bound peroxidomolybdates 

 

  

Compound Chemical shift (ppm) 

 Merrifield resin   Ligand 

 Quaternary 

Aromatic 

Carbons 

Protonated 

Aromatic 

Carbons 

Aliphatic 

Methine 

Carbons 

CH2Cl -CH2N C-NH CONH2 Carboxylate 

Free Complexed 

MR 145.1 128.3 41.0 46.1 --  -- -- -- -- 

MRAsn 145.1 128.9 40.4 -- --  64.4 179.8 181.6 -- 

MRAsnMo 145.5 128.5 40.3 -- --  64.7 179.6 -- 214.8 

MRNA 145.6 128.4 40.6 46.6 64.9  -- -- 165.5 -- 

MRNAMo 145.8 128.2 40.8 46.4 64.8  -- -- 166.1 206.0 
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5.3.2.8 Thermal analysis 

It was observed that the compounds undergo multistage of thermal degradation 

on heating up to a high temperature of 700 0C under nitrogen atmosphere. The TG plots 

of the compounds 5.1 and 5.2 are shown in Fig. 5.14 –Fig. 5.15 and the data are 

presented in Table 5.6.  

As seen in the table, in case of MRAsn and MRNA, a weight loss of 12.40 % 

and 6.8% occurs in the temperature range of 143-244 and 163-230 0C, respectively. On 

the basis of available literature data on degradation patterns for asparagine and nicotinic 

acid, we assign this weight loss to the release of ligand amino acid and nicotinic acid 

from the resins [71,86-88]. Both the functionalized resins show initial weight loss 

between room temperature and ca. 100 0C due to the liberation of water of 

crystallization. 

After the initial dehydration, the first pronounced weight loss was observed as 

4.6% for MRAsnMo (5.1) in the temperature range of 105-145 0C. For MRNAMo (5.2), 

2.27% was found at 108-138 0C. This degradation can be attributed to the complete loss 

of coordinated peroxido group from the complexes. The IR spectral analysis of the 

decomposition product isolated at this stage confirms the absence of peroxide. The 

complexes 5.1 and 5.2 show 10.0 % and 6.2 % weight losses in the temperature range of 

146-297 0C and 175-264 0C respectively, which has been ascribed to the loss of the 

pendent ligands from the resins.  

The final step of degradation in the temperature range of 300 to 700 0C was 

observed in each of the polymeric compounds with a maximum weight loss (44.0% in 

complex 5.1 and 59.3% in complex 5.2). The pure polymer MR shows degradation 

starting from 284 0C upto 700 0C and this indicates that the final weight loss was due to 

the decomposition of the base polymer [89]. The black residue from the pMo 

compounds, after total loss of the components was revealed to be a hydrated 

oxidomolybdenum species. This was identified from the IR spectra which displayed the 

characteristic ν(Mo=O) and ν(OH) absorptions and was devoid of bands due to peroxido 

and the polymeric ligands of the original catalyst. 
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Table 5.6 Thermogravimetric data for MRAsn, MRNA, MRAsnMo and MRNAMo 

  

 

 

 

 

 

 

 

 

Compound Temperature range 

(0C) 

Observed weight loss 

(%) 

Final residue 

(%) 

MRAsn 31-98 

143-244 

248-700 

4.4 

12.4 

71.0 

 

12.2 

MRAsnMo 68-99 

105-145 

146-297 

301-700 

 

3.4 

4.6 

10.0 

44.0 

37.8 

MRNA 40-83 

163-230 

231-700 

1.5 

6.8 

82.3 

 

10.3 

MRNAMo 70-99 

108-138 

175-264 

265-700 

2.0 

2.2 

6.2 

59.3 

30.1 
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Fig. 5.14 TG-DTG plot of  MRAsnMo. 

 

 

 

Fig. 5.15 TG-DTG plot of  MRNAMo. 
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On the basis of the above experimental evidences, structures of the complexes 

MRAsnMo (5.1) and MRNAMo (5.2) have been proposed as shown in Fig. 5.16 where 

the ligand is coordinated to the polymer (MR) via the nitrogen atom. The 

dioxidomonoperoxidomolybdenum(VI) moiety is anchored to the carboxylate group of 

the pendant ligands in an unidentate fashion, thus completing six fold coordination 

around each molybdenum centre. 

 

 

 

 

 

 

 

Fig. 5.16 Proposed structure of (a) MRAsnMo and (b) MRNAMo. “ ”represents 

polymer chain. 
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5.4 Catalytic activity of the synthesized complexes MRAsnMo (5.1) and MRNAMo 

(5.2) in organic oxidations 

5.4.1 Alkene epoxidation 

The catalytic activity of the immobilized pMo catalysts in epoxidation of olefins 

was investigated using styrene as the model substrate and MRAsnMo as representative 

catalyst. In order to standardize the reaction conditions for maximum substrate 

conversion, the influence of various factors such as solvent, the catalyst/substrates molar 

ratio, the reaction temperature and time etc. was examined.  

5.4.1.1 Effect of solvent 

To study the solvent effect, we have performed epoxidation reaction in water and 

various other relatively safer organic solvents, as well as under solvent-free condition. 

For comparison, all the reactions were conducted under identical reaction condition 

using 1 equivalent of 30% H2O2 as oxidant, 1:1000 catalyst(Mo):substrate molar ratio at 

60 0C. It is evident from the findings summarized in Table 5.7 and shown in Fig. 5.17,  

 

 

Fig. 5.17 % styrene conversion vs. solvent for catalyst MRAsnMo. Reaction conditions: 

Styrene (5 mmol), catalyst (0.005 mmol of Mo, 2.8 mg), 30% H2O2 (5 mmol, 0.56 mL), 

60 0C, solvent (5 mL), 1 h. 



Chapter 5 

 

5-29 | P a g e  

Table 5.7 Effect of solvent on styrene oxidation with 30% H2O2 catalyzed by 

MRAsnMo (5.1)a 

 

that under these conditions, the best results in terms of higher styrene conversion with 

nearly 100% epoxide selectivity was attained under solvent free condition with a TOF of  

380 h-1 within just 1 h of reaction time.   

It is notable that despite the low conversion recorded in presence of organic 

solvents, the reaction proceeded to yield epoxide as sole product in each case. It has also 

been observed that with a decrease in the solvent volume a slight increase in conversion 

occurred (Table 5.7, entries 5 and 6). Thus the observed negative impact of  solvent on 

the outcome of styrene epoxidation reaction as compared to the higher efficiency of the 

solvent-free procedure, may possibly be linked to the restricted mobility experienced by 

the reactants in absence of solvent in the reaction mixture. Based on these results, we 

continued further studies on styrene epoxidation under solvent free condition.  

 

 

 

Entry Solvent Solvent 

Volume (mL) 

Conversion 

(%) 

Selectivity 

(%) 

TONb TOFc 

(h-1) 

1 MeOH  5 ≥7 100 70 70 

2 EtOH  5 ≥6.5 100 65 65 

3 CH3CN 5 ≥6 100 60 60 

4 H2O 5 ≥12 100 120 120 

5 H2O 3 ≥15 100 150 150 

6 H2O 1 ≥17 ≥ 99 170 170 

7 -- -- ≥38 ≥ 99 380 380 

aReaction conditions: Styrene (5 mmol), catalyst (0.005 mmol of Mo, 2.8 mg), 30% 

H2O2 (5 mmol, 0.56 mL), 60 0C, solvent (5 mL), 1 h. bTON (turn over number)= 

mmol of product per mmol of catalyst. cTOF (turn over frequency) = mmol of 

product per mmol of catalyst per hour. 
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5.4.1.2 Effect of temperature 

 

Fig. 5.18 % styrene conversion vs. temperature for catalyst MRAsnMo. Reaction 

conditions: Styrene (5 mmol), catalyst amount (0.005 mmol of Mo, 2.8 mg), 30% H2O2 

(5 mmol, 0.56 mL), 1 h. 

 

The effect of temperature on the conversion of styrene is shown in Fig. 5.18. Starting 

from room temperature, the reaction was performed independently under four different 

reaction temperatures, viz, 40, 60, 80 0C, keeping other reaction parameters constant. 

The results revealed that with the rise in temperature the conversion increased gradually 

to provide a good conversion with highest TOF value of ~ 460 h-1 (Table 5.8, entry 4) at 

80 0C, within 1 h without any significant effect on epoxide selectivity. These results 

prompted us to evaluate further styrene epoxidation reaction at 80 0C of temperature. 

Table 5.8 Effect of temperature on styrene oxidation with 30% H2O2 catalyzed by 

MRAsnMo(5.1)a 

Entry Temperature 

(0C) 

Conversion 

(%) 

Selectivity 

(%) 

TONb TOFc 

(h-1) 

1 RT ≥2 100 20 20 

2 40 ≥12 100 120 120 

3 60 ≥38 ≥ 99 380 380 

4 80 ≥46 ≥ 99 460 460 

aReaction conditions: Styrene (5 mmol), catalyst (0.005 mmol of Mo, 2.8 mg), 30% H2O2 

(5 mmol, 0.56 mL), 1 h. bTON(turn over number)= mmol of product per mmol of catalyst. 
cTOF (turn over frequency) = mmol of product per mmol of catalyst per hour. 
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5.4.1.3 Effect of H2O2 concentration 

The influence of oxidant amount on the reaction rate was studied using five 

different equivalents of  30% H2O2 with respect to substrate. The results illustrated in 

Fig. 5.19 show a consistent negative trend in % conversion of styrene with increase in 

styrene : oxidant ratio from 1:1 to 1:5  under identical reaction condition and running the 

reaction for 1 h. Thus, the relatively high conversion was observed at 1:1:: styrene: H2O2 

molar ratio (Table 5.9, entry 1), whereas in a  reaction performed maintaing 

1:5::styrene:H2O2 molar ratio a significant decrease in conversion occurred (Table 5.9, 

entry 5). Thus, it was gratifying to note that a stoichiometric amount of H2O2 with 

respect to styrene was  optimal to achieve reasonable good conversion along with ≥99%  

selectivity of the target product. The factor possibly responsible for the observed trend 

appears to be the dilution of the reacting species in the reaction mixture, which occur due 

to addition of increasing volumes of oxidant. As revealed by earlier reports [27,90-91], 

such observation is not unusual in case of H2O2 induced metal-catalyzed organic 

oxidations.   

 

 

 

Fig. 5.19 % styrene conversion vs. amount of H2O2 (eq.) for catalyst MRAsnMo. 

Reaction conditions: Styrene (5 mmol), catalyst (0.005 mmol of Mo, 2.8 mg), 80 0C, 1 h. 
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Table 5.9 Effect of H2O2 concentration on the styrene oxidation with 30% H2O2 

catalyzed by MRAsnMo (5.1)a 

 

5.4.1.4 Effect of catalyst amount 

 The influence of catalyst:substrate molar ratio on rate of styrene epoxidation is 

shown in Table 5.10.  It is evident that increase in the amount of catalyst keeping the 

other parameters constant, led to considerable enhancement of styrene conversion 

without any significant loss of selectivity (Fig. 5.20). It is remarkable that, even at a 

considerably lower catalyst concentration (Table 5.10, entry 4), the reaction proceeded 

to afford a high TON or TOF value of 480 h-1 with 100% epoxide selectivity. A 

comparable TOF value was also obtained with 1:1000 of catalyst:substrate molar ratio 

with an improved conversion. Therefore, this value was chosen as optimal for further 

epoxidation reactions (Table 5.10, entry 3). Although the conversion could be increased 

further by increasing the catalyst amount, the resulting TOF and TON values showed a 

steady decrease (Table 5.10, entry 1). 

A blank experiment carried out in absence of the catalyst under standard 

condition afforded only 5% conversion within the stipulated reaction time (Table 5.10, 

entry 5), signifying the role of the catalyst in facilitating the oxidation reaction. 

Furthermore, a reaction conducted by using Na2MoO4 in lieu of the catalyst, MRAsnMo 

under identical reaction condition yielded poor conversion (Table 5.10, entry 6), 

testifying to the superior activity of the immobilized pMo catalysts vis-à-vis the free 

pMo species generated in solution.   

Entry Sub: H2O2 

 

Conversion 

(%) 

Selectivity 

(%) 

TONb TOFc 

(h-1) 

1 1:1 ≥46 ≥ 99 460 460 

2 1:2 ≥41 ≥ 99 410 410 

3 1:3 ≥30 100 300 300 

4 1:4 ≥24 100 240 240 

5 1:5 ≥17 100 170 170 

aReaction conditions: Styrene (5 mmol), catalyst (0.005 mmol of Mo, 2.8 mg), 80 0C, 

1h. bTON (turn over number)= mmol of product per mmol of catalyst. cTOF (turn over 

frequency) = mmol of product per mmol of catalyst per hour. 
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Fig. 5.20 % styrene conversion vs. catalyst amount (mmol of Mo). Reaction conditions: 

Styrene (5 mmol), 30% H2O2 (5 mmol, 0.56 mL), 80 0C, 1 h. 

 

 

Table 5.10 Effect of catalyst amount on styrene oxidation with 30% H2O2 catalyzed by 

MRAsnMo (5.1)a 
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Entry Molar ratio 

Mo:Styrene 

Conversion 

(%) 

Selectivity 

(%) 

TONb TOFc 

(h-1) 

1 1:100 ≥89 ≥ 98 89 89 

2 1:500 ≥73 ≥ 99 365 365 

3 1:1000 ≥46 ≥ 99 460 460 

4 1:2000 ≥24 100 480 480 

5 -- ≥4d 100 -- -- 

6 1:1000 ≥11e ≥ 97 110 110 

aReaction conditions: Styrene (5 mmol), 30% H2O2 (5 mmol, 0.56 mL), 80 0C, 1h. 
bTON (turn over number)= mmol of product per mmol of catalyst. cTOF (turn over 

frequency) = mmol of product per mmol of catalyst per hour. dBlank experiment 

without catalyst. eUsing Na2MoO4 (1.02 mg, 0.005 mmol) as catalyst. 

1:100 1:2000 1:1000 1:500 Blank Na2MoO4 
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5.4.1.5 Effect of reaction time 

The % conversion profile of styrene as a function of time is depicted in Table 

5.11 and Fig. 5.21. The trend obtained after monitoring the reaction over a span of 6 h, 

showed that after the rapid conversion occurring within initial 30 minutes of starting the 

reaction, there was a steady rise in TON till complete conversion was attained at 6 h. 

(Table 5.11, entries 1 and 2). Thus, it is noteworthy that the conversion of  31% 

occurring within initial 30 min of starting the reaction resulted in the best TOF value 

(620 h-1) obtained for the oxidation process. Importantly, the results also demonstrate 

that the catalyst retained its activity as well as epoxide selectivity profile even after 6 h 

of reaction time notwithstanding the reasonably high temperature at which the reaction 

was conducted.      

 

Table 5.11 Effect of reaction time on styrene oxidation with 30% H2O2 catalyzed by 

MRAsnMo (5.1)a 

 

Entry Time (h) Conversion 

(%) 

Selectivity 

(%) 

TONb TOFc 

(h-1) 

1   0.5 ≥31 100 310 620 

2 1 ≥46 ≥99 460 460 

3 2 ≥59 ≥99 590 295 

4 3 ≥74 ≥99 740 247 

5 4 ≥81 ≥99 810 202 

6 5 ≥93 ≥99 930 186 

7 6 ≥100 ≥99  1000 167 

aReaction conditions: Styrene (5 mmol), catalyst (0.005 mmol of Mo, 2.8 mg), 30% 

H2O2 (5 mmol, 0.56 mL), 80 0C. bTON (turn over number)= mmol of product per 

mmol of catalyst. cTOF (turn over frequency) = mmol of product per mmol of catalyst 

per hour. 
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Fig. 5.21 % styrene conversion vs. reaction time for catalyst MRAsnMo. Reaction 

conditions: Styrene (5 mmol), catalyst (0.005 mmol of Mo, 2.8 mg), 30% H2O2 (5 mmol, 

0.56 mL), 80 0C. 

 

Subsequent to establishing the standard condition for styrene oxidation with 

catalyst 5.1, the scope of the methodology in oxidation of  a number of structurally 

different alkene substrates were investigated under same condition using both the 

catalysts MRAsnMo and MRNAMo. As evident from the data presented in Table 5.12, 

entries 1-4, catalyst 5.1 displayed slightly superior efficiency in epoxidation relative to 

catalyst 5.2. Significantly, cyclooctene and norbornene were completely oxidized to 

provide the targeted epoxide with nearly 100% selectivity within ca. 2 h, although in 

case of cyclohexene the epoxide selectivity was moderate. Surprisingly, no report 

appears to exist on norbornene epoxidation catalyzed by molybdenum-based catalyst 

under solvent free condition.  
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Table 5.12 selective oxidation of alkene to epoxides with 30% H2O2, catalyzed by MRAsnMo and MRNAMo  

 

Entry Substrate MRAsnMo  MRNAMo 

  Time Conversion Selectivity TONb TOFc  Time Conversion Selectivity TONb TOFc 

  (h) (%) epoxide others    (h) (%) epoxide others   

1 

 

 

6 100 ≥99 1d 1000 167  6 ≥82 ≥99 1d 820 137 

6 ≥97e ≥99 1d 970 162  6 ≥80e ≥98 2d 800 133 

6 100f ≥99 1d 1000 167  6 ≥84f ≥99 1d 840 140 

2 

 

2 100 ≥76 24g 760 380  2.5 100 ≥73 27g 730 292 

3 

 

2 100 100 -- 1000 500  2.2 100 100 -- 1000 456 

4 

 

1.5 100 ≥98 2h 1000 667  2 100 ≥97 3h 970 485 

aReactions were carried out with 5 mmol substrate, 5 mmol of 30% H2O2 without solvent at 80 0C. Catalyst (0.005 mmol of Mo), bTON (turn 

over number)= mmol of product per mmol of catalyst. cTOF (turn over frequency) = mmol of product per mmol of catalyst per hour. 
dBenzaldehyde. e% Conversion for 6th reaction cycle. fScale up reaction. g2-cyclohexen-1-ol, 2-cyclohexen-1-one, 2-Hydroxy-1-cyclohexanone, 
hNorbornanone. 
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5.4.2 Sulfide oxidation 

5.4.2.1 Oxidation of sulfides to sulfoxides 

Encouraged by the excellent catalytic activity displayed by the supported pMo 

catalysts in alkene epoxidation, we first examined their efficacy in selective oxidation of 

sulfide to sulfoxides under same optimized condition using methyl phenyl sulfide (MPS) 

as a model substrate in absence of solvent. Under these conditions however, the reaction 

product obtained was a mixture of sulfoxide and sulfone and thus was non-selective 

(Table 5.13, entry 1). We have therefore, explored the reaction using MRAsnMo as 

catalyst in presence of variety of solvents and evaluated the effect of various reaction 

parameters as illustrated in Table 5.13. As evident from the data, the reaction conducted 

in water was observed to be sluggish and non-selective (entry 2). We could finally 

achieve the best results in terms complete conversion as well as 100% sulfoxide 

selectivity by conducting the reaction at room temperature in MeOH using 2 equivalents 

of 30% H2O2 and maintaining a catalyst :  MPS molar ratio of 1:3000. To our pleasure, 

the reaction under these conditions was completed within a very short time of 5 min 

despite the very less amount of catalyst used, leading to a remarkably high TOF of 

35,084 h-1. Further increase in the oxidant or catalyst amount however, led to 

overoxidation of sulfide and formation of sulfone as byproduct, lowering the product 

selectivity. Therefore, the condition in Table 5.13, entry 10 was considered as optimal 

for further oxidation reactions. 

The optimized condition for selective sulfoxidation was further exploited to 

obtain pure sulfoxide from a series of structurally diverse organic sulfides listed in Table 

5.14. The maximum TOF for selective product formation was observed for dimethyl 

sulfide (Table 5.14, entry 2). However, high conversion with excellent TOF values were 

also obtained for dibutyl sulfide, methyl p-tolyl sulfide, allyl phenyl sulfide, dihexyl 

sulfide, and thioanisol. The  trend  expected in variation of  rates of these oxidations 

across the substrates studied, has been found to be consistent with the   decreasing 

nucleophilicity of the thioethers examined, as has been mentioned in Chapters 3 and 4. 

The ability of both the catalysts to chemoselectively oxidize sulfur group of substituted 

sulfides containing additional oxidation-prone functional groups is also evident from 

Table 5.14 (entries 7 and 8). 
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Table 5.13 Optimization of reaction conditions for MRAsnMo catalyzed selective 

oxidation of methyl phenyl sulfide (MPS) by 30% H2O2
a 

 

 

 

Entry Molar ratio 

(Mo:MPS) 

H2O2 

Equiv. 

Solvent Time 

(min) 

Isolated 

yield 

(%) 

1a:1b TONb TOFc 

(h-1) 

1 1:1000 2 -- 115 96 74:26 960 502 

2 1:1000 2 H2O 135 97 65:45 970 431 

3 1:1000 2 MeOH 5 98 60:40 980 11807 

4 1:1000 2 EtOH 10 97 85:15 970 5705 

5 1:1000 2 CH3CN 5 97 80:20 970 11686 

6 1:500 2 MeOH 5 98 42:58 490 5903 

7 1:1500 2 MeOH 5 97 82:18 1469 17698 

8 1:2000 2 MeOH 5 98 92:8 1960 23614 

9 1:2500 2 MeOH 5 96 97:3 2400 28915 

10 1:3000 2 MeOH 5 99 100:0 2912 35084 

11 1:3000 3 MeOH 5 98 73:27 2882 34722 

12d 1:3000 2 MeOH 5 11 88:12 323 3891 

13e -- 2 MeOH 5 5 100:0 -- -- 

 

aReactions were carried out in 5 mmol of substrate, 30% H2O2 in 5 mL of solvent at room 

temperature. Catalyst (2.8 mg for 0.005 mmol of Mo). bTON(turn over number)=mmol of 

product per mmol of catalyst. cTOF(turn over frequency)= mmol of product per mmol of 

catalyst per hour. dUsing Na2MoO4 as catalyst (0.34 mg, 0.0017 mmol of Mo). eBlank 

experiment without any catalyst. 
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Table 5.14: Selective oxidation of sulfides to sulfoxides with 30% H2O2 catalyzed by MRAsnMo and MRNAMo at room temperaturea  

 

     MRAsnMo    MRNAMo 

Entry Substrate Time 

(min) 

Isolated yield 

(%) 

TONb TOFc (h-1) Time 

(min) 

Isolated yield 

(%) 

TONb TOFc (h-1) 

1 

 

5 99 2912 35084 8 98 2882 22169 

97d 2853 34373 96d 2823 21715 

2 
 

3 96 2823 56460 5 95 2794 33662 

3 
 

5 98 2882 34723 7 96 2823 24128 

4 
 

5 95 2794 33662 8 97 2853 21946 

5 

 

5 96 2823 34012 8 95 2794 21492 

6 

 

7 98 2882 24632 10 98 2882 16952 

Continued... 
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7 

 

15 97 2853 11412 20 96 2823 8554 

8 

 

15 96 2823 11292 17 98 2882 10183 

9 

 

18 98 2882 9606 22 97 2853 7710 

10 

 

45 96 2823 3764 60 97 2853 2853 

11e 

 

10 h 95 475 47.5 10.5 93 465 44.2 

aAll reactions were carried out in 5 mmol substrates, 10 mmol 30% H2O2 and catalyst (0.0017 mmol of Mo) in 5 mL methanol at 

RT, unless otherwise indicated. bTON (turnover number) = mmol of product per mmol of catalyst. cTOF (turnover frequency) = 

mmol of product per mmol of catalyst per hour. dYield of 10th reaction cycle. eReaction condition: 5 mmol substrate, 10 mmol 30% 

H2O2 and catalyst (0.01 mmol of Mo) at 65 oC in refluxing methanol. 
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5.4.2.2 Oxidation of sulfide to sulfone under solvent free condition 

 The immobilized catalysts could further be successfully applied to obtain sulfone 

as the exclusive product by using 50% H2O2 as oxidant. Most importantly, complete 

conversion of MPS to pure sulfone could be achieved in presence of organic solvents as 

well as without solvent. However, the best TOF value for the conversion of sulfide to 

sulfone was obtained under solvent free condition by conducting the reaction at room 

temperature maintaining 1:1000::catalyst:substrate molar ratio, using  3 equivalents of 

oxidant under the conditions mentioned in Table 5.15 (entry 9). The data presented in 

Table 5.16 further demonstrate that the developed oxidation protocol is highly effective 

for a variety of organic sulfides. The remarkable chemoselectivity of the catalysts toward 

sulfur group was evident in case of its oxidation to sulfone as well, notwithstanding the 

presence of excess of 50% H2O2 in the reaction mixture.      

 

Table 5.15 Optimization of reaction conditions for the MRAsnMo catalyzed selective 

oxidation of methyl phenyl sulfide (MPS) to sulfone by 50% H2O2
a 

 
Entry Molar ratio 

(Mo:MPS) 

H2O2 

Equiv. 

Solvent Temp. 

(0C) 

Time 

(min) 

Isolated 

yield 

(%) 

1a:1b TONb TOFc 

(h-1) 

1 1:500 4 H2O RT 300 97 12:88 485 97 

2 1:500 4 MeOH RT 180 98 0:100 490 163 

3 1:500 4 CH3CN RT 175 96 0:100 480 165 

4 1:500 4 MeOH 65 0C 65 97 0:100 485 447 

5 1:500 4 CH3CN 78 0C 50 98 0:100 490 588 

6 1:500 4 -- RT 25 97 0:100 485 1164 

7 1:500 3 -- RT 15 98 0:100 490 1960 

8 1:100 3 -- RT 5 98 0:100 98 1176 

9 1:1000 3 -- RT 30 99 0:100 990 1980 

10 1:2000 3 -- RT 75 98 0:100 1960 1568 

11 1:1000 4 -- RT 90 98 0:100 980 653 

12 1:1000 2 -- RT 45 99 0:100 990 1320 
 

aAll the reactions were carried out with 5 mmol of substrate in 5 mL of solvent. bTON 

(turnover number) = mmol of product per mmol of catalyst. cTOF (turnover frequency) = 

mmol of product per mmol of catalyst per hour. 
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Table 5.16 Selective oxidation of sulfides to sulfones with 50% H2O2 catalyzed by MRAsnMo and MRNAMo at room temperaturea 

 

 

     MRAsnMo    MRNAMo 

Entry Substrate 
Time 

(min) 

Isolated yield 

(%) 

TONb TOFc (h-1) Time 

(min) 

Isolated yield 

(%) 

TONb TOFc 

 (h-1) 

1 

 

30 99 990 1980 40 98 980 1462 

96d 960 1920 96d 960 1432 

2  17 97 970 3427 25 96 960 2307 

3  25 98 980 2355 35 97 970 1663 

4  30 97 970 1940 40 96 960 1432 

5 

 

35 98 980 1689 40 97 970 1447 

6 

 

45 98 980 1306 60 96 960 960 

Continued... 
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7 

 

95 98 980 620 115 96 960 501 

8 

 

55 97 970 1057 70 96 960 820 

9e 

 

135 98 980 436 150 96 960 384 

10 

 

150 97 970 388 165 96 960 349 

11f 

 

12 h 94 470 39 12h 92 460 38.3 

aAll reactions were carried out in 5 mmol substrates, 15 mmol 50% H2O2 and catalyst (0.005 mmol of Mo) under solvent free 

condition at RT, unless otherwise indicated. bTON (turnover number) = mmol of product per mmol of catalyst. cTOF (turnover 

frequency) = mmol of product per mmol of catalyst per hour. dYield of 6th reaction cycle. eReaction condition: 5 mmol substrate, 15 

mmol 50% H2O2 and catalyst (0.005 mmol of Mo) in 5 mL acetonitrile at RT. fReaction condition: 5 mmol substrate, 15 mmol 50% 

H2O2 and catalyst (0.01 mmol of Mo) at 78oC in refluxing acetonitrile. 
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5.4.3 Recyclability of the catalysts 

Reusability of the supported catalysts was examined independently in alkene 

epoxidation and sulfide oxidation using styrene or thioanisole as substrate under 

respective optimized reaction condition. After recovering the catalyst by filtration 

followed by washing with acetone and drying under vacuum, it was recharged in 

subsequent reaction run. The recyclability of the synthesized catalysts was evaluated for 

six consecutive cycles of reaction in case of solvent-free styrene epoxidation as well as 

oxidation of sulfide to sulfone. On the other hand, for selective sulfoxidation, 

recyclability was examined up to ten cycles. From the data presented in (Table 5.12, 

entry 1), (Table 5.14, entry 1) and (Table 5.16, entry 1) that in each type of oxidation, 

activity and selectivity of the catalysts remain undiminished even after repeated cycles of 

oxidation (Fig. 5.22- Fig. 5.24).  

We have characterized each recovered catalyst by FTIR, Raman, ICP-OES and 

EDX spectral analysis. Comparable IR, Raman and EDX spectral patterns of original and 

recovered catalysts confirmed that the catalysts remain stable during the catalytic 

process. Also, ICP analysis indicated the absence of Mo in the filtrate after isolating the 

solid catalyst, thereby negating the possibility of catalyst leaching. Moreover, no further 

 

 

Fig. 5.22 Recyclability of catalysts MRAsnMo and MRNAMo for selective oxidation of 

styrene. 
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Fig. 5.23 Recyclability of catalyst MRAsnMo and MRNAMo for the selective oxidation 

of MPS to sulfoxide in MeOH.  

 

conversion was noted after separation of the solid catalyst from reaction mixture and 

allowing the reaction to continue for another 1 h under optimized conditions. These 

results demonstrate the heterogeneous nature of the catalytic process.  

 

 

Fig. 5.24 Recyclability of catalysts MRAsnMo and MRNAMo for the selective 

oxidation of sulfide to sulfone under solvent-free condition. 
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5.4.4 Proposed catalytic cycle 

On the basis of experimental evidences, supported by results of theoretical 

investigation it has already been established by work from several laboratories that, 

epoxidation reactions catalyzed by d0 transition metal peroxido systems of metals such as 

V(V), Mo(VI), W(VI) usually follow a common reaction pathway which involve the 

direct electrophilic transfer of  the oxygen atom of the peroxido group to the alkene 

through a spiro-like transition state in a concerted step [92-96].  

Based on the findings of the present study and aforementioned available 

literature, we have proposed a catalytic cycle for the selective styrene epoxidation 

mediated by the supported oxidomonoperoxidomolybdenum catalysts MRAsnMo and 

MRNAMo. As shown in Fig. 5.25, the first step involves the formation of active 

diperoxidomolybdate species II from the inactive monoperoxidomolybdate species I in 

the presence of excess H2O2, as mentioned in chapter 4 (section 4.2.3.6). In the next step 

the diperoxidomolybdate species II would transfer its electrophilic oxygen to the alkene 

(reaction a) through an intermediate III followed by formation of a spirocyclic structure 

as suggested by Sharpless et al. [92-94]. In the final step of the catalytic cycle, the 

product will dissociate from the intermediate IV (reaction b) to yield the respective 

epoxide and subsequently generate the original catalyst I. 

The catalytic cycle envisaged for selective oxidation of sulfides to their 

corresponding sulfoxides or sulfones is outlined in Fig. 5.26, using MRAsnMo as 

representative catalyst. As mentioned in Chapter 5, in presence of excess H2O2, the 

diperoxidomolybdate species II (reaction a) is likely to be generated from the 

monoperoxidomolybdate species I which would transfer its electrophilic oxygen to the 

substrate V to yield the corresponding sulfoxide VI. The sulfoxidation reaction is 

accompanied by simultaneous regeneration of the original catalyst I. In a separate cycle 

of reaction, diperoxidomolybdate species II may further oxidize sulfoxide leading to 

sulfone formation (reaction c). Thus, formation of sulfone appears to be a two step 

process [26,98-102]. 
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Fig 5.25 Proposed catalytic cycle for alkene epoxidation with heterogeneous catalyst 

shown with MRAsnMo (5.1) as representative in presence of H2O2. 
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Fig. 5.26 Proposed catalytic cycle for sulfide oxidation with heterogeneous catalyst 

shown with MRAsnMo (5.1) as representative in presence of H2O2. 
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5.5 Conclusion 

To conclude, we have introduced a pair of new heterogeneous catalysts prepared 

by immobilizing peroxidomolybdenum species on asparagine and niacin grafted 

Merrifield resin which demonstrated great potential for the environmentally benign 

epoxidation of variety of alkenes with H2O2 under mild and solvent free condition. It is 

noteworthy that complete conversion of unfunctionalized alkenes has been achieved with 

nearly 100% epoxide selectivity employing just stoichiometric amount of 30% H2O2 in 

absence of organic solvent. Moreover, a remarkably high turn over number of ca. 1000 

was obtained in each case of epoxidations. These findings appear to be indeed 

impressive taking into account the mild reactions conditions employed and considering 

the fact that, in most of the reported solvent free alkene epoxidation processes catalyzed 

by heterogeneous Mo-based systems used TBHP as oxidant and required much higher 

temperature [22,47,103-105]. 

The versatility of these catalysts is further evident from their ability to facilitate 

the chemoselective oxidation of a broad range of structurally diverse thioethers to the 

desired sulfoxides in impressive yield and TOF in methanol at ambient temperature. In 

fact, a TOF of 56,460 h-1 obtained using catalyst 5.1, appears to be one of the highest 

TOF values obtained in selective sulfoxidation using Mo based catalysts reported so far.  

           The catalysts afforded easy recovery with reusability for multiple reaction cycles 

with undiminished activity and selectivity in all cases. Most importantly, the 

methodologies are environmentally clean as the oxidations have been carried out in 

absence of halogenated solvent, co-solvent, co-catalysts or any other acid or base 

additives.  Ease of preparation of the catalysts involving a non-toxic transition metal and 

commercially available starting materials, simplicity in work-up procedure, are the other 

synthetically valuable attributes of the catalytic systems making them potentially 

attractive for practical applications. 
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