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Readily prepared peroxidomolybdenum based homogeneous and
heterogeneous catalysts for selective oxidation of sulfides in aqueous
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Chapter 4

4.1 Introduction

In continuation of our efforts to develop simple and sustainable routes to
accomplish selective sulfoxidation in aqueous medium, in the present work we have
attempted to explore the scope of generating new peroxidomolybdenum (pMo) based
catalysts using water soluble polymers (WSP) as supports. Importance of peroxido
compounds of molybdenum as versatile catalysts or oxidant in a variety of organic
oxidations including several industrial processes has been adequately highlighted in the
literature as well as in the introductory Chapter. We have envisaged that the combination
of WSP support with a catalytically active pMo species would add advantages of
polymeric reagent (stability and phase homogeneity to the catalyst and oxidant, for
instance) to the inherent oxidant ability of the pMo species to afford water compatible and

recoverable catalysts usable in aqueous medium.

Albeit a homogeneous catalyst usually exhibits superior activity and selectivity vis-
a-vis its heterogeneous counterpart, nevertheless, due to the ever increasing emphasis on
cleaner and sustainable chemical processes development of heterogeneous selective
oxidation catalysts that support green and energy efficient oxidation reactions has
assumed tremendous importance [1-3]. In recent years, natural polymers such as cellulose,
chitin and chitosan have been attracting considerable attention as promising green support
materials for heterogenization of metal catalysts [4-8]. The unique features of chitosan,
one of the most abundant biopolymers in nature [9-14], such as their non-toxicity,
biodegradability, biocompatibility and easy accessibility make it vastly attractive for a
wide variety of potential applications in areas ranging from therapeutics, cosmetics, food

processing to environmental applications [5-14].

There has been plethora of reports demonstrating heterogenized chitosan metal
complexes as catalysts in diverse organic transformations such as hydrogenation [15-17],
condensation [18,19], water splitting reaction [20,21], coupling reaction [22-24],
polymerization [25,26], hydroxylation [27,28], Suzuki and Heck reactions [29-33] etc.
However, we have so far come across only two reports dealing with the application of

peroxidometal derivative supported on chitosan as oxidation catalysts [34,35].

Among the limited reports available on water-based metal-catalyzed sulfide
oxidation processes, studies devoted to water compatible heterogeneous systems are still

rare [36-43]. As mentioned in preceding Chapter, despite of the development of scores of
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promising methodologies for selective sulfide oxidation with H>O> using both
homogeneous and heterogeneous transition metal catalysts reported in recent years, there
still remains plenty of opportunities to design new alternative catalysts which can perform
optimally in safer reaction media under mild condition, as some of the available

methodologies still rely upon volatile and toxic organic solvents [41,44-57].

In this chapter we describe the preparation and characterization of a heretofore
unreported chitosan immobilized peroxidomolybdenum complex (PMoCh), which
displayed excellent selectivity and efficiency as a water tolerant heterogeneous catalyst,
for the oxidation of a diverse range of thioethers by H.O> in water, under eco-friendly
reaction conditions. In addition, development of a new water based homogeneous catalytic
protocol for H2O2 mediated selective sulfide oxidation using diperoxidomolybdenum(V1)
species anchored to linear WSP resins of the type, [MoO(O2)(sulfonate)]-PS [PS =
poly(sodium vinyl sulfonate)] (PSMo) or [Mo0202(02)s(carboxylate)][-PA [PA =
poly(sodium acrylate)] (PAMo) as recyclable catalysts is also presented herein. Pertinent
here is to mention that, synthesis and characterization of these water soluble macro
complexes and their unique biochemical activity have been reported previously from our
laboratory [58,59].

The work presented in this chapter has been distributed over two sections.
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Chapter 4

4.2.1 Experimental section

4.2.1.1 Synthesis of chitosan supported dioxidomonoperoxidomolybdenum(V1)
catalyst (PMoCh)

Molybdic acid (1 g, 6.25 mmol) was dissolved in 7 mL of 30% H>02(62.5 mmol)
at room temperature. The pH of the clear solution at this stage was recorded to be ca. 1.
The solution pH was then slowly raised to ca. 7 by dropwise addition of concentrated
sodium hydroxide (ca. 8 M) with constant stirring. Maintaining the temperature of the
reaction mixture below 4°C in an ice bath, 1.0 g of Chitosan (Ch) was added to it with
constant stirring. The reaction mixture was kept as such for 24 h. The resulting mixture
was then filtered and the yellow residue was repeatedly washed with pre-cooled acetone.

The obtained product was dried in vacuo over concentrated sulfuric acid.
4.2.1.2 Elemental analysis

Quantitative determination of molybdenum, peroxido, carbon, hydrogen, nitrogen
and sodium were accomplished by methods described in Chapter 2. The analytical data of
the compounds are presented in Table 4.1.

4.2.1.3 Physical and spectroscopic measurements

The compound was characterized according to the described methods in Chapter
2, with the help of spectroscopic measurements, thermogravimetric analysis as well EDX
analysis. Table 4.3 summarizes the structurally significant IR and Raman bands along
with their assignments. Solid state *C NMR chemical shift values of the complex are
represented in the Table 4.4 and spectra are presented in Fig. 4.8. TGA of the complex is
represented in the Fig. 4.9-4.10.

4.2.1.4 Computational details

Density functional theory (DFT) calculation has been performed using DMol®
package [60]. The van der Waals interactions have been taken into consideration while
performing theoretical calculations, as polymeric structures bind through these
interactions. Dispersive forces, or van der Waals forces, result from the interaction
between fluctuating multipoles without requiring the overlap of electron densities [61]
Therefore, we have used dispersion corrected density functional theory (DFT-D) for

geometry optimization and frequency analysis. Local density models, such as the VWN
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(Vosko, Wilk and Nusair) [62] functional, are simple and computationally efficient. DFT-
D approaches to treat vdW interactions employed using the Ortmann, Bechstedt and
Schmidt [63] (OBS) correction to VWN. We have used DNP (double numerical plus
polarization) [60] basis set for our calculation. For the heavy metal Mo, the valence
electrons are described by double numerical basis set with polarization function and the
core electrons are described with local pseudo-potential (VPSR) which accounts for the
scalar relativistic effect expected to be significant for heavy metal elements [64,65]. The
geometry has been fully relaxed and positive vibrational frequency confirms the complex

to be at energy minimum.
4.2.1.5 General procedure for catalytic oxidation of sulfides to sulfoxides

In a typical procedure, the oxidation reaction was carried out by placing organic
substrate (5mmol), catalyst PMoCh (1.4 mg, containing 0.0025 mmol of Mo), 30% H.O>
(2.26 mL, 20 mmol) in 5 mL of solvent (water or methanol) in a round bottom flask. The
molar ratio of catalyst Mo: substrate was maintained at 1:2000 and substrate:H20- at 1:4.
The reaction was conducted at ambient temperature under magnetic stirring. The progress
of the reaction was monitored by thin layer chromatography (TLC) and GC. After
completion of the reaction, the heterogeneous catalyst was separated by filtration, followed
by washing with acetone. The oxidized product along with unreacted organic substrates
were extracted with diethyl ether, dried over anhydrous sodium sulfate and distilled under
reduced pressure to remove excess diethyl ether. The product was then purified by column
chromatography on silica gel with ethyl acetate-hexane (1:9 v/v) as the eluent. The product
obtained was characterized by IR, *H NMR, *C NMR spectroscopy and melting point
determination (for solid products) (Appendix I).

4.2.1.6 Regeneration of the catalyst

The recyclability of the catalyst was tested employing methyl phenyl sulfide as the
substrate, in reactions conducted independently in agueous medium as well as in methanol.
After completion of the reaction in each run, the solid catalyst was separated from the
spent reaction mixture by filtration, as mentioned above. The recovered catalyst was
washed with acetone and dried in vacuo over concentrated sulfuric acid. The dried catalyst
was then placed in the next fresh batch of reaction containing 30% H20, (2.26 mL, 20

mmol), substrate (5 mmol) and solvent (H.O or MeOH, 5 mL). The reaction was allowed
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to proceed under optimized condition in the same manner as that of the first run. The

progress of the reaction was monitored by thin layer chromatography (TLC) and GC.

In an alternative methodology, the used catalyst could also be recycled simply by
charging the spent reaction mixture remaining in the reaction vessel after separating the
organic reaction product, with a fresh lot of H20», sulfide and then repeating the
experiment as mentioned above. Each of the procedures was performed under optimized

reaction condition for six reaction cycles.
4.2.2 Results and Discussion
4.2.2.1 Catalyst preparation and characterization

The synthesis of the peroxidomolybdenum catalyst PMoCh, immobilized on
chitosan was achieved by establishing a reasonably straightforward methodology,
involving the reaction of in-situ generated peroxidomolybdenum species with chitosan in
water under mild reaction condition. As chitosan is known to be water soluble under acidic
conditions, the pH of the reaction medium was strategically maintained above 7 in order
to obtain the solid catalyst in a water insoluble form. Maintenance of reaction temperature
at < 4 °C and contact time of 24 h was also observed to be equally important for the
successful synthesis of the catalyst. The catalyst is non-hygroscopic and remains stable for

weeks without change in its catalytic activity.

For characterization of the newly synthesized catalyst, combinations of a host of
spectroscopic and other physicochemical techniques have been made use of, apart from
elemental analysis. From the elemental analysis data of PMoCh, the ratio of Mo:0*
content was found to be 1:1, in conformity with the presence of pMo moieties in the
catalyst in their monoperoxido form. The Mo loading on chitosan, determined from the
Mo content obtained from elemental analysis, EDX analysis and inductively coupled
plasma optical emission spectrophotometric analysis (ICP-OES) was found to be 1.77
mmol g* of the polymer (Table 4.1). The diamagnetic nature of the pMo compound was
evident from the magnetic susceptibility measurement, in agreement with the occurrence

of Mo in its + 6 oxidation state.
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Table 4.1 Analytical data for the synthesized complex PMoCh

% Found from elemental analysis
(% obtained from EDX spectra)

Complex C H N Mo 02*  Molybdenum loading?
(mmol g* of polymer)
PMoCh 32.30 471 6.13 17.02 6.21 1.77
(31.54) - (5.96) 17.10° -
" - - (17.16) "

Observed metal % x 10

& Molybdenum loading = . :
Atomic weight of metal

b Determined by ICP-OES

4.2.2.2 Scanning electron microscopy (SEM) and energy dispersive X-ray (EDX)

analysis

The surface topography of chitosan before and after metal complexation was
investigated by scanning electron microscope. The SEM images of pure chitosan (Ch)
displayed cavities at its different imaging ranges as seen in Fig. 4.1(a) and 4.1(c). The
SEM micrograph of the Mo-Chitosan complex PMoCh, on the other hand, showed a
relatively smooth surface. The considerable morphological changes on the surface of
chitosan observed after metal anchoring compared to the pure chitosan, clearly indicated
chemical modification of the polymer [Fig. 4.1(b) and 4.1(d)]. The observed changes of
molybdenum anchored chitosan, PMoCh, may be ascribed to anchoring of metal ions via
amino groups of chitosan. Support for such an observation comes from previous reports
which demonstrated that strong complexation of metal ions to the amino functions of

chitosan resulted in smooth surface morphology of the metal anchored chitosan [66-68].
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Fig. 4.1 Scanning electron micrographs of chitosan 1(a), (c) and PMoCh 1(b), (d).

The Energy-dispersive X-ray (EDX) spectroscopic analysis data provided evidence
for the presence of Mo in the compound, apart from the C, N and O atoms (Fig. 4.2). The
EDX analysis, which gives in situ chemical analysis of the bulk, was carried out by
focusing multiple regions over the surface of the polymeric compound. The results derived
from EDX analysis and ICP-OES analysis were in good agreement with elemental analysis

values.
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Fig. 4.2 EDX spectrum of PMoCh.
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4.2.2.3 X-ray diffraction studies

The X-ray diffraction pattern of pure chitosan (Ch) and peroxidomolybdate
incorporated chitosan (PMoCh) are illustrated in Fig. 4.3. In the XRD spectrum, chitosan
shows two typical broad peaks along with a sharp peak due to its semi crystalline nature
at 20 of 12.7, 19.9 and 26.7 respectively [66,69-71]. Complexation of metal ions with
biopolymers in general, is known to induce changes in crystallinity of the polymer [69-
71]. In case of the catalyst PMoCh, the XRD patterns revealed a decrease in intensity of
the characteristic peaks of chitosan with concomitant appearance of several new diffraction
peaks, indicative of formation of a new crystalline phase. The decrease in intensity of the
chitosan peaks is likely to be owing to the disruption of inter polymer hydrogen bonds as
a result of binding of the metal ions to chitosan via -NH or -OH groups [69-71]. The
diffractogram of PMoCh complex displayed new major peaks at 20 values 14.6, 15.8,
24.4, 26.7, 27.8, 29.0 and 31.90. These values are close to the peak values observed for
monoperoxido molybdate species (PDF 41-359) which were assigned to (200), (101),
(110),
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Fig. 4.3 Powder X-ray diffraction pattern of (a) Ch, (b) PMoCh and (c) reference
powder X-ray diffraction pattern of H-MoOs (JCPDS card number 41-359).
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(011), (301), (211) and (202) planes, respectively. That the monoperoxido molybdenum
moieties are anchored to the polymer to afford the chitosan supported PMoCh catalyst has

thus been confirmed.
4.2.2.4 BET analysis

The specific surface area of compound, PMoCh and pure chitosan (ch) were
measured by employing BET analysis with the nitrogen adsorption method and the pore
volume was obtained by BJH model [72,73]. The adsorption-desorption isotherm of the
catalyst (Fig. 4.4) showed typical type Il adsorption of an IUPAC standard on particles
which have macropores or nonpores [74,75]. The textural properties of neat chitosan and
Mo incorporated chitosan catalyst are presented in Table 4.2. The results showed that after
anchoring of pMo moieties the surface area of chitosan (3.0 m?/g) as well as total pore
volume (0.05 mL/g) increased to 11.4 m?/g and 0.56 mL/g, respectively. The average pore
diameter of chitosan did not show any significant change after complexation. The increase
in surface area and total volume of the catalyst relative to pure chitosan provided clear
indication of complexation of metal with the polymer.

Table 4.2 BET surface area, pore volume and average pore diameter of pure polymer (ch)

and compound PMoCh

Adsorbents Chitosan (Ch) PMoCh
BET surface areas (m’/g) 3.0 114
Pore volume (mL/qg) 0.05 0.56
Average pore diameter (A) 32.0 320
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Fig. 4.4 BET N2-adsorption-desorption isotherm of PMoCh.

4.2.2.5 FTIR and Raman spectral studies

The FT-IR spectra of chitosan (Ch) and chitosan anchored peroxidomolybdenum
catalyst (PMoCh) are shown in the Fig. 4.5 and the corresponding significant spectral data
are summarized in Table 4.3. The intense broad band in the spectrum of the pristine
chitosan, centered at 3434 cm™* has been ascribed to the stretching vibration of -NH: and
-OH groups which usually overlap and occur in the equivalent region [14,35,68,76-83]. In
the spectrum of complex PMoCh, observance of the band at a lower frequency of 3415

cm?, indicated the participation of amine or hydroxyl, or both of these groups of chitosan

in metal co-ordination [35,68,69,71].

Further evidence in support of the co-ordination of the metal via secondary —OH
and primary amine groups has been obtained from the distinct shift of the bands occurring
at 1089 cm (secondary -OH) and 1592 cm™ (N-H bending) in the free polymer to lower
values of 1066 and 1561 cm™, respectively in the spectrum of the complex PMoCh [14,
35,76-83]. The band at 1038 cm™ of chitosan remained unaffected in PMoCh implying
that the primary -OH group is not involved in complexation [14,76-83]. The typical band
at 1646 cm™ (C—O stretching along with N—-H deformation mode, amide 1) in the spectrum
of chitosan remained practically unaltered in its position in the spectrum of the catalyst
demonstrating that the group was not involved in metal co-ordination [76-83]. The

spectrum of the complex also displayed other characteristic bands of chitosan such as
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Fig. 4.5. IR spectra of (a) Chitosan and (b) catalyst PMoCh.

B-(1—4) glycoside C-O-C bridge bands at ca. 1160 and 894 cm™, C-H stretching
vibrations at the expected region of 2927 and 2855 cm™ indicating that the metal complex
successfully anchored to chitosan [35,76-83].
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Table 4.3 Experimental and theoretical infrared (IR) and Raman (R) spectral data (cm™) for PMoCh complex

Assignment PMoCh Assignment PMoCh
v(NH2 + OH) IR Exp. 3415 v(Mo=0) IR Exp. 947
Calc. 3403 Calc. 939
v(C-0, secondary OH) IR Exp. 1066 R Exp. 948
Calc. 1079 Calc. 958
R EXp. 1059 Vasym(M0-02) IR EXp. 629
Calc. 1058 Calc. 621
Amide | IR Exp. 1642 R Exp. 610
[ v(CO)+&(NH)] Calc. 1623 Calc. 614
R Exp. 1638 vsym(M0-0O2) IR Exp. 536
Calc. 1599 Calc. 541
Sd(N-H) IR Exp. 1561 R Exp. 523
Calc. 1556 Calc. 530
R EXp. 1551 v(Mo-0) IR EXp. 465
Calc. 1585 Calc. 456
v(C-0-C) IR Exp. 894 R Exp. 460
Calc. 889 Calc. 456
R Exp. 907 v(0-0) IR Exp. 860
Calc. 905 Calc. 863
R Exp. 830
Calc. 826
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Fig. 4.6. Raman spectrum of PMoCh.

The band at 564 cm™ ascribed to Mo-N bond further signifies the complexation of metal
with chitosan through —NH group [35,84,76-83]. The 465 cm™ band in the complex is
due to Mo-O bond in the complex [35,84,76-83]. The presence of molybdenum peroxido
and oxido groups of the [Mo(0)202] moiety in the complex was confirmed by the
occurrence of typical bands at ca. 860, 947, 629 and 536 cm™ corresponding to v(O-0),
v(Mo = 0), vasym(M0-02) and vsym(Mo-02) was supported by the complementary Raman
spectrum (Fig. 4.6) which displayed bands at 948, 830, 907, 610, 523 and 460 cm™
corresponding to v(Mo=0), v(0-0), v(C-O-C), vasym(M0-02), vsym(M0-O2) and v(Mo-0)
vibrations, respectively [46,85,86]. The spectrum also shows two peaks at 1638 and 1551

cm? attributable to amide | and NH deformation modes, respectively [87].
4.2.2.6 Electronic spectral studies

The diffuse reflectance UV-visible spectrum of PMoCh is given in Fig. 4.7. The
spectrum shows two broad bands with maxima at 275 and 364 nm. The weak intensity
absorbance at 364 nm is characteristic of monoperoxidomolybdate(V1) species due to
peroxido to metal LMCT transition [46,88,89]. The 275 nm band may be attributed to
n—7w* or 1 —7* transition corresponding to the partially deacetylated chitosan polymer
[78,80,82,83].
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Fig. 4.7 UV-Vis spectrum of PMoCh.

4.2.2.7 13C NMR studies

The solid state *C NMR spectra of the pure polymer and the synthesized complex
PMoCh shown in Fig. 4.8(a) and 4.8(b), respectively and data presented in Table 4.4,
indicating modification of carbon signals as a result of anchoring of the Mo(V1) species to
chitosan. The resonance positions were assigned on the basis of existing literature [90-92]
although, the exact chemical shifts values may vary slightly depending on the crystallinity
of the sample and the nature of technique employed viz., solid state or liquid state analysis.
The spectrum of pure chitosan exhibited typical resonances due to C(1), C(2), C(4) and
C(6) carbon atoms, respectively in addition to a resonance attributable to a combination of

C(3) and C(5) carbon signals, as has been reported previously [90-92].

Table 4.4 Chemical shifts (ppm) of 3C signals for chitosan (pure polymer) and for
complex PMoCh

C(1) C(2) C(3)/C(5) C(4) C(6)
Chitosan 106.3 58.7 76.8 85.1 62.3
PMoCh 100.7 57.1 75.2 93.5 61.1
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For the complex PMoCh, the signal due to C(2) atom attached to the amine
functions shifted to 57.1 ppm with a decrease in intensity, indicating the involvement of
the amine group in complexation. The complexation through the hydroxy! group was also
evident from the shifting of carbon signal to 75.2 ppm from its original value of 76.8 ppm
observed in the spectrum of pure chitosan. In addition, C(1) and C(4) signals showed
considerable shifts along with broadening indicating that the amino or hydroxyl containing
sites are not the only atoms affected as a result of Mo complexion. It is notable that similar
observations were made earlier by Guibal et al. during 3C analysis of molybdate ion
uptake by chitosan [90]. Apart from the above well-resolved resonances, very weak
intensity signals were identified at around 174 and 23 ppm attributable to the -C=0 and
methyl (CHz) group [Fig. 4.8(a)], respectively of the acetylated fraction of chitosan which
remained unaltered in their position and pattern in the spectrum of the catalyst as well.
Thus from the 3C NMR spectral analysis it may be inferred that although the chitosan
structure undergoes modification as a consequence of Mo(V1) ion co-ordination, the main
backbone structure of the polymer remains unchanged during the process of metal ion

complexation.

(b)

(a)

SV,

L L R R I e L L S R R L TR .
280 260 240 220 200 180 160 140 120 100 80 60 40 20 O

ppm

Fig. 4.8 Solid state **C NMR spectra of (a) chitosan and (b) PMoCh.

4-15|Page



Chapter 4

4.2.2.8 Thermal analysis

The TG-DTG plot of the complex PMoCh (Fig. 4.9) revealed that the compound
(PMoCh) undergoes multiple step decomposition on heating to a temperature of 700 °C.
After the initial degradation steps occurring in the temperature range of 50-97 °C due to
the liberation of water molecules, the next degradation has been observed in the range of
140 to 153 °C with 6.6% weight loss. This step is attributable to the loss of peroxido groups
of [M0O2(02)] moieties anchored to the polymer. The subsequent step occurs between 169
C to 310 °C, with a mass loss of 44.5% which has been ascribed to the cleavage of
glycosidic linkage and degradation of the polymer. In case of pure chitosan, a single stage
degradation takes place starting from 270 °C that continue up to 315 °C with a mass loss
of 33.1% due to degradation of the polymer and deacetylation [68,71,78,93] after the initial
dehydration step occurring below 100 °C (Fig. 4.10).

TGA % mg/min
0.0
100 -
80
w
n -0.4
o
= S
= a
g 60 [ P
2 -0.8
40 |
1 1 1 -1.2

0 200 400 600

Temperature (°C)

Fig. 4.9 TG-DTG plot of chitosan.
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Fig. 4.10 TG-DTG thermogram of PMoCh.

Thus, decomposition step corresponding to the degradation of the chitosan support
occurs at a relatively lower temperature range in the catalyst, PMoCh compared to free
chitosan. The observations are in agreement with literature data which demonstrate that
the complexation of chitosan usually leads to a lowering of its thermal stability [78,93].
The % residue remaining after complete degradation of the complex PMoCh was found
to be 40.2 %, which was ascertained to be oxidomolybdenum species from the IR spectral

analysis of the sample.

The structure proposed for the catalyst PMoCh, based on the above analysis, is
represented schematically in Fig. 4.11. Different models have been proposed previously
to describe the mode of metal ion-chitosan co-ordination such as “bridge model” and
“pendant model” [76,79,88]. The structure of PMoCh shows simultaneous co-ordination
of the Mo(V1) centre of the pMo moiety to the amino and OH group of chitosan to form

a ‘pendant complex’.
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Fig. 4.11 Proposed structure of PMoCh (* represents polymer chain).

4.2.2.9 Density functional studies

We have carried out theoretical investigations in order to verify the feasibility of
the structure proposed for the Mo-Chitosan (PMoCh) complex. The initial structure of the
complex has been modelled on the basis of experimentally derived structural information
(FTIR, Raman, TGA, EDX and elemental analysis). The optimized geometry of the
molybdenum complex, representing a section of the polymer, is presented in Fig. 4.12.
The structure shows one repeating unit of the polymer with one anchored Mo(V1) centre
coordinated to two oxygen atoms of an n>—peroxido group, doubly bonded to two oxygen
atoms. The remaining two sites in the co-ordination sphere are occupied by one O atom
and one N atom of the -OH and -NH> groups of chitosan, respectively in a trans
configuration. The selected geometrical parameters of vibrational frequencies, bond length
and bond angles shown in Table 4.3 and 4.5, are found to be in line with our experimental
values. These experimental and theoretical values of complex PMoCh are in excellent
agreement with the reported crystallographic data related to monoperoxido molybdenum
complexes with coordination environment containing N, O- or O- donor co-ligands
[94,95].
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Fig. 4.12 Optimized geometry for complex PMoCh. Colors: light blue is molybdenum,
red is oxygen, grey is carbon and white balls represent hydrogen atoms.

Table 4.5 Selected bond lengths (A) and bond angles (degree) for PMoCh calculated

using density functional theory (DFT) as implemented in DMol® package

Structural index?  Calculated values Structural parameter  Calculated values

Mo-0O1 1.991 06-C4 1.426
Mo-02 1.899 06-C5 1.438
Mo-03 1.713 05-C2 1.398
Mo-0O4 1.769 O7-H6 0.979
Mo-05 2.495 08-H4 1.024
Mo-N 2.149 C3-08 1.399
N-C1 1.468 C1-C4 1.512
N-H2 1.038 C1-C2 1.501
N-H3 1.026 C3-C5 1.537
N-H1 1.002 £01-Mo-02 43.18
C3-H5 1.102 203-Mo-04 106.08
C6-H7 1.099 £Mo-01-02 72.19
C6-H8 1.104 £H2-N-H3 107.44

See Fig. 4.12 for the atomic numbering.
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4.2.3 Catalytic activity of the supported complex, PMoCh (4.1)
4.2.3.1 Oxidation of sulfides to sulfoxides- Optimization of reaction condition

Selective oxidation of various organic sulfides with 30% H.O> could be achieved
in neat water in presence of catalytic amounts of compound PMoCh. Initially, we have
conducted an exploratory experiment using methyl phenyl sulfide as a model substrate
maintaining molar ratio of substrate:oxidant at 1:2 and catalyst (Mo):substrate ratio at
1:1000 in water, at ambient temperature under magnetic stirring. Under these conditions
the reaction was observed to proceed smoothly to afford sulfoxide as the sole product with
100% conversion and reasonably good TOF and TON values. Subsequently, we have
optimized the reaction conditions for selective sulfoxidation by screening the effect of key
parameters such as substrate:oxidant stoichiometry, catalyst amount, solvent type and

reaction temperature. The details of the observations are depicted in Table 4.6.
Effect of H202 concentration

In order to assess the effect of H.O> concentration on the selective sulfoxidation
reaction, we have examined three different equivalents of H.O2 with respect to MPS under
otherwise identical reaction condition. As shown in Table 4.6 (entries 1, 2 and 3) with an
increase in the amount of oxidant the rate of the reaction was found to increase
monotonously affording a TOF of 1140 h' with 4 equivalents of H2O,. It is notable that
even with 4 equivalents of oxidant, the reaction retained its sulfoxide selectivity without

any over oxidation of sulfoxide to sulfone.
Effect of catalyst amount

The amount of catalyst used was observed to affect the rate of the sulfide oxidation
substantially. As revealed by the data presented in Table 4.6, an increase in catalyst
amount speeded up the MPS oxidation considerably without affecting the selectivity,
although the reaction resulted in a drastic fall in the TOF value. On the other hand,
reducing the catalyst amount led to a consistent improvement in TOF of the process (Table
4.6, entries 3, 4 and 5). Thus, to obtain best TOF in aqueous medium without
compromising the selectivity, a catalyst (Mo):substrate molar ratio of 1:2000 with

substrate:oxidant ratio maintained at 1:4 was found to be optimal. That the catalyst played
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Table 4.6 Optimization of reaction conditions for PMoCh catalyzed selective oxidation
of methyl phenyl sulfide (MPS) by 30% H,02?

PMoCh RV
~N
1b

0
s\ S\ +
Solvent, 30% H,0,
1 1a

Entry Molarratio Sub:H2O, Solvent Time Isolated 1a:lb TONP  TOF®

(Mo:MPS) (min)  yield (hh
(%)

1 1:1000 1:2 H.O 100 91 100:0 910 546
2 1:1000 1:3 H.O 75 90 100:0 900 720
3 1:1000 1:4 H.O 50 95 100:0 950 1140
4 1:500 1:4 H20 30 90 100:0 450 900
5 1:2000 1:4 H20 65 97 100:0 1940 1790
6 1:2000 1:4 H20 65 48 74:26 960 886
7° -- 1:4 H20 65 15 100:0 -- --
8 1:1000 1:1 MeOH 80 90 100:0 900 675
9 1:1000 1:2 MeOH 20 93 100:0 930 2790
10 1:500 1:2 MeOH 10 91 100:0 455 2730
11 1:1500 1:2 MeOH 32 90 100:0 1350 2556
12 1:2000 1:2 MeOH 40 94 100:0 1880 2850
13 1:2000 1:3 MeOH 30 94 100:0 1880 3760
14 1:2000 1:4 MeOH 20 98 100:0 1960 5880
15d 1:2000 1:4 MeOH 20 44 58:42 880 2640
16° -- 1:4 MeOH 20 18 100:0 -- --
17 1:2000 1:4 EtOH 20 88 100:0 1760 5280
18 1:2000 1:4 CH3CN 25 90 100:0 1800 4320

2All the reactions were carried out with 5 mmol of substrate in 5 mL of solvent. Catalyst
amount = 1.4 mg for 0.0025 mmol of Mo. "TON (turnover number) = mmol of product per
mmol of catalyst. “TOF (turnover frequency) = mmol of product per mmol of catalyst per
hour. 9Using Na;MoOs as catalyst (0.51 mg, 0.0025 mmol of Mo). ®Blank experiment
without any catalyst.
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a crucial role in facilitating the formation of the desired product was also evident from the
result of a control experiment performed without the catalyst under optimized condition.
In absence of the catalyst a poor conversion of < 15% was obtained within the stipulated
reaction time. Moreover, in order to compare the performance of the heterogeneous phase
reaction with the homogeneous one, the oxidation reaction was conducted under optimized
condition by adding soluble Na2M0oO4 (Mo: MPS = 1:2000) in lieu of the catalyst. The
results revealed that (Table 4.6, entries 6 and 15) although in situ generated soluble pMo
species also catalyzed the MPS oxidation, the reaction remained incomplete and non-
selective leading to the formation of sulfoxide and sulfone in the ratio of 74:26. That the
immobilization of pMo species on chitosan support resulted in remarkable improvement
of catalytic efficiency of pMo derivative, both in terms of activity and selectivity, has been

confirmed from these observations.

Effect of solvent nature

Since solvents have been known to have immense influence on the activity and selectivity
of catalysts in sulfoxidation reaction, we considered it imperative to examine the activity
of the catalyst in some common organic solvents, other than water. The solvent effect was
assessed using environmentally safer organic solvents such as methanol, ethanol and
acetonitrile in the oxidation of MPS. As mentioned in Chapter 3, use of toxic chlorinated
solvents was strategically avoided in the present study as well. The results presented in
Table 4.6 demonstrate that the catalytic protocol for sulfoxidation is compatible with each
of the tested organic solvents. In fact, the catalyst turned out to be nearly 3-fold more
potent in organic solvents (Table 4.6, entries 14, 17 and 18) compared to aqueous medium.
Methanol emerged as the best solvent in terms of selectivity-activity profile of the reaction
providing good TOF even with 1 equivalent of H2O. (Table 4.6, entry 8). The superior
activities observed in organic solvent are likely to be due to the high solubility of MPS in
these solvents. It is thus remarkable that the same heterogeneous catalyst PMoCh enabled
us to attain selective sulfoxidation in neat water as well as in organic solvent, under mild

reaction condition testifying to the versatility of the catalyst.

Subsequent to optimization of the right conditions for sulfoxidation as shown in
Scheme 4.1, a series of structurally diverse organic sulfides were subjected to the
oxidation reaction using PMoCh-H202 system in experiment performed independently
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0O 0O
g PMoCh S PMoCh g
. AN .
R1/ \Rz 30% H,0, (4 equivalent) R1/ R, 30% H,0, (4 equivalent) R{ \R2
RT, MeOH RT, H,0

Scheme 4.1 Optimized reaction conditions for the selective oxidation of sulfides to

sulfoxides by catalyst PMoCh.

using water or methanol as solvent. The results illustrated in Tables 4.7 and 4.8 show that
variously substituted aliphatic as well as aromatic substrates were selectively and
completely transformed in presence of the catalyst PMoCh into corresponding sulfoxides
with excellent TOF and TON values. Significantly, no over oxidation of sulfoxide to
sulfone was observed in any of the tested substrates under the investigated condition even
on prolonging the reaction time. It is also noteworthy that irrespective of the nature of
solvent used, oxidation of dimethyl sulfide was observed to proceed at the fastest rate
(Entry 2, Table 4.7 and 4.8) providing a TOF of 3760 h™ in water (TOF as high as 11,280
h™! in MeOH), whereas in case of diphenyl sulfide the reaction was the slowest (Entry 9,
Table 4.7 and 4.8). In general, aliphatic sulfides were found to be oxidized at a faster rate
compared to allylic and vinylic sulfides, which is not unusual. As sulfide oxidation by
H20> has been known to occur via an electrophilic addition reaction of oxygen atom to the
substrate, it is expected that sulfides with higher electron density on sulfur atoms would
react faster compared to aromatic as well as other conjugated systems viz., vinylic and
allylic sulfides [96,97]. Thus, the observed trend in variation of rates of reaction across the
substrates used is in accord with the decreasing nucleophilicity of the thioethers examined.
An additional salient feature of the methodology is the excellent chemoselectivity of the
catalyst towards sulfur group of substituted sulfides with co-existing oxidation prone
functional groups. Thus, alcoholic sulfoxides were obtained without affecting any other
functional group transformation (Table 4.7, entry 8 and Table 4.8 entry 8), whereas allylic
sulfides were chemoselectively oxidized without epoxidation of C=C (Table 4.7, entry 7
and Table 4.8, entry 7).
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Table 4.7 Selective oxidation of sulfides to sulfoxides with 30% H.O; catalyzed by PMoCh in H.0?

PMoCh (Mo: Sub=1:2000) O
S S
R™ "R 30% H,0, (4 equivalents), RT, H,0 R™ R
Entry Substrate Mo:MPS  MPS: H202  Time(mi  Isolated Sulfoxide: TONP TOF¢ (h})
n) yield (%)  Sulfone
1 @S\ 1: 2000 1:4 65 97 100:0 1940 1790
65 94¢ 100:0 1880 1735
65 96° 100:0 1920 1772
2 P 1: 2000 1:4 30 94 100:0 1880 3760
3 SAS UL 1: 2000 1:4 60 96 100:0 1920 1920
4 s 1: 2000 1:4 65 93 100:0 1860 1716
MM
5 OS\/ 1: 2000 1:4 80 96 100:0 1920 1440
6 QCH3 1: 2000 1:4 60 97 100:0 1940 1940
HsCS
Continued..
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7 : SN 1: 2000 1:4 135 96 100:0 1920 853

8 O/S\/\OH 1: 2000 1:4 110 94 100:0 1880 1025

9 ©/S\© 1:2000 1:4 360 92 100:0 1840 306

Reactions carried out with 5 mmol substrate, 20 mmol 30% H>02and catalyst (1.4 mg, 0.0025 mmol of Mo) in 5 mL H,O at
RT.

PTON (turnover number)= mmol of product per mmol of catalyst.

“TOF(turnover frequency) = mmol of product per mmol of catalyst per hour.

dyield of 6 reaction cycle.

®Scale up data (7.5 g of MPS).
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Table 4.8 Selective oxidation of sulfides to sulfoxides with 30% H»0- catalyzed by PMoCh in MeOH?

PMoCh (Mo: Sub=1:2000) O
S ~ S
R” "R 30% H,0, (4 equivalents), RT, MeOH R™ R
Entry Substrate Mo:MPS  MPS: H20,  Time Isolated  Sulfoxide: TONP TOF¢ (h})
(min)  yield (%) Sulfone
1 ©/ N 1:2000 1:4 20 98 100:0 1960 5880
1:2000 1:4 20 94¢ 100:0 1880 5640
1:2000 1:4 20 96° 100:0 1920 5760
2 /s\ 1:2000 1:4 10 94 100:0 1800 11280
3 NS N 1:2000 1:4 15 96 100:0 1920 7680
4 S 1:2000 1:4 20 95 100:0 1900 5700
R A
5 @S\/ 1:2000 1:4 25 94 100:0 1880 4512
6 /@/CHa 1:2000 1:4 20 97 100:0 1940 5820
H,CS

Continued...
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7 ©/3\/\ 1:2000 1:4 35 94 100:0 1880 3222
8 OS\/\OH 1:2000 1:4 45 96 100:0 1920 2560

9 OS\O 1:2000 1:4 180 94 100:0 1880 626

4Reactions carried out with 5 mmol substrate, 20 mmol 30% H20O; and catalyst (1.4 mg, 0.0025 mmol of Mo) in 5 mL methanol
at RT.

bTON(turnover number)= mmol of product per mmol of catalyst.
“TOF(turnover frequency) = mmol of product per mmol of catalyst per hour.
dyield of 6 reaction cycle.

¢Scale up data (7.5 g of MPS).
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It is pertinent to mention that in view of the environmentally benign aspect, we
have chosen room temperature for our studies. Moreover, oxidations were performed at
natural pH attained by the reaction mixture, as we focused on accomplishing the desired
transformations under mild condition precluding the use of acid or other hazardous
auxiliaries. Although previous reports [98,99], demonstrated that catalytic activity of
peroxidometallates can be significantly improved in presence of acidic additives
[47,100,101], no attempt has been made to adjust the pH of the reaction in the present
study.

4.2.3.2 Utilization efficiency of H202

The utilization efficiency of H2O> (defined as: 100 x mol of H2O2> consumed in the
formation of the oxidized product/mol of H2O> converted) was observed to be consistently
higher than 90% in the oxidations conducted in methanol [57]. On the other hand, H20>
efficiency or effective use of H2O> was noted to be relatively less (85-90%) for similar
reactions carried out using water as solvent. This may be due to the relatively longer time
required for completion of the water-based reactions, which is likely to facilitate direct
decomposition of H202[37,41,46,47].

The potential of the developed methodology for relatively larger scale synthetic
application has been ascertained in both aqueous as well as organic medium by performing
the oxidation of MPS at ten-fold scale under optimized condition as shown in Table 4.7,
entry 1° and Table 4.8, entry1°.

4.2.3.3 Recyclability of the catalyst

For the practical usefulness of a catalytic protocol, the stability and recyclability of
the catalyst are of vital importance. Due to its heterogeneous nature, the newly synthesized
catalyst PMoCh enabled easy separation from the spent reaction mixture by filtration
which could be reused without further conditioning. The recyclability of the catalyst in
subsequent cycles of reaction was examined under optimized reaction condition by
charging the spent catalyst with H2O., a fresh lot of MPS and the respective solvent (water
or methanol). To our satisfaction, it was found that the catalyst remained active even after
being reused for six cycles in water as well as in methanol (Fig. 4.13) without any loss in

selectivity.
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777 isolated yield % in water
B isolated yield % in MeOH

100

Isolated yield %

No. of cycles

Fig. 4.13 Recyclability of PMoCh for the selective oxidation of MPS to sulfoxide in H.0O
and MeOH.

The highest overall TOF of ca. 10,580 h* was obtained after 6 catalytic cycles in
water (ca. 34,920 h't in MeOH). Although a direct comparison of our findings with those
reported in the literature is difficult to be drawn due to variable reaction conditions and
absence of TOF and TON values in many of these studies, our results appear to
demonstrate superior activity of the catalyst PMoCh over most of the other homogeneous

or heterogeneously catalyzed sulfoxidation conducted in water [40-43].

In order to further ascertain the stability of the catalyst during the cycles of
oxidation the recovered catalyst was characterized by FTIR, ICP-OES and EDX spectral
analysis. The FTIR spectrum of the used catalyst was observed to be identical with
corresponding spectrum of the original catalyst showing the signature absorptions

corresponding to chitosan and metal peroxido moiety (Fig. 4.14).

Furthermore, no significant quantitative loss in Mo content was indicated by ICP
and EDX analysis data compared to the fresh catalyst. Thus, it has been confirmed that the

structural integrity of the catalyst remained intact even after repeated cycles of oxidation.
4.2.3.4 Test for heterogeneity of the reaction

Separate experiments were performed using MPS as the substrate under optimized
condition, in order to confirm the heterogeneity of the oxidation and to examine whether

there is any leaching of the active pMo species from the chitosan supported catalyst into
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Fig. 4.14 IR spectra of (a) original catalyst PMoCh, (b) catalyst PMoCh regenerated after
6" cycle in water and (c) catalyst PMoCh regenerated after 6™ cycle in MeOH.

the reaction solution. Subsequent to completion of the reaction the solid catalyst was

separated by filtration and the filtrate collected was transferred to a reaction vessel.

After addition of a fresh lot of MPS and H>O> to the filtrate, the reaction was
allowed to continue for another 1 h under optimized condition. After removal of the
catalyst, the reaction was noted to remain incomplete under these condition providing, <
16% conversion in MeOH (14% in water). These values are close to the yield obtained in
case of blank experiment conducted in absence of the catalyst (Table 4.6, entries 7 and
16). Moreover, the absence of molybdenum in the filtrate after isolating the solid catalyst
was confirmed by ICP analysis, thereby negating the possibility of catalyst leaching. These

data unambiguously suggest the heterogeneous nature of the catalytic process.
4.2.3.5 The proposed catalytic cycle

A credible scheme of reactions for selective oxidation of sulfides to the
corresponding sulfoxide outlined in Fig. 4.15, is proposed which satisfactorily explains

our experimental findings. The mechanism of action of peroxidomolybdenum complexes
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in organic oxidations have been extensively investigated over the past decades [46,102-
107]. It has been established that a pMo species to be catalytically active in oxygen transfer
reactions of organic substrates, formation of a oxidodiperoxido Mo(V1) configuration is a
pre-requisite [46,108,102,103].

H,0, H,0
iii iv
OH o OH
*/O 0 . [a] — 0 .
NH
NH - HO 2
HO\O 2 [b] \(l?
Il O\M
0~ v Mo—Q
0* \/ [o NI
(i) o o) (ii)
I
S S
v/ AN
R -\R R v R

Fig. 4.15 Proposed catalytic cycle.

In the present study therefore, it is reasonable to expect that in the first step, the
monoperoxidomolybdate species | would react with H>O. to generate an active
diperoxidomolybdate species 1l (reaction a). Since the electrophilicity of the
peroxidomolybdate species is known to be much higher than that of H.O> [56], in the
subsequent step (reaction b), facile transfer of electrophilic oxygen from species 11 to the
substrate V is likely to occur to yield the corresponding sulfoxide V1. The sulfoxidation
reaction is accompanied by concomitant regeneration of the original

monoperoxidomolybdate catalyst I, which also completes the catalytic cycle (reaction b).
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4.3.1 Experimental section

4.3.1.1 Synthesis of water soluble peroxidomolybdenum complexes,

[MoO(Oz2)2(sulfonate)]-PS [PS = poly(sodium vinyl sulfonate)] (PSMo) (4.2) and
[M0202(02)a(carboxylate)]-PA [PA = poly(sodium acrylate)] (PAMOo) (4.3)

The catalysts PAMo and PSMo were obtained according to the method reported
earlier by our group [58,59].

To a solution of molybdic acid (0.64 g, 4.0 mmol for compounds PAMo or 1.84 g,
11.50 mmol for PSMo) dissolved in 30% H.02 (12 mL, 105.84 mmol for PAMo or 15 mL,
132.30 mmol for PSMo) maintaining the temperature at 30-40 °C, 1.5 g of respective
polymer was added with constant stirring. The resulting mixture was stirred for an hour in
an ice bath. The pH of the reaction solution at this stage was recorded to be ca. 2, which
was adjusted at 5 by dropwise addition of 8 M NaOH solution. On addition of about 50
mL of pre-cooled acetone to the reaction solution with constant stirring, a red colored pasty
product separated out which on repeated treatment with acetone turned into a
microcrystalline solid. The compound was separated by centrifugation, washed 3-4 times
with cold acetone and dried in vacuo over concentrated sulfuric acid. The compound was

subsequently dried by heating up to 70 °C under nitrogen atmosphere.
4.3.1.2 General procedure for catalytic oxidation of sulfides to sulfoxides

In a typical reaction, organic substrate (5 mmol) was added to a solution of catalyst
[PAMOo (3.4 mg) or PSMo (4.9 mg), containing 0.005 mmol of Mo] and 30% H20> (2.26
mL, 20 mmol) in 5 mL of water. The molar ratio of substrate:H>O, and that of catalyst
(Mo): substrate was maintained at 1:4 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, dried 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, 'H NMR, ¥C NMR spectroscopy and melting point determination (for solid
products) (Appendix 1).

4-32|Page



Chapter 4

4.3.1.3 Procedure for regeneration of the catalyst

The recyclability of each of the catalysts was examined by using MPS as the
substrate adopting the following procedures. For selective sulfoxidation, the catalyst could
be regenerated and recycled in situ. After completion of the reaction run, the aqueous part
of the reaction mixture was treated with 30% H>O> (2.26 mL, 20 mmol) followed by a
fresh batch of substrate and the reaction was conducted under optimized condition in the
same manner as reported in the first run (Above section). The progress of the reaction was
monitored by thin layer chromatography (TLC) and GC. The process has been repeated
for ten cycles of reaction.

In an alternative procedure, the recovered catalyst could also be isolated as solid
and reused in subsequent cycles of oxidation. The aqueous part of the spent reaction
mixture was transferred to a beaker and treated with 30% H202 (2.26 mL) in order to
replenish the peroxido content of the catalyst state. To this solution pre-cooled acetone
was added with constant stirring until the solid catalyst separated out which was isolated
following the same work up procedure mentioned under Section 4.3.1.1. The dried solid

catalyst was used in subsequent reaction cycle conducted under optimized condition.
4.3.2 Results and discussion
4.3.2.1 Oxidation of sulfides to sulfoxides

The macro complexes PSMo and PAMo of the type shown in Fig 4.16 (a) and
4.16 (b) respectively, were examined for their catalytic efficiency in selective
sulfoxidation reaction with 30% H.O. as terminal oxidant under aqueous conditions.
Optimization studies were carried out employing thioanisole as the representative
substrate and PSMo as the catalyst, at ambient temperature. The details of the study are
summarized in Table 4.9. Based on the assessment of the effect of various reaction
parameters as illustrated in Table 4.9, for achieving best results in aqueous medium
without compromising the selectivity, we have decided to maintain a Mo: substrate molar
ratio of 1:1000 and substrate:H2>O at 1:4 for subsequent reactions (Table 4.9, entry 7). It
is noteworthy that the procedure worked well even at Mo: substrate ratio of 1:2000 with 2
equivalents of H,O» affording a good TOF, albeit the reaction time increased considerably.
On the other hand, increase in the amount of the oxidant led to a significant enhancement

of the rate of the reaction, enabling us to achieve over eight fold improvement of TOF
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(Table 4.9, entry 7) simply by using 4 equivalents of H2O>, without altering other reaction
parameters. Incidentally, the reaction condition optimized with the pMo catalysts was
found to be similar to the one established for the water soluble pTi catalysts 3.1-3.3
(Chapter 3, Table 3.8). Thus, under identical reaction condition, pMo catalysts are found
to be more efficient with a TOF value of 5880 h™* compared to TOF obtained for their Ti

containing analogues (3880 h™).

Result of a blank experiment conducted in absence of the catalyst under otherwise
analogous reaction conditions (Table 4.9, entry 15), clearly showed the indispensability
of the catalyst in obtaining the targeted product at a remarkably faster rate. Furthermore,
the distinctly superior activity displayed by the supported homogeneous catalyst relative
to the neat pMo species (Table 4.9, entry 14) made it apparent that immobilization of pMo
species on the WSP support indeed led to an enhancement of the catalytic efficiency pMo
derivatives both in terms of yield, as well as product selectivity. We have also performed
the oxidation reactions under identical condition using the free polymer PA or PS in lieu
of the pMo supported catalysts. The yield obtained in each case was nearly the same as
that obtained from the blank experiment conducted in absence of the catalyst (Table 4.9,
entry 16). The results clearly demonstrated that the chosen pristine polymers have no

observable effect on the course of the oxidation reaction.

T P
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(a) (b)
Fig. 4.16 Peroxido compounds of Mo(VI) under investigation in the current study.

Structures of (a) PSMo and (b) PAMo [58,59]. “vwvv*’ represents polymer chain.
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Table 4.9 Optimization of reaction conditions for PSMo catalyzed selective oxidation of
methyl phenyl sulfide (MPS) to sulfoxide by 30% H,0?

PSMo 9 O’
S S + ~
©/1 Solvent, 30% H,0, ©/1a b
Entry Molar H:O,  Solvent Temp. Time Isolated la:lb ToNP TOFS
(M(r)?:\i/IOPS) (equiv. ) y(loi,l)d (h™)
1 1:1000 1 H20 RT 80 91 100:00 910 682
2 1:1000 2 H20 RT 60 96 100:00 960 960
3 1:500 2 H20 RT 45 94 100:00 470 627
4 1:1500 2 H20 RT 85 97 100:00 1455 1027
5 1:2000 2 H20 RT 100 98 100:00 1960 1176
6 1:1000 3 H20 RT 25 97 100:00 970 2328
7 1:1000 4 H20 RT 10 98 100:00 980 5880
8 1:1000 2 MeOH RT 80 97 100:00 970 727
9 1:1000 2 EtOH RT 65 97 100:00 970 895
10 1:1000 2 CH:CN RT 100 98 61:39 980 588
11 1:1000 2 CHClIz RT 80 8 87:13 80 60
12 1:1000 2 CHxCl2 RT 80 13 84:16 130 98
13 1:1000 2 H.O 60°C 20 90 100:00 900 2700
149 1:1000 4 H20 RT 10 16 68:32 160 960
15° _ 4 H20 RT 10 13 100:00 _ _
16f 4 H20 RT 10 14 100:00

2All the reactions were carried out with 5 mmol of substrate in 5 mL of solvent. Catalyst
amount = 4.90 mg for 0.005 mmol of Mo. "TON (turnover number) = mmol of product per
mmol of catalyst. “TOF (turnover frequency) = mmol of product per mmol of catalyst per
hour. 9Using Na;MoOs as catalyst (1.03 mg, 0.005 mmol of Mo). ®Blank experiment
without any catalyst. "Reaction in presence of free poly (sodium vinyl sulfonate) (4.42 mg).
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A survey of the solvent effect on sulfoxidation, showed water to be the best solvent
as indicated by both product selectivity as well as superior TOF. Interestingly, the
methodology for sulfoxidation has been found to be compatible in presence of other polar
protic organic solvents such as methanol and ethanol (Table 4.9, entries 8 and 9), although
not very effective in non-polar solvents (Table 4.9, entries 11 and 12). In fact, the
compatibility of the catalytic procedure in a variety of solvents emerged as a remarkable
and common feature shared by the homogeneous pMo catalysts with their heterogeneous
counterpart PMoCh, as well as their WSP bound pTi containing analogue, 3.1-3.3. Itis
also notable that both the catalysts, dissolve completely in the water miscible solvents viz.,
methanol, ethanol and acetonitrile, in presence of aqueous H»O, and thus provided

homogeneity of the catalytic process.

It is worthy to note that in the present work all transformations occurred at the
natural pH of the reaction medium. Also, we have chosen room temperature for our studies
although, a significant increase in TOF could be attained at a moderately higher

temperature as shown in Table 4.9 (entry 13).

Having established the optimized reaction conditions for selective sulfoxidation of
the model substrate, we extended the study to a range of structurally diverse sulfides such
as dialkyl, diaryl, aryl alkyl, aryl vinyl, aryl alcohol as well as dibenzothiophene
(DBT).The results depicted in Table 4.10 reveal that excellent yield with complete
selectivity could be obtained in presence of each of the catalysts PSMo and PAMo, across
the series of substrates examined, affording the corresponding sulfoxide as the sole
product. Significantly, no over oxidation of sulfoxide to sulfone was noted under the

investigated conditions.

The catalyst PSMo, supported on poly (sodium vinyl sulfonate) with monomeric
oxidodiperoxidomolybdenum moieties was observed to display consistently superior
activity compared to the catalyst PAMo having dimeric pMo units. The distinct influence
of the co-ordination sphere on catalytic activity of these supported pMo catalysts is thus
apparent from the data.

The methodology worked well for both aliphatic as well as aromatic substrates,
albeit the rates of oxidation showed variations depending on the nature of the substrate
and substituents attached. It was therefore not surprising that the protocol enabled us to
attain the highest TOF value of 11,520 h*! (for PSMo) for dimethy! sulfide oxidation
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Table 4.10 Selective oxidation of sulfides to sulfoxides with 30% H,0- catalyzed by PSMo and PAMo?

PSMo or PAMo (Mo: S =1:1000)

@)
I

/S\ , O\
R R' 30% H,0, (4 equivalents), RT, H,O R~ R
PSMo PAMo
Entry  Substrate Time (min)  Isolated  TONP TOF¢ (hY)  Time (min)  Isolated TON®  TOF¢ (h})
yield (%) yield (%)
1 @3\ 10 98 980 5880 15 98 980 3920
10 96¢ 960 5760 15 95¢ 950 3800
10 97¢ 970 5820 15 96°¢ 960 3840
2 s 5 96 960 11520 10 93 930 5580
N
3 APSA 8 97 970 7275 12 96 960 4800
4 AANANA 8 96 960 7200 12 95 950 4750
5 /©/S\ 10 94 940 5640 15 97 970 3880
6 ©/S\/ 15 98 980 3920 25 96 960 2307
7 @S\/\OH 50 97 970 1164 70 93 930 797
Continue...
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8 @S\/\ 40 95 950 1425 60 93 930 930

9 ©/3\/ 130 97 970 448 155 96 960 372

10 @3\© 150 96 960 384 180 94 940 313
11 s@ 150 98 980 392 160 97 970 363
s

129 ; ] 11h 90 90 8.1 11h 89 89 8.0

All reactions were carried out in 5 mmol substrates, 20 mmol 30% H202and catalyst (0.005 mmol of Mo) in 5 mL H.O at
RT, unless otherwise indicated. "TON (turnover number) = mmol of product per mmol of catalyst. STOF (turnover frequency)
= mmol of product per mmol of catalyst per hour. ®Yield of 10" reaction cycle. ®Scale up data (7.5g of MPS). Reaction
condition: 5 mmol substrate, 20 mmol 30% H>0. and catalyst (0.005 mmol of Mo) in 5mL methanol at RT. %Reaction
condition: 5 mmol substrate, 20 mmol 30% H202 and catalyst (0.05 mmol of Mo) at 65 °C in refluxing methanol.
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(Table 4.10, entry 2), whereas the oxidation of diphenyl sulfide and benzyl phenyl
sulfides (Table 4.10, entries 10 and 11) were rather sluggish and DBT being least
nucleophilic and a relatively inert sulfide, manifested no sulfoxidation reaction under
the optimized condition in water even after 12 h of reaction time. Nevertheless, it was
possible to selectively oxidize these substrates, even DBT in presence of each of the
developed catalysts by replacing H>0 with methanol as medium of reaction and using
a higher amount of catalyst (Mo: MPS ratio of 1:100). The reaction was conducted at
a moderately elevated temperature of 65 °C in case of DBT oxidation in order to

enhance the reaction rate (Table 4.10, entry 12).

As seen from the data of Table 4.10 (entries 8 and 9), allylic and vinylic
sulfides were chemoselectively oxidized to the corresponding sulfoxide without
epoxidation of C=C. Similarly, the alcoholic and benzylic sulfides yielded the targeted
sulfoxides without affecting any other functional group transformation (Table 4.10,
entries 7 and 11) under the standard reaction conditions testifying to the excellent
functional group tolerance of the catalysts. It is important to highlight herein that we
have also confirmed the feasibility of the protocol for scaled-up synthetic applications
by conducting the oxidation of thioanisole at ten-fold scale under the standard reaction
conditions (Table 4.10, entry 1°).

Furthermore, the oxidations occurred with high utilization efficiency of
hydrogen peroxido [57]. The H2O efficiency in the oxidations was found to be in the
range of 90 - 94% in presence of each of the catalysts PSMo and PAMo. The mild
reaction conditions of the protocol with the requirement of reasonably short reaction
time appears to be responsible for the observed high H>O: efficiency. In case of DBT
oxidation, relatively higher reaction temperature employed and longer reaction time
required perhaps facilitates direct H.O, decomposition leading to considerably lower
H20, efficiency (ca. 58%).

4.3.2.2 Recyclability of the catalyst

The catalysts could be effectively regenerated in situ for reuse in subsequent
cycles of reaction, simply by H2O. treatment of the aqueous extract of the spent
reaction mixture after separation of the organic product, followed by addition of a
fresh batch of substrate after each catalytic cycle. Recycling experiments were
conducted under optimized reaction condition using MPS as model substrate. The
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regenerated catalysts could be reused for at least ten reaction cycles with the activity
and selectivity remaining nearly unaltered [Fig. 4.17 and Table 4.10 (entry 19]. It
was also possible to recover the catalysts as solid by addition of acetone to aqueous
extract of the spent reaction mixture after replenishing the peroxido. The recovered

catalyst could be reused in subsequent cycles of reaction without further conditioning.

100 7 o
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50
40
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20
10

B PSMo
= PAMo

Isolated yield (%)

No. of cycles

Fig. 4.17 Recyclability of catalyst PSMo and PAMo for the selective oxidation of
sulfide to sulfoxide.

In order to further ascertain the structural integrity of catalysts PSMo and PAMo
during the catalytic cycles, the regenerated catalysts isolated from spent reaction
mixture by treatment with acetone, was dried and subsequently subjected to
characterization by elemental and spectral analysis. The FTIR spectra of the recovered
catalysts showed the signature peaks corresponding to metal-peroxido as well as
pendant functional groups of the polymer support as has been observed in the original
catalyst (Fig. 4.18). Neither the metal loading nor the peroxido content of the
recovered catalysts showed any significant decrease compared to the respective
starting catalyst as revealed by elemental analysis and EDX spectral data, suggesting
that there was no metal leaching out of the polymer during the catalytic process. The
%Mo NMR spectral pattern of the regenerated catalysts was identical with the

corresponding spectrum of fresh catalyst (Fig. 4.19). Results of our studies thus
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confirm that the catalysts are structurally robust being capable of remaining intact

during repeated cycle of oxidations.

o
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Fig. 4.18 FTIR spectra of (a) PSMo and (b) PSMo after 10" reaction cycle.
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Fig. 4.19 ®Mo NMR spectrum of (a) PSMo and (b) PSMo after 10" reaction cycle,
in D20.
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4.3.2.3 The proposed catalytic cycle

On the basis of the aforementioned experimental findings, we propose the
catalytic cycle for selective oxidation of sulfides to sulfoxide shown in Fig. 4.20, using

PSMo as representative.

1
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Fig. 4.20 Proposed catalytic cycle.

The first step of the reaction is likely to be the facile transfer of electrophilic
oxygen from the active oxidodiperoxidomolybdenum(V1) species of the catalyst to
sulfide to afford sulfoxide (reaction a) converting itself into a dioxidomonoperoxido
intermediate. The monoperoxido molybdenum derivative eventually combines with
H>0> and reverts back to form the original catalyst thus completing the catalytic cycle
(reaction b). The proposed reaction cycle is in accord with the previous literature
[39,46,101,109-111] on reactivity of pMo and peroxidotungsten compounds where
the formation of an inactive monoperoxido Mo(VI) and W(IV) intermediate during
substrate oxidation by a more reactive diperoxido species of these metals has been

well documented.
4.4 Conclusions

In summary, an efficient water tolerant heterogeneous catalyst has been

developed by immobilizing peroxidomolybdate moiety in its monoperoxido form on
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biopolymer, chitosan which afforded clean conversion of sulfides to the
corresponding high purity sulfoxides with 30% H20- in impressive yield and TOF.
On the other hand, diperoxidomolybdenum complexes anchored to linear water-
soluble polymers, PAMo and PSMo served as homogeneous catalysts for selective
sulfoxidation in water at room temperature. Under the similar reaction conditions, it
was observed that the oxidations proceeded at a homogeneous catalysts (PAMo and
PSMo) exhibited slightly superior catalytic activity over its heterogeneous
counterparts as reflected by their respective TOF values. Sustainability of the catalytic
strategies have been ensured by the fact that the reactions have been conducted at
ambient temperature, using H>O> and water as terminal oxidant and standard green
solvent, respectively, avoiding the use of halogenated solvents, co-catalyst or any

other types of auxiliaries.

Additional salient features of the catalytic protocols include (i) easy recovery
and recyclability with no significant loss in activity or selectivity for several catalytic
cycles; (ii) excellent chemoselectivity and ready scalability; (iif) compatibility of both
the homogeneous as well as heterogeneous catalytic systems with variety of organic
solvents apart from water. Thus our findings demonstrate that linear soluble polymers
can be considered as a green and viable alternative to insoluble polymer supports for

designing sustainable catalysts for reactions in aqueous medium.
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