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3.1 Introduction

The mounting environmental concerns in recent times have triggered a dramatic
upsurge in interest in the development of safer and sustainable alternative synthetic routes
to target compounds [1-4]. Among the vast range of organic oxidations, epoxidation of
olefins, as well as oxidation of organosulfur compounds to sulfoxide or sulfone, are
outstanding industrial transformations representing the basis of a variety of chemical
processes for the production of commodity and fine chemicals [5-11]. Moreover, the
sulfide-oxidation based procedure of oxidative desulfurization has been recognized as a

greener alternative method for the removal of sulfur from fuel feedstock [12,13].

The use of heterogeneous catalysts that support clean and energy-efficient
transformations and can perform optimally in absence of hazardous organic solvents, are
emerging as issues of paramount importance in green synthetic strategy [1,3,4]. Organic-
solvent-free synthesis in addition to being cost-effective, contributes significantly towards
waste minimization and environmental protection and thus displays tremendous
application potential for larger-scale chemical processes [14-20]. Lately, a considerable
number of innovative and active heterogeneous catalysts, mostly based on metals such as
Mn, Ni, Ti, V, Mo and W, have been reported, especially for the solvent-less epoxidation
of olefins [15-24]. However, majority of the reported non-solvent processes utilized toxic
and volatile organic hydroperoxides like cumene hydroperoxide (CHP) and tert-butyl
hydroperoxide (TBHP) as oxidizing agents under anhydrous condition and required
elevated temperature for attaining high activity [16-21,23,24]. These factors significantly

compromise the sustainability standard of such otherwise effective procedures.

It is intriguing to note that, niobium-based solid catalysts so far have rarely been
tested in solvent-free organic oxidations, although such systems were often reported to
display superior activity when aqueous hydrogen peroxide was used as a terminal oxidant
[7,25-27]. This feature offers a significant advantage as catalytic epoxidation of olefins
with aqueous H203, is the focus of much contemporary research [3,4]. Aqueous H>O2, with
its high oxygen content, has been recognized as the greener and more desirable choice
among the variety of available terminal oxidants as it’s economical, non-polluting and safe
[1-4]. As has already been highlighted in the introductory Chapter, work from several
laboratories has demonstrated that silica supported Nb(V) catalysts are highly stable
towards hydrolysis and metal leaching, and such systems were observed to provide faster

oxidation rates compared to the more standard Ti-SiO> catalysts [25,28-32]. Nevertheless,
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most of the existing Nb-based heterogeneous catalysts, including the ones supported on
mesoporous materials, as revealed by survey of literature, often provided low to moderate
conversion and turnover number (TON) in H202 induced alkene epoxidations conducted
in presence of various organic solvents [7,25,30,33-38]. In fact, porous siliceous oxide or
other metal oxide-based supports have often been linked to a number of drawbacks with
respect to catalytic activity and selectivity [39,40]. In this context, it is somewhat
surprising that no attempts appear to have been made till date to develop Nb-based solid
catalysts for organic oxidations, using organic polymers as support. The practical utility
of organic polymers, which are known to be generally non-toxic, non-volatile and inert
[41-46], for heterogenization of homogeneous catalysts have been adequately emphasized
in the literature [41-47] as well as in Chapter 1. Being insoluble and recyclable, the
polymer supported systems usually offers the benefits of both homogeneous and
heterogeneous catalysts by reducing the limitations associated with both types of systems
[41-47].

Motivated by the aforementioned observations, in the present study, our objective
has been to explore the possibility of generating new heterogeneous catalyst system for
organic oxidations, by incorporating active peroxidoniobium species into appropriately
functionalized Merrifield resin (MR). As has been described in Chapter 1, MR or
poly(styrene-divinylbenzene) resin (PS-DVB) still stands out as one of the most versatile
macromolecular supports for catalytic applications. It has been observed that MR
functionalized with simple and easily available bifunctional ligand (N,O-donor) such as
amino acid, served as effective support for facile coordination of peroxidometal species
leading to robust metal-polymer linkage [48,49]. Moreover, such multidentate ligands
offered the prospect of obtaining site isolated stable peroxidoniobium grafted stable
catalysts. Recently, single-site heterogeneous niobium catalysts or supported catalysts that
ensure Nb atom site isolation during catalytic turnover has been receiving great deal of
importance [50,51]. Such systems are known to provide good stability along with high
activity and selectivity under turnover conditions of liquid phase oxidations with H.O>
[50,51].

Here we present the preparation of a set of heretofore unreported polymer anchored
peroxidoniobium complexes which are employed for the epoxidation of a variety of
olefins, as well as selective oxidation of sulfides to sulfone, under solvent-free mild

conditions. The efficiency of the developed catalytic protocols is discussed in terms of
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their TON, H20: efficiency, reusability, and eco-compatibility. Interestingly, except for
one report on cyclooctene epoxidation catalyzed by Nb-MCM-41 catalysts [24], we are
yet to come across work on alkene epoxidation or sulfide oxidation using solid Nb-based

catalysts under solventless condition.
3.2 Experimental section
3.2.1 Functionalization of the polymer support with amino acids

The anchoring of amino acids (AA) L-valine (MRV), L-asparagine (MRN) or
glycine (MRG) to the polymer resin was accomplished by a procedure described earlier
in detail [48-49,52]. Briefly, 2 g (5 mmol of CI) of pre-washed PS-DVB beads were
swelled in methanol (6 mL) for 1 h. An aqueous solution containing 6.25 mmol of the
amino acid, L-valine (0.73 g), L-asparagine (0.83 g) or glycine (0.47 g) prepared in 20 mL
of water was added to that swollen polymer in methanol. After refluxing for 24 h at 90 °C
in presence of pyridine (0.50 mL, 6.25 mmol) maintaining the overall molar ratio of Cl:
amino acid: pyridine on the basis of percent replaceable chlorine on polymer at
approximately 1:1.25:1.25, the resulting mixture was cooled and kept for one week at
room temperature with occasional stirring. The distinct colour change of the polymer
beads from pale white to yellow showed the incorporation of the amino acid into the
polymer. The amino acid-linked polymer beads were then filtered off and washed
repeatedly using hot water until the precipitation of AgCl was stopped while the filtrate
was treated with AgNOs. The washing process was continued with ethanol and the
obtained beads of MRV, MRN, or MRG were vacuum dried for 8 h at 90 °C.

3.2.2 Preparation of sodium tetraperoxidoniobate (TpNb) [53]

Nas[Nb(02)4]-13H20, was synthesized using the reported method [53]. Nb2Os (1 g)
and NaOH (1.85 g) were fused together in a nickel crucible at 700 °C. The resulting solid
product was cooled and dissolved in 100 ml of 1 M aqueous hydrogen peroxide by
continuously stirring. After filtering the solution, the filtrate was kept for 24 h at 5 °C to
obtain Nas[Nb(02)4]-13H20 as a white crystalline product.

3.2.3 Synthesis of polymer immobilized triperoxidoniobium compounds (3.1-3.3)

In a typical reaction, the precursor complex sodium tetraperoxidoniobate
(Nas[Nb(02)4]-13H20) (1.25 mmol) was dissolved in 30% H.0, (4 mL, 35.39 mmol). The
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pH of the solution was observed to be ca. 6. Keeping the solution at ice bath condition i.e.,
below 4 °C, 1 g of MRV, MRN, or MRG (pre-swelled in 5 mL ethanol) was added to it
and constantly stirred for 24 hours. After removing the supernatant liquid by decantation,
the resulting yellowish residue was continuously washed with acetone, and finally the
product, [Nb(O2)sL]* -MR, [L = valine (MRVNDb) (3.1), asparagine (MRNNDb) (3.2) or
glycine (MRGNDb) (3.3)] was separated by centrifugation and dried in vacuo over

concentrated sulfuric acid.
3.2.4 General procedure for catalytic epoxidation of olefins

In a representative procedure, to a stirred reaction mixture consisting of catalyst
(containing 0.005 mmol of Nb) [MRVND (16.7 mg), MRNNb (13.9 mg), or MRGNb
(18.5 mg)] and styrene (5 mmol), in a round-bottomed flask, 30% H20. (1.13 mL, 10
mmol) was added to initiate the chemical process. The reaction was conducted at 80 °C,
maintaining the molar ratio of Nb: styrene: oxidant at 1:1000:2000. The reaction mixture
turned cloudy at 80 °C due to the partially miscible organic substrate with aqueous H>O>
and the distinct phase separation between the aqueous and organic phases nearly
disappeared. Aliquots of the reaction mixture were taken out periodically after stopping
the stirring to settle down the solid catalyst and introduced to HPLC (high performance
liquid chromatography) for progress monitoring and analysis (Appendix I). The samples
were extracted with ethyl acetate. The catalyst was separated from the completed reaction

mixture by filtration and washed with acetone for further use.

A Thermo-Scientific Dionex Ultimate 3000 HPLC system equipped with a UV
detector was used for the quantitative analysis of styrene and its oxidized products. The
system was set at 254 nm detection wavelength, and the products were well separated by
the reversed-phase C18 column (250 x 4.6 mm). A mixture of acetonitrile, water, and
methanol at a volume ratio of 2:5:3 was used as the mobile phase with an injection volume
of 20 uL and a flow rate of 1 mL/min. Authentic samples of the substrate and products
were used for identification. The content of the reaction mixtures was determined by the
direct interpolation of the calibration curve which was generated by using the authentic
samples of styrene and the oxidized products with 20-100 ppm of concentration range. The
conversion of styrene (ST) and the selectivity of styrene oxide (STO) and benzaldehyde

(BA) were calculated by using the following equations:
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[ST]; — [STI¢

Conversion of styrene (Xgr) = T x100% (3.1)
i
. [STO]
Selectivity of STO (Ssto) = m x100% (3.2)
. [BA]
Selectivity of BA (Sgp) = ==——=—=%x100% (3.3)

[STO] + [BA]
where [ST], [STO] and [BA] represent concentration of styrene, styrene oxide and
benzaldehyde, respectively. i and f signify initial and final, respectively.

TON and TOF were calculated from the following equations:

mmol of substrate consumed

Turnover number (TON) = (3.4)

mmol of Nb
mmol of substrate consumed
mmol of Nb X Time

Turnover frequency (TOF) = (3.5)

3.2.5 General procedure for oxidation of sulfides

The catalytic protocol for the oxidation of sulfides was as follows: catalyst (0.005
mmol of Nb) [MRVNb (16.7 mg), MRNNb (13.9 mg), or MRGNb (18.5 mg)] and 5
mmol of the substrate was placed in a 50 mL two-necked round-bottomed flask. With
constant magnetic stirring at room temperature, 50% H>0 (0.68 mL, 10 mmol) was added
to the reaction mixture. The molar ratio of Nb: MPS: oxidant was fixed at 1:1000:2000.
Thin-layer chromatography (TLC) and GC were used to monitor the progress of the
reaction. As the reaction was completed, the catalyst was separated from the mixture by
filtering and repeatedly washed with acetone. The unreacted organic substrates, also the
products of the reaction were extracted using diethyl ether and dried with anhydrous
Na>SO4 subsequently distilled under reduced pressure to remove the excess of diethyl
ether. Column chromatography was carried out to purify the products where ethyl acetate:
hexane (1:9) was used as the mobile phase. IR, NMR spectral analysis, and melting point
determination were mainly applied for the characterization of the obtained products
(Appendix I1).

3.2.6 Procedure for control experiments

The control experiment for olefin epoxidation was conducted in the absence of the

catalyst at 80 °C using styrene (5 mmol) as the model substrate under solvent-free
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condition. The reaction was initiated by the addition of 30% H>0 (1.13 mL, 10 mmol),
and the progress of the reaction was monitored over a span of 6 h. For sulfide oxidation,
the blank reaction was carried out with 5 mmol of the MPS and 10 mmol of 50% H->0>
maintaining a molar ratio of MPS: oxidant at 1:2 without the addition of the catalyst and

solvent at room temperature.
3.2.7 Regeneration of the catalyst

For epoxidation, the recyclability of the catalysts was studied by carrying out the
reaction with styrene. As mentioned earlier, after completion of the reaction, the solid
catalyst was recovered by filtration, washed with acetone, and then dried in vacuo. The
next cycle proceeded with the recovered catalyst and a fresh reaction mixture of styrene
and 30% H20. under the optimized condition. HPLC was used to monitor the reaction

progress.

In the case of oxidation of MPS to sulfone, the solid catalyst separated after the
completion of the reaction was used with a fresh batch of reaction mixture containing 5
mmol of MPS and 10 mmol of 50% H2O- to carry forward the next cycle under the
standardized condition. In each case, up to five reaction cycles, the oxidation reactions
were repeated. EDX Anal. found (regenerated catalyst MRVNbD (3.1) after 5" cycle): C,
58.94; N, 2.79; Na, 7.62; Nb, 2.73%.

3.3 Results and discussion
3.3.1 Synthesis

The immobilized peroxidoniobium complexes 3.1-3.3 were prepared by adopting
a two-step synthetic strategy. The step-wise modification of the PS-DVB resin, as shown
in Scheme 3.1, involved functionalization of the polymer with the desired amino acid
ligand, followed by the attachment of the Nb complexes by direct reaction of the
derivatized polymer with the precursor complex, Nas[Nb(O2)4] in presence of hydrogen
peroxide. Maintenance of near-neutral pH of ca. 6, the temperature at <4 °C, and contact
time of 24 h were found to be important factors in order to obtain the desired solid
compounds. The composition of peroxidoniobium species in aqueous solution has been
observed to be influenced by various factors including pH, Nb and peroxide concentration,
as well as reaction temperature [54]. Co-workers of our group have also found previously

that triperoxido-Nb species could be effectively stabilized via carboxylate coordination

3.6|Page



Chapter 3

maintaining pH of ca. 6 at <4 °C temperature [55]. It is notable that, the complexes were

found to remain stable and active for weeks.
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Scheme 3.1 Synthesis of PS-DVB-supported pNb complexes. “o” represents polymer

chain.
3.3.2 Characterization

The complexes were characterized by a combination of analytical and
spectroscopic techniques viz. FT-IR, Raman, *C NMR, powder XRD, ICP-OES, SEM-
EDX, XPS, BET, and TG-DTG analysis. The analytical data presented in Table 3.1
revealed that, asparagine grafted resin (MRN) was formed by replacement of nearly 88%
of CI" of -CHCI groups of MR, whereas in the case of MRV and MRG ca. 82 and 77%
of CI- were replaced by valine and glycine, respectively. A ratio of 1:3 was obtained for
Nb: peroxide from the elemental analysis data, which indicated the presence of three
peroxido groups per niobium center in each of the compounds. The niobium loading on
the compounds MRVNDb (3.1), MRNNbD (3.2) and MRGNb (3.3) corresponds to 0.30,
0.36 and 0.27 mmol per gram of the polymer, respectively. The complexes were observed
to be diamagnetic in nature in accord with the occurrence of Nb in its +5 oxidation state

in each of them, which was further confirmed by XPS analysis data.
3.3.2.1 SEM and EDX analysis
The changes in surface morphology of the polymeric resin at different stages of

preparation of the pNb compounds are seen in SEM images presented in Fig. 3.1.
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Comparison of the micrographs revealed that the fairly even surface of the pure polymer
was distinctly altered after functionalization with the amino acid (AA) ligands. Grafting
of the peroxidoniobium species to the resin resulted in further modification of the surface
topography, as randomly oriented depositions of pNb species on the external surface of

the complexes could be clearly seen in the micrographs (Fig. 3.1).

The energy dispersive X-ray (EDX) analysis data further showed Nb, in addition
to C, N, O, and Na as constituents of the complexes (Fig. 3.2, Table 3.1). The EDX
analysis, which provides in situ chemical analysis of the bulk, was carried out by focusing
multiple regions on the compound surface. The EDX data agreed well with the elemental

analysis values.

Fig. 3.1 Scanning electron micrographs of (a) MR, (b) MRV, (c) MRVNb (3.1), (d)
MRN, (¢) MRNNb (3.2), (f) MRG and (g) MRGND (3.3).
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Table 3.1 Analytical data of the complexes 3.1-3.3

Compound % found from elemental analysis %0,* Nb: 0>  Metal loading?
(% obtained from EDX spectra) (mmol g* of polymer)
C H N Na Cl Nb
MRV 73.42 6.92 1.32 - - - - - -
(7312) - (156) - (1.63) : i i i
MRVNDb 58.54 5.44 2.75 - - - - - -
(58.18) - (2.96)  (7.68) (0.65) (2.77) 2,57 1:3 0.30
MRN 65.72 6.68 1.16 - - - - - -
(65.93) - 124) - (1.03) . . i i
MRNNb 45.23 5.61 1.13 - - - - - -
(44.99) - (136)  (10.16)  (0.58) (3.33) 3.38 1:3 0.36
MRG 61.97 6.59 1.08 - - - - - -
(62.11) - (112) - (2.01) - - ; ;
MRGNDb 41.11 6.54 1.24 - - - - - -
(41.80) - (142)  (12.63)  (0.92) (2.49) 2.32 1:3 0.27

aMetal loading =

Observed metal % X 10

Atomic weight of metal
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Fig. 3.2 EDX spectra of (a) MRVND (3.1), (b) MRNND (3.2) and (c) MRGND (3.3).

3.3.2.2 Powder X-ray diffraction studies

The powder X-ray diffraction analysis of the peroxidoniobium compounds 3.1-3.3,

and the host resin has been performed in the range of 20 values of 10 to 70° (Fig. 3.3). The

diffractogram of PS-DVB resin displayed the typical broad diagnostic diffraction peak
centered at the 20 value of ca. 20° [Fig. 3.3(a)] [56,57]. After anchoring of the pNb species,

Intensity (a.u.)

(e)

10

‘.

30

In J‘ “I IIJ
40

20 degree

50

60

Fig. 3.3 XRD patterns of (a) MR, (b) MRVNDb (3.1), (¢) MRNNbD (3.2), (d) MRGNb
(3.3), and (c) reference powder X-ray diffraction pattern of NazNbOs (JCPDS code 52-

0708).
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3.3 (b-d)], indicating that the structure of the polymer resin has been preserved in the
compounds. The diffraction patterns of the polymeric complexes showed additional peaks
at 20 values of ca. 18.2, 20.1, 21.3, 29.8, 30.6, 41.0, 52.1, and 54.0°, which resembled the
pattern observed for peroxidoniobium species (PDF reference code 52-0708) due to planes
(111), (020), (200), (022), (202), (040), (242), and (224), respectively. These observations
indicated the attachment of the pNb species to the polymer matrix leading to the generation
of the supported Nb compounds.

3.3.2.3 X-ray photoelectron spectroscopy

The XPS spectra of the compounds (Fig. 3.4) exhibited the characteristic well-
resolved components of 3ds;> and 3dz/» doublet for niobium at binding energy (BE) of 207.0
and 209.7 eV, respectively. The values correspond to the typical binding energy (BE) data
for Nb in +5 oxidation state [58,59]. The successful anchoring of Nb(V) to the pendant
ligands of the functionalized resin has been further proved by peaks appearing at BE values
characteristic of oxygen, nitrogen and carbon. Thus, XPS analysis results testified to the

presence of peroxidoniobium(V) species on the surface of the complexes.
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Fig. 3.4 (a) XPS spectra of Nb (3ds;2) and (3dsz) and (b) XPS survey spectra for the
compounds. “Black line” represents MRVND (3.1), “Blue line” represents MRNNDb (3.2)
and “Red line” represents MRGNDb (3.3).

3.3.2.4 BET analysis

The changes occurring in the textural properties of the polymers during the course

of preparation of the immobilized complexes 3.1-3.3 were investigated employing BET
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the ligands on the resin and subsequent anchoring of the Nb complexes, a consistent
decrease in surface area of the polymer samples occurred in all the complexes.
Functionalization of MR led to a reduction in specific surface area (Sget) from 11.5 (pure
resin) to 8.6, 9.6 and 1.8 m?g™ for MRV, MRN, and MRG, respectively. The specific
surface area was further reduced to 2.6, 8.7 and 0.7 m?g* for Nb anchored compounds
MRVNb (3.1), MRNNb (3.2), and MRGNb (3.3), respectively. It has been well
documented that the incorporation of metal complexes onto supports results in reduction
in specific surface area of the supporting material [26,48,49,61-63].

3.3.2.5 FTIR and Raman spectral analysis

The FTIR spectra of the immobilized complexes 3.1-3.3 along with the respective
functionalized polymers are shown in Fig. 3.5-3.7 and the complementary Raman spectra
for the compounds are illustrated in Fig. 3.8. A comparative analysis of FTIR and Raman
spectral data provided important evidences in support of the successful covalent anchoring
of AA ligands to the host PS-DVB resin followed by coordination of peroxidoniobium,
[Nb(O2)s]” moieties to the functionalized polymer. The empirical assignments are based

on the existing literature.

The intense peak at 1264 cm™ in the spectrum of virgin MR is typical of v(C-Cl)
mode of -CH>Cl moiety [52,64]. Attachment of ligand to the MR is usually accompanied
by disappearance or decrease in intensity of the v(C-Cl) absorption in the IR as well as
Raman spectra [52,64]. Clear indication of substitution of CI- from the -CH2CI group of
the host resin by the ligands [52,64] was obtained from the near disappearance of the v(C-
CI) band in the spectra of the functionalized resins MRV, MRN, and MRG [Fig. 3.5-3.7].
In addition, a new weak intensity band attributable to v(C-N) appeared at ca. 1085 cm™,
suggesting the formation of C-N linkage via replacement of CI" groups of the polymeric
matrix by the amino acids [48,49,52,64].

The spectra of the complexes as well as the respective functionalized resin also
displayed the expected absorptions typical of the host resin in the vicinity of ca. 3055,
2921, 1019, and 695 cm™ corresponding to varomatic(CH), Valiphatic(CH), Saromatic in-plane(CH)
and Saromatic out-of-plane(CH) Vvibrations, respectively [48,49,52,64,65]. The valine and glycine
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Fig. 3.6 FTIR spectra of (a) MR, (b) MRN and (c) MRNNDb (3.2).
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Fig. 3.7 FTIR spectra of (a) MR, (b) MRG and (c) MRGNb (3.3).

functionalized resins and the respective Nb anchored polymers MRVNb (3.1) and
MRGNDb (3.3) displayed carboxylate stretching vasym(COO) between 1630-1634 cm™
region in the IR, as well as in the Raman spectra, whereas vsym(COQO) vibration occurred
in the 1418-1424 cm™ region [65]. In the IR and Raman spectra of asparagine grafted
polymer MRN and the respective compound MRNNbD (3.2), bands due to vasym and vsym
carboxylate stretching modes occurred in the 1598-1602 and 1421-1412 cm region,
respectively [66-68]. In the spectrum of MRN species, the strong IR band occurring at
1629 cm* has been attributed to v(C=0) (amide 1) mode, as amide I band usually appears
as most intense absorption in the spectrum of asparagine [66-68]. From the unaltered
position of this band in the spectrum of 3.2, the possibility of participation of the side-
chain amide group in metal binding could be ruled out. The IR spectra of the complexes
indicated the presence of free -COOH groups by displaying a band in the 1703-1720
cm™? region. The v(NH) bands were difficult to distinguish with certainty as these

vibrations overlapped with v(OH) modes of lattice water.

Apart from the typical bands of the AA grafted polymeric support, the FTIR and

Raman spectra of the complexes evidenced for the presence of [Nb(O2)s]” moiety in the
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compounds by displaying diagnostic absorptions attributable to the v(O-O) modes of n?-
peroxido group in the expected range of 800-900 cm™ along with vasym(Nb-O2) and
vsym(Nb-O2) bands in the 500-600 cm™ region [54,69,70]. Importantly, both IR and Raman
spectral patterns of complexes 3.1-3.3 show three well-resolved v(O-O) bands within the
range of 800-900 cmt, in accordance with the empirical rule which states that presence of
three v(O-0) modes in the IR spectra indicates formation of triperoxidoniobium species

[54,70]. The rule is also applicable to Raman spectroscopy [54,70].

Intensity

T T T T T
500 750 1000 1250 1500 1750 2000

Raman shift (cm™)

Fig. 3.8 Raman spectra of (a) MRVNDb (3.1), (b) MRNND (3.2) and (¢) MRGNDb (3.3).

3.3.2.6 Electronic spectral studies

The diffuse reflectance UV-visible spectrum of each of the immobilized pNb
compounds showed two bands within the 270-400 nm region as seen in Fig. 3.9. The
intense band at around 270 nm has been assigned to the n—n* transition in the polymer
support [71,72]. The band occurring at around 380 nm is attributable to the peroxido ligand
to the niobium metal (LMCT) charge transfer absorption, evidently originating from the

anchored pNb complexes of the compounds [73,74].
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Fig. 3.9 Diffuse reflectance UV-visible spectra of MRVNb, MRNNb and MRGND.

3.3.2.7 ¥C NMR analysis

The solid state 3C NMR spectral resonances of the compounds and the respective
AA grafted resins are shown in Fig. 3.10-3.12. The corresponding chemical shifts assigned
based on the available literature [48,49,75-77], are provided in Table 3.2. A comparative
evaluation of the NMR spectral data indicated modification of carbon signals to various
extents after functionalization and subsequent metal anchoring. In addition to the expected
signals of the base polymer belonging to quaternary aromatic, protonated aromatic,
aliphatic methine, and -CHCI group C atoms, spectra of the AA functionalized resins,
MRV, MRN, and MRG showed several new resonances [76]. A well-resolved signal
located at around 64 ppm indicated the presence of amine bound methylene C atom
resulting from the substitution of CI- by AA to form C-N bond [48,49,77]. The resonances
corresponding to the chiral C atoms of the pendant AA ligands valine and asparagine,
however, could not be resolved due to their merging with the significantly broad and
intense peaks originating from the host polymer matrix. The carboxylate C resonance
appeared in the vicinity of 184 ppm in the AA grafted polymer MRV and MRG. In the
case of MRN, carboxylate and amide C resonances of asparagine were observed as two
close signals at 181 and 179 ppm, respectively. The nearly unaltered chemical shift of
amide C atom of MRNND (3.2) at ca. 179 ppm indicated non-involvement of this group
in metal coordination. A remarkable observation of the spectrum of each of the niobium
loaded complexes, has been the appearance of a new peak at a much lower end of the field
at ca. 210 ppm, along with the considerable weakening of the carboxylate carbon

resonance at ca. 180 ppm. The low field signal at ca. 210 ppm is characteristic of C
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Fig. 3.10 *3C NMR spectra of (a) MRV and (b) MRVND (3.1).
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Chemical shift (ppm)

Fig. 3.11 *C NMR spectra of (a) MRN and (b) MRNND (3.2).
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Table 3.2: 3C NMR chemical shifts for MR, amino acid linked MR and polymer bound complexes

Chemical shift (ppm)

Merrifield resin Amino acid

Quaternary  Protonated Aliphatic CH.ClI C-NH  CONH2/CHs CH Carboxylate
Compound Aromatic Aromatic  Methine Free Complexed

Carbons Carbons Carbons
MR 145.18 128.36 41.04 46.17 - - - - -
MRV 145.79 128.48 40.52 45.81 64.34 16.93 33.52 184.10 -
MRVNb 145.81 128.64 40.23 44.52 64.35 18.36 31.03 - 208.83
MRN 145.51 128.66 40.47 45.61 64.30 179.89 - 181.59 -
MRNNb 145.58 128.61 40.39 46.02 64.30 179.18 - - 210.24
MRG 144.97 128.69 40.52 45.61 64.14 - - 183.72 -
MRGNb 145.72 128.49 40.01 44.30 64.50 - - - 210.63
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Fig. 3.12 13C NMR spectra of (a) MRG and (b) MRGNb (3.3).

resonance of metal coordinated carboxylate group [48,49,55]. The observation signified
anchoring of niobium to the polymer matrix via carboxylate groups of pendant AA ligands
[78,79], which is in conformity with the mode of Nb coordination indicated by IR and

Raman spectral results.

3.3.2.8 Thermogravimetric analysis

Thermograms of the peroxidoniobate anchored complexes 3.1-3.3 are shown in
Fig. 3.13 and the corresponding mass loss data are depicted in Table 3.3. All pNb loaded
complexes, after releasing the water of crystallization below ca. 95 °C, undergo
degradation in the temperature range of ca. 105-175 °C which has been ascribed to the loss
of coordinated peroxido complexes from the anchored [Nb(O3)3] groups. The subsequent
step of degradation has been observed in the temperature range of ca. 170-265 °C for the
complexes due to the release of amino acid groups from the polymer support [80,81]. It is
notable that the TGA of the pNb anchored compounds showed a close analogy with the
respective amino acid grafted resin, viz., MRV, MRN, or MRG, above the temperature of

ca. 170 °C. The polymeric compounds finally undergo a two-stage decomposition in the
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temperature range of 280-700 °C due to the degradation of the remaining base polymer
[82]. After complete degradation of the compounds, the remaining residue was subjected
to IR spectral analysis. As anticipated, the residue was found to be oxidoniobium species
along with char residue of the polymer.

100

80

% of weight
1

~
o
1

20

T T T T T T
100 200 300 400 500 600

Temperature (°C)

Fig. 3.13 Thermograms of the complexes MRVNb, MRNNb and MRGNDbD.

Table 3.3: TGA data for amino acid functionalized MR and metal-polymer complexes

Compound  Temperature range Observed weight loss Final residue
(°C) (%) (%)

MRV 34-96 2.7 18.3
154-235 12.3
267-698 66.7

MRVNb 36-96 6.2 22.9
104-169 2.2
171-253 8.7
263-454 35.4
457-698 24.6

MRN 35-95 3.5 13.1
148-257 12.5
263-698 70.9

Continued...
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Compound  Temperature range Observed weight loss Final residue
(°C) (%) (%)
MRNNb 37-94 5.7 23.5
103-175 3.0
177-264 8.6
266-451 33.7
453-698 25.5
MRG 34-97 2.8 11.7
162-243 13.4
263-697 72.1
MRGNDb 26-95 6.4 17.8
104-171 2.4
173-245 7.8
269-447 37.1
456-698 28.5

Based on the aforementioned collective evidences, a structure representing
polymer bound pNb complexes of the type illustrated in Scheme 3.1 has been envisaged.
The proposed structure of the catalytically active species can be depicted as a Nb(V) center
with three nZ-peroxido groups bonded via carboxylate and -NH group of pendant AA
ligand of the polymer. The side-chain amide group of asparagine which normally exists in
the protonated form in the solution, does not usually participate in metal coordination [83-
85]. Eight-fold coordination around Nb(V) center has been observed as a common feature

in the reported structurally characterized pNb complexes [54,55,69,86].

3.3.3 Catalytic performances

3.3.3.1 Epoxidation of olefins

To evaluate the catalytic activity of the immobilized peroxidoniobium complexes,
we chose to examine the oxidation of styrene with aqueous 30% H20- as a model reaction.
Styrene being electron poor, its epoxidation over d® metal oxide catalysts usually provides
low conversion and poor selectivity and thus is considered as a challenging reaction
[25,33,87]. Apart from epoxide, which is known to be highly susceptible to ring-opening

reaction [7,25,87], styrene oxidation usually yields benzaldehyde as an additional product
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(Scheme 3.2). Strategically, screening of the reaction condition for the maximum
transformation of styrene to the desired epoxide was the first task. As a starting point, we
conducted experiments using complex MRVND (3.1) as catalyst maintaining Nb: styrene
molar ratio of 1:1000 and styrene: H2O- ratio of 1:1 in absence of organic solvent.

0
/ /
MRVNb .
30% H,0,,
Solventless
Styrene Styrene oxide Benzaldehyde

Scheme 3.2 Epoxidation of styrene by MRVND (3.1).

We were pleased to find that the catalyst was highly active under these conditions
as >92% styrene conversion could be achieved with the corresponding epoxide selectivity
of >97% and turn over number (TON) value as high as 920 per Nb atom, using just
stoichiometric amount of 30% H.O,. However, with 2 equivalents of H2O5, the reaction
proceeded almost quantitatively to afford the desired epoxide with nearly 100% selectivity
with a TON value of 990. Thus, styrene: H.O2> molar ratio of 1:2 was considered ideal in

order to achieve reasonably good TON along with high epoxide selectivity.

We further probed the reaction with respect to catalyst loading, besides conducting
a blank run in absence of the catalyst as shown in Table 3.4 and Fig. 3.14. It is evident
that increase in the amount of Nb loading resulted in an improvement of % conversion of
styrene, but rendered a decrease in resultant TON value. Thus, the conversion versus
catalyst profile (Fig. 3.14) revealed Nb: substrate molar ratio of 1:1000 to be optimal for
the epoxidation. The vital role played by the catalyst in facilitating the oxidation is evident
when the results obtained in presence of the catalyst were compared to poor % conversion
afforded by the control run [Table 3.4 (entry 4), Fig. 3.14]. The control run conducted in
absence of the catalyst under otherwise identical reaction condition provided less than 10%
conversion within the initial ca. 1.5 h of reaction time and no further conversion was noted
even beyond 6 h. As the synthesized catalysts were formed by the substitution of one
peroxido ligand from the neat precursor complex with the amino acid functionalized
Merrifield resin, it was important to investigate the impact of such ligand replacement on

catalytic activity of the peroxido compound Nas[Nb(O2)4] (TpNb). When the reaction was

3.22|Page



Chapter 3

conducted using free unsupported pNb complex Nas[Nb(Oz)«] in lieu of the immobilized
catalyst [Table 3.4 (entry 5), Fig. 3.14] maintaining the same Nb loading, considerably
lower conversion was obtained. These findings clearly indicate that the superior activity
displayed by the catalyst originates from the immobilization of the peroxido-Nb complex
on a polymer support. Fig. 3.15 depicts the comparative conversion of styrene and epoxide
selectivity shown by the immobilized catalysts 3.1-3.3 along with the free catalyst TpNb

under the optimized reaction conditions.

Table 3.4: Effect of catalyst loading on styrene oxidation catalyzed by 3.1%

Entry Molar ratio Conversion Epoxide TON
(Nb:Sty) (%) selectivity (%)

1 1:500 99 >99 495

2 1:1000 99 >99 990

3 1:1500 75 >97 1136

4 - 9 >95 -

5¢  1:1000 47 >92 470

®Reaction conditions: Styrene (5 mmol), 30% H.0, (10 mmol, 1.13 mL), 80 °C, 6 h,
without solvent. Blank reaction without any catalyst. ‘Using Nas[Nb(O2)4]-13H20 as
catalyst (0.005 mmol of Nb).

100

80

60 4

% Conversion

40 4

20

Elz-lmk Naa[Nb(oi)4].13H20 1:1'500 1:1000 1:500
Nb:Sty (Molar ratio)

Fig. 3.14 Styrene conversion versus catalyst amount (Catalyst 3.1). Reaction conditions:

mentioned under Table 3.4.
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(3.1) (3.2) (3.3)

Fig. 3.15 Diagram depicting the conversion of styrene and epoxide selectivity shown by
the polymer immobilized catalysts 3.1-3.3 along with the precursor complex,
Nas[Nb(0)4]-:13H20 (TpNb). ?Reaction conditions: Styrene (5 mmol), catalyst (0.005
mmol of Nb), 30% H20 (10 mmol, 1.13 mL), 80 °C, 6 h, without solvent.

The impact of the reaction temperature on the rate of the reaction is visible from
the results presented in (Table 3.5 and Fig. 3.16). Although a mere 2% conversion was
obtained at room temperature [Table 3.5 (entry 1), Fig. 3.16], on increasing the
temperature to 60 °C, styrene conversion leapt up to 64% [Table 3.5 (entry 2), Fig. 3.16]
affording >99% epoxide selectivity. A moderately elevated reaction temperature of 80 °C
emerged to be favourable for achieving the maximum conversion of styrene [Table 3.5
(entry 3), Fig. 3.16] without significantly affecting epoxide selectivity. Further increase in
temperature up to 100 °C resulted in reduced conversion of styrene probably due to the

degradation of H>O; at a higher temperature [88].

Table 3.5: Effect of temperature on styrene oxidation by catalyst 3.1%

Entry Temperature Conversion Epoxide TON
°C) (%) Selectivity (%)

1 RT 2 >94 20

2 60 64 >99 640

3 80 99 >99 990

4 100 86 >97 860

®Reaction conditions: Styrene (5 mmol), 30% H>0, (10 mmol, 1.13 mL), catalyst 3.1
(0.005 mmol of Nb), 6 h, without solvent.
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Fig. 3.16 Styrene conversion versus temperature (Catalyst 3.1). Reaction conditions: as

mentioned under Table 3.5.

The % conversion profile of styrene oxidation as a function of time, monitored
over a span of 8 h, is illustrated in Table 3.6 and Fig. 3.17. After the rapid oxidation
occurring within the initial 2 h of starting the reaction to reach a conversion of >88%, a
steady rise in styrene conversion was observed till ca. 6 h. It is notable that the reaction
provided the highest initial turnover frequency (TOF) of approximately 640 h™* within 30
min of starting the reaction with just 2 equivalents of H.O, and 0.005 mmol Nb. Further
extending the reaction time beyond 8 h, resulted only in a marginal increase in conversion

and finally, it remained constant up to 24 h. This observation demonstrates that the catalyst

Table 3.6: Effect of reaction time on styrene oxidation with 30% H2O- catalyzed by 3.12

Entry Time Conversion Epoxide TON
(h) (%) Selectivity (%)
1 0.5 32 >95 320
2 1 38 >95 380
3 2 88 >98 880
4 3 93 >99 930
5 5 98 >99 980
6 8 99 >99 990
7 24 99 >99 990

4Reaction conditions: Styrene (5 mmol), 30% H20, (10 mmol, 1.13 mL), catalyst 3.1
(0.005 mmol of Nb, 16.7 mg), 80 °C, without solvent.
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Fig. 3.17 Effect of time on styrene epoxidation. Reaction conditions: mentioned under
Table 3.6.

is sufficiently robust to retain its activity, as well as selectivity even up to 24 h of reaction
time, notwithstanding the elevated temperature at which the reaction was conducted.
Importantly, we have also examined the scope of utilizing the procedure for scaled-up
preparation and found that the established protocol could be applied at a ten-fold scale

under optimized reaction conditions [Table 3.7 (entry 19].

In view of the encouraging results achieved in styrene oxidation, under organic
solvent-free condition, we anticipated that the catalysts should efficiently catalyze the
oxidation in any medium. The solid pNb catalysts 3.1-3.3 were insoluble and stable in
aqueous, as well as organic solvents. Hence, the performance of the catalysts was
investigated in water as well as in a variety of relatively safer halogen-free organic solvents
as depicted in Fig. 3.18. It is evident that the reaction proceeded in each of the tested
solvents with high epoxide selectivity. However, the best results in terms of conversion
and TON, were obtained without using any solvent. Normally, reaction under solvent-free
condition is faster than oxidation in presence of solvents, owing to higher substrate
concentration. Importantly, the catalyst performed with greater efficiency in polar protic
organic solvents and in fact, it displayed superior activity in aqueous medium. This finding
is in accord with the previous literature on Nb-based catalysts showing promising catalytic
performance in aqueous phase organic reactions due to their high stability towards metal
leaching and hydrolysis [7,29,55,89].
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Fig. 3.18 Effect of solvent on styrene conversion. Reaction conditions: styrene (5 mmol),
oxidant (10 mmol), catalyst 3.1 (0.005 mmol of Nb), solvent (5 mL), 80 °C, 6 h.

Having established the optimized reaction conditions for selective epoxidation of
the model substrate styrene, a conjugated olefin, the catalysts 3.1-3.3 were evaluated for
their activity in the selective epoxidation of a range of cyclic alkenes such as cyclohexene,
cyclooctene and norbornene, as well as a cyclic unsaturated terpene, limonene. Our
findings presented in Table 3.7 demonstrate that each of the catalysts is active in the
presence of hydrogen peroxide to afford high % conversion of the olefin to the desired
epoxide. Clean conversion of cyclooctene to the corresponding epoxide could be
accomplished with 100% selectivity, TON as high as 1000 per Nb atom within <I h.
Similarly, complete conversion of a bulky electron rich olefin norbornene, occurred with
97% epoxide selectivity (for catalyst 3.1) within a reasonably shorter reaction time of
1.5 h[Table 3.7 (entry 4)]. In case of cyclohexene, the oxidation was complete within just
30 min of reaction time at ambient temperature [Table 3.7 (entry 3)]. The catalysts
however displayed moderate selectivity towards cyclohexene epoxide, as the reaction led
to the formation of other allylic oxygenated by-products such as cyclohexen-1-one and 2-

cyclohexen-1-ol.

Epoxidation of terpenes such as limonene, a major constituent of several citrus oils,
is an industrially significant chemical transformation as such epoxides are versatile
building blocks for biodegradable polymers, as well as in the synthesis of pharmaceuticals,
fragrances and food additives [20,37,90]. The oxidation of limonene usually yields both
epoxidation and allylic oxidation products such as carveol and carvone, which are also of

considerable commercial value [20,32,90,91]. In majority of cases 1,2-limonene epoxides
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Table 3.7: Epoxidation of various alkenes with H>O> catalyzed by compounds 3.1-3.3%

MRVND (3.1) MRNND (3.2) MRGNbD (3.3)
Entry Substrate Time % % Epoxide TON % % Epoxide TON % % Epoxide TON
(h) Conversion Selectivity Conversion Selectivity Conversion Selectivity
~ 6 99 99 990 99 99P 990 99 99P 990
1 6 97° 99b 970 08° 9P 980 97° 9P 970
6 99¢ 99b 990 99¢ 9P 990 99¢ 9P 990
) O 0.75 100 100 1000 100 100° 1000 100 100° 1000
3 @ 0.5 100" 399 1000 100" 349 1000 100" 449 1000
4 b 1.5 100 97" 1000 100 91" 1000 100 94" 1000
5 ? 8 93 63 930 95 671 950 01 741 910

3All reactions were carried out with 5 mmol alkene, 10 mmol 30% HO,, solvent-free, T = 80 °C, catalyst (0.005 mmol of Nb). POther product:
benzaldehyde. % conversion for 5™ reaction cycle. 9% conversion of scaled-up reaction (5.7 g). ®Reaction time: 1 h. 'Reaction at room temperature.
90ther products: 2-cyclohexen-1-one+2-cyclohexen-1-ol, "Other product: Norbornanone. ‘Limonenel,2-epoxide, IOther products:

Carveol+Carvone.
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are formed with high regioselectivity as the endo-cyclic double bond is more electron-rich
compared to the exo-double bond, and thus is much more susceptible to epoxidation
[20,32,37,90,91]. In the present study, polymer immobilized peroxidoniobium catalysts
displayed noteworthy efficiency in promoting regioselective endocyclic epoxidation of
limonene to yield 1,2-limonene epoxide as a predominant product (Scheme 3.3) with
epoxide selectivity of ca. 70%, while other allylic oxygenated products carveol and
carvone represented ca. 30% of the total yield (Table 3.7, entry 5). Interestingly, in case
of limonene epoxidation over Nb-silicate catalysts, unusual preferential oxidation of the
less electron-rich exocyclic C=C bond in limonene was also reported [26,32,33,37].
Although the exact cause of such unusual regioselectivity in limonene epoxidation over
mesoporous Nb-SiO» are yet to be fully elucidated [32]. Ivanchikova et al. reported
recently that such inversion of regioselectivity is mainly solvent-dependent [27,33].
Solvent-free conditions were not tested so far in Nb catalyzed limonene oxidations.
Apparently, in case of the present catalytic system as the oxidations were conducted in
absence of organic solvent, limonene epoxidation with H>O, proceeds at more electron-

rich 1,2 position as anticipated, to regioselectively form the endocyclic product.

/ ‘; é\J \
1,2 epoxy limonene™
MRVNb |
H,0,
Limonenx OH o
+
\ Carveol Carvone/
] 1]

Scheme 3.3 Epoxidation of limonene with 30% H»O: catalyzed by MRVND (3.1) (*major
product).

3.3.3.2 Oxidation of sulfides

Since each of the immobilized pNb catalysts efficiently facilitated the epoxidation
of alkenes without organic solvent, we turned our attention towards extending the
application of the catalysts to solvent-free oxidation of sulfides to sulfones. Details of the
optimization study carried out using thioanisole (MPS) as a standard substrate are

compiled in Table 3.8. An inspection of Table 3.8 reveals that the best results in terms of
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TON values without compromising the sulfone selectivity were obtained at room
temperature by using catalyst: substrate molar ratio of 1:1000 and 2 equivalents of 50%
H20., under solvent-free condition (Table 3.8, entry 3). Once again, results of a blank
experiment without the catalyst, as well as the oxidation using neat pNb complex,
Nas[Nb(O2)s] as a catalyst (Table 3.8, entries 9,10) provided low yield with poor
selectivity, as has been observed in case of styrene epoxidation. These findings lend
further credence to our observation regarding positive impact of heterogenization via
polymer immobilization on the efficacy of the active peroxidoniobium complexes.

Table 3.8: Screening of reaction conditions for oxidation of thioanisole with 50% H.0O>
catalyzed by MRNND (3.2) under solvent-free condition?

0 0
S \\S//
~ ~
MRNNb ~
50% H,0; *
Solvent-free
1 1a 1b

Entry Molarratio H,O>  Time Isolated yield la:lb  TON
(Nb:MPS)  (equiv) (min) (%)

[ e

1 1:1000 2P 180 97 44:56 970
2¢ 1:1000 2P 155 95 0:100 950
3 1:1000 2 65 98 0:100 980
4 1:1000 3 80 95 0:100 950
5 1:1000 4 90 97 0:100 970
6 1:2000 2 120 89 24:76 1780
7 1:500 2 45 95 0:100 475
8 1:100 2 20 97 0:100 97

o - 2 65 11 37:63 -
10¢ 1:1000 2 65 53 21:79 530

aAll reactions were carried out with 5 mmol substrate, catalyst (0.005 mmol of Nb) at RT
and without solvent. PReaction with 30% H,0>. °Reaction at 80 °C with 30% H,0,. ‘Blank
reaction without catalyst. °Reaction with Nas[Nb(O2)4]-13H20 as catalyst (0.005 mmol).
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wide range of structurally diverse organic sulfides to obtain the respective sulfones as the
sole product. Appreciable turnover numbers and turnover frequencies obtained for all the
substrates, as shown in Table 3.9, amply demonstrate the scope of the developed catalysts
and the catalytic procedure. Each of the catalysts was found to be effective in oxidation
and displayed comparable activity. Evidently, the type of the attached substituent
influenced the rates of oxidation across the range of substrates investigated, as
dialkylsulfides (Table 3.9, entries 2-4) manifested in faster oxidation whereas, conjugated
less nucleophilic sulfides, viz., vinylic, allylic, or aryl sulfides were oxidized at relatively
slower rates. The observation is not unusual as H2O> induced oxidation of thioethers has
been known to occur through electrophilic addition of O atom [92,93].

Importantly, the catalysts exhibited outstanding chemoselectivity in the oxidation
of sulfides containing additional functional groups susceptible to oxidation. Thus, the
desired sulfone could be selectively obtained from allylic, vinylic, or alcoholic sulfides
whereas, functional groups such as C=C bond or -OH group remained unaffected (Table
3.9, entry 8-10). In addition, similar to styrene epoxidation the sulfide oxidation also
showed prospects for scaled-up applications as it could be effectively employed on a

relatively larger scale (7.5 g of MPS) as seen from Table 3.9 (entry 1°).
3.3.3.3 Heterogeneity test

In order to confirm the heterogeneity of the developed catalytic oxidation
processes, a standard hot filtration test was performed using styrene or MPS as substrate
representing each type of oxidations, under optimized reaction conditions. As shown in
the Fig. 3.19, the solid catalyst was removed from the reaction mixture after 90 min (25
min for MPS oxidation) of reaction time (at ca. 50 % of conversion) and the filtrate was
allowed to react for further 6 h (for MPS, 1 h). No significant change in conversion in
absence of the catalyst, indicated that the developed catalytic processes are truly
heterogeneous in nature. The possibility of Nb species leaching out of the polymer support
could further be ruled out, as the data obtained from the ICP-OES analysis of the filtrate

did not indicate the presence of Nb in it.
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Table 3.9: Selective oxidation of sulfide to sulfone with 50% H.O- catalyzed by catalysts 3.1-3.3 at room temperature®

O O
P Catalyst (Nb:Sub=1:1000) \S/
R! R2 50% H,0, (2 equiv), RT Rl/ ™~ R2
Entry  Substrate MRVND (3.1) MRNNDb (3.2) MRGND (3.3)
Time Isolated TON Time Isolated TON Time Isolated TON
(min)  Yield (%) (min) Yield (%) (min) Yield (%)
60 95 950 65 98 980 60 97 970
1 QS\ 60 95> 950 65 96P 960 60 97P 970
60 96° 960 65 97°¢ 970 60 96° 960
2 S\ 40 98 980 45 95 950 35 98 980
3 NN 60 95 950 65 96 960 60 97 970
4 NN 80 95 950 90 97 970 75 96 960
5 55 96 960 60 96 960 50 95 950
S
<:> \
6 . < > < 90 96 960 95 97 970 90 97 970
\
Continued...
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Entry Substrate MRVND (3.1) MRNND (3.2) MRGND (3.3)
Time Isolated TON Time Isolated TON Time Isolated TON
(min)  Yield (%) (min) Yield (%) (min) Yield (%)
7 o < > S 80 97 970 85 95 950 75 96 960
\
8 ©/S\/\ 140 94 940 145 97 970 135 95 950
9 QS 315 95 950 325 93 930 315 92 920
N
10 ©/S\/\OH 205 98 980 210 97 970 200 96 960
11 260 92 920 270 94 940 250 95 950

O

Al reactions were carried out with 5 mmol substrate, 10 mmol 50% H,Og, catalyst (0.005 mmol of Nb) at room temperature and without solvent.

P95 conversion for 5™ reaction cycle. ¢Scale-up data (7.5 g of MPS).
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Fig. 3.19 Heterogeneity test for (a) styrene and (b) MPS.

3.3.3.4 Recyclability of the catalysts

For the practical utility of a catalytic process, from both economic and ecological

standpoint, the stability and reusability of catalysts are of key importance. The solid

catalysts could be easily separated by simple filtration or centrifugation after completion

of the reaction, due to their heterogeneous nature. The recovered catalyst was washed with

acetone, dried under vacuum, and then used in a fresh reaction run without further

conditioning. Results presented in Table 3.7 (entry 1) and Table 3.9 (entry 1°) and Fig.

3.20 demonstrate impressive recyclability of the catalysts over at least five consecutive

catalytic cycles in both types of transformations, viz., the oxidation of olefins as well as

sulfides, without any significant alteration in their selectivity.

% Isolated yield

90

80 4

70 A

60

50 A

40 A

30

20

B Sulfide oxidation

M Styrene epoxidation

Cycles

99 99 98 98
I I I I i
T T T T 1
1 2 3 4 5

Fig. 3.20 Reusability of Catalyst 3.1 for selective oxidation of sulfide and styrene.

In order to further confirm the stability of the catalysts, the recovered catalysts were
characterized by FTIR and EDX spectral studies. The FTIR spectra (Fig. 3.21) of the used
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quantitative loss in Nb content was indicated by EDX analysis results (section 3.2.6)
compared to fresh catalyst. The findings further testify to the inherent stability of the
catalysts evidently resulting from the strong attachment of the pNb species to the amino
acid ligands of the polymer support.

% Transmittance

T T T
2000 1500 1000 500
Wavenumber (cm'1)

Fig. 3.21 FTIR spectra of (a) Catalyst 3.1 and (b) Catalyst 3.2 after 5" catalytic cycle.

3.3.3.5 H20O utilization efficiency

Assessment of the utilization efficiency or effective use of hydrogen peroxide in
the oxidation process is of vital importance as it is evident from the literature that many of
the transition metal catalysts decompose H202 at higher temperature or lower pH [94,95].
H20 utilization efficiency is defined as (100 x mole of H2O2 consumed in the formation
of oxy-functionalized products/mole of H202 converted) [96]. In our present work, H20:
utilization efficiency of styrene epoxidation was found to be remarkably high being within
the range of (92-97%) in presence of the pNb catalysts. Similarly, oxidation of sulfides to
sulfone also occurred with very high utilization efficiency of H20, with the efficiency

percentage ranging between 95-98 % for the catalysts.

3.3.3.6 Comparison with some reported catalysts

As seen from the comparative report presented in Table 3.10, the catalytic activity

reported here is comparable to or better than several recently reported niobium oxide-based
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systems which were carried out in presence of various organic solvents [7,24-27,30,32,33,
35-38,40,87,91]. Under our non-solvent conditions, we have achieved outstanding results
particularly in case of epoxidation of styrene, cyclooctene as well as norbornene.
Notwithstanding the excellent selectivity of cyclooctene epoxide achieved with most of
the reported Nb catalysts [24,30,33,35,36,38,50], the reactions provided moderate
cyclooctene conversion [24,33,35,36,38], except in few cases [30,50]. Interestingly, 100%
epoxide selectivity for cyclooctene was also obtained under non-solvent condition over
Nb-MCM-41 catalyst, however the conversion was ca. 65% after 24 h and TBHP was used
as the oxidant [24]. It is notable that, we are yet to come across any report on solvent-free
epoxidation of substrates such as styrene, norbornene, or limonene catalyzed by
heterogeneous Nb-based systems. With respect to limonene oxidation, a number of
reported Nb catalysts yielded high conversion of limonene with excellent regioselectivity
(>98%) to form monoepoxides [26,32,37]. However, the product obtained in most cases
comprised of both endocyclic and exocyclic isomers [26,32,37,91]. On the other hand, the
present polymer immobilized pNb catalysts, provided 95% limonene conversion with
impressive regioselectivity to yield exclusively 67% endocyclic epoxide.

It is also significant to note that, for recyclability of most of the reported Nb-silica
based catalysts, the recovered solid catalysts were often required to be calcined for
restoration of catalytic activity for subsequent runs [26,32,35]. Moreover, recently
reported catalyst HNb(O2)Ws/CNTSs required to be pre-treated with HCIO4 prior to its re-
use in second and subsequent runs [50]. Thus, a significant advantage offered by the
present polymer immobilized peroxido-Nb catalysts is the ease of recovery and reusability
for multiple catalytic cycles. Moreover, our conditions appear to be milder and eco-
friendly as the present catalytic system offered selective epoxidation reactions with H20>
as oxidant under solventless condition. Most importantly, all transformations in the present
study, viz., epoxidation, as well as sulfide oxidation were conducted at the natural pH of

the reaction medium without using any acid, co-catalyst, or other non-green additives.

In order to rationalize the high activity and selectivity of the newly developed
catalysts systems, it is relevant to recall the previous literature pertaining to the activity of
heterogenized metal catalysts supported on organic polymers [43,97]. It has been observed
that usually better catalytic activity and selectivity of the polymer immobilized catalysts
are obtained with low loading of metal complexes for maximum site isolation of catalytic

centers. Moreover, metal complexes should be attached to the polymer by a single flexible
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Table 3.10: Activity of catalyst 3.1 in epoxidation of olefins vis-a-vis some reported heterogeneous Nb-based catalysts

Entry  Catalyst Substrate Catalyst Reaction conditions % Conversion/  Ref
amount % Selectivity

1 MRVNDb (3.1) Styrene 0.005 mmol 6 h, 80 °C, H20;, Solventless 99/99 This work
2 Calix-Nb-SiO2 Styrene 0.00102 M 6 h, 65 °C, H.02, MeCN 53/20 25

3 Nb-KIT-5(10) Styrene 20 mg 6 h, 50 °C, H,0,, MeOH 51/13 87

4 Nb-MMM-E Styrene 0.005 mmol 1 h, 50 °C, H202, MeCN 20/50 33

5 MRVND (3.1) Cyclooctene 0.005 mmol 45 min, 80 °C, H203, Solventless 100/100 This work
6 Nb-MCM-41 Cyclooctene 1.04x10°mol 24 h, 90 °C, TBHP, Solventless 64.8/100 24

7 Nb-MMM-E Cyclooctene 0.005 mmol 2 h, 50 °C, H202, MeCN 40/>99 33

8 Nb20s-SiO2 Cyclooctene 30 mg 5h, 90 °C, H20., MeOH 61/100 35

9 Nb-MCM-41 Cyclooctene 100 mg 10 h, 80 °C, TBHP, Cyclohexane  19/95 38

10 Nb-SBA-15 Cyclooctene 01g 48 h, 80 °C, TBHP, Ethyl acetate  80.5/99 30

11 HNb(O2)Ws/CNTs  Cyclooctene 10 mg 1.5 h, 50 °C, H202, DMC 94/98 50

12 Nb20s-SiO2 Cyclooctene 600 mg 5h, 70 °C, H20., MeOH 39.5/100 36

3.37|Page



Chapter 3

linkage in order to make the catalytic sites freely accessible [43,97]. It is therefore
reasonable to expect that in the present case too, factors such as anchoring of the active
peroxide-Nb complexes to the pendant ligand of the polymer via flexible coordination, as
well as the low metal loading in the catalysts would facilitate site isolation effect which

can induce increased activity and selectivity of the catalysts.

3.3.3.7 The proposed catalytic cycle

The mechanism of oxygen transfer to nucleophilic substrates from peroxido
complexes of d° transition metal ions such as V(V), Mo(VI) and W(VI), has been
extensively studied over the past decades. One of the widely accepted olefin epoxidation
pathways involves a simple bimolecular interaction between the nucleophile and
peroxidometal complex, leading to direct transfer of electrophilic oxygen of the metal-
bound peroxido group to the alkene, through the formation of a three-membered ring
transition state [98-101]. However, there is a paucity of information on mechanism of
action of pre-formed Nb(V)-peroxido compounds in catalytic organic oxidations
[102,103]. Nevertheless, the mode of liquid phase oxidation of olefins with H.O,
catalyzed by heterogeneous Nb-oxide based systems, have been investigated in recent
years [27,104,105]. A range of oxidizing species were proposed to be involved as active

intermediates including hydroperoxo, NbOOH [31,50,103,104] and in situ generated
Nb(n?2-O2) species [27,106,107].

Keeping in view the above information, and based on the results of our present
work, a catalytic cycle for olefin oxidation with H202, mediated by polymer-supported
triperoxidoniobium complexes has been proposed (Scheme 3.4). The active Nb bound
peroxido group of the pNb anchored catalyst is likely to transfer its electrophilic oxygen
to the alkene (reaction a) to yield the corresponding epoxide. The epoxidation reaction is
accompanied by the generation of oxidodiperoxidoniobium intermediate 11. In the next
step (reaction b), intermediate Il reacts with H2O- to regenerate the starting catalyst I,
thereby leading to the formation of a catalytic cycle. In case of the oxidation of sulfide to
sulfone, the reaction has been known to proceed via the formation of sulfoxide in a two-
step catalytic process [48,55,108,109]. Accordingly, a plausible catalytic cycle envisaged

for selective oxidation of sulfides to sulfone is shown in Scheme 3.4 (reactions c-e).

There have been a number of reports documenting the formation of an

oxidoperoxidoniobium(V) intermediate during the course of oxygen transfer from a pNb
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species to a substrate [54,55,89,102,103,110]. In our previous work dealing with sulfide
oxidation catalyzed by heteroleptic triperoxidoniobium complexes, our group could
establish the identity of the intermediate species as a diperoxido-Nb(V) complex by
isolating it into solid state [55]. With an aim to derive information on the proposed pathway
for olefin oxidation in the present study, we have attempted to confirm the involvement of
such an intermediate (species I1) via its isolation and characterization. Taking a cue from
our past experience [55], in order to isolate species Il, we have conducted styrene
oxidation using compound 3.1 as stoichiometric oxidant, instead of the terminal oxidant
H20.. Under these conditions, complete conversion of styrene to epoxide occurred within
ca. 4 h of contact time. The solid product recovered from the spent reaction mixture was
subsequently characterized by elemental and FTIR spectral analyses. Formation of a
diperoxido-Nb species was clearly indicated by the 1:2 ratio for Nb: peroxide ligand
obtained from elemental analysis data. The IR spectral changes (Fig. 3.22) furnished
further evidence showing two distinct v(O-O) bands at 852 and 805 cm™ typical of
diperoxido-Nb complex [70], instead of the three v(O-O) absorptions of the starting
triperoxidoniobium catalyst (Fig. 3.5, 3.22). Nearly unaltered positions of the IR bands
due to the amino acid ligands of the host resin, demonstrated that the catalyst remained
intact during the process of oxidation. Although we do not have further data to discuss the
detailed mechanism, the above observations lent credence to the proposed catalytic cycle.

O
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Scheme 3.4 Proposed catalytic cycles for epoxidation of olefins and oxidation of sulfides
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Fig. 3.22 IR spectra of (a) MRVND (3.1) and (b) Diperoxidoniobate complex recovered
after oxidation of styrene by Catalyst 3.1, in absence of H20..

34 Conclusions

The present work demonstrated that, it is possible to generate simple, yet highly
effective heterogeneous oxidation catalysts by grafting peroxidoniobium species on
appropriately functionalized cross-linked PS-DVB resin. The novelty of the contribution
lies in demonstrating remarkably enhanced activity of the immobilized pNb catalysts in
the selective epoxidation of a variety of alkenes as well as oxidation of sulfides to the
desired sulfones with excellent yield, TON as well as high H2O utilization efficiency. The
transformations were achieved by employing H20. as green oxidant, under
environmentally clean, solvent-free conditions. Facile and quantitative recoverability of
the catalysts with no significant loss in product selectivity are important attributes of the
present catalytic strategies. Importantly, the procedures offer the advantages of safety and
ease of handling, as the catalysts were prepared employing a biologically inert, non-toxic
transition metal and commercially available environmentally safe starting materials. In
summary, in comparison to many other sophisticated supported catalytic systems, the
developed pNb catalysts and the methodologies are characterized by simplicity along with

efficiency, versatility and sustainability.
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