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ABSTRACT

The word catalysis has origin from Greek which means “decomposition” or
“dissolution”. The catalyst decreases the activation energy of a reaction by altering
the reaction path but itself remains unchanged. From the beginning the catalysis is an
important area of research and continuous efforts have been made to understand and
utilize the phenomenon for practical purposes. Nowadays catalysts are playing a vital
role in petrochemicals, fine chemicals, pharmaceuticals, fertilizers and food
industries. The biochemically significant processes are also based on catalysis. They
activate the chemical reaction at milder conditions through the bonding of reactant
molecules with definite functional groups called ‘active sites’, where they react and
finally detach from the catalyst for the next cycle. Most of the catalytic processes,
which are widely engaged in the manufacture of bulk as well as fine chemicals, are
homogeneous in nature. A large amount of waste materials have been produced
during these processes which imposed a hazardous impact on the environment.
Homogeneous catalysts also face the problem of separation from the substrate and
products, and very often decompose or polymerize during catalytic action. Therefore,
there is a necessity to create new highly effective industrial processes, which are
selective, ecologically safe and consume minimum energy. In this direction,
immobilization of homogeneous catalysts facilitates the easy product separation,
catalysts recovery and recycle ability is the major concerns of industries as well as
researchers. Alumina and silica gels are readily available inorganic compounds and
have been modified to immobilize various catalysts by direct reaction of surface
hydroxyl groups with reactive species. Even, mesoporous molecular sieves such as
MCM-41 and SBA-15 have also been used for the immobilization of homogeneous
catalysts. Transition metal complexes having good catalytic properties have also been
encapsulated in the super cages of zeolites to give them solid support.

Discovery of Merrifield resin i.e. chloromethylated polystyrene cross-linked

with divinylbenzene, has attracted researchers to use functionalised polymers for the
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heterogenisation of homogeneous materials. Immobilisation of homogeneous
catalysts through covalent bonding with chloromethylated polystyrene cross-linked
with divinylbenzene have developed them as environmentally safe heterogeneous
catalysts for various catalytic reactions and attracted attention in recent years. This
method has the advantages of both homogeneous as well heterogeneous catalysts, as
this enhances the thermal stability, selectivity, arid recycles ability of the catalyst and
ease separation of catalyst from the reaction mixture. Polymer immobilised (also
called polymer-anchored) complexes have provided opportunity to develop catalytic
process in the synthesis of fine chemicals and being used in various types of oxidation
as well as hydrogenation reactions. Though, different types of ligands and various
transition metal ions have been used to develop polymer-anchored catalysts.
Discovery of vanadium(V) in the active site of vanadate-dependent haloperoxidases
and its importance in various catalytic reactions has stimulated research on the
catalytic potentials of vanadium complexes. Many vanadium complexes have been
reported to show potential catalytic activity towards the oxidative halogenation and
sulfoxidation along with other oxidation reactions. All these encouraged us to design
polymer-anchored vanadium based catalysts and use them for various oxidation
reactions.

The thesis entitled “Catalytic Aspects of immobilized metal complexes”
mainly deals with the syntheses of vanadium, molybdenum and copper complexes of
Schiff bases immobilised onto chloromethylated polystyrene (cross-linked with 5 %
divinylbenzene) and their characterization by various physico-chemical techniques.
Catalytic activities towards oxidation and hydroamination of various substrates have
also been carried out under optimized reaction conditions to achieve maximum
oxidation products. For convenience the work present in the thesis has been divided in
the following five chapters:

First chapter is the infroductory one and describes various types of solid inert
support that have been used for immobilisation of homogeneous catalysts. A brief
introduction on functionalised polymers and different modes to use them for

immobilisation of cafalysts has been described. Literature on polymer-imfnobilised
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metal complexes and their catalytic applications for various reactions have also been
reviewed.

Second chapter describes the anchoring of the Schiff base derived from
salicylaldehyde and histamine (Hsal-his) to the chloromethylated polystyrene cross-
linked with 5 % divinylbenzene (abbreviated as PS-Hsal-his, 2.II). Treatment of
[VO(acdc),] with PS-Hsal-his in dimethylformamide (DMF) gave oxovanadium(IV)
complex, PS-[VO(sal-his)(acac)] (2.1). Complex 2.1 can be oxidised to
dioxovanadium(V) species, PS-[VO,(sal-his)] (2.2) on aerial oxidation in presence of
H,0,. All these complexes have been characterised by various techniques. All these
complexes catalyse the oxidation of methyl phenyl sulfide, diphenyl sulfide and
benzoin efficiently. Under the optimised reaction conditions, a maximum of 93.8%
conversion of methyl phenyl sulfide with 63.7% Selectivity towards methyl phenyl
sulfoxide and 36.3% towards methyl phenyl sulfone has been achieved in 2 h with
PS-[VO,(sal-his)]. Under similar conditions, diphenyl sulfide gave 83.4% conversion
where selectivity of reaction products varied in the order: diphenyl sulfoxide (71.8%)
> diphenyl sulfone (28.2%). A maximum of 91.2% conversion of benzoin has been
achieved within 6 h, and the selectivity of reaction products are: methylbenzoate
(37.0%) > benzil (30.5%) > benzaldehyde-dimethylacetal (22.5%) > benzoic acid
(8.1%). The PS—bound complex, PS—[V" O(sal-his)(acac)] exhibits very comparable
catalytic potential. Their corresponding neat complexes have also been prepared and
catalytic activities have been compared.

Syntheses of polymer-anchored ligands PS-S-tmbmz (3.11), from the Htmbmz
(3.) (Htmbmz = 2-thiomethylbenzimidazole) and their oxovanadium(IV),
dioxomolybdenum(VI) and copper(II) complexes have been described in Chapter
third. The polymer-anchored ligands PS-S-tmbmz (3.II), on treatment with
[VO(acac),], [MoO,(acac),] and Cu(CH;COO), in dimethylformamide (DMF) gave
oxovanadium(IV), dioxomolybdenum(VI) and copper(Il) complexes, PS-[VO(S-
tmbmz),] (3.1), PS-[MoO,(S-tmbmz),] (3.2) and PS-[Cu(S-tmbmz),] (3.3),
respectively.  The corresponding neat complexes, [VO(tmbmz),] (3.4),
[MoO,(tmbmz),] (3.5) and [Cu(trﬁbmz)z] (3.6) have also been prepared. EPR was
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particularly useful to characterise the binding modes in PS-[VO(S-tmbmz),] (3.1) and
PS-[Cu(S-tmbmz),] (3.3), confirming that the vanadium and copper centers are well
dispersed in the polymer matrix and supporting the presence of N,0, binding modes
in both cases and the preservation of the binding mode at the end of the catalytic
reactions carried out. The catalytic potential of these complexes was tested for the
oxXidation of styrene, cyclohexene and ethylbenzene using 30 % H,0, as an oxidant.
Styrene gave three products with the selectivity order: benzaldehyde > 1-
phenylethane-1,2-diol > styrene oxide. Oxidation of cyclohexene gave three products,
the order of selectivity being: cyclohexane-1,2-diol > 2-cyclohexene-1-one >
cyclohexeneoxide. At least four reaction products with the selectivity order:
benzaldehyde > phenylacetic acid > acetophenone > 1-phenylethane-1,2-diol have
been obtained on oxidation of ethylbenzene. The recycle ability of polymer-anchored
metal complexes was checked; the results confirm that the polymer-bound complexes
were not leached during the reaction/recovery procedures. Catalytic activities of the
PS-supported complexes were higher than those of the corresponding non-polymer-
bound complexes.

The monobasic tridentate ligand H,fsal-dmen (4.1) derived from 3-formyl
salicylic acid and N,N-dimethylethylene diamine has been covalently bonded to the
chloromethylated polystyrene cross-linked with 5 % divinylbenzene through
carboxylic group. Synthesis of oxovanadium(IV) and dioxo-vanadium(V) complexes,
PS-[VO(fsal-dmen)(acac)] (4.1) and PS-[VO,(fsal-dmen)] (4.2) from the resulting
ligand PS-Hfsal-dmen (4.II) has been reported in Chapter fourth. The corresponding
neat complexes, [VO(sal-dmen)(acac)] (4.3) and [VO,(sal-dmen)] (4.4) have been
prepared by the reaction of [VO(acac),] with Hsal-dmen (4.III) in methanol. These
complexes have been characterised by IR, and electronic spectroscopic studies,
magnetic susceptibility measurements, and thermal as well as scanning electronic
micrographs. The catalytic oxidative desulfurization of model organosulfur
compounds like thiophene (T), dibenzothiophene (DBT), benzothiophene (BT), 2-
methyl thiophene (MT) and diesel has been carried out using complexes PS-[VO(fsal-
dmen)(acac)] (4.1) and PS-[VOz(fsal-dmen)] (4.2). The sulfur in model organosulﬁlr



compounds and diesel has been oxidised to the corresponding sulfones in presence of
H,0,. The polymer-bound heterogeneous catalysts were free from leaching during
catalytic action and recyclable.

The tridentate Schiff base ligand derived from 3-formylsalicylic acid and 2-(2-
aminoethyl)pyridine  (H,fsal-aepy, 5.I) has been covalently bonded to
chloromethylated polystyrene cross-linkined with 5 % divinylbenzene (abbreviated as
PS-Hfsal-aepy, 5.II). Reaction between PS-Hfsal-aepy and [VOf(acac),] (Hacac =
acetylacetone) gave polymer-anchored complex, PS-[VO(fsal-aepy)(acac)] (5.1).
Complex  PS-[VO(fsal-aepy)(acac)] (5.1) has been oxidised to the
dioxidovanadium(V) species, PS-[VO,(fsal-aepy)] (5.2) on aerial oxidation in the
presence of H,O, in MeOH. Characterisation of the catalyst using scanning electron
micrographs, spectroscopic (infrared and electronic), thermogravimetric and
elemental analyses studies and its catalytic activities has been included in the fifth
Chapter. Corresponding neat complexes, [VO(sal-aepy)(acac)] (5.3) and [VO,(sal-
aepy)] (5.4) with the ligand Hsal-his has also been prepared to compare the spectral
properties and catalytic activities. Complexes PS-[VO(fsal-aepy)(acac)] (5.1) and PS-
[VO,(fsal-aepy)] (5.2) catalyse the hydroamination of styrene and vinyl pyridine with
amines (aniline and diethylamine) and gave a mixture of two hydroaminated products
in good yields. Amongst the two hydroaminated products, the anti-Markovnikov
product is favoured over the Markovnikov product. The polymer-anchored
heterogeneous catalyst is recyclable. Catalytic activity of neat analogue has been

found to be lower than that of the anchored one.
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Spectral changes observed during titration of [VYO,(sal-his)] 2.4)
with H,0,. The spectra were recorded after successive additions of
one drop portions of H,0, (6.6x10™* mmol of 30 % H,0, dissolved in
10 ml of methanol) to 50 ml of ca. 10™* M solution of 2.4 in methanol.
The inset shows the equivalent titration, but with higher concentration
of [VYO,(sal-his)] (ca. 107 M ) with one drop portions of H,0, (2
mmol of 30% H,0, dissolved in 5 ml of methanol).

Treatment of compound 2.3 with 30 % H,0, followed by the addition
of methyl phenyl sulfide; (a) in MeOH; (b) 0.5 eq. H,0,; (c) 2.0 eq.
H,0,; (d) 1.0 eq. methyl phenyl sulfoxide; (€) 2.0 eq. methyl phenyl
sulfoxide; (f) 2.0 eq. methyl phenyl sulfoxide (after 20 h) at 77K.

'V NMR spectra for [VYO,(sal-his)] (2.4): (a) in MeOH, (b) 0.5
equiv H,O,; (¢) 1.5 equiv HyO,; (d) 1.0 equiv methyl phenyl sulfide;
(e) 2.0 equiv methyl phenyl sulfide; (f) after 20 h.

'V NMR spectra for [VYO,(sal-his)] (2.4): (a) in MeOH; (b) 0.5 eq.
H,0; (¢) 1.0 eq. H,Oy; (d) 1.5 eq. HyOy; (e) after 20 hr; (f) 0.5 eq.
H,0; (g) 1.0 eq. HyO; (h) 1.5 eq. H,Oy; (i) 2.0 eq. Hy05; (§) 1.0 eq.
methyl phenyl sulfide; (k) 2.0 eq. methyl phenyl sulfide; (1) 2.0 eq.
methyl phenyl sulfide (after 24 hr). All spectra were recorded
including an external reference of aqueous vanadate at pH ~12 (peak
at ca. =536 ppm).

*'V NMR spectra for [V¥Oy(sal-his)]: (a) in MeOH, (b) 0.5 equiv
HCI; (¢) 1.0 equiv HCI; (d) 1.5 equiv HCI; (e) 2.0 equiv HCI; (f) 2.5

equiv HCI. All spectra were recorded including an external reference
of aqueous vanadate at pH ~12 (peak at ca. —536 ppm).

'V NMR spectra for [V O(sal-his)(acac)] (2.3): (a) in MeOH; (b) 0.5
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Figure 3.7.

Figure 3.8.

Figure 3.9.

Figure 3.10.

eq. H,O,; (¢) 1.0 eq. H,04; (d,e) 1.5 eq. HyOy; (1) 2.0 eq. HyO4; (g) 2.5
eq. H,O,; (h) 1.0 eq. methyl phenyl sulfide; (i) 2.0 eq. methyl phenyl
sulfide; (j) 3.0 eq. methyl phenyl sulfide (k) 3.0 eq. methyl phenyl
sulfide (after 24 hr). All spectra were recorded including an external
reference of aqueous vanadate at pH ~12 (peak at ca. -536 ppm).

Electronic spectra of polymer-anchored ligand and metal complexes
dispersed in nujol mulls: PS-ligand (a), PS-[VO(ligand),] (b), PS-[
MoO,(ligand),] (c) and PS-[Cu(ligand),] (d).

Effect of amount of H,0, on the oxidation of styrene as a function of
time. Reaction conditions: styrene (1.04 g, 10 mmol), PS-
[VO(ligand),] (0.035 g), CH;CN (10 ml) and 80 °C.

Effect of amount of catalyst PS-[VO(ligand),] on the oxidation of
styrene as a function of time. Reaction conditions: styrene (1.04 g, 10
mmol), H,0,(2.27 g, 20 mmol), CH;CN (10 ml) and 80 °C.

Comparison of catalysts for the oxidation of styrene as a function of
time. Reaction conditions: styrene (1.04 g, 10 mmol), catalyst (0.035
g), H,0, (2.27 g, 20 mmol), CH;CN (10 ml) and 80 °C.

Conversion of styrene and variation in the selectivity of different
reaction products as a function of time using PS-[VO(ligand),] as
catalyst: (a) conversion of styrene, (b) selectivity of styrene oxide, (c)
benzaldehyde and (d) 1-phenylethane-1,2-diol.

Effect of amount of H,O, on the oxidation of cyclohexene. Reaction
conditions: cyclohexene (0.82 g, 10 mmol), PS-[VO(ligand),] (0.045
g), CH;CN (10 ml) and 80 °C.

Effect of amount of catalyst PS-[VO(ligand),] on the oxidation of
cyclohexene. Reaction conditions: cyclohexene (0.82 g, 10 mmol),
H,0,(2.27 g, 20 mmol), CH,CN (10 ml) and 80 °C.

Comparison of catalysts for the oxidation of cyclohexene. Reaction
conditions: cyclohexene (0.82 g, 10 mmol), catalyst (0.045 g), H,0,
(2.27 g, 20 mmol), CH;3CN (10 ml) and 80 °C.

Effect of amount of H,O, on the oxidation of ethylbenzene. Reaction

conditions: ethylbenzene (1.06 g, 10 mmol), PS-[VO(ligand),] (0.060
g), CH;CN (10 ml) and 80 °C.

Effect of amount of catalyst on the oxidation of ethylbenzene.
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Figure 3.11.

Figure 3.12.

Figure 3.13.

Figure 3.14.

Figure 3.15.

Figure 3.16.

Figure 3.17.

Figure 3.18.

Reaction conditions: ethylbenzene (1.06 g, 10 mmol), H,0, (3.34 g,
30 mmol), CH;CN (10 ml) and 80 °C.

Comparison of catalytic potential of the catalysts on the oxidation of
ethylbenzene under optimised conditions. Reaction conditions:
ethylbenzene (1.06 g, 10 mmol), H,0, (3.34 g, 30 mmol), catalyst
(0.060 g), CH;CN (10 ml) and 80 °C.

Spectral changes observed during titration of [VVO(tmbmz),] with
H,0,. The spectra were recorded after successive additions of two-
drop portions of H,0, (5 x 107 mol of 30 % H,0, dissolved in 10 ml
of methanol) to 10 ml of a ca. 10™* M solution of [VO(tmbmz),] in
methanol. The inset displays equivalent titrations, but with a higher
concentration of [V" O(tmbmz),] (ca. 107 M) dissolved in methanol.

Spectral changes observed during titration of [Cu(tmbmz),] with
H,0,. The spectra were recorded after successive additions of two-
drop portions of H,O, (5 x 10 mol of 30 % H,0, dissolved in 10 ml
of ethanol) to 10 ml of ca. 107 M solution of [Cu(tmbmz),] in ethanol.
The inset displays equivalent titration, but with a higher concentration
of [Cu(tmbmz),] (ca. 107 M) dissolved in DMSO.

Spectral changes observed during titration of [MoO,(tmbmz),] with
30 % H,0,; the spectra were recorded after successive additions of |
drop portions of H,0, (5 x 107™* mol of 30 % H,0, dissolved in 10 ml
of methanol) to 10 ml of ca. 1x10™* M solution of [MoO,(tmbmz),] in
methanol.

Powder EPR spectrum of fresh catalyst 3.1 at room temperature and of
[VVO(tmbmz),] (3.4) in DMF at 77K.

Powder EPR spectrum of fresh catalyst 3.3 at room temperature (a)
and of [Cu'(tmbmz),] (3.6) in DMF at 77K before (b) and after
addition of increasing amounts of H,0,: (¢) 1 eq.; (d) 2 eq. and (e) 3
eq. of HyO,. Spectrum (f) was recorded with the same solution of (e)
after adding 100 equivalents of styrene.

EPR spectra of solutions of [Cu"(tmbmz),] (3.6) in DMF before and
after addition of 100 equivalents of styrene.

EPR spectra of frozen (77 K) solutions of (a) [V'VO(tmbmz),] (3.4) in
MeOH/DMSO (violet solution) and after addition of increasing
amounts of a methanolic solution of H,0,: (b) 0.25 eq.; (c) 0.75 eq.;
(d) 1.0 eq;'(e) 1.25 eq; (f) 1.75 eq. of H,0, (greenish-orange
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Figure 4.1.

Figure 4.2.

Figure 4.3.

Figure 4.4.

Figure 4.5.

Figure 4.6.

Figure 4.7.

Figure 4.8.

Figure 4.9.

solution);. The corresponding visible spectra follow the evolution
shown in the inset of Fig. 3.12. The arrows indicate the position of the
high field A|| lines in spectra (a)-(c). Upon addition of H,0O, a i

species is detected and its relative amount increases from (b) to (f).

1V NMR spectra of solutions (c) and (f) of Fig. 3.18 (spectra A and B,
respectively), and of the same solution after adding up to 3 eq. of
H,0,, i.e. 3 moles of H,0, per mole of complex (spectrum C). The
solution of spectrum C has a greenish colour.

ORTEP diagrams of [V'VO(sal-dmen)(acac)] (4.3). All the non-
hydrogen atoms are represented by their 30% probability ellipsoids.

ORTEP diagrams of [V'O,(sal-dmen)] (4.4). All the non-hydrogen
atoms are represented by their 30 % probability ellipsoids.

FE-SEM and Energy dispersive X-ray analyses (EDX) profile of (a)
PS-[Hfsal-dmen] (4.) (b) PS-[V™VO(fsal-dmen)(acac)] (4.1) and (c)
PS-[YVO,(fsal-dmen)] (4.2).

Electronic spectra of (a) PS-[V'VO(fsal-dmen)(acac)] and (b) PS-
[VYO,(fsal-dmen)] recorded in Nujol.

Electronic spectra of (a) Hsal-dmen, (b) [V'VO(sal-dmen)(acac)] and
(c) [VYOy(sal-dmen)] recorded in MeOH.

First derivative EPR spectra of frozen solutions of [V"O(sal-
dmen)(acac)] (4m M) (a) in MeOH; (b) in DMSO. First derivative
EPR spectra (c¢) of solid sample of PS-[VYO(fsal-dmen)(acac)] at
room temperature

Effect of H,0, : sulfur ratio as a function of time on the
desulfurization of thiophene. Reaction conditions: Catalyst PS-
[VYO,(fsal-dmen)] (0.050 g) and thiophene (S: 500 ppm) in n-heptane
at 60 °C.

Effect of the amount of catalyst PS-[VVO,(fsal-dmen)] on the
desulfurization of thiophene as function of time. Reaction conditions:
Thiophene (S: 500 ppm), H,0O, (0.76 g, 6.78 mmol) in n-heptane at 60
°C.

Effect of temperature on the desulfurization of thiophene. Reaction
conditions: Thiophene (S: 500 ppm), H,0, (0.76 g, 6.78 mmol) and
catalyst PS-[V"O,(fsal-dmen)] (0.050 g).
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Figure 5.3(a).

Figure 5.3(b).

Figure 5.4.

Figure 5.5.

Figure 5.6.

Figure 5.7.

Figure 5.8.

UV-Vis spectral changes observed during titration of [VO(sal-
dmen)(acac)] 4.3 with H,0,. The spectra were recorded after
successive additions of one drop portions of H,0, (6.6x10™* mmol of
30 % H,0, dissolved in 10 ml of methanol) to 50 ml of ca. 107> M
solution of 4.3 in methanol.

Spectral changes observed during titration of [VYO,(sal-dmen)] (4.4)
with H,O,. The spectra were recorded after successive additions of
one drop porttons of H,O, (6.6% 10™* mmol of 30 % H,0, dissolved in
10 ml of methanol) to 50 ml of ca. 10™* M solution of 4.4 in methanol.

FE-SEM (left) and EDX (right) profiles of (a) PS-[Hfsal-aepy] (5.1I)
and (b) PS-[V" O(fsal-aepy)(acac)] (5.1).

ORTEP plot (at 30% probability level) of [V'VO(sal-aepy)(acac)] 5.3.
p

Electronic spectra of (a) PS-[Hfsal-aepy], (b) PS-[VVO(fsal-
aepy)(acac)] and (c) PS-[VVO,(fsal-aepy)] recorded with the solids
dispersed in Nujol.

Electronic spectra of (a) [V'VO(sal-aepy)(acac)], and (b) [VYO,(sal-
aepy)] recorded in MeOH.

'V NMR spectra of methanolic solutions of complex 5.4 (ca. 4 mM):
(a) after preparation of the solution, (b) solution of (a) after addition of
3 equiv. HCI, (c) solution of (c) after 24 h leaving the tube open. (d)
solution of (a) after addition of 3 equiv. HCIO,, (¢) solution of (d)
after 24 h leaving the tube open.

First derivative EPR spectra of frozen solutions of [VVO(sal-
aepy)(acac)] (a) in DMSO; (b) in MeOH. First derivative EPR spectra
of (c) solid sample of PS- [VWO(fsal -aepy)(acac)] at room temperature
and (d) PS-[VO(fsal-aepy)(acac)] at 77 K after swelling in DMSO.

Effect of the styrene to aniline ratio on the hydroamination of styrene
with aniline. Reaction conditions: styrene (1.04 g, 10 mmol), PS-
[VYO,(fsal-aepy)] (0.050 g) in 15 ml of toluene at 90 °C.

Effect of the amount of catalyst PS-[VYO,(fsal-aepy)] on the
hydroamination of styrene with aniline. Reaction conditions: styrene

(1.04 g, 10 mmol), aniline (0.186 g, 20 mmol), in 15 ml of toluene at
90 °C.

Effect of temperature on the hydroamination of styrene with aniline.
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Figure 5.12(b).

Figure 5.13.

Figure 5.14.

Reaction conditions: styrene (1.04 g, 10 mmol), aniline (0.186 g, 20
mmol), PS-[VYO,(fsal-aepy)] (0.050 g) in 15 ml of toluene.

Reaction of [V'VO(sal-aepy)(acac)] (5.3) with styrene. The spectra
were recorded at a interval of 2 min. after adding I drop of styrene
solution to ca. 5 ml of 10 M solution of 5.3 in methanol (complex
5.3 : styrene molar ratio of ca. 1 : 10).

EPR spectra of frozen methanolic solutions, ca. 4 mM of [VVO(sal-
aepy)(acac)] (5.3) (a) before and (b) after addition of 10 equiv. styrene
dissolved in MeOH. Styrene : complex molar ratio = 10.

Addition of [VVO(sal-aepy)(acac)] with diethylamine. The spectra
were recorded at a interval of 2 min. after adding 1 drop of
diethylamine to ca. 5ml of a 10 M solution of [V'VO(sal-aepy)(acac)]
in methanol.

First derivative EPR spectra of [V'VO(sal-aepy)(acac)] (5.3) frozen
solutions: (a) the neat complex (4 mM) in MeOH; (b) solution of (a)
after additions of equiv. diethylamine dissolved in MeOH up to 8
equiv. (spectrum shown in b).

High field region of the EPR spectra of frozen solutions of [VVO(sal-
aepy)(acac)] (5.3): (a) the neat complex (ca. 4 mM) in MeOH; (b—d)
the same solution after successive additions of diethylamine dissolved
in MeOH up to 8 equivalent.

'Y NMR spectra for solutions (ca. 4 mM) of [VYO,(sal-aepy)] (5.4):
(a) in MeOH, and (b-c) after stepwise additions of styrene up to 10
equivalent.

'V NMR spectra for solutions (ca. 4 mM) of [VYO,(sal-aepy)] (5.4):

(a) in MeOH, and (b-c) after stepwise additions (viz. 2, 5 and 10
equiv) of diethylamine up to a total of 8 equivalent.
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Chapter 1: General introduction: History .....

1.1. HISTORY

Chemical reactions generally proceed through the breaking and formation of
bonds between atoms in molecules to produce new compounds. The catalyst
decreases the activation energy of a reaction by altering the reaction path but it itself
remains unchanged. The period of catalysis started with the dawn of civilisation
when the production of alcohol and vinegar was done by fermentation process. The
word “Catalysis” was probably used first time in the sixteenth century by the chemist
A. Libavious in his book Alchemia [1]. In 1793, Clement and Desormes used the nitre
as a catalyst for the syntheses of sulfuric acid in presence of air. In 1835 Jons Jakob
Berzelius used the term catalysis for some compounds / chemicals which can fasten
the reaction. The word catalysis has origin from Greek which means “decomposition”
or “dissolution”. Syntheses of sulfuric acid by burning sulfur with nitric acid in humid
air are one of the examples for the catalysis in the middle age. This was followed by
the discovery of Ammonia syntheses by Nernst and Haber. Horiuti and Polanyi, in
1930s; suggested a catalytic reaction mechanism for ethylene hydrogenation [2].
Langmuir in the same period derived the Langmuir adsorption isotherm, suggesting
the heterogeneous surface [3] which has different sites and these different sites have
different rates for reaction. Langmuir used the heterogeneous nickel surface for the
nickel carbonyl formation. The first significant use of solid catalyst was made in the
cracking of hydrocarbons during 1935-1940 in the petroleum industry [4-6]. The
catalytic naphtha reforming, dehydrogenation of cyclohexene to benzene and
isomerisation of straight chain alkenes were developed in 1950. In around 1960,
hydro treating catalyst was introduced in catalyst technology at refineries for the
removal of sulfur, nitrogen and metals from petroleum products [7-10]. Ziegler and
Natta in 1955 discovered the use of AICl; as a catalyst for the production of
polypropylene at low pressure [11]. In the Wacker process in 1960, catalyst [PACI,]*
enabled the reduction of temperature from 500 to 100 °C at 7 atm during the
formatlon of acetaldehyde from ethylene [12, 13]. In 1960 Weisz and Frilette used
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the unique property of zeolites in shape selective catalysis for cracking of n-alkanes to
exclusively straight chain products [14, 15]. In early 1970s, catalytic reaction was
classified by Boudart in two groups: (i) structure sensitive and (ii) structure
insensitive [16]. According to Boudart, the rate of reaction of structure sensitive
reactions changes as a function of particle size, while on increasing the particle size
the structure insensitive reactions kept reaction rate unchanged [17]. Haensel in same
period proposed the concept of bifunctional catalysis to obtain a desired product using
two catalysts, in the dual catalytic system initially one catalyst produces one reaction
intermediate and afterwards this shifts to other catalyst for the formation of other
reaction intermediate or products and finally reaction products separate out from the
catalyst. Noble metal catalysts were developed in the late 1970 and early 1980°s for
the control of CO, hydrocarbon and NO emission from automobiles [18, 19]. During
1980-1990, the vanadia, titania and zeolite catalysts were developed for the selective
reduction of nitrogen oxides with ammonia or light hydrocarbons [20, 21]. Catalysts
for the removal of volatile hazardous organic hydrocarbons such as
chlorohydrocarbons were also developed during this period [22, 23]. Now a day’s
catalysts are playing a vital role in petrochemicals, fine chemicals, pharmaceuticals,
fertilizers and food industries. The biochemically significant processes are also based

on catalysts.

Researches in catalysis involve many areas of chemistry, notably organic
chemistry, organometallic chemistry and materials science. Catalysis is relevant to
many aspects of environmental science, e.g. the catalytic converter in automobiles
and the dynamics of the ozone hole. Catalytic reactions are preferred in environment
friendly green chemistry due to the reduced amount of waste generated [24], as
opposed to stoichiometric reactions in which all reactants are consumed and more
side products are formed. The most common catalyst is the proton (H™). Many
transition metals and transition metal complexes are used as catalyst as well. A group

of catalysts called enzymes are important in biological systems.
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1.2. HETEROGENEOUS CATALYSIS

In today’s world catalysis has become an important part of life due to its wide
application in various fields like, production of materials such as plastics, fuel and
food. Catalyst can be homogeneous or heterogeneous in nature and can be of any
form starting from atoms and molecules to an extent of enzymes and zeolites. Sabatier
gave the concept of the use of metals as heterogeneous catalysts for the hydrogenation
of oils [25] and postulated the formation of unstable intermediates during catalytic
reaction. Metal such as nickel showed good activity for the hydrogenation, as it forms
intermediate nickel hydride which decomposes to regenerate the free metal. Sabatier
also demonstrated the importance of the introduction of solid supports in the
enhancement of activity and selectivity of the catalysts. Since the catalytic action
occurs at specific sites on the solid surface, often called as ‘active sites’, the uniform
dispersion of the supported metal catalysts is desirable for significant improvement in

the catalytic action [25].

1.3. VARIOUS HETEROGENEOUS SUPPORTS FOR CATALYSTS

With the extensive use of catalysts in various industrial processes, a lot of
research has been done to develop highly efficient catalysts. But a long way is
remaining to achieve more efficient heterogeneous catalysts. Most of the homogenous
catalysts are expensive but very active and selective. However, due to their
homogeneous nature it is difficult to recover them from the reaction mixture.
Heterogenisation of homogeneous catalysts can be accomplished by immobilising,
grafting, anchoring or encapsulating them with inert solid like organic polymer or
inorganic support and materials having thermal stability and chemical inertness can
also be used for the support. Alumina, clays, aluminosilicates, activated carbon and
silica are the most common support. For the preparation of supported catalyst co-
precipitation of the catalytically active component is one of the oldest methods to
prepare supported catalysts and the support to give a mixture which is subsequently
dried, calcined and reduced tio give a porous material with a high surface area.;

Another but most preferred method is loading pre-existing material supports in the



Chapter 1: General introduction: History .....

form of shaped bodies with the catalytically active phase by means of impregnation or
precipitation from solution [26].

Heterogenisation of homogenous catalyst gives advantageous features like
easy product separation and easy recovery of catalyst. Alumina and silica have been
used for the immobilisation of various catalysts by direct reaction of surface hydroxyl |

groups with reactive species (catalyst); Scheme 1.1 [27-30].

O O
. ® © | H,0 : I
| Si0,|-OH + NH,0-P—0OH —2 | 8i0, -0—P~OH + NH,0H
(')H OH 1

Scheme 1.1. Immobilisation of catalysts on silica and alumina

Other examples of immobilised catalysts supported on silica and other

supports are given in Scheme 1.2 [31, 32].

The mesoporous MCM-41 was discovered by Mobil group in 1992 [33]. After
that it has attracted various researchers as a solid support for heterogenisation of
various catalysts. The molecular sieves such as Si-MCM-41 and Si-SBA-15, have
free hydroxyl group on the surface and therefore these materials are suitable aspirants
for immobilisation of catalyst. The dioxomolybdenum(VI) has been immobilised to

MCM-41 surface according to the procedure shown in Scheme 1.3 [34, 35].
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Scheme 1.2
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Halligudi et al. have reported the immobilisation of chiral Ti-binol
complex onto ionic liquid modified SBA-15 [36-38]. Similarly BINAP (2,2'-
bis(diphenylphosphino)-1,1'-binaphthyl)-ruthenium and -rhodium complexes have
been immobilised on silica [39] by functionalising it as shown in Schemes [.4 and

1.5.

HO OO MOMQ  OMOM
w0
OMOM
T o
1) HMDS
+ —_

. o} 0
CI(CHy);Si(OEY); (2) B0 /I 2) HCV'PrOH  EtO( -
+ \\Si SlMe:;
o _SiMe
QH Ot ot O 0§ onon A
_LL T
SBA-15 SBA-15/BINOL
8
O—,Si-\j 0
-0 N4
H NH

%NH
HN
odsis” O
-0-Si
0 ML,=RuCl,(benzene)
/ Rh(COD)BF4/
SiO, RuCl,DPEN
9 .

Schemel.5

The super cages of zeolites have attracted researcher for the encapsulation
of transition metal complexes (Fig. 1.1). This new class of catalysts is called

Zeolite Encapsulated Metal Complexes (ZEMC) or ship-in-bottle complexes. As



Chapter 1: General introduction: History .....

the metal complex is not bonded to the host zeolite cavity, it shares advantageous
features of homogeneous catalysts as well. The pore size of zeolite makes the

catalyst shape and size selective.

(b) (c)
Fig. 1.1. Structure of zeolite-Y (a and b) and metal complex encapsulated in

zeolite-Y (c).

Romanovsky ef al. first reported the metal phthalocynines encapsulated in the
super cages of the zeolite-Y [40]. Jacobson’s catalyst encapsulated in Na-Y has
emerged as an important catalyst for the oxidation of olefins [41]. Metal complexes
encapsulated in zeolite have been used for hydrogenation, arylation and nitration
reaction [42-44]. Transition metal complexes such as [VO,(sal-ambmz)]-Y, [Cu(sal-
ambmz)Cl]-Y, [VO(sal-dach)]-Y, [Cu(sal-dach)]-Y, [VO(sal-oaba)(H,0)]-Y, [Cu(sal-
oaba)(H,0)]-Y, [Ni(sal-oaba)(H,0);]-Y, [VO(tmbmz),]-Y, [Cu(tmbmz),]-Y have
been encapsulated in Na-Y for the oxidation of styrene, phenol, cyclohexene,
cyclohexane, ethylbenzene, methyl phenyl sulfide and diphenyl sulfide [45-48].

Recently Serrano et al. have synthesised the n-ZSM-5, Al-MCM-41 and
hybrid zeolitic-mesostructured materials, HZM(0) for the Friedel-Craft acylation of
anisole [49]. Supported complexes, [Co(N"O),]-Y, [Cu(N"O),]-Y, [Co(N"*O),]-
Al O3, [Cu(N"O),]-Al,05, [Co(N"0O),]-AMPS and [Cu(N"0O),]-~AMPS (where, N*O
= 1%-(N,0) coordinated 2-pyrazinecarboxylic acid; AMPS = aminopropyl silica)
complexes have also been synthesised and used for the oxidation of cyclohexene;

Scheme 1.6 [50].
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Scheme 1.6

Niasari et al. have encapsulated transition metals Mn(II), Co(Il), Ni(Il) and
Cu(Il) in zeolite cavity for the syntheses of [Mn(salophen)]-NaY, [Mn(H,salophen)]-
NaY, [Co(salophen)]-NaY, [Co(Hysalophen)]-NaY, [Ni(salophen)]-NaY,
[Ni(H4salophen)]-NaY, [Cu(salophen)]-NaY, [Cu(Hysalophen)]-NaY,
[Ni([12]aneN,)]**—NaY,  [Ni([14]aneN,)]**~NaY,  [Ni(Bzo,[12]aneN,)]*~NaY,
[Ni(Bzo,[14]aneN,)]*~NaY complexes and studied their catalytic potentials for the

cyclohexane and cyclohexene oxidation [51, 52].

1.4. FUNCTIONALISED POLYMERS AS SOLID SUPPORT FOR
HOMOGENEOUS CATALYSTS

The polymer-bound heterogeneous catalysts offer many advantageous features
such as environment friendly and easy recovery from the reaction mixtures, better
thermal stability and reduced possibility of contamination of catalyst with products.
These valuable properties have attracted many researchers to develop new polymer-
bound catalysts having high activity and selectivity [53-55]. In these catalysts, every

active site is isolated from other with high surface area therefore they are
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commercially beneficial for industrial processes. A historical background for the

syntheses of polystyrene support has been summarised in Table 1.1.

Table 1.1. Historical background for the syntheses of polymer support

Author(s) Polymei: Bead Results
L ) Support size ‘
R. Merrifield | Polystyrene- - | First time introduced the concept of
(1963) Divinylbenzene polymers in solid phase peptide
(PS-DVB) syntheses
' Kunin et al. Polystyrene- - E;(plained the experimental basis for the |
(1968) Divinylbenzene formation of macroreticular structure by
(PS-DVB) suspension polymerisation involving
phase transfer.
| Balakrishnan Polystyrene- - Used styrene, chloromethylstyrene and
et al. (1982) | Divinylbenzene divinylbenzene for syntheses of resin to
(PS-DVB) avoid the use of carcinogenic agent
chloromethyl methyl ether.
Kolarz et al. Acrylonitrile- 1-2 Styrehe unit was replaced by
(1986) Divinylbenzene | mm acrylonitrile and effect of porous
(AN-DVB) structure was studied.
| Gramain et Polystyrene- 2-20 Described two stages suspension ]
al. (1993) Divinylbenzene | mm polymerisation for the formation of PS-
(PS-DVB) DVB microspheres.
Hu Xizhang | Polystyrene- 0.3-1 Anion_exéhangers were preﬁm 1
etal. (1998) | Divinylbenzene | mm acetylation and then reductive amination
(PS-DVB) by Leuckart reaction.
'Hamid efal. | N- 2mm | Porous beads were synthesised in non
(1999) Vinylcarbazole solvating diluents by suspension techni-
| Divinylbenzene que and subsequently cation exchangers
(NVC-DVB) | were prepared by sulfonation reaction.

10
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'Fernanda er | Acrylonitrile- 0.25- | Beads V\_'ere'prgpafe& by suspension
al. (2001) Divinylbenzene | 4mm | technique and chemical modified by
(AN-DVB) hydroxylamine
Kumar et al. gPoly;tﬁae_-- | 16-25 | Beads were prepared by suspension
(2001) Divinylbenzene | mm technique and subsequently nitrated by
(PS-DVB NO and NOj (called NOy).
Maria et al. Methacrylamide- | Beads were sil_rltfesi-sed in the presence |
(2003) Styrene- of diluents to act as a precipitant.
Divinylbenzene
'Singh etal. | Phenol- “10.2- Cross-linked beads were prepared by
(2005) Formaldehyde 1.8m | suspension technique and various effects
m were studied on bead morphology.
Nahas ef al. Polyester-styrene | 0.5- Polymer beads were p?épared by gamma
(2006) 2mm | irradiation and chemical suspension
polymerisation technique.
Chenet et al. | Polymethyl 1.8- Beads of magn_etic PMMA ;ﬁfc;sglﬁagv
(2007) metha acrylate- 2.5 were synthesised by modified
Divinylbenzene | mm suspension polymerisation technique.
(PMMA-DVB)
Schubert et Polystyrene- 0.5- First time used ionic liquids as reaction
al. (2007) Divinylbenzene | 2.7 media or stabilising agent in the
(PS-DVB) mm syntheses of resin by suspension
technique.
| Gong et al. Polystyrene- 1 0.2-1 Developed new route to synthesise PS-
(2008) Divinylbenzene | mm DVB of uniform size by membrane
(PS-DVB) emulsification, suspension
polymerisation and post cross-linking of
remaining vinyl groups.

11
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The polymers are non-reactive in nature, but they can be made reactive by
imparting the functionality. Thus, polymers bearing the reactive functional groups are
called functionalised polymers. The syntheses of polypeptide chain over
chloromethylated polystyrene by Robert Bruce Merrifield in 1963 has inspired a
number of researchers [56, 57] to develop new polymer-supported catalyst. Various
polymers such as polystyrene, polyvinylchloride, polyvinylpyridine, polyaniline,
polyallyl, polyaminoacid, acrylic polymer, cellulose, silicate can be functionalised
easily. They are capable of undergoing a variety of chemical reactions. Merrifield
resin (chloromethylated polystyrene cross-linked with divinyl benzene) is the most
widely used functional resin. The functionality to the polystyrene resin beads can be
introduced by direct copolymerisation of a mixture of styrene, divinyl benzene and p-
(chloromethyl)styrene in the desired ratio [58], by chemical modification of the
preformed unfunctionalised polymer [59] and also by combining two previous
procedures [60]. The syntheses of chloromethylated polystyrene, having —CH,Cl

group, by co-polymerisation method is shown in Scheme 1.7.

= =

Cl
Scheme 1.7. Chloromethylated polystyrene cross-linked with divinylbenzene.

Functionalised polymers may be classified into two forms, (i) straight chain

polymers e.g. linear polymerisation of styrene monomer units with chloromethylated

12
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styrene and (i) cross-linked functionalised polymers e.g. chloromethylated
polystyrene where network of polymeric chains joined together at some points due to
cross-linking agents. Generally, straight chain polymers have lesser strength than
cross-linked polymers. The chloromethylated polystyrene cross-linked with 1-2 %
divinylbenzene finds wide applications in combinatorial syntheses and solid-state
catalysis. Higher cross-linked chloromethylated polystyrene has been used for other
purposes. Several other cross-linkers such as divinylsulfide, S,Cl,, CCIl;CHO,
biphenols, diamines [61], ethyleneglycol dimethacrylate (EGDMA) [62], N,N-
methylénebis(acrylamide) (MBA) [63], trimethylpropanetrimethyacrylate (TRIM),
1,4-bis (vinylphenoxy)butane [64] and bis(vinylphenoxy)polyethylene glycol (PEG)
[65, 66] have also been reported in the literature. In chloromethylated polystyrene,
one of the important cross-linker is divinylbenzene.

Depends on the extent of cross-linking, the cross-linked polymer may further
be classified as macro porous or micro porous polymers. The macro porous polymeric
resins have generally less than 5 % cross-linking while resins having cross-linking
more than 5 % are referred to as micro porous polymeric resins. The permanent pores
may be seen in the macro porous polymeric resins in dry state and due to their
interconnection, they have large surface area. However, the functional groups present
in them are not always easily accessible as they are located on the internal surface of
the micro pores. In macro porous polymeric resins, the functionalised groups are
accessible easily by swelling the resins in the suitable solvent. Fig. 1.2 presents the
scanning electron micrographs (SEM) of chloromethylated polystyrene (an example
of micro porous resin) where micro pores are not visible (a) and with fine visible
pores after swelling in DMF (b).

These functionalised polymers (cross-linked as well as straight chain) have
widely been used as support for homogeneous catalysts through covalent bonding.
Metal complexes as such may form covalent bond if suitable coordinating site is
present on the functional group or functionalised group of polymer may react with
" organic molecule having suitable coordinating site(s) followed by its coordination

with metal ion to give polymer-supported metal complex. The polymer-bound organic

13
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molecules having suitable coordinating sites are also called polymer-anchored ligands
and their complexes are called polymer-anchored complexes. Practical convenience
and operational flexibility due to their insolubility, polymer-anchored catalysts (metal
complexes) enjoy the advantageous features of heterogeneous catalyst while retain the
nature of homogeneous catalyst. Complete recoveries of the catalytic reaction
products are thus possible. Besides, regeneration and recycle ‘ability make them

commercially beneficial.

(a) (b)
Fig. 1.2. SEM of chloromethylated polystyrene having coordinating functional group

before swelling (a) and after swelling in DMF (b).

1.4.1. Preparation of polymer-anchored ligands and complexes

As mentioned above functionalised cross-linked polymer may further be
modified with organic molecules having suitable coordinating sites to give polymer-
anchored ligands. Chloromethylated polystyrene has widely been used for such
modifications. Different synthetic approaches described below are based on such
modifications.

One of the most straightforward methods is the reaction of -CH,CI group of
chloromethylated polystyrene with organic molecules bearing functional groups such
as carboxylic, sulfonic, hydroxyl and amine groups [67-71]. Scheme 1.8 represents

the synthetic approach (11-17).

14
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Scheme 1.8

Carboxylic acid and sulfonic acid generally reacts with —CH,Cl in mild basic
conditions. Triethyl amine in ethylacetate has been used to abstract HCI produced in
the reaction (18 ~ 23) [72, 73]. Phenolic hydroxyl group requires alkali carbonate
along with triethyl amine (24 — 32) [74]. Porphyrins such as 5,10,15-tris(4-R-phenyl)-
20-(4-hydroxyphenyl)porphyrins (26) bearing peripheral hydroxyl group have been
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covalently linked with chloromethylated polystyrene by carrying out reaction in DMF
at 80 °C in presence of K,CO; [75]. Some of the polymer-anchored ligands (18 - 32)
synthesised by this method are presented in Scheme 1.9 [76-78].

D~
e & Q. .0
O~c 0-c° : 0-C
M0 O LR
—N —N 20 N—
Q- 18 1
", " oy
0
sEibsleullvoins s8a
1
23
R

S

22

24 'R,
H2
R, =H, CHyCgHs, —*—< |1
R, = OH, COOH N

OH
N=
2o Tl
25

27
(& 3 Q-
o—\O 0] 0.0 0_0
S e ce N s &
P _ SH
30 v 31 32 .
Scheme 1.9. Structure of polymer-anchored ligands
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Carboxybenzimidazole can be attached to the polymer via its sodium salt;
Scheme 1.10 [79, 80].
i K
%
N
33
Scheme 1.10
The polymer-bound salicylaldehyde on reaction with 1,2-cyclohexyldiamine
gives mono condensed ligand leaving one amino group free. Further reaction of this
compound with di-fert-butylsalicylaldehyde gives polymer-anchored dibasic
tetradentate ligand 34; Scheme 1.11 [81]. Using similar approach, several such
ligands have been covalently bonded to porous styrene based resin, gel-type styrene

based resin and porous methylacrylate based resin [82, 83].

0 OH . OCCH i OCC)H
i T
\&O _-N: ;NH2 —N :

34
(1) (S, S)-1, 2-diaminocyclohexene, dioxane, 18-Crown-6, K,CO3, 85 °C, 3 days.

(11) Salicylaldehyde derivatives, 18-Crown-6, K,CO;, 85 °C, 3 days.
Scheme 1.11

Chloromethylated polystyrene also reacts with —NH group present in the ring
e.g. imidazole under the reaction conditions prescribed for carboxylic acid group to
give polymer-anchored ligand; Scheme 1.12 [84, 85].

Under the above reaction conditions 2-(2-pyridyl)benzimidazole reacts with
chloromethylated polystyrene to give the corresponding polymer-anchored ligand;
Scheme 1.13 [86]. Sherrington et al. have reported that 2-(2-pyridyl)imidazole can be

anchored onto polystyrene, through covalent attachment of imine nitrogen, by the
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reaction of ligand and chloromethylated polystyrene in refluxing toluene [87]

Ligands presented in Scheme 1.13 are based on such type of reactions [88-94]
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Amino group can also react with chloromethylated polystyrene in refluxing
toluene. For example, condensation of aminomethylpyridine with chloromethylated
polystyrene gives aminomethylpyridine containing polymer. Another group may
further replace the hydrogen of the imine moiety by suitable reagents. Scheme 1.14

presents some of such examples [79, 80].

| AN
H,C-\_ =
Q>©\ H, @ @N | D N/z N
HN—C Z N~ “ A
N HO N N
7 H,C 7
46 u 47 48
Scheme 1.14

The chloromethylated polystyrene can be modified to some other functionalised
resins like aldehydo and amino analogues. Aldehyde group has been obtained by the
reaction of chloromethylated polystyrene with NaHCO; in DMSO (Scheme 1.15)
while amino appended resin has been obtained by refluxing chloromethylated

polystyrene in HCl in the presence of hexamine; Scheme 1.15 [95-98].

DMSO
Q- )oma 20 o (T
. 2! NaHCO, CHO

49
Hexamine/HCl
CH2C1—> Q O NH,
50

Scheme 1.15

Variety of ligands can be attached to these groups via simple condensation.
Some examples are given in Scheme 1.16.
HO HO.

N S
CH, H H I
Q’—N:C@ CFN:Ci @ C=N—N—C—NH,
H

CH; 53
51 ' 52

Scheme 1.16
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Small organic molecules having suitable coordinating atoms can also be
attached with the polymer; Scheme 1.17. The coordinating atom(s) of polymer then
directly interact with metal center of complexes to give polymer-anchored complexes
[99]. Similarly polymer supported ligands, 55, 56, 57 and 58 (Scheme 1.17) are able
to coordinate to the metal centre of the complexes [80].

1} 3N

N
e § ) -CHCN_ WY
N~ reflux, 48 h N

54
o i oy
o 7w (o @y
55 56 57
0]
MNH/\(/j
0
58
Scheme 1.17

Polymer-anchored metal complexes may also be obtained by co-
polymerisation of metal complexes having suitable binding site such as vinyl group

on ligand with styrene and divinylbenzene (59); Scheme 1.18 [100].

=N_ N =N_ “N=
_MA_ styrene _Mn_
/ O I O \ = O | O
Cl DVB, AIBN Cl
Bu‘ B But But

ut

59
Scheme 1.18

The polymer-anchored ligands on reactions with suitable metal precursors give
polymer-anchored metal complexes. A brief literature survey considering only
selected metal compléxes prepared via above methods or other specified methods are

presented here.
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Syamal et al. have prepared -several series of polymer-anchored Cu(Il), Ni(Il),
Co(Il), Zn(I), Cd(ID), Zr(IV), MoO(VI) and UO,(VI) complexes with polymer-
anchored ligands, 18, 19, 20, 21, 22 and 23 presented in Scheme 1.9. Except
molybdenum complexes where [MoO,(acac),] was used as precursor, all complexes
were prepared by reacting corresponding metal acetates with appropriate ligands.
Complexes of Cu(ll), Zn(Il), Cd(11) and UO,(VI) are of the types PS-[ML-DMF] (PS
represents polymeric back bone, M = metal ions and LH, = dibasic tridentate ligands)
whereas molybdenum complexes have general formula PS-[MoO,L-DMF ] and
zirconium complexes have PS-[Zr(OH),L-2DMF]. (NH4),[MoOCI;] reacts with some
of these ligands to give oxomolybdenum(V) complexes of the type [MoOCI(L)-DMF]
under nitrogen atmosphere. The complexes of the type PS-[FeCl(L)-2DMF] have
been obtained from FeCl;. Bidentate ligands 51, 52 and 53 of Scheme 1.16 have also
been used to prepare polymer-anchored metal complexes [95-99]. Same group of
authors have also prepared several polymer-anchored ligands derived from 3-
formylsalicylic acid and nicotinic acid hydrazide, 2-amin0behzyla1coh01, 4-amino-5-
mercapto-3-methyl-1,2,4-triazole, 2-aminopyridine, 2-hydroxybenzylamine,
semicarbazide, 2-amino-3-hydroxypyridine, ethanolamine etc. Polymer-anchored
complexes of all these metal ions mentioned above have also been prepared and
characterised [101-107]. Syntheses of unsymmetrical Schiff bases N,N'-
ethylenemono(salicylideneimine) mono(3-carboxysalicylideneimine) and N,N'-
propylenemono(salicylideneimine) mono(3-carboxysalicylideneimine) and their
anchoring with chloromethylated polystyrene followed by metallation have also been
reported [72, 108].

Treatment of Amino acids e.g. glycine and L-valine with chloromethylated
polystyrene in THF-acetone-water at 60 °C resulted in the formation of polymer-
bound amino acids. Ruthenium complexes of these ligands have been prepared by
treating RuCl; with ligands in ethanol. Similarly, Cu(Il) and Pd(II) complexes of L-
valine have also been prepared. Chloromethylated polystyrene-divinylbenzene co-
polymer beads with variable cross-linking have been used to prepare these complexes.

In most cases two possible structures (60, 61 and 62) have been proposed. All
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structures have been grouped together in Scheme 1.19 [109-112].

O\ /—’& oj ro—l _|2+

N Cl NH CI NH
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0 0 0
g OAcy g Cl g
62 63
Scheme 1.19

Simple diamines such as ethylenediamine and o-phenylenediamine have also

been covalently bonded to polystyrene and their Pd(II) and Ni(II) complexes have

been prepared and characterised [113, 114]. The polymer-anchored ethylenediamine

has further been reacted with salicylaldehyde to give Schiff base type of ligand.

Ru(IlI) and Pd(II) complexes of the obtained Schiff base ligands have also been

prepared and characterised. Proposed structures of these complexes are presented in

Scheme 1.20.
0\‘ | HN
NE o C « ,NH
Ni Pd
N Cl ' “a
H, 65
64
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Ru Pd~OH
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2 Cl
66 67
Scheme 1.20
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N,N’-bis(o-hydroxyacetophenone)ethylenediamine were reacted with cross-
linked chloromethylated polystyrene beads to give polymer supported ligand. This
ligand on further reaction with ferric chloride, copper nitrate and zinc chloride gives

polymer supported metal complexes [92-94, 115] as presented in Scheme 1.21.

O\M/O O\M/O
®¥ AN ‘9 ‘Q_ /N 9
N N—N N N N N N
H cu, o HiC C>—/ CH,
3

H,C
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68
O\M/O -
Q’N _N/ \N_ N‘Q M=Fe, Cu, Zn, Co, Ni
Tome oo B |

3

Scheme 1.21

1.4.2. The catalytic activities of polymer-anchored complexes

As polymer-anchored metal complexes have the advantageous features of
homogeneous catalyst, various catalytic reaction such as oxidation of benzene,
phenol, ethylbenzene, oxidative halogenations of various organic substrates like
salicylaldehyde, oxidation of various organic sulfides, oxidative amination and
hydroamination have been carried out.

Hydroamination is the direct addition of amine to an unsaturated C-C bond.
The amine addition is regioselective in nature and gives Markovnikov and anti-
Markovnikov type of products [116]. During recent years hydroamination became a
widely explored reaction for the syntheses of nitrogen heterocyclic and complex
molecules [117-120]. Various Ti complexes [121, 122] and zeolite encapsulated
compounds [123] were found highly active catalyst for hydroamination reaction.

Organo-sulfur compounds are one of the ubiquitous impurities present in crude
oil and also present in diesel fuel which on combustion emit SO, and suspended -

particulate matter (SPM). These are harmful for the environment as they contribute to -
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air pollution, and acid rain. Thus, removal of these organo-sulfur compounds from
liquid fuel is the necessity for environment concern. Various methods are in use for
removing sulfur compounds from petroleum products such as hydrodesulfurization,
oxidative  desulfurization,  selective  adsorption,  biodesulfurization etc..
Hydrodesulfurization process is the catalytic treatment of various sulfur compounds
- with hydrogen to convert them into hydrogen 'suifide [124, 125] and sulfur
hydrocarbons at high temperature and pressure [126]. As hydrodesulfurization
requires harsh reaction conditions and large hydrogen consumption leads to decrease
of catalyst life, more emphasis has been made on oxidative desulfurization [127-134].
In this process, sulfur compounds have been oxidised to sulfones using an oxidant viz.
molecular oxygen [135], H,0, [136-139], nitric acid/NO, [140], ozone [141], tert-
butyl hydroperoxide (t-BuOOH) [142], and potassium superoxide [143]. Then
sulfones from fuel have been removed by extraction, adsorption, distillation or
decomposition. The unreacted sulfur compounds can be removed by an adsorbent at
low temperatures and at ambient pressure. Various types of adsorbents such as carbon
aerogels [144, 145], zeolites (Cu (I)-Y [146], Na-Y [147], etc.), activated carbon
[148], organic waste derived carbons [149] etc., have been used. For the selective
adsorption of thiophenic compounds, activated carbons PdCl,/AC [146] or metal-
loaded polystyrene based activated carbons [150] have also been used. Various solid
catalysts such as polymolybdates supported on alumina [151], V,04/Al0s,
V,05/TiO, [152], Co-Mo/AlLO; [153], Ti-MCM-41 [129] and MoO;/Al,0; [133]
have also been found useful for oxidative desulfurization.

The catalytic oxidation of cyclohexane and toluene by tert-butyl
hydroperoxide using ruthenium complexes as catalyst at 45 °C was studied by
Valodkar et al. [154]. These complexes are also active for the epoxidation of olefins
like cyclohexene, cis-cyclooctene, styrene and norbornylene. Catalytic oxidation of
benzyl alcohol, cyclohexanol and styrene has been tested using Cu(I) complexes.
f’d(H) complexes have been used for the hydrogenation of 1-octene, cyclohexene,

acetophenone and nitrobenzene.
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Polymer-anchored complex PS-[Cu(hebmz),] catalyses the oxidative coupling
of 2-aminophenol to 2-aminophenoxazine-3-one (APX) as shown by Scheme 1.22.
Kinetics of the above reaction indicated that the rate of oxidative coupling have first
order dependence with respect to substrate, catalyst and air (dissolved O,)

concentrations [88].

NH

2 N\ NH2
5 @[ + 3p0, PoACuthebmz),] @[ + 32H,0
DMF 0 o)

OH 2-aminophenoxazine-3-one

Scheme 1.22

Unsymmetrical polymer-supported Pd(II) complex 71 has been isolated by
reacting neat complex with chloromethylated polystyrene in presence of sodium
hydride in DMF / THF at ambient temperature; Scheme 1.23. This catalyst has been
used for the Suzuki cross-coupling reaction of a variety of aryl bromides with

phenylboronic acid to give different derivatives of biphenyls [155].

- &
g
N o N
N N DMF/THF, RT, 24 h N N

71

Scheme 1.23

Suzuki coupling is very useful method to prepare polystyrene bearing chiral
L,1'-bi-(2-naphthol) (BINOL) (72) by reaction between 6-bromo-1,1'-bi-(2-naphthol)
and cross-linked polystyrene resin bearing phenylboronic acid group; Scheme 1.24.
These polymer-supported BINOLs catalyse the selective oxidation of (prochiral)
thioethers to sulfoxides [156]. Polymer-anchored zirconium(IV) complexes (73) with
very similar BINOLs have been reported by Kobayashi ef al. and used for the Diels-
Elder reaction [157].
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Scheme 1.24

Jacobson’s group has synthesised polymer-anchored chiral Co(IlT) complex 74
with the ligand derived from frans-1,2-diaminocyclohexane and di-tert-
.butylsalicylaldehyde [158]. Isolation of polymer-supported Jacobson’s catalyst by co-
polymerisation method has also been attempted [159]. The monocondensation of
trans-1,2-diaminocyclohexane with salicylaldehyde bound polymer followed by
reaction with di-tert-butylsalicylaldehyde gave polymer-anchored ligand. Polymer-
anchored Mn(IlI) complex 75 was synthesised by the reaction of manganese acetate
with above ligand [81]. Similarly complexes, 76 supported on p-acetoxystyrene
functionalised polystyrene, porous styrene based, gel-type styrene based and porous
methylacrylate based resins have been synthesised and characterised [83, 160].
Angelino et al. have used 2,4,6-trihydroxybenzaldehyde bound polymer and adopted
the above approach to prepare Mn(IlI) complex 77 [161]. Reger and Janda have
reported  complex 78  supported on  different  polymers, namely
poly(ethyleneglycol)monoethylether, non-cross linked polystyrene (both are soluble
in nature), chloromethylated polystyrene and a resin synthesised by them (both
insoluble in nature) [162]. Polymer-anchored Mn(III) complex 79 has been
synthesised by functionalisation of pyrrolidine moiety, followed by anchoring with
polymer and reaction with suitable metal precursor as reported by Jacobson [163]. All

these complexes are grouped together in Scheme 1.25. These complexes have
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extensively been used for the asymmetric epoxidation of various simple and
substituted olefins such as styrene, trans-stilbene, 1-indene, dihydronaphthalene and

allylic alcohols.

@ = Poly(ethyleneglycol)monoethylether
= Non-cross linked polystyrene
= Chloromethylated polystyrene
= Resin synthesized by Zanda et al. (Janda J el resin)

Scheme 1.25

Using the procedure as mentioned in Scheme 1.18 i.e. condensation of metal
complex having 5-vinyl substitution at ligand with styrene and divinylbenzene
resulted in the formation of polymer-anchored complexes. Complexes 80, 81, 82 and
83 [164-166] have also been prepared by very similar procedure. Complexes 81 and
83 have ethyleneglycol dimethylacrylate derived polymer backbone. Ligands derived
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from 2,4-dihydroxybenzaldehyde and (R,R)-trans-1,2-diaminocyclohexane on co-
polymerisation with styrene and divinylbenzene gave the corresponding polymer-
anchored ligand. Metallation of the ligand with Mn(II)(CH;COO), / LiCl in air yield
complex 84 [167]. Mn(Ill) complex having alkyl carboxylic acid group at sixth
position of 2-hydroxy-1-naphthaldehyde derivative also interacts easily with
chloromethylated polystyrene to produce polymer-anchored Mn(IIl) complex 85
[168]. Complex 85 has been reported to be highly enantioselective catalyst. Structures
of these complexes are presented in Scheme 1.26. Complexes as mentioned above

have good catalytic activity for the asymmetric epoxidation of olefins.

80 R=R'="Ph, (CH,),

Scheme 1.26
Kureshi et al. have selected polymer bound pyridine that coordinates to the

metal centre of complex (86) through pyridine for enantioselective epoxidation of

styrene [169]. Using similar approach Zhang et al. have prepared a series of polymer-
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bound Mn(lll) complexes (87) with hydroxyl or sulfonic acid bound polystyrene.

Structures of these complexes are presented in Scheme 1.27 [170].
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Scheme 1.27

Tangestaninejad’s group have reported the molybdenum and tungsten
hexacarbonyls attached to polymer-pendent coordinating groups (88) for the
oxidation of styrene, cis-cyclooctene, a-methylstyrene, indene, trans- and cis-stilbene
in the presence of H,0, or tert-butylhydroperoxide [171, 172]. They have also
reported polymer-supported metalloporphyrins (e.g. 89 and 90) for the oxidation of
olefins and aromatic hydrocarbons. Complexes reported by these groups are presented

in Scheme 1.28 [173-178].
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88 89 (Tetraphenylporphyrin) 90 (Octabromotetraphenylporphyrin)
Scheme 1.28 |

29



Chapter 1: General introduction: History .....

Other types of porphyrins have also been supported on polymer through
covalent bonding and have been used for the oxidation of various alkenes and
hydrocarbons. Scheme 1.29 presents the substrates tested for the oxidations using

polymer-anchored metalloporphyrins [75, 179, 180].

SHNCANCANN i

Cyclohexane  gtyrene Ethylbenzene 1-Propylbenzene

Lo O o

Limonene Admantane Cyclooctane |2 3 4-Tetrahydronaphthalene

@MOH OAOH @gg H@

Cinnamyl alcohol Benzyl alcohol Benzoin

Scheme 1.29

Microwave assisted cyanation of aryl halides in presence of Zn(CN), has been
catalysed by palladium acetate and polymer-anchored triphenylphosphine [181].
Dichloro bis(diphenylphosphine)palladium(II) complex supported on polymer has
been used for the cross-coupling of chloroarenes and chloropyridines with arylboronic
acids [182].

Leadbeater et al. have reviewed polymer-supported metal complexes of
phosphorous containing ligands and their catalytic activities for hydroformylation and
hydrogenation reactions [183]. Hydrogenation of alkenes by 91, nitrobenzene by 92,
I-benzothiophene by 93, quinoline and benzylideneacetone by 94, enamide by 95 and
many more reactions have been reported. Structures of some of these catalysts are

presented in Scheme 1.30.
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Scheme 1.30

1.4.3. Catalytic activities of polymer-anchored vanadium complexes
VO(acac), on reaction with polymer supported 3-formyl salicylaldehyde-o-
hydroxybenzylamine, PS-[Hfsal-ohyba] gives PS-[VO(fsal-ohyba).DMF] (96) [184].
Similarly, PS-[VO(fsal-ea).DMF] (97), PS-[VO(fsal-pa).DMF] (98), PS-[VO(fsal-
amp).DMF] (99), PS-[VO(hpbmz),] (100) and PS-[VO(sal-cys).DMF] (101) were
synthesised by the reaction of VO(acac), with PS-[H,fsal-ea], PS-[H,fsal-pa], PS-
[H,fsal-amp], PS-[thme] PS-[H,sal-cys] respectively; Scheme 1.31 [77, 78, 91].
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Scheme 1.31
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Oxoperoxovanadium(V) complexes of 2-(2-pyridyl)benzimidazole (2-pybmz)
and 2-(3-pyridyl)benzimidazole (3-pybmz) have been covalently bonded to the
chloromethylated polystyrene cross-linked with 5 % divinylbenzene. The isolated
complexes have been represented by the formula PS-K[VO(O,),(2-pybmz)] (102) and
PS-K[VO(0O,),(3-pybmz)] [86]. Similarly, polymer-bound oxido-vanadium(IV)
complexes, PS-[VO(fsal-DL-ala)(H,0)] (103) and PS-[VO(fsal-L-ile)(H,0)] (104)
have been prepared using similar reaction conditions [76]. The polymer-bound
imidazole ligands were used to synthesise PS-K[VO,(sal-inh)(im)] (105), PS-
K[VOy(sal-bhz)(im)] (106) dioxido-vanadium complexes; Scheme 1.32 [185].

Q- ooj@@Qw

>
N > 0 O—
Y, é@/OH Oéﬁ’%io
O0—0O
102

Scheme 1.32

Vanadyl sulphate on reaction with 2-(a-hydroxymethyl)benzimidazole and 2-
(a-hydroxyethyl)benzimidazole covalently bonded to chloromethylated polystyrene
cross-linked with 5% divinylbenzene gives PS—{VO(hmbmz),] (107) and PS—
[VO(hebmz),] (108) (where, PS—-hmbmz and PS—hebmz are deprotonated ligand;
Scheme 1.33 [89, 186].

Oxidation of styrene catalysed by different vanadium compleXes such as PS-

[VO(fsal-ohyba) DMF] (96), PS-K[VO,(fsal-ohyba)], PS-[VO(fsal-ea)-DMF] (97),
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PS-[VO(fsal-pa)-DMF] (98), PS-[VO(fsal-amp)-DMF] (99), PS-[VO(hpbmz),] (100),
PS-K[VO(O,)(2-pybmz)] (102), PS-K[VO(O,)(3-pybmz)] and PS-[VO(hmbmz),]
(107) in presence of H,0, / tert-butyl hydroperoxide gave thrée major products
styrene oxide, benzaldehyde and benzoic acid; Scheme 1.34 [77, 86, 89, 91,184].
Some of these complexes PS-[VO(fsal-ea)- DMF] (97), PS-[VO(fsal-pa)-DMF] (98),
PS-[VO(fsal-amp)-DMF] (99), PS-K[VO,(sal-inh)(im)] (105) and PS-K[VO,(sal-
bhz)(im)] (106) used for benzene oxidation while PS-[VO(fsal-p-ala)-DMF] has been
used for the oxidation of cyclohexane, benzene, cumene, cyclohexene, frans-stilbene
and naphthalene [70, 77, 185]. PS-[VO(fsal-DL-ala)(H,0)] (103) and PS-[VO(fsal-L-
ile)(H,0)] (104) also catalyse the oxidation of cyclohexene and p-chlorotoluene [76].

! !
BEPEN L
N\ {O N\ {O
O/V\"g < \O
) D
N
107 ‘o 108 'Q
Scheme 1.33
=
Catalyst é é
> + other
H,0,/ TBHP
Styrene Styreneox1de Benzaldehyde Benzoic acid
(s0) (bza) (bzac)

Scheme 1.34. Oxidation products of styrene

The complexes PS-[VO(fsal-ohyba).DMF] (96), PS-[VO(hpbmz),] (100), PS-
[VO(hmbmz),] (107) catalyse the oxidation of ethylbenzene to acetophenone as the
major product [89, 91, 184]. Oxidative bromination of salicylaldehyde in presence of

H,0, / KBr using PS-[VO(fsal-ohyba).DMF] (96), PS-K[VO,(sal-inh)(im)] (105),
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PS-K[VO,(sal-bhz)(im)] (106) and PS-[VO(hmbmz),] (107) gave 5-
bromosalicylaldehyde selectively in quantitative yield; Scheme 1.35[89, 184, 185].

=0 H,0,/KBr/HCIO, g, -0

Scheme 1.35

Catalytic potential of PS—[VO(hebmz),] (108) has been tested for the
oxidation of benzoin using tert-butyl hydropéroxide as an oxidant in methanol;
Scheme 1.36. Various parameters such as different solvents and concentration of the
substrate as well as oxidant amount have been taken into consideration for the
maximum oxidation of benzoin. Under the optimised reaction conditions, a maximum

98.9 % conversion was achieved with 48.5 % selectivity for methylbenzoate [186].

O OCH3
TBHP
Catalyst
Benzom Berml Methylbenzoate Benzoic acid Dimethylacetal

Scheme 1.36

Polymer-anchored PS-[VO(fsal-ohyba).DMF] (96), PS-K[VO(O,)(2-pybmz)]
(103), PS-K[VO(O,)(3-pybmz)] and PS-[VO(sal-dien)] have been used for the
catalytic oxidation of phenol [84, 86, 184]. It has been demonstrated that solvent
plays an important role in altering the selectivity of reaction products. In acetonitrile,
the catalyst is more selective towards the catechol and hydroquinone formation.
However, in water selectivity goes towards catechol and p-benzoquinone formation.
At higher temperature (ca. 80 °C), the conversion speeds up while lower temperature

(ca. 70 °C) is good to keep p-benzoquinone in solution for longer time.
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Recently reported oxidovanadium complex, [VO(3,5-'Bu,-salophen)] (H,[3,5-
'‘Bu,-salophen] = Schiff base derived from 3,5-di-tert-butylsalicylaldehyde and o-
phenylenediamine) should exhibit a good catalytic activity but only characterisation
of the complex has been reported [187]. This complex should be immobilised onto
polymer support and various catalytic activities should be explored. Similarly
complexes, chloro[hydrotris(pyrazol-1 -yl)borato']oxo(l -H-pyrazole)vanadium(IV)
and chloro(N,N-dimethylformamtde)[hydrotris(pyrazol-1-yl)boratoJoxovanadium(lV)
can be covalently bonded with polymer through boron for the evaluation of their
catalytic activities 188, 189].

Vanadium complexes are known to catalyse the oxidation of organic sulfides
(thioethers) by H,O, to sulfoxides. The sulfur atom in methyl phenyl sulfide is
electron rich species and facilitates the electrophilic oxidation to give sulfoxide and
further to sulfones. The oxidation of methyl phenyl sulfide has been carried out using
PS-[VO(hpbmz),] (100), PS-K[VO,(sal-inh)(im)] (105), PS-K[VO,(sal-bhz)(im)]
(106) and PS-[VO(sal-paba),] [91, 185, 190]. Oxidation of methyl phenyl sulfide
gave a mixture of methyl phenyl sulfoxide and methyl phenyl sulfone in acetonitrile

at ambient temperature as shown in Scheme 1.37.

S\c 0, “CH > /CH
©/ Hj Catalyst © 3+ ©/ 3

Scheme 1.37

Metal-catalysed addition of nucleophilic amines to alkenes, called amination,
has been considered as one of the important routes to synthesise nitrogen based
organic molecules [191]. Efficient catalytic intramolecular hydroamination of alkenes
have been developed [191-197]. Normally, catalysts based on late transition metal
(e.g. of Pd, Pt, Ru, Rh €tc.) complexes or lanthanides have been used for amination

reaction. Since late transition metal complexes are less sensitive towards air, they
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favour hydroamination. However, literature cites several reports on the
hydroamination [191-197] as well as oxidative amination of alkenes [198-212]. As
complexes of early transition metals e.g. vanadium is sensitive toward amines and
alkenes [78], this may proved to be potential candidate for the hydroamination.
Polymer-anchored complex PS-[VO(sal-cys)'DMF] (101) have been used for the
oxidative amination of styrene with diethylaﬁline, imidazole and benzimidazole in
mild basic conditions to give the mixture of two aminated products in very good

yield; Scheme 1.38.

A Catalyst R\(\ H R\f NR',

+ HNR' > +
R 2 NR, H
Hydroamination Markovnikov anti-Markovnikov
Catalyst R/ '
R/\ + HNR'z O y > \/\NR2 + R/\
2
Oxidative amination anti-Markovnikov
or R\'/ + H,0
NR',
Markowvnikov
Scheme 1.38
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15 OBJECTIVE OF THE PRESENT INVESTIGATION

The literature reviewed clearly indicates that polymer-anchored catalysts are
good option to explore the industrial processes for the syntheses of new molecules
along with the oxidation as well as reduction of various organic substrates. However,
very limited literature deals with the catalytic potentials of immobilised vanadium
complexes. It was, therefore, reasonable to undertake systematic study on the
syntheses and characterisation of new polymer-supported vanadium complexes, and
to explore their catalytic potentialities under optimised reaction conditions.

Present study is aimed to describe the syntheses of oxidovanadium(IV) and
dioxidovanadium(V) complexes of the following ligands covalently bonded to the
chloromethylated polystyrene. In some chapters, polymer-anchored copper(ll) and
dioxidomolybdenum(VI) complexes have also been prepared to compare their

catalytic properties.

(1) Monobasic tridentate ONN donor ligand derived from salicylaldehyde and

histamine (Hsal-his):

PS- [Hsal-his],I
(i)  Monobasic bidentate NS donor 2-thiometyl benzimidazole (Htmbmz):
H
N
DaVa
N S
PS-S-tmbmz,I1

(iii)  Monobasic tridentate ONN donor ligand derived from 3-formyl salicylic acid
and N,N-dimethylethylenediamine (H,fsal-dmen):
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(N
O _o
C/

A x
PS-Hfsal-dmen, III

(iv)  Schiff base derived from 3-formyl salicylic acid and 2-(2-aminoethyl)pyridine
(H,fal-aepy):

PS-Hfsal-aepy, IV
All synthesised complexes have been characterised by chemical, spectral (IR,
electronic, EPR and NMR) and thermal studies, and scanning electron micrographs.
Respective non-polymer bound complexes have also been prepared and characterised.
Structures of some of the non-polymer bound complexes have been confirmed by
single crystal X-ray study. Catalytic potentials of these complexes have been explored
for the following oxidation reactions:
(a) Oxidation of methyl phenyl sulfide
(b) Oxidation of diphenyl sulfide
(c) Oxidation of benzoin
(d) Oxidation of styrene
(e) Oxidation of ethylbenzene
(B Oxidation of cyclohexene
(g) Oxidative desulfurization
(h) Hydroamination of styrene and vinyl pyridine
Reaction conditions for all these catalytic reactions have been optimised
considering various parameters to obtain best performance of the catalysts. Their
recycle abilities have also been tested. Catalytic activities of these complexes have

also been compared with the respective non-polymer bound complexes.
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2.1. INTRODUCTION

The coordination chemistry of vanadium has received increasing attention of
researchers, particularly after the discovery of vanadate dependent enzymes,
vanadium haloperoxidases [213-219] from various sea algae and terrestrial fungi
[220]. 'They are very active for the oxidative halogenation and oxidation of organic
substrates in the presence of H,O, [221, 222]. Various structural and functional
models have been developed to understand the role of enzyme and mechanism of the
reaction [223]. Generally these functional models are homogeneous in nature and
decompose during the cataiytic reaction and thus are not suitable for industrial
applications. Encapsulation of monomeric complexes in microporous materials such
as zeolites [224], and mesbporous materials e.g. MCM-41 [225-228], or their
immobilisation onto polymer supports through covalent attachment are means to
overcome this problem. Heterogenisations through encapsulation or immobilisation of
homogeneous catalysts have advantages over their homogeneous counterparts due to
the easy separation from the reaction mixture, leading to operational flexibility and
their facile regenarability. Recently we have used chloromethylated polystyrene
cross-linked with divinylbenzene, one of the most widely employed macromolecular
supports [229-232], for immobilisation of model vanadium complexes and have
tested their catalytic potential for a variety of oxidation reactions [76—78].

Herein we report the preparation and characterisation of chloromethylated
polystyrene bound oxidovanadium(IV) and dioxidovanadium(V) complexes of
Hsal-his (2.I), Scheme 2.1. The corresponding non-polymer-bound complexes of 2.1,
which are considered as structural models of haloperoxidases, have also been
prepared. Spectral evidence is presented for peroxide binding, in the presence of H,0,,
to the vanadium centre. Catalytic potential of these complexes has been demonstrated

by studying the oxidation of methyl phenyl sulfide, diphenyl sulfide and benzoin.
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I

M\E \>
NH

Hsal-his (2.1)

Scheme 2.1.

2.2. EXPERIMENTAL
2.2.1. Materials and methods

Chloromethylated polystyrene [18.9 % Cl (5.3 mmol Cl per gram of resin)]
cross-linked with 5 % divinylbenzene was obtained as a gift from Thermax Limited,
Pune, India. Analytical reagent grade V,0s, (Loba Chemie, India), 30 % H,O,,
salicylaldehyde (Ranbaxy, India), histamine hydrochloride, methyl phenyl sulfide,
diphenyl sulfide (Himedia, India, or Acros, UK), benzoin (SRL, India) and other
chemicals were used as purchased. [VO(acac),] [233] and Hsal-his [234] were
prepared according to the methods reported in the literature.

Elemental analyses of the ligands and complexes were obtained by an
Elementar model Vario-EL-III. IR spectra were recorded as KBr pellets on a Nicolet
NEXUS Aligent 1100 FT-IR spectrometer. Electronic spectra of the polymer-bound
complexes were recorded in Nujol on a Shimadzu 1601 UV-Vis sp‘ectrophotometer
by layering a mull of the sample on the inside of one of the cuvettes while keeping the
other one layered with Nujol as reference. Spectra of non-polymer bound ligand and
complexes were recorded in methanol. The EPR spectra were recorded with a Bruker
ESP 300E X-band spectrometer. For the polymer-anchored complex samples the
spectra were measured at room temperature and also at 77K after swelling in DMF;
for the neat complexes the samples either in MeOH or DMF were frozen in liquid
nitrogen, and the EPR spectra were measured at 77 K. The spin Hamiltonian
parameters were obtained by simulation of the spectra with the computer program of
Rockenbauer and Korecz [235]. The °'V NMR spectra were recorded on a Bruker
Avance [I+ 400 Mhz (Ultrashield Magnet) instrument. Thermo gravimetric analyses

of the complexes were carried out using Perkin Elmer (Pyris Diamond) under oxygen
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atmosphere. The energy dispersive X-ray analyses (EDX) of anchored ligand and
complexes were recorded on a FEI Quanta 200 FEG. The samples were coated with a
thin film of gold to prevent surface charging, to protect the surface material from
thermal damage by the electron beam and to make the sample conductive. The
identity of the products was confirmed using a GC-MS Perkin-Elmer Clarus 500, and
comparing the fragments of each product with the library available. A Thermax
Nicolet gas chromatograph with a HP—1 capillary column (30 m % 0.25 um % 0.25 pm)
was used to analyse the reaction products, and their quantifications were made on the

basis of the relative peak area of the respective product.

2.2.2. Syntheses of ligand and complexes
2.2.2.1. Polymer-anchored ligand, PS—Hsal-his (2.1I)

Chloromethylated polystyrene (3.0 g) was allowed to swell in DMF (40 ml)
for 2 h. A solution of Hsal-his (4.60 g, 25 mmol) in DMF (30 ml) was added to the
above suspension followed by triethylamine (4.50 g) in ethylacetate (40 ml). The
reaction mixture was heated at 90 °C for 15 h with slow mechanical stirring. After
cooling to room temperature, the yellow resins were separated by filtration, washed
thoroughly with hot DMF followed by hot methanol and dried in an air oven at 120
°C. Found: C, 74.40; H, 11.61; N, 9.41 %.

2.2.2.2. PS—[VVO(sal-his)(acac)] (2.1)

Polymer-anchored ligand PS—Hsal-his (2.00 g) was allowed to swell in DMF ’
(25 ml) for 2 h. A solution of [VO(acac),] (5.30 g, 20 mmol) in 20 ml DMF was
added to the above suspension and the reaction mixture was heated at 90 °C for 14 h
with slow mechanical stirring. After cooling to room temperature, the dark black
polymer-anchored complex was separated by filtration, washed with hot DMF
followed by hot methanol and dried at 120 °C in an air oven. Found: C, 68.56; H,
10.24; N, 7.45; V, 8.89 %.

2.2.2.3. PS—[VYO,(sal-his)] (2.2)
Method A. A solution of KVO; was generated in situ by dissolving V,05 (5.46 g,

41



Chapter 2: Polystyrene bound oxidovanadium(V)......

30 mmol) in aqueous KOH (3.36 g, 60 mmol in 50 ml H,0). PS-Hsal-his (2 g) was
suspended in the above solution and stirred mechanically for ca. 48 h where colour of
beads changed to orange. They were separated by filtration, washed with water
followed by methanol and dried in desiccator. Found: C, 67.13; H, 9.12; N, 6.96; V,
8.41 %.

Method B. Complex, PS—[V"O(sal-his)(acac)] (2.1) (1.5 g) was suspended in
‘methanol (40 ml) and air was bubbled through the suspension for ca. 4 days. During
this period the colour of the beads slowly changed to orange. They were separated by

filtration, washed with water followed by methanol and dried in a desiccator. Found:

C,67.10; H, 9.14; N, 6.94; V, 8.43 %.

2.2.2.4. [VVO(sal-his)(acac)] (2.3)

Complex 2.3 was prepared according to the reported procedure [234]. Yield 65
%. Found: C, 53.21; H, 5.54; N, 10.85; V, 12.83 %. Calcd. for C;3H,3N;05V: C,
53.27; H, 5.78; N, 10.96; V, 13.29 %.

2.2.2.5. [VYO,(sal-his)] (2.4)

Complex 2.3 (0.383 g, | mmol) was dissolved in 50 ml of methanol and after
addition of aqueous 30 % H,0, (0.2 ml) air was gently passed through the solution for
4 days. During this period the V" in 2.3 completely oxidised and the solution became
yellow. The yellow solid of 2.4 was obtained after reducing the solvent volume to ca.
5 ml, which was filtered and dried in vacuo. Yield 63 %. Found: C, 48.24; H, 3.96; N,
13.93; V, 16.42 %. Calcd. for C;pH,N305V: C, 48.50; H, 4.07; N, 14.14; V, 17.14 %.
'"H NMR(DMSO-dg, 8/ppm): 12.82 (s, 1H, -NH), 8.70 (s, 1H, -CH=N-), 8.07(s, 1H),
7.47(s, 1H), 7.37(s, 1H), 7.12(s, 1H), 6.74 (s, 1H), 6.72(d, 1H) (aromatic), 3.91(b, 4H,
-CH,).’'V NMR (MeOD-d,, 8/ppm): —547.

2.2.3. Catalytic activity studies
Oxidation of methyl phenyl sulfide, diphenyl sulfide and benzoin was carried

out in 50 ml reaction flasks.
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2.2.3.1. Oxidation of methyl phenyl sulfide and dipheny! sulfide
Polymer-anchored catalyst, after swelling in methanol for 2 h, was used for the
oxidation of methyl phenyl sulfide and diph.enyl sulfide. Methyl phenyl sulfide (1.24
g, 10 mmol) or diphenyl sulfide (1.86 g, 10 mmol), 30 % aqueous H,O, (1.71 g, 15
mmol), and catalyst (0.045 g) in 10 ml acetonitrile were stirred at room temperature
and the reaction was monitored by withdrawing samples at different time intervals
and analysing them quantitatively by gas chromatography. The identities of the
products were confirmed by GC-MS. Various parameters such as amount of oxidant

and catalyst were considered in order to study their effect on the reaction products.

2.2.3.2. Oxidation of benzoin

In a typical oxidation reaction, benzoin (1.06 g, 5 mmol), aqueous 30 % H,0,
(1.71 g, 15 mmol) and catalyst (0.030 g) were mixed in 25 ml methanol. The reaction
mixture was heated under reflux with stirring for 6 h. The progress of the reaction was
monitored as mentioned above. The effect of various parameters such as temperature,
amount of oxidant and catalyst were checked to optimise the conditions for the best

performance of catalyst.

2.3. RESULTS AND DISCUSSION

2.3.1. Syntheses, reactivity and solid state characteristics

Reaction of Hsal-his with chloromethylated polystyrene, cross-linked with 5
% divinylbenzene in DMF in the presence of triethylamine gave the
polymer-anchored ligand, PS—Hsal-his. The reaction was carried out at 90 °C. At this
temperature the ligand did not decompose. Miller and Sherrington have used
refluxing toluene to carry out the anchoring of 2-(2-pyridyl)imidazole through
covalent attachment of imine nitrogen to chloromethylated polystyrene [87]. During
this process the -NH group of histamine reacts with the —CH,Cl group as shown in
Scheme 2.2. The remaining chlorine content of 1.5 % (0.42 mmol CI per gram of

resin) in the PS-bound ligand suggests ~92 % loading of the ligand.
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Scheme 2.2. Reaction of Hsal-his with chloromethylated polystyrene.

The anchored ligand on reaction with [V'VO(acac),] in DMF resulted in the
formation of the oxidovanadium(IV) complex PS—[V™O(sal-his)(acac)] (2.1). The
chloromethylated group does not coordinate with vanadium precursor. Aerial
oxidation of 2.1 in methanol is very slow but gave the dioxidovanadium(V) complex

PS—[VVO,(sal-his)] (2.2). Eqns. | and 2 summarise the synthetic procedures.

PS-Hsal-his + [VVO(acac),] — PS-[V"VO(sal-his)(acac)] + Hacac (D
2 PS—-[V"O(sal-his)(acac)] + %0, + H,O — 2 PS—[V'Oy(sal-his)] + 2Hacac  (2)

Table 2.1 provides data of metal and ligand loading in polymer-anchored
complexes assuming the formation of PS—Hsal-his. The data show that metal to ligand

ratio in polymer-bound complexes is close to 1 : 1.

Table 2.1. Ligand and metal loadings in polymer-bound complexes, and
ligand-to-metal ratio data.

Compound Ligand loading Metal ion Ligand :
(mmol g™' of loading® Metal ratio
resin) (mmol g”' of
resin)
PS—[Hsal-his] (2.I) 2.24
PS-[V™O(sal-his)(acac)]( 2.1) 1.66 1.74 1:0.95
PS-[VVO,(sal-his)] (2.2) 1.77 1.65 1:1.07

* Metal ion loading = Observed metal % x 10
Atomic mass of metal
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The structure of non-polymer bound oxidovanadium(IV) complex 2.3 (refer to
Scheme 2.5) has already been established by an X-ray single crystal study by Pecoraro
and coworkers [234]. Aerial oxidation of 2.3 in the presence of a few drops of.aqueous
30% H,0, results in the formation of dioxidovanadium(V) complex 2.4, which is now
characterised by elemental and spectroscopic (IR, UV-vis, 'H and 'V NMR) studies.
The corresponding polymer-bound complex 2.2 is proposed to have a similar binding

mode.

2.3.2. Field emission-scanning electron microscope (FE-SEM) and energy

dispersive X-ray aalyses (EDX) studies

Field emission scanning electron micrographs (FE-SEM) and energy
dispersive X-ray aalyses (EDX) profiles for a single bead of polymer-bound ligand
and the vanadium complexes were recorded to observe the morphological changes.
Some of these images along with the energy dispersive X-ray aalyses (EDX) profile
are reproduced in Fig. 2.1. As expected, the pure polystyrene bead has a smooth and
flat surface while the polymer-bound ligand and complexes show a very slight
roughening of the top layer. This roughening is more noticeable in complexes 2.1 and
2.2 possibly due to the interaction of vanadium with the polymer-bound ligand which
results in the formation of complex with a fixed geometry. Accurate information on
the morphological changes in terms of exact orientation of ligands coordinated to the
metal ion has not been possible due to poor loading of the metal complex. However,
pure polymer beads show mainly two components carbon (80.7 %) and chlorine (18.3
%) on the surface, as evaluated semi-quantitatively by energy dispersive X-ray
aalyses. A considerable amount of N (ca. 8.1 %) and small amount of CI (ca. 2.1 %),
was determined on the surface of the beads containing bound ligand. The polystyrene
beads of immobilised metal complexes PS—[V™O(sal-his)(acac)] and
PS—[VYO,(sal-his)] also contain significant amount of metal along with nitrogen,

suggesting the formation of metal complex with the anchored ligand at various sites.
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Fig. 2.1. FE-SEM (left) and Energy dispersive X-ray aalyses (EDX) profile (right)
of (a) PS—Hsal-his (2.IT) and (b) PS-[V"'O,(sal-his)] (2.2).

2.3.3. TGA study

Thermo gravimetric aalyses under an oxygen atmosphere shows the good
stability of polymer-anchored complexes 2.1 and 2.2 up to ca. 200 °C and thereafter
they decompose exothermically in several steps. Quantitative measurement of weight
loss at various stages was not possible due to their overlapping nature. However, the
residues due to the metal oxides obtained as the end product at ca. 850 °C (in 2.1) and

~at ca. 500 °C (in 2.2) indicate that the metal complexes are covalently bound to the
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polymer. The decomposition of 2.1 is completed in four steps. Two overlapping steps
occur in the temperature range 200 — 395 °C. At this stage the decomposed product is
quite stable. The next weight loss starts at 725 °C and continues till the formation of
end product. The observed residue of 29.8 % is close to the calculated value of 29.2
% for V,05 at 850 °C. The first weight loss step in non-polymer bound complex 2.3
starts at ca. 200 °C and is completed at 290 °C with a weight loss of 42 %. The
second weight loss step amounting to 7.6 % starts at ca. 290 °C and is completed at
375 °C. The final step starts at 375 °C and is completed at ca. 450 °C with a total
weight loss of 68.7 %. The final residue of 31.3 % (Cal. 30.6 %) suggests the

formation of V,0s as the end product.

2.3.4. IR spectral study
A partial list of IR spectral data of the polymer-anchored ligand and

complexes along with non-polymer bound ones are listed in Table 2.2. The Hsal-his
(2.I) ligand exhibits a sharp band at 1632 cm”' due to v(C=N) (azomethine), and this
band shifts to lower wavenumbers by 32 cm ' (in 2.3) and 21 em™' in 2.4 suggesting
the coordination of azomethine nitrogen to the metal ion. The polymer-anchored
ligand PS—Hsal-his (2.II) exhibits a sharp band at 1639 cm ' due to the v(C=N)
stretch, and in the polymer-anchored complexes this band shows up at 1612-1617
cm ', This observation suggests the coordination of the azomethine nitrogen atom to
the metal ion. The additional band observed at ca. 1630 cm™' in all complexes is
possibly due to coordination of the imidazole nitrogen atom.

The polymer-bound complex 2.1 exhibits a sharp band at 986 cm”' due to
v(V=0) while 2.2 exhibits two such bands at 960 and 931 cm™' corresponding to
Vasym(O=V=0) and v,;;n(O=V=0) modes, respectively [234]. As shown in Table 2.2,
the corresponding non-polymer bound vanadium complexes display these bands at
945 c¢cm™' (in 2.3), and at 927 and 895 cm™' (in 2.4) similarly to other examples

reported in the literature [236].
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Table 2.2. IR spectral data of ligands and complexes

Compound (C=N) (V=0)
Hsal-his (2.I) 1632 -
[VO(acac)(sal-his)] (2.3) 1600 945
[VO,(sal-his)] (2.4) 1611 927, 895
PS-Hsal-his (2.II) 1639 o -
PS—[VO(acac)(sal-his)] (2.1) 1612 986
PS—[VO,(sal-his)] (2.2) 1617 960, 931

2.3.5. Electronic spectral study

The electronic spectral studies of Hsal-his and [V'VO(sal-his)(acac)] have
been described earlier in detail [234]. The electronic spectra of anchored and neat
complexes are reproduced in Figs. 2.2 and 2.3, respectively. The electronic spectral
patterns exhibited by the polymer-bound ligand and metal complexes are similar
(Table 2.3) to those obtained for the corresponding non-polymer bound analogues,
except for the low intensity of bands. The lower energy (less intense) bands appearing
at 532 and 776 nm due to d — d transitions in [V'VO(sal-his)(acac)] could not be
located in the polymer-bound complex due to its poor loading in the polymer matrix. A
band appearing at 394 nm in [VYO,(sal-his)] is assigned to a ligand-to-metal charge
transfer (Imct) transition. Only a weak shoulder band could be observed in the

polymer-bound dioxidovandium(V) complex in this region.

Table 2.3.  Electronic spectral data of ligands and complexes

Compounds Solvent Amax / NM

Hsal-his (2.0I) Methanol | 214,254, 314, 402

[V O(acac)(sal-his)] (2.3) Methanol | 215,257,277, 319, 384, 532, 776
[VVOy(sal-his)] (2.4) Methanol | 213,253, 279, 322, 394
PS-Hsal-his (2.II) Nujol 211,229, 286, 330, 414
PS-[VVO(acac)(sal-his)] (2.1) Nujol 209, 280, 329, 416
PS-[VYO,(sal-his)] (22) | Nujol 206, 276, 340, 390
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Fig. 2.2. Electronic spectra of neat metal complexes 2.3 and 2.4 in MeOH solution
(ca. 107" M). The inset shows the spectrum of 2.3 in the visible range, recorded with a

higher concentration of complex (ca. 107> M).
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Fig. 2.3. Electronic spectra of polymer-anchored ligand and metal complexes

dispersed in nujol mulls.

2.3.6. EPR Spectroscopy study
The 1 derivative EPR spectra have been recorded for “frozen” MeOH and
DMF solutions of complex 2.3 and for 2.1 in the solid state at room temperature. The

EPR spectra of 2.1 and 2.3 are shown in Fig. 2.4. The spectrum of 2.1 is characteristic
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of magnetically diluted V'YO-complex and the well resolved EPR hyperfine features
indicate that the vanadium(I'V) centers are well dispersed in the polymer matrix.
Comparison with the spectra of 2.3 in MeOH and DMF indicates that the coordination
environment of 2.1 and 2.3 are the same and as reported by Cornman et al [234]. The
value of 4| can be estimated using the additivity relationship proposed by Wuethrich
[237] and Chasteen [238], with estimated accuracy of +£3x10™ em™, and we. do not
expect any significant influence from the axial ligand [239]. The spectra were
simulated and the spin Hamiltonian parameters obtained [235] are included in Table
2.4. By using the following partial contributions (Oscac, 37.6, Ophenotate, 38-9, Nimines
41.6, Nimia, 453107 em™)equatoriat, (Oacac)axial [240], an estimated A| of 163.1 x10™* cm™
is obtained. We can therefore conclude that the spectra are consistent with such a
binding mode. The contribution of imidazole (Ni,q) may depend on its orientation in
respect to the V=0 bond, ranges from 40 (parallel, best orbital overlap) to 45x10™*
(perpendicular) [240]. For the N4 of ligand sal-his, taking into account the known
molecular structure in the solid state [234]. We expect the imidazole ring to be
positioned perpendicular to the V=0 group, that a so a contribution close to 45x107*

is predicted.
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Fig. 2.4. 1** derivative EPR spectra of PS—[VIVO(sal—his)(acac)]: (a) solid at room
temperature, (b) in contact with DMF at 77K; ‘and [VO"(sal-his)(acac)]: (c) in
MeOH at 77K, (d) in DMF at 77K. '
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Table 2.4. Spin Hamiltonian parameters obtained from the experimental EPR spectra

recorded the corresponding complexes dissolved in DMF

Complex Solvent | g A gL Av
B (x10%cm™) 1 (x10* em™)

PS-[VVO(sal-his)(acac)] | Solid 1.949 | 163.8 1.980 | 58.6

DMF 1.952 | 164.8 1.980 |57.5

[VVO(sal-his)(acac)] MeOH | 1.953 |161.5 1.981 |56.0

DMF 1.954 | 161.5 1.980 |55.7

2.3.7. Catalytic activity studies
The catalytic potential of the polymer-bound complexes 2.1 and 2.2 as well as
their non-polymer bound analogues were explored for the oxidation of methyl phenyl

sulfide, diphenyl sulfide and benzoin.

2.3.7.1. Oxidation of methyl phenyl sulfide and diphenyl sulfide

The oxidation of sulfides is catalysed by a variety of vanadyl [241-246],
manganese [247, 248] and titanium complexes [249, 250]. Methyl phenyl sulfide and
dipheny! sulfide have electron rich sulfur atoms which on electrophilic oxidation give

sulfoxide, and upon further oxidation sulfone (see Scheme 2.3).

O

I OIS
S\ H202 S\ S</
Catalyst

R = CH;: Methyl phenyl sulfide
R = C¢Hs: Diphenyl sulfide

Scheme 2.3. Oxidation of Organic sulfides

Complexes PS—[V'VO(sal-his)(acac)] (2.1) and PS—[VYO,(sal-his)] (2.2) have
been used as catalysts for the oxidation of these sulfides by using aqueous 30 % H,0,.

Reaction conditions have been optimised for the maximum oxidation of methyl
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phenyl sulfide and diphenyl sulfide considering 2.2 as a representative catalyst while
varying the amount of oxidant and catalyst.

The effect of the H,0, concentration on the oxidation of methyl phenyl sulfide
is illustrated in Fig. 2.5. Using three different concentrations of aqueous 30 % H,0,,
viz. 10 mmol (1.14 g), 15 mmol (1.71 g) and 20 mmol (2.27 g) for fixed amounts of
methyl phenyl sulfide (1.24 g, 10 mmol) and PS—[V"O,(sal-his)] (0.025 g) in CH,CN
(15 ml). The obtained conversions of methyl phenyl sulfide were 63.8, 93.8 and 96.3
%, respectively in 2 h of reaction time at room temperature. No appreciable
improvement in the conversion is noted on increasing the oxidant to substrate molar
ratios. Thus, the oxidant to substrate ratio of 1.5 : 1 may be considered as the most

suitable at the expense of oxidant for the maximum oxidation of methyl phenyl

sulfide.
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Fig. 2.5. Effect of amount of H,O, on the oxidation of methyl phenyl sulfide.
Reaction conditions: methyl phenyl sulfide (1.24 g, 10 mmol), PS-[VO,(sal-his)]
(0.025 g) in CH;CN (15 ml).

For three different amounts viz. 0.015, 0.025 and 0.035 g of catalyst and
methyl phenyl sulfide to H,O, molar ratio of 1 : 1.5 under above reaction conditions,
0.015 g of catalyst gave only 75.0 % conversion. Increasing this amount to 0.025 g

gave a conversion of 93.8 % while 0.035 g of catalyst has shown only slight
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improvement in the conversion (Fig. 2.6). Thus, 0.025 g of catalyst was considered

adequate to run the reaction under above conditions.
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Fig. 2.6. Effect of amount of catalyst PS-[VO,(sal-his)] on the oxidation of methyl
phenyl sulfide. Reaction conditions: methyl phenyl sulfide (1.24 g, 10 mmol), H,O,
(1.71 g, 15 mmol) in CH;CN (15 ml).

Thus, the optimised reaction conditions obtained for the maximum oxidation of

10 mmol of methyl phenyl sulfide are: catalyst (0.025 g), H,O, (1.71 g, 15 mmol) and
CH;CN (15 ml). At least 2 h are required to complete the reaction. Similarly for 10
mmol of diphenyl sulfide, 0.045 g of catalyst and H,O, : diphenyl sulfide molar ratio of
3 : 1 in 15 ml of acetonitrile was found to be the best to give a maximum of 83.4 %
conversion of diphenyl sulfide in 3 h of reaction time at room temperature. Catalyst,
PS—[V"VO(sal-his)(acac)] (2.1), under the above reaction conditions gave lower
conversion (Table 2.5) for methyl phenyl sulfide as well as for diphenyl sulfide.
Selectivity details for the products obtained for the oxidation of methyl phenyl sulfide
and diphenyl sulfide are presented in Table 2.5. It is clear from the table that catalyst
PS—[VVO,(sal-his)] has good catalytic potential for both substrates with high turn
.over frequency. But the selectivity for the formation of methyl phenyl sulfoxide is

-better (71.8 %) than for diphenyl sulfoxide (63.7 %). -
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Table 2.5. Conversion of sulfides, TOF and product selectivity data

Substrate® | Catalyst Conv. | TOF® [ % Selectivity
(%) (h™" Sulfoxide | Sulfone

Mps PS—[VVYO,(sal-his) 93.8 | 113.8 |63.7 36.3
[VYO,(sal-his)] 848 1964 |61.0 39.0
PS-[V"VO(sal-his)(acac)] |79.5 912 |64.8 35.2
[VVO(sal-his)(acac)] 72.1 833 |62.9 37.1

Dps PS-[VV0,(sal-his)] 83.4 [375 |71.8 28.2
[VYO,(sal-his)] 70.7 302 678 32.2
PS-[VVO(sal-his)(acac)] | 67.4 |28.7 |73.1 26.9
[VVO(sal-his)(acac)] 603 | 19.8 | 689 31.1

*Mps = methyl phenyl sulfide; Dps = diphenyl sulfide.

*TOF values in moles of product per mole of catalyst.

The catalytic activity of non-polymer bound complexes [V"Oy(sal-his)] and
[VVO(sal-his)(acac)] using the same mole concentration as used for the
polymer-anchored complexes under reaction conditions established above has also
been tested for comparison. Comparative profiles for the conversion of methyl phenyl
sulfide and dipheny! sulfide using neat as well as polymer-bound complexes are also
presented in Table 2.5 and Fig. 2.7. As shown in figure, conversions of both sulfides
using neat complex are also very good, but always lower than their polymer-bound
analogues. The selectivity of the formation of the corresponding sulfoxide is also
lower with neat complex (Table 2.5). Blank reactions taking methyl phenyl sulfide
(1.24 g, 10 mmol), aqueous 30 % H,0, (1.71 g, 15 mmol) and acetonitrile (15 ml)
resulted in 15.2 % conversion with selectivity sulfoxide : sulfone of 68 : 32. Blank
reactions for diphenyl sulfide under above reaction conditions gave only 5.5 %

conversion with selectivity sulfoxide : sulfone of 57 : 43.
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Fig. 2.7. Catalytic comparison of catalysts for the oxidation of methyl phenyl sulfide
(mps) and diphenyl sulfide (dps).

2.3.7.2. Oxidation of Benzoin

The selective oxidation of a-hydroxyketones to a-diketones is one of the
important reactions in fine chemical syntheses [251-255]. The oxidation of benzoin
has attracted attention of researchers because one of its oxidised products, benzil, is a
very useful intermediate for the syntheses of heterocyclic compounds and benzylic
acid rearrangement [256]. Here, the oxidation of benzoin was successfully achieved
with the catalyst PS~[VYO,(sal-his)] (2.2) using 30 % aqueous H,O, as oxidant.
Before starting the catalytic run, the catalyst was allowed to swell in methanol for 2 h,
so that the substrate and oxidant can easily approach to the active sites of the catalyst
in polymer cavity. The products mainly obtained were benzil, methylbenzoate,

benzoic acid and benzaldehyde-dimethylacetal (Scheme 2.4).

CH, CH3
OCH; 0
H
L Hzoz
OO 22 OO0 - O+ 00
Benzoin (@ (b) (c) (d)

Scheme 2.4. Oxidised products of benzoin; (a) benzyl, (b) methyl benzoate, (c)
benzoic acid and (d) benzaldehyde-dimethylacetal.
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To optimise the reaction conditions for the maximum oxidation of benzoin, the
effect of oxidant was studied by considering oxidant to substrate ratios of 2 : 1,3 : 1
and 4 : Ifor the fixed amount of catalyst (0.030 g) and substrate (1.06 g, 5 mmol) in
25 ml of refluxing methanol. Fig. 2.8 presents the conversion obtained as a function
of time in each case. As shown in Fig. the conversion increases from 70.4 % to 91.2
% on increasing the oxidant to substrate ratios from 2 : 1 to 3 : lin 6 h of reaction
time. Further increment of H,O, marginally affects on the net oxidation of benzoin.
At the substrate to oxidant ratio of 1:3, where maximum conversion of benzoin was
achieved, the selectivity of the formation of cleavage product methyl benzoate
decreased from 38.2 % to 35.6 % and that of benzaldehyde-dimethylacetal reduced
from 24 % to 18 %. Excess oxidant has also increased the selectivity of benzoic acid
from 7.6 % to 17.9 %, while the formation of benzil decreased from 28.6 % to 26.3
%.
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Fig. 2.8. Effect of H,O, on the oxidation of benzoin. Reaction conditions: benzoin

(1.06 g, 5 mmol), catalyst (0.03 g) in methanol (25 ml).

Fig. 2.9 illustrates the effect of the amount of catalyst on the rate of oxidation
as a function of time. Similarly, among four different amounts of catalysts e.g. 0.015,
0.030, 0.050 and 0.070 g for the fixed amount of benzoin (1.06 g, 5 mmol) and 30 %
H,0, (1.7 g, 15 mmol) in 25 ml of methanol at the reflux temperature, the oxidation
of benzoin was slow for the first 1.5 h with 0.015 g of catalyst, then reached 71.8 % in
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ca. 6 h. Increasing the catalyst amount to 0.030 g resulted in significant improvement;
here the conversion reached 91.2 % within 6 h of reaction time, followed by no
further improvement with time. Further increment of catalyst amount to 0.050 or
0.070 g did not show considerable improvement either in the oxidation of benzoin or

in the reduction in time to reach the steady state in the reaction processes.
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Fig. 2.9. Effect of catalyst amount on the oxidation of benzoin. Reaction conditions:

benzoin (1.06 g, 5 mmol), H,0O, (1.71 g, 15 mmol) in methanol (25 ml).

Fig. 2.10 presents the selectivity of products along with the conversion of
benzoin as a function of time (6 h) under the best suited experimental conditions as
concluded above, i.e. benzoin (1.10 g, 5 mmol), 30 % H,0, (1.7 g, 15 mmol),
PS—[VVO,(sal-his)] (0.030 g, 0.014 mmol) and methanol (25 ml). It is clear from the
plot that all products (four identified and one unidentified) form from the conversion
of benzoin. With the highest selectivity of benzil (ca. 50 %) at the beginning, a
continuous but slow decrease with time of its selectivity has been observed which
finally reaches 30.5 % after 6 h. The selectivity of benzoic acid and
benzaldehyde-dimethylacetal only marginally increases while that of methyl benzoate
increases considerably from 15 to 37 %. Thus, with the maximum benzoin oxidation
of 91.2 % after 6 h of reaction time, the selectivity of the reaction products varies in
the order: methyl benzoate (37.0 %) > benzil (30.5 %) > benzaldehyde-dimethylacetal
(22.5 %) > benzoic acid (8.1 %). i
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The catalytic activity of PS—[V'VO(sal-his)(acac)] (2.1) is not so good giving
83.4 % conversion of benzoin, the selectivity of the different products being nearly
the same. The performance of neat complexes using the same mole concentrations as
used for polymer-anchored complexes has also been studied under the above
optimised conditions. Thus, 0.0048 g (0.01615 mmol) of catalyst [V"O,(sal-his)] (2.4)
was added to a mixture of benzoin (1.10 g, 5 mmol) and 30 % H,0, (1.7 g, 15 mmol)
in 25 ml of methanol, and the reaction products were analysed as a function of time. It
was observed that the neat catalyst is also very active and gave 76.4 % conversion in
6 h of reaction time. Here, selectivity of the various products varies in the order:
methylbenzoate (36.8 %) > benzil (27.8 %) > benzaldehyde-dimethylacetal (19.6 %)
> benzoic acid (13.2 %) i.e. the same order as obtained for the polymer-bound
catalyst. A maximum of 70.7 % conversion has been obtained with
[VVO(sal-his)(acac)] (2.3) with similar selectivity under above conditions. The turns
over frequencies for the polymer-anchored complexes are 14.1 (for 2.1) and 15.4 (for
2.2) and are higher than those obtained for the non-polymer-bound complexes.
Moreover, the easy removal of the polymer-bound catalysts makés them better

compared with their non-polymer-bound analogues.
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Fig. 2.10. Time vs. Product selectivity distribution plot-for the conversion of
benzoin (a) using PS-[V"O,(sal-his)] as a catalyst. (b) benzil, (c) benzoic acid, (d)
benzaldehyde-dimethylacetal, (¢) methyl benzoate and (f) others (non-identified).
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Table 2.6. Percent conversion of benzoin and selectivity of various oxidation

products.
Catalyst Conv. Product selectivity (%)
(%) a b c d Others }TQF/
PS-[VVO,(sal-his)] 91.2 30.5 |81 225 370 19 15.4
[VYO,(sal-his)] - 1764 27.8 | 13.2 | 19.6 |36.8 | 2.6 12.2
PS—[V™O(sal-his)(acac)] 83.4 31.2 | 5.8 234 |375 2.1 14.1
[V O(sal-his)(acac)] 70.7 29.5 |12.2 1202 | 352 |23 11.3

? For details of abbreviations see Scheme 2.4.

2.3.8. Reactivity of non-polymer bound complexes with H,0,

Solutions of [V"VO(sal-his)(acac)] (2.3) in methanol are sensitive towards
addition of H,0,, as monitored by electronic absorption spectroscopy, yielding
oxoperoxo species. Fig. 2.11 presents the spectral changes observed for 2.3. Thus, the
progressive addition of a dilute H,O, solution in methanol to a solution of
[VYO(sal-his)(acac)] in methanol results first in flattening of the band appearing at
776 nm; upon further addition of one drop portions of the H,O, solution this band
disappears. The intensity of the 532 nm band slowly increases, while the band at 382
nm gradually shifts to 394. At the same time new bands appear at 319 and 257 nm,
while the intensity of the 265 nm band also increases. These changes indicate the
interaction of [V'VO(sal-his)(acac)] with H,O, in methanol. The disappearance of d—d
bands is in accordance with the oxidation of the V' O-complex to an
oxoperoxovanadium(V), and the band appearing at ca. 425 nm is probably due to a
LMCT band of the monoperoxo complex. ,

The spectral changes during a similar titration of 2.4 with H,O, (diluted in
methanol) in methanol is shown in Fig. 2.12. With low amounts of H,O, added no
appreciable changes in band positions were observed, but further additions of H,0,
yielded a final spectrum which is very similar to that obtained in the titration of [vVo
(sal-his)(acac)] (2.3) with H,0,, thus demonstrating that the same

‘oxoperoxovanadium(V) species form upon addition of H,O, to methanolic solutions
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of either 2.3 or 2.4. Upon further additions of H,0, (2 mmol of 30 % H,0, dissolved
in 5 ml of methanol), the band appearing at 322 nm slowly disappears with band

tailing, this possibly being due to the formation of a diperoxo species.

1.5

(@)

1.0+

0.5+
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0.0 4 ; — s
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Fig. 2.11. UV-Vis spectral changes observed during titration of [VO(sal-his)(acac)]
(2.3) with H,0,. (a) The spectra were recorded after successive additions of one drop
portions of H,0, (6.6x10™* mmol of 30 % H,0, dissolved in 10 ml of methanol) to 50
ml of ca. 107 M solution of 2.3 in methanol. (b) The equivalent titration, but with

lower concentrations of a [V'VO(sal-his)(acac)] (2.3) solution (ca. 107 M); the inset
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shows an enlargement of the 300 — 500 nm region.

Absorbance

200 300 400 500
Wavelength (nm)

Fig. 2.12. Spectral changes observed during titration of [VVO,(sal-his)] (2.4) with
H,0,. The spectra were recorded after successive additions of one drop portions of
H,0, (6.6x107™* mmol of 30 % H,0, dissolved in 10 ml of methanol) to 50 ml of ca.
10 M solution of 2.4 in methanol. The inset shows the equivalent titration, but with
higher concentration of [V"O,(sal-his)] (ca. 10 M ) with one drop portions of H,0,
(2 mmol of 30% H,0, dissolved in 5 ml of methanol).

Stepwise addition of 2 equiv H,0O, (0.5, 1, 1.5 and 2 equiv) to a methanolic
solution of 2.3 leads to slight increments of Ay from 161.8 to 164 x10* em™,
suggesting some change in the coordination/ solvation environment of 2.3 (Fig. 2.13).
Simultaneously the intensity of the spectrum decreases, and after the addition of the 2
equiv of H,O, the EPR intensity becomes ca. 175" of that of the initial solution. The
SIY NMR of these solutions confirmed the presence of compound 2.4 (and also 2.5,
see below) Subsequent addition of 2 equiv methyl phenyl sulfide originated spectra

with the same values of g and 4 parameters, the EPR signal increasing to ~50 % of

that of the initial solution, indicating the reversibility of the redox process occurring
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during the catalytic reaction.

Y T 5 :
25 24 23 2.2 21 2 19 1.8 17 1.6

Fig. 2.13. Treatment of compound 2.3 with 30 % H,0, followed by the addition
of methyl phenyl sulfide; (a) in MeOH; (b) 0.5 eq. HyOy; (¢) 2.0 eq. H,05; (d) 1.0 eq.
methyl phenyl sulfoxide; (e) 2.0 eq. methyl phenyl sulfoxide; (f) 2.0 eq. methyl
phenyl sulfoxide (after 20 h) at 77K.

The VV-system was also investigated by using °'V NMR spectroscopy to
detect intermediate species formed during the catalytic cycle with both 2.3 and 2.4,
choosing the oxidation of methyl phenyl sulfide as a model reaction. Complex 2.4 in
methanolic solution (3 mM) shows one strong resonance at § = —547 ppm which we
assign to [VVO,(sal-his)] (2.4). This solution displays another minor (2.3 %) signal at
& = —558 ppm (Fig. 2.14a). Both values are expected for V¥O,-complexes having a
O/N donor set [257]. We tentatively assign the —558 ppm peak to the
dioxidovanadium(V) species [V" O,(sal-his)(MeOH or H,0)] (2.5).

Upon successive additions of 30 % H,0, (0.5 equiv steps) the relative intensity
of the 6 =547 ppm resonance decreases, and after the addition of 1.5 equiv of H,0,,
a peak is detected at § = —579 ppm, which we assign to [VVO(O)Z(sal—his)] (2.6).
These observations are in agreement with the UV-Vis data discussed above.

This reaction mixture was divided into two portions. In the first portion, upon
addition of methyl phenyl sulfide, the peroxovanadium(V) species 2.6 is disappeared
immediately, with concomitant production of 2.4 (Fig. 2.14e), indicating that 2.6 is
one of the relevant species in the reaction with the sulfide. The final >'V NMR

- spectrum was identical to the initial spectrum of 2.4, but the global intensity of the’
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>V NMR signals decreased.
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Fig. 2.14. °'V NMR spectra for [V"O,(sal-his)] (2.4): (2) in MeOH, (b) 0.5 equiv
H,0y; () 1.5 equiv H,Oy; (d) 1.0 equiv methyl phenyl sulfide; (e) 2.0 equiv methyl

]
- 500 -550. - 600

- 650 [ppm]

phenyl sulfide; (f) after 20 h. All spectra were recorded including an external

reference of aqueous vanadate at pH ~12 (peak at ca. =536 ppm).

The second portion of the reaction mixture (Fig. 2.15¢) after ca. 20 h gave
only one intense signal corresponding to 2.4, indicating that formation of
monoperoxovanadium(V) was reversible. Addition of 0.5 equiv H,O, generated again
the signal corresponding to [V O(O),(sal-his)] (2.6), along with a new signal at §
= —729 ppm (spectrum f in Fig. 2.15). We tentatively assign this signal as due to the
formation of bisperoxovanadium imidazole mono anion, [VYO(0,),(sal-his)]” (2.10)
(see Scheme 2.5), with the sp’ nitrogen atom of imidazole coordinated to the

vanadium center, which is consistent with previously reported chemical shifts for

similar coordination modes [257, 258261, 262].
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Another possibility for this peak is the formation of H,VO,(0,),"™[263]. On
further addition of 0.5 equiv H,0, three new signals at 8 = —715 ppm (2.11), 668
ppm (2.12) and —648 ppm (2.13) are detected (spectrum g in Fig. 2.15), which
increase intensity upon new additions of 0.5 equiv H,O, (spectra h and i in Fig. 2.15)
and correspond to various types of peroxo complexes (tentative assignments are

presented in Scheme 2.5).

The addition of methyl phenyl sulfide to the same reaction mixture resulted in the
disappearance of the peaks of 2.6, 2.10, 2.11, 2.12 and 2.13 (spectrum | in Fig. 2.15
and Scheme 2.5). The fact that a >'V NMR spectrum similar to the initial one (the
solution of 2.4 in MeOH) is now obtained, confirms the reversibility of the processes
involving complex 2.4, namely the regeneration of 2.4 after the addition of H,0, ,

formation of an oxoperoxo complex and its reaction with the sulfide.

) 6“% -579
' | 648 715 729
.(l(.)_ﬂ,_.,.u.‘_»__ K__,, ot it
o U L
i, N

s, ™\
@) k
U]
A 2

ﬁ&
.1
B w J~ S
s LA 5 DA SR
®

l T T T T l T T [ ¥ 1] ¥ T R ‘ 3 ¥ T T | J T T T j
- 300 -850 - 600 - 650 -700 [ppm]

Fig. 2.15. °'V NMR spectra for [V'O,(sal-his)] (2.4): (a) in MeOH; (b) 0.5 eq.
Hy0,; (¢) 1.0 eq. HyOy; (d) 1.5 eq. H,0,; (e) after 20 hr; () 0.5 eq. H,O,; (g) 1.0 eq.
Hy0,; (h) 1.5 eq. H,Oy; (i) 2.0 eq. H,Oy; (j) 1.0 eq. methyl phenyl sulfide; (k) 2.0 eq.
- methyl phenyl sulfide; (1) 2.0 eq. methyl phenyl sulfide (after 24 hr). All spectra were
" recorded including an external reference of aqueous vanadate at pH ~12 (peak at

ca. =536 ppm).
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Solutions of 2.4 in methanol are also sensitive to pH changes, and were also
monitored by *'V NMR spectroscopy. Addition of 1 equiv HCI to a methanolic
solution of 2.4 resulted in a reduction in intensity of the = —547 ppm and & = —558
ppm peaks, while a new signal at 6 = —524 ppm was detected (Fig. 2.16). Further
addition of 1 equiv of HCI gave a spectrum with only one intense signal at 6 = —524
ppm. We assign this to the protonation of the imidazole N atom, the sal-his ligand
becoming bidentate and the solvent also coordinating [V"¥O,(sal-Hhis)(MeOH)] (5
= —524 ppm) 2.7 (see Scheme 2.5). A rather similar explanation was given by

Pecoraro and coworkers [234] for the VYO with the same ligand system.

As compound 2.3 is paramagnetic, no signal was observed by 'V NMR
spectroscopy when dissolved in methanol. However, after addition of 0.5 equiv H,O,,
three signals (8 = —494, —547 and —558 ppm) appear (Fig. 2.17), and we tentatively assign
them to [VYO(OH)(sal-Hhis)(MeOH)] (6 = —494 ppm) (2.8), [VYO,(sal-his)] (8 = —547
ppm) (2.4) and {[V" O,(sal-his)(MeOH)] (8 = —558 ppm) (2.5). Upon further addition of
0.5 equiv of H,O, another three signals at: & = —579, -524 and —572 ppm were detected,
which we tentatively assign as [VYO(O,)(sal-his)] (8 = -579 ppm) (2.6),
{[VYOy(sal-Hhis)(MeOH)] (5 = —524 ppm) (2.7) and [V'O(O,)(sal-Hhis)]" (3 = -572
ppm) (2.9). Further addition of 0.5 equiv H,O, originated the formation of the peak
at =729 ppm (see above), and [VO(0O,),(H,O0)(MeOH)] (8 = —648 ppm) (2.13).

Upon addition of methyl phenyl sulfide (spectra h-j in Fig. 2.17), the
monoperoxovanadium(V) and bisperoxovanadium(V) species are consumed, and the
final °'V NMR spectrum showed only two major signals identical to the initial spectrum
of methanolic solutions of 2.4, showing that the V'-catalyst is regenerated after the
consumption of H,O,. Besides having an easily measurable Sy NMR spectrum, for this
solution a reasonably intense EPR spectrum was also recorded. This confirmed the

formation of 2.3, and even after 5 days a similar EPR spectra could be obtained.

In Scheme 2.5, we summarise our observations regarding the reaction
processes involving 2.3 and 2.4 in MeOH solutions, as measured by Sy NMR and

EPR spectroscopy.
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Fig. 2.16. °'V NMR spectra for [VYO,(sal-his)]: (a) in MeOH, (b) 0.5 equiv HCI; (c)
1.0 equiv HCI; (d) 1.5 equiv HCI; (e) 2.0 equiv HCI; (f) 2.5 equiv HCI. All spectra

were recorded including an external reference of aqueous vanadate at pH ~12 (peak at

ca. —536 ppm).
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Fig. 2.17. °'V NMR spectra for [V'VO(sal-his)(acac)] (2.3): (a) in MeOH, (b) 0.5 eq.
-~ H,0,; (¢) 1.0 eq. H,0y; (d,e) 1.5 eq. H,0;; (f) 2.0 eq. Hy0,; (g) 2.5 eq. HyO4; (h) 1.0
eq. methyl phenyl sulfide; (i) 2.0 eq. methyl phenyl sulfide; (j) 3.0 eq. methyl phenyl
sulfide (k) 3.0 eq. methyl phenyl sulfide (after 24 hr). All spectra were recorded

including an external reference of aqueous vanadate at pH ~12 (peak at ca. -536

ppm).
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Scheme 2.5. Proposed reaction scheme (see text) and tentative assignments of the
'V NMR chemical shifts involving oxidovanadium(V)-, dioxidovanadium(V)-,
monoperoxovanadium(V)- and bisperoxovanadium(V)-species formed in methanolic
solutions of 2.3 and 2.4 based on °'V NMR spectroscopy, on addition of aqueous
H,0,, HCI and methyl phenyl sulfide (this may originate reduction to 2.3). S indicates

solvent.
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2.3.9. Mechanism of sulfide oxidation
It is well known that V¥-peroxo compounds mediate oxygenations reactions
including the oxidation of sulfides to sulfoxides and sulfones and the epoxidation of

alkenes and allylic alcohols [264-271].

The sulfur atom of methyl phenyl sulfide is electron rich and undergoes
electrophilic oxidation giving the sulfoxide. We clearly demonstrated that complexes
2.3 and 2.4 are able to generate monoperoxo and even bis-peroxovanadium(V)
species on treatment with H,O,. The peroxo-complexes being stable and detectable, it
is likely that hydroperoxovanadium(V) complexes also form as aqueous H,O, is being
added and the pH decreases, enhancing the electrophilicity of the coordinated peroxo
ligand and facilitating the nucleophilic attack by the sulfide. An outline of the
catalytic cycle for oxidation of methyl phenyl sulfide, which has also been proposed

by other authors [234, 240, 272-277] is given in Scheme 2.6.

/H
?
V=0
®
% Hz(NHzO
0 7 § o el
0.{ H0, (v 10, O 0
(N/ . V=0 7N (I)—>V//
Hzo O\H

Scheme 2.6. Reaction mechanism of oxidation of methyl phenyl sulfide as a model

substrate for sulfoxidations.

2.4. CONCLUSIONS

The compound Hsal-his (2.I) derived from salicylaldehyde and histamine has

been covalently bonded to chloromethylated polystyrene cross-linked with 5%

divinylbenzene. Upon reaction with [VVO(acac),] the complex PS-[V"™ O(sal—his)(acac)]

(2.1) was obtained, which upon oxidation yielded the dioxidovanadium(V)
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PS—[VVO,(sal-his)] (2.2). The corresponding non-polymer bound complexes
[V™O(sal-his)(acac)] (2.3) and [VYO,(sal-his)] (2.4) have also been prepared and
characterised. Complexes 2.1 and 2.2 have been used as catalyst for the oxidation of
methyl phenyl sulfide, diphenyl sulfide and benzoin with aqueous H,0, as an oxidant.
Under the optimised reaction conditions, a maximum of ca. 94 % conversion of methyl
phenyl sulfide and ca. 83 % of diphenyl sulfide has been achieved in 2 h, with significant
amounts of the corresponding sulfones. A maximum of 91.2 % conversion of benzoin has
been achieved within 6 h. The corresponding neat complexes gave slightly lower
conversions and selectivity, but significantly lower turn-over frequencies. Moreover, the
polymer-bound catalysts did not leach during catalytic action and are recyclable, further
emphasising their advantage over the neat complexes.

UV-Vis, EPR and *'V NMR spectroscopy were used to characterise methanolic
solutions of 2.3 and 2.4, and to identify species formed upon addition of H,0, and/or acid,
similar oxo or peroxo species being detected by >'V NMR spectroscopy starting either
with solutions of 2.3 or of 2.4. Addition of methyl phenyl sulfide to solutions containing
peroxo species promoted the oxidation of the sulfide and regenerated the formation of the
VV.-species formed upon dissolution of 2.4 or oxidation of 2.3. The EPR spectra also
confirm that [V™VO(sal-his)(acac)] (2.3) is also present in these solutions if the starting
product is complex 2.3. These studies confirm that most of these reactions involving
complexes 2.3 or 2.4 are reversible, therefore supporting the catalytic nature of the

sulfide oxidation processes.

okok ok k
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3.1. INTRODUCTION

Immobilisation of homogeneous catalysts on solid supports has become one of
the important areas of research because this allows the design of more environment-
friendly catalysts. The heterogeneous catalysts thus obtained not only become
thermally more étable, they introduce certain new features to catalysté such as easy
separation and recyclability, which in turn improve the turn over rates of the catalysts
[278, 279]. The advantages of immobilised catalysts have prompted several groups to
introduce various types of solid supports. Among various inorganic supports, aiumina
and silica are the most common. A review article by Jacobs et al. provides detailed
accounts of such immobilised complexes [280]. The exchangeable properties of extra-
framework cations and suitable cavity sizes of zeolites allowed their modifications by
inclusion of homogeneous catalysts [281-284]. Recently, we started using
chloromethylated polystyrene cross linked with divinylbenzene as a solid support to
immobilise metal complexes, and we explored their catalytic potential for various
oxidation reactions [77, 78, 184, 186].

We report herein the preparation and partial characterisation of the polymer
supported/ anchored oxidovanadium(IV), dioxidomolybdenum(VI) and copper(Il)
complexes obtained from the reaction of chloromethylated polystyrene with 2-
thiomethylbenzimidazole (Htmbmz, 3.1), Scheme 3.1, followed by the introduction of
the metal ions. The catalytic potentials of these complexes have been demonstrated by
studying the oxidation of styrene, cyclohexene and ethylbenzene. Styrene oxide, an
oxidation product of styrene, is an important intermediate in organic synthese and in
the manufacture of the perfumery chemical, phenylethyl alcohol. Epoxidation of
styrene has been reported using homogeneous catalysts [224, 285], titanosilicate
zeolites [286, 287], hetero-polytungstates [288] and zeolite-encapsulated metal
complexes [45, 226]. Amongst the various oxidation products of cyclohexene,
cyclohexeneoxide is a highly reactive and selective organic intermediate widely used

in the synthese of enantioselective drugs, epoxy paints and rubber promoters.

71



Chapter 3: Immobilisation of oxidovanadium(V)..........

Acetophenone, the valuable product of the selective oxidation of ethylbenzene, has
also attracted interest [289-294]. This is an useful intermediate in pharmaceuticals,
resins, alcohols, esters, aldehydes and tear gas and is also used as a component in
perfumery, in a drug to induce sleep, and as a solvent for cellulose ethers.
Acetophenone is manufactured by the oxidation of ethylbenzene with molecular
oxygen uéing cobalt cycloalkanecarboxylate or cobalt acetate as catalyst in acetic acid
solvent [293]. This method is corrosive in nature and unfriendly to the environment.
The oxidovanadium(IV), dioxidomolybdenum(VI) and copper(Il) complexes reported
in this paper exhibit good catalytic activity and selectivity in the catalytic oxidation of

ethylbenzene to acetophenone.

H
N

Lo
N  SH

Htmbmz (3.1)

Scheme 3.1.

Among the important steps in the preparation of supported or anchored
catalysts is their correct characterisation and, in the case of metal-complex catalysts,
the understanding of their coordination geometry. The usual characterisation
procedures, e.g. elemental analyses, electronic spectroscopy, energy dispersive X-ray
analyses, XPS, FTIR, TG afford important information, but do not give much data to
establish the coordination environment of the metal ions.

In this work, two of the metal centers used, V'VO** and Cu®* have one unpaired
electron, and EPR can be used to obtain important information that cannot be accessed
for many other supported complexes such as the MoO,*" catalysts also studied here.
The present work provides good examples of how useful and important the
information obtained by EPR may be to understand the nature of the catalysts

prepared.
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3.2. EXPERIMENTAL

3.2.1. Materials and methods

Chloromethylated polystyrene (18.9 % Cl, i.e. 5.3 mmol CI per gram of resin)
and cross-linked with 5 % divinylbenzene) was obtained as a gift from Thermax
Limited, Pune, India. Analytical reagent grade vanadium pentaoxide, ethylacetate,
cupric acetate monohydrate, cyclohexene, ethylbenzene (Loba Chemie, India), DMF
(S.D. fine chemicals, India), o-phenylenediamine, mercaptoacetic acid, ammonium
heptamolybdate, acetylacetone (E. Merck, India), benzyl chloride, triethylamine
(Ranbaxy, India), aqueous 30% H,0O, (Acros USA or Qualigens, India) and styrene
(Acros, USA) were used as obtained. [VO(acac),;] [233], [MoO,(acac),] [295] and 2-
thiomethylbenzimidazole (Htmbmz, 3.I) [296] were prepared according to the

methods reported in the literature.

Instrumentation and analyses details are reported in Chapter 2.

3.2.2. Syntheses of ligand and complexes
3.2.2.1. Reaction of 2-thiomethylbenzimidazole with benzylchloride

Sodium metal (0.428 g, 21 mmol) was added to a solution of Htmbmz (3.28 g,
20 mmol) in dry THF (75 ml) (dried over molecular sieve) with stirring where sodium
slowly reacted with dissolution. Upon complete dissolution of sodium, a solution of
benzyl chloride (2.78 g, 22 mmol) in dry THF (20 ml) was added and the reaction
mixture was refluxed in an oil bath for 16 h under nitrogen atmosphere. After cooling
to room temperature, water was added to the reaction mixture and the organic product
was extracted with CHCl;. On evaporating the solvent, purification by column
chromatography using CHCl; : MeOH (9 : 1) yielded a white solid in 45 % yield.
Found: C, 70.6; H, 5.6; N, 10.9; S, 12.5 %. Calcd. for C;sH 4N,S (254.03): C, 70.8; H,
5.6; N, 11.0; S, 12.6 %. '"H NMR (DMSO-d¢): 6.95 (m, 2H), 6.59 — 6.71(m, 7H)
(aromatic), 4.36(s, 4H, CH,) ppm. C (DMSO-d¢): 101.4, 123.0, 127.5, 128.9, 138.5,
153.0 (aromatic), 30.2, 36.6 (CH,) ppm. All data indicate the condensation of thiol
groups with benzyl chloride. '
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3.2.2.2. Polymer-anchored ligand, PS-ligand (3.1I)

Chloromethylated polystyrene (5.0 g) was allowed to swell in DMF (30 ml) for
2 h. A solution of 2-thiomethylbenzimidazole (9.84 g, 60 mmol) in DMF (40 ml) was
added to the above suspension followed by triethylamine (5.0 g) in ethylacetate (40
mL) and the reaction mixture was heated at 90 °C for 12 h with continuous mechanical
stirring. After coo.linlgh to ambient temperature, the golden resin beads were filtered off,
washed thoroughly with hot DMF (3 x 5 ml) followed by hot methanol and dried in an
air oven at ca. 120 °C. Found: C, 74.0; H, 8.3; N, 6.4; S, 9.1 %.

3.2.2.3. PS-[VO(ligand),] (3.1)

The polymer-anchored ligand, PS-ligand (2 g), was allowed to swell in
methanol (20 ml) for 2 h. A solution of [VO(acac),] (5.30 g, 20 mr;ml) in methanol (50
ml) was added to the above suspension and the reaction mixture was heated at reflux
for 12 h with mechanical stirring. After cooling to room temperature, the dark green
PS-[VO(ligand),] was separated by filtration, washed thoroughly with hot methanol
and dried in an air oven at 100 °C to constant weight. Found: C, 67.2; H, 8.1; N, 6.3;
S, 8.8;V, 5.2 %.

3.2.2.4. PS-[MoO,(ligand),] (3.2) and PS-[Cu(ligand),] (3.3)

Polymer-anchored complexes, PS-[MoO,(ligand),] (3.2) and PS-[Cu(ligand),]
(3.3) were prepared as outlined for 3.1 by reacting the PS-ligand with [MoO,(acac),]
and Cu (CH;C0OO0),.H,0 respectively in methanol.
Data for 3.2: Found: C, 61.4; H, 5.9; N, 6.1; S, 8.9; Mo, 8.9 %.
Data for 3.3: Found: C, 66.1; H, 6.2; N, 6.1; S, 8.7; Cu, 6.4 %.

3.2.2.5. [VO(tmbmz),] (3.4)

A methanolic solution of Htmbmz (0.656 g, 4 mmol in 15 ml) was added to a
solution of [VO(acac),] (0.53 g, 2 mmol) in methanol (10 ml) and the reaction mixture
was stirred for 2 h at room temperature. The precipitated violet solid was filtered,

washed with methanol and dried in vacuum. Yield: 83 %. The same complex can also
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be prepared by treating the ligands with VOSO,4.5H,0 (2:1 molar ratio) in methanol /
aqueous solution in 65 % yield. Found: C, 48.7; H, 3.7; N, 14.1; S, 16.1; V, 12.6 %.
Calcd. for C¢H 4N4S,0V (393.4): C, 48.7; H, 3.6; N, 14.2; S, 16.3; V, 12.9 %.

3.2.2.6. [MoO,(tmbmz),] (3.5)

"Complex [MoO,(tmbmz),] was prepared as mentioned above using Htmbmz
(0.328 g, 2 mmol) dissolved in methanol (30 ml) and [MoO,(acac),] (0.328 g, 1 mmol)
in methanol (15 ml). An orange solid of [MoO,(tmbmz),] that had formed was filtered,
washed with methanol and dried in vacuum. Yield: 74 %. Found: C, 42.0; H, 3.3; N,
12.2; S, 13.9; Mo, 20.8 %. Calcd. for C\¢H 4N4S,0,Mo0(454.3): C, 42.3; H, 3.1; N,
12.3; S, 14.1; Mo, 21.1 %. 'H NMR (DMSO-dg): 6.60 — 7.90 (m, 8H, aromatic),
4.46(s, 4H, CH,) ppm.

3.2.2.7. [Cu(tmbmz),](3.6)

A solution of Cu(CH;COO), .H,O (1.0 g, 5 mmol) dissolved in 50 ml of
methanol was added to a methanolic solution of Htmbmz (1.63, 10 mmol in 20 ml )
with stirring. After addition of KOH (0.28 g, 5 mmol) dissolved in 5 ml of water with
stirring, the reaction mixture was further stirred for 2 h. During this period,
[Cu(tmbmz),] slowly separated out; it was filtered, washed with the minimum amount
of methanol and dried in vacuum over silica gel. Yield: 70 %. Found: C, 48.9; H, 3.8;
N, 14.0; S, 16.3; Cu, 15.8 %. Calcd. for C;¢H4N4S,Cu (389.9): C, 49.3; H, 3.6; N,
14.4; S, 16.4; Cu, 16.3 %.

3.2.3. Catalytic Reactions
Catalysts PS-[VO(ligand),], PS-[MoO,(ligand),] and PS-[Cu(ligand),] were
used to carry out the oxidation of styrene, cyclohexene and ethylbenzene. Each

catalyst was allowed to swell in acetonitrile for 2 h prior to its use.

3.2.3.1. Oxidation of styrene
In a typical oxidation reaction, styrene (1.04 g, 10 mmol), aqueous 30 % H,0,

(2.27 g, 20 mmol) and an apprbpriate catalyst (0.040 g) were mixed in 10 ml of '
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acetonitrile and the reaction mixture was heated at 80 °C in an oil bath with stirring.
The progress of the reaction was monitored by withdrawing samples at different time
intervals and analysing them quantitatively by gas chromatography. The identities of

the products were confirmed by GC-MS.

3.2.3.2. Oxidation of cyclohexene

Cyclohexene (0.82 g, 10 mmol), aqueous 30 % H,0, (2.27 g, 20 mmol) and
catalyst (0.035 g) were taken in acetonitrile (20 ml). The reaction mixture was allowed
to heat at 80 °C for 6 h with continuous stirring. The analyses and identification of the

reaction products were done as mentioned above.

3.2.3.3. Oxidation of ethylbenzene
Oxidation of ethylbenzene and analyses of the reaction products were carried

out as mentioned above.

3.3. RESULTS AND DISCUSSION
3.3.1. Syntheses, reactivity and solid state characteristics

The reaction of chloromethylated polystyrene, cross linked with 5%
divinylbenzene, with 2-thiomethylbenzimidazole in DMF in the presence of
tricthylamine would be expected to lead to the formation of the polymer-anchored
species indicated in Scheme 3.2. The product formed in the reaction of Htmbmz with
benzyl chloride (see experimental section), where the sulphur atom acts as the

nucleophile in the reaction, confirms this.

H -
N
A DMF, (Et);N N
+ Lo
Cl (I Za CH,COOC,H; @ I\ T@ ¢+ HC
N  SH N S

Htmbmz (3.) PS-S-tmbmz (3.II)

Scheme 3.2. Reaction of Htmbmz with chloromethylated polystyrene; the ball
represents the polymer backbone.
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However, the analytical results obtained, namely the S/N ratio, do not fully
agree with the formation of PS-S-tmbmz, and products corresponding to a higher
relative % of sulfur also form. It is possible that, before and after the Htmbmz binds to
the solid, the thiol group oxidizes to disulphide, other oxidation products possibly also
being formed. At this stage we will designate the products of reaction of Htmbmz with

chloromethylated polystyrene by PS-ligand (3.11).

The remaining chlorine content of 1.5 % (0.42 mmol CI per gram of resin) in
PS-ligand (3.II) would suggest roughly 92 % loading of the ligand if only PS-S-
tmbmz had formed. The anchored ligands, on reaction with [VO(acac),], gave an
oxidovanadium(IV) complex which we designate as PS-[VO(ligand),] (3.1).
Complexes PS-[MoO,(ligand),] (3.2) and PS-[Cu(ligand),] (3.3) were prepared
similarly from [MoO,(acac),] and cupric acetate, respectively. Elemental analyses data
of the isolated complexes are presented in the experimental section and the nature of
the species bound to the polystyrene matrix will be discussed below in Section 3.3.8.

Table 3.1 provides data of metal and ligand loading in polymer-anchored
complexes, assuming the formation of PS-S-tmbmz. The data show that the metal-to-

ligand ratio in polymer-anchored complexes is close to 1 : 2.

Table 3.1. Ligand and metal loadings in polymer anchored complexes, and ligand-to-

metal ratio data, assuming bonding in PS-ligand (3.II) as in Scheme 3.2

Compound Ligand loading | Metal ion loading® | Ligand : Metal
(mmol g™' of resin) |(mmol g”' of resin) | ratio

PS-ligand 2.65

PS-[VO(ligand),] 2.24 1.03 1:2.17

PS-[MoO,(ligand),] |2.17 0.93 1:2.33

PS-[Cu(ligand),] 2.18 1.02 1:2.12

* Metal ion loading = Observed metal % x 10
Atomic weight of metal
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3.3.2. Thermo gravimetric studies

All polymer-anchored complexes are stable up to ca. 180 °C and thereafter they
decompose in two major steps. It has not been possible to separate the observed mass
loss due to the decomposition of complexes from polymer backbone because of their
overlapping nature. However, the residues due to the metal oxides obtained as the end
products at ca. 800 °C indicate the presence of the metal complexes covalently bonded
to the polymer. Non-polymer-bound complexes are stable up to ca. 200 °C. They
decompose in two major steps, giving the corresponding metal oxides as end products
at ca. 600 °C. The amounts of V,05, MoO; and CuO match with the expected values

within experimental error.

3.3.3. Field-emission-scanning electron micrographs (FE-SEM) and energy

dispersive X-ray analyses (EDX)

Field emission-scanning electron micrographs for single beads of pure
chloromethylated polystyrene, polymer-anchored ligand and complexes were recorded
to understand the morphological changes occurring on the polystyrene beads at various
stages of the synthese. As expected, the pure polystyrene bead has a smooth surface.
Introduction of ligands into polystyrene beads through covalent bonding causes the
light roughening of the top layer of polymer-anchored beads. Images of metal complex
beads show further roughening of the top layer, probably due to the changes that occur
during the rearrangement of the chains to adapt the bound ligand to the fixed geometry
of the complex. Energy dispersive X-ray analyses (EDX) supports this conclusion in
that ca. 19 % chlorine content has been found in the pure polystyrene beads, while
beads having anchored ligand show only ca. 1 % CI along with ca. 6.5 % nitrogen and
ca. 9.2 % sulfur. The polystyrene beads of immobilised metal complexes contain metal
along with nitrogen and sulfur, suggesting the formation of metal complexes with the

anchored ligand at various sites.
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3.3.4. IR spectral studies

Table 3.2 presents a partial list of IR spectral data of ligands and non-polymer-
bound as well as anchored complexes. The NH stretching band of Htmbmz occurs at
2650-2800 cm™' as a broad feature, which indicates the presence of strong hydrogen
bonding. Upon anchoring with polystyrene, the broad feature of NH disappears. Bands
of medium intensity appear at 28002990 cm™ due to the presence of CH, group of
polystyrene. In addition, most characteristic bands observed in the free ligand also

! shifts to

appear. The v(C-S) (thioalcoholic) stretch in Htmbmz appearing at 747 cm™
lower wave numbers in non-polymer-bound complexes, indicating the involvement of
sulfur in bonding [297]. The Htmbmz ligand exhibits a sharp band at 1638 cm™"' due to
v(C=N) (azomethine) and this band shifts to lower wave numbers (1618 — 1628 cm™)
in non-polymer-bound complexes suggesting the coordination of azomethine nitrogen
to the metal ion. PS-ligand (3.II) exhibits v(C=N) (azomethine) at 1640 cm™' and in
polymer-anchored complexes this band appears at 1619-1634 cm'. Other
characteristic bands are also observed, e.g.: v(V=0) at 997 cm™ in PS-[VO(ligand),]
[236], Vsym(O=Mo0=0) and V,,(O=Mo=0) at 910 and 947 cm’', respectively in PS-
[MoO,(tmbmz),] [298], confirming the presence of vanadium and molybdenum in the

solid. The corresponding non-polymer-bound complexes also exhibit these

characteristic bands at slightly lower energies.

3.3.5. Electronic spectral studies

Electronic spectra of Htmbmz and its non-polymer-bound complexes were
recorded in ethanol, while spectra of polymer-anchored ligands and their
corresponding complexes were recorded in nujol. The electronic spectrum of ligand
Htmbmz exhibits four intense bands at 205, 252, 278, 284 and 327 nm (Table 3.3).
The bands at 278 and 284 nm are characteristic of the presence of benzimidazole
group [299]. The other three bands are assignable to ¢ - ¢*, n - n* and n - «*
transitions, respectively. The characteristic benzimidazole bands have also been
observed in non-polymer-bound complexes. Other ligand bands appear within the
expected region. In addition, if we-used higher concentrations, two weak shoulder-

bands at 524 and 665 nm in [VO(tmbmz),] and one band at 695 nm in [Cu(tmbmz),]
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were also observed; these may be considered to be due to d — d transition(s). Complex
[MoO,(tmbmz),] exhibits only a ligand to metal charge transfer band at 375 nm in the
visible region in addition to regular ligand bands. The electronic spectra of polymer-
anchored ligands as well as complexes exhibit characteristic ligand bands in the
expécted range. However, the band due to d-d transition in polymer-bound complexes
(see Fig. 3.1) could not be obtained due to poor loading of complexes and less

favorable experimental conditions to record these bands when using nujol mulls.
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Fig. 3.1. Electronic spectra of polymer-anchored ligand and metal complexes
dispersed in nujol mulls: PS-ligand (a), PS-[VO(ligand),] (b), PS-[ MoO,(ligand),] (¢)
and PS-[Cu(ligand),] (d).

Table 3.2. IR spectra of ligand, pure and bound complexes

Compound v(C=N) v(M=0)(M =V, Mo)
Htmbmz 1638 -

PS-ligand 1640 .

PS-[VO(ligand),] 1634 997
PS-[MoO,(ligand),] 1619 947,910
PS-[Cu(ligand),] 1632 -

[VO(tmbmz),] | 1628 979

[MoO,(tmbmz),] 11618 900, 848
[Cu(tmbmz), ] 1621 | -
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Table 3.3. Electronic spectral data of ligands and complexes

Compound Solvent Amax / nM°*

Htmbmz Ethanol 205, 252,278,284, 327(s)

PS-ligand Nujol 205, 237, 283(s), 387(s)
PS-[VO(ligand),] Nujol 211, 285(s), 391(s)

PS-[MoO,(ligand),] Nujol 213, 280(s), 398(s)

PS-[Cu(ligand),] Nujol 209, 285(s), 382(s)

[VO(tmbmz),] Ethanol 210, 240, 274, 280, 289, 396(s), 524, 665
[MoOy(tmbmz),] Ethanol 210, 245, 274, 279, 298(s), 375
[Cu(tmbmz),] Ethanol 209, 230, 274, 280, 297, 382, 695(w)

* s = shoulder, w = weak

3.3.6. Catalytic activity studies
Catalytic activities of the polymer-anchored complexes are demonstrated by

studying the oxidation of styrene, cyclohexene and ethylbenzene.

3.3.6.1. Oxidation of styrene

Oxidation of styrene, catalysed by PS-[VO(ligand),], PS-[MoO,(ligand),] and
PS-[Cu(ligand),], using H,O, as an oxidant gave styrene oxide, benzaldehyde and 1-
phenylethane-1,2-diol as main products, as shown in Scheme 3.3. The formation of at
least five products has been observed when the polymer-supported catalyst PS-
[VO(sal-ohyba)(DMF)] (H,sal-ohyba = Schiff base derived from salicylaldehyde and
o-hydroxybenzylamine) was applied as catalyst [184]. Others have also identified
some of these products [226, 300, 301].

Preliminary experiments showed the good activity of PS-[VO(ligand),]
amongst these catalysts, it was, therefore, taken as a representative, and the different
parameters viz. amount of oxidant (moles of H,O, per mole of styrene), catalyst, and
temperature of the reaction mixture were checked to get optimised reaction conditions

for the maximum oxidation of styrene.
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HO
6 ES o
Catalyst
100,

Styrene . Styreneoxide 1-phenylethane-1,2-diol
(s0) (phed)

éo
Benzaldehyde
(bza)

Scheme 3.3. Reaction products on oxidation of styrene, and abbreviations used

Thus, for three different styrene to aqueous 30 % H,0, molar ratios, viz. 1 : 1, 1
: 2 and 1 : 3, the amount of styrene (1.04 g, 10 mmol) and catalyst (0.035 g) were
taken in CH3CN (10 ml), and the reaction was carried out at 80 °C. The formation of
products was regularly analysed at time intervals. As illustrated in Fig. 3.2, the
oxidation of styrene improved from 47.8 % to 81 % upon increasing the styrene to
aqueous 30 % H,0, molar ratio from 1 : | to | : 2. The oxidation remained nearly
constant upon further increasing this ratio to 1 : 3, which suggested that a large amount
of oxidant is not an essential condition to improve the oxidation of styrene.

Similarly, for three different amounts viz. 0.025, 0.035 and 0.045 g of catalyst
under the above reaction conditions, 0.025 g catalyst gave only 40.5 % conversion
while 0.035 and 0.045 g catalyst have shown maximum conversions of 81.0 and 85 %,
respectively; Fig. 3.3. However, at the expense of H,0,, 0.035 g catalyst can be
considered sufficient enough to carry out the reaction. Further, the turnover rate (TOF
h™ = moles of substrate converted per mole of catalyst per hour) is also higher for
0.035 g catalyst to achieve 81 % conversion of styrene. The temperature of the
reaction mixture has also influenced the performance of the catalyst; running the
reaction at 80 °C gave much better conversion. Moreover, the time required to achieve

the maximum conversion was also reduced on carrying out the reaction at 80 °C.
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Fig. 3.2. Effect of amount of H,0, on the oxidation of styrene as a function of time.
Reaction conditions: styrene (1.04 g, 10 mmol), PS-[VO(ligand),] (0.035 g), CH;CN
(10 ml) and 80 °C.
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Fig. 3.3. Effect of amount of catalyst PS-[VO(ligand),] on the oxidation of styrene as a
function of time. Reaction conditions: styrene (1.04 g, 10 mmol), H;O, (2.27 g, 20
mmol), CH;CN (10 ml) and 80 °C. |
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Thus, for the maximum oxidation of 10 mmol of styrene other required
parameters were: catalyst (0.035 g), H,0, (2.27 g, 20 mmol), CH3CN (10 ml) and
reaction temperature (80 °C). Other -catalysts, PS-[MoO,(ligand),] and PS-
[Cu(ligand),] were also tested under the above optimised reaction conditions and the
results are presented in Table 3.4. It is clear from the data that PS-[VO(ligand),]
exhibits better catalytic activity with 81 % converéion, followed by PS-
[MoOx(ligand),] with 68 %. Catalyst PS-[Cu(ligand),] has shown only 57 %
conversion after 6 h of reaction time.

The catalytic activities of these polymer-anchored complexes were compared
with those of their “corresponding” non-polymer-bound ones. The conversion
percentage of styrene for each catalyst as a function of time is presented in Fig. 3.4.
Table 3.4 presents the selectivity details of various products obtained after 6 h of
reaction time. The catalytic performances of the non-polymer-bound complexes are
also good. However, the TOF values are much lower in comparison to the respective
polymeric ones. Moreover, easy recovery of the anchored catalyst, no leaching and

recycle ability (vide infra) make them better than the non-polymer-bound complexes.

= PS[VO(ligand)
80| —®— PS-[MoO,(ligand) ] —
—A— PS-{Culigand) ] /-/
—v— [VO(tmbmz),] /' e
~— [MoO,(tmbmz),] - o7
o 609 —«—[Cu(tmbmz) ) g :?'/ a
2 - o A
4] / § A —*
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Fig. 3.4. Comparison of catalysts for the oxidation of styrene as a function of time.
Reaction conditions: styrene (1.04 g, 10 mmol), catalyst (0.035 g), H,0, (2.27 g, 20
mmol), CH;CN (10 ml) and 80 °C.
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It is clear from the Table 3.4 that the selectivity of the different oxidation

products formed varies in the order: benzaldehyde > 1-phenylethane-1,2-diol > styrene

oxide. The formation of benzaldehyde has been obtained in highest yield in all cases;

this may be due to the nucleophilic attack of H,O, on the styrene oxide formed in the

first step, followed by the cleavage of the intermediate hydroperoxy styrene.

Benzaldehyde formation may also be facilitated by direct oxidative cleavage of the

styrene side chain double bond via a radical mechanism [301]. The formation of 1-

phenylethane-1,2-diol formation is possible through hydrolysis of styrene oxide by the

water present in H,O,.

Table 3.4. Percentage

conversion of styrene, product selectivity and turn over

frequency (TOF)
Product selectivity (%)*
Catalyst Conv. TOF So bza phed | Others
(%) (h™)

[VO(tmbmz),] 65.0 220 |36 663 |286 |15
PS-[VO(ligand),] 81.0 375 |49 626 |313 |12
PS-[VO(ligand),]® | 80.4 - 3.8 62.5 |31.6 | 1.1
PS-[VO(ligand),]° | 80.2 - 3.6 627 |31.5 |12
[MoO,(tmbmz),] 49.0 18.8 [3.0 68.8 |27.0 |12
PS-[MoO,(ligand),] | 68.0 14.1  |3.1 66.0 |29.5 |14
PS-[MoOx(ligand),]° | 67.5 - 2.9 66.4 294 |13
PS-[MoO(ligand),]° | 67.2 - 3.0 66.4 294 |12
[Cu(tmbmz),] 42.0 34.7 3.7 61.5 32.9 1.9
PS-[Cu(ligand),] 57.0 313 |36 637 |314 |13
PS-[Cu(ligand),]° 56.6 - 3.4 632 |323 |I1.1
PS-[Cu(ligand),]° 56.1 - 3.2 63.1 325 |12

? For details of abbreviations see Scheme 3.3. ° First cycle of used catalyst. ¢ Second

cycle of used catalyst.
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The conversion of styrene and the selectivity of different reaction products
using PS-[VO(ligand),] as catalyst under the optimised reaction conditions have been
analysed as a function of time and are presented in Fig. 3.5. It is clear from the plot
that the formation of styrene oxide is good in the beginning but it decreases
considerably with time, while the selectivities of benzaldehyde and 1-phenylethane-
1,2-diol increase slowly with the conversion of styrene. Almost identical trends have
also been obtained with the two other catalysts. After 6 h only minor changes have

been observed in the selectivity of the different reaction products.
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Fig. 3.5. Conversion of styrene and variation in the selectivity of different reaction
products as a function of time using PS-[VO(ligand),] as catalyst: (a) conversion of
styrene, (b) selectivity of styrene oxide, (c) benzaldehyde and (d) 1-phenylethane-1,2-
diol.

3.3.6.2. Oxidation of cyclohexene

These  complexes: PS-[VO(ligand),], PS-[MoO,(ligand),] and PS-
[Cu(ligand),], have also been used for the oxidation of cyclohexene by H,0,; they
gave three products, namely cyclohexeneoxide, 2-cyclohexene-1-one and
cyclohexane-1,2-diol, as represented by Scheme 3.4. Again, PS-[VO(ligand),] is the
most efficient catalyst and the various parameters were varied to optimise the reaction

conditions to get the maximum oxidation of cyclohexene.
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Scheme 3.4. Reaction products on oxidation of cyclohexene.

Three different cyclohexene : aqueous 30 % H,0, molar ratios viz. 1:1,1:2
and 1 : 3 were considered. Other reagents such as cyclohexene (0.82 g, 10 mmol) and
catalyst (0.045 g) were taken in acetonitrile (10 ml) and the reaction was carried out at
80 °C. Fig. 3.6 presents the percentage conversion obtained as a function of time. A
maximum of 53 % conversion was obtained at a cyclohexene to H,O, molar ratio of 1
: 1 in 6 h of reaction time. This conversion improved to 86 % at a cyclohexene to H,O,
molar ratio of 1 : 2. No important improvement in the conversion was observed upon
further increasing this ratio. Thus, a cyclohexene to H,O, molar ratio of 1 : 2 can be

considered as an optimum ratio.

The effect of amount of catalyst on the oxidation of cyclohexene was also
studied. Three different amounts of PS-[VO(ligand),] viz. 0.025, 0.045 and 0.060 g
were taken while keeping other conditions as above. The results obtained as a function
of time are presented in Fig. 3.7. It is clear from the figure that 0.025 g of catalyst
exhibited poor conversion, while a maximum of 86 % conversion was achieved with
0.045 g of catalyst. A further improvement in conversion of ca. 2 % could only be
obtained upon increasing the catalyst amount to 0.060 g. As turn over frequency would
be higher for 0.045 g of catalyst compared to 0.060 g, an amount of 0.045 g of catalyst

may be considered enough to obtain maximum oxidation of cyclohexene.
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Fig. 3.6. Effect of amount of H,O, on the oxidation of cyclohexene. Reaction

conditions: cyclohexene (0.82 g, 10 mmol), PS-[VO(ligand),] (0.045 g), CH;CN (10

ml) and 80 °C.
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Fig. 3.7. Effect of amount of catalyst PS-[VO(ligand),] on the oxidation of

cyclohexene. Reaction conditions: cyclohexene (0.82 g, 10 mmol), H,0, (2.27 g, 20
mmol), CH;CN (10 ml) and 80 °C.
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As observed in Section 3.3.6.1, running the reaction at 80 °C gave a maximum
conversion under the given conditions. Thus, the optimised conditions for the
oxidation of 10 mmol of cyclohexene were fixed as follows: catalyst (0.045 g), 30 %
aqueous H,0O, (2.27 g, 20 mmol), CH;CN (20 ml) and reaction temperature (80 °C).
Other catalysts: PS-[MoO,(ligand),] and PS-[Cu(ligand),], tested under the above
optimised reaction conditions gave maxima of 66 % and 51 % cdonversion,
respectively. Thus, amongst the three anchored catalysts, the catalytic efficiency vary
in the order: PS-[VO(ligand),] > PS-[MoO,(ligand),] > PS-[Cu(ligand),]. Fig. 3.8
presents the conversion profile as a function of time, while the selectivity of different
products along with the conversion and turn over frequency for these catalysts are
presented in Table 3.5. It is clear from the table that the selectivity of the various
products obtained vary in the order: cyclohexane-1, 2-diol > 2-cyclohexene-1-one >

cyclohexeneoxide.

Table 3.5. Percentage conversion of cyclohexene, product selectivity and TOF

Catalyst Conv. TOF | Product selectivity (%)*
(%) (h_l) a b C Others
[VO(tmbmz),] 64.0 14.7 2.4 12.4 | 84.7 0.5
PS-[VO(ligand),] 86.0 31.0 3.2 14.8 | 81.3 0.7
PS-[VO(ligand),]” 85.5 - 3.0 149 |81.2 0.9
PS-[VO(ligand),]° 84.8 - 3.1 14.8 | 81.2 0.9
[MoO,(tmbmz),] 55.0 14.1 2.2 11.1 | 85.7 1.0
PS-[MoO,(ligand),] 66.0 26.2 23 132 | 834 1.1
PS-[MoO,(ligand),]> | 65.0 - 2.1 13.4 | 83,1 1.4
PS-[MoO,(ligand),]° | 64.4 - 2.2 134 |83.2 1.2
[Cu(tmbmz),] 39.0 8.7 2.1 12.4 | 84.4 1.1
PS-[Cu(ligand),] 51.0 18.5 2.8 129 |83.3 1.0
PS-[Cu(ligand),]° 49.0 - 3.0 12.8 | 83.4 0.8
PS-[Cu(ligand),]" 48.0 - 2.9 12.7 |83.5 0.9

? For details of abbreviations see Scheme 3.4.° First cycle of used catalyst. ¢ Second cycle

of used catalyst.
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Non-polymer-bound complexes: [VO(tmbmz),], [MoO,(tmbmz),] and
[Cu(tmbmz),] exhibited at 64, 55 and 39 % conversion, respectively (Fig. 3.8), and
thus show good catalytic activity as well. The order of the selectivity of reaction
products is also the same as that observed for their polymer-anchored analogues.
Again, the formation of cyclohexeneoxide in these cases is very low. Table 3.5 also
presents the relevant data for non-polymer-bound complexes. The calculated turn over
frequencies in these cases are low (14.7 for [VO(tmbmz),], 14.1 for [MoO,(tmbmz),]
and 8.7 for [Cu(tmbmz),]). Thus, turn over frequency as well as other characteristics
such as stability, recycle ability and operational flexibility make the polymer-anchored

catalysts better than the non-polymer-bound complexes.
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Fig. 3.8. Comparison of catalysts for the oxidation of cyclohexene. Reaction
conditions: cyclohexene (0.82 g, 10 mmol), catalyst (0.045 g), H,0, (2.27 g, 20
mmol), CH;CN (10 ml) and 80 °C.
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3.3.6.3. Oxidation of ethylbenzene

Oxidation of ethylbenzene catalysed by PS-[VO(ligand),], PS-[MoO,(ligand),]
and PS-[Cu(ligand),] using H,O, as oxidant gave benzaldehyde, phenylacetic acid,

acetophenone and 1-phenylethane-1,2-diol, as shown in Scheme 3.5.

Ethylbenzene (©) (d)
Scheme 3.5. Reaction products on oxidation of ethylbenzene: (a) benzaldehyde, (b)

phenylacetic acid, (c) acetophenone and (d) 1-phenylethane-1,2-diol

Again, we have checked the influence of the amount of oxidant (moles of H,0,
per mole of ethylbenzene), catalyst and temperature of the reaction using PS-
[VO(ligand),] as a representative catalyst. The effect of temperature on the oxidation
of ethylbenzene was studied at three different temperatures (viz. 55, 70 and 80 °C)
while keeping ethylbenzene (1.06 g, 10 mmol), aqueous 30 % H,O, (3.34 g, 30
mmol), and catalyst (0.060 g) in 10 ml of CH;CN. As observed earlier, the
performance of the catalyst is much better at 80 °C than at to 55 and 70 °C, along with
achieving the maximum conversion in considerably less time.

The influence of H,0, concentration on the oxidation of ethylbenzene was
studied considering ethylbenzene : aqueous 30 % H,0, molar ratios of 1 : 1.5, 1 : 3
and 1 : 4 while keeping ethylbenzene (1.06 g, 10 mmol), catalyst (0.060 g), CH;CN
(10 ml) and temperature (80 °C) constant. As illustrated in Fig. 3.9, the conversion
improved from 12 % at 1 : 1.5 mole ratio to 26 % at 1 : 3 and finally to 29 % at 1 : 4
mole ratio in 8 h of reaction time. However, at the expense of oxidant a minimum of 1
: 3 molar ratio may be considered necessary to observe maximum oxidation. Further,
the turn over rates for substrate-to-oxidant ratio of 1 : 3 with 26 % conversion would
be higher than that calculated at 1 : 4 ratio with 29 % conversion.

The effect of amount of catalyst on the oxidation of ethylbenzene is illustrated

in Fig. 3.10. It is clear from the plot that the reaction proceeded slowly and gave only
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Il % conversion with 0.040 g of catalyst under the above reaction conditions.
Increasing the catalyst amount to '0.060 g improved this conversion to 26 % within 8 h
of reaction time. Further increment of catalyst amount showed no further improvement

in the oxidation of ethylbenzene.
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Fig. 3.9. Effect of amount of H,0, on the oxidation of ethylbenzene. Reaction
conditions: ethylbenzene (1.06 g, 10 mmol), PS-[VO(ligand),] (0.060 g), CH;CN (10
ml) and 80 °C.
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Fig. 3.10. Effect of amount of catalyst on the oxidation of ethylbenzene. Reaction
conditions: ethylbenzene (1.06 g, 10 mmol), H,0, (3.34 g, 30 mmol), CH;CN (10 ml)
and 80 °C. - ' '
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Table 3.6 presents the results of ethylbenzene oxidation under the optimised
reaction conditions after 8 h of reaction time, while Fig. 3.11 presents the conversion
as a function of time. Catalyst PS-[VO(ligand),] exhibits a maximum of 26 %
conversion while PS-[MoOy(ligand),] and PS-[Cu(ligand),] gave lower but similar
conversions of 17 % and 15 %, respectively. The products formed are independent of
catalyst and follow the order: benzaldehyde > phenylacetic acid > acetophenone > 1-
phenylethane- 1,2-diol (see Table 3.6). A very small amount of an unidentified product
was also noticed. No significant improvement in the oxidation of ethylbenzene was
observed beyond 8 h of reaction time. The non-polymer-bound complexes
[VO(tmbmz),], [MoO,(tmbmz),] and [Cu(tmbmz),] showed 14, 11 and 9 %
conversion of ethylbenzene, respectively, when their 0.030 g amount was used under
the above optimised conditions. However, the turnover rates are very low compared to

those of their respective polymer-anchored complexes.

Table 3.6. Percentage conversion of ethylbenzene, product selectivity and TOF

Product selectivity (%)*
Catalyst Conv. TOF a b c d
(%) (h™h

[VO(tmbmz),] 14.0 2.7 69.6 | 21.1 |57 3.6
PS-[VO(ligand),] 26.0 6.0 667 | 233 |62 3.8
PS-[VO(ligand), ]’ 25.4 ; 667 | 233 |62 3.8
PS-[VO(ligand),]° 24.0 ; 66.5 | 234 |64 3.7
[MoO,(tmbmz),] 11.0 2.4 71.6 202 |52 3.0
PS-[MoOx((ligand),] | 17.0 43 69.7 | 222 |46 3.5
PS-[MoOy((ligand),]° | 16.7 ; 69.7 | 222 |46 3.5
PS-[MoO,((ligand),]° | 15.3 ; 69.9 | 219 |45 3.7
[Cu(tmbmz),] 9.0 1.7 726 | 202 |42 3.0
PS-[Cu(ligand),] 15.0 3.5 705 | 217 |45 3.3
PS-[Cu(ligand),]° 14.0 ; 703 | 21.6 |47 3.4
PS-[Cu(ligand),]° 13.6 - 71.0 | 209 |46 3.5

2 For details of abbreviations see Scheme 3.5. ° First cycle of used catalyst. ¢ Second

cycle of used catalyst.
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Fig. 3.11. Comparison of catalytic potential of the catalysts on the oxidation of
ethylbenzene under optimised conditions. Reaction conditions: ethylbenzene (1.06 g, 10

mmol), H,O; (3.34 g, 30 mmol), catalyst (0.060 g), CH3CN (10 ml) and 80 °C.

3.3.7. Test for recyclability and heterogeneity of the reaction

The recycle ability of the polymer-anchored catalysts 3.1, 3.2 and 3.3 were tested
for the oxidation of styrene, cyclohexene and ethylbenzene. The reaction mixture after a
contact time of 6 h was filtered and the separated catalysts were washed with acetonitrile,
dried and subjected to further catalytic reactions under similar conditions. No appreciable
loss in the activities (see Tables 3.4, 3.5 and 3.6) were found in all cases, indicating that
whatever the actual structures of the metal complexes, these remain unchanged, and the
catalysts were active even after the second cycle. The product distributions with time and
selectivity of the reaction products are nearly preserved as obtained for fresh catalyst
within the experimental error. During catalytic oxidation of styrene, cyclohexene and
ethylbenzene, the filtrates collected after separating the solid catalysts were placed into the
reaction flasks, and the reaction was continued after adding fresh oxidant for another 2 h.
The gas chromatographic analyses showed no further increment in the conversion. This
confirms that the reaction did not proceed upon removal of the solid catalyst and hence the

_ catalysis is heterogeneous in nature.
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3.3.8. Studies concerning the elucidation of the possible reaction pathway
3.3.8.1. UV-Vis studies

The non-polymer-bound complexes dissolved in methanol were treated with
methanolic solutions of H,0, and the progress of each reaction was monitored by
electronic absorption spectroscopy. Thus, the titration of [VVO(tmbmz),] dissolved in
methanol (ca. 10™ M solution) with two-drop portions of 30 % H,0, dissolved in
methanol resulted in the slow weakening of the 240 nm band with decrease in
intensity, while the 210 nm band experienced a slight increase in intensity. The bands
appearing at 274, 280 and 289(s) nm experienced a slight decrease in intensity. At the
same time, the weak shoulder band appearing at 396 nm shifted to 370 nm with
increase in intensity. The bands appearing at 524 and 665 nm due to d — d transitions
at higher concentration of [V"VO(tmbmz),] (ca. 10~ M), slowly disappeared upon
addition of H,0,. These spectral changes and the presence of an isobest<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>