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Abstract

Interaction of oxovanadium(IV) exchanged zeolite-Y with the Schiff base derived from salicylaldehyde and 2-aminomethylbenzimidazole
(Hsal-ambmz) in refluxing methanol followed by aerial oxidation leads to the formation of encapsulated dioxovanadium(V) complex, [VO,(sal-
ambmz)]-Y(1). Similar reaction with copper(Il) exchanged zeolite-Y followed by its treatment with aqueous NaCl gave encapsulated copper(II)
complex, [Cu(sal-ambmz)Cl]-Y(2). These encapsulated complexes have been characterized by spectroscopic studies, thermal analysis and scanning
electron micrographs (SEMs) as well as X-ray diffraction patterns. 3D model structure generated for neat complex [VO,(sal-ambmz)] suggests that
zeolite-Y can accommodate these complexes in its nano-cavity without any strain. The encapsulated materials are active catalysts for the oxidation
of phenol, styrene and methyl phenyl sulfide using H,O, as an oxidant. Under the optimised reaction conditions about 42% conversion of phenol
was obtained with these catalysts where the selectivity of catechol varied in the order: 2 (73.9%) >1 (65.2%). With the conversion of 97.0% with
1 or 56.7% with 2, the oxidation of styrene gave styrene oxide, benzaldehyde, benzoic acid, 1-phenylethane-1,2-diol and phenylacetaldehyde as
major products. A maximum of 96.1% (with 1) conversion of methyl phenyl sulfide was observed in which the selectivity of major product methyl

phenyl sulfoxide was found to be ca. 98%.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

Heterogeneous catalysts have played a key role in the devel-
opment of industrial processes for chemical industry. There are
three general methods to heterogenise homogeneous catalysts:
(i) by polymerization of homogeneous catalyst itself [1-5] and
thus making them insoluble in solvents, (ii) by immobilization
of homogeneous catalyst through covalent bonding with poly-
meric materials [6-9] or materials like functionalized MCM-41,
SBA-15, etc. [10,11] and (iii) by encapsulating them in the nano-
cavity of, e.g. zeolites [12-16]. Latter two methods provide
additional characteristic properties such as activity, selectivity,
thermal stability and reusability of the catalysts. In recent years
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zeolite encapsulated metal complexes (ZEMC) have provided
the opportunity to develop catalytic process for the selective
oxidation, alkylation, dehydrogenation, cyclization, amination,
acylation, isomerisation and rearrangement of various substrates
and are able to produce intermediates as well as most industrial
products [12—-15].

Liquid phase hydroxylation of phenol, by molecular oxygen
and HyO», is industrially important reaction. Several heteroge-
neous catalytic methods have been developed for the oxidation of
phenol and wide range of products selectivity has been reported
[17-21]. The catalysts based on zeolite encapsulated metal com-
plexes have played excellent role in this regard [22-24]. We
have reported oxidation of phenol using salen (Hpsalen=N,N'-
bis(salicylidene)-1,2-diaminoethane) based transition metal
complexes and have shown that selectivity towards the forma-
tion of catechol was ca. 90% with [VO(salen)] encapsulated in
zeolite-Y [25].
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Styrene epoxide, an important intermediate for the manufac-
ture of perfumery chemical phenylethyl alcohol, is oxidation
product of styrene. Homogeneous and heterogeneous catalysts
have been used for the epoxidation of styrene [26-31].

In this work, we have encapsulated copper(Il) and diox-
ovanadium(V) complexes of Schiff bases derived from
salicylaldehyde and 2-aminomethylbenzimidazole (Hsal-
ambmz, I) in the super cages of zeolite-Y and characterized.
Their catalytic activities have been tested for the liquid phase
oxidation of phenol and styrene.

Enzyme vanadate-dependent haloperoxidases catalyse the
oxidation of sulfides (thioethers) to sulfoxides and further to
sulfones [32]. Vanadium complexes are known to mimic sulfoxi-
dases activity [31,33,34]. We have, therefore, tested sulfoxidases
activity also with encapsulated vanadium complex in question.

OH
N
©:;N/\</ D
N
H
I: IIsal-ambmz

2. Experimental
2.1. Materials

Analytical reagent grade cupric nitrate, cupric chloride, 30%
aqueous H> O3, salicylaldehyde (sal), o-phenylenediamine were
obtained from E. Merck, India. Vanadyl sulfate penta hydrate,
glycine and phenol were obtained from Loba Chemie, India.
Methyl phenyl sulfide obtained from Alfa Aeaser, U.S.A. and
styrene from Acros Organics, New Jersey, U.S.A. were used as
such. Zeolite-Y (Si/Al=ca. 10) was obtained from Indian Oil
Corporation (R&D), Faridabad, India. All other chemicals and
solvents used were of AR grade. 2-Aminomethylbenzimidazole
dihydrochloride (ambmz-2HCI) was prepared following the pro-
cedure reported in the literature [35].

2.2. Physical methods and analysis

Copper and vanadium were analysed using inductively cou-
pled plasma (ICP; Labtam 8440 plasmalab) after leaching the
metal ions with conc. nitric acid and diluting with distilled water
(for copper) or with very dilute aqueous KOH solution (for vana-
dium) to specific volume in volumetric flask. Electronic spectra
were recorded in Nujol using Shimadzu 1601 UV-vis spec-
trophotometer by layering the mull of the sample to inside of one
of the cuvettes while keeping the other one layered with Nujol as
reference. Spectra of neat complexes were recorded in methanol.
IR spectra were recorded as KBr pellet on a Nicolet NEXUS Ali-
gent 1100 series FT-IR spectrometer after grinding the sample
with KBr. Thermogravimetric analyses of pure as well as encap-
sulated complexes were carried out using TG Stanton Redcroft
STA 780. X-ray powder diffractograms of solid catalysts were
recorded using a Bruker AXS D8 Advance X-ray powder diffrac-
tometer with a Cu Ka target. All catalysed reaction products
were analysed using thermoelectron gas-chromatograph having
HP-1 capillary column (30m x 0.25 mm x 0.25 pm) and FID

detector. Scanning electron micrographs (SEMs) of catalysts
were recorded on a Leo instrument model 435VP. The samples
were dusted on alumina and coated with thin film of gold to pre-
vent surface changing and to protect the surface material from
thermal damage by electron beam. In all analysis, a uniform
thickness of about 0.1 mm was maintained.

2.3. Preparations

2.3.1. Preparation of Hsal-ambmz

Ligand Hsal-ambmz was prepared as reported previously
[31]. An aqueous solution of ambmz-2HCI (1.10g, 5 mmol
in 15ml) was neutralized by adding aqueous K>COs3 solu-
tion (0.83 g, 6 mmol). A methanolic solution of salicylaldehyde
(0.61 g, 5 mmol in 10 ml) was added drop-wise to the above solu-
tion with stirring within 1h. During this period, yellow solid
slowly separated out which was filtered, washed thoroughly
with water followed by petroleum ether and dried in vacuo at
room temperature. Finally, it was recrystallised from minimum
amount of acetonitrile. Yield 70%. Anal. found: C, 71.32%; H,
5.37%;N, 16.52%. Calcd. for C15H13N30 (251.29): C, 71.70%;
H, 5.21%; N, 16.72%. "H NMR (DMSO-ds, 8/ppm): 12.90 (b,
1H, —-OH); 8.95 (s, 1H, -CH=N-); 6.98 (d, 3H), 7.41 (m, 4H),
7.67 (d, 1H) (aromatic); 5.05 (s, 2H, —CH»-).

2.3.2. Preparation of OV(IV)-Y (oxovanadium exchanged
zeolite)

A filtered solution of VOSO4-5H>O (3.0g, 12mmol) dis-
solved in 50 ml of distilled water was added to a suspension of
Na-Y zeolite (5.0 g) in 300 ml of distilled water and the reac-
tion mixture was heated at 90 °C with stirring for 24 h. The light
green solid was filtered, washed with hot distilled water until fil-
trate was free from any vanadyl ion content, and dried at 150 °C
for 24 h.

2.3.3. Preparation of Cu(Il)-Y (copper exchanged zeolite)
Cu(II)-Y was prepared following essentially the same proce-
dure out lined for OV(IV)-Y replacing VOSO4 by Cu(NO3),.

2.3.4. Preparation of [V Os(sal-ambmz)]-Y(1)

A mixture of OV-Y (1.0g) and Hsal-ambmz (2.5 g) was
mixed in 100ml of methanol and the reaction mixture was
refluxed for 15 h in an oil bath with stirring. The resulting mate-
rial was suction filtered and then extracted with methanol using
Soxhlet extractor until the complex was free from unreacted lig-
and. The solid was further suspended in methanol and oxidized
by passing air while stirring at room temperature for 24 h. After
filtering, the uncomplexed vanadium(IV/V) ions present in the
zeolite was removed by stirring with aqueous 0.01 M NaCl solu-
tion for 8 h. Finally the resulting solid was washed with water
until free from chloride ions and dried at 120 °C for several hours
to constant weight.

2.3.5. Preparation of [Cu! (sal-ambmz)Cl]-Y(2)

A methanolic solution of Hsal-ambmz (2.5 g in 50 ml) was
added to Cu-Y suspended in 50 ml of methanol and the reaction
mixture was refluxed for 15h in an oil bath with stirring. The
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resulting material was filtered off and extracted with methanol
till the complex was free from unreacted Hsal-ambmz. The
uncomplexed Cu(Il) ion present in the zeolite-Y was removed
by stirring with aqueous 0.01 M NaCl solution for 8 h. It was
filtered, washed with distilled water till no trace of chloride ion
and dried at 120 °C for several hours to constant weight.

2.3.6. Preparation of [VV O3 (sal-ambmz)](3)

This complex was prepared following the procedure reported
in the literature [31]. Yield 75%. Anal. found: C, 53.76%;
H, 3.76%; N, 12.42%. Calcd. for C;5sH12N303V (333.22): C,
54.07%; H, 3.63%; N, 12.61%. "H NMR (DMSO-dg, 8/ppm):
9.10 (s, 1H, —-CH=N-); 6.86 (d, 3H), 7.38 (s, 1H), 7.50 (t, 1H),
7.60 (d, 1H), 7.66 (d, 1H), 8.10 (d, 1H) (aromatic); 5.52 (s, 2H,
—CHy-).

2.3.7. Preparation of [Cu'! (sal-ambmz)Cl](4)

A solution of CuCl,-2H,0 (0.852 g, 5 mmol) dissolved in
methanol (20 ml) was added to a hot solution of Hsal-ambmz
(1.26 g, 5 mmol) in 30 ml of methanol, and the reaction mixture
was refluxed on a water bath for 5h. Green solid of [Cu(sal-
ambmz)Cl] slowly separated out within a few hours period on
cooling the solution to ambient temperature. This was filtered
off, washed with methanol and dried. Yield 68%. Anal. found:
C, 50.72%; H, 3.92%; N, 12.23%. Calcd. for C15H{,N3OCIV
(368.33): C, 51.38%; H, 3.71%; N, 11.99%.

2.4. Catalytic activity study

2.4.1. Oxidation of phenol

The catalytic hydroxylation of phenol was carried out in a
50 ml flask fitted with a water circulated condenser. In a typi-
cal reaction, 30% aqueous H,O; (17.01 g, 0.15 mol) and phenol
(4.7 g,0.05 mol) were mixed in 2 ml of CH3CN and the reaction
mixture was heated at 80 °C with continuous stirring in an oil
bath. An appropriate catalyst (0.025 g) was added to the reac-
tion mixture and the reaction was considered to begin. During
the reaction, the products were analysed by withdrawing small
aliquots after specific interval of time using a gas chromato-
graph, and confirming the identity by GC-MS. The effects of
various parameters, such as amounts of oxidant, and catalyst as
well as the temperature of the reaction were studied in order to
see their effect on the conversion and selectivity of the reaction
products.

2.4.2. Oxidation of styrene

Styrene (0.50g, 0.005mol), aqueous 30% H,O, (1.70 g,
0.015 mol) and catalyst (15 mg) were taken in 10 ml of CH3CN
and the reaction was carried out at 75 °C. The progress of the
reaction was monitored as mentioned above and identity of var-
ious products confirmed by GC-MS.

2.4.3. Oxidation of methyl phenyl sulfide

Methyl phenyl sulfide (0.62 g, 0.005 mol) was dissolved in
20 ml of acetonitrile. After addition of HyO, (0.57, 0.005 mmol)
and catalyst (5 mg), the reaction mixture was stirred at room
temperature for 2 h. During the reaction, the reaction products

formed were analysed using gas chromatograph by withdrawing
small aliquots after specific interval of time. The identities of the
products were confirmed by GC-MS.

3. Results and discussion
3.1. Characterisation of catalysts

Synthesis of metal complexes encapsulated in the nano-cavity
of zeolite-Y involves two steps: (i) exchange of VO(IV) and
Cu(II) ions with NaY in aqueous solution and (ii) reaction of
metal exchanged zeolites, i.e. OV(IV)-Y and Cu(Il)-Y with
excess Hsal-ambmz in methanol where ligand slowly enters into
the cavity of zeolite-Y due to its flexible nature and interacts
with metal ions. This method has been described as flexible lig-
and method [14,22]. Soxhlet extraction using methanol finally
purified the impure complexes. In case of vanadium complex,
initially formed oxovanadium(IV) species slowly oxidizes by
air in solution to give dioxovanadium(V) complex [VO»(sal-
ambmz)]. The remaining uncomplexed metal ions in zeolite
were removed by exchanging with aqueous 0.01 M NaCl solu-
tion. As one extra anionic ligand would be required to balance
the overall charges on the Cu(Il), C1~ of NaCl used during
exchanged process fulfills this requirement. Thus, the formula
of copper(Il) complex may be written as [Cu(sal-ambmz)(CI)]-
Y. The percentage of metal contents determined before and after
encapsulation by inductively coupled plasma (ICP; Labtam 8440
plasma lab), along with their expected formula and color are pre-
sented in Table 1. As crude mass was extracted with methanol,
the metal ion content found after encapsulation is only due to the
presence of metal complexes in the super cages of the zeolite-Y.
The molecular formula of the complexes are based on the neat
complexes [ VO, (sal-ambmz)] and [Cu(sal-ambmz)Cl] that have
also been prepared and characterized.

3.2. 3D molecular structure

A C.S. Chem Ultra molecular modeling and analysis
programme [36] was used to create three-dimensional model
structure for [VO,(sal-ambmz)]. Fig. 1 presents the molecular
structure, and the selected bond lengths and bond angles are
given along with the figure’s caption. Complex [VOj(sal-
ambmz)] represents the distorted trigonal pyramid where
phenolate-O (09) and the benzimidazole-N (N21) are in the
axial position (Z09-V12-N21=168.098 10\). The azomethine-
N and the two doubly bonded oxygen atoms are in the
trigonal plane. Similar structure for a closely related complex
[VOy(sal-aebmz)] (Hsal-aecbmz=Schiff base derived from

Table 1
Chemical composition, physical and analytical data

No. Catalyst Color Metal content (wt.%)
1 OV-Y Light green 4.58
2 [VO;(sal-ambmz)]-Y Light cream 1.82
3 Cu-Y Pale blue-green 7.60
4 [Cu(sal-ambmz)Cl]-Y Pale brown 2.57
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Fig. 1. 3D model structure of [VO2(sal-ambmz)]. Bond length (A): V=0(9),
1.873; V-N(10), 1.910; V-N(21), 1.918; V-0(23), 1.868; V-0(24), 1.865. Bond
angle (°): O(9)-V-N(21), 168.098; O(9)-V-N(10), 88.017; N(10)-V-N(21),
84.702; N(10)-V-0(23), 123.633; N(10)-V-0(24), 107.407; N(21)-V-0(23),
87.666; N(21)-V-0(24), 97.091; O(23)-V-0(24), 128.959.

salicylaldehyde and 2-aminoethylbenzimidazole) has been
structurally characterized by single crystal X-ray study [31].

Most [Cu(ONN)X] (where ONN =coordinating atoms of
monobasic ligands, X=CI", Br~, N3~ etc.) type complexes
exist as dimmer/polymer where each unit has square pyra-
midal structure through bridging of X~ [37-39]. Complex
[Cu(sal-ambmz)CI] may also exist as dimmer/polymer. How-
ever, such dimeric/polymeric structure will not be possible for
the complex [Cu(sal-ambmz)Cl] encapsulated in zeolite-Y due
to space constraint. As spectral patterns of neat as well as
encapsulated complexes (vide infra) are same, a square planar
structure may also be suggested for encapsulated complexes
and this is possible only on additional coordination of, e.g.
water with Cu(Il). Therefore, no attempt has been made to
give three dimensional model structure for the neat complex
[Cu(sal-ambmz)CI].

3.3. Scanning electron micrograph study

The scanning electron micrographs (SEM) of the metal
exchanged zeolite and their respective encapsulated complexes
indicate the presence of well defined crystals free from any
shadow of the metal ions or complexes present on their exter-
nal surface. The representative micrographs of OV(IV)-Y and
[VO;(sal-ambmz)]-Y are presented in Fig. 2.

3.4. Thermogravimetric analysis

The thermal decomposition of catalysts [VO,(sal-ambmz)]-
Y (1) and [Cu(sal-ambmz)Cl]-Y(2) usually occurs in two major
steps. An endothermic weight loss of ca. 4% (in 1) or ca. 7% (in
2) occurs in the temperature range 150-250 °C which is possibly
due to the removal of intrazeolite water. The second step of
exothermic weight loss consists of several sub-steps and starts
immediately after first step and continue till 800 °C to constant
weight. A weight loss of ca. 7% (in 1) or ca. 10% (in 2) due to the
slow decomposition of metal complexes is expected in this wide
temperature range. The loss in small percentage indicates the
insertion of only small amount of metal complexes in the cavity
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Fig. 2. Scanning electron micrograph of (a) OV(IV)-Y and (b) [VO(sal-
ambmz)]-Y.

of the zeolite-Y. This is in agreement with the low percentage of
metal content obtained for encapsulated complexes.

3.5. Powder X-ray diffraction studies

The powder X-ray diffraction patterns of Na-Y, OV(IV)-
Y, Cu(D)-Y, [VO;(sal-ambmz)]-Y and [Cu(sal-ambmz)(Cl)]-Y
were recorded at 260 values between 5 and 70 to see their crys-
talline nature and to ensure encapsulation of complexes inside
the cavity. The XRD patterns of Na-Y, Cu(Il)-Y and encapsu-
lated complex [Cu(sal-ambmz)Cl]-Y are presented in Fig. 3. An
essentially similar pattern in Na-Y, metal exchanged zeolite-Y
and metal complex encapsulated zeolite-Y was noticed, though
slight change in the intensity of the bands in later two cases were
in order. These observations indicate that the framework of the
zeolite has not undergone any significant structural change dur-
ing incorporation of the catalysts. This is further, in consultation
with SEM, suggests that the crystallinity of the zeolite-Y is pre-
served during encapsulation. No new peaks could be detected
in metal exchanged or complex encapsulated zeolite samples
probably due to poor loading of these in zeolite framework.

3.6. IR spectral studies

A partial list of IR spectral data is presented in Table 2.
IR spectrum of ligand exhibits two sharp bands at 1617 and
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Fig. 3. XRD pattern of Na-Y (a), Cu-Y (b) and [Cu(sal-ambmz)CI]-Y (c).

1634cm~! due to v(C=N) (azomethine/ring) stretch. These
bands move towards lower wave numbers on coordination of
azomethine/ring nitrogen to the metal. The presence of hydrogen
bonding between NH of benzimidazole and other electronega-
tive atoms in ligand is indicated by the appearance of several
medium intensity band in the range 2500-2700 cm™!. These
bands are also present in complexes indicating the presence of
hydrogen bonding in complexes. The coordination of the phe-
nolic oxygen could not be ascertained unequivocally due to the
appearance of strong band in the ca. 3400 cm™'. However, in
the light of structurally characterized complex, e.g. [VO(sal-
aebmz)](Hsal-aebmz = Schiff base derived from salicylaldehyde
and 2-aminoethylbenzimidazole), a monobasic tridentate ONN
behaviour of the ligand may also be considered here [31]. Loca-
tion of bands due to cis-VO, structure in zeolite encapsulated
vanadium complex has not been possible due to appearance of
a strong and broad band at ca. 1000 cm™! due to zeolite frame
work; neat complex [VO;(sal-ambmz)] exhibits two bands at
940 and 908 cm .

3.7. Electronic spectral studies

Table 2 also presents electronic spectral data of ligand
and complexes. The electronic spectral studies of ligand Hsal-
ambmz and its dioxovanadium(V) complex [VO,(sal-ambmz)]
have been discussed in detail [31]. Similar spectral patterns were
observed with neat as well as encapsulated vanadium complexes;

Table 2

IR and electronic spectral data of ligand, pure and encapsulated complexes

Compound IR cm™"), u(C=N)  Amax (nm)
(azomethine/ring)

Hsal-ambmz 1636, 1617 207, 256, 274, 281, 324

[VOy(sal-ambmz)]-Y 1625, 1600 207, 267, 314, 395

[Cu(sal-ambmz)Cl]-Y 1633, 1536 204, 276, 367

[VO;(sal-ambmz)] 1624, 1599 218,257,274, 281, 320, 384

[Cu(sal-ambmz)Cl] 1634, 1600 221,240, 272, 278, 374, 645

}

[
Q
=
2
[=]
2
=)
<

0.0 T T T T T T 1

200 300 400 500 600
(a) Wavelength (nm)
i
2.01 I~
| C
03 d

154 0.2
Q
2 0.1
<
= 4 : : : :
g &0 500 600 700 800
-
<

0.5

\Kkk—i }
0.0 O o e
% T . T = T % T b T ¥ 1
200 300 400 500 600 700 800

(b) Wavelength (nm)

Fig. 4. Electronic spectra of [VO; (sal-ambmz)] (a) and [VO; (sal-ambmz)]-Y
(b). Electronic spectra of [Cu(sal-ambmz)Cl] (c) and [Cu(sal-ambmz)Cl]-Y (d).

Fig. 4a. Encapsulated as well as neat copper complexes also
exhibit similar spectral patterns in the UV region. Additional
band at ca. 645 nm was observed in neat [Cu(sal-ambmz)Cl]
due to d—d transition; Fig. 4b.

3.8. Catalytic activity

3.8.1. Oxidation of phenol

Oxidation of phenol, catalysed by [VO;(sal-ambmz)]-Y and
[Cu(sal-ambmz)CI]-Y was carried out using HyO» as an oxidant
and as expected, based on directing group of phenol, two major
products, i.e. catechol and hydroquinone as shown by Scheme 1
were identified from the reaction mixture.

In order to achieve suitable reaction conditions for the max-
imum oxidation of phenol, the effect of following reaction
parameters were studied in detail using [VO;(sal-ambmz]-Y as
a representative catalyst:
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OH OH OH

H,0,
Catalyst

OH

Scheme 1.

e H>0O; concentration (moles of HO, per mole of phenol);
e amount of catalyst per mole of phenol;
e temperature.

The results of all these studies and possible explanations are
summarized below.

The effect of HyO; concentration on the oxidation of phenol
is illustrated in Fig. 5. Four different H,O,/phenol molar ratios,
viz. 1:1, 2:1, 3:1 and 4:1 were considered while keeping the
fixed amounts of phenol (4.7 g, 0.05 mol) and catalyst (25 mg)
in 2ml of MeCN and the reaction was carried out at 75 °C. It
is clear from the plot presented as a function of time that the
3:1 molar ratio is best ratio to obtain the phenol conversion
of 42.5% at 75°C while 2:1 and 1:1 gave lower conversions.
About 6 h was required to establish the equilibrium. Though,
H;O,/phenol molar ratio of 4:1 gives relatively higher con-
version, the selectivity of H,O, would go considerably low.
Induction period of ca. 1 h in each plot suggests that either for-
mation of the reactive intermediate takes longer time itself or
intermediate formed takes longer time to transfer oxygen to the
substrate.

Similarly, for phenol (4.7g, 0.05mol), H,O, (17.01g,
0.15 mol) and acetonitrile (2 ml), four different amount of cata-
lyst, viz. 15,25, 50 and 75 mg were considered and the reactions
were monitored at 75 °C. Results illustrated in Fig. 6 for the
oxidation of phenol shows that 15 mg catalyst gives only 38.6%
conversion, while 25 mg catalyst is sufficient enough to obtain
42.5% phenol conversion at 75 °C in 6 h of reaction time. Fur-
ther increments of catalyst hardly improve the conversion. This
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Fig. 5. Effect of HyO; concentration (H,O,: phenol) on phenol oxidation.
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Fig. 6. Effect of amount of catalyst per unit weight of phenol.

has been interpreted in terms of the thermodynamic and mass
transfer limitations at higher reaction rates.

The temperature of the reaction medium also influences the
reaction rate. It has been inferred that 80 °C is the best suited
temperature for the maximum oxidation of phenol. At this tem-
perature, a maximum of 43.9% conversion was achieved in 6 h
of contact time when phenol (4.7 g, 0.05 mol), H,O, (17.01 g,
0.15 mol) and [VO(sal-ambmz)] (25 mg) were taken in 2 ml of
acetonitrile. As shown in Fig. 7, running the reaction at lower
temperature, viz. 70 and 75 °C lower the conversion.

Thus, optimised operating reaction conditions for the max-
imum oxidation of phenol were fixed as follows: phenol
(4.7g, 0.05mol), H,O;, (17.01 g, 0.15mol), catalyst (25 mg),
CH3CN (2ml) and temperature (80°C). Under this condi-
tion, the performances of other catalysts were studied and
the percentages of phenol oxidation after 6 h of reaction time

50
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Fig. 7. Effect of temperature on the oxidation of phenol.
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Table 3
Percentage conversion of phenol along with TOF values and the selectivity of
the products formed after 6 h of reaction time

Catalyst % conversion TOF* % selectivity

h—]

&) Catechol ~ Hydroquinone
[VOy(sal-ambmz)]-Y  43.9 409.6 65.2 34.8
[Cu(sal-ambmz)Cl]-Y  42.0 565.7 739 26.1

[VO,(sal-ambmz)] 37.6 167.1 714 28.6
[Cu(sal-ambmz)Cl] 354 4779  68.8 31.2

4 TOF (turn over frequency) moles of substrate converted per mole of metal
(in the solid state catalyst) per hour.

along with the products selectivity are presented in Table 3
and the conversion plotted as a function of time is pre-
sented in Fig. 8. With 42.0% conversion of phenol, [Cu(sal-
ambmz)Cl]-Y exhibits nearly identical potentiality to that of
[VO,(sal-ambmz)]-Y. However, the order of the percent conver-
sion is: [VO;(sal-ambmz)]-Y (43.9%) > [Cu(sal-ambmz)CI]-Y
(42.0%). Amongst the products formed, the selectivity of cat-
echol is better and varies between 65.2 and 73.9%, while that
of hydroquinone between 26.1 and 34.8%. The performances
of neat complexes [VO;(sal-ambmz)] and [Cu(sal-ambmz)Cl]
under the above reaction conditions are also good and the con-
versions follow the order: [VO;(sal-ambmz)] (37.6%) > [Cu(sal-
ambmz)Cl] (35.4%). However, the overall performance of
encapsulated complexes is better than the corresponding neat
ones. The turn over frequencies (TOF) of the encapsulated com-
plexes are also higher.

The catalytic performances of these encapsulated complexes
compare well with the data reported in the literature. For
example, the observed conversions for zeolite-Y encapsulated
complexes [Cu(salpn)]-Y (Hpsalpn=N,N'-bis(salicylidene)
propane-1,3-diamine) (31%) [40], Cu(saldien)]-Y (46%) [41],
[VO(salen)]-Y (32.6%) [25] are close to the one reported in
Table 3. Catalyst NH4[VO(sal-inh)]-Y (Hjsal-inh = Schiff base
derived from salicylaldehyde and iso nicotinic acid hydrazide)

509

% Phenol conversion

T

T T T T T 1
0 60 120 180 240 300 360 420

Time (min.)

Fig. 8. Effect of catalysts, [VO2(sal-ambmz)]-Y (a), [Cu(sal-ambmz)CI]-Y (b),
[VO;(sal-ambmz)]-Y (c) and [Cu(sal-ambmz)Cl] (d) on the oxidation of phenol.
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exhibits only 26.5% conversion [42]. However, selectivity
towards the formation of catechol for complexes reported here
is less (65.2-73.9%) than the reported value of ca. 90%.

3.8.2. Oxidation of styrene

[VO;,(sal-ambmz)]-Y and [Cu(sal-ambmz)Cl1]-Y also catal-
yse the oxidation of styrene in presence of HyO» and give
styrene oxide, benzaldehyde, 1-phenylethane-1,2-diol, benzoic
acid and phenylacetaldehyde along with only minor amounts of
unidentified products. Scheme 2 represents the formation of all
these products. These identified products are common and are
observed by others as well [27-31].

In order to achieve suitable reaction conditions for a maxi-
mum oxidative conversion of styrene, [ VO, (sal-ambmz)]-Y was
taken as a representative catalyst and three different parameters,
viz. amount of oxidant and catalyst were varied. The effect of
H,0, concentration on the oxidation of styrene is illustrated
in Fig. 9. At a styrene to 30% HO» molar ratio of 1:1, a

100 5
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Fig. 9. Effect of HO; concentration (H,O;: styrene) on oxidation of styrene.
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Fig. 10. Effect of amount of catalyst per unit weight of styrene.

maximum of 53.1% conversion was achieved in 6 h of contact
time for styrene (5 mmol), [VO>(sal-ambmz)]-Y (15 mg), 30%
H;0, (0.57 g, 0.005 mol), acetonitrile (10 ml) and temperature
(75 °C). Increasing the ratio to 1:2 improved the conversion to
82.3%, while 1:3 ratio has shown a maximum of 98.2% con-
version. Further increment of H>O» shows no improvement in
conversion.

Similarly for three different amounts (viz. 5, 15, and 25 mg)
of catalyst and H>O; to styrene molar ratio of 3:1 under above
reaction conditions, 5 mg gave only 29.5% oxidative conversion
while 15 and 25 mg have shown nearly identical results with
ca. 97% conversion in 6 h of contact time; Fig. 10. Thus, 15 mg
catalyst may be considered sufficient enough to run the reaction
under above conditions.

After acquiring the optimised reaction conditions for
[VO;(sal-ambmz)]-Y, catalyst [Cu(sal-ambmz)CI]-Y was also
tested under the same reaction conditions. Thus, for 5 mmol
of styrene, 15mmol of 30% H>0O, and 15mg of [Cu(sal-
ambmz)Cl1]-Y were taken in 10 ml of CH3CN and the reaction
was carried out at 75 °C. Analysis after 6h of reaction time
showed 63.4% conversion which is less than that observed
for [VO,(sal-ambmz)]-Y. Catalytic activity of neat complexes
[VO;(sal-ambmz)] and [Cu(sal-ambmz)Cl] have also been car-
ried out. Fig. 11 provides percentage conversion of styrene as
a function of time for various catalysts. A comparative report
dealing with the conversion of styrene and selectivity of various

Fig. 11. Effect of [VOz(sal-ambmz)]-Y (a), [Cu(sal-ambmz)CI]-Y (b),
[VO;(sal-ambmz)]-Y (c) and [Cu(sal-ambmz)Cl] (d) on the oxidation of styrene.

products are summarized in Table 4. It is clear from the table that
neat complex [VO;(sal-ambmz)] exhibits 92.5% conversion of
styrene in 6 h which is equally good to that of respective encap-
sulated one, while [Cu(sal-ambmz)Cl] registers only 37.2% con-
version which is much less than the respective encapsulated one.
The turn over rates calculated for these neat complexes are 68.4
and 83.6, respectively. These values are less than that observed
for encapsulated complexes. Moreover, the recycle ability, easy
recovery of the encapsulated catalysts and almost no leaching of
complexes during reaction make them better catalysts over the
neat ones.

Independent of the type of catalyst, the selectivity of var-
ious reaction products follow the order: benzaldehyde > 1-
phenylethane-1,2-diol > benzoic acid > styrene oxide > phenyl
acetaldehyde. The formation of an important component styrene
oxide is low in all cases. A highest yield of benzaldehyde is pos-
sibly due to further oxidation of styrene oxide formed in the first
step by a nucleophilic attack of H,O; on styrene oxide followed
by cleavage of the intermediate hydroperoxystyrene, Scheme 3
[29]. The formation of benzaldehyde may also be facilitated by
direct oxidative cleavage of the styrene side chain double bond
via a radical mechanism. High amount of water present in HyO»
is partly responsible for the possible hydrolysis of styrene oxide
to 1-phenylethane-1,2-diol. Other products, e.g. benzoic acid
formation through further oxidation of benzaldehyde is not so

Table 4
Products selectivity and percent conversion of styrene after 6 h of reaction time
Catalyst % conversion TOF (h~ 1) % selectivity®

SO BzA PhED BzAc PhAA Other
[VO;(sal-ambmz)]-Y 97.0 150.9 54 54.9 25.3 13.2 0.2 1.0
[Cu(sal-ambmz)CI]-Y 56.7 127.4 5.6 51.1 6.3 19.9 13.2 3.5
[VO;(sal-ambmz)] 92.5 68.4 6.8 56.2 232 11.6 1.7 0.5
[Cu(sal-ambmz)CI] 37.2 83.6 4.2 63.1 12.8 11.5 4.6 3.8

2 SO: styrene oxide; BzA: benzaldehyde; PhED: 1-phenylethane-1,2-diol; BzAc: benzoic acid; PhAA: phenyl acetaldehyde.
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high in all reactions. Similarly the formation of phenylacetalde-
hyde through isomerisation of styrene oxide is less in all cases.

Catalytic potential of these complexes cannot be compared
directly with similar complexes due to limited literature. Zeolite-
Y encapsulated catalyst [Mn(salen)]-Y exhibits ca. 30% con-
version of styrene using molecular oxygen as an oxidant in
excess of tert-butylhydroperoxide as initiator [43]. About 80%
conversion of styrene was noted with polymer supported cata-
lyst PS-K[VO;(sal-ohyba)] (Hpsal-ohyba = Schiff base derived
from salicylaldehyde and o-hydrobenzylamine). The selectivity
of styrene oxide in all these catalysts is always low [44].

3.8.3. Oxidation of methyl phenyl sulfide (thioanisol)

The sulfur atom of the methyl phenyl sulfide is electron rich
and has been shown to undergo electrophilic oxidation to give
sulfoxide. Such oxidation of methyl phenyl sulfide was tested
using [VO»(sal-ambmz)]-Y and [Cu(sal-ambmz)CI]-Y as cata-
lyst. Using the fixed amount of methyl phenyl sulfide (0.62 g,
0.005 mol), catalyst [VO;(sal-ambmz)]-Y (15 mg) and H>O,
(0.285 g, 0.0025 mol) in 20 ml of CH3CN and running the reac-
tion at room temperature gave 47.1% conversion with a mixture
of two products, methyl phenyl sulfoxide and methyl phenyl sul-
fone, Scheme 4. Increasing the oxidant amount to 0.005 mol, i.e.
at 1:1 substrate to oxidant molar ratio, this conversion reached
to 97.3% within 2h of contact time. The results obtained and
reaction conditions used suggested using substrate to oxidant
ratio of 1:1 to obtain the maximum oxidation of methyl phenyl
sulfide oxidation.

In order to optimise the amount of catalyst under above oper-
ating conditions, four different amounts of catalyst (viz. 1, 5,
10 and 15mg) were considered and the results obtained are
presented in Fig. 12. It turns out from the figure that 5 mg of
catalyst was sufficient enough to give a maximum of 96.1%
conversion of methyl phenyl sulfide with the percent selectivity
for methyl phenyl sulfoxide of 97.1 and methyl phenyl sul-
fone of 2.9. Increasing the amount to 10 and 15 mg marginally
affect the conversion as well selectivity. Under similar condi-
tions neat complex [VO;(sal-ambmz)] gave a maximum con-
version of 91% where selectivity of major product was 98%.
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Fig. 12. Effect of catalyst weight on thioanisol oxidation.

Thus, neat as well as encapsulated complexes both are highly
selective towards sulfoxide formation. A blank reaction under
similar conditions, i.e. methyl phenyl sulfide (0.005 mol), H,O;
(0.005 mmol) and CH3CN (20 ml), resulted in 37% conversion
of methyl phenyl sulfide, where 69.3% selectivity was registered
for sulfoxide and 30.7% for sulfone. Thus, these complexes not
only enhance the percent conversion of methyl phenyl sulfide,
they also improve the selectivity for sulfoxide. However, encap-
sulated complex may be considered as better catalyst as recovery
of the catalyst becomes easier and its turn over rate is also high
in comparison to the neat one. Table 5 summarizes products
selectivity and conversion details. On the contrary, neat as well
encapsulated copper complexes do not affect the conversion of
methyl phenyl sulfide and thus they are catalytically inactive for
sulfide oxidation.

3.8.4. Possible reaction pathway of the catalysts

To establish the possible reaction pathway, the neat com-
plexes were treated with HyO» and progress of the reaction was
monitored by electronic absorption spectroscopy; Fig. 13. Thus,
the titration of methanolic solution of [VO»(sal-ambmz)] with
one-drop portions of 30% H,0O; dissolved in methanol resulted
in the gradual shift of 384 nm band to 380 nm along with the
decrease in band maximum while band at 320 nm recorded
only increase in intensity. Other two bands appearing at 274
and 281 nm showed very slight increase in intensity. The UV
band at 257 nm showed trend of increasing intensity only and

Table 5
Percent conversion of thioanisol and selectivity of sulfoxide and sulfone forma-
tion at room temperature after 2 h of contact time

Catalyst (5 mg) % conversion ~ TOFh~! % selectivity
Sulfoxide  Sulfone
[VOy(sal-ambmz)]-Y  96.1 1345.2 97.1 29
[VO;(sal-ambmz)] 91.0 151.6 98.0 2.0
Without catalyst 37.0 - 69.3 30.7
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Fig. 13. Titration of [VOz(sal-ambmz)] with H>O».

finally disappeared. We interpret these changes due to the forma-
tion of oxoperoxovanadium(V) complex [VO(O;)(sal-ambmz)].
Such oxoperoxovanadium(V) complexes with, e.g. Hsal-aebmz,
a closely related ligand, has been prepared and characterized.
The final spectral pattern of [VO,(sal-ambmz)] is also similar to
the known complex [VO(O;)(sal-aebmz)] [31]. Thus, the forma-
tion of an intermediate oxoperoxovanadium(V) complex may be
proposed which finally transfers oxygen to the substrates.

The addition of one-drop portions of 30% H,O, dissolved
in methanol to a methanolic solution of [Cu(sal-ambmz)CI]
resulted in the quick reduction in the intensity of d—d band
at 645 nm without changing its position followed by a slow
increase in band maximum on further addition of HyO,. The
band at 374 nm experienced decrease in intensity, while a shoul-
der appearing at 298 nm slowly disappeared. Other two bands at
278 and 271 nm slowly gained intensity, and the band at 240 nm
gained intensity but finally disappeared. Fig. 14 presents spec-
tral changes observed. All these suggest the interaction of H,O»
with Cu(II) centre.

At least three types of intermediates having copper—oxygen
interaction, viz. side-on Cu—(p-n2-peroxo)—-Cu', bis(p.-oxo-

2.0 4

Absorbance

500 600 700 800

0.5 1

0.0

250 300 350 400 450 500
Wavelength (nm)

Fig. 14. Titration of [Cu(sal-ambmz)Cl] with H,O5.

Cu'") and Cu-O-O-H (copper-hydroperoxide) have been
reported in the literature during catalytic action [45]. The
facile formation of [(HOO)-Cu(sal-ambmz)Cl] intermediate
is expected in zeolite-encapsulated copper complex as only
monomeric species is present in the cavity. A quick decrease
in the intensity of 645 nm band may be due to interaction of
H>0, to [Cu(sal-ambmz)Cl] while increment in intensity of
271 and 278 nm bands may possibly be due to the forma-
tion of hydroperoxide [HOO)-Cu(sal-ambmz)CI] intermediate
of the neat complex. Hydroperoxocopper complexes are known
to exhibit a charge transfer band at ca. 600 nm [46]. The decrease
in intensity of 645 nm band without any isosbestic point in neat
complex may possibly be due to the merging of this additional
charge transfer band with d—d transition. The intermediate finally
transfers coordinated oxygen atoms to the substrates to give the
products. Thus, the catalytic performance of encapsulated cata-
lyst could be attributed to the formation of facile and reversible
intermediate species.

3.8.5. Test for recycle ability and heterogeneity of the
reactions

The recycle ability of both the encapsulated complexes has
been tested in all three catalytic reactions. In a typical experi-
ment, e.g. for styrene, the reaction mixture after a contact time of
6 h was filtered and after activating the catalyst by washing with
acetonitrile and drying at ca. 120 °C, it was subjected to further
catalytic reaction under similar conditions. No appreciable loss
in catalytic activity suggests that complex is still present in the
cavity of the zeolite-Y. The filtrate collected after separating the
used catalyst was placed into the reaction flask and the reac-
tion was continued after adding fresh oxidant for another 4 h.
The gas chromatographic analysis showed no improvement in
conversion and this confirms that the reaction did not proceed
upon removal of the solid catalyst. The reaction was, therefore,
heterogeneous in nature.

4. Conclusion

Complexes [VO»(sal-ambmz)] and [Cu(sal-ambmz)CI] have
been encapsulated in the super cages of zeolite-Y. The integrity
of encapsulation was confirmed by spectroscopic studies as well
as chemical and thermal analysis. These encapsulated complexes
are found active for the oxidation of phenol and styrene with
good conversion. A maximum of 43.9% of phenol oxidation
was observed with vanadium-based catalyst which is followed
by copper-based catalyst. However, the copper-based catalyst is
more selective (73.9%) towards the formation of catechol than
the vanadium-based catalyst (65.2%). The oxidation of styrene
gives at least four different products, where expected product
styrene oxide was found only in small yield, and the percentage
of benzaldehyde was relatively high. Oxidation of methyl phenyl
sulfide using zeolite encapsulated vanadium complex was tested
first time, to the best of our knowledge, and as high as 96% con-
version with 97% selectivity towards methyl phenyl sulfoxide
and only 3% towards methyl phenyl sulfone was observed. It
is concluded from the catalytic data and turn over frequency
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that encapsulated complexes are better catalysts than the neat
ones. These catalysts are recyclable without loss of the catalytic
potential. They do not leach in any of the catalytic reactions and
are heterogeneous in nature.
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