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Abstract

Encapsulation of oxovanadium(IV) and copper(Il) complexes of monobasic bidentate NS donor ligand, 2-mercaptomethylbenzimidazole
(Htmbmz) in the cavity of zeolite-Y by flexible ligand method has been described. These complexes have been characterized by various physico-
chemical methods. These encapsulated complexes, abbreviated as [VO(tmbmz),]-Y and [Cu(tmbmz),]-Y, have been used as catalysts for the
oxidation of styrene, methyl phenyl sulfide and diphenyl sulfide. Under the optimized reaction conditions, [VO(tmbmz),]-Y gave 96.4% con-
version of styrene with five oxidation products, styrene oxide, benzaldehyde, benzoic acid, 1-phenylethane-1,2-diol and phenylacetaldehyde.
Conversion of styrene with [Cu(tmbmz),]-Y is considerably low (36.9%) and gave only four products, styrene oxide, benzaldehyde, benzoic acid
and phenylacetaldehyde. In both cases formation of benzaldehyde is relatively high. These catalysts are also very active for the oxidation of methyl
phenyl sulfide and diphenyl sulfide. The oxidation of diphenyl sulfide required at least H,O, to diphenyl sulfide molar ratio of 3:1 to give 91.7%
conversion in 7 h of reaction time. However, 94.3% conversion of methyl phenyl sulfide has been achieved within 3 h of contact time at substrate
to H,O, molar ratio of 1:1. The catalytic activity of neat complexes using similar molar concentration as that used for the encapsulated complexes
under above reaction conditions have also been tested for comparison. It has been observed that the corresponding neat complexes have shown
equally good catalytic activities. But high turn over frequency and recyclability make the zeolite-Y encapsulated complexes better than their neat
analogues.
© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

Oxidation of sulfides (thioethers) to sulfoxides, i.e. sul-
foxidases activity, exhibited by enzymes vanadate-dependent
haloperoxidases, has been considered as one of the important
catalytic reactions [1-3]. Several vanadium and molybdenum
complexes model this reaction [4,5]. Vanadium complexes also
present functional model of haloperoxidases where these com-
plexes catalyze the oxidative halogenation of aromatic substrates
using H>O; as oxidant in the presence of halides [3,6,7]. They
have also been shown to be active homogeneous catalysts for
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other oxidation reactions [8,9]. Oxovanadium(IV) complexes
encapsulated in the cavity of zeolite-Y have also been reported
and studied for the oxidation reactions. For example oxovana-
dium(IV) complexes of Hjpsalen-based ligands encapsulated in
zeolite-Y have shown good catalytic activity for the oxidation of
phenol [10-12]. Complex, [VO(pic),] encapsulated in zeolite-Y
has been studied for the oxidation of cyclohexene, n-hexane and
toluene [13]. Leaching of the catalysts encapsulated in zeolite-Y
has, however, been observed during catalytic action if the molec-
ular size of the catalysts are too small [14]. Similarly copper(II)
complexes encapsulated in the cavity of zeolite-Y exhibit several
oxidation reactions [15,16].

In this paper, encapsulation of oxovanadium(IV) and
copper(Il) complexes of 2-mercaptomethylbenzimidazole
(Htmbmz, I; Scheme 1), their characterization and catalytic
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I: Htmbmz

Scheme 1.

activities for the oxidation of styrene, methyl phenyl sulfide
and diphenyl sulfide are reported.

2. Experimental
2.1. Materials and methods

Mercapto acetic acid (E. Merck, India), methyl phenyl sul-
fide (Alfa Aeaser, USA) and diphenyl sulfide (Himedia, India)
were used as obtained. Y-zeolite (Si/Al~ 10) was obtained
from Indian Oil Corporation (R&D), Faridabad, India. All other
chemicals and solvents used were of AR grade.

2.2. Physical methods and analysis

Inductively coupled plasma spectrometer (ICP; Labtam 8440
plasmalab) were used for copper and vanadium estimation
after leaching the metal ions with concentrated nitric acid and
diluting with distilled water (for copper) or with very dilute
aqueous KOH solution (for vanadium) to specific volume in vol-
umetric flask. Thermogravimetric analyses of complexes were
carried out using TG Stanton Redcroft STA 780. X-ray pow-
der diffractograms of solid catalysts were recorded using a
Bruker AXS D8 Advance X-ray powder diffractometer with
a Cu Ka target. IR spectra were recorded as KBr pellet on
a Nicolet NEXUS Aligent 1100 series FT-IR spectrometer
after grinding the sample with KBr. Electronic spectra were
recorded in Nujol using Shimadzu 1601 UV-vis spectropho-
tometer 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.
All catalyzed reaction products were analyzed using Ther-
moelectron gas-chromatograph having HP-1 capillary column
(30m x 0.25 mm x 0.25 pm) and FID detector. The identities of
the products were confirmed by GC-MS model Perkin-Elmer,
Clarus 500.

2.3. Preparations

2.3.1. Preparation of 2-mercaptomethylbenzimidazole
(Htmbmgz, I)

A mixture of o-phenylenediamine (10.8 g, 100 mmol) and
merceptoacetic acid (9.1 g, 100 mmol) was dissolved in 4 M HC1
(150 ml) and the reaction mixture was refluxed for 24h on a
heating mantle. After keeping the flask at 10 °C overnight, the
precipitated greenish crystals of Htmbmz-HCl were filtered off
and washed with acetone. On neutralization of Htmbmz-HCl
dissolved in minimum of water with K>CO3, yellow green

solid of Htmbmz separated out which was filtered, washed with
minimum amount of cold water and dried in desiccator over
NaOH. Yield: 68%. Anal. found: C, 58.49%; H, 4.77%; N,
17.26%; S, 19.72%. Calcd. for CgH4N>S (164.0): C, 58.53%;
H, 4.88%; N, 17.07%; S, 19.51%. mp: 157 °C (Lit. 157-158 °C)
[17].

2.3.2. Preparation of M-Y (M = Cu(Il) or OV(IV)

An amount of 5.0 g of Na-Y zeolite was suspended in 300 ml
of distilled water and to this was added cupric nitrate (2.8 g,
12 mmol) for Cu(Il)-Y or vanadyl sulfate (3.0 g, 12 mmol) for
OV(IV)-Y with stirring at ca. 90 °C for 24 h. The light color solid
was filtered off, washed with hot distilled water until filtrate
was free from any metal ion content and dried at ca. 120°C
for 24 h.

2.3.3. Preparation of[VOIV(tmbmz)z]—Y (1) and
[Cu(tmbmz)3]-Y (2)—a general method

Encapsulated complexes were prepared using flexible ligand
method. An amount of 1.0 g of Cu(II)-Y or OV(IV)-Y and2.5¢g
ligand were mixed in 50 ml of methanol in a round bottom flask
and the reaction mixture was heated under reflux for overnight
in an oil bath while stirring. The resulting material was filtered,
dried and soxhlet extracted with methanol followed by acetone
to remove excess ligand and metal complex on the surface of
zeolite. The uncomplexed metal ions in zeolite were removed
by treating with aqueous 0.01 M NacCl solution (200 ml) with
stirring for 8 h. It was then washed with double distilled water
till no precipitate of AgCl was observed in the filtrate on treating
with AgNOg;. Finally they were dried at 120 °C till constant
weight.

2.3.4. Preparation of [VO'" (tmbmz);] (3)

A solution of VOSO4-5H,0 (1.25 g, 5mmol) in minimum
amount of water was added drop wise to a methanolic solution
of Htmbmz (1.63 g, 10 mmol) and the obtained reaction mixture
was refluxed on a water bath for 2h. After keeping the flask
at ambient temperature for over night, complex [VO(tmbmz) ]
slowly separated out, which was filtered, washed with methanol
and dried in vacuum over silica gel. Yield: 65%. Anal. found: C,
48.71%; H, 3.65%; N, 14.12%; S, 16.10%; V, 12.55%. Calcd.
for C16H14N4S>, VO (393.38): C,48.85%; H, 3.59%; N, 14.24%;
S, 16.30%; V, 12.95%.

2.3.5. Preparation of[Cu” (tmbmz), ] (4)

A solution of Cu(CH3COO),-H;0 (1.0 g, 5 mmol) dissolved
in 50ml of methanol was added to a methanolic solution of
Htmbmz (1.63 g, 10 mmol) with stirring. After addition of KOH
(0.28 g, 5 mmol) dissolved in 5ml of water with stirring, the
reaction mixture was further stirred for 2 h. During this period
[VO(tmbmz),] slowly separated out, which was filtered off,
washed with minimum amount of methanol and dried in vacuum
over silica gel. Yield: 70%. Anal. found: C, 48.90%; H, 3.94%;
N, 13.96%; S, 16.30%; Cu, 15.62%. Calcd. for C16H14N4S,Cu
(389.99): C, 49.28%; H, 3.62%; N, 14.37%; S, 16.44%; Cu,
16.29%.
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2.4. Catalytic activity studies

2.4.1. Oxidation of styrene

The catalytic oxidation of styrene was carried out using com-
plexes, [VO(tmbmz),]-Y and [Cu(tmbmz);]-Y in a 50 ml flask
fitted with a water circulated condenser. In a typical reaction, an
aqueous solution of 30% H;0O» (2.27 g, 20mmol) and styrene
(1.04 g, 10 mmol) were mixed in 20 ml of CH3CN and the reac-
tion mixture was heated at 80 °C with continuous stirring in an
oil bath. The reaction was considered to begin after addition of
0.025 g of catalyst. During the reaction, the products were ana-
lyzed using a gas chromatograph by withdrawing small aliquots
after specific interval of time and confirming their identities by
GC-MS.

2.4.2. Oxidation of methyl phenyl sulfide and diphenyl
sulfide

The catalytic oxidation of methyl phenyl sulfide and diphenyl
sulfide was carried out using [VO(tmbmz),]-Y in a 50 ml flask at
room temperature. Methyl phenyl sulfide (0.62 g, 0.005 mmol)
or diphenyl sulfide (0.93 g, Smmol) and 30% H;0O, (0.57 g,
5 mmol) was dissolved in 20 ml of acetonitrile. After addition
of catalyst (0.015 g), the reaction mixture was stirred at room
temperature for 3h or 7h, respectively for methyl phenyl sul-
fide or diphenyl sulfide. During this period, the reaction products
formed were analyzed using gas chromatograph by withdraw-
ing small aliquots after specific interval of time. The identities
of the products were confirmed by GC-MS.

3. Results and discussion
3.1. Characterization of catalysts

Syntheses of zeolite-Y encapsulated complexes represented
as [VO(tmbmz),]-Y (1) and [Cu(tmbmz),]-Y (2) were com-
pleted in two steps. The first step involved the exchange of
oxovanadium(IV) and copper(Il) ions with Na* of Na-Y while
second step involved the reaction of metal exchanged zeolite-Y
with Htmbmz (I) in methanol. Here, ligand entered into the cav-
ity of zeolite-Y due to its flexible nature and interacted with metal
ions. The crude mass was extracted with methanol and acetone
to remove excess free ligand and neat metal complex formed on
the surface of the zeolite, if any. The percentages of metal con-
tent determined before and after encapsulation by inductively
coupled plasma along with their expected formula and color are
presented in Table 1. As crude mass was extracted with methanol
and acetone the metal ion content found after encapsulation is
only due to the presence of metal complexes in the nano-cavity of

Table 1
Chemical composition, physical and analytical data

No. Catalyst Color Metal content (wt%)
1 OovV({V)-Y Light green 4.58
2 Cu(l)-Y Pale blue-green 7.60
3 [VO(tmbmz),]-Y (1) Light green 1.14
4 [Cu(tmbmz),]-Y (2) Yellow green 2.58

HN N S
WO M,

P
N NH

[VO(tmbmz),] (3) [Cu(tmbmz),] (4)

Scheme 2. Proposed structures for neat complexes.

the zeolite-Y. The molecular formula of the complexes are based
on the neat complexes [VO(tmbmz);] and [Cu(tmbmz);] that
have also been prepared by reacting the corresponding suitable
metal precursor with the ligand and characterized.

Based on various studies, the following structures (Scheme 2)
have been proposed for the complexes; encapsulated complexes
are expected to have similar structures. Structures of these
complexes can be compared directly with the copper(Il) and oxo-
vanadium(IV) complexes of 2(a-hydroxyalkyl)benzimidazole
[18,19]. The reported complexes will fit nicely in the cavity
of the zeolite-Y and the size of the complexes will be larger
than the window size of zeolite-Y because of the presence of
two bulky benzimidazole groups from two ligands in each com-
plex. It should be noted that in [Cu(salen)] complex where only
two salicylaldehyde moieties are present, has diagonal distance
of ca. 10 A. Thus, the diagonal distances of [Cu(tmbmz),] and
[VO(tmbmz);] will be approximately of same size. No leaching
or escaping of complexes (vide infra) has been observed during
catalytic action of complexes in solvent, which further supports
the above statement.

3.2. Powder X-ray diffraction studies

The powder X-ray diffraction patterns of Na-Y, OV(IV)-Y
and Cu(II)-Y, and encapsulated metal complexes were recorded
at 20 values between 5° and 50°. The XRD patterns of Na-
Y, Cu(Il)-Y and [Cu(tmbmz),]-Y are presented in Fig. 1. An

4ol
BENy|

J LMUUM& i,

5 10 15 20 25 30 35 40
26

Fig. 1. XRD patterns of Na-Y (a), Cu-Y (b) and [Cu(tmbmz);]-Y (c).
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Table 2

Thermogravimetric analysis data of catalysts

Catalyst Temperature range (°C)  Weight loss (%)  Group lost

[VO(tmbmz),]-Y 70-150 45 H,O
150-280 5.8 nHyO
280-800 13.0 tmbmz

[Cu(tmbmz);]-Y 70-150 5.1 H,O
150-280 52 nHyO
280-800 13.4 tmbmz

essentially similar pattern in Na-Y, metal ions exchanged zeo-
lite and encapsulated metal complexes were noticed, though
slight change in the intensity of the bands in encapsulated
complexes is in line. These observations indicate that the frame-
work of the zeolite has not undergone any significant structural
change during incorporation of the catalysts, i.e. crystallinity
of the zeolite-Y is preserved during encapsulation. No new
peaks due to neat complex were detected in the encapsulated
zeolite possibly due to very low percentage loading of metal
complexes.

3.3. Thermogravimetric analysis

The thermogravimetric analysis data along with the percent
weight loss at different steps and their possible assignments are
presented in Table 2. TG and DTG profile of one represen-
tative complex [Cu(tmbmz);]-Y is reproduced in Fig. 2. The
thermal decomposition of catalysts [VO(tmbmz),]-Y (1) and
[Cu(tmbmz),]-Y (2) usually occurs in three steps. The removal
of just trapped water of ca. 4.5% (in 1) or ca. 5.1% (in 2) occurs
up to 150 °C, while an endothermic weight loss of ca. 5.8%
(in 1) or ca. 5.2% (in 2) associated with removal of intrazeolite
water occurs in the temperature range of 150-280 °C. The third
step of exothermic weight loss consists of several sub-steps and
starts immediately after second step and continues till 800 °C to
constant weight. A weight loss of ca. 13.0% (in 1) or ca. 13.4%
(in 2) due to the slow decomposition of metal complexes is
expected in this wide temperature range. The loss in percentage
is in agreement with the percentage of metal content obtained
for encapsulated complexes.

400 130
- 120
200 -
F110 -
- | =
. 0 E‘D
v
E -100 =
2
© 200 <
a Lao 2
-400 - e
-600 : . ; ; L 70
200 400 600 800

Temperature (°C)

Fig. 2. TG (dotted line) and DTG (solid line) profile of [Cu(tmbmz),]-Y.

Table 3
IR and electronic spectral data of ligand, pure and encapsulated complexes
Compound IR (cm™1) Amax (NM)?

v(C=N) v(V=0)
Htmbmz 1638 205, 252, 278, 284, 327(s)
[VO(tmbmz),]-Y 1632 - 206, 275, 388
[Cu(tmbmz),]-Y 1627 203,312, 388
[VO(tmbmz)] 1628 979 210, 240, 274, 280, 289(s),

396(s), 524, 665

[Cu(tmbmz);] 1626 209, 230, 274, 280, 297, 382

2 s indicates shoulder band.

3.4. IR spectral studies

A partial list of IR spectral data of ligand, neat as well as
encapsulated complexes are presented in Table 3. The intensity
of the peaks in encapsulated complexes is, though, weak due to
their low concentration in zeolite matrix, the spectra of encapsu-
lated as well as neat complexes show essentially similar bands.
Comparison of the spectra of these catalysts with the ligand pro-
vides evidence for the coordinating mode of ligand in catalysts.
The ligand Htmbmz exhibits a sharp band at 1638 cm™! due to
v(C=N) (azomethine) and this band shifts to lower wave num-
ber on coordination of azomethine nitrogen to the metal ion and
appears at 1626-1632cm™!. The v(C-S) (thioalcoholic) of lig-
and appears at 747 cm ™! and this band shift towards lower wave
number thereby indicating the coordination of sulfur to the vana-
dium [20]. Neat complex [VO(tmbmz);] exhibits a sharp band
at 979 cm~! due to v(V=0) stretch, while the location of such
v(V=0) band in zeolite encapsulated vanadium complex was
not possible due to the appearance of a strong and broad band
at ca. 1000 cm™! due to zeolite frame work.

3.5. Electronic spectral studies

Electronic spectrum of ligand Htmbmz in methanol exhibits
five bands at 205, 252, 278, 284 and 327 nm (Table 5). The band
at 278 and 284 nm are characteristics of the presence of benzim-
idazole group [21]. Other three bands are assignable to db—b*,
m—m* and n—* transitions, respectively. In the electronic spec-
trum of neat complex, [Cu(tmbmz),], the characteristic bands
appear at 274 and 280 nm while other ligand bands appear at 229,
236 and 297 nm. A medium intensity band appearing at 382 nm
is assigned to ligand to metal charge transfer band. Vanadium
complex, [VO(tmbmz),] also exhibits characteristic bands at
274 and 280 nm along with other ligand bands. The weak shoul-
der band appearing at 396 nm is assignable to ligand to metal
charge transfer band. In addition, two weak shoulder bands at
524 and 665 nm in [VO(tmbmz),] at higher concentration have
also been observed and are considered due to d—d transitions.
Such band in copper(II) complex could not be located. Both the
encapsulated complexes exhibit essentially similar spectral pat-
terns with bands at 206, 275 and 388 nm in vanadium and 203,
312,388 nm in copper complex (Fig. 3). Presence of these bands
confirms the existence of complexes in the cavity of zeolite-Y.
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Fig. 3. Electronic spectra of [VO(tmbmz);]-Y (1) and [Cu(tmbmz),]-Y (2).
3.6. Catalytic activity studies

3.6.1. Oxidation of styrene

The oxidation of styrene was carried out by H;O»
using [VO(tmbmz);]-Y and [Cu(tmbmz);]-Y as catalysts
and five oxidation products, styrene oxide, benzaldehyde, 1-
phenylethane-1,2-diol, benzoic acid and phenyl acetaldehyde
along with only minor amounts of unidentified products were
obtained. Scheme 3 represents the formation of all these prod-
ucts. These products have also been identified earlier [22-24].

In search of suitable reaction conditions to achieve the maxi-
mum oxidation of styrene catalyzed by these catalysts, the effect
of three different reaction parameters, viz. amount of oxidant
and catalyst, and temperature of the reaction mixture have been
studied in details using [VO(tmbmz),;]-Y as a representative
catalyst.

The effect of H>O» concentration on the oxidation of styrene
is illustrated in Fig. 4. Four different H,O,/styrene molar ratios
of 1:1, 2:1, 3:1 and 4:1 were considered, while keeping the
other parameters fixed as styrene (1.04 g, 10 mmol) and catalyst

@ﬁo
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henylacetaldehyde
(phaa)

OH
Catalyst
202

Styrene Styreneoxide 1- phenylethane 1,2-diol
(SO) (Phed)

-0 HO._.O
é —
Benzaldehyde Benzoic acid

(Bza) (Bzac)

Scheme 3.
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Fig. 4. Effect of H,O; concentration (H, O, :styrene) on the oxidation of styrene.

[VO(tmbmz);]-Y (0.035 g) in 20 ml of CH3CN and the reac-
tion was carried out at 80 °C. Increasing the H,O,/styrene ratio
increases the conversion from 39.4% for 1:1 to 69.1% for 2:1 and
finally to 96.4% for 3:1 molar ratio in 6 h of reaction time. No
further increase in conversion was obtained beyond this molar
ratio. The oxidant to substrate mole ratio of 3:1 was, therefore,
considered for optimizing the other reaction conditions. For the
optimization of the amount of catalyst, five different amounts of
catalyst, viz. 0.015,0.025,0.035, 0.050 and 0.075 g were consid-
ered while keeping a fixed amount of styrene (1.04 g, 10 mmol)
and HyO» (3.42 g, 30 mmol) in 20 ml of CH3CN and the reaction
was carried out at 80 °C. As illustrated in Fig. 5, the conver-
sion increases on increasing the amount of catalyst and reached
to a maximum of 96.4% with 0.035 g of catalyst while either
more or less molar ratio gave lower conversions. The reason for
fewer activities at higher catalyst dose may possibly be due to
adsorption/chemisorptions of two reactants on separate catalyst
particles, thereby reducing the chance to interact. Therefore, an
amount of 0.035 g catalyst may be considered as appropriate to
obtain the maximum conversion of styrene. Fig. 6 illustrates the
effect of oxidation of styrene at different temperatures and as

100
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= |
g
g 60 o / — 00
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g —®— 0025¢g
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D401 —w¥— 0.050¢g
z —®— 0075 ¢
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Fig. 5. Effect of amount of catalyst on the oxidation of styrene.
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Fig. 6. Effect of temperature on the oxidation of styrene.

observed earlier, running the reaction at 80 °C while keeping
the other conditions optimized as above gave a highest conver-
sion of 96.4% in 6 h of reaction time. Thus, for the maximum
oxidation of 10 mmol of styrene other required reagents were:
[VO(tmbmz),]-Y (0.035g), H,O» (3.42 g, 30 mmol), CH3CN
(20 ml) and temperature (80 °C).

After acquiring the optimized reaction conditions for
[VO(tmbmz);]-Y, catalyst [Cu(tmbmz);]-Y was also tested
using same reaction conditions. Fig. 7 compares the efficiency
of both catalysts as a function of time while Table 4 provides
conversion percentage of styrene and selectivity details of var-
ious products. It is clear from the table that the performance
of [Cu(tmbmz),]-Y is much poorer in comparison to that of
[VO(tmbmz);]-Y and only four products namely, styrene oxide,
benzaldehyde, benzoic acid and phenylacetaldehyde are iden-
tified as a result of oxidation. Amongst the different products
formed by the two catalysts, the selectivity of styrene oxide
is better for [Cu(tmbmz);]-Y (12.9%) than [VO(tmbmz);]-Y
(6.1%), while both catalysts gave benzaldehyde in highest yield.
The yields of other products are much smaller and are compara-
ble. Blank reaction under above-optimized reaction conditions
exhibited only 3% conversion. The mechanism for the oxida-
tion of styrene and the formation of oxidation products have
been discussed earlier in details [23,25].

Neat complexes, [VO(tmbmz); ] and [Cu(tmbmz), ] were also
tested for the oxidation of styrene using same mole concen-
tration of complex as in their respective zeolite encapsulated

Table 4
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Fig. 7. Catalytic comparison of catalysts for the oxidation of styrene with HyO»
as oxidant: [VO(tmbmz);]-Y (a), [Cu(tmbmz);]-Y (b) and [VO(tmbmz),] (c)
and [Cu(tmbmz); ] (d).

Table 5
Products selectivity and percent conversion of styrene with TBHP as oxidant
after 6 h of reaction time

Catalyst % Conversion ~ TOF (h™!) % Product selectivity
S0 bza Other
[VO(tmbmz),]-Y 224 47.7 555 386 59
[Cu(tmbmz);]-Y 48.2 56.6 5777 382 41
[VO(tmbmz); ] 13.6 28.9 526 427 47
[Cu(tmbmz);] 34.7 40.7 533 411 5.6

ones under above reaction conditions. The conversion details are
also presented in Fig. 7 and Table 4. Neat complexes exhibited
lower conversions than their encapsulated analogues. However,
the formation of the products and their activity order are same
as obtained by respective encapsulated complexes.

Under the above-optimized reaction conditions, catalytic
action of [VO(tmbmz);]-Y and [Cu(tmbmz),]-Y along with
their neat analogues were also tested using TBHP as an oxi-
dant, i.e. 30 mmol 70% TBHP and 0.035 g catalyst for 10 mmol
styrene were taken in 20 ml of CH3CN and reaction was car-
ried out at 80 °C. Neat complexes have also been tested using
same mole concentrations as taken for respective encapsu-
lated complexes. Fig. 8 provides the percentage conversion
as a function of time and Table 5 compares the selectivity

Products selectivity and percent conversion of styrene with HoO, as oxidant after 6 h of reaction time

Catalyst % Conversion TOF (h~1)? % Product selectivity®

S0 bza phed bzac phaa Other
[VO(tmbmz),]-Y 96.4 205.4 6.1 68.1 12.4 9.6 2.3 1.5
[Cu(tmbmz);]-Y 36.9 433 12.9 74.8 - 8.2 2.9 1.2
[VO(tmbmz) ] 78.3 166.8 5.4 70.6 11.5 8.3 2.6 1.6
[Cu(tmbmz);] 28.3 332 10.7 73.2 - 10.6 34 2.1

2 TOF (h~!) (turn over frequency): moles of substrate converted per mole of metal ion (in the solid state catalyst) per hour.
b 5o, styrene oxide; baz, benzaldehyde; phed, 1-phenylethane-1,2-dione; bzac, benzoic acid; phaa, phenylacetaldehyde.
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Fig. 8. Catalytic comparison of catalysts for the oxidation of styrene with TBHP
as oxidant: [VO(tmbmz),]-Y (a), [Cu(tmbmz),]-Y (b), [VO(tmbmz),] (c) and
[Cu(tmbmz),] (d).

data along with the conversion percentage and turn over fre-
quency (TOF) after 6 h of reaction time. It is clear that under
the optimized conditions, the obtained percentage conversion
varied in the order: [Cu(tmbmz),]-Y (48.2%) > [Cu(tmbmz);]
(34.7%) > [VO(tmbmz),2]-Y (22.4%) > [VO(tmbmz);] (13.6%).
Thus, the conversion of styrene with all these catalysts are rel-
atively low but the selectivity of the formation of styrene oxide
is considerably high (52.6-57.7%) whereas, the selectivity of
benzaldehyde is low (38.2-42.7%). Only small amount of the
formation of other products is possibly due to no further oxi-
dation of styrene oxide to other oxidized products as observed
above due to the mild oxidizing nature of TBHP.

Catalytic potential of these complexes compare well with
similar encapsulated complexes. The observed conversions
for zeolite-Y encapsulated complexes [Mn(Cl,-haacac)Cl]-
NaY (89.7%) [26], [Mn((NO2);-haacac)Cl]-NaY (96.9%)
(Hyhaacac = bis(2-hydroxyanil)acetylacetone) [27] with tert-
butylhydroperoxide as initiator and air as oxidant are close to the
one reported in Table 4. Zeolite encapsulated catalysts [Mn(3-
MeOsalen)]-Y  (Hpsalen =bis(salicylaldehyde)-1,2-diamino-
ethane), [Mn(3-MeOsalpn)]-Y, [Mn(salpn)]-Y (Hpsalpn=
bis(salicylaldehyde)-1,3-diaminopropane) and [VO(salphen)]
(Hasalphen = Schiff base derived from salicylaldehyde and
o-phenylenediamine) exhibit 17%, 8.7%, 7.4% [28] and 34.8%
[22] conversions, respectively, using tert-butylhydroperoxide as
oxidant. Zeolite-Y encapsulated catalyst [VO,(sal-ambmz)]-Y
and [Cu(sal-ambmz)CI]-Y (Hsal-ambmz = Schiff base derived
from salicylaldehyde and 2-aminomethylbenzimidazole)
exhibits ca. 97 and 56.7% conversion of styrene, respectively,
using H,O» as an oxidant [25].

3.6.2. Oxidation of methyl phenyl sulfide and diphenyl
sulfide

The sulfur atom of the diphenyl sulfide and methyl phenyl
sulfide is electron rich and has been shown to undergo elec-
trophilic oxidation to give sulfoxide. Such oxidation of methyl
phenyl sulfide and diphenyl sulfide by aqueous 30% H>O; has

0
I 0y 0

@ ~S-cH, © e CH,
©\/© Ch@

Scheme 4.

S.
E:]/ CH; H,0,
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catalyst
O 0%
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been carried out using [VO,(tmbmz);]-Y and [Cu(tmbmz);]-Y
as catalyst. Scheme 4 presents the oxidation products of both
sulfides.

Again, reaction conditions have been optimized for
the maximum oxidation of diphenyl sulfide considering
[VO(tmbmz);]-Y as a representative catalyst and two differ-
ent parameters, viz. amounts of oxidant and catalyst were
varied.

The effect of Hy O, concentration on the oxidation of diphenyl
sulfide is illustrated in Fig. 9. Using three different concentra-
tions of aqueous 30% H;0O», viz. 5mmol (0.057 g), 10 mmol
(1.14 g) and 15 mmol (1.71 g) for the fixed amount of diphenyl
sulfide (0.93g, 5mmol) and [VO(tmbmz);]-Y (0.025g) in
CH3CN (10 ml), the obtained percent conversion of diphenyl
sulfide were 24.6, 70.6 and 91.7%, respectively, in 7 h of reac-
tion time at room temperature. No further improvement in the
conversion was noted above this molar ratio. Similarly for four
different amounts (viz. 0.005, 0.015, 0.025 and 0.035 g) of cat-
alyst and at H,O; to diphenyl sulfide molar ratio of 3:1 under
above reaction conditions, 0.025 g of catalyst gave a conversion
of 91.7% while 0.035 g catalyst has shown only slight improve-
ment in the conversion (Fig. 10). Thus, 0.025 g catalyst may be
considered sufficient enough to run the reaction under above
conditions.

While carrying out the oxidation of methyl phenyl sulfide
under above-optimized conditions, it was observed that the sub-
strate to HyO, molar ratio of 1:1, was sufficient enough to give
94.3% conversion within 3h of contact time. Increasing the
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Fig. 9. Effect of HyO» concentration (H,O,:diphenyl sulfide) on the oxidation
of diphenyl sulfide.
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Fig. 10. Effect of catalyst amount on the oxidation of diphenyl sulfides.

amount of oxidant to 2:1 (oxidant:substrate) molar ratio caused
only marginal increment in the conversion. Thus, the substitution
of benzene in place of methyl group slows down the conversion.
Selectivity details for the obtained products are presented in
Table 6. It is clear from the table that catalyst [VO(tmbmz);]-
Y has good catalytic potential for both substrates with high
turn over frequency. But the selectivity for the formation of
methyl phenyl sulfoxide is better (88.9%) than for diphenyl sul-
foxide (72.9%). A blank reaction taking methyl phenyl sulfide
(1.242 g, 10 mmol), aqueous 30% H>O, (2.27 g, 20 mmol) and
acetonitrile (10 ml) resulted in 35.2% conversion with 68.3%
selectivity towards sulfoxide and 31.7% sulfone. Blank reaction
for diphenyl sulfide under above reaction conditions gave only
5.5% conversion with 66% selectivity towards sulfide and 34%
towards sulfone. Thus, these catalysts not only improve con-
version, they also improve the selectivity of the formation of
sulfoxide.

The catalytic activity of neat complexes using same mole
concentration as used for encapsulated complexes under above
reaction conditions have also been tested for comparison. Fig. 11
compares the conversion of diphenyl sulfide with neat as well
as encapsulated complexes while Fig. 12 compares the conver-
sion of methyl phenyl sulfide. As presented in Table 6, neat
complex exhibited relatively lower conversion to that of encap-
sulated one. The uniform dispersal of active metal centers in the
zeolite matrix prevents the loss of catalytic activity thus showing
better catalytic results.

Table 6
Percent conversion of sulfides along with TOF and products selectivity data
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Fig. 11. Catalytic comparison of catalysts for the oxidation of dipheny! sulfide:
[VO(tmbmz);]-Y (a) and [VO(tmbmz),] (b).
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Fig. 12. Catalytic comparison of catalysts for the oxidation of thioanisol:
[VO(tmbmz),]-Y (a) and [VO(tmbmz),] (b).

3.7. Possible reaction pathway of the catalysts

To establish the possible reaction pathway, the neat com-
plexes dissolved in methanol were treated with methanolic
solution of HyO, and the progress of the reaction was moni-
tored by electronic absorption spectroscopy. Thus, the titration
of [VO(tmbmz),] dissolved in methanol (ca. 10~* M solution)
with one drop portions of 30% H,O; resulted in the slow weak-
ening of 240 nm band with decrease in intensity while 210 nm
band experienced slight increase in intensity. The band appear-

Catalyst Substrate % Conversion/time (h) TOF (h— 1) % Selectivity

Sulfoxide Sulfone
[VO(tmbmz),]-Y Diphenyl sulfide 91.7/7 117.2 72.9 27.1
[VO(tmbmz),]-Y Methyl phenyl sulfide 94.3/3 281.2 88.9 11.1
[VO(tmbmz); ] Diphenyl sulfide 73.6/7 94.1 77.8 222
[VO(tmbmz); ] Methyl phenyl sulfide 82.4/3 245.7 90.3 9.7
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Fig. 13. Spectral changes during titration of [VO(tmbmz),] with HyO,. The
spectra were recorded after successive addition of one drop portions of H,O; in
minimum amount of methanol to 10 ml of ca. 10~* M solution of [VO(tmbmz); ]
in methanol. The inset displays equivalent titrations, but with higher concentra-
tion of [VO(tmbmz),] (ca. 10~3 M) dissolved in methanol.

ing at 274, 280 and 289(s) nm experienced slight decrease in
intensity. At the same time the weak shoulder band appear-
ing at 396 nm shifted to 370 nm with increase in intensity. The
band appearing at 524 and 665nm due to d—d transitions at
higher concentration of [VO(tmbmz),] (ca. 1073 M) slowly dis-
appeared on addition of H>O;. These spectral changes and the
presence of isosbestic point at 325 nm suggest the interaction of
oxovanadium(IV) complex with H,O; possibly to give oxoper-
oxovanadium(V) species. The spectral changes are presented in
Fig. 13.

As shown in Fig. 14, the addition of one drop portions of
30% H,0O; dissolved in methanol to a methanolic solution of
[Cu(tmbmz),] (ca. 10~*M solution) resulted in the gradual
increment of the intensity of bands appearing at 274 and 280 nm.
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Fig. 14. Spectral changes during titration of [Cu(tmbmz),] with HyO,. The
spectra were recorded after successive addition of one drop portions of H,O> in
minimum amount of methanol to 10 ml of ca. 10~* M solution of [Cu(tmbmz),]

in methanol. The inset displays equivalent titrations, but with higher concentra-
tion of [Cu(tmbmz),] (ca. 103 M) dissolved in methanol.

Other band appearing at 230 nm shifts slowly to 236 nm with
increase in band maximum while the band at 297 nm slowly
broadens with slight increase in intensity. A very weak shoul-
der band appearing at 382 nm slowly disappears (see inset of
Fig. 14). No other bands could be located in the visible region
beyond this point. It was, therefore, not possible to have idea
about the change in the d—d transition band(s) due to H>O»
titration. However, the spectral changes in the UV region on
treatment with HyO; suggest the structural changes due to the
formation of intermediate peroxo species, which finally transfers
oxygen to the organic substrates.

3.8. Test for recycle ability and heterogeneity of the
reactions

The recycle ability of both the encapsulated complexes has
been tested. For styrene, the reaction mixture after a contact
time of 6h was filtered and after activating the catalysts by
washing with acetonitrile and drying at ca. 120 °C, they were
subjected to further catalytic reaction under similar conditions.
No appreciable loss in the catalytic activity suggests that com-
plexes are still present in the cavity of the zeolite-Y. Nearly
matching spectral features (IR and electronic spectra) of fresh
and used catalysts suggests their stability and recycle ability.
The filtrate collected after separating the used catalysts was
placed into the reaction flask and the reaction was continued
after adding fresh oxidant for another 4 h. The gas chromato-
graphic analysis showed no improvement in conversion. Similar
results were also obtained with other substrates. All these con-
firm that the reactions did not proceed upon removal of the
solid catalysts. The reactions were, therefore, heterogeneous in
nature.

4. Conclusions

Encapsulation of oxovanadium(IV) and copper(Il)
complexes of monobasic bidentate NS donor ligand, 2-
mercaptomethylbenzimidazole (Htmbmz) in the cavity of
zeolite-Y by flexible ligand method have been described. These
complexes have been characterized by various physico-chemical
methods. The encapsulated complexes, [VO(tmbmz);]-Y and
[Cu(tmbmz),]-Y have been used as catalysts for the oxidation of
styrene, methyl phenyl sulfide and diphenyl sulfide. Under the
optimized reaction conditions, [VO(tmbmz),]-Y gave 96.4%
conversion of styrene with five oxidation products, styrene
oxide, benzaldehyde, benzoic acid, 1-phenylethane-1,2-diol
and phenylacetaldehyde. Conversion with [Cu(tmbmz),]-Y is
considerably low (36.9%) and gave only four products, styrene
oxide, benzaldehyde, benzoic acid and phenylacetaldehyde. In
both cases formation of benzaldehyde is relatively high. These
catalysts are very active for the oxidation of methyl phenyl
sulfide and diphenyl sulfide. The oxidation of diphenyl sulfide
required at least HyO» to diphenyl sulfide molar ratio of 3:1
to give 91.7% conversion in 7h of reaction time. However,
94.3% conversion of methyl phenyl sulfide has been achieved
within 3h of contact time at a substrate to HyO, ratio of
1:1. The catalytic activity of neat complexes using similar
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molar concentration as that used for encapsulated complexes
under above reaction conditions have also been tested for
comparison. It has been observed that the corresponding
neat complexes have shown equally good catalytic activities.
However, higher turn over frequencies and recyclability make
the zeolite-encapsulated complexes better than their neat
analogues.
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