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Abstract Zeolite-Y encapsulated VO(IV)2-(2'-hydrox-
yphenyl)benzimidazole (ohpbmzl) was synthesized by
flexible ligand approach and characterized using various
physico-chemical techniques such as elemental analysis,
XRD, inductively coupled plasma-atomic emission, fourier
transform infrared spectroscopy, UV-vis-diffuse reflec-
tance and electron paramagnetic resonance spectroscopy,
thermogravimetric analysis, BET surface area and cyclic
voltammetry (CV). Based on the results a square pyramidal
structure was suggested for the encapsulated complex.
Shift in UV absorbance to higher wavelength and varia-
tions in the redox potential values compared to the non-
encapsulated complex in CV confirmed the successful
encapsulation of the complex in the zeolite matrix. The
catalytic efficacy was investigated towards oxidation of
phenol, styrene, cyclohexane and ethyl benzene in ace-
tonitrile using H,O, as oxidant. Influence of reaction
parameters like catalyst and substrate concentration, sub-
strate/H,O, molar ratio, and temperature were investigated
to optimize the reaction conditions for maximum substrate
conversion and selectivity towards desired products using
the encapsulated complex. The catalytic activity was
compared with vanadyl exchanged zeolite-Y (VO-Y) and
non-encapsulated complex. The encapsulated complex
retained its stability up to 3 runs as confirmed by recycling
studies. Mechanistic pathways were proposed for all the
probe reactions.
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1 Introduction

Encapsulation of transition metal complexes, acting as
homogeneous catalysts, in the cavity of zeolite offers the
advantages of heterogeneous catalysts, share many bene-
ficial features of homogeneous catalysts and curtails the
disadvantages of both. The higher selectivity, easy product
separation, enhanced yield than the homogeneous and
heterogeneous complements has made them to be explored
as heterogeneous catalysts in petroleum industries, phar-
maceutical applications and fine chemical productions.
Several research groups have investigated the catalytic
properties of the complexes entrapped within the super-
cages of zeolite-Y [1-3]. The coordination chemistry of
vanadium is of great current interest due to its wide
application in medicinal and catalytic systems [4]. Its
coordination number and geometry is highly ligand
dependent. The majority of vanadium (IV) compounds
contain VO*" unit (vanadyl ion) and have square pyrami-
dal or trigonal bipyramidal geometries with an axial oxo
ligand. Oxovanadium center can act as Lewis acid towards
electron rich species such as peroxides [H,O, or t-butyl
hydroperoxide (TBHP)] to form metalloperoxo species,
which are proficient in transferring an oxygen atom to a
wide range of organic and inorganic substrates [5, 6].
Furthermore, the use of environmentally friendly oxidants
like hydrogen peroxide upsurges significantly their poten-
tial applications. Hence, these oxovanadium complexes
have attracted considerable attention due to their remark-
able catalytic activity and have displayed good selectivity
for the oxidation of various substrates.
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Oxidation of phenol is an industrially important process
due to pharmaceutical significance of its products catechol
and hydroquinone [7]. Similarly, styrene oxidation holds
substantial interest in academic as well as industrial
research owing to its imperative products such as styrene
oxide, benzaldehyde or phenylacetaldehyde which are
otherwise synthesized by using strong oxidants such as
peroxyacids, manganese dioxide, chromic acid, potassium
dichromate or selenium dioxide, producing large amounts
of undesired and/or toxic wastes, most significantly when
applied to industrial processes [8—14]. On the other hand,
oxidation of cyclohexane to cyclohexanol and cyclohex-
anone (K/A oil) has achieved much attraction in industries as
the two are strategic intermediates in the production of adipic
acid (to make Nylon-66) and caprolactam (to make Nylon-
6). More importantly, higher selectivity towards cyclohex-
anone is desirable in a variety of chemical syntheses
[11, 12, 15]. Hence, several experiments have been con-
ducted to develop new catalysts so as to assist the oxidation
of cyclohexanol under mild conditions with high selectivity
for a particular end product by using different oxidizing
agents. Correspondingly, oxidation of ethyl benzene to
acetophenone has maintained a prominent position in phar-
maceutical sector because of its use as an intermediate in the
manufacture of pharmaceuticals, perfumes, resins and
alcohols [16]. Earlier, synthesis of acetophenone was per-
formed using stoichiometric quantities of oxidizing agents
like KMnO, or K;Cr,O; or via Friedel-Crafts acylation
reaction of aromatics by acid halide/anhydride, using stoi-
chiometric amounts of corrosive AlCl; catalyst. The current
industrial production of benzylic ketones is based on the
oxidation of alkyl benzenes with molecular oxygen using
cobalt acetate as the catalyst in acetic acid [17].

Although encapsulation process is well established in
the literature and a variety of complexes are synthesized,
still there is always been a demand for more efficient
heterogenised homogeneous catalysts. Hence, considering
the benefits of zeolite frame work, vanadium and the probe
reactions, the present work emphasizes on the encapsula-
tion of the vanadium(IV) complex of 2-(2'-hydrox-
yphenyl)benzimidazole (ohpbmzl) by flexible ligand
method into zeolite-Y. Moreover, encapsulation of
VO(opbmzl), within the zeolite-Y framework is not
reported earlier. Since, redox properties of a catalyst also
influence its catalytic activity, electrochemical behavior of
the catalyst was studied. The cyclic voltammetric study of
encapsulated vanadyl complex of benzimidazole derivative
is carried out for the first time in the present case.

The catalytic efficacy of encapsulated VO(opbmzl),Y
was probed towards the industrially important reactions
like oxidation of phenol, styrene, cyclohexane and ethyl
benzene and reaction conditions were optimized to obtain
maximum product yield.
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2 Experimental
2.1 Materials

The commercially available Na-Y zeolite was supplied
from Sud-Chemie, India and was used as received without
further purification. The other reagents like VOSO,4.5H,0
(Lobo Chemie Pvt. Ltd.), orthophenylenediamine (S.d. fine
chem. Ltd., India), diphosphorus pentoxide, orthophos-
phoric acid, 2,6-di-tert-butyl-4-methylphenol (butylated
hydroxytoulene, BHT), salicylic acid, phenol, cyclohexane,
ethylbenzene, hydrogen peroxide (H,O,) (Merck), tetra-
butylammonium bromide (Spectrochem. Pvt. Ltd., India),
styrene, tetrabutyl hydroperoxide (TBHP), (Sigma Aldrich)
and vulcan carbon (Cabot corporation) were used as
received. All the solvents were distilled prior to use.

2.2 Characterization

All the samples were vacuum dried before analysis. The
elemental analyses were obtained with an Elementar Vario
micro cube CHNS analyzer. The vanadium content was
determined using ICP-AES at Atomic Mineral Directorate,
Southern region, Bangalore. The surface area and pore
volume were measured by BET method using
Micromeritics surface area analyzer model ASAP 2020.
The XRD patterns were recorded on a Panalytical X pert
Pro MPD powder X-ray diffractometer using Cu Ka radi-
ation (. = 1.542 A) in the 20 range 10°-80° at a scanning
rate of 2°/min. The UV-visible-DRS spectra were recorded
using a Shimadzu UV-Vis-NIR model UV-3101P spec-
trophotometer having an integrating sphere attachment for
the solid samples in BaSO,. The IR spectra of the samples
were recorded in the range 4004000 cm™' as KBr disks
on a Shimadzu 8400 s FT-IR spectrometer. The ESR
spectra were recorded using a Bruker EMX EPR spec-
trometer X-band, v = 9.431 GHz at room temperature
(Indian Institute of Science, Bangalore). The electro-
chemical properties were studied by recording the cyclic
voltammograms of non-encapsulated and encapsulated
complexes on an EG & G Model Versastat ITA Gal-
vanostat/Potentiostat with a digital recorder by using 0.1 M
tetrabutylammonium perchlorate (TBAP) as the supporting
electrolyte in DMF (dimethylformamide). The working
electrode was prepared by taking a 1:1 ratio by weight of
non-encapsulated or encapsulated metal complexes in
1 mL of milli Q water which was coated on platinum flag
of 8.0 cm? area; 2 mL of nafion binder (Sigma Aldrich)
was then added on this coating and followed by air drying.
The platinum flag electrode and standard calomel electrode
(SCE) were used as the working and reference electrodes
respectively. The CV of the non-encapsulated complex was
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taken both in solid and solution modes, using 0.01 M of the
metal complex in DMF. Thermograms (TG) were recorded
on a TA instrument under nitrogen atmosphere with heat-
ing rate of 20 °C/min from 20 to 1000 °C. All the reaction
products were analyzed using a Shimadzu 14B gas chro-
matograph (GC) fitted with flame ionization detector using
a BP-5 capillary column.

2.3 Preparation

2.3.1 Synthesis of zeolite encapsulated VO(IV)2-(2'-
hydroxyphenyl)benzimidazole {VO(opbmzl),}

In a typical experiment, 5 g of Na-Y zeolite was suspended
in 300 ml distilled water containing VOSO,.5H,0 (12.6 g,
50 mmol) and heated at 90 °C under stirring for 48 h. The
obtained green coloured solid was filtered, thoroughly
washed with hot distilled water and then Soxhlet extracted,
till the filtrate was free from vanadyl ions and subsequently
dried at 150 °C for 12 h in a hot air oven. The vanadium
content in vandyl-exchanged zeolite-Y (VO-Y) was found
to be 2.3 % (Table 1). Preparation of the ohpbmzl and the
non-encapsulated complex VO(opbmzl), is reported else-
where [18].

VO(opbmzl),-Y was synthesized by refluxing an
ethanolic solution of ohpbmzl and VOIV) exchanged
zeolite-Y at 60 °C for 48 h and the product formed was
washed using ethanol followed by THF and acetone by
Soxhlet extraction. The uncomplexed VO(IV) ion present
in the zeolite-Y was exchanged with Na™ ions by treating
with aqueous 0.1 M NaCl solution, filtered and washed
with distilled water and dried at 120 °C for 24 h
(Scheme 1). Vanadium content was found to be 1.5 %.

2.3.2 Catalytic activity towards probe reactions
2.3.2.1 Oxidation of phenol In a typical reaction, an
aqueous solution of H,O, (30 % w/v, 8.5 g, 75 mmol) and

phenol (4.7 g, 50 mmol) were mixed in 6 mL of CH3;CN
and the reaction mixture was heated at 60 °C with

Table 1 Physical and textural properties of catalysts

continuous stirring in an oil bath. The reaction was con-
sidered to begin after addition of 0.115 g of catalyst. Ali-
quots at several intervals were taken and the reaction
products were analysed using GC.

2.3.2.2 Oxidation of styrene According to a conventional
procedure, styrene (5.2 g; 50 mmol) and 30 % H,O,
(11.4 g; 100 mmol) in 10 mL CH3CN was heated with
continuous stirring at 70 °C for 6 h using 0.125 g of cat-
alyst. The progress of the reaction was monitored as
mentioned above.

2.3.2.3 Oxidation of cyclohexane In a typical reaction,
an aqueous solution of 30 % H,0, (17.0 g, 150 mmol) and
cyclohexane (6.3 g, 75 mmol) were mixed in 10 ml of
CH;CN and the reaction mixture was heated at 60 °C with
continuous stirring in an oil bath. The reaction was con-
sidered to begin after addition of 0.135 g of catalyst and
the products were analyzed as stated above.

2.3.2.4 Oxidation of ethyl benzene In a typical reaction,
ethylbenzene (5.3 g; 50 mmol) and 30 % H,0, (114 g;
100 mmol) in 6 mL CH;CN was heated with continuous
stirring at 60 °C for 6 h using 0.125 g of catalyst. The pro-
gress of the reaction was monitored by gas chromatograph by
taking aliquots at specific intervals. The influence of external
parameters on the catalytic activity of VO(opbmzl),-Y was
studied by varying temperature, catalyst and substrate con-
centration, substrate: H,O, molar ratio.

3 Results and discussion

Vanadium, carbon and nitrogen content estimated after
encapsulation can be assigned to the presence of transition
metal complex in the nano-cavities of zeolite-Y. Absence
of sulphate in VO exchanged zeolite Y, non-encapsulated
and encapsulated complexes was confirmed by elemental
analysis. The elemental analysis data of VO(IV) based non-
encapsulated, the entrapped complex and VOIV)

Catalyst Colour Elemental analysis (%) Textural properties

C H N \" Total pore volume (cc/g) Surface area (mz/g)
NaY White - - - - 0.30 530
VO-Y Green - - - 23 0.27 445
VO(opbmzl),-Y  Light green 3.0 2.6 0.6 1.5 0.16 224
VO(opbmzl), Green 63.1 (63.9) 3.4 (3.8) 10.7 (11.2) 9.9 (10.5) - -

* Calculated percentage composition is given in the parenthesis
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Scheme 1 Preparation of
VO(opbmzl),-Y

Zeolite-Y +

exchanged-Yare tabulated in Table 1 along with the
specific surface area and specific pore volume measure-
ment data. The lowering of the pore volume and surface
area supported the fact that VO(IV) complexes are present
within the zeolite cages and not on the external surface.

Elemental analysis of VO(opbmzl),-Y indicated that not
all VO*" ions have complexed with ohpbmzl, as only
VO?' ions present in the super cages of zeolite-Y are
available for the complexation, whereas those present in
the sodalite cages (diameter ~6.0 A) and other sites like
V, II’, III’ etc., are unavailable for coordination due to
space restriction [19].

3.1 Structural integrity studies

The powdered XRD patterns of NaY, VO-Y and
VO(opbmzl),-Y are presented in Fig. 1. The XRD analysis
showed that all peaks observed for the three materials can
be assigned to the faujasite structure. VO-Y and VO(opb-
mzl),-Y complex exhibited identical diffraction patterns
similar to that of NaY, except that the intensity of the peaks
were considerably reduced and there was reversal in the
peak intensities of (2 2 0), (3 1 1) and (3 3 1) planes. For
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instance, NaY and VO-Y showed the order;
I531 > Ihyg > 1311, while it was I33; > I3 > Ihyo for
encapsulated complex. An empirical relationship subsists
between the relative intensities of (33 1), (31 1) and (22
0) peaks and cation location in faujasite-type zeolite
[20-22]. The variation in patterns further indicated that the
VO™ are substituted at the location of Na* could undergo
rearrangement during complexation in the nanopores of
zeolite-Y [23]. This observation may therefore be con-
strued as an evidence for the successful encapsulation of
VO(opbmzl), complex within the supercage of zeolite-Y.

3.2 Spectroscopic characterization

FTIR spectra of ohpbmzl, NaY, VO(opbmzl),, VO(opb-
mzl),Y and VO-Y were recorded as KBr disks (Fig. 2a—e).
VO(opbmzl), exhibited peaks at 3182, 1604 and
1313 ecm ™" due to vap, Veon and Ve n respectively. A shift
of the vc_y (ring) to lower frequency and absence of the
Vvou band in VO(opbmzl), suggested the coordination of
the tertiary nitrogen and phenolic oxygen of the ligand to
VO**. VO(opbmzl),Y exhibited peaks at 1381 and
1484 cm™! due to ven and On_y respectively. The vy_o
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Fig. 1 Powdered XRD patterns of (a) NaY, (b) VO-Y and (c)
VO(opbmzl),Y

peak was observed at 910 cm™' for non-encapsulated
complex and 906 cm ™' for VO(opbmzl),-Y. The peak due
to sulphate group was absent in non-encapsulated and
encapsulated complexes. Some of the peaks due to coor-
dinated ligand were not observed in case of VO(opb-
mzl),Y, as they were obscured by zeolite peaks.
Electronic spectral data of ohpbmzl, VO-exchanged
zeolite-Y (VO-Y), non-encapsulated and encapsulated
VO(opbmzl), complexes are shown in the Table 2. VO-Y

% Transmittance

e)

4000 3500 3000 2500 2000 1500 1000 500

Wavenumber (cm™)

Fig. 2 IR spectra of (a) ohpbmzl; (b) NaY; (c) VO(opbmzl),; (d)
VO(opbmzl),-Y and (e) VO-Y

exhibited bands at 613, 703 and 802 nm due to d—d tran-
sitions ascribed to octahedral coordination of vana-
dium(IV) in VO-Y. This further confirmed the successful
exchange of Na™ ions by VO**. VO(opbmzl), exhibited
intra-ligand bands at 204 (¢ — %), 242 (1 —» 7*) and
289 nm (n — n*) and LMCT band at 377 and three bands
at 515, 751 and 786 nm due to d-d transition(s). The
encapsulated VO(opbmzl), complex showed intra-ligand
transition bands at 213, 244 and 287 nm, band due to
LMCT at 382 nm and d—d transition bands at 609, 669 and
728 nm which were attributed to b, - b;, b, —» e and
b, — a; transitions respectively attesting a square pyra-
midal geometry of the vanadium(IV) complex in zeolite
[24-26]. The intra-ligand transition and LMCT bands of
zeolite encapsulated complex were red shifted with respect
to VO(opbmzl), owing to the influence of zeolite matrix on
vanadium complex.

The room temperature ESR spectrum of VO-Y though
not well resolved, was characteristic of vO** systems
(V**, d") dominated by the axial hyperfine interaction
between the unpaired electron spin (S = 1/2) and the °'V
nuclear spin (I = 7/2, 99.8 % natural abundance) (Fig. 3a).
The g was found to be 1.917, while g, was 1.970 corre-
sponding to the presence of VO(H20)§+ [27]. The ESR
spectrum of V(opbmzl),Y showed a better resolved
hyperfine splitting peaks as compared to VO-Y (Fig. 3b).
The g was found to be 1.936 while g, was 1.984. A| was
found to be 147 G, while A, was 52 G. The g and A values
are in agreement with the V center in square pyramidal
geometry [28-30].

Based on FT-IR, electronic and ESR spectral data, a
square pyramidal geometry was assigned to vanadium in
VO(opbmzl),Y. In order for a complex to accommodate
within the nano-cavity of zeolite-Y, its size should be less
than the diameter of a-cage (~13 A). The size of the
vanadyl complex in the nano-cavity was found to be
11.12 A (calculated using Guassview 5.0 software).

3.3 Thermal analyses

VO-Y showed a single step decomposition profile per-
taining to the loss of zeolitic water in the range of
100-250 °C (Fig. 4a). VO(opbmzl), showed a sharp
endothermic peak around 500 °C due to decomposition of
complex with weight loss of ~47.0 %. The thermogram of
the encapsulated complex displayed first decomposition at
a temperature range of 60-200 °C which was due to loss of
intra and extra framework water molecules (~11.1 %).
The second decomposition in the range 200-330 °C could
be due to the decomposition of complex which was
~3.9 %. Further weight loss was assigned to the decom-
position of zeolite framework (Fig. 4b).
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Table 2 Electronic spectral

* * * » i ang
data (A, in nm) for the ligand, Sample ® -0 T n—-m Charge transfer d—d transitions
non-encapsulated and ohpbmzl 212 232, 250 264,302 - -
encapsulated complexes

VO-Y - - - - 613, 703 and 802
VO(opbmzl), 204 242 289 377 578, 705 and 777
VO(opbmzl),Y 210 246 287 382 609, 708 and 784
Fig. 3 a ESR spectra of VO-Y (a) (b)
b VO(opbmzl),Y
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Fig. 4 a Thermograms of VO-Y; b VO(opbmzl),-Y
3.4 Electrochemical studies

Redox potential of metal is influenced by its immediate
environment. It is observed that the redox potential of
encapsulated complex varies greatly from that of the non-
encapsulated complex. Hence, cyclic voltammetric studies
were carried out to understand the electrochemical
behavior of ligand, non-encapsulated and encapsulated
complexes. The ligand exhibited a cathodic peak at
—1.1358 V and an anodic peak at —0.9044 V due to one
electron reduction [L — L] and oxidation [L — L]
respectively. The ligand redox peaks were observed for
both non-encapsulated and encapsulated complexes. VO-Y
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Temperature (°C)

exhibited two reduction peaks at —0.4715 and 0.2452 V
due to VY/V'Y and V'V/V™ couple and two oxidation peaks
at —0.3882 and 0.5749 V due to V'"/V'Y and V"V/VVY
couple respectively. The CV of non-encapsulated complex
recorded in the solution mode displayed reduction poten-
tials at —1.018 (ligand reduction), —0.5059 and 0.1047 V
and oxidation potentials at —0.8777 (ligand oxidation),
—0.4496 and 0.5051 V (Fig. 5a). The CV of non-encap-
sulated complex was also recorded in solid mode for
comparison with the encapsulated complex. In solid mode,
non-encapsulated complex exhibited a peak at —1.1023
(ligand reduction), —0.9055 (ligand oxidation), —0.646 V
corresponding to an electrochemically quasi-reversible VV/
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Fig. 5 Cyclic votammograms; (a) 0021 (b)
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Table 3 Influence of oxidant, temperature, substrate: oxidant ratio and concentration of catalyst on the phenol and styrene conversion

Phenol:Oxidant ratio  Oxidant T (°C)  Catalyst (g) V content (1072 mmol)  Phenol conversion® (%)  Product selectivity (%)

CAT  HQ BQ

1:1.5 TBHP 60 0.115 3.45 66.4 20.7 37.0 423
1:1.5 H,0, 60 0.115 3.45 64.8 47.8 32.7 19.5
1:1.0 H,0, 60 0.115 3.45 389 40.3 42.1 17.6
1:2 H,0, 60 0.115 3.45 66.7 32.6 36.8 30.6
1:1.5 H,0, 30 0.115 3.45 124 37.2 523 10.5
1:1.5 H,0, 40 0.115 3.45 26.1 40.7 47.1 12.2
1:1.5 H,0, 50 0.115 3.45 49.3 443 40.6 15.1
1:1.5 H,0, 70 0.115 3.45 66.8 323 30.2 37.5
1:1.5 H,0, 60 0.105 3.15 45.3 44.2 534 2.4
1:1.5 H,0, 60 0.125 3.75 55.7 29.2 62.2 8.7

Styrene:Oxidant ratio  Oxidant T (°C)  Catalyst (g) V content (10_2 mmol)  Styrene conversion® (%)  Product selectivity (%)

SO BD BA

1:2 TBHP 60 0.125 3.75 58.4 32.1 46.5 21.4
1:2 H,0, 60 0.125 3.75 53.1 423 38.9 18.8
1:1 H,0, 60 0.125 3.75 423 40.2 40.5 19.3
1:3 H,0, 60 0.125 3.75 559 29.3 40.6 30.1
1:2 H,0, 30 0.125 3.75 8.3 29.7 58.0 12.3
1:2 H,0, 40 0.125 3.75 26.7 30.2 45.5 243
1:2 H,0, 50 0.125 3.75 34.8 31.9 45.5 22.6
1:2 H,0, 70 0.125 3.75 55.7 29.2 28.5 423
1:2 H,0, 60 0.115 3.45 26.7 29.4 69.1 1.5
1:2 H,0, 60 0.135 4.05 41.3 27.6 56.0 16.4

Reaction conditions: * Solvent: CH;CN, 6 mL; [phenol] = 50 mol; T temperature, CAT catechol, HQ hydroquinone, BQ benzoquinone. b
Solvent: CH;CN, 10 mL; [styrene] = 50 mol; SO styrene oxide, BD benzaldehyde, BA benzoic acid

V' transition, whereas 0.1543 V features a reduction of  V'V/V" couple, respectively. The VO(opbmzl),-Y complex
V' to the corresponding V™ complex (Fig. 5a). The peaks  displayed cathodic peaks at —0.4639 and 0.2729 V due to
at —0.4496 and 0.6945 V correspond to the V'/V™Y and ~ VV/V™ and VY/V!V respectively (Fig. 5b). Two anodic
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peaks at —0.3377 and 0.6102 V were assigned to V'V/VY
and V"/V'V respectively. It also exhibited peaks at
—0.9196 and —0.8003 V due to reduction and oxidation of
ligand respectively. These redox potential values were
completely different from that of the VO-exchanged zeo-
lite-Y and VO(opbmzl), both in solid and solution mode,
which substantiated the formation of complex inside zeo-
lite-Y. Compared to non-encapsulated complex, the peaks
were relatively broadened and average reduction potential
values were shifted to more positive values upon encap-
sulation which was mainly attributed to the interaction of
metal complex with the walls of the zeolite matrix. During
the course of interaction, metal complex may perturb all
the active sites present within the zeolite, inducing differ-
ent interaction energies and alter redox potential at dif-
ferent places in the zeolite [31]. The alteration of peak
potential indicated that the metal complex is encapsulated
inside the zeolite matrix and not present on the external
surface. If there is any drastic decrease in peak currents for
zeolite modified electrode, then the electron transfer occurs
via extra-zeolite mechanism [32-34]. It was observed that
CV of the encapsulated complex showed no decrease in
peak currents, found to be independent of scan rate and was
stable over an extended period of time without any change
in redox potential values (Fig. 5b), which was indicative of
intrazeolite mechanism.

4 Oxidation studies

To determine suitable reaction conditions for maximum
conversion of substrates, the effects of oxidant, tempera-
ture, catalyst amount and substrate: H,O, ratio were
investigated using [VO(opbmzl),]-Y catalyst for oxidation
of phenol, styrene, cyclohexane and ethyl benzene. The
blank test for phenol, styrene, cyclohexane and ethyl ben-
zene using H,O, under other optimized conditions were
carried out, which showed 17.4, 9.5, 1.9 and 10.9 % con-
version respectively.

4.1 Ocxidation of phenol

The oxidation of phenol catalyzed by VO(opbmzl),-Y
using H,0O, as oxidant gave catechol and hydroquinone as
major products and benzoquinone as a minor product.
Phenol conversion was 64.8 % with selectivity towards
catechol, hydroquinone and benzoquinone was 47.8, 32.7
and 19.5 % respectively.

The reaction was carried out using two different oxi-
dants viz. HO, and TBHP using 50 mol of phenol, 0.115 g
of catalyst, 75 mol of oxidant in 6 ml CH3CN at 60 °C for
6 h. The conversion of phenol with TBHP was 66.4 % with
20.7, 37.0 and 42.3 % selectivity towards catechol,
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hydroquinone and benzoquinone respectively, while phe-
nol conversion was 64.8 % with 47.8, 32.7 and 19.5 %
selectivity towards catechol, hydroquinone and benzo-
quinone with H,O,. Though the phenol conversion was
slightly higher in TBHP, catechol selectivity was low as
compared to H,O, (Table 3). Hence, H,O, was used as an
oxidant for phenol oxidation. In order to determine the
effect of phenol/H,O, molar ratio on phenol oxidation,
three different molar ratios (1:1, 1:1.5 and 1:2) were
studied, whilst keeping a fixed amount of phenol
(50 mmol) and VO(opbmzl),-Y (0.115 g) in 6 ml of
CH;CN at 60 °C and running the reaction for 6 h (Fig. 5).
It was observed that in 1:1 molar ratio, phenol conversion
was 38.9 % with 40.3, 42.1 and 17.6 % selectivity towards
catechol, hydroquinone and benzoquinone respectively.
When the ratio was increased to 1:1.5, phenol conversion
increased to 64.8 % with 47.8, 32.7 and 19.5 % selectivity
towards catechol, hydroquinone and benzoquinone. Further
increase in molar ratio to 1:2, lead to slight increase in
phenol conversion (66.7 %) but catechol and hydroquinone
selectivity decreased (32.6 and 36.8 % respectively)
(Table 3).

The effect of temperature on the oxidation of phenol
was investigated at 30, 40, 50, 60 and 70 °C whilst keeping
all the other parameters constant over a period of 6 h
(Table 3). The percentage conversion and catechol selec-
tivity increased gradually with increase in temperature
from 30 to 70 °C. The order of phenol conversion was
found to be; 70 °C (66.8 %) > 60 °C (64.8 %) > 50 °C
(49.3 %) > 40 °C (26.1 %) > 30 °C (12.4 %) whereas
catechol  selectivity was in the order; 60 °C
(47.8 %) > 50 °C  (44.3 %) > 40 °C  (40.7 %) > 30 °C
(37.2 %) > 70 °C (32.3 %).

The effect of catalyst concentration on phenol conver-
sion was investigated using 0.105, 0.115 and 0.125 g
(Table 4). When 0.105 g of catalyst was used, conversion
of phenol and catechol selectivity was found to be 45.3 and
44.2 % respectively. With further increase to 0.115 g,
conversion increased to 64.8 % with slight increase in
catechol selectivity (47.8 %). However, with 0.125 g of
catalyst, percentage conversion and selectivity towards
catechol decreased to 55.7 and 29.2 % respectively.

The catalytic activity of VO(opbmzl),Y was compared
with NaY, VO-Y and VO(opbmzl), towards phenol oxi-
dation using 1.9 g of phenol (50 mmol) with 30 % H,O,
(8.5 g; 75 mmol) in 6 mL. CH5CN at 60 °C for 6 h. The
percentage phenol conversion for these catalysts was found
to be in the order; VO(opbmzl),-Y (64.8 %) > VO(opb-
mzl), (54.1 %) > VO-Y (53.6 %) > NaY (22.6 %),
whereas the selectivity towards catechol was found to be in
the order; VO(opbmzl),-Y 47.8 %) > VO-Y
(43.9 %) > VO(opbmzl), (404 %) > NaY  (18.6 %)
(Fig. 6). Though the percentage conversion of phenol was
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Table 4 Influence of oxidant, temperature, substrate: oxidant ratio and concentration of catalyst on the cyclohexane and ethyl benzene

conversion

Cyclohexane:Oxidant ratio Oxidant T (°C) Catalyst (g) V content (10~2 mmol) Cyclohexane® conversion (%) Product selectivity

(%)
OL ONE

1:2 TBHP 60 0.135 4.05 50.9 49.7 50.3
1: 2 H,0, 60 0.135 4.05 48.3 48.5 51.5
I: 1 H,0, 60 0.135 4.05 10.6 54.3 457
1: 3 H,0, 60 0.135 4.05 16.6 39.9 60.1
1.2 H,0, 30 0.135 4.05 22.5 75.5 24.5
1:2 H,0, 40 0.135 4.05 325 70.3 29.7
1:2 H,0, 50 0.135 4.05 37.9 64.2 35.8
1:2 H,0, 70 0.135 4.05 46.2 48.0 52.0
1: 2 H,0, 60 0.125 3.75 352 55.3 44.7
1: 2 H,0, 60 0.145 4.35 39.7 50.4 49.6
EB:Oxidant ratio Oxidant T (°C) Catalyst(g) V content (10”2 mmol) EBY conversion (%) Product selectivity (%)

AP BD BA
1:2 TBHP 60 0.125 3.75 59.4 44.6 533 2.1
1:2 H,0, 60 0.125 3.75 57.9 61.9 37.0 1.1
1:1 H,0, 60 0.125 3.75 41.3 39.5 59.0 1.5
1:3 H,0, 60 0.125 3.75 58.1 342 61.3 4.5
1:2 H,0, 30 0.125 3.75 11.9 294 70.5 0.05
1:2 H,0, 40 0.125 3.75 21.6 32.9 67.0 0.08
1:2 H,0, 50 0.125 3.75 36.9 41.7 58.2 0.12
1:2 H,0, 70 0.125 3.75 58.2 54.3 37.8 7.9
1:2 H,0, 60 0.115 3.45 32.6 46.3 53.7 0.05
1:2 H,0, 60 0.135 4.05 52.3 37.2 62.5 0.3

Reaction conditions: © Solvent: CH;CN, 10 mL; [cyclohexane]: 50 mol; OL cyclohexanol, ONE cyclohexanone; 4 Solvent: CH;CN, 6 mL;

[ethylbenzene]: 50 mol; AP acetophenone, EB ethyl benzene

almost same in non-encapsulated complex and VO-Y, the
selectivity towards catechol was found to be higher in case
of encapsulated complex and VO-Y.

4.2 Ocxidation of styrene

In a typical reaction, styrene (5.2 g; 50 mmol) and 30 %
H,O0, (3.4 g; 100 mmol) in 10 mL CH3CN was heated
with continuous stirring at 70 °C for 6 h using 0.125 g of
VO(opbmzl),-Y which gave styrene conversion of 53.1 %
with 42.3, 38.9 and 18.8 % selectivity towards styrene
oxide, benzaldehyde and benzoic acid respectively. The
reaction was also studied using TBHP as oxidant by
keeping other parameters constant. With TBHP, 58.4 %
styrene conversion was observed with 32.1, 46.5 and
21.4 % selectivity towards styrene oxide, benzaldehyde
and benzoic acid respectively (Table 3). Since selectivity

towards styrene oxide was higher with H,O, (42.3 %), it
was selected as oxidant to carry out further reactions.
Similarly, reaction was carried out for three different
styrene/H,0, molar ratios viz. 1:1, 1:2 and 1:3, keeping
other parameters constant. Percentage styrene conversion
was found to be in the order 1:3 (55.9 %) > 1:2
(53.1 %) > 1:1 (42.3 %), whereas selectivity towards
styrene oxide was found to be in the order: 1:2
(42.3 %) > 1:1 (40.2 %) > 1:3 (29.3 %). Even though
styrene conversion was slightly higher using 1:3 molar
ratio, selectivity towards styrene oxide decreased. With
increase in temperature from 30 to 70 °C, styrene con-
version increased from 8.3 to 55.7 %, while the selectivity
towards styrene oxide gradually increased from 29.7 (at
30 °C) to 42.3 % at 60 °C but it decreased to 29.2 % at
70 °C. Moreover, at this temperature, selectivity towards
benzoic acid was more prominent (42.3 %) (Table 3).
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Fig. 6 Effect of catalysts on % 70 -
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With variation of different amounts of catalyst (0.115,
0.125 and 0.135 g), 0.125 g showed better conversion
(53.1 %) and selectivity towards styrene oxide (42.3 %)
whereas at lower concentration of catalyst (0.115 g), styr-
ene conversion was found to be 26.7 with 29.4 % selec-
tivity towards styrene oxide (Table 3). Increase in
concentration to 0.135 g, decreased the conversion to 41.3
with 21.6 % selectivity towards styrene oxide.
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Figure 7 shows the profiles for conversion of styrene
using NaY, VO-Y, VO(opbmzl), and VO(opbmzl),-Y as
catalysts. It indicated that the performance of the encapsu-
lated catalyst was higher than that of non-encapsulated
analogue. The percentage styrene conversion and styrene
oxide selectivity was found to be in the order; VO(opbmzl),-
Y (53.1, 42.3 %) > VO-Y (38.5, 40.7 %) > VO(opbmzl),
(34.5,31.1 %) > NaY (11.1,27.1 %).
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Fig. 8 Effect of catalysts on %
cyclohexane conversion and
product selectivity

Fig. 9 Effect of catalysts on %
ethylbenzene conversion and
product selectivity

4.3 Oxidation of cyclohexane

Effect of oxidant on cyclohexane conversion was
investigated using 75 mmol of cyclohexane, 0.135 g of
catalyst, 150 mmol of oxidant in 10 mL CH5;CN at 60 °C
for 6 h. TBHP gave 50.9 % cyclohexane conversion with
49.7 and 50.3 % selectivity towards cyclohexanol and

% Cyclohexane Conversion

% Ethyl benzene Conversion

5 Catalysts Cyclohexane Product
Conversion Selectivity (%)
(%) OL ONE
50 VO(opbmzl),-Y 48.3 48.5 51.5
VO-Y 12.7 62.3 37.7
VO(opbmzl), 24.3 58.1 41.9
NaY 2.2 82.9 17.1

Time (h)
80 Catalysts Ethyl Product Selectivity
benzene (%)
Conversion | AP BD BA
70 (%)
VO(opbmzl),-Y 57.9 61.9 | 37.0 | 1.1
VO-Y 43.5 395|572 | 33
60 VO(opbmzl), 40.6 278 [ea3 [ 79 |
NaY 27.4 549 [383] 68 | i
50 N
. = c =
R N =
™~ N =
o N =
M N =
30 Y f;zg
& -
D N &
A o 0 %
0 M 2 &
1 2 3 4 5 6 7
Time (h)

VO(opbmzl),-Y

VO-Y
VO(opbmazl),

NaY

VO(opbmazl),-Y
VO-Y
VO(opbmazl),
NaY

cyclohexanone, while H,O, gave 48.3 % cyclohexane
conversion with 48.5 and 51.5 % selectivity towards

cyclohexanol and cyclohexanone (Table 4). Though
TBHP gave slightly higher conversion (~2.6 %),
selectivity towards cyclohexanol and cyclohexanone
almost remained same. Hence H,O, was chosen as oxi-
dant for cyclohexane oxidation.
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Table 5 Recycling studies of the catalyst

Catalytic runs % Phenol Selectivity of products (%)

conversion®

CAT HQ BQ

I 64.8 47.8 327 19.5
II 64.0 47.5 323 20.2
111 60.9 46.1 29.4 24.5
v 53.7 41.3 23.8 34.9
\Y% 44.1 35.6 17.9 46.5
Catalytic runs % Styrene Selectivity of products (%)

conversion®

SO BD BA

I 53.1 42.3 389 18.8
I 52.8 42 37.1 20.9
I 50.7 39.9 34.3 25.8
v 472 36.4 30.1 335
\% 414 325 23.1 44.4
Catalytic runs % Cyclohexane Selectivity of products

conversion® (%)

OL ONE

I 48.3 48.5 515
I 449 49.1 50.9
I 413 49.3 50.7
v 37.2 50.9 49.1
\% 31.5 54.4 45.6

Catalytic runs % Ethyl benzene Selectivity of

conversion? products (%)
AP BD BA
I 57.9 619 37 1.1
1T 57.1 60.4 36.2 34
I 53.2 582 355 6.3
v 48.1 546 312 142
v 42.6 48.1 25.6 263

Reaction conditions: * Solvent: CH;CN, 6 mL; [VO(opbmzl),-
Y] = 0.115 g; [phenol] = 50 mol; [H,0,] = 75 mol, temperature
60 °C. ° Solvent CH;CN, 10 mL; [VO(opbmzl),-Y] = 0.125 g;
[styrene] = 50 mol; [H,O,] = 100 mol; temperature 70 °C. ¢ Sol-
vent: CH3CN, 10 mL; [VO(opbmzl),-Y] = 0.135 g; [cyclohex-
ane] = 75 mol; [H,0,] = 150 mol; temperature 60 °C. 4" Solvent
CH;CN, 6 mL; [VO(opbmzl),-Y] =0.115g; [ethyl ben-
zene] = 50 mol; [H,0,] = 100 mol; temperature 60 °C

In order to determine the effect of cyclohexane/H,O,
molar ratio, the reaction was carried out with three dif-
ferent molar ratios (1:1, 1:2 and 1:3), whilst keeping a fixed
amount of cyclohexane (75 mmol) and VO(opbmzl),-Y
(0.135 g) in 10 ml of CH3CN at 60 °C and running the
reaction for 6 h (Table 4). At 1:1 molar ratio, the conver-
sion was only 10.6 % with 54.3 and 45.7 % selectivity

@ Springer

towards cyclohexanol and cyclohexanone respectively.
When the ratio was increased to 1:2, conversion increased
to 48.3 with 48.5 % cyclohexanol and 51.5 % cyclohex-
anone selectivity. With further increase in the ratio to 1:3,
conversion of cyclohexane drastically decreased to 16.6 %
with 39.9 % cyclohexanol selectivity and 60.1 % cyclo-
hexanone. This may be due to increase in cyclohexane:
H,0, ratio would increase dilution of reaction mixture (due
to presence of water in 30 % H,O,), thus leading to
decreased % conversion of cyclohexane. Hence, 1:2 molar
ratio was considered as optimum for cyclohexane oxidation
using VO(opbmzl),-Y. The performance of VO(opbmzl),-
Y towards cyclohexane oxidation was investigated at five
different temperatures, viz. 30, 40, 50, 60 and 70 °C whilst
keeping all the other parameters constant over a period of
6 h (Table 4). At 30 °C, the reaction showed a low con-
version (22.5 %) but high selectivity for cyclohexanol
formation (75.5 %). On increasing the temperature to
60 °C, conversion increased to 48.3 %, with 51.5 and
48.5 % selectivity towards cyclohexanol and cyclohex-
anone respectively. Further, by increasing the temperature
to 70 °C no appreciable increase in cyclohexane conver-
sion (46.2 %) or in cyclohexanone selectivity (52.0 %) was
observed. Hence, 60 °C was optimized for the reaction.

Cyclohexane oxidation was carried out with three dif-
ferent amounts of catalysts (0.125, 0.135, 0.145 g) whilst
keeping the other parameters constant. The results indicated
that increasing the concentration of catalyst from 0.125 to
0.135 gincreased the conversion from 35.2t048.3 % at6 h
(Table 4). Further increase in catalyst amount to 0.145 g
resulted in decreasing the percentage conversion to 39.7 with
49.6 % selectivity towards cyclohexanone.

Under optimized reaction conditions, i.e. 75 mmol of
cyclohexane, cyclohexane/H,O, molar ratio of 1:2, with
0.135 gof catalystin 10 mL CH3CN and at 60 °C, Na-Y, VO-
Y, VO(opbmzl),-Y complex and non-encapsulated VO(opb-
mzl), were tested for cyclohexane oxidation and the results are
illustrated in Fig. 8. It was observed that VO(opbmzl),-Y
showed higher selectivity towards cyclohexanone whereas
other catalysts exhibited higher selectivity towards cyclohex-
anol. At 60 °C and 6 h reaction time, the cyclohexane con-
version and selectivity towards cyclohexanone followed the
order; VO(opbmzl),-Y (48.3, 51.5 %) > VO(opbmazl), (24.3,
419 %) > VO-Y (12.7, 37.7 %) > NaY (2.2, 17.1 %). The
enhanced activity of zeolite-encapsulated complex in the
cyclohexane oxidation may be due to the interaction of metal
complex with the zeolite framework and easy access of the
active sites to cyclohexane.

4.4 Ocxidation of ethylbenzene

Oxidation of ethylbenzene by using VO(opbmzl),-Y yields
acetophenone and benzaldehyde as major products, with
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Scheme 2 continued

benzoic acid in minor yield. In a typical reaction, 50 mol of
ethyl benzene and 100 mol of 30 % H,O, in 10 mL CHj;.
CN at 60 °C for 6 h using 0.125 g of catalyst to yield
acetophenone and benzaldehyde (61.9 and 37.0 % selec-
tivity) and benzoic acid (1.1 % selectivity).

The effect of H,O, and TBHP as oxidants was studied
using 50 mol of ethylbenzene, 0.125 g of catalyst, 100 mol
of oxidant in 6 ml CH;CN at 60 °C for 6 h. TBHP gave
59.4 % ethylbenzene conversion with 44.6 and 53.3 and
2.1 % selectivity towards acetophenone, benzaldehyde and
benzoic acid respectively. Using H,O,, ethyl benzene
conversion was 57.9 % with 61.9 and 37.0 % selectivity
towards acetophenone and benzaldehyde (Table 4). Simi-
larly, the reaction was carried out using three different
ethylbenzene: H,O, molar ratio viz. 1:1, 1:2 and 1:3 under
optimized conditions (Table 4). The ethylbenzene conver-
sion increased from 41.3 to 58.1 % with increase in ratio
from 1:1 to 1:3. However, selectivity to acetophenone
followed the order: 1:2 (61.9 %) > 1:1 (39.5 %) > 1:3
(34.2 %). Moreover, increase in molar ratio to 1:3,
enhanced the formation of benzoic acid (4.5 %). Hence,
1:2 molar ratio was optimized for ethylbenzene oxidation.
At lower molar ratio (1:1), % conversion decreased, which
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Cyclohexanone

may be due to insufficient amount of oxidant for conver-
sion of substrates.

The reaction was carried out by varying the tempera-
tures in the range 30-70 °C keeping all other parameters
constant (Table 4). Ethylbenzene conversion increased
from 11.9 % at 30°C to 58.2 % at 70 °C, but the
selectivity towards acetophenone increased from 29.4 %
(30 °C) to 61.9 % at 60 °C. Further increase in temper-
ature to 70 °C, resulted in the formation of benzoic acid
with decrease in selectivity towards acetophenone
(54.3 %). Hence, 60 °C was optimized for ethylbenzene
oxidation. Increase in % conversion at higher temperature
may be due to further decrease in activation energy of the
reaction.

Reaction was carried out using three different catalyst
concentration; viz., 0.115 g, 0.125 g and 0.135 g main-
taining other conditions constant, % conversion was found
to be in the order; 0.125 g (57.9 %) > 0.135 g (52.3 %) >
0.115 g (32.6 %), while selectivity towards acetophenone
followed the order; 0.125 g (61.9 %) > 0.115 g (46.3 %) >
0.135 g (37.2 %) (Table 4). Decrease in activity at a higher
amount of catalyst (0.145 g) might possibly be due to
chemisorption of the reactant and oxidant molecules on
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different active sites, thereby reducing the possibility to
interact. The % conversion of ethylbenzene among the
catalysts was found to be in the order; VO(opbmzl),-Y
(579 %) > VO-Y (43.5 %) > VO(opbmzl), (40.6 %) >
NaY (27.4 %), while the acetophenone selectivity was
found to be; VO(opbmzl),-Y (61.9 %) > NaY (54.9 %) >
VO-Y (39.5 %) > VO(opbmzl), (27.8 %) (Fig. 9). Higher
activity of encapsulated complex as compared to the non-
encapsulated homologue showed that the zeolite frame-
work has a remarkable influence on catalytic activity and
selectivity towards the product, may be attributed to the
volume constraint and electronic effects of the matrix on
the active species inside the framework.

5 Recycling ability and leaching test

The recycling ability of the VO(opbmzl),Y was investi-
gated by separating the catalyst from the reaction mixture
after the reactions. It was then washed with CH5CN, dried
at 120 °C and reused for oxidation reactions under opti-
mized conditions. The results showed that catalyst was
almost stable up to three runs with decrease in substrate
conversion thereafter (Table 5). Thus, the encapsulation of
complex in zeolite was found to increase the life of the
complex inside the zeolite cavity and the zeolite frame-
work keeps the metal complexes dispersed by reducing
dimerization due to restriction of internal framework
structure leading to the retention of catalytic activity. To
test the heterogeneous nature of the reactions in presence of
VO(opbmzl),Y, reactions were carried out under optimized
conditions for 3 h. Later the catalyst was removed from the
reaction mixture and the reaction was further carried out
for 3 more hours. It was observed that there was no
increased conversion of substrates in absence of catalyst.
The solution was tested for any vanadium content by AAS.
The absence of vanadium in solution indicated that the
metal has not leached out from the catalyst and it was
heterogeneous in nature.

6 Mechanism

To check whether the reactions proceeded via free radical
mechanism or not, all the reactions were carried out using
non-encapsulated and encapsulated catalyst in presence of
BHT, which is a hydroxyl free radical scavenger. Since,
oxidation of phenol, styrene and ethylbenzene proceeded
even in presence of BHT, it was confirmed that the reac-
tions did not occur via free radical mechanism whereas
cyclohexane oxidation did not proceed, which indicated
that it followed free radical mechanism.

Vanadyl complexes are known to catalyze oxidation of
organic substrates via formation of oxoperoxovanadium
(V) intermediates [35]. These intermediates later attack the
substrate and carry out oxidation by transfer of oxygen. The
interaction of H,O, with VO(opbmzl), (both free and encap-
sulated) produced active oxoperoxovanadium (V) intermediate
species [(opbmzl),-VO,]. The non-encapsulated and encapsu-
lated VO(opbmzl), complexes produced an active species
[(opbmzl),-VO,-Ph], [(opbmzl),-VO,-Sy] and [(opbmzl),-
VO,-EB] in case phenol hydroxylation, styrene epoxidation
and ethylbenzene oxidation respectively.

In case of phenol oxidation, the intermediate [(opb-
mzl),-VO,-Ph] underwent rearrangement to produce cate-
chol and hydroquinone (Scheme 2a). The interactions in
intermediate [(opbmzl),-VO,-Sy] was assisted with the
transfer of oxygen to produce styrene oxide and other
reaction products in the epoxidation of styrene (Scheme 2b
[A]). Benzaldehyde may be produced by further interaction
of styrene oxide with the intermediate [(opbmzl),-VO,-Sy]
causing C—C bond cleavage. In case of ethylbenzene, non-
radical mechanism via the formation of intermediate
[(opbmzl),-VO,-EB] which further underwent nucleophilic
attack of coordinated peroxo oxygen to the benzylic carbon
forming acetophenone (Scheme 2b [B]).

The oxidation of cyclohexane by oxovanadium complex
is known to occur via free radical mechanism through the
formation of cyclohexyloxy (CgH;;0-) and cyclohexyl
(CgHy-) radicals which further react to form cyclohexanol
and cyclohexanone (Scheme 2c).

7 Conclusion

VO(opbmzl), has been encapsulated in the supercage of
zeolite-Y. Chemical analysis revealed the presence of low
concentration of metal complex in the supercages of zeolite.
The reduction of surface area and pore volume supported the
fact that the complexes were within the cavities of zeolite.
The XRD analysis suggested that the crystallinity of the
zeolite was preserved during encapsulation. UV-Vis and ESR
spectral data indicated a square pyramidal coordination of
vanadium in the encapsulated complex. Redox potentials of
encapsulated complex were found to be different from that of
non-encapsulated complex and VO-Y, attesting the successful
encapsulation of the complex within the framework. The
encapsulated complex catalyzed the oxidation of phenol,
styrene, cyclohexane and ethylbenzene with high conversion
and selectivity as compared to non-encapsulated complex and
was stable up to three runs.
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