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a  b  s  t  r  a  c  t

Cu(Salen)  intercalated  �-zirconium  phosphate,  abbreviated  as  {�-ZrP·Cu(Salen)}  was  synthesized  in
situ  by  the  flexible  ligand  method.  The  resulting  compound  was  characterized  by  BET  surface  area,
X-ray  diffraction,  energy  dispersive  X-ray  analysis,  Fourier  transform  infrared,  electron  paramagnetic
resonance  and  atomic  absorption  spectroscopy.  The  catalytic  activity  of  �-ZrP·Cu(Salen)  was  tested  for
the oxidation  of  cyclohexene  using  dry  tert-butylhydroperoxide  as  an  oxidant.  In the  oxidation  reac-
tion,  cyclohexene  was  oxidized  to  cyclohexene  oxide,  cyclohexenol  and  cyclohexenone.  Influence  of
various reaction  parameters,  viz.  reaction  temperature,  catalyst  concentration,  substrate  concentration
eywords:
eterogeneous catalyst
u(Salen)
-Zirconium phosphate
xidation
yclohexene
ert-Butylhydroperoxide

and  oxidant  concentration  were  studied.  Under  the  optimized  conditions,  oxidation  of  cyclohexene
gave  a  maximum  of  26.71%  conversion.  The  major  product  followed  the  order  of  selectivity:  cyclohex-
anone  > cyclohexanol  >  cyclohexene  oxide.  Moreover,  hot  filtration  experiments  proved  that  the  catalyst
was heterogeneous.  The  catalyst  was  reused  for  six cycles.

© 2011 Elsevier B.V. All rights reserved.
. Introduction

The oxidation of hydrocarbons to oxygenic compounds is a piv-
tal reaction in organic chemistry, both for fundamental research
nd industrial manufacturing [1,2]. Oxidation of olefins to give
xygen containing value-added products like alcohols, aldehydes,
etones, acids, epoxides, etc. are extremely important and use-
ul reaction in both chemical and pharmaceutical industries [3].
ow, from both economic and environmental points of view, much
ttention has recently been focused on the aerobic catalytic oxida-
ion of hydrocarbons to oxygenic compounds using metal catalysts.
ransition metal complexes are widely used in homogeneous and
eterogeneous catalytic oxidations of different alkenes, alkynes,
lcohols, halides, phenols, etc. [4,5]. A variety of copper (II) salts are
uitable as catalyst or catalyst precursors. In particular, Schiff base
omplexes of copper (II) have been used as catalysts in the azirid-
nation, cyclopropanation, oxidation of olefins and phenol [6–10].
he Cu(Salen) complex with peroxide as an oxidant has catalyzed
he oxidation of cyclohexene but in moderate yield [11].
In the past few decades, there have been significant devel-
pments in the application of heterogeneous catalysts for
he industrial production of organic chemicals. Heterogeneous

∗ Corresponding author. Tel.: +91 0731 2487315.
E-mail addresses: kharesavita@rediffmail.com (S. Khare),

chokhare@yahoo.co.in (R. Chokhare).

381-1169/$ – see front matter ©  2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.molcata.2011.11.017
catalysts, which are widely used in industry, have good thermal
stability, can be easily separated from the reaction mixture and
can be often regenerated and reused. Therefore, heterogenization
of homogeneous metal complexes by supporting it on an insolu-
ble support has attracted a lot of interest as a suitable method for
solving many practical problems including recovery of the catalyst
from reaction mixture and recycling. Transition metal complexes
supported on materials such as alumina [12], amorphous silicates
[13], polymers [14], zeolites [15], activated carbon [16] and sol–gel
[17] are commonly employed in heterogeneous catalysis. However,
either leaching or low selectivity was the main problem during
their application as catalysts. Karandikar et al. [18] have grafted
copper and cobalt Salen compounds on the surface of MCM-41
through aminosilane linker by adduct formation [18]. The stability
of the complexes on the surface and the reusability of the catalysts,
however, were not examined.

Immobilization of transition-metal complexes on layered com-
pounds by ion-exchange method to synthesize catalysts is better
because it provides temperature- and solvent-stable inorganic
layered exchangers of known structure as supports [19]. Crys-
talline �-zirconium phosphate, Zr(HPO4)2·H2O (�-ZrH2P), a cation
exchanger, has a structure of zeolites type cages and it has been
extensively studied for its intercalation chemistry, ion exchange

properties, catalytic properties and proton conductivity [20–28].
In previous studies we have reported the use of Fe(Salen) interca-
lation �-zirconium phosphate as an active, and reusable catalyst
for the oxidation of cyclohexene [29]. Herein, we report the

dx.doi.org/10.1016/j.molcata.2011.11.017
http://www.sciencedirect.com/science/journal/13811169
http://www.elsevier.com/locate/molcata
mailto:kharesavita@rediffmail.com
mailto:rchokhare@yahoo.co.in
dx.doi.org/10.1016/j.molcata.2011.11.017
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ynthesis of Cu(Salen) intercalation �-zirconium phosphate via
exible ligand method, abbreviated as �-ZrP·Cu(Salen). Its cat-
lytic behaviour was studied for oxidation of cyclohexene using
ry tert-butylhydroperoxide (TBHP) as an oxidant. Neat copper (II)
omplex has a tendency to stabilize as dimer [30] but intercalation
f Cu(Salen) in the layers of �-zirconium phosphate prevents their
imerisation and allows their stabilization as monomeric active
entre.

. Experimental

.1. Materials

Zirconium oxychloride (ZrOCl2·8H2O), phosphoric acid,
ydrofluoric acid, copper acetate, salicylaldehyde, ethylenedi-
mine, benzene and cyclohexene were of reagent grade (E. Merck).
yclohexene was checked by gas chromatography (GC) to ensure
hat no oxidation products were present in the substrate. The
olution of dry TBHP in benzene (1.12 N) was obtained by careful
zeotropic distillation of the aqueous 70% commercial solution
f TBHP (E. Merck) and its strength was estimated as described
y Sharpless et al. [31]. Benzene (E. Merck), used as solvent, was
urified by a known method [32]. The reference sample of products
as prepared by the standard procedure [33].

.2. Physical methods and analysis

Powder X-ray diffraction (XRD) patterns of the samples were
ecorded on a Rigaku diffractometer in the 2� range of 5–15◦

sing CuK� radiation (� = 1.5418 Å) at scanning speed 2◦/min with
tep size 0.02◦. Energy dispersive X-ray analysis (EDX) measure-
ents were performed using a JEOL JSM 6100 electron microscope,

perating at 20 kV. The Fourier transform infrared (FTIR) spec-
ra were recorded on Perkin Elmer model 1750 in KBr. Atomic
bsorption spectrometer, Shimadzu AA-6800 was  used for the
stimation of copper. The electronic spectra were recorded on
himadzu UV-1700 Pharma Spectrophotometer. The surface area
by BET method), pore volume and pore size were determined by
dsorption and desorption of nitrogen at the temperature of liquid
itrogen (77 K) using volumetric adsorption set-up (Micromerit-

cs ASAP-2010, USA. The electron paramagnetic resonance (EPR)
pectrum was recorded on a Varian E-112, X band spectrom-
ter operated at a microwave frequency of 9.2 GHz at room
emperature. The g value is reported relative to a 2, 2-diphenyl-
-picrylhydrazil (dpph) standard with g = 2.0036. Analytical gas
hromatography was carried out on a Shimadzu Gas Chromato-
raph GC-14B with dual flame ionization detector (FID) and
ttached Shimadzu printer having SE-30 ss column at 393 K. The
roducts were identified by GC–MS (Perkin-Elmer Clasus 500 col-
mn; 30 m × 60 mm).

.3. Preparation of catalyst

.3.1. Preparation of H2Salen
N, N′-bis(salicylidene)-ethylenediamine (H2Salen) was synthe-

ized by dropwise addition of ethylenediamine (10 mmol), to a
ethanolic solution (40 mL)  of salicylaldehyde (20 mmol). The

eaction mixture was heated for 1 h in a water bath with a reflux
ondenser. After cooling, the yellow precipitate of H2Salen was
ormed which was filtered out, washed with petroleum ether,

ried and characterized. IR (�, cm−1); 3014, 2920, 2900 (C–H),
620–1631 (C C/C N), 1230–1280 (C–O). M.P.: 433 K; yield: 85%.
nal. found: C, 71.58%; H, 6.02%; N, 10.34%; O, 12.06%. Calcd. for
16H16N2O2 (268): C, 71.64%; H, 5.97%; N, 10.45%; O, 11.94%.
ysis A: Chemical 353– 354 (2012) 138– 147 139

2.3.2. Preparation of ˛-zirconium phosphate
�-Zirconium phosphate (abbreviated �-ZrH2P) was prepared by

modified direct precipitation method [34]: 5.5 g of ZrOCl2·8H2O
was  dissolved in 80 mL  of distilled water, followed by the addition
of 4 mL of 40% hydrofluoric acid. Then 46 mL of 85% phosphoric
acid was  added under continuous stirring with a magnetic stirrer.
The mixture was  kept for 15 days without disturbing for setting.
The precipitate obtained was filtered out and washed with distilled
water until the pH of the supernatant liquid became ∼5. Then it
was  dried at 383 K for 24 h. Finally the structure of �-ZrH2P was
confirmed by powder XRD.

2.3.3. Preparation of ˛-ZrP·Cu(II)
The �-ZrP·Cu(II) was  prepared by ion exchange procedure.

Hydrogen ions of �-ZrH2P were exchanged by Cu(II) ions from a
Cu(CH3COO)2·H2O solution. Stock solution of Cu(CH3COO)2·H2O
(0.1 N) was prepared and 100 mL  of this solution per gram of �-
ZrH2P was  refluxed for 24 h at 373 K. Then it was filtered hot
through a sintered glass crucible. The clear filtrate was  allowed to
cool at 298 K and analyzed for their metal ion content by atomic
absorption.

2.3.4. Preparation of ˛-ZrP·Cu(Salen)
Intercalation of Salen into �-ZrP·Cu(II) to form �-ZrP·Cu(Salen)

was  carried out by flexible ligand technique. 70 mmol of Salen was
added to 5 g of �-ZrP·Cu(II) and stirred at 423 K in an oil bath for
4 h under nitrogen gas flow. The resulting material was  extracted
with methanol using soxhlet extractor to remove excess ligand that
remained uncomplexed in the layer �-ZrH2P as well as located
on the surface of the �-ZrH2P along with neat complexes, if any.
The remaining uncomplexed metal ions in �-ZrH2P were removed
by stirring with aqueous 0.01 M NaCl solution (200 mL) for 8 h. It
was  then washed with double distilled water till no precipitate of
AgCl was observed in the filtrate on treating with AgNO3 and dried
at 383 K. The calcined sample was characterized by XRD, EDAX,
BET surface area analysis, FTIR, EPR and Atomic absorption spec-
troscopy.

2.4. Catalytic oxidation of cyclohexene

The catalytic oxidation of cyclohexene was carried out using
{�-ZrP·Cu(Salen)} catalysts in a three-necked round bottom flask
(100 mL). In a typical reaction, nitrogen was flushed for 10 min
through the flask, which was loaded with benzene (10 mL),
cyclohexene (1.64 g, 20 mmol), dry TBHP (3.57 mL, 4 mmol) and
dodecane (an internal standard, 0.1 mL). After nitrogen flushing,
the catalyst (0.20 g, 0.3 mmol) was  added to the contents of the
flask, which were heated at 353 K in oil bath for 5 h with continu-
ous stirring. After completion of the reaction, the contents of the
flask were cooled in an ice-bath and the catalyst was filtered out
and the liquid layer was  analyzed quantitatively by a GC using XE-
60 ss column at 393 K. The products were identified by GC–MS. The
GC–MS analysis revealed that the main products from the reaction
are cyclohexene oxide, cyclohexenol and cyclohexenone. Selectiv-
ity is always calculated with respect to the converted cyclohexene.
The filtered catalyst was further characterized by XRD, EPR and
atomic absorption spectroscopy.

3. Results and discussion

3.1. Characterization of the catalyst
3.1.1. Estimation of metal contents
Synthesis of Cu(Salen) intercalated �-zirconium phosphate {�-

ZrP·Cu(Salen)} involved the exchange of Cu(II) ions with hydrogen
of �-ZrH2P, which was followed by reaction of metal exchanged
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Table  1
Chemical composition, physical and analytical data.

Catalyst Colour Metal contents (wt%) BET surface area (m2/g) Pore volume (cm3/g) Pore size (Å) d-Spacing ( ´̊A) IR group frequency (cm−1)

PO4
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3.1.5. FTIR spectral studies
The FTIR spectra of �-ZrH2P, �-ZrP·Cu(II) �-ZrP·Cu(Salen) and

Cu(Salen), are shown in Fig. 3. The peaks at 3500, 2364 and
1625 cm−1 in the spectrum of �-ZrH2P confirm the presence of
�-ZrH2P White – 13.58 

�-ZrP·Cu(II)  Blue 20.54 21.19 

�-ZrP·Cu(Salen) Green 20.42 23.62 

-ZrH2P with H2Salen. Here, ligand entered into the layers of �-
rH2P due to its flexible nature and interacted with metal ions. The
hemical composition, physical and analytical data of compounds,
btained at different stages of synthesis of catalyst, viz. �-ZrH2P,
-ZrP·Cu(II) and �-ZrP·Cu(Salen) (before and after catalytic reac-

ion) are given in Table 1. The colour of �-ZrH2P, �-ZrP·Cu(II) and
-ZrP·Cu(Salen) compounds were different due to change in cop-
er content, which was determined by atomic absorption analysis.
here was no copper in �-ZrH2P and its colour was  white. The
olour of �-ZrP·Cu (II) became blue due to the presence of cop-
er by 20.54% while the colour of �-ZrP·Cu(Salen) was  green due
he presence of Cu(Salen) in which copper was 20.42%.

.1.2. Surface area analysis
The results of surface area analysis of �-ZrH2P, �-ZrP·Cu(II) and

-ZrP·Cu(Salen) are incorporated in Table 1. The ion exchange of
u(II) led to an increase of surface area of �-ZrH2P from 13.58 m2/g
o 21.19 m2/g (�-ZrP·Cu(II)). This was due to increase in number of
xtra-framework cations while replacing hydrogen ions with biva-
ent Cu(II) cations. The presence of bivalent Cu(II) cations did not
ncrease the pore volume of �-ZrH2P. However the pore sizes of �-
rH2P decreased from 116.69 Å to 83.35 Å in �-ZrP·Cu(II). It was also
bserved that the intercalation of Cu(Salen) on �-ZrP·Cu(II) led to
urther increase in the surface area of the catalyst, �-ZrP·Cu(Salen),
o 23.62 m2/g. This was due to the presence of organic ligand. The
ore volume of �-ZrP·Cu(Salen) remained the same as 0.04 cm3/g
hile the pore size decreased to 67.19 Å. This was due to coordina-

ion of organic ligand with Cu(II) cation.

.1.3. XRD studies
The XRD patterns of �-ZrH2P, �-ZrP·Cu(II), �-ZrP·Cu(Salen)

before catalysis) and �-ZrP·Cu(Salen) (after sixth catalytic cycle)
re shown in Fig. 1 and their d-spacing corresponding to the plane
0 0 2) are incorporated in Table 1. The d-spacing of the most intense
eflection corresponding to the (0 0 2) plane of �-ZrH2P was  7.40
´̊ , which was increased to 9.50 ´̊A in �-ZrP·Cu(II). The shifting of
.1 Å in the d-spacing was  due to exchange of hydrogen ions by
ivalent Cu(II) ions. The value of d-spacing further increased to
.87 Å in �-ZrP·Cu(Salen). The shifting of 0.37 Å in the d-spacing of
-ZrP·Cu(Salen) showed intercalation of Cu(Salen), while the pres-
nce of unshifted peak suggested that some traces of the �-ZrH2P
emained without intercalation. Similar results are also reported
35]. The fully loaded phase is isomorphous [36]. The d-spacing
id not change after six catalytic cycles, but a peak appeared due
o phase change of �-ZrH2P (Fig. 1). Similar observations are also
eported [24,29,35].

.1.4. EDX analysis
The formation of �-ZrP·Cu(Salen) was confirmed by EDX analy-

is. The EDX spectra of �-ZrH2P, �-ZrP·Cu(II) and �-ZrP·Cu(Salen)
re shown in Fig. 2 and EDX measurements results are incorpo-
ated in Table 2. The support, �-ZrH2P, contained oxygen (81.47%),

irconium (7.09%) and phosphorous (11.44%). The �-ZrP·Cu(II) con-
ained oxygen (79.87), zirconium (5.48%), phosphorous (8.44%)
nd copper content (6.21%). The catalyst, �-ZrP·Cu(Salen), contains
xygen (66.19%), zirconium (3.22%), phosphorous (5.67%), copper
116.69 7.40 1044 597 –
83.35 9.50 991 637 –
67.19 9.87 1012 614 1700–1300

(1.68%) and nitrogen (23.24%). The presence of copper and nitrogen
indicates the presence of Cu(Salen) on �-ZrH2P.
Fig. 1. XRD pattern of (A) �-ZrP, (B) �-ZrP·Cu(II), (C) �-ZrP·Cu(Salen)b, b: before
catalysis and (D) �-ZrP·Cu(Salen)a, a: after catalysis.



S. Khare, R. Chokhare / Journal of Molecular Catalysis A: Chemical 353– 354 (2012) 138– 147 141

e
e
a
a
b
l
�
Z
C
c
t

lated using usual procedure are in good agreement with those

T
E

Fig. 2. EDX spectra of �-ZrP, �-ZrP·Cu(II) and �-ZrP·Cu (Salen).

xternal water in addition to the strongly hydrogen-bonded OH or
xtremely strongly coordinated H2O [37–39].  The bands appearing
t 1044 cm−1 are due to symmetrical stretching vibration of PO4

3−

nd at 597 cm−1 are due to stretching vibration of Zr-O. Detailed
and variation data of �-ZrH2P, �-ZrP·Cu(II), �-ZrP·Cu(Salen) are

isted in Table 1. The band positions of PO4
3− in �-ZrP·Cu(II) and

-ZrP·Cu(Salen) were shifted to lower frequencies while that of
r–O were shifted to higher frequencies due to the presence of

u–O interaction and removal of Cu(II) mainly by inner-sphere
omplex formation with �-ZrH2P [38]. The peaks in the IR spec-
rum of Cu(Salen), at 3195, 3015 and 2923 cm−1 are assigned

able 2
DX measurements of �-ZrP, �-ZrP·Cu(II) and �-ZrP·Cu (Salen).

Catalyst O Zr 

�-ZrH2P 81.47 07.09 

�-ZrP·Cu(II) 79.87 05.48 

�-ZrP·Cu(Salen) 66.19 03.22 
Fig. 3. FTIR spectra of (A) �-ZrP, (B) �-ZrP·Cu(II) (C) �-ZrP·Cu(Salen) and (D) Cu
(Salen).

to C–H stretching vibration. The band at 1630 cm−1 due to C N
stretching vibration (of ligand) was shifted to lower frequency
and appeared at 1625 cm−1 indicating coordination of the azome-
thine nitrogen to the Cu(II) ion. The phenolic (C–O) stretching band
at 1230–1280 cm−1 (of ligand) was  shifted to higher frequency
1299 cm−1 in Cu(Salen), indicating the coordination through phe-
nolic oxygen. In the IR spectrum of �-ZrP·Cu(Salen), the peaks
associated with the CH2–N bonds of the Salen complex are observed
between 1700 and 1300 cm−1 region with low intensity, indicating
the presence of Cu(Salen).

3.1.6. EPR studies
The EPR spectra of randomly oriented powder sample of

�-ZrP·Cu(II), �-ZrP·Cu(Salen) before catalytic reaction and �-
ZrP·Cu(Salen) after sixth catalytic cycle were recorded at room
temperature (Fig. 4). Spectral parameters that have been calcu-
reported for copper Schiff base complexes [40]. The average ‘g’
values obtained for �-ZrP·Cu(II), �-ZrP·Cu(Salen) before catalytic
reaction and �-ZrP·Cu(Salen) after catalytic reaction were 2.09,

P N Cu

11.44 – –
08.44 – 06.21
05.67 23.24 01.68
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the internal standard (dodecane) and the consumption of TBHP
was  determined iodometrically after each catalytic reaction. The
ig. 4. EPR spectra of (A) �-ZrP·Cu(II), (B) �-ZrP·Cu(Salen)b, b: before catalysis and
C) �-ZrP·Cu(Salen)a, a: after catalysis.

.07 and 2.08, respectively (Table 3). The EPR spectrum of pow-
er sample of �-ZrP·Cu(II) showed axial symmetry with g‖ and g⊥
qual to 2.22 and 2.02, respectively, while g‖ and g⊥ values for �-
rP·Cu(Salen) before catalytic reaction were found to be 2.22 and
.02, respectively. Hyperfine coupling due to metal ion, ACu (for
3Cu I = 3/2) was not resolved. The ESR spectrum of �-ZrP·Cu(Salen),
aken after catalytic reaction, did not show any change in gav (2.08),
‖ (2.22) and g⊥ (2.01) values. Ratnasamy et al. [41] observed
|| = 2.269 and g⊥ = 2.051 for Cu(Salen) complexes encapsulated in
aY and suggested square pyramidal geometry for Cu(II), in which
alen ligand provided quadridentate coordination and the zeolite
ramework (hexagonal prism) provided a strong axial coordination.
herefore, it can be proposed that Cu(II) forms Cu–O bonds with �-
rP in �-ZrP·Cu(Salen) to give either square pyramidal or octahedral
eometry around Cu(II) ion due to axial coordination.

.1.7. Electronic spectral studies
The electronic spectra of H2Salen (ligand) and Cu(Salen) (com-

lex) are shown in Fig. 5. The electronic spectral data of ligand
nd complex along with their probable assignments are given in

able 4. The electronic spectrum of the ligand H2Salen, recorded in
ethanol, exhibited three bands at 215, 255 and 316 nm,  which are

ssigned to � → �, � → �* and n → �* transitions, respectively. The

able 3
PR spectral parameters.

Species g‖ g⊥ gav

�-ZrP·Cu(II) 2.23 2.02 2.09
�-ZrP·Cu(Salen)b 2.22 2.00 2.07
�-ZrP·Cu(Salen)a 2.22 2.01 2.08

Before catalysis; a after catalysis.
Fig. 5. Electronic spectrum of (A) H2Salen and (B) Cu (Salen).

positions of these bands shifted to higher wavelength in Cu(Salen)
indicating the coordination of ligand to the metal ions. This is fur-
ther supported by the appearance of a weak broad band at 510 nm
due to d–d transition.

3.2. Catalytic oxidation of cyclohexene

The oxidation of cyclohexene with �-ZrH2P, Cu(Salen) and �-
ZrP·Cu(Salen) using dry TBHP as an oxidant were investigated
separately under similar experimental conditions. It was  observed
that �-ZrH2P was  catalytically inactive in the oxidation of cyclo-
hexene. The catalyst Cu(Salen) was  active for the oxidation of
cyclohexene in a homogeneous reaction. In the reaction cyclo-
hexene was  oxidized to cyclohexene oxide, cyclohexenol and
cyclohexenone. The results are incorporated in Table 5. The hetero-
geneous catalyst, �-ZrP·Cu(Salen) was developed by intercalation
of Cu(Salen) on �-ZrH2P. It was  observed that �-ZrP·Cu(Salen) was
active for the oxidation of cyclohexene, which showed that the
intercalation of Cu(Salen) converted the non-catalyst, �-ZrH2P, into
an active catalyst for the oxidation of cyclohexene. The results of
oxidation of cyclohexene �-ZrP·Cu(Salen) with TBHP as an oxi-
dant are also shown in Table 5. In the cases of both Cu(Salen)
and �-ZrP·Cu(Salen), cyclohexene was  oxidized to cyclohexene
oxide, cyclohexenol and cyclohexenone. The cyclohexenone was
the major product in both cases. The conversion of cyclohexene was
more in case of Cu(Salen) (30.56%) compared to �-ZrP·Cu(Salen)
(26.71%) however recovery of the catalyst was not possible in
the case of Cu(Salen). The yields of the products were based on
Table 4
UV–vis data for ligand and complex in methanol.

Compound/solvent �max (nm) Assignment

H2Salen 215 � → �
255 �–�*
316 n–�*

Cu(Salen) 212 � → �
264 �–�*
318 n–�*
510 d–d transition
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Table  5
Effect of support and various catalysts on the oxidation of cyclohexene.

Catalyst Cyclohexene conversion (%) Product selectivity (%)

Cyclohexene oxide Cyclohexenol Cyclohexenone

– 

11.38
03.80
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Cu(Salen) 30.56 

�-ZrP·Cu(Salen) 26.71 

mount of dry TBHP consumed and the efficiency of dry TBHP were
alculated according to the reported procedure [42] as follows:

BHP consumed (%) =
(

1 − remaining TBHP
initial TBHP

)
× 100

BHP efficiency (%) =
(

1 − mmol of  products
mmol of  TBHP consumed

)
× 100

he selectivity of the products is a measure of the reactivity of
he catalyst (�-ZrP·Cu(Salen). The percentage-conversion of the
ubstrate and the percentage-selectivity of the products in the oxi-
ation reaction are calculated as

substrate conversion (%) = substrate converted (moles)
substrate used (moles)

× 100

product selectivity (%) = product formed (moles)
substrate converted (moles)

×  100

he catalytic oxidation of cyclohexene, catalyzed by �-
rP·Cu(Salen)/dry TBHP system can be explained by Scheme 1.

Scheme 1 represents the formation of all these products, which
re well reported in literature [43–45].

In order to optimize the reaction conditions for the maximum
xidation of cyclohexene the effects of various parameters such as
ffect of different oxidants, oxidant concentration, substrate con-
entration, catalyst concentration and temperature were studied
n detail.

.2.1. Effect of various oxidants
The effect of various oxidants, viz. H2O2, TBHP on the oxida-

ion of cyclohexene, catalyzed by �-ZrP·Cu(Salen) were studied
o develop an efficient catalytic system. In each case, the reaction
as carried out at 353 K in an oil bath for 5 h with same amount

f each oxidant (4 mmol) along with fixed amount of cyclohex-
ne (1.64 g, 20 mmol), catalyst (0.20 g, 0.3 mmol) and dodecane
0.1 mL)  in 10 mL  of benzene. In case of 30% H2O2 leaching of
atalyst was observed. The other oxidants were 70% TBHP and
ry TBHP, which effectively oxidized cyclohexene to cyclohex-
ne oxide, cyclohexenol and cyclohexenone. The major product,
n both the cases, was cyclohexenone. In case of 70% TBHP, the
onversion of cyclohexene was 19.54% and the selectivity of prod-
cts followed the order: cyclohexenone (64.25%) < cyclohexenol
33.16%) < cyclohexene oxide (2.59%). In case of dry TBHP, the
onversion of cyclohexene was 26.71% and the selectivity of prod-
cts followed the order: cyclohexenone (49.80%) < cyclohexenol
46.40%) < cyclohexene oxide (3.08%). Hence the presence of water
as a detrimental effect on the oxidation of cyclohexene [20]. Thus
he best oxidant for our catalytic system is dry TBHP, which gave
6.71% cyclohexene conversion.

.2.2. Effect of dry TBHP concentration
The concentration of dry TBHP was varied to study its effect

n the oxidation of cyclohexene. Three different concentrations
3, 4, and 5 mmol) of dry TBHP were considered while keeping

he other parameters fixed as cyclohexene (1.64 g, 20 mmol), cata-
yst (0.20 g, 0.3 mmol) and dodecane (0.1 mL)  in 10 mL  of benzene
nd the reaction was carried out at 353 K in an oil bath for 5 h.
he results of the conversion of cyclohexene, consumption of dry
– –
 33.16 55.46

 46.40 49.80

TBHP, efficiency of dry TBHP and selectivity of products are pre-
sented in Table 6. Initially conversion of cyclohexene increased
sharply from 13.66% for 3 mmol  of the dry TBHP to 26.71% for
4 mmol  of the dry TBHP, which was the maximum conversion of
cyclohexene in our experimental conditions. Further increase in
the amount of the dry TBHP to 5 mmol, the conversion of cyclo-
hexene decreased to 24.81%. It was found that when the amount of
dry TBHP was changed from 3 to 4 mmol, its efficiency increased
from 15.82 to 35.62% while its consumption decreased from 86.34
to 73.29%. When the amount of dry TBHP was further increased to
5 mmol, then its efficiency decreased to 33%, while its consump-
tion decreased to 75.19%. This was  probably due to higher oxygen
concentration, produced by more oxidant, which inhibited the pro-
ceeding of reaction [46]. Cyclohexenone was the major product
at all concentration of dry TBHP. The selectivity of cyclohexenone
first decreased from 53.64% for 3 mmol  of the dry TBHP to 49.80%
for 4 mmol, of the dry TBHP then increased to 65.52% for 5 mmol
of dry TBHP. The selectivity of cyclohexenol did not show a reg-
ular pattern; first increased from 28.76% for 3 mmol to 46.40% for
4 mmol  of the dry TBHP, then decreased to 30.74% for 5 mmol of the
dry TBHP. The selectivity of cyclohexene oxide first decreased from
17.60% for 3 mmol  of the dry TBHP to 3.80% for 4 mmol of the dry
TBHP, and then decreased to 3.74% for 5 mmol  of dry TBHP. How-
ever, the selectivity of cyclohexene oxide was maximum equal to
17.60% at 3 mmol  of the dry TBHP. Similar observation is reported
in case of [–CH2{VO(sal-dach)·DMF}–]n/TBHP system [42]. Thus,
a higher concentration of oxidant is not an essential condition to
maximize oxidation of cyclohexene. The stoichiometric ratio of the
reaction between the dry TBHP and cyclohexene was 5:1. Thus the
best concentration of dry TBHP to obtain the maximum conversion
of cyclohexene (26.71%) in 5 h reaction time is 4 mmol.

3.2.3. Effect of substrate (cyclohexene) concentration
To study the effect of amount of cyclohexene on the oxidation

of cyclohexene, the amount of cyclohexene (substrate) was varied
from 10 to 25 mmol  while keeping the other parameters fixed as
oxidant (4 mmol), catalyst (0.20 g, 0.3 mmol) and dodecane (0.1 mL)
in 10 mL  of benzene and the reaction was carried out at 353 K in
an oil bath for 5 h. The results of the conversion of cyclohexene,
consumption of dry TBHP, efficiency dry of TBHP and product selec-
tivity for four different concentrations of cyclohexene (10, 15, 20
and 25 mmol) is presented in Table 7. When the concentration of
cyclohexene was increased from 10 to 20 mmol, the percentage
conversion of cyclohexene also increased from 16.53% to 26.71%.
However a further increase in the concentration of cyclohexene
to 25 mmol  the percentage conversion of cyclohexene decreased
to 24.75%. It was found that when the amount of cyclohexene
was  increased from 10 to 20 mmol, the efficiency of dry TBHP
increased from 19.80 to 35.62% while its consumption decreased
from 83.47 to 73.29%. Further increase in the amount of cyclohex-
ene to 25 mmol  resulted in decreasing the efficiency of dry TBHP to
32.89% whereas its consumption increased to 75.25%. The decrease
of the percentage conversion of cyclohexene and the efficiency of

dry TBHP at higher concentration of cyclohexene is possibly due
to non-availability of oxidant to the substrate. Cyclohexenone was
the major product at different concentrations of cyclohexene. The
selectivity of cyclohexenone gradually increased from 29.83% for
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Scheme 1.

Table 6
Effect oxidant concentration on the oxidation of cyclohexene.

Oxidant conc. (mmol) Cyclohexene conversion (%) Dry TBHP consumed (%) Dry TBHP efficiency (%) Product selectivity (%)

Cyclohexene oxide Cyclohexenol Cyclohexenone

3 13.66 86.34 15.82 17.60 28.76 53.64
4  26.71 73.29 35.62 3.80 46.40 49.80
5 24.81  75.19 33.00 3.74 30.74 65.52

Table 7
Effect substrate (cyclohexene) concentration on the oxidation of cyclohexene catalyzed by �-ZrP·Cu(Salen)/dry TBHP system.

Substrate conc. (mmol) Cyclohexene conversion (%) Dry TBHP consumed (%) Dry TBHP efficiency (%) Product selectivity (%)

Cyclohexene oxide Cyclohexenol Cyclohexenone

10 16.53 83.47 19.80 05.40 64.77 29.83
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increase from 21.49% (0.10 mmol) to 23.88% (0.20 mmol), to 46.40%
(0.30 mmol) of the catalyst, then decreased to 22.07% for 0.40 mmol
of the catalyst. The selectivity of cyclohexene oxide showed grad-
ual decrease from 4.81% for 0.10 mmol  of the catalyst, to 3.78% for
15  17.66 82.34 

20  26.71 73.29 

25 24.75 75.25 

0 mmol  of cyclohexene, to 46.78% for 15 mmol  of cyclohexene, to
9.80% for 20 mmol  of cyclohexene and then to 65.11% for 25 mmol
f the cyclohexene. The selectivity of cyclohexenol was  maximum
4.77% for 10 mmol  of cyclohexene and then gradually decreased
o 49.32% for 15 mmol  of cyclohexene, to 46.40% for 20 mmol  of
yclohexene and then to 31.11% for 25 mmol  of the cyclohexene.
he selectivity of cyclohexene oxide also showed gradual decrease
rom 5.40% for 10 mmol  of cyclohexene, to 3.90% for 15 mmol  of
yclohexene, to 3.80% (20 mmol) and then remains same 3.78% for
5 mmol  of cyclohexene. The decrease of the percentage conversion
f cyclohexene at higher concentration of cyclohexene is possibly
ue to non availability of oxidant to the substrate. Thus, a large
oncentration of substrate with respect of oxidant may  reduce the
ercentage conversion of cyclohexene. The major product at all
oncentrations of cyclohexene was cyclohexenone. Thus the best
oncentration of cyclohexene, to obtain the maximum conversion
f cyclohexene (26.71%) in 5 h reaction time is 20 mmol.

.2.4. Effect of catalyst concentration
To study the effect of amount of catalyst on the oxidation of

yclohexene, the amount of catalyst, �-ZrP·Cu(Salen) was varied
rom 0.10 to 0.40 mmol  while keeping the other parameters fixed
s cyclohexene (1.64 g, 20 mmol), dry TBHP (4 mmol) and dode-
ane (0.1 mL)  in 10 mL  of benzene and the reaction was carried out
t 353 K in an oil bath for 5 h. The results of the study for four differ-
nt concentrations of the catalyst, �-ZrP·Cu(Salen), viz. 0.10, 0.20,
.30 and 0.40 mmol  are illustrated in Fig. 6. It is evident in Fig. 6 that
onversion of cyclohexene increased from 9.78% (0.10 mmol) to
5.64% (0.20 mmol) with the increasing amount of catalyst. When
he amount of the catalyst increased to 0.30 mmol, the conver-
ion of cyclohexene increased to 26.71%, which was the maximum
onversion of cyclohexene in our experimental conditions. Further
ncrement in the catalyst amount to 0.40 mmol, the conversion of
yclohexene decreased to 24.94%. The conversions of cyclohexene,

onsumption of dry TBHP, efficiency of dry TBHP and selectivity
f various products are presented in Table 8. The increase in the
mount of catalyst from 0.10 to 0.30 mmol  resulted in increase
f the efficiency of dry TBHP from 10.84 to 35.62% whereas its
1.45 03.90 49.32 46.78
5.62 03.80 46.40 49.80
2.89 03.78 31.11 65.11

consumption decreased from 90.22 to 73.29%. Further increase in
the amount of catalyst to 0.40 mmol  resulted in decreasing the effi-
ciency of dry TBHP to 33.31%, whereas its consumption changed
to 75.0%. The reason for reduced activities at higher catalyst dose
is possibly due to adsorption/chemisorptions of two reactants on
separate catalyst particles, thereby reducing the chance to interact
[47]. Cyclohexenone was  the major product at different concentra-
tions of catalyst. The selectivity of cyclohexenone first decreased
from 73.70% (0.10 mmol) to 71.71% (0.20 mmol) and to 49.80% for
0.30 mmol  of the catalyst, then increased to 74.15% for 0.40 mmol
of the catalyst. The selectivity of cyclohexenol showed gradual
Fig. 6. Effect of catalyst concentration on the conversion of cyclohexene.
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Fig. 8. Titration of [Cu(Salen)] with TBHP(A and B); the spectra were recorded after
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Fig. 7. Effect of temperature on the conversion of cyclohexene.

.40 mmol  of the catalyst. Thus the best concentration of catalyst, �-
rP·Cu(Salen), to obtain the maximum conversion of cyclohexene
26.71%) in 5 h reaction time is 0.30 mmol  (0.20 g).

.2.5. Effect of temperature
The effect of temperature on the oxidation of cyclohexene was

lso studied. The reaction was carried out by considering the opti-
um values of the catalyst (0.20 g, 0.3 mmol), cyclohexene (1.64 g,

0 mmol), dry TBHP (4 mmol) and dodecane (0.1 mL)  in 10 mL ben-
ene. The results of three different temperatures, viz. 333, 343 and
53 K are given in Table 9 and Fig. 7. It is evident from Fig. 7 that the
atalytic reaction at 353 K had the maximum oxidation of cyclohex-
ne. Also, the reaction reached to its equilibrium in less time at this
emperature. It was found that when the temperature increased
rom 333 K to 353 K, the efficiency of dry TBHP increased from
0.56% to 35.62% whereas its consumption changed from 90.78% to
3.29%. Cyclohexenone was the major product at different reaction
emperature. The selectivity of cyclohexenone gradually decreased
ith increased in temperature from 69.60% at 333 K, to 67.37% at

43 K and then to 49.80% at 353 K. The selectivity of cyclohexenol
howed gradual increase from 26.81% (333 K), to 29.02% (343 K)
nd then to 46.40% (353 K). Similarly, the selectivity of cyclohexene
xide also showed gradual increase from 3.59% at 333 K, to 3.61%
t 343 K and then to 3.80% at 353 K. Thus the best reaction temper-
ture, to obtain the maximum conversion of cyclohexene (26.71%)
n 5 h reaction time is 353 K.

.2.6. Possible reaction pathway of the catalysts
To establish the possible reaction pathway, the methanolic solu-
ion of Cu(Salen) complex was treated with TBHP dissolved in
ethanol at room temperature and the progress of the reaction
as monitored by electronic absorption spectroscopy. Fig. 8 shows

he spectral changes upon addition of TBHP in the methanolic

able 8
ffect catalyst concentration on the oxidation of cyclohexene catalyzed by �-ZrP·Cu(Sale

Catalyst conc. (mmol) Cyclohexene conversion (%) Dry TBHP consumed (%) D

0.1 09.78 90.22 10
0.2  15.64 84.36 18
0.3  26.71 73.29 35
0.4  24.94 75.01 33
the  successive addition of one drop portions of TBHP to 10 mL  of 10−4 M solution of
[Cu(Salen)] in methanol.

solution of Cu(Salen). It is evident in Fig. 8(A) that the intensity
of the 318 nm band increased on dropwise addition of TBHP to
10−4 M methanolic solution of Cu(Salen). At the same time the
band at 264 nm marginally shifted towards longer wavelength
along with broadening and increasing in band maximum. A signifi-
cant change is observed at the 212 nm (not shown) band, where
a large change in the width of the band has taken place along
with continuous gain in intensity. A weak broad band appearing
at 510 nm (Fig. 8(B)) slowly decreased in intensity without chang-
ing its position. The band at 510 nm was due to d–d transition. All
these spectral changes suggest the interaction of TBHP with Cu(II)
centre. In literature, at least three types of intermediates having
copper–oxygen interaction, viz. side-on CuIII–(�-�2-peroxo)–CuIII,
bis(�-oxo–CuIII) and CuIII–O–O–H (copper–hydroperoxide) have
been reported during catalytic action [48–51].  As Cu(Salen) is
monomeric in the �-ZrH2P intercalated copper (II)-Salen complex
formation of copper–hydroperoxide species may  be expected. The
decrease in intensity of 510 nm band with isosbestic point in neat

complex may  possibly be due to in situ generation of intermedi-
ate species, which finally transferred coordinated oxygen atoms to
the substrates to give products. Thus, the catalytic performance of
intercalated catalyst could be attributed to the formation of facile

n)/dry TBHP system.

ry TBHP efficiency (%) Product selectivity (%)

Cyclohexene oxide Cyclohexenol Cyclohexenone

.84 04.81 21.49 73.70

.54 04.41 23.88 71.71

.62 03.80 46.40 49.80

.31 03.78 22.07 74.15
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Table  9
Effect temperature on the oxidation of cyclohexene catalyzed by �-ZrP·Cu(Salen)/dry TBHP system.

Temperature (K) Cyclohexene conversion (%) Dry TBHP consumed (%) Dry TBHP efficiency (%) Product selectivity (%)

Cyclohexene oxide Cyclohexenol Cyclohexenone

33 09.22 90.78 10.56 03.59 26.81 69.60
343  18.24 98.18 18.58 03.61 29.02 67.37
353 26.71 73.29 35.62 03.80 46.40 49.80

Table 10
Recycling experiment.

No. cycles Cyclohexene conversion (%) Product selectivity (%) Metal contents (%)

Cyclohexene oxide Cyclohexenol Cyclohexenone

1 26.71 3.80 46.4 49.80 20.42
2  26.70 3.80 46.38 49.82 20.41
3  26.68 3.78 46.36 49.86 20.39
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4  26.65 3.78 

5 26.59  3.77 

6  25.12 3.77 

nd copper–hydroperoxide species. In fact characteristic charge
ransfer bands due to Cu–hydroperoxide coordination are known
o appear around 590 nm [45,52].

.2.7. Catalytic reusability and heterogeneity of the reactions
It is important to verify the stability of the heterogeneous cat-

lyst since metal leaching from catalyst becomes responsible for
owering of the catalytic activity in successive cycles. To check
he reusability of �-ZrP·Cu(Salen), we have carried out a series of
ests by performing repeated reaction cycles under similar reaction
onditions as described above. After completion of reaction, the cat-
lyst was recovered by simple filtration, washed with acetone and
ried at 383 K and then reused. The catalyst, �-ZrP·Cu(Salen), was
ecycled for six cycles. Cyclohexene conversion remained almost
dentical in the second cycle (26.70%) then dropped to 25.12% after
ixth cycle (Table 10 and Fig. 9). The conversion of cyclohexene
as reduced by 4.46% from first to sixth cycle. The metal con-

ent was reduced by 20.42–19.65% from first to sixth cycle. The
eduction in the metal contents after sixth cycle suggests that
etal-leaching had occurred, which is observed in several catalytic

ystems [53–55].  These results suggest that the catalyst was  sta-

le during catalytic reaction and suitable for recycling up to sixth
ycle. The recycled catalyst was further characterized by XRD and
PR analysis, which also confirmed the stability of the catalyst,

ig. 9. Recycling of catalyst {�-ZrP·Cu(Salen)} for the oxidation of cyclohexene.
46.35 49.87 20.36
46.35 49.88 20.30
46.30 49.93 19.65

Figs. 1(D) and 4(C). The conversion of cyclohexene decreased due to
entrapment of some of the reactant within the layers of the support.

Further experiments on the stability of the catalyst during oxi-
dation of cyclohexene were performed by hot filtration technique.
The catalyst was filtered out at 353 K after 1 h in first cycle to
avoid re-adsorption of leached copper onto the catalyst surface.
Still the reaction took place but with a substantially lower conver-
sion than in the presence of the catalyst. The same solution did not
exhibit any colour or the absence of copper, which was  estimated
using atomic absorption spectroscopy. It suggested that no copper-
leaching occurred during the catalytic reaction. This observation
indicates that the catalyst is heterogeneous in nature.

4. Conclusions

The �-ZrP·Cu(Salen) was  synthesized and characterized by BET
surface area, XRD, EDX, FTIR, EPR and atomic absorption spec-
troscopy. The catalytic activity of �-ZrP·Cu(Salen) with dry TBHP
as an oxidant was  studied for the oxidation of cyclohexene. The
catalyst, �-ZrP·Cu(Salen), was  found to be a potential catalyst for
oxidation of cyclohexene. The reaction conditions were optimized
with respect to various parameters to obtain maximum conver-
sion of cyclohexene. The maximum conversion of cyclohexene was
26.71%. The major oxidation products followed the order: cyclo-
hexenone (49.80%) > cyclohexenol (46.40%) > cyclohexene oxide
(03.80%). The formation of cyclohexene oxide was  low due to its fur-
ther conversion into other products. The catalyst, �-ZrP·Cu(Salen),
was  found to be stable enough for oxidation of cyclohexene for six
cycles without much deterioration.
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