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A novel heterogeneous catalyst has been developed by immobilizing Ti(IV)–Schiff base complex in Zn–Al/
LDH by an ion-exchange method. Powder X-ray diffraction, Fourier transform infrared spectroscopy, dif-
fuse reflectance UV–Visible spectroscopy, N2-adsorption and thermal studies confirm the successful
intercalation of the Ti-complex within the LDH structure. The supported catalyst shows an excellent cat-
alytic activity in cyclohexene epoxidation reaction. In this paper, we report an environmentally benign
reaction pathway in a solvent-free condition, taking H2O2 as oxidant. As high as 95% conversion of cyclo-
hexene took place at 70 �C in 6 h. The heterogeneous catalyst can be recovered easily and reused multiple
times without significant loss in catalytic activity and selectivity, which is a better green alternative for
practical applications.

� 2010 Elsevier Inc. All rights reserved.
1. Introduction

One of the challenges facing chemists this century is to develop
new transformations that are not only efficient, selective and high-
yielding but are also environmentally benign [1,2]. The utilization
of nontoxic chemicals, renewable materials and solvent-free
conditions are the key issues in the green synthetic strategy.
Solvent-free methods are of great interest in order to replace
classical procedures making them profitable, cleaner, safer and
operationally easier. Hydrogen peroxide is probably the preferred
terminal oxidant after dioxygen due to environmental and eco-
nomic considerations [3–6]. Indeed in certain circumstances, it is
better than oxygen insofar as O2/organic mixtures may sometimes
be spontaneously ignited. So, epoxidation systems that use hydro-
gen peroxide as oxidant in a solvent-free condition in conjunction
with recyclable and reusable heterogeneous catalysts are poten-
tially viable for large-scale production.

The epoxidation of alkenes by the electrophilic addition of
oxygen to a carbon–carbon double bond remains one of the most
significant challenges in synthetic chemistry. The formed epoxides
are the building block intermediates that can be converted to a
variety of products [7,8]. The titanium(IV)-catalyzed reactions with
a variety of different alkenes ranging from low molecular weight
alkenes to large molecules are well known [4]. Titanium(IV) alkox-
ides catalyze the epoxidation of a variety of alkenes with an alkyl
ll rights reserved.
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hydroperoxide as the oxygen donor [9–14]. Propene can be
efficiently epoxidized using hydrogen peroxide in an activated
form of oxygen using the titanium silicalite TS-1 as catalyst [15].
But the reactions are relatively slow, and formation of by-products
by the addition of tert. butyl hydroperoxide radical to the substrate
is often observed [12]. These problems have been overcome by the
development of a heterogeneous titanium catalyst [13].

Insertion of organic or organometallic species into inorganic
solids offers an attractive route to nanohybrids in which comple-
mentary properties of the two components are expressed in a sin-
gle material. Layered solids in which guest species can access
interlamellar space via the intercalation process provide some of
the best-studied examples of such systems [16]. Layered double
hydroxides (LDH), also known as anionic clay, constitute a class
of host–guest materials that have gained great attention recently.
LDHs are brucite-like solids that are constituted by two metals typ-
ically having 2 + (MII) and 3 + (MIII) oxidation states, octahedrally
surrounded by oxo bridges and hydroxyl groups. The structure is
organized forming layers that bear an excess of positive charge
equivalent to the number of trivalent metals. This excess of posi-
tive charge requires the presence of charge compensating anions
that are located in the interlayer spaces [17–22]. Sandra Gago
et al. have reported immobilization of oxomolybdenum species
in a LDH pillared by 2,20-Bipyridine-5,50-dicarboxylate anions for
liquid-phase epoxidation of cis-cyclooctene, 1-octene and trans-
2-octene using tert-butyl hydroperoxide as oxygen source [23].
LDH containing metal complexes of chelating ligands namely
NTA (nitriloacetate) and EDTA (ethylenediamine tetraacetate) have
also been prepared either by direct intercalation of metal
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complexes or indirectly by forming metal complexes between the
host layers following intercalation of the ligands [24].

In the present work, we describe a new protocol for immobili-
zation of Ti(IV)-complex in the interlayer of LDH by replacing the
interlayer gallery anions in an ion-exchange method. The heteroge-
neous Ti-complex so formed is found to be an excellent catalyst for
epoxidation of cyclohexene in a solvent-free condition using H2O2

as oxidant.
2. Experimental

2.1. Materials

3-Amino-2-pyrazine carboxylic acid, 2-pyridine carboxalde-
hyde, titanium tetra-isopropoxide (Aldrich), Zn(NO3)2�6H2O and
Al(NO3)3�9H2O (CDS) were used without further purification. Etha-
nol was dried using molecular sieve 5A prior to its use in the
reaction.

2.2. Preparation of the catalysts

2.2.1. Preparation of LDH
The layered double hydroxide containing Zn:Al molar ratio 2:1

was prepared by the co-precipitation method at a constant pH of
11 [25]. The synthesis was carried out by dropwise addition of
mixed metal nitrate solution [Zn(NO3)2�6H2O (0.133 M) and
Al(NO3)3�9H2O (0.066 M)] to 2 M NaOH solution taken in a flask
containing 100 ml of deionized water under magnetic stirring,
and nitrogen atmosphere was maintained throughout the addition.
The resulting slurry was kept stirring for 1 h at room temperature.
Then, it was filtered, washed thoroughly with deionized water till
the washings were neutral to litmus and dried at 100 �C overnight
[26,27]. Elemental analysis showed the following composition.
Found/calcd (%). For Zn0.68�Al0.32 (OH)2 (NO�3 )0.32 0.38 H2O (Zn,
Al–LDH–NO3): Zn, 38.87/39.07; Al, 7.53/7.63; N, 3.86/3.93; H,
2.19/2.26. IR (KBr) 3450, 1620, 1384, 675, 445 cm�1.

2.2.2. Synthesis of the metal complex
3-Amino-2-pyrazine carboxylic acid treated with Na2CO3 in

ethanolic medium produces the sodium salt of 3-amino-2-pyrazine
carboxylic acid. In 30 ml of ethanol, 10 mmol of sodium salt of
3-amino-2-pyrazine carboxylic acid was refluxed with 10 mmol
of 2-pyridine carboxaldehyde. The whole mixture was kept on
water bath at 60 �C for 2 h to produce the Schiff base ligand.
Ti-complex was formed by refluxing 0.456 g (1.8 mmol) of sodium
salt of Schiff base ligand and 0.29 ml (1 mmol) of titanium tetra-
isopropoxide (C12H28O4Ti) in ethanolic medium at 60 �C for 2 h.
The final product was filtered, washed several times with ethanol
to get rid of nonreacted ligand and recrystalized from diethyl ether.
Finally, the metal complex was dried in vacuum and kept in a des-
iccator. Anal. Found/calcd (%). For ligand: C, 52.43/52.8; H, 2.57/
2.8; N, 21.9/22.4. For Ti-complex: C, 47.98/48.17; H, 2.32/2.55;
N, 20.02/20.43. IR (KBr) 3300, 1725, 1640 cm�1. For Schiff base
ligand: 1H NMR (CDCl3, room temp., 200 MHz): d = (7.15, t),
(7.63, t), (7.7, d), (8.41, d), (8.59, s), (8.86, d), (8.71, d). 13C CP
MAS NMR (100.62 MHz, CDCl3): d = 130.1, 130.9, 131.4, 133.9,
134.1, 134.7, 138.7, 139.0, 148.2, 167.0, 167.7. For Ti-complex:
1H NMR (CDCl3, room temp., 200 MHz): d = (7.18, t), (7.67, t),
(7.9, d), (8.23, d), (8.34, s), (8.89, d), (8.76, d). 13C CP MAS NMR
(100.62 MHz, CDCl3): d = 131.1, 131.4, 132.2, 132.8, 135.1, 135.4,
137.4, 138.2, 147.2, 166.1, 166.5.

2.2.3. LDH/Ti(IV)-complex
One gram of Zn–Al/LDH was used after drying under reduced

pressure at 100 �C. Thirty milliliter of ethanol was added to 1 g
dried LDH and stirred for 1 h. To an ethanolic suspension of
LDH, 0.5 mmol (0.274 g) of metal complex was transferred and re-
fluxed at 60 �C for 24 h with constant stirring. The final product
was isolated by filtration, washed with ethanol and kept
overnight in vacuum at 70 �C. The schematic representation of
the total synthesis pathway is depicted in Scheme 1. Anal.
Found/calcd(%). For [Zn2Al(OH)6NO�3 ](Ti-complex)0.33 0.63H2O(Zn,
Al–LDH/Ti-complex): Zn, 24.76/25.15; Al, 4.91/5.19; C, 16.48/
16.75; N, 6.92/7.10; H, 2.08/2.28. IR (KBr) 3450, 3300, 1725,
1640, 1384, 675, 445 cm�1.

Elemental analysis of LDH/Ti(IV)-complex gave 9.2 wt.% Ti.
Hence, the uptake of metal complex is in the same proportion as
the amount of Ti present. The ratio of Ti/Zn + Al in the final product
is found to be 0.3.

2.3. Physico-chemical characterization of the catalyst

Powder XRD measurements were performed on a Rigaku D/
MAX2500 diffractometer, using Cu Ka radiation at 40 kV, 30 mA,
a scanning rate of 5 �/min and a 2h angle ranging from 3� to 80�.
The FT-IR spectra of the samples were recorded using a Varian
800-FT-IR in KBr matrix in the range of 4000–400 cm�1. The co-
ordination environments of the samples were examined by diffuse
reflectance UV–Vis spectroscopy. The spectra were recorded in a
Varian-100 spectrophotometer in the wavelength range of 200–
800 nm in BaSO4 phase. Surface area was determined by N2

adsorption–desorption at liquid nitrogen temperature (77 K) using
ASAP 2020 (Micromeritics). Prior to adsorption–desorption mea-
surement, the samples were equilibrated by degassing at 120 �C
for 6 h. SEM images were obtained using HITACHI 3400N micro-
scope. Thermogravimetric/differential thermal analysis (TG/DTA)
was performed under air with a Shimadzu TGA-50 system at a
heating rate of 5 �C min�1. The chemical composition of the prod-
ucts was confirmed quantitatively and qualitatively by energy-
dispersive X-ray (EDX) using a HITACHI 3400N microscope. The
Ti loading in the catalyst and in the leaching solution was deter-
mined by using atomic absorption spectroscopy (Perkin-Elmer
AAS 300 with acetylene (C2H2) flame). 1H and 13C CP MAS NMR
spectra were recorded on 200 and 100.62 MHz, respectively, using
a Bruker Avance 400 MHz spectrometer.

2.4. Catalytic reaction

Catalytic test of the prepared catalyst was carried out in a 100-
ml two-necked round-bottom flask fitted with a reflux condenser.
In a solvent-free condition, 10 mmol of cyclohexene and 0.05 g of
catalyst were taken. To this, 30% H2O2 (30 mmol) was added drop-
wise. Reaction was carried out at 70 �C for 6 h (Scheme 2). The
reaction products were analyzed by offline GC (Shimadzu
GC-2010) equipped with a capillary column (ZB-1, 30 m length,
0.53 mm I.D. and 3.0 l film thickness) using a flame ionization
detector (FID). The selectivity of the epoxide (cyclohexene oxide)
is a measure of the reactivity of the catalyst. The percentage of con-
version of the substrate and the percentage of selectivity of the
products in the epoxidation reaction are calculated as:

Substrate conversion ð%Þ
¼ ½substrate converted ðmolesÞ=substrate used ðmolesÞ� � 100

Product selectivity ð%Þ
¼ ½product formed ðmolesÞ=substrate converted ðmolesÞ� � 100

The decomposition of H2O2 was followed by measuring the
volume of oxygen liberated at atmospheric pressure by conven-
tional gasometric method [28].



Scheme 1. Preparation pathway for the formation of LDH/Ti(IV)-complex.
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Scheme 2. Catalytic reaction pathway.
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Self-decomposition ðSDÞ of H2O2

¼ volume of oxygen released in the reaction:

Conversion of H2O2

¼ consumption of H2O2 ðincluding self-decompositionÞ
=initial amount of H2O2:
3. Results and discussion

3.1. Catalyst characterization results

3.1.1. X-ray diffraction (XRD)
Fig. 1 shows the powder XRD patterns of (a) LDH (b) LDH/Ti(IV)-

complex, (c) recycle catalyst (Fig. inserted). Zn–Al/LDH shows the
characteristic reflection for (0 0 3) plane at lower 2h angle which
corresponds to hydroxide layers. The basal spacing can be estimated
from d(0 0 3) position using Bragg’s law, which is 8.52 Å [29]. The
values obtained are in good agreement with the literature [30].
The intercalation of Ti(IV)–Schiff base complex has led to an in-
crease in the basal spacing from d = 8.52 to 12.14 Å, where gallery
height (7.34 Å) is calculated by subtracting brucite layer width
(4.8 Å) [31] from basal spacing (d = 12.14 Å) as shown in Scheme 1
[32]. The increase in the basal distance confirms the intercalation
of the complex anion. In case of complex-intercalated LDH, the
d(0 0 3) plane slightly shifted towards lower 2h value. Again, the
position of (1 1 0) reflection peak around 2h = 60� after intercalation
of the Ti-complex preserve indicates that the structure of the layer
has been retained [33]. These sharp and symmetric peaks demon-
strate the formation of a single well-crystallized Zn–Al/LDH. All
the above results lead to conclude an easy intercalation process



Fig. 1. XRD patterns of (a) LDH, (b) LDH/Ti(IV)-complex, and (c) recycle catalyst (inserted).
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where the Zn–Al/LDH was prepared in an inert atmosphere [34]. In
case of recycled catalyst (Fig. 1C inserted), all the peaks are retained
in their respective position with respect to LDH/Ti(IV)-complex,
suggesting properties of recycled catalyst remain unaltered.

3.1.2. FT-IR spectroscopy
The co-ordination environment around Ti and the process of

intercalation can be investigated using FT-IR spectroscopy. The
FT-IR spectra of (a) LDH, (b) Schiff base ligand, (c) Ti-complex, (d)
LDH/Ti(IV)-complex and (e) recovered catalyst are shown in
Fig. 2. The broad (as a result of hydrogen bonding) absorption in
both spectra between 3600 and 3300 cm�1 is due to the m(OH)
mode of the hydroxyl groups, both from the brucite-like layers
and from interlayer water molecules. Interlayer water also gives
rise to medium-intensity absorption close to 1620 cm�1 d(H2O)
[35]. The band at 1384 cm�1 is assigned to the stretching vibration
of interlayer NO�3 . The bands around 445 and 675 cm�1 are due to
Fig. 2. FT-IR specta of (a) LDH, (b) Schiff base ligand, (c) Ti(IV)-c
Al–O and Zn–O lattice vibrations, respectively. Bands in the regions
of 1640 and 1725 cm�1 are due to C@N stretching of imine and
C@O stretching of carboxylate group. All the vibrations do not
change significantly (Fig. 2e) compared to LDH/Ti(IV)-complex
which suggests the existence of all the properties in the recycled
catalyst.

3.1.3. UV–Vis spectral studies
The DRUV–Vis spectra of (a) LDH (b) Schiff base ligand (c)

Ti(IV)-complex (d) LDH/Ti(IV)-complex are shown in Fig. 3. Bands
around 250 nm is due to the benzenoid p–p� transition [36]. In
case of Ti–Schiff base complex and LDH/Ti(IV)-complex, bands
around 320 nm may be due to ligand-to-metal charge-transfer
transition. Broad absorption band above 400 nm emerge in the
spectrum can be attributed to the typical electronic transition of
the aromatic ring and AC@N conjugation (n–p� transition) system
in a Schiff base and metal complex.
omplex, (d) LDH/Ti(IV)-complex, and (e) recovered catalyst.



Fig. 3. Diffuse reflectance UV–Vis spectra of (a) LDH, (b) Schiff base ligand, (c) Ti(IV)-complex, and (d) LDH/Ti(IV)-complex.
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3.1.4. N2 adsorption–desorption studies
N2 adsorption–desorption isotherms at 77 K for LDH and LDH/

Ti(IV)-complex are shown in Fig. 4. Both the isotherms are of type
II with a broad H3 type hysteresis loop [37]. Though isotherms for
both the solids are quite similar, there is an increase in surface area
for complex-intercalated LDH. The reason is that when bigger com-
plex molecules are incorporated into the LDH layers, expansion
takes place (i.e. increase in basal spacing from 8.52 to 12.14 Å).
As a consequence, surface area of LDH/Ti(IV)-complex increases
from 84 to 134 m2/g.

3.1.5. Scanning electron microscope studies
The SEM images of Zn–Al/LDH and LDH/Ti(IV)-complex are

shown in Fig. 5. Zn–Al/LDH presents discrete hexagonal plate-like
morphology with sharp edges which indicate the formation of
well-ordered LDH. In case of LDH/Ti(IV)-complex, some agglomer-
ations are also observed due to the modification of LDH surface by
metal complex intercalation [17].

3.1.6. TG/DTA analysis
The results of the thermal analysis of the materials are pre-

sented in Fig. 6. Generally, four steps are observed in the thermal
Fig. 4. N2 adsorption–desorption isotherms of (a) LDH and (b) LDH/Ti(IV)-complex.
evolution of LDH [38] such as desorption of physically adsorbed
water, removal of the interlayer structural water, dehydroxylation
of the brucite-like sheets and the decomposition of the interlayer
anions, although the first two steps may overlap in the low
temperature range i.e. at 30–200 �C. The first two steps correspond
to the removal of physically adsorbed and intergallery water
(30–180 �C) and dehydroxylation of the brucite-like layers
(180–290 �C). The third weight loss (290–550 �C) is due to decom-
position of the interlayer nitrate anions [39]. There are three endo-
thermic peaks in the DTA curve of ZnAl–NO3/LDH (Fig 6a)
appearing at 141, 232 and a sharp peak at 256 �C, respectively.

Incorporation of Ti-complexes, which are much larger than the
nitrate anions, leads to a significant expansion of the interlayer
spacing which in turn creates greater voids between the sheets
and may facilitate the elimination of the interlayer water [40]. In
the present case, the carbonyl oxygen atoms of coordinated car-
boxylate groups of Ti-complex are able to form a strong hydrogen
bond which enhances the thermal stability of the hydroxyl layers.
The higher thermal stability of the LDH/Ti(IV)-complex compared
to Zn–Al/LDH can also be attributed to the higher charge density
and larger number of COO- groups in LDH/Ti(IV)-complex, which
lead to stronger hydrogen bonding and other electrostatic interac-
tions between the host and guest species [41]. For the LDH/Ti(IV)-
complex (Fig. 6b), the thermal decomposition clearly proceeds in
three distinct steps similar to LDH. The first one (30–300 �C,
14.8% mass loss) corresponds to the removal of coordinated water.
The sharp mass loss observed in the range 300–400 �C (21.1%) is
due to combustion of the organic ligand, with a corresponding
sharp exothermic peak at 392 �C in the DTA curve. There is a third
sharp mass-loss step in the range 400–600 �C (10.1%).

3.2. Catalytic reaction pathway

3.2.1. Catalytic performance in the epoxidation reaction
Epoxidation of olefins using different transition metal complex-

supported mesoporous hosts and zeolites has been widely studied.
The efficacy of homogeneous salen-based catalyst in olefin epoxi-
dation was reported by Jacobsen et al. [42] and Irie et al. [43] in
the early 1990s. These lead to an extensive effort in the design of
their heterogeneous analogs using porous solid as a matrix
[44–46]. Ballesteros et al. studied epoxidation of cyclohexene over
different titanium alkoxo complexes immobilized on MCM-41,



Fig. 5. SEM images of (a) LDH and (b) LDH/Ti(IV)-complex.

Fig. 6. TG/DTA curves of (a) Zn–Al/LDH and (b) LDH/Ti(IV)-complex.

Table 1
Epoxidation of cyclohexene by different catalyst.

Catalyst Conversion
(%)

Epoxide selectivity
(%)

Reference

Ti(IV)–Schiff base
complex

62 79 This work

LDH/Ti(IV)-complex 95 84 This work
LDH–[Co(Cl)L] 83 64 [49]
Ti–HMDS–MCM–41 84 100 [47]
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which showed up to 84% conversion using tert. butyl hydroperox-
ide (TBHP) as oxidant and dodecane as solvent at 60 �C in 24 h [47].
Berube et al. have reported an epoxidation catalyst based on
Ti(acac)-complex immobilized on SBA-15, where they observed
43% conversion using TBHP as oxidant. This decrease in conversion
may be due to blocking of pores, which partially deactivates the
catalyst [48]. However, reports on epoxidation reactions over
metal complex-intercalated LDH are rather limited. Bhattacharjee
et al. have reported comparison of olefin epoxidation over different
sulfonato-salen transition metal complex-intercalated LDH host
with a maximum 83% conversion using molecular oxygen as oxi-
dant in toluene medium [49]. It has been found in the present stud-
ies that 95% conversion took place with 84% selectivity towards
epoxide in solvent-free condition (Table 1).

Using LDH/Ti(IV)-complex, the product is mostly cyclohexene
epoxide accompanied by cyclohexenol, cyclohexenone and cyclo-
hexane diol (Scheme 3). However, the catalytic epoxidation with
H2O2 is usually a complicated process due to co-occurrence of sev-
eral reactions. Our reaction is supposed to proceed via two types of
mechanism, i.e. radical and nonradical pathway. Dropwise addition
of H2O2 favors the nonradical pathway that increases the selectiv-
ity for epoxide [50]. In our proposed mechanism, in addition to di-
rect epoxidation with hydrogen peroxide (path A), at least three
more reactions took place. Another (path C) leads to the formation
of allylic hydroperoxide, which can be used as oxidants for another
epoxidation reaction with generation of epoxides and allylic alco-
hols (path D). Heterogeneous Ti(IV)–H2O2 system provides a better
alternative for the production of epoxide. Addition of H2O2 to the
titanium complex yields an oxygen-donating intermediate for
epoxidation reaction. It is generally agreed that the active interme-
diate is a titanium hydroperoxo species (Ti–OOH) opposed to a
titanium peroxo species (Ti–OO) [51,52]. Regarding the mecha-
nism of oxygen transfer in our system, a tentative explanation is
an initial complex formation between metal catalyst (LDH/Ti(IV)-
complex) and hydrogen peroxide which makes the peroxidic oxy-
gen more electrophilic and labile to attack by an olefinic double
bond [53]. Pathway C follows radical mechanism, where some of
the H2O2 initially added was used. These radicals generate from
the decomposition of peroxotitanium species by the reaction of
H2O2 with titanium. Generation of cyclohexylene hydroperoxide
(CHHP) is responsible for the formation of cyclohexenol, cyclo-
hexenone and cyclohexane diol. The possibility to explain an in-
creased selectivity of cyclohexenone is to suppose that it is
formed by the decomposition of CHHP in the high injector temper-
ature of the chromatograph (CHHP decomposes above 80 �C). The
increase selectivity of cyclohexenone may presumably be due to
further oxidation of cyclohexenol with time [54]. The plausible
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mechanistic path is shown in Scheme 4. The effective utilization of
H2O2 was found to be 91% (for 84% epoxide selectivity). Moreover,
the epoxide suffers hydrolysis due to the presence of water-
forming diol (path B in Scheme 3) with further increase in reaction
time. The effect of reaction time on conversion and product selec-
tivity is presented in Table 2.

We have also tested our reaction using homogeneous Ti(IV)–
Schiff base complex as catalyst, but it shows 62% conversion with
79% selectivity towards epoxide. In case of homogeneous complex,
we get lower conversion when compared to its heterogeneous
counterpart. This may presumably be due to the formation of cat-
alytically inactive l-oxo dimer by the homogeneous metal Schiff
base complex. For example, the iron(III) porphyrines and phthalo-
cyanines under oxidizing reaction conditions form dimeric forms
containing LFe–O–FeL linkages (where L is a macrocyclic ligand),
and in this form, they are unable to bind and activate oxygen.
The possibility of increasing the catalytic life and possible enhance-
ment of the rate of reaction lies in the ability to site isolate the cat-
alyst on the support [55]. Hence, in case of LDH/Ti(IV)-complex, the
active centers are well isolated and separated from each other,
which facilitates the epoxidation reaction. Temperature has an
enormous effect on conversion and selectivity of cyclohexene
epoxidation. When the reaction was carried out at higher temper-
ature i.e. around 80 �C or above, the selectivity for cyclohexenone
increases compared to cyclohexenol due to decomposition of
CHHP. A combination of supported catalysts under solvent-free
Ti + H2O2 Ti

O

Scheme 4. Possible mechanism f
condition can be used to carry out the epoxidation reaction in
shorter time period with high conversion and selectivity [56].
The enhancement of rate may be attributed to the effect of dilution,
i.e. the concentration of reactant is higher under solvent-free con-
dition. However, on changing from homogeneous to heterogeneous
phase, a slight increase in reaction time is observed under identical
conditions. This is a general effect that arises upon immobilization
of the metal complexes which imposes diffusion constrains on sub-
strates and reactants by the layered structure [57].

In case of the present catalytic system, the conversion of epox-
idation reaction depends on the amount of H2O2 added to the reac-
tion medium. To evaluate this effect, we have monitored the
progress of cyclohexene epoxidation in different molar ratios of
oxidant and substrate (Fig. 7). It is found that at lower concentra-
tions of oxidant, the conversion rate is very less, and with a gradual
increase in oxidant amount, the conversion becomes higher. The
optimum amount of H2O2 needed to achieve maximum conversion
is 3:1 (oxidant/substrate). A further increase in molar ratio does
not improve reaction conversion, but selectivity towards epoxide
becomes less.
3.2.2. Heterogeneity test
Reutilization is one of the greatest advantages of heterogeneous

catalyst, which can also provide useful information about interca-
lation process and catalytic stability along the catalytic cycles. To
address the issue, a series of tests were undertaken. To test if metal
O H

C
C O

or the formation of epoxide.



Table 2
Effect of time on conversion of cyclohexene.a

Time (h) Conversion (%) Selectivity (%)

O

OH O OH

OH

4 82 83 13 4 0
6 95 84 9 7 0
8 92 80 7 9 4

10 90 77 6 10 7

a Reaction conditions: temperature 70 �C, H2O2 as oxidant, solvent-free condition.

Fig. 7. Effect of H2O2 on conversion of cyclohexene.

Table 3
Recyclability test up to 3 cycles.a

No. of cycles Conversion (%)

1 95
2 92
3 87
4 84

a Reaction conditions: temperature 70 �C, H2O2

as oxidant, solvent-free condition.
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is leached out from the solid catalyst during reaction, the liquid
phase of the reaction mixture is collected by filtration at the reac-
tion temperature (70 �C). Atomic absorption spectrometric analysis
of the liquid phase of the reaction mixtures thus collected by filtra-
tion confirms the absence of metal ions in the liquid phase. These
experiments clearly demonstrate that metal does not leach out
from the solid catalyst during epoxidation reaction. After the cata-
lytic reaction were completed, solid catalyst was recovered by fil-
tration and washed with ethanol several times and dried in open
air. The recovered catalyst was then subjected to XRD, FT-IR spec-
troscopy. Comparison of XRD patterns and IR spectra of LDH/Ti(IV)-
complex and recovered catalyst convincingly demonstrate that the
structural integrity of the complex-intercalated LDH remains unal-
tered after the epoxidation reaction. Notably, the recovered cata-
lyst can be reused in epoxidation reactions several times without
appreciable loss of activity (Table 3)
4. Conclusions

In summary, it has been demonstrated that the LDH/Ti(IV)–
Schiff base complex has a great potential for the environmentally
benign epoxidation of cyclohexene with aqueous hydrogen perox-
ide under mild and organic solvent-free conditions. The catalyst
was well characterized and confirms that there is a strong interac-
tion between the host layers and intercalated organic anions. The
proposed catalytic method is found to be an efficient pathway as
a green alternative since it involves solvent-free condition. The
stability of the catalyst has also been demonstrated convincingly
by conducting three successive runs without appreciable loss of
reactivity.
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