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Abstract

The monomer transition metal complexes; [ML] (M =Mn(II), Co(I), Ni(II) and Cu(II)) have been synthesized from the reaction of metal acetate
with bis(salicyaldehyde)oxaloyldihydrazone, H,L; in 1:1 molar ratio in ethanol under reflux. In all of the complexes, the principal dihydrazone
ligand has been suggested to coordinate to the metal centres in the anti-cis-configuration. The complexes (Co(II), Ni(II) and Cu(ll)) are suggested
to have four-coordinate square-planar stereochemistry while the Mn(I) complex is suggested to have tetrahedral stereochemistry. These metal
complexes with tetradendate Schiff-base ligand was entrapped in the nanocavity of zeolite-Y by a two-step process in the liquid phase: (i) adsorption
of [bis(salicylaldiminato)metal(Il)]; [M(sal),]-NaY; in the supercages of the zeolite, and (ii) in situ Schiff condensation of the metal(I) precursor
complex with oxaloyldihydrazone; [ML]-NaY. The new Host-Guest Nanocomposite Materials (HGNM) was characterized by several techniques:
chemical analysis, spectroscopic methods (DRS, NMR, BET, FTIR and UV/vis), conductometric and magnetic measurements. The catalytic

activities for oxidation of cyclohexane with HGNM and neat were reported.

© 2008 Elsevier B.V. All rights reserved.
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1. Introduction

Nanotechnology refers to techniques that offer the ability
to design, synthesize, and control materials at scales ranging
from <1 to >100nm. The emphasis in this definition of scope
is “design and control”, and not only synthesis. Synthesis of
materials at nanometer scale has already become routine prac-
tice for supported metal catalysts after decades of research on
the subject. Nanotechnology has gained substantial popularity
recently due to the rapidly developing techniques both to syn-
thesize and characterize materials and devices at the nanoscale,
as well as the promises that such technology offers to sub-
stantially expand the achievable limits in many different fields
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including medicine, electronic, chemistry, and engineering. In
the literature, there are many reports of new researches about
interesting phenomena of nano materials and their applica-
tions. Nanosize metal particles had occupied a central place in
heterogeneous catalysis for many years long before their recog-
nition in nanotechnology. Thus, it is fitting to critically evaluate
the impact of such development on heterogeneous catalysis
[1,2].

The finding of efficient catalysts for the selective insertion
of one oxygen atom from oxygen donors, like PhIO, O,, H,O»,
t-BuOOH, or NaOCl into various organic molecules, under mild
conditions, remains a difficult challenge in the fields of chemical
and biological catalysis [3]. The oxidation of hydrocarbons by
transition metal complexes has been studied extensively [4—10].
Among the inorganic mimics of enzymes, metal complexes con-
taining porphyrin, macrocycle salen, and phthalocyanine ligands
have been investigated as possible alternative catalysts in many
oxidation and hydroxylation reactions [11-15]. Generally, the
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Schemes 1.

electronic and structural properties of the ligands play an impor-
tant role in the catalytic properties [16—18].

The catalytic activity of the complexes in homogeneous
medium decreases with time due to ligand oxidation or formation
of dimeric oxo- and peroxobridged complexes. Heterogeniza-
tion of the homogeneous catalysts (metal complexes) has been
sought to isolate the metal complexes to prevent their iso-
merization, increase their ruggedness and separability and to
benefit from the synergistic catalytically beneficial interaction
between the complexes and the support [19-29]. Heterogeniza-
tion is achieved either by encapsulating the metal complex
inside the nanopores of zeolites or by anchoring or tethering
them to inert supports [21-24]. Grafting and tethering refer
to covalent attachment of the metal complex, either directly
(grafting) or through a spacer ligand (tethering). The encapsula-
tion (ship-in-a-bottle) approach is convenient and ideal because
the complex, once formed inside the nanocages of zeolite, is
too large to diffuse out and is not lost into the liquid phase
during the reaction. As these composite materials mimic bio-
logical enzymes, they are also called “zeozymes” (acronym
for zeolite mimics of enzymes). On confinement in the zeo-
lite matrix, the metal complex may lose some of its degrees
of freedom and adopt unusual geometries that are stabilized

by coordination to the zeolite-surface functional groups. In a
general sense, the encapsulated complexes mimic enzyme sys-
tems in that the porous inorganic mantle (similar to the protein
mantle in enzymes) provides (hopefully) the right steric require-
ment for the metal complex and imposes certain requirements
(based on size and shape) to the access of the active site by
the substrate molecules (substrate selectivity). Though many
porous materials have been used, the most popular ones have
been zeolites Y possessing large nanocages (1.2nm diame-
ters).

In this work, we report the encapsulation of transition
metal complexes in the supercages of a NaY zeolite, using
the same sequential procedure: (i) diffusion of [M(sal),],
and (ii) in situ Schiff condensation with the oxaloyldihy-
drazone (Schemes 1 and 2). The use of a zeolite with
the FAU topology, such as NaY zeolite, may circumvent
hydrolysis of the occluded complexes. We will also address
the effect on the structural and electronic properties of
the encapsulated complexes within a host with (i) a nega-
tive charge which can hence act as a stronger ligand, and
(ii) a larger number of charge-compensating cations thus
providing less free space within the zeolite nanocavities
(Schemes 1 and 2).
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2. Experimental
2.1. Materials

All the solvents were purchased from Merck (pro analysi)
and were distilled and dried using molecular sieves (Linda 4 A).
Manganese(II), copper(Il), nickel(IT) and cobalt(II) acetate, sal-
icylaldehyde, diethyl oxalate, hydrazine hydrate and hydrogen
peroxide were obtained from Merck Co. Cyclohexane was dis-
tilled under nitrogen and stored over molecular sieves (4 A).
Reference samples of cyclohexanol and cyclohexanone were
distilled and stored in the refrigerator. NaY with the Si: Al ratio of
2.53 was purchased from Aldrich (Lot No. 67812). Oxaloyldihy-
drazine was prepared by reacting ethyloxalate (1 mol) with
hydrazine hydrate (2 mol) [24].

2.2. Physical measurements

Nitrogen adsorption measurements were performed at 77 K
using a Coulter Omnisorb 100CX instrument. Nanopore vol-
umes were determined by the -method; a “monolayer equivalent
area” was calculated from the micropore volume [30,31]. XRD
patterns were recorded by a Rigaku D-max C III, X-ray diffrac-
tometer using Ni-filtered Cu Ko radiation. Elemental analysis
were obtained from Carlo ERBA Model EA 1108 analyzer.
The metal contents of the samples were measured by Atomic
Absorption Spectrophotometer (AAS-PerkinElmer 4100-1319)
using a flame approach. After completely destroying the zeolitic
framework with hot and concentrated HCI, sodium, aluminum
and transition metal were analyzed by AAS and SiO, was
determined by gravimetric analysis. The products were ana-
lyzed by GC-MS on a Philips Pu 4400 gas chromatograph
mass spectrometer. Diffuse reflectance spectra (DRS) were reg-
istered on a Shimadzu UV/3101 PC spectrophotometer the range
1500-200 nm, using MgO as reference. The electronic spectra of

the neat complexes were taken on a Shimadzu UV-vis scanning
spectrometer (Model 2101 PC). The stability of the encapsu-
lated catalyst was checked after the reaction by UV—-vis and
possible leaching of the complex was investigated by UV—vis in
the reaction solution after filtration of the zeolite. The amounts
of metallocomplexes encapsulated in zeolite matrix were deter-
mined by the elemental analysis and by subtracting the amount
of metallocomplex left in the solutions after the synthesis of
the catalysts as determined by UV—vis spectroscopy, from the
amount taken for the synthesis. Magnetic moments were calcu-
lated from magnetic susceptibility data obtained using a Johnson
Matthey MK-1 magnetic susceptibility balance and conductance
measurements with a Metrohm Herisau conductometer E 518.
H NMR (400 MHz) spectra were measured in DMSO solutions
and referenced to the solvent signals.

2.3. Preparation of
Bis(salicylaldehyde)oxaloyldihydrazone

Bis(salicylaldehyde)oxaloyldihydrazone was prepared by
refluxing hot dilute ethanol solution of oxaloyldihydrazone
(1 mol) with salicylaldehyde (2 mol) by the literature method
[25]. The yellow precipitate obtained was crystallized from
ethanol, dried in an electric oven at ca. 70 °C, m.p. >300°C
(dec).

2.4. Preparation of [ML] (M=Mn(II), Co(1l), Ni(Il), Cu(II))

The flask containing a stirred suspension of transition
metal(I) acetate tetrahydrate (0.016 mol) in 100 ml ethanol (was
purged with nitrogen) and then warmed to 50 °C under a nitro-
gen atmosphere. Bis(salicylaldehyde)oxaloyldihydrazone; HoL;
(5.22 g,0.016 mol) and EtzN (4.46 ml, 0.032 mmol) were added
in one portion, and the resulting suspension was then stirred and
heated under nitrogen atmosphere for 8 h. Then the mixture was



M. Salavati-Niasari, A. Sobhani / Journal of Molecular Catalysis A: Chemical 285 (2008) 58-67

cooled and filtered under reduced pressure. The collected solid
was washed with diethylether and dried in air to give coloured
crystalline, [ML], which was purified by recrystallization from
dimethylformamid.

2.5. Preparation of [M(sal);]-NaY

Typically a 4 g sample of NaY zeolite was mixed with 0.36 g
of [bis(salicylaldiminato)metal(II)] (which corresponds to about
50% supercage loading), suspended in 40 ml of CHCl3 and
then refluxed for 8 h. The coloured solid consisting of [M(sal); ]
entrapped in NaY and denoted as [M(sal)>]-NaY was collected
by filtration, washed with cold ethanol (10 ml) and then dried at
90 °C under vacuum for 5 h.

2.6. Preparation of [ML]-NaY

Two grams of [M(sal);]-NaY was refluxed with a threefold
excess of oxaloyldihydrazone in CH3;OH. After a 3 h reflux, the
solid samples, [ML]-NaY, were filtered and the resulting zeolites
were Soxhlet extracted with N,N-dimethylformamide (for 4 h)
and then with ethanol (for 3 h) to remove excess oxaloyldihy-
drazone, unreacted [M(sal),] and any M(II) complexes adsorbed
onto the external surface of the zeolite crystallites. The resulting
solids were dried at 90 °C under vacuum for 10 h.

2.7. Oxidation of cyclohexane

Aqueous solution of 30% H;0O, (2.28 g, 20 mmol), cyclo-
hexane (0.84 g, 10 mmol) and catalyst (1.02 x 1073 mol) were
mixed in 5 ml of CH3CN and the reaction mixture was heated
at 70 °C with continuous stirring in an oil bath for 2h. After
filtering and washing with solvent, the filtrate was concentrated
and then subjected to GC analysis.

3. Results and discussion
3.1. Synthesis of complexes

The analytical data and physical properties of the ligands and
coordination compounds are listed in Table 1. The results from
Table 1 show that the ligands coordinate to the metal ionina 1:1
molar ratio. The ligand is soluble in hot ethanol and strong polar
solvents such as in DMF and DMSO. All of the compounds are
stable in air. The melting points of the complexes are higher than
the ligand revealing that the complexes are much more stable
than the ligand. These complexes have molar conductance val-
ues in the region 11-19 ohm ™! cm? mol~! in DMSO indicating
that they are non-electrolyte in this solvent [32]. The molar con-
ductance values for these complexes lie in the non-electrolytic
region which rules out the possibility of their ionic character.
In view of the non-ionic nature of these complexes and proxim-
ity of the experimental molecular weights with the theoretical
values for the monomer formulation, these complexes are also
suggested to be monomer.

Table 1

Elemental analysis, vibrations parameters and some physical properties for Schiff-base neat metal(Il) complexes
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3.2. 'H NMR spectra

The 'H NMR spectrum of H, L has been recorded in DMSO-
dg as it is insoluble in CHCl3. The 'H NMR spectra of the
ligand and the nickel(II) complexes have been studied. The four
and two proton signals observed at § 12.38 ppm and § 8.60 ppm
downfield of TMS have been assigned to the § OH+§ NH and
8 CH=N protons, respectively. The multiplet appearing in the
region § 6.61-7.40 ppm has been assigned to phenyl protons.
Because of their diamagnetic character, the nickel(I) complex
has been studied by 'H NMR spectroscopy. The nickel(II) com-
plex shows two signals at § 12.31 and 8.71 ppm. The feature of
these signals suggests that they arise due to NH protons. The §
CH=N signal observed at § 8.60 ppm also splits into two reso-
nances and appears in the region é 8.71 ppm. This signal shows
downfield shift of about 0.11 ppm. The splitting of this signal
into two signals shows the effect of coordination of dihydrazone
through the azomethine nitrogen atoms to the metal centre. The
splitting of § NH and CH=N signals indicates that the confor-
mation of dihydrazone is changed from staggered to anti-cis
conformation in the complexes (Scheme 3) [33].

3.3. Magnetic moment

The wp value for [NiL] complex is zero indicating that
this is diamagnetic. It is clear that Ni*? is d® low spin elec-
tronic configuration. Copper(Il) complex shows pp values in
the 1.73 BM. This value is close to the spin-only value. This
magnetic moment range indicates the absence of any apprecia-
ble spin—spin coupling between unpaired electrons belonging
to different molecules. According to Figgis [34], a magnetic

moment value greater than 1.90 BM indicates tetrahedral stere-
ochemistry, while a g value less than 1.90 BM is indicative of
square-planar as well as tetrahedral stereochemistry. This shows
that the magnetic susceptibility is not of much use in deciding
on the stereochemistry of copper(Il) complexes. On the other
hand, the compounds [MnL] and [CoL] are paramagnetic to the
extent of 5.92 and 1.72 BM, respectively (Table 1). The pp
values for the complexes are close to the spin-only value for a
formally @ high spin (for [MnL]) and d’ low spin (for [CoL])
system. This feature can be interpreted as being indicative of
the effective quenching of the orbital angular momentum by a
low symmetry ligand field surrounding the metal centre. The ng
values in the present M(II) complexes dismiss the possibility of
any significant metal-metal interactions.

3.4. Ship-in-a-bottle encapsulation

Ship-in-a-bottle encapsulation of the complexes was per-
formed in the liquid phase by a two-step process that involves (i)
adsorption of a transition metal precursor complex, [M(sal),]-
NaY (M=Mn(I), Co(I), Ni(Il), Cu(Il)), and (ii) in situ
Schiff condensation of the adsorbed metal complex with the
oxaloyldihydrazone; [ML]-NaY. The resulting materials, [ML]-
NaY, were purified by Soxhlet extraction with diffent solvents.
In order to characterise the resulting materials and to assess
the efficiency of the encapsulation process, the parent zeolite
and samples of [M(sal);]-NaY and [ML]-NaY, were studied by
several techniques and the obtained results compared. Soxhlet
extraction was performed only for the zeolites with the com-
plexes [ML]; the modified zeolites with [M(sal),] were not
purified by extraction as it was observed that this operation leads
to a loss of the characteristic colour of the material. This obser-
vation provides an indication that [M(sal),] is free to diffuse out
of the zeolite. As these samples were not submitted to Soxh-
let extraction, it was expected that they have metal complexes
both inside the nanocavities and adsorbed onto the external
surface. The chemical compositions confirmed the purity and
stoichiometry of the neat and nanocavity encapsulated com-
plexes (Tables 1 and 2). The chemical analysis of the samples
reveals the presence of organic matter with a C/N ratio roughly
similar to that for neat complexes. The mol ratios Si/Al obtained
by chemical analysis for zeolites are presented (Table 2). The
Si and Al contents in M(II)-NaY and the zeolite complexes;
[ML]-NaY; are almost in the same ratio as in the parent zeolite.
This indicates little changes in the zeolite framework due to the
absence of dealumination in metal ion exchange.

The in situe Schiff condensation synthesis, Scheme 2,
leads to the encapsulation of manganese(Il), cobalt(Il),

nickel(I) and copper(Il) complexes of bis(salicylald-
ehyde)oxaloyldihydrazone ligand within the nanodi-
mensional pores of zeolite. The parent NaY zeolite

has Si/Al molar ratio of 2.53 which corresponds to a
unit cell formula Nasg[(AlO2)56(Si03)136] (Table 2).
The wunit cell formulae of metal-exchanged zeolites
show a metal dispersion of around 11mol per unit cell
(Mn(ID)-Na, Na3z32Mny.3[(AlO2)56(S102)136]-nH2 O;
Co(II)-NaY, Na34C01 1 [(A102)56(Si02)136].nH20; Ni(H)—
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Table 2

Chemical composition, DRS absorption and IR stretching frequencies (as KBr pellets) of zeolite-encapsulated metal(Il) complexes

Sample C (%) H (%) N (%) C/N Si (%) Al (%) Na (%) M (%) Si/Al ve=n (em™1) d <> d (nm)
NaY - - - - 21.76 8.60 7.50 - 2.53 - -
Mn(II)-NaY - - - - 22.08 8.73 3.34 2.58 2.53 - -
[MnL]-NaY 3.06 1.21 0.96 3.19 21.56 8.52 5.33 2.31 2.53 1620 -
Co(IT)-NaY - - - - 21.53 8.53 3.36 3.71 2.53 - -
[CoL]-NaY 3.08 1.19 0.95 3.24 21.54 8.51 5.30 2.29 2.53 1617 568
Ni(II)-NaY - - - - 21.79 8.62 3.28 3.72 2.53 - -
[NiL]-NaY 2.95 1.18 0.93 3.17 21.48 8.49 5.26 2.28 2.53 1610 474
Cu(IT)-NaY - - - - 21.48 8.49 3.28 3.86 2.53 - -
[CuL]-NaY 2.90 1.16 0.90 322 21.57 8.52 5.28 2.26 2.53 1606 553

NaY, Na338Nij1.1[(AlO2)56(Si02)136]-nH20;  Cu(II)-Nay,
Naz4.4Cujo8[(AlO2)s56(Si02)136]-nH20). The analytical data
of each complex indicate M:C:H molar ratios almost close to
those calculated for the mononuclear structure.

3.5. IR spectral study

The uncoordinated ligand shows strong bands at 1688 and
1625 cm™~! which are assigned to stretching vibrations of C=0
and C=N group. These bands split into two bands and on aver-
age, undergo shift to higher position by 5-11cm~! and lower
position by 5-8 cm™!, respectively. The average shift of vC=0
band to higher frequency by ca. 5-11cm™! and of vC=N band
to lower frequency by 8—11cm™! in complexes suggests non-
coordination of C=0O group while coordination of dihydrazone
through C=N groups, to the metal centre. The band at 1530 cm ™!
assigned to amide II+ v(C=0) (phenolic) shifts to higher fre-
quency ruling out the possibility of coordination of ligand to the
metal centre through CO groups. This further indicates involve-
ment of phenolate oxygen atom in bonding to the metal centre.
The shift of band at 1278 cm™! to higher frequency by ~5 cm™!
and appearance of medium to strong bands at 530cm™! con-
firms the coordination of dihydrazone to the metal centre through
Scheme 1.

FTIR data can provide information on the encapsulated metal
complexes and on the crystallinity of the host zeolite. The FTIR
spectra of NaY and of the modified zeolites are studied (Fig. 1).
The spectra of NaY and of the modified zeolites are domi-
nated by the strong zeolite bands: a broad band in the range
3700-3300cm ™! due to surface hydroxylic groups and lattice
vibrations in the range 1300-450 cm™". No shift or broadening
of these zeolite structure-sensitive vibrations are observed upon
inclusion of the complexes, which provides further evidence that
the zeolite framework remains unchanged. The bands due to the
complexes are weaker (due to a low concentration of the com-
plexes) and thus can only be observed in the regions where the
zeolite matrix does not absorb, i.e. from 1620 to 1200cm™!.
The IR bands of [ML]-NaY occur at frequencies shifted within
2-4cm~! from those of the free complex [ML]; furthermore,
some changes in band intensities can be observed in the region
of the C=0 and C=C stretching vibrations (1520-1580 cm™h).
These observations not only confirm the presence of [ML] in the
zeolite, but also suggest that its structure is almost identical to

that of the free complex. The IR spectra of [ML] clearly show
the absence of the characteristically coupled v(C=0) + v(C=C)
vibration of [ML], as expected from the Schiff condensation
that took place within the zeolite cavities. The entrapped com-
plexes exhibit very similar IR data that are shifted 4-8cm™!
relative to those of the corresponding free complexes (Table 2).
These variations in band frequency can also be attributed to
(i) distortions of the complexes, or to (ii) interactions with the
zeolitic matrix (by electrostatic effects or co-ordination- the
higher negative charge of the zeolite host makes it a stronger

ligand).
()
3202
N’
189?,/ 3 17
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e
P | |
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Fig. 1. FT-IR spectra of: (a) NaY, (b) [CuL]-NaY and (c) [CuL].
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3.6. Electronic spectral studies

The electronic spectrum of HyL shows bands at 330 and
370nm in the solid state which arise due to 7 — 7* and
n — ¥ transitions in dihydrazone. Electronic spectra of [CuL]
complexes were recorded in DMF solution over the range
400-700 nm (Table 1). The visible spectra of the [CuL] com-
plexes consists of a shoulders at ~487nm and a maximum
or a broad shoulder around 556 nm, which can be assigned
to the dxzyz— dxy and dx?—y* — dxy transitions in Dsh
symmetry [35]. The room temperature magnetic moments of
[CuL] (Table 1) fall in the range 1.73 wp which are typi-
cal for square-planar (Dsh) and tetrahedrally distorted (D;h)
mononuclear copper(Il) complexes with a S = 1/2 spin state and
did not indicate any anti-ferromagnetic coupling of spines at
this temperature. The tetrahedral geometry of the [MnL] is
strongly indicated by similarities in the visible spectra of this
chelate with those of known tetrahedral complexes containing
oxygen—nitrogen donor atoms [36]. The electronic spectrum of
the [NiL] exhibit one band at 475 nm which can be assigned
to a d<d transition of the metal ion. The average energy
of this absorption is comparable to d<>d transitions of other
square-planar Schiff-base of nickel(Il) chelates with nitrogen
and oxygen donor atoms [37], which have reported values in
the range of 460-490nm. The electronic spectrum of [CoL]
is very similar to that reported for [Co(salen)]. The spectrum
of the [CoL] exhibits two bands at 570 and 630 nm which are
assigned to d<>d transitions. In addition, a lower energy absorp-
tion at 425 nm has been observed such low energy bands which
have recently been shown to be characteristic of square-planar
cobalt(Il) chelates [38]. This geometry is confirmed by the val-
ues of the effective magnetic moment (Table 1).

3.7. X-ray diffraction, surface area and micropore volume
study

The X-ray diffraction (XRD) patterns of zeolite contained
bis(salicylaldehyde)oxaloyldihydrazone; H,L; complexes are
similar to those of M(II)-NaY and the parent NaY zeolite.
The zeolite crystallinity is retained on encapsulating complexes.
Crystalline phase of free metal ions or encapsulation ligand com-
plexes were not detected in any of the patterns as their fine
dispersion in zeolite might have rendered them non-detectable
by XRD. The surface area and micropore volume of the cata-
lysts used in the oxidation reaction are presented in Table 3. The
encapsulation of metal complex reduced the surface area and
adsorption capacity of zeolite. The lowering of the pore volume
and surface area supported the fact that [ML]-NaY complexes
are present within the zeolite nanocages and not on the external
surface.

3.8. Catalytic activity

The major products of oxidation of cyclohexane are cyclohex-
anone and cyclohexanol. The zeolite-encapsulated complexes
did not undergo any colour change during the reaction and
could be easily separated and reused many times. In contrast,

Table 3
Surface area and pore volume data of bis(salicyaldehyde)oxaloyldihydrazone
metal(I) complexes encapsulated in nanopores of zeolite Y

Sample Surface area (m2/: 2)? Pore volume (ml/g) b
NaY 545 0.31
Mn(II)-NaY 535 0.30
[MnL]-NaY 390 0.19
Co(Il)-NaY 532 0.30
[CoL]-NaY 378 0.20
Ni(Il)-NaY 528 0.30
[NiL]-NaY 375 0.21
Cu(Il)-NaY 532 0.30
[CuL]-NaY 373 0.22

 Surface area is the “monolayer equivalent area” calculated as explained in
reference [29] and [30].
b Calculated by the r-method.

the neat complexes, while they were active in the first cycle,
were completely destroyed during the first run and changed
colour (Table 4). The bis(salicyaldehyde)oxaloyldihydrazone
ligand alone in the absence of metal were not catalytically active.
At the end of reaction, the catalyst was separated by filtrations,
thoroughly washed with solvent and reused under similar con-
ditions by AAS which showed no reduction in the amount of
metal.

The trend observed in Tables 4 and 5 can be explained by
the donor ability of ligand available in the complex catalysts.
As Wang and our work have pointed out recently, the key point
in the conversion of substrate to the products is the reduction
of L-M"*D* to L-M"™*. This reduction to L-M™* is facilitated
with the ligands available around the metal cation [39-41]. No
oxidation of cyclohexane occurred in the absence of the cata-
lyst. The transition metal salt, M(OAc),-xH>O did not catalyze
oxidation of cyclohexane under the above conditions.

The effect of transition metal complexes encapsulated in zeo-
lite; [ML]-NaY was studied on the oxidation of cyclohexane
with hydrogen peroxide in CH3CN and the results are shown in
Table 5. As shown in Table 5, oxidation has occurred with the

Table 4
Oxidation of cyclohexane with H;O, catalyzed by bis(salicyald-
ehyde)oxaloyldihydrazone transition metal complexes in CH3CN*

Catalyst Conversion (%) Selectivity (%)
Cyclohexanol Cyclohexanone
[MnL] 12.6 35.9 64.1
[CoL] 31.2 31.6 68.4
[NiL] 5.7 29.5 70.5
[CuL] 46.8 28.4 71.6
[CuL]P 29.1 57.6 424
[CuL]¢ 39.2 239 76.1
[CuL]¢ 20.0 17.6 82.4
% Reaction condition: time, 2h; cyclohexane, 10mmol; catalyst,

1.02 x 1075 mol; H,02, 20 mmol; CH3CN, 5ml.

b A similar procedure as system a was carried out with 0.5 x 10~ mol catalyst
instead of 1.02 x 107> mol.

© A similar procedure as system a was carried out with 2.04 x 10> mol cat-
alyst.

4 A similar procedure as system a was carried out with 4.08 x 10> mol cat-
alyst.
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Table 5
Oxidation of cyclohexane with H,O, catalyzed by HGNM in CH3CN?

Catalyst Conversion (%) Selectivity (%)
Cyclohexanol Cyclohexanone
[MnL]-NaY 8.4 25.9 74.1
[CoL]-NaY 28.6 22.4 77.6
[NiL]-NaY 2.1 20.3 79.7
[CuL]-NaY 429 17.5 82.5
[CuL]-NaY® 414 18.2 81.8
[CuL]-NaY*® 40.7 18.8 81.2
[CuL]-NaY¢ 40.2 19.3 80.7
[CuL]-NaY® 14.7 42.6 57.4
Cu(IT)-NaY 10.6 11.7 88.3
% Reaction condition: time, 2h; cyclohexane, 10mmol; catalyst,

1.02 x 107> mol; H,0,, 20 mmol; CH3CN, 5 ml.
b First reuse.
¢ Second reuse.
4 Third reuse.
¢ Poisoned.

formation of cyclohexanol and cyclohexanone. Oxidation with
the same oxidant in the presence of Cu(II)-NaY was 10.6%.
The increase of conversion from 10.6% to 42.9% compared to
Cu(II)-NaY with [CuL]-NaY indicates that the existence of lig-
and has increased the activity of the catalyst by a factor of 4.05.
From the indicated results in Table 5 it is evident that cyclo-
hexanone is selectively formed in the presence of all catalysts.
The activity of cyclohexane oxidation decreases in the series
[CuL]-NaY >[CoL]-NaY > [MnL]-NaY > [NiL]-NaY.

Under the studied reaction conditions, the catalyst showed
higher activity with CH3CN solvent compared to other solvents.
Solvent plays an important, and sometimes decisive role in cat-
alytic behavior because it can make different phases uniform,
thus promoting mass transportation, and could also change the
reaction mechanism by affecting the intermediate species, the
surface properties of catalysts and reaction pathways [39]. It
was found in our experiment that CH3 CN was the only solvent to
exhibit good catalytic activity under the described conditions in
the experimental section. In contrast, when CH3OH, C,H50H,
(CH3)2CO, CH3Cl and H,O were used as solvents, no activity
could be detected.

The recycle ability of encapsulated complexes; [CuL]-NaY;
has been tested in catalytic oxidation of cyclohexane. In a typ-
ical experiment the reaction mixture after a contact time of 2h
was filtered and after activating the catalyst by washing with
acetonitrile and drying at ca. 120 °C, it was subjected to further
catalytic reaction under similar conditions. No appreciable loss
in catalytic activity suggests that complex is still present in the
nanocavity of the zeolite-Y. The filtrate collected after separat-
ing the used catalyst was placed into the reaction flask and the
reaction was continued after adding fresh oxidant for another
2 h. The gas chromatographic analysis showed no improvement
in conversion and this confirms that the reaction did not proceed
upon removal of the solid catalyst. The reaction was, therefore,
heterogeneous in nature. No evidence for leaching of metal or
decomposition of the catalyst complex was observed during the
catalysis reaction and no metal could be detected by atomic
absorption spectroscopic measurement of the liquid reaction

100 ~

O Conversion M Cyclohexanol ®ECyclohexanone

80 -

Conversion (%)

[MnL] [CoL] [NiL]

Fig. 2. Conversion and oxidation products distribution in acetonitrile with neat
bis(salicyaldehyde)oxaloyldihydrazone complexes in the oxidation of cyclo-
hexane with hydrogen peroxide (Reaction condition: time, 2h; cyclohexane,
10 mmol; catalyst; 1.02 x 1073 mol).

mixture after each catalytic reaction. The IR spectrum of the
solid catalyst after reuse was also identical to the fresh catalyst.
Also, the catalytic behavior of the separated liquid was tested
by addition of fresh cyclohexane to the filtrates after each run.
Execution of the oxidation reaction under the same reaction con-
ditions, as with catalyst, showed that the obtained results are the
same as blank experiments.

The catalytic activities of encapsulated cobalt(Il), man-
ganese(Il), nickel(II) and copper(Il) complexes for the oxidation
of cyclohexane with hydrogen peroxide in acetonitrile are rep-
resented in Table 4 and Fig. 2. Zeolite Cu(II) complexes have

100

| O Conversion W Cyclohexanol mCyclohexanone|

P
80 A — LA
b

60 4

i

Conversion (%)

40 4

[MnL}-NaY  [CoL]-NaY  [NiL}-NaY¥  [CuL]-NaY
Fig. 3. Conversion and oxidation products distribution in acetonitrile with
HGNM in the oxidation of cyclohexane with hydrogen peroxide (Reaction

condition: time, 2 h; cyclohexane, 10 mmol; catalyst, 1.02 x 1073 mol).
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Fig. 4. Effect of temperature on substrate conversions in the oxidation of cyclo-
hexane with H,O; in the presence of [CuL]-NaY as catalyst (Reaction condition:
time, 2 h; cyclohexane, 10 mmol; catalyst, 1.02 x 1 03 mol).

exhibited reasonably good activity, whereas Mn(II), Ni(II) and
Co(Il) complexes are weakly active. Zeolite Cu(II) complexes
were thoroughly evaluated for catalytic efficiency at various
conditions; the results are given in Table 5 and Fig. 3. Encapsu-
lated Cu(Il) complexes are found to be active for the oxidations
in the presence of H,O; as initiator. It is interesting to note
that the catalytic performances of zeolite Cu(Il) complexes are
comparable to the activity exhibited by the encapsulated ligand
complexes reported earlier [42]. Tetrahedrally distorted square-
planar geometries of zeolite Cu(II) complexes may account for
their higher activity as the complexes readily provide the vacant
coordination sites for oxygen binding.

Effect of reaction temperature on cyclohexane conversion
is illustrated in Fig. 4. As expected, cyclohexane conver-
sion increased with increasing reaction temperature although
no conversion was detected when the reaction temperature
was below 25°C. However, high temperature led to a quick
decomposition of H,O»,, as a consequence, conversely low-
ering down the conversion. The optimum temperature was
60°C.

Fig. 5 shows that cyclohexane conversion increased with the
increase in the reaction time up to 2h. An attempt to further
increase the cyclohexane conversion by prolonging the reaction

50
45
40
354
304
254
20
151
104
5
0 T T T T

0.25 0.5 1 1.5 2 25 3
Time (h)

Conversion (%)

Fig. 5. Effect of time on substrate conversions in the oxidation of cyclohexane
with H,O; in the presence of [CuL]-NaY as catalyst (Reaction condition: time,
2 h; cyclohexane, 10 mmol; catalyst, 1.02 x 1073 mol).

time failed: about 94% of the added H,O, was consumed when
the reaction was carried out for 2 h.

Poison-tolerance of [CuL]-NaY was indirectly ascertained
by evaluating their activity for the oxidation of cyclohexane in
the presence of traces of pyridine which acts as a poison by coor-
dinating irreversibly at the active site. The extent of deactivation
of the catalyst, given by the loss in activity, could be related to
the mobility of poison molecules at the active site. The given
conversion results in Table 5 show that [CuL]-NaY has experi-
enced a higher degree of deactivation (66% loss in conversion).
It is widely believed that the stereochemical environment of the
active site has a profound influence on the mobility of molecules
at the reaction center and hence on the poison-tolerance.

The HGNM are believed to be stable and reusable [43—48].
In order to ascertain the stability, the catalyst samples were fil-
tered out after the reaction, washed with acetone and analyzed
by IR spectra. No changes in spectra were observed, indicat-
ing that the coordination in encapsulated complexes is retained.
Furthermore, the catalyst samples could be recovered from the
reaction mixture and reused without any major loss in activity
(Table 5). The recycling ability also points out the absence of any
irreversible deactivation of the encapsulated complexes, which
is one of the major drawbacks of unsupported metal complexes
in homogeneous catalytic reactions.

4. Conclusion

In the present study, we have prepared some monomeric tran-
sition metal complexes and characterized them on the basis of
data obtained from physicochemical and spectroscopic stud-
ies. The dihydrazone coordinates to the metal centre through
azomethine nitrogen atoms and phenolate oxygen atoms as a
tetradentate N»O» donor. The C=0 and N-H groups remain
uncoordinated. The transition metal centre has four coordinate
square-planar geometry in the complexes (cobalt(Il), nickel(IT)
and copper(Il)) while it has tetrahedral coordinate geometry in
the complexes (manganese(Il)). In all of the complexes, the prin-
cipal dihydrazone ligand is coordinated to the metal centre in
keto form in the anti-cis-configuration. Nanopores of zeolite-
encapsulated Mn(II), Co(Il), Ni(Il) and Cu(Il) complexes of
ligand and have been synthesized using the ship-in-a-bottle.
Encapsulated complexes exhibit fairly clear evidence in the
physico-chemical (XRD, BET) and IR spectral characteriza-
tion for the well-defined inclusion and distribution of complexes
in the nanopores of zeolite matrix. Tentative assignments are
made for the geometry of complexes on the basis of magnetic
moment, UV-vis and DRS data. Nanopores of zeolite copper(Il)
complexe; [CuL]-NaY; are reasonably good catalysts for the par-
tial oxidation of cyclohexane with hydrogen peroxide, whereas
Mn(II), Co(II) and Ni(Il) are weakly active. The encapsulated
complexes are believed to be stable and reusable due to the fol-
lowing reasons: (1) complexes are immobilized in the cavities,
(2) reduced formation of inactive oxo and peroxo dimeric and
other polymeric species in the cavities due to the steric effects
of zeolite framework and (3) the interaction of encapsulated
complexes with the zeolite lattice. This catalytic system showed
high activity in oxidation of cyclohexane under mild reaction
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conditions. Encapsulated complex, HGNM, can be recovered
and reused without the loss of catalytic activity. The catalytic
behavior could be mainly attributed to the geometry of encapsu-
lated complexes. Activity and poison-tolerance of the catalysts
are dependent on the mobility of molecules, which is related to
the diffusion limitations due to the steric hindrance at the metal
center.
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