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Nickel(II) tetradentate Schiff-base complexes of N,N0-(bis(pyridin-2-yl)formylidene)
ethane-1,2-diamine (L1), N,N0-(bis(pyridin-2-yl)formylidene)cyclohexane-1,2-diamine (L2),
N,N0-(bis(pyridin-2-yl)formylidene)benzene-1,2-diamine (L3), N,N0-(bis(pyridin-2-yl)formyli-
dene)meso-stilben-1,2-diamine (L4), and N,N0-(bis(pyridin-2-yl)formylidene)propane-1,3-dia-
mine (L5) were synthesized, characterized, and immobilized on sodium montmorillonite. The
complexes were characterized by IR spectroscopy, diffuse reflectance spectra (DRS), and
atomic absorption spectroscopy (AAS). IR and DRS data of the heterogeneous catalysts show
that the Ni(II) complexes were physically entrapped within the sodium montmorillonite clay.
The supported complexes show good catalytic activity for the epoxidation of cyclooctene using
tert-butylhydroperoxide (TBHP) as oxygen source in acetonitrile. The Ni-catalyzed oxidation
proceeds with 62.3% selectivity for epoxidation with 69% conversion for supported [Ni(L5)].

Keywords: Immobilization; Heterogeneous catalyst; Ni(II) Schiff-base complex; Oxidation;
Montmorillonite

1. Introduction

Transition metal complexes are powerful homogeneous catalysts in the oxidation
of organic compounds by various oxygen donors such as NaClO, H2O2, tert-
butylhydroperoxide (TBHP), and PhIO [1–3]. Catalytic oxidation of olefins is
important for the synthesis of fine chemicals. Epoxides have value in synthetic organic
chemistry and chemical technology [4–7]. Schiff-base complexes have been used as
homogeneous catalysts in epoxidation of olefins, oxidation of alkanes, alcohols and
thiols, electrochemical investigations, amine oxidation, and biological studies [8–11].
Biological and catalytic reactivity investigations of Ni(II) complexes of chelating
ligands incorporating pyridine, imidazole, and imine donors have increased [12].

Heterogenization of homogeneous catalysts onto solid supports has advantages
such as long catalytic life, easy separation, thermal stability, high selectivity, and easy
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recyclability [13, 14]. The efficiency of heterogenized catalysts has been found to be high
in comparison to unsupported catalysts because the aggregation of catalysts reduces
efficiency [15].

A general strategy for converting a homogeneous process into a heterogeneous one
is to anchor the soluble catalyst on to large surface inorganic supports [16, 17]. Many
different solid supports such as metal oxide [18], zeolite [19], and aluminophosphate [20]
have been used. Mixed metal exchanged zeolites, ion exchanged resins [21], and
polymerized complexes [22] have been applied in liquid phase epoxidation of olefins
[23]. Recent immobilization of catalysts on clay-based materials such as montmoril-
lonite, zeolites, and bentonite appear to be a fantastic method of hetrogenising
homogeneous catalysts [24]. Montmorillonite has attached the most interest and is a
widely used adsorbent for organic and inorganic compounds. A large variety of metal
complexes are intercalated by exchange procedure [25].

We have reported the synthesis, characterization, and catalytic reactivity of
vanadium(IV) and Cu(II) Schiff base complexes in our earlier work [6, 26].

In this manuscript, montmorillonite is used as the host for immobilization of several
Ni(II) complexes with N,N0-(bis(pyridin-2-yl)formylidene)ethane-1,2-diamine (L1),
N,N0-(bis(pyridin-2-yl)formylidene)propane-1,2-diamine (L2), N,N0-(bis(pyridin-2-yl)
formylidene)benzene-1,2-diamine (L3), N,N0-(bis(pyridin-2-yl)formylidene)cycohex-
ane-1,2-diamine (L4), and N,N0-(bis(pyridin-2-yl)formylidene)meso-stilben-1,2-diamine
(L5) (schemes 1 and 2). The resulting materials have been characterized using different
techniques and been tested for the selective epoxidation of cyclooctene using TBHP as
oxidant.
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Scheme 1. Nickel(II) Schiff base complexes.
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2. Experimental

2.1. Materials and physical measurements

All materials were commercial reagent grade with highest purity and were applied
as received. Solvents were purified using known procedures. In this study, 1,2-
Ethylenediamine, 1,3-propanediamine, 1,2-cyclohexanediamine, 1,2-diaminobenzene,
and 2-pyridine carbaldehyde were purchased from Merck chemical company. Sodium
montmorillonite was obtained from Fluka. Cyclooctene and cyclooctene epoxide were
purchased from Aldrich Chemical Company. 1H-NMR spectra were recorded using a
Bruker FT NMR 500 (500MHz) spectrophotometer (CDCl3 and (CD3)2SO). Elemental
analyses (carbon, hydrogen, and nitrogen) were performed using a Heraeus Elemental
Analyzer CHN-O-Rapid (Elementar-Analysesysteme, GmbH). Atomic absorption
analysis was carried out on a Shimadzu 120 spectrophotometer. The purity of the
solvents, cyclooctene, and analysis of the oxidation products determined with a
Shimadzu GC-170A gas chromatograph (GC) with a capillary column and flame
ionization detector (FID). Column temperature was programmed between 180�C and
200�C (2�Cmin�1). Nitrogen was used as carrier gas (40mLmin�1) at injection
temperature. FT-IR spectra were obtained with a Shimadzu 8400S spectrophotometer
in KBr pellets. The UV-Vis spectra were recorded using a Shimadzu UV-2101PC
spectrophotometer. Diffuse reflectance spectra (DRS) were taken by a Scinco 4100
from 200 to 1100 nm using BaSO4 as reference.

2.2. Synthesis of Schiff bases

The Schiff bases were prepared by the reaction of meso-1,2-diphenyl-1,2-ethylenedia-
mine [27], 1,2-ethylenediamine, 1,3-propanediamine, 1,2-orthophenylenediamine, and
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Scheme 2. Preparation of heterogeneous catalysts.
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1,2-cyclohexanediamine (2mmol) with two equivalents of pyridine-2-carboxaldehyde
(4mmol) in ethanol according to literature procedures [28, 29]. Analytical data were
in good agreement with literature data. For preparation of N,N0-(bis(pyridin-2-
yl)formylidene)meso-stilben-1,2-diamine (L5), meso-1,2-diphenyl-1,2-ethylenediamine
(0.424 g, 2mmol) and pyridine-2-carboxaldehyde (0.428 g, 4mmol) were mixed, stirred,
and refluxed in 45-mL absolute ethanol for 6 h. Then, the mixture was cooled and the
yellow precipitate collected by filtration, washed with ethanol, and dried in a desiccator.
Yield: 0.42 g (76%). Anal. Calcd for C26H22N4: C, 79.97; H, 5.68; and N, 14.35. Found:
C, 79.87; H, 5.65; and N, 14.27. IR (KBr, cm�1): 1653 [�(C¼N)]. 1H-NMR (500MHz,
CDCl3): 8.5 (s, 2H, PyCH¼N), 7.5–8 (m, 8H, Py), and 7–7.5 (m, 10H, Ar), (scheme 1).

2.3. Synthesis of [Ni(L1-5)](ClO4)2

All the complexes were prepared by the reaction of L1, L2, L3, L4, and L5 with
an equivalent amount of Ni(ClO4)2�6H2O in methanol. Caution! Although no problems
were encountered in this study, perchlorate salts containing organic ligands are
potentially explosive. Only a small amount of the material should be prepared and it
should be handled with care.

[Ni(L1)](ClO4)2. To a hot ethanolic solution (50mL) of Ni(ClO4)2�6H2O (1.094 g,
3mmol) N,N0-(bis(pyridin-2-yl)formylidene)ethane-1,2-diamine (L1) (0.714 g, 3mmol)
was added, and the mixture was vigorously stirred for 80min under reflux. The
resulting green precipitate was collected by filtration, washed with ethanol and
ether, and dried in air. Yield of [Ni(L1)](ClO4)2: 1.092 g (73.5%). Anal. Calcd for
C14H14N4Cl2O8Ni (%): C, 33.94; H, 2.83; N, 11.31; and C/N, 3.00. Found: C, 33.83;
H, 2.73; N, 11.21; and C/N, 3.01. %Ni (atomic absorption) Found (Calcd): 11.63
(11.86). IR (KBr, cm�1): 1651 [�(C¼N)], 1107 [�(ClO4)], [d!d]: 430 nm.

[Ni(L2)](ClO4)2. [Ni(L2)](ClO4)2 was prepared following the same procedure
described for [Ni(L1)](ClO4)2 except that L2 was used instead of L1. Yield: 1.17 g

0

10

20

30

40

50

60

70

80

0 200 400 600 800
Time (min)

%
 C

yc
lo

oc
te

ne
 c

on
ve

rs
io

n

[NiL1]@Mont
[NiL2]@Mont
[NiL3]@Mont
[NiL4]@Mont
[NiL5]@Mont

Figure 1. Effect of reaction time on catalytic oxidation of cyclooctene [cyclooctene] : [TBHP]¼ 1 : 1
at 2mol L�1 and 80�C.
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(71%). Anal. Calcd for C18H20N4Cl2O8Ni: C, 39.41; H, 3.64; N, 10.21; and C/N, 3.86.
Found: C, 39.23; H, 3.51; N, 10.1; and C/N, 3.88. %Ni (atomic absorption) Found
(Calcd): 10.48 (10.71) IR (KBr, cm�1): 1648 [�(C¼N)], 1098 [�(ClO4)], and [d!d]:
463 nm.

[Ni(L3)](ClO4)2. [Ni(L3)](ClO4)2 was prepared following the same procedure
except that L3 was used instead of L1. Yield: 1.00 g (�61.7%). Anal. Calcd for
C18H14N4Cl2O8Ni: C, 39.85; H, 2.58; N, 10.33; and C/N, 3.86. Found: C, 39.68;
H, 2.35; N, 10.53; and C/N, 3.77. %Ni (atomic absorption) Found (Calcd): 10.51
(10.83). IR (KBr, cm�1): 1651 [�(C¼N)], 1108 [�(ClO4)], and [d! d]: 420 nm.

[Ni(L4)](ClO4)2. [Ni(L4)](ClO4)2 was prepared following the same procedure
except that L4 was used instead of L1. Yield: 1.538 g (79%). Anal. Calcd for
C26H22N4Cl2O8Ni: C, 48.18; H, 3.4; N, 8.65; and C/N, 5.57. Found: C, 47.95; H, 3.27;
N, 8.82; and C/N, 5.44. %Ni (atomic absorption) Found (Calcd): 8.83 (9.06) IR
(KBr, cm�1): 1645 [�(C¼N)], 1103 [�(ClO4)], and [d! d]: 480 nm.

[Ni(L5)](ClO4)2. [Ni(L5)](ClO4)2 was prepared following the same procedure
except that L5 was used instead of L1. Yield: 1.156 g (�75.6%). Anal. Calcd
for C15H16N4Cl2O8Ni: C, 35.32; H, 3.14; N, 10.99; and C/N, 3.21. Found: C, 35.01;
H, 3.23; N, 11.23; and C/N, 3.12. %Ni (atomic absorption) Found (Calcd): 11.33
(11.51) IR (KBr, cm�1): 1643 [�(C¼N)], 1097 [�(ClO4)], and [d!d]: 434 nm.

2.4. Preparation of heterogeneous catalysts: [Ni(L1)]@Mont, [Ni(L2)]@Mont,
[Ni(L3)]@Mont, [Ni(L4)]@Mont and [Ni(L5)]@Mont

Ni(II) Schiff-base complex (0.85 g) was dissolved in 15mL hot methanol and slowly
added to 1 g of sodium montmorillonite in 10mL methanol. The mixture was heated
and stirred for 48 h under inert atmosphere. The resultant hot mixture was filtered,
washed with hot methanol, and then Soxhlet extracted with a mixture of 1 : 1 methanol
and acetone to remove unreacted Ni(II) complex. The resultant solid was filtered,
washed with hot methanol, and dried at 60�C under vacuum. [Ni(L1)]@Mont; Anal.
Found: C, 5.07; H, 7.47; N, 1.72; and C/N, 2.94; %Ni (atomic absorption): 1.83;
IR (KBr, cm�1): 1649 [�(C¼N)], and d! d: 431 nm. [Ni(L2)]@Mont; Anal. Found: C,
6.62; H, 7.17; N, 1.68; and C/N, 3.94; %Ni (atomic absorption): 1.78; IR (KBr, cm�1):
1647 [�(C¼N)], d! d: 461 nm. [Ni(L3)]@Mont; Anal. Found: C, 7.22; H, 6.84; N, 1.88;
C/N, and 3.84; %Ni (atomic absorption): 1.91; IR (KBr, cm�1): 1649 [�(C¼N)], d! d:
418 nm. [Ni(L4)]@Mont; Anal. Found: C, 7.76; H, 7.35; N, 1.43; and C/N, 5.42; %Ni
(atomic absorption): 1.43; IR (KBr, cm�1): 1643 [�(C¼N)], d! d: 479 nm.
[Ni(L5)]@Mont; Anal. Found: C, 5.34; H, 9.44; N, 1.75; and C/N, 3.05; %Ni
(atomic absorption): 1.73; IR (KBr, cm�1): 1641 [�(C¼N)], d! d: 435 nm.

2.5. Catalytic oxidation of cyclooctene

Oxidation of cyclooctene using various homogeneous and heterogeneous catalysts
was carried out in a 25mL Schlenk tube. All glassware was oven-dried prior to use.
The system was purged with argon. In a typical experiment, a mixture of catalyst
(1.34� 10�4mol), freshly distilled acetonitrile (10mL), 20mmol freshly distilled

Heterogeneous catalysts for oxidation 1841
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cyclooctene, and 20mmol of TBHP was refluxed for 8 h. After filtration (heterogeneous
catalysts), the solid was washed with acetonitrile. The filtrate was then subjected to
GC analysis.

3. Results and discussion

3.1. Characterization of catalysts

TetradentateN4-type Schiff bases were obtained by the reaction ofmeso-1,2-diphenyl-1,2-
ethylenediamine, 1,2-ethylenediamine, 1,3-propanediamine, 1,2-orthophenylenediamine,
and 1,2-cyclohexanediamine (2mmol) with two equivalents of pyridine-2-carboxalde-
hyde. IR spectra of the ligands show C¼N stretch at 1641–1651 cm�1. The Ni(II)
complexes have C¼N stretches centered at 1655� 5 cm�1 which shift approximately
8–10 cm�1 to lower wavenumber upon coordination. The absorbance at 1100 cm�1 is
assigned for the perchlorate of complexes. IR spectra of heterogeneous catalysts
at 1641–1649 cm�1 are assigned to C¼N stretch [30–32]. The C¼N stretch of
heterogeneous catalysts with slightly different wavenumbers show that the complexes
are physically entrapped within the clay. The overall geometries of the Ni(II)
complexes have been deduced from band positions in electronic spectra [32].
Electronic absorptions of Ni(II) complexes at 420–480 nm can be attributed to d–d
transitions, in agreement with square-planar Ni(II) complexes [33]. Comparison of
DRS of the heterogeneous Ni(complex)@mont catalysts and electronic absorption
bands of the Ni(II) complexes show that the Ni(II) complexes are physically
entrapped within the sodium montmorillonite clay. The immobilization process
was confirmed by the color change of the clays from light cream to light green.
The suspended materials were filtered, washed with methanol, and dried in air. The
heterogeneous catalysts were stable in solvents such as methanol, dichloromethane,
acetonitrile, and water as they released no Ni(II) complexes even after stirring in these
solvents for several days.

The molecular formulas of the complexes have been assigned from their elemental
analyses. The chemical compositions confirmed the purity and stoichiometry of the neat
and entrapped complexes. The nickel contents of the heterogeneous catalyst and
complexes were estimated using atomic absorption spectroscopy (AAS). The chemical
analyses of the samples reveal the presence of organic matter with a C/N ratio roughly
similar to that for neat complexes. The analytical data of each heterogeneous catalyst
show C :N :Ni molar ratios almost close to those calculated for the Ni(II) complexes.

3.2. The catalytic activity of heterogeneous catalysts for the oxidation of cyclooctene
by TBHP

Ni(II) heterogeneous catalysts were tested for oxidation of cyclooctene. The conversion
increases with increasing reaction time but levels off after 8 h (figure 1). The percent
conversion increases with increasing molar ratio of [cyclooctene] : [TBHP] from 0.5 to
1.0 and decreasing from 1.0 to 2.0. The conversion of cyclooctene was maximum at 1 : 1
molar ratio of [cyclooctene] : [TBHP] (figure 2). The effect of reaction temperature
on conversion of cyclooctene was studied by varying the temperature in 10mL

1842 A. Bezaatpour et al.
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acetonitrile at 2mol L�1 [cyclooctene] and [TBHP] and 1.34� 10�4mol catalyst.
The conversion increases with increasing temperature from 25�C to 80�C (figure 3).
Typical catalytic reaction conditions involve acetonitrile (10mL) solutions at 78� 2�C,
cyclooctene (20mmol), TBHP (20mmol), and catalyst (1.34� 10�4 mol) stirred for 8 h.
The final solution exhibited no color and no presence of metal was detected in the
solution, confirmed by AAS. Under these conditions, cyclooctene was oxidized to a
mixture of epoxide, ketone, alcohol, and peroxide. The product distributions in the
oxidation of cyclooctene by homogeneous and heterogeneous catalysts are shown
in tables 1 and 2. Homogeneous complexes form oxo and peroxo dimeric and other
polymeric species that deactivate catalysts. This is solved by immobilizing of the metal
complexes the solid supports, where dimeric and polymeric species will not form.
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Figure 2. Effect of [cyclooctene] : [TBHP] ratio on cyclooctene conversion at 80�C.
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Figure 3. The effect of reaction temperature on conversion of cyclooctene at 2mol L�1 and
[cyclooctene] : [TBHP]¼ 1 : 1.
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Comparison of tables 1 and 2 shows that heterogeneous catalysts gave higher percent
conversion of cyclooctene than their corresponding metal complexes. The Ni-catalyzed
oxidation proceeds with 62.3% selectivity for epoxidation with 69% conversion for
[Ni(L5)]@Mont (table 2). The product selectivity for the oxidation of cyclooctene
catalyzed by heterogeneous Ni(II) complexes is shown in figure 4. Catalytic reactions
are not affected by light. In the absence of catalysts or neat clay, (15–20%) oxidation
occurs with low conversion.

Table 2. Catalytic oxidation of cyclooctene with TBHP catalyzed by heterogeneous Ni(II) complexes in
10mL acetonitrile, with 1.34� 10�4mol catalyst for 8 and 12 h at reflux with cyclooctene and
TBHP¼ 20mmol.

Selectivity (%)

Catalyst
Time
(h)

Conversion
(%)

O OH O O

O Bu

[Ni(L1)]@Monta 8 65 62.5 27.3 5.2 5
[Ni(L1)]@Mont 12 67.6 65 23.6 4.6 6.8
[Ni(L1)]@Montb 8 62 63 29 3.5 4.5
[Ni(L1)]@Montc 8 60 62.2 29.6 3.1 5.1
[Ni(L2)]@Monta 8 62.1 55 27 11 7
[Ni(L2)]@Mont 12 66 53 25.5 15 6.5
[Ni(L2)]@Montb 8 60.1 52.9 29.6 10.8 6.7
[Ni(L2)]@Montc 8 58.2 53.6 26.8 11.5 8.1
[Ni(L3)]@Monta 8 56 57 18 19 6
[Ni(L3)]@Mont 12 59 51 26.9 14 8.1
[Ni(L3)]@Montb 8 54.2 54.7 20.4 17.6 7.3
[Ni(L3)]@Montc 8 53.2 53.2 19.8 16.9 10.1
[Ni(L4)]@Monta 8 36.5 70 15.9 11.2 2.9
[Ni(L4)]@Mont 12 41.2 64 21.2 14.8 –
[Ni(L4)]@Montb 8 34.3 69 14.4 12.5 4.1
[Ni(L4)]@Montc 8 33.8 68.2 15.3 10.8 5.7
[NI(L5)]@Monta 8 63 66 19 9.9 5.1
[Ni(L5)]@Mont 12 69 62.3 22.3 12.5 2.9
[Ni(L5)]@Montb 8 61.5 65.1 18.1 10.5 6.3
[Ni(L5)]@Montc 8 60.3 64 16.2 15 4.8

aFirst reuse; bSecond reuse; cThird reuse

Table 1. Results of catalytic oxidation of cyclooctene with TBHP catalyzed by Ni(II) complexes in 10mL
acetonitrile, with 1.34� 10�4mol catalyst for 8 h at reflux with cyclooctene and TBHP¼ 20mmol.

Selectivity (%)

Catalyst Conversion (%)

O OH O O

O Bu

[Ni(L1)](ClO4)2 47 63.5 19.9 9.1 7.5
[Ni(L2)](ClO4)2 41 48.8 24.5 21.8 4.9
[Ni(L3)](ClO4)2 32 55.4 20.7 19.3 4.6
[Ni(L4)](ClO4)2 37 59.7 17.6 14.7 8
[Ni(L5)](ClO4)2 45 53.8 21.8 17.9 6.5
Ni(ClO4)2 14 19.4 26.5 46.3 7.8
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The most important advantage of these heterogeneous Ni(II) catalysts is the increase
of complex stability in reaction media and easy reuse of the catalyst after simple
filtration. The catalytic activity and selectivity of immobilized Ni(II) complexes do not
change after three times of reuse (figure 5). The catalysts can be reused after washing
with CH2Cl2 and drying under vacuum at 80�C.

The transition metal-catalyzed oxidation of alkenes in the presence of TBHP can
proceed via two mechanisms, one involving high valent metal oxo/peroxo species
and the other involving free radical intermediates [34]. For the present catalyst
systems, Ni(II) is reduced to Ni(I) by decomposition of TBHP to t-BuOO� and proton.

[NiL1] [NiL2] [NiL3] [NiL4] [NiL5]

Epoxy
Alcohol

Ketone

Peroxy
0

10

20

30

40

50

60

70

%
 S

el
ec

tiv
ity

[NiLx]@mont catalysts

Figure 4. Product selectivity for oxidation of cyclooctene catalyzed by heterogeneous Ni(II) complexes
at 2mol L�1, 80�C and [cyclooctene] : [TBHP]¼ 1 : 1.
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Figure 5. Conversion vs. reuse of heterogeneous Ni(II) catalysts.
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The proton would balance the charge deficiency of Ni(II)/Ni(I) conversion, while
t-BuOO� subsequently adds to cyclooctene and leads to the corresponding epoxide,
alcohol, ketone, and peroxide. A suggested mechanism for catalytic oxidation of
cyclooctene by heterogeneous catalyst in the presence of TBHP is shown in scheme 3.

4. Conclusion

We report the synthesis and characterization of five new heterogeneous catalysts
prepared by the immobilization of tetradentate N4 type Ni(II) Schiff-base complexes
into pillared sodium montmorillonite clay matrix. The DRS and IR data show that
these complexes are physically supported in the matrix. These catalysts are heteroge-
neous and efficient chemoselective catalysts for the epoxidation of cyclooctene with
TBHP as oxygen source in acetonitrile. These catalysts can be reused three times
without significant decrease in catalytic activity.
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OOtBu
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O OHOOtBu

mont-LNi2+ + t-BuOOH              mont-LNi+ + t-BuOO + H
+

mont-LNi+ + t-BuOOH              mont-LNi2+ + t-BuO + OH–.

.

2t-BuOOH           t-BuOO + t-BuO +H2O
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2t-BuOO            2t-BuO +O2
. .
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Scheme 3. Suggested mechanism for catalytic oxidation of cyclooctene by TBHP.
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