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a b s t r a c t

Two new complexes, [MII(L)(Cl)(H2O)2]·H2O (where M = Ni or Ru and L = heterocyclic Schiff base, 3-
hydroxyquinoxaline-2-carboxalidene-4-aminoantipyrine), have been synthesized and characterized by
elemental analysis, FT-IR, UV–vis diffuse reflectance spectroscopy, FAB-MASS, TG–DTA, AAS, cyclic
voltammetry, conductance and magnetic susceptibility measurements. The complexes have a distorted
octahedral structure and were found to be effective catalysts for the hydrogenation of benzene. The influ-
eywords:
chiff base complex
uthenium(II)
ickel(II)
atalysis
enzene hydrogenation

ence of several reaction parameters such as reaction time, temperature, hydrogen pressure, concentration
of the catalyst and concentration of benzene was tested. A turnover frequency of 5372 h−1 has been found
in the case of ruthenium complex for the reduction of benzene at 80 ◦C with 3.64 × 10−6 mol catalyst,
0.34 mol benzene and at a hydrogen pressure of 50 bar. In the case of the nickel complex, a turnover
frequency of 1718 h−1 has been found for the same reaction with 3.95 × 10−6 mol catalyst under similar
experimental conditions. The nickel complex shows more selectivity for the formation of cyclohexene
while the ruthenium complex is more selective for the formation of cyclohexane.
. Introduction

Hydrogenation of aromatic compounds to aliphatic cyclic prod-
cts is an important reaction with potential applications in
hemical industry [1–8]. Health risks related to aromatic com-
ounds, such as benzene and some polyaromatic compounds have
ncouraged legislators to tighten the restrictions on aromatic con-
ent in fuels and solvents. Reduction of benzene is of immense
pplication in the industry, as the product, cyclohexene, is used as
raw material for the production of adipic acid and caprolactam,
oth of which are intermediates used in the production of Nylon
and Nylon 66 [9]. Various metal-based catalysts including those

f ruthenium and nickel have been extensively used for the partial
nd complete reduction of benzene [10–20].

The catalytic reduction of benzene nucleus generally requires
ore severe conditions than that of simple olefins [21]. Even

hough a lot of success has been achieved with regard to tran-

ition metal complex catalyzed hydrogenation of olefins [22–25],
here are only few reports on studies involving hydrogenations
f arenes using homogeneous metal complex catalysts [26–32].

few homogeneous ruthenium-based catalysts have been pre-

∗ Corresponding author. Tel.: +91 484 2575804.
E-mail addresses: yusuff@cusat.ac.in, yusuff15@yahoo.com (K.K.M. Yusuff).

1 Tel.: +91 484 2575804.

381-1169/$ – see front matter © 2009 Elsevier B.V. All rights reserved.
oi:10.1016/j.molcata.2009.02.011
© 2009 Elsevier B.V. All rights reserved.

pared and used as catalysts for hydrogenation of aromatics
[33–39]. It is therefore considered as challenge to prepare new
and effective homogeneous catalysts for hydrogenation of aro-
matic compounds. We have synthesized two new complexes,
having the general molecular formula, [MII(L)(Cl)(H2O)2]·H2O,
where M = Ni or Ru and L = 3-hydroxyquinoxaline-2-carboxalidene-
4-aminoantipyrine, which exhibited excellent catalytic activity
towards the hydrogenation of benzene. The results of these studies
are presented in this paper.

2. Experimental

2.1. Materials

RuCl3·3H2O and NiCl2·6H2O purchased from Sigma–Aldrich
Chemicals Private Limited (Bangalore, India), were used as-
supplied. All other chemicals used were analytical reagent grade.
Organic solvents used were purified and dried by standard meth-
ods. Hydrogen gas with >99.8% purity supplied by Sterling Gases
Ltd. (Cochin, India), was used as such.
2.2. Synthesis of the ligand

The details regarding the synthesis and characterisation of
the Schiff base ligand, 3-hydroxyquinoxaline-2-carboxalidene-4-
aminoantipyrine (L), is given as the supplementary information.

http://www.sciencedirect.com/science/journal/13811169
http://www.elsevier.com/locate/molcata
mailto:yusuff@cusat.ac.in
mailto:yusuff15@yahoo.com
dx.doi.org/10.1016/j.molcata.2009.02.011
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.3. Synthesis of the [RuII(L)(Cl)(H2O)2]·H2O

The ligand, L (1 mmol, 0.36 g) was dissolved in an aqueous solu-
ion (250 mL) of NaOH (1 mmol, 0.04 g). A solution of RuCl3·3H2O
1 mmol, 0.26 g) in water (25 mL) was added drop-wise to this solu-
ion of the ligand. The yellowish green complex separated was
ltered and washed with 1:9 methanol–water (to remove any salts)
nd with diethylether. It was then dried in vacuum over anhydrous
alcium chloride in a desiccator.

Yield: 80%. Anal. Calcd. for C20H22ClN5O5Ru (548.94): C, 43.76;
, 4.04; N, 12.76; Cl, 6.46; Ru, 18.41. Found: C, 43.70; H, 3.98; N,
2.71; Cl, 6.41; Ru, 17.99. �M (DMF, ohm−1 cm2 mol−1): 4.20.

.4. Synthesis of the [NiII(L)(Cl)(H2O)2]·H2O

A procedure similar to that of the synthesis of ruthenium com-
lex was adopted for preparation of the nickel complex using
iCl2·6H2O (1 mmol, 0.24 g). The complex separated has an orange

ed colour.
Yield: 86%. Anal. Calcd. for C20H22ClN5O5Ni (506.56): C, 47.42;

, 4.38; N, 13.83; Cl, 7.00; Ni, 11.59. Found: C, 47.30; H, 4.25; N,
3.76; Cl, 6.89; Ni, 11.45. �M (DMF, ohm−1 cm2 mol−1): 4.36.

.5. Methods

Microanalyses of the compounds were done with an Elemen-
ar Vario EL III CHNS elemental analyzer. Room-temperature FT-IR
pectra were recorded as KBr pellets with a JASCO FTIR 4100 Spec-
rophotometer in the 4000–400 cm−1 range and far-IR spectrum
f the complex was recorded using polyethylene pellets in the
00–100 cm−1 region on a Nicolet Mega 550 FTIR Instrument.
lectronic spectrum of the ligand was recorded on a Thermo-
lectron Nicolet Evolution 300 UV-Vis spectrophotometer. Diffuse
eflectance spectra of the complexes were recorded at room
emperature in a Jasco V 570 UV-Vis spectrophotometer in the
avelength range 200–1800 nm with a scanning rate 200 nm/min.
bsorbance spectra were obtained from the reflectance spectra by
eans of Kubelka–Munk transformations. FAB mass spectra were

ecorded at room temperature on a JEOL SX 102/DA-6000 mass
pectrometer in m-nitrobenzyl alcohol matrix. X-band EPR spec-
ra of the ruthenium complex were taken in solid state and in
MF at LNT using Varian E-112 X/Q band spectrophotometer. The
olar conductivity of the complex was measured using a Systronic

onductivity bridge type 305 in DMSO. Chlorine was estimated
ravimetrically using the standard procedure [40] after fusing the
omplex in sodium carbonate/sodium peroxide mixture. Estima-
ion of nickel and ruthenium was carried out on a Thermo Electron
orporation, M series Atomic Absorption Spectrophotometer. Mag-
etic susceptibility measurements were done at room temperature
n a Magway MSB Mk 1 Magnetic Susceptibility Balance. TG–DTA
nalysis was carried out under air and nitrogen with a heating rate
f 20 ◦C/min using a Perkin Elmer Pyres Diamond TG/DTA analyser.
yclic voltammetric studies of the ruthenium complex in acetoni-
rile were carried out with a BAS EPSILON Electrochemical Analyser
sing glassy-carbon working electrode with a scan rate of 100 mV/s.
Pt wire and Ag/AgCl were used as counter and reference elec-

rodes, respectively.
All catalytic runs were carried out in a 100 mL bench top mini-

eactor made of stainless steel 316 (Autoclave Engineers, Division
f Snap-tite, Inc. PA). Hydrogenation was performed by charging
he reactor with known quantities of the catalyst and benzene.

ir was flushed out of the reactor with low-pressure of hydrogen,
fter which the inlet valve was closed and heating commenced
ith stirring at 600 rpm. When the designated temperature was

eached, hydrogen was fed to the reactor to a predetermined pres-
ure, which was maintained throughout the reaction with the help
sis A: Chemical 304 (2009) 191–198

of a mass flow meter. The reaction was carried out for 2 h over
the pressure range 10–50 bar, temperature range 60–140 ◦C, vary-
ing the catalyst from 1.0 to 3.0 mg and benzene concentration from
9.36 to 15.60 mol l−1. During the run, samples (about 0.5 mL each)
were withdrawn periodically and analyzed using a Chemito 8510
Gas Chromatograph with FID detector. The column used was Chro-
mosorb W and nitrogen was used as the carrier gas. Products of the
reaction were identified by using Varian 1200 L Single Quadrupole
GC–MS with helium as the carrier gas and VF-5MS as column.

3. Results and discussion

During the complexation step an equivalent amount of aqueous
NaOH was added to the ligand to convert the iminol –OH to enolate
form, which renders the coordination of enolate oxygen and easy
separation of the complexes. The ruthenium complex separates
as a yellowish green and the nickel complex as orange red solid.
Both the complexes are stable in air and are soluble in methanol,
dichloromethane, acetonitrile, benzene, toluene, DMF and DMSO.
However, our attempts to prepare single crystals suitable for X-ray
crystal structure determination were not successful.

3.1. Elemental analysis and FAB mass spectrum

The elemental analyses show that the molecular formula of the
nickel complex is [Ni(L)(Cl)(H2O)2]·H2O and that of the ruthenium
complex is [Ru(L)(Cl)(H2O)2]·H2O. FAB mass spectrum of the nickel
complex shows the molecular ion peak at m/z = 506, which is in
agreement with the elemental analysis data. The peaks observed
at m/z, 488, 470, 452 and 417 correspond to [NiLCl(H2O)2]+,
[NiLCl(H2O)]+, [NiLCl]+ and [NiL]+ respectively. For the ruthenium
complex, molecular ion peak observed at m/z = 549 agrees with the
formula obtained from the elemental analysis. The peaks at m/z,
531, 513, 495 and 460 can be attributed due to [RuLCl(H2O)2]+,
[RuLCl(H2O)]+, [RuLCl]+ and [RuL]+ respectively. In both cases the
peak at m/z, 360 is due to the free ligand moiety.

Magnetic moment of the Ni(II) complex is 2.76 BM, which
suggests a high-spin octahedral structure for the complex [41].
Although we used RuCl3·3H2O for the synthesis, the complex is
formed in the 2+ oxidation state, which is evident from the molec-
ular formula, [Ru(L)(Cl)(H2O)2]·H2O and the diamagnetic and EPR
silent nature of the complex.

3.2. Cyclic voltammetry of the ruthenium complex

The cyclic voltammograms of the ligand and [RuII(L)(Cl)
(H2O)2]·H2O at 300 K were taken to have more insight into the oxi-
dation state of the ruthenium and are shown in Fig. 1. Concentration
of the ligand as well as that of the complex was 5 × 10−5 mol l−1

and the supporting electrolyte used was tetra n-butylammonium
hexafluorophosphate (0.1 mol l−1). The solution was purged with a
continuous flow of N2 gas before scanning.

Cyclic voltammogram of the ligand displayed a quasi-reversible
redox process with a peak-to-peak separation 203 mV. The
reduction occurs at a cathodic peak potential of −0.873 V (Epc)
and oxidation occurs upon scan reversal at an anodic poten-
tial of −0.670 V (Epa). Therefore the ligand is susceptible to
easy oxidation and reduction, which might be the reason for
the formation of the ruthenium(II) complex. The less nega-
tive value of reduction potential for this ligand compared to
other pyrazine derivatives, such as 2,3-bis(2′-pyridyl)-pyrazine

(E1/2 = −1.80 V), 2,3-bis(2′-pyridyl)-quinoxaline (E1/2 = −1.43 V),
2,3-di(2′-pyridyl)(benzo(g)quinoxaline) (E1/2 = −1.29 V) and 6,7-
dichloro-2,3-bis(2′-pyridyl)-quinoxaline (−1.18 V) [42–44], may be
due to the presence of the oxygen atoms directly bonded to the
pyrazine ring of the ligand.



V. Arun et al. / Journal of Molecular Catalysis A: Chemical 304 (2009) 191–198 193

Fig. 1. Cyclic voltammograms of: (a) the ligand and (b) t
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Fig. 2. FT-IR spectrum of [RuII(L)(Cl)(H2O)2]·H2O.

Cyclic voltammogram of the ruthenium complex shows two
uasi-reversible redox processes occurring at negative potential
nd with a peak-to-peak separation (�Ep value) of 182 and 209 mV
espectively [22]. The first redox process occurs with the cathodic
eak potential at −0.870 V (Epc) and anodic peak potential at
0.688 V (Epa) and peaks for the second redox process occur at a
igher negative value (Epc = −1.314 V and Epa = −1.105 V) suggesting
he ligand-centred nature for the process. Due to this ligand-
entred nature, the peak potentials for Ru(II)/Ru(III) couple get
hifted to more negative potential.

.3. Infrared spectra

IR spectra of the complexes are given in Figs. 2 and 3. The free lig-
nd exhibit amide-iminol tautomerism and in the solid-state amide
orm predominates which is evidenced by a strong �(C O) band
t 1670 cm−1 [45]. The ligand is coordinated to the metal through

he enolate oxygen in the iminol form. This coordination is evi-
enced by the changes in the phenolic �(C–O) stretching observed
t 1306 cm−1 in the free Schiff base. On complexation this band is
hifted to 1312 cm−1 in the spectrum of ruthenium complex and

Fig. 3. FT-IR spectrum of [NiII(L)(Cl)(H2O)2]·H2O.
he [RuII(L)(Cl)(H2O)2]·H2O in acetonitrile at 300 K.

to 1310 cm−1 in the spectrum of nickel complex [46]. The band at
1656 cm−1 due to the C O group of the antipyrine part of the ligand
is shifted to 1650 cm−1 in complexes indicating the involvement of
this group in coordination [47]. The ligand contains different types
of �(C N) bonds and they are not well resolved in the spectrum.
The azomethine –CH N band is superimposed with that of the
C O group of the amide tautomer and appears as a weak band at
1637 cm−1 in the case of free ligand. The participation of azome-
thine nitrogen atom in chelation is evidenced by an increase of
the stretching frequency to 1670 cm−1. This increase in azomethine
stretching frequency on coordination might be due to the exten-
sive delocalization of the �-electrons in fully conjugated Schiff base
ligand. The weak bands corresponding to the C N of the quinoxa-
line rings are seen in the range 1616–1565 cm−1. The coordination
of phenolic oxygen is supported by the appearance of a band at
448 cm−1 due to Ru–O stretching in the ruthenium complex [48].
The new band observed at 444 cm−1 may be due to the �(Ni–O)
of the nickel complex [49]. In addition, the �(M–N) stretch in the
ruthenium and nickel complexes appears as a strong band at 426
and 246 cm−1 respectively [48,50]. The band observed at 325 cm−1

in the far-IR spectrum of the complex might be due to the �(Ru–Cl)
[51]. For the ruthenium complex, ı(O–H) of the coordinated water
molecules are observed at 1162 and 1185 cm−1 and the �(O–H) is
observed as a broad band at 3442 cm−1 [52]. In the case of nickel
complex, the ı(O–H) appears at 1163 and 1173 cm−1 and the �(O–H)
at 3421 cm−1 as a broad band [53].

3.4. Electronic spectra

The electronic spectra of the complexes were recorded in the
solution state and in the solid state. In solution spectrum, the
ligand-centered bands gets dominated and hence d–d bands could
not be observed. The solution spectra of the ligand and its nickel
and ruthenium complexes (10−4 mol l−1) in acetonitrile are shown
in Fig. 4. But in the solid-state diffuse reflectance spectra, the d–d
bands were seen due to the high concentration of the complexes.

The diffused reflectance spectra of the ruthenium and nickel
complexes are shown in Figs. 5 and 6. The ground state of ruthe-
nium(II) in an octahedral environment is 1A1g, arising from the
t6
2g configuration. The excited states corresponding to the t2g

5eg
1

configuration are 3T1g, 3T2g, 1T1g and 1T2g. Hence, four bands cor-
responding to the transitions 1A1g → 3T1g, 1A1g → 3T2g, 1A1g → 1T1g
and 1A1g → 1T2g are possible in the order of increasing energy.
The transition 1A1g → 1T2g is not observed in the present com-
plex, as it might have been masked by the charge transfer band
at 486 nm (20 570 cm−1). The shoulder bands observed at 645 nm

(15 500 cm−1), 840 nm (11,900 cm−1) and 1422 nm (7030 cm−1)
might be due to 1A1g → 1T1g and spin forbidden 1A1g → 3T2g and
1A1g → 3T1g transitions respectively.

For octahedral/pseudo-octahedral nickel(II) complexes, the
crystal field theory allows for three spin allowed d–d transitions,
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Fig. 4. UV–vis spectra of: (a) the [NiII(L)(Cl)(H2O)2]·H2O, (b) [RuII(L)(Cl)(H2O)2]·H2O,
and (c) ligand in acetonitrile.
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erties, an octahedral structure is proposed for these nickel(II) and
ruthenium(II) complexes (Fig. 9). The octahedral coordination is
Fig. 5. Diffuse reflectance spectrum of [RuII(L)(Cl)(H2O)2]·H2O.

amely 3A2g(F) → 3T2g(F), 3A2g(F) → 3T1g(F) and 3A2g(F) → 3T1g(P)
54]. The first two bands appear over the near-IR range
940–9520 cm−1 corresponding to transitions 3A2g(F) → 3T2g(F)
nd 3A2g(F) → 3T1g(F) respectively. In the visible region of the spec-
rum only one band corresponding to 3A2g(F) → 3T1g(P) transition
ppears at 20 830 cm−1. Besides this, two spin forbidden transitions
3A2g(F) → 1Eg(D) and 3A2g(F) → 1T2g(D)) are often observed in the
ase of octahedral nickel(II) complexes and the position of these
ands can be either close to the lowest energy spin allowed transi-

ion to the 3T2g state or close to 3T1g [55]. Here the band observed
t 5980 cm−1 may be due to the spin-forbidden 3A2g(F) → 1Eg(D)
ransition.

Fig. 7. TG–DTA curves of [Ru
Fig. 6. Diffuse reflectance spectrum of [NiII(L)(Cl)(H2O)2]·H2O.

3.5. Thermal analysis

Thermal stability of the complexes was investigated
using TG–DTA at a heating rate of 20 ◦C/min in nitrogen/air
over a temperature range of 40–1000 ◦C. TG–DTA curves of
[RuII(L)(Cl)(H2O)2]·H2O are shown in Fig. 7. In the nitrogen atmo-
sphere the mass loss up to 85 ◦C (calc. 3.28%; found 3.10%) is due
to the loss of lattice water. A mass loss in the temperature range
85–240 ◦C (calc. 6.02%; found 5.92%) corresponds to the loss of two
coordinated water molecules. The mass loss due to the removal of
coordinated chlorine occurs in the temperature range 240–280 ◦C
(calc. 6.25%; found 6.10%), followed by the decomposition of ligand,
which takes place in two steps. The decomposition was not seen
to be completed even after 1000 ◦C. DTA study reveals that all the
decomposition stages are exothermic in nature. TG curve recorded
in air is almost similar in nature; however the decomposition takes
place at lower temperatures. The final residue was found to be RuO
(calc. 21.32%; found 20.72%).

The TG–DTA thermograms of [NiII(L)(Cl)(H2O)2]·H2O are shown
in Fig. 8. In nitrogen, a loss of weight in the temperature range
40–130 ◦C (calc. 3.56%; found 3.20%) is due to the loss of lattice
water. The two coordinated water molecules are seen to lose in the
temperature range 130–250 ◦C (calc. 7.11%; found 6.92%) followed
by the removal of coordinated chlorine in the range 250–305 ◦C
(calc. 7.00%; found 6.86%). Then the decomposition of the ligand
takes place and was not seen to be completed even after 1000 ◦C.
Thermal decomposition of the complex in air takes place at a lower
temperature and the residue was found to be NiO.

Based on the above analytical data and physicochemical prop-
satisfied by two water molecules, one chlorine atom and hydroxyl
oxygen, azomethine nitrogen and oxygen of the pyrazoline ring of
the ligand.

II(L)(Cl)(H2O)2]·H2O.
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Fig. 8. TG–DTA curves of [N
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(2 mg) constant. A beneficial effect of hydrogen pressure is shown in
the hydrogenation of benzene, since the conversion increases from
10 up to 50 bar (Fig. 11). The nickel complex showed a higher selec-
tivity for cyclohexene, whereas the ruthenium complex is more
selective for cyclohexane (Tables 1 and 2).

Fig. 10. Effect of catalyst: where a = conversion by [RuII(L)(Cl)(H2O)2]·H2O;
b = conversion by [NiII(L)(Cl)(H2O)2]·H2O; c = cyclohexane selectivity for
[RuII(L)(Cl)(H2O)2]·H2O; d = cyclohexene selectivity for [RuII(L)(Cl)(H2O)2]·H2O;
e = cyclohexene selectivity for [NiII(L)(Cl)(H2O)2]·H2O; f = cyclohexane selectivity
for [NiII(L)(Cl)(H2O)2]·H2O.
Fig. 9. Proposed structures for the complexes.

.6. Catalytic activity towards the hydrogenation of benzene

The partial and complete reduction of benzene results in the for-
ation of cyclohexene and cyclohexane respectively (Scheme 1).

he activity of some common metals towards the hydrogena-
ion of benzene and alkyl benzene decreases in the order
h > Ru > Pt > Ni > Pd > Co [56]. We carried out benzene hydro-
enation using [RuII(L)(Cl)(H2O)2]·H2O and [NiII(L)(Cl)(H2O)2]·H2O
omplexes as catalysts. A detailed catalytic study towards the
eduction of benzene using these complexes was carried out under
olvent free condition by carrying out runs at different catalyst and
ubstrate concentrations, dihydrogen pressure, reaction time and
emperature of reaction mixtures and the data thus obtained are
ummarized in Tables 1 and 2.

.6.1. Effect of catalyst concentration
The influence of catalyst concentration on the reduction of ben-

ene was carried out over the range 1–3 mg, while the benzene

oncentration (0.39 mol), dihydrogen pressure (50 bar) and the
emperature (80 ◦C) were kept constant (Tables 1 and 2). In both
ases an increment of the catalyst concentration raises the conver-
ion of benzene (Fig. 10). The selectivity remains almost the same
ver this concentration range and the nickel catalyst is more selec-

Scheme 1. Formation of cyclohexene and cyclohexane.
iII(L)(Cl)(H2O)2]·H2O.

tive towards cyclohexene and the ruthenium catalyst shows higher
selectivity for cyclohexane.

3.6.2. Effect of dihydrogen pressure
To analyse the dependence of dihydrogen pressure on the reduc-

tion of benzene, a series of experiments were carried out by varying
the pressure over the range of 10–50 bar at 80 ◦C keeping both the
initial substrate concentration (0.39 mol) and the catalyst loading
Fig. 11. Effect of pressure, where a–f are the same as those in Fig. 10.



196 V. Arun et al. / Journal of Molecular Catalysis A: Chemical 304 (2009) 191–198

Table 1
Summary of the [RuII(L)(Cl)(H2O)2]·H2O catalyzed hydrogenation of benzene.

[Catalyst] (10−6 mol) [Benzene] (mol) H2 pressure (bar) Temperature (◦C) Conversion (%) Selectivity (%)

Cyclohexane Cyclohexene

3.64 0.34 10 80 4.7 75 25
3.64 0.34 20 80 6.5 79 21
3.64 0.34 30 80 8.8 81 19
3.64 0.34 40 80 10.4 81 19
3.64 0.34 50 80 11.6 80 20
3.64 0.39 50 80 10.8 82 18
3.64 0.45 50 80 10.3 84 16
3.64 0.51 50 80 9.9 86 14
3.64 0.56 50 80 9.1 86 14
1.82 0.34 50 80 9.9 82 18
2.73 0.34 50 80 10.6 80 20
4.55 0.34 50 80 12.4 80 20
5.47 0.34 50 80 13.6 80 20
3.64 0.34 50 60 5.1 78 22
3.64 0.34 50 100 12.8 82 18
3.64 0.34 50 120 14.5 82 18
3.64 0.34 50 140 20.7 82 18

General reaction conditions: 0.34 mol benzene, 80 ◦C temperature, 50 bar dihydrogen pressure, 3.64 × 10−6 mol catalyst, 600 rpm stirring speed, and 2 h reaction time. Turnover
frequency (TOF) is the mol of benzene transformed per mol of the catalyst per hour. For the general conditions the TOF of the ruthenium complex is 5372 h−1.

Table 2
Summary of the [NiII(L)(Cl)(H2O)2]·H2O catalyzed hydrogenation of benzene.

[Catalyst] (10−6 mol) [Benzene] (mol) H2 pressure (bar) Temperature (◦C) Conversion (%) Selectivity (%)

Cyclohexane Cyclohexene

3.95 0.34 10 80 1.0 38 62
3.95 0.34 20 80 2.1 32 68
3.95 0.34 30 80 2.9 31 69
3.95 0.34 40 80 3.3 30 70
3.95 0.34 50 80 4.0 29 71
3.95 0.39 50 80 3.4 28 72
3.95 0.45 50 80 2.7 26 74
3.95 0.51 50 80 2.4 24 76
3.95 0.56 50 80 2.0 23 77
1.97 0.34 50 80 2.8 33 67
2.96 0.34 50 80 3.3 32 68
4.94 0.34 50 80 4.7 31 69
5.92 0.34 50 80 5.5 31 69
3.95 0.34 50 60 1.4 29 71
3.95 0.34 50 100 4.6 29 71
3 120
3 140

G press
f . For t
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.95 0.34 50

.95 0.34 50

eneral reaction conditions: 0.34 mol benzene, 80 ◦C temperature, 50 bar dihydrogen
requency (TOF) is the mol of benzene transformed per mol of the catalyst per hour

.6.3. Effect of benzene concentration

The effect of benzene concentration (Fig. 12) was studied in the

ange 0.34–0.56 mol at a constant catalyst concentration of 2 mg
t 80 ◦C and at 50 bar pressure (Tables 1 and 2). In the case of
uthenium catalyst, percentage conversion decreases, whereas per-
entage selectivity for cyclohexane and cyclohexene remains the

Fig. 12. Effect of benzene, where a–f are the same as those in Fig. 10.
4.1 36 64
3.6 43 57

ure, 3.95 × 10−6 mol catalyst, 600 rpm stirring speed, and 2 h reaction time. Turnover
he general conditions the TOF of the nickel complex is 1718 h−1.

same with increase in the concentration of benzene. The nickel
complex is more selective for cyclohexene and this selectivity
increases with increase in the benzene concentration. However the
percentage reduction of benzene shows a decrease as the concen-
tration of benzene increases.

3.6.4. Effect of reaction time
In order to study the effect of time, reaction was carried out

for 4 h with 2 mg of catalyst, 0.39 mol benzene, and 50 bar dihy-
drogen pressure at 80 ◦C with a stirring speed of 600 rpm. The
products were analysed at 30 min interval and the results are shown
in Fig. 13. Conversion of benzene linearly increased with increase
in time. In both catalysts at the beginning the selectivity of cyco-
hexene is larger and then decreases as the time elapses. This means
that the benzene is first hydrogenated to cyclohexene and then to
cyclohexane.
3.6.5. Effect of temperature
The reduction of benzene was also studied at various tempera-

tures in the range 60–140 ◦C with 2 mg samples of the nickel and
ruthenium complexes, keeping all other parameters constant. It was
observed that for the same temperature, the percentage reduction
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Fig. 13. Effect of time, where a–f are the same as those in Fig. 10.

f benzene is greater for the ruthenium catalyst than that for the
ickel complex (Fig. 14). In the case of ruthenium complex, cyclo-
exane selectivity increases up to 100 ◦C and then remains almost
onstant. A reverse trend is observed in the cyclohexene selectiv-
ty for the ruthenium complex (Table 1). Table 2 shows that the
ickel complex shows a maximum conversion at 100 ◦C and then
ecreases. However, the selectivity of cyclohexene in the case of
ickel complex remains almost the same up to 100 ◦C and then
ecreases with further increase in temperature. Thus for the same
emperature the nickel complex is more selective for cyclohexene
ormation and the ruthenium complex gives higher selectivity to
yclohexane formation.

Generally benzene can be hydrogenated directly to cyclohexane
r through an intermediate cyclohexene. Here we got both cyclo-
exene and cyclohexane as the products. This suggests that the
enzene is first converted to cyclohexene and then to cyclohexane.

n the case of the ruthenium complex, formation of cyclohexene and
he further reduction of it to cyclohexane take place at a faster rate.
his results in the formation of cyclohexane as the major product. In
he case of nickel catalyst the partial hydrogenated product, cyclo-
exene, is the major product and at low temperature the partial
ydrogenation predominates.

For the general condition (0.34 mol benzene, 80 ◦C temperature,
0 bar hydrogen pressure, 2 mg of the catalyst, and 600 rpm stirring
peed) the TOF of the ruthenium and nickel complex is 5372 and
718 h−1 respectively. This value is much higher than that reported
or some of the mononuclear ruthenium-based catalysts for the
omogeneous hydrogenation of arenes [30,57].
We carried out the same reaction under identical conditions
ithout the catalyst, with the organic ligand, with NiCl2·6H2O and
ith RuCl3·3H2O. In all these three cases no hydrogenation product
as detected at the end of the reaction. These results proved that

Fig. 14. Effect of temperature, where a–f are the same as those in Fig. 10.
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the hydrogenation was catalyzed by the added complex catalysts.
Finke and co-workers [1,58,59] reported that the hydrogenation of
benzene under vigorous conditions (50–100 ◦C) using metal com-
plexes proceeds through the formation of M(0) nanoclusters, which
are not seen by naked eye. We have carried out the hydrogenation of
benzene using the Ni(II) and Ru(II) complexes in the temperature
range 60–140 ◦C. At 80 ◦C the nickel complex gives a conversion
with a turnover frequency of 1718 h−1. This hydrogenation activity
cannot be due to Ni(0), as it is not possible to reduce Ni(II) complex
to Ni(0) at 80 ◦C. Further in the case of ruthenium complex, at the
end of the reaction there were no black particles of ruthenium metal
in the reaction mixture and the addition of mercury, as a selective
poison for colloidal/nanoparticle catalysts, to the reaction system
does not significantly affect the percentage conversion of benzene.
From these evidences we conclude that the benzene hydrogena-
tion in our system proceeds through a homogeneous mechanism
and not through the formation of M(0) nanoparticles.

4. Conclusion

An octahedral structure has been assigned for these complexes
with general molecular formula [MII(L)(Cl)(H2O)2]·H2O, where
M is Ni or Ru and L = 3-hydroxyquinoxaline-2-carboxalidene-4-
aminoantipyrine. These complexes were shown to be efficient
catalysts for the reduction of benzene. Compared to the nickel com-
plex catalyst, the ruthenium complex gives a higher conversion
with a turnover frequency of 5372 h−1 under identical experimental
conditions. The ruthenium catalyst is more selective towards cyclo-
hexane, while the nickel catalyst is more selective for cyclohexene.
At 80 ◦C the nickel complex gives a conversion with a turnover
frequency of 1718 h−1.
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