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a b s t r a c t

A series of mononuclear iron, manganese and oxovanadium complexes containing a tetradentate 
Schiff base ligand derived from 2-hydroxy-1-naphthaldehyde and 1,2-diaminoethane are prepared. 
The resulting products were characterized by elemental analysis, infrared, electronic absorption and 
molar conductance measurement. The complexes have been found to possess 1:1 metals to ligand 
stoichiometry and the molar conductance data revealed that the metal complexes were non-elec-
trolytes. Molecular structure of the oxovanadium Schiff base complex, VOL, was determined by 
single-crystal X-ray diffraction. Cyclic voltammetry studies of complexes, investigated in DMF on a 
glassy carbon (GC) electrode under nitrogen atmosphere, revealed that all of the complexes showed 
a single electron quasi-reversible redox waves through diffusion controlled processes. The diffusion 
coefficients are determined using GC rotating disk electrode. The Levich plot, Ilim = f(ω1/2), was used 
to calculate the diffusion-convection controlled currents. The catalytic activity of the VOL complex 
in the epoxidation of cyclohexene, in the presence of hydrogen peroxide H2O2 as oxidant, was investi-
gated using different reaction parameters such as temperature, alkene/oxidant ratio and the catalyst 
amount. The results showed that a conversion of 80.4% was obtained with the epoxide selectivity of 
29% using a ratio of 1:4 of the cyclohexene:H2O2 (substrate:oxidant). 
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1. Introduction 

In the last decades, transition metal of tetradentate 
Schiff base ligands NNOO have been increasingly investi-
gated for their biological, medicinal and catalytic activities 
[1–3]. The epoxidation of olefins is of great interest due to 
the importance of the resulting epoxides, which are essen-
tial precursors in the synthesis of various important plasti-
cizers, perfumes and epoxy resins [4]. 

Recently, there is a strong need for the development of 
new catalytic processes based on efficient catalysts which 
employ safer oxidants, such as H2O2, O2 and air, and pro-
duce little waste. The employment of hydrogen peroxide is 

an attractive option both on environmental and economic 
grounds. It is cheap, readily available and gives water as 
the only byproduct. 

Various iron and manganese complexes are well known 
as catalysts for the epoxidation of olefins [5–8]. Among 
them, oxovanadium complexes of Schiff base ligands have 
received considerable attention [9–11]. Grivani et al. [12–
14] reported new oxovanadium complexes with bidentate 
Schiff base ligands, derived from salicylaldéhyde [12,13] 
and 2-Hydroxy-1-naphthaldehyde [14]. These complexes 
act as active and selective homogeneous catalysts in the 
epoxidation of alkenes. It seems from these studies that the 
naphtalate moiety decreases the activity of the vanadium 
center respect to the substituted salicylate.
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Monfared et al., published new oxovanadium com-
plexes with tridentate Schiff base ligands [15]. These com-
plexes exhibit high catalytic activity in the oxidation of 
cyclohexene with conversion up to 90%. These systems are 
moderately selective catalysts for olefin epoxidation, afford 
a mixture of cyclohexene oxide (29%), 2-cyclohexene-1-ol 
(55%) and 2-cyclohexene-1-one (8%). 

Herein, we report the synthesis of a series of transition 
metal Schiff base complexes derived from the condensa-
tion of the 1,2-diaminoethane, 2-hydroxy-1-naphthalde-
hyde and metal salts, MnCl2, FeCl2 and VO(acac)2, with 
a template method. The synthesized compounds were 
characterized by elemental analysis, FTIR and UV-Vis 
spectroscopy. The crystal structure of the tetradentate oxo-
vanadium Schiff base complex was previously reported 
[16]. The electrochemical properties of the complexes were 
studied by cyclic voltammetry at a glassy carbon (GC) 
electrode in DMF solvent. The diffusion coefficients of the 
metal Schiff base complexes have been determined using 
the Levich plot on a GC rotating disk electrode. The cat-
alytic activity of the oxovanadium complex was investi-
gated in the epoxidation of cyclohexene with H2O2 (30%) 
as oxidant. 

2. Experimental

 2.1. Materials and measurements 

All chemical reagents and solvents were purchased from 
Merck or Aldrich and used without further purification. 
Elemental analysis were performed on an Elementar-Vario 
EL III CHNS analyzer. Infrared spectra were obtained on 
a Shimadzu FTIR spectrophotometer, using potassium bro-
mide (KBr) pellets (4000–400 cm–1). Electronic spectra, in 
the range 200–900 nm, were recorded in DMF using a Shi-
madzu UV-1800 spectrophotometer. 

Molar conductance of metal complexes was determined 
in DMF (10–3 M) at room temperature using MeterLab 
CDM- 210 conductivity meter. Melting points of the ligand 

and the corresponding metal complexes were measured on 
a Kofler Bank 7779 apparatus. Molecular structure of oxo-
vanadium complex was resolved on a Bruker APEX II DUO 
Kappa-CCD diffractometer.

Electrochemical experiments were performed on a 
PGZ-301 potentiostat, cyclic voltammograms (CV) and 
rotating disk Electrode (RDE) measurements were recorded 
at room temperature in DMF containing 0.1 M LiClO4 as 
supporting electrolyte, using a glassy carbon (GC) as work-
ing electrode (Ø = 3 mm), platinum wire and a saturated 
calomel electrode (SCE) were used as counter and reference 
electrodes, respectively. Before each electrochemical inves-
tigation, the electrolyte was purged with nitrogen during 15 
min. A Shimadzu GC-2014 chromatograph, equipped with 
a FID detector, was used to analyze the oxidation products.

2.2. Preparation of H2L ligand 

The Schiff base ligand, H2L, was prepared by reflux-
ing 2-hydroxy-1-naphthaldehyde (344 mg, 2 mmol) with 
1,2-diaminoethane (66.8 μL, 1 mmol) in methanol (5 mL). 
The reaction was stirred and refluxed for 3 h under nitrogen 
atmosphere. Reaction complete, based on TLC analysis, the 
resulting compound was filtered and washed with metha-
nol and diethylether [16,17].

2.3. Preparation of metal complexes 

All the complexes were prepared in methanol by 
direct condensation reaction of 1,2-diaminoethane, 
2-hydroxy-1-naphthaldehyde and the appropriate metallic 
salt, manganese chloride MnCl2, iron chloride FeCl2, and/or 
bis (acetylacetonato) oxovanadium VO(acac)2 in 1:2:1 molar 
ratio, respectively. The reactions were stirred and refluxed 
for 3 h under nitrogen atmosphere, Fig. 1. The precipitates 
formed are undergone the same treatment as that of the 
ligand H2L [16,17]. 

The iron and manganese complexes, FeClL and MnClL, 
reactions were initiated in air atmosphere for one hour 

Fig. 1. Synthesis of the transition metal complexes ML.
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in order to oxidize the divalent metal M (II) to trivalent 
M (III). The reaction is continued for 2 h under nitrogen 
atmosphere.

 2.4.  General procedure of the epoxidation reaction catalyzed 
with VOL

The homogenous catalytic oxidations were carried out 
in a 25 mL round bottom flask equipped with a magnetic 
stirrer and immersed in a thermostated oil bath. To a solu-
tion of 3.3 μmol of oxovanadium complex VOL, dissolved 
in 7 mL of DMF/CH3CN solution (3:7, v/v), was added 
1 mmol of cyclohexene. 3 mmol of hydrogen peroxide (30% 
aqueous) were then added by small portions and the result-
ing mixture was refluxed for 6 h at 70°C. 

The progress of the reactions was monitored by GC and 
the oxidation products were identified by comparing their 
retention times with those of authentic samples.

3. Results and discussion

3.1. Synthesis and characterization 

The Schiff base ligand H2L was synthesized follow-
ing the literature method [16,17]. The elemental analysis, 
IR, UV–vis, 1H and 13C NMR data of this compound are 
reported previously [18,19]. All the synthesized complexes 
are solid and their melting points exceed to 260°C. 

The very low values of molar conductance of the com-
plexes, 10–3 M in DMF, indicating that they are electrically 
neutral [20]. The main physical and chemical characteristics 
of the ligand and the corresponding complexes are summa-
rized in Table 1.

The structures of the complexes were confirmed by ele-
mental analysis, FTIR and UV-vis spectroscopy. Elemental 
analysis of the complexes fit well with a 1:1 metal to ligand, 
and they are in good agreement with the calculated values. 

In the electronic spectrum of the free ligand, the absorp-
tion bands at 307 and 362 nm are assigned to π → π* tran-
sitions of the naphthalene rings [21]. While the absorption 
bands at 400 and 420 nm are respectively attributed to 
π → π* and n → π* transitions of the azomethine chromo-
phores [21]. Upon complexation with manganese and oxo-
vanadium metals, the π → π* transitions of the naphthalene 
rings are undergone to a bathochromic shift, of about 20 nm, 
Fig. 2, [9]. The azomethine bands are shifted to longer 
wavelength in the case of manganese complex, while they 
are disappeared in the case of oxovanadium and iron com-

plexes. This indicates a coordination of the metals through 
the nitrogen atoms of the azomethine groups. The electronic 
spectra of oxovanadium and iron complexes showed broad 
shoulders in the ranges 350–420 and 500–650 nm. These 
bands are due to MLCT and a d-d transition [3,22].

The IR spectra exhibit several prominent bands in the 
4000–400 cm–1 region. The spectra of iron, manganese and 
oxovanadium complexes displayed strong C═N stretch 
at 1606, 1603 and 1618 cm–1, respectively. These bands are 
assigned to the azomethine, C═N, stretching vibrations [19] 
and they are shifted to lower wavenumbers by 30 cm–1 from 
the corresponding free ligand, indicating coordination of 
the nitrogen to the metal center, leading to lower electron 
density on the azomethine [23]. This coordination is con-
firmed by the presence of several medium intensity bands 
between 420 and 480 cm–1 in the spectra of complexes sug-
gesting the existence of metal―N stretching vibrations [18]. 

The bands observed around 1340 cm–1 correspond to the 
stretching vibration of C–O in the naphtholate moieties of 
the complexes [18,19]. These wavenumbers are lower than 
that observed in the corresponding ligand spectrum. This 
suggests an increase of the C–O bond electron density and 
strengthening of the force constant due to the coordination 
of the naphtholate oxygen to the metal center, as reported 
in the literature [24]. FT-IR spectra of the Schiff base ligand 
and the metal complexes are shown in Fig. 3. 

The sharp band observed at 987 cm–1 in the FT-IR spec-
trum of VOL complex is attributed to V═O vibration, indi-
cating the monomeric form of this complex in the solid 
state, as confirmed by the single crystal X-ray diffraction [3].

Elemental analysis, UV-vis and FT-IR results of the 
Schiff base ligand and the metal complexes are presented 
in Table 2. 

3.2. Crystal structure of VOL complex

Suitable single crystals of the oxovanadium complex, 
VOL, were grown by slow layer diffusion of DMSO into a 
MeOH solution at room temperature. The crystal structure 

Fig. 2. Electronic spectra of the ligand and metal complexes in 
DMF. The inset shows an expanded spectrum of the complex 
FeClL between 400 and 800 nm.

Table 1
Physical and chemical characteristics of the ligand and the 
corresponding complexes

Compound Color ρ(%) Tf (°C) Ʌ (cm2/ Ω mol)

H2L Yellow 92.4 215 2.72

VOL Green 77.6 >260 8.78

FeClL Black 76.2 >260 10.30

MnClL Black 82 >260 35.27
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of this complex is reported previously by our group [16], an 
ORTEP view of the VOL complex with the atoms number-
ing scheme is given in Fig. 4. 

The X-ray structural study reveals that this complex 
crystallizes in the monoclinic system with P21/c space 
group. The vanadium center is coordinated to the tetraden-
tate Schiff base ligand with the two nitrogen and the two 
naphtholate oxygen atoms and an oxygen atom in the axial 
position to complete the N2O3 coordination sphere. The 
geometry around the vanadium center is described as a 
slightly distorted square pyramidal.

The crystal is stabilized by a network of intermolecu-
lar hydrogen bonds, C–H … O and C–H… π interactions, 
between the naphthalene rings of the neighboring mole-
cules.

 3.3. Electrochemistry 

The redox properties of the transition metal com-
plexes were investigated by cyclic voltammetry under 
nitrogen atmosphere. The cyclic voltammetric data of 
the complexes are presented in Table 3. The cyclic vol-
tammograms of 1 mmol of VOL and MnClL complexes, 
in DMF at various scan rates, are shown in Fig. 5 and 6, 
respectively. 

At a scan rate of 100 mV/s, all complexes displayed a 
quasi-reversible one-electron redox process with half wave 
potentials, E1/2, at –281, –326 and +374 mV/SCE for MnClL, 
FeClL and VOL, respectively. Thus, these redox processes 
are assigned to the Mn(III)/Mn(II) [22], Fe(III)/Fe(II) [25], 
and VO(V)/VO(IV) couple waves [26].

A linear relationship between the cathodic peak currents 
and the square root of the scan rates [ipc = f(v1/2)] is observed, 
Inset of Fig. 6, this fact implies that this electrochemical pro-
cess is mainly diffusion-controlled [27]. 

In order to determine the diffusion coefficient, a hydro-
dynamic voltammetry experiment is carried out using a 
glassy carbon rotating disk electrode (RDE) at various rota-
tion rates, Fig. 7.

Under the studied conditions, a linear correlation 
between the limiting current and the square root of the 

Table 2
Spectroscopic and analytical data for the Schiff base ligand and the transition metal complexes

Compound Elemental analysis Calc. (Found) UV-vis FT-IR

% C % H %N λmax (nm) ν C=N ν O–H ν C–O

H2L / / / 307, 362, 401, 425 1638 3450 1350

VOL 66.52% (66.83) 4.19 (4.35) 6.46 (6.32) 323, 380, 610 1618 3444 1340

FeClL 62.98 (63.04) 3.96 (3.90) 6.12 (6.18) 307, 380, 510 1606 3446 1338

MnClL 63.1 (63.17) 3.97 (4.02) 6.13 (6.01) 335, 416, 437, 567 1603 3440 1338

Fig. 3. FT-IR spectra of the ligand and the metal complexes.

Fig. 4. ORTEP POV-RAY view of VOL complex with 50% ellipsoid probability.
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rotating rate is observed, leading to the determination 
of the value of the proportionality constant in the Levich 
equation for a one electron reduction. From the slopes of 
the ilim vs. ω1/2 plots, using Levich equation, diffusion coeffi-
cients of the three complexes were calculated. They are 2.7 × 

10–6 cm²/s, 2.15 × 10–6 and 8.16 × 10–6 cm²/s for VOL, FeClL 
and MnClL respectively.

 3.4. Catalytic activity

The homogeneous catalytic activity of the oxovanadium 
Schiff base complex, VOL, was investigated in the epoxi-
dation reaction of cyclohexene with 30% aqueous H2O2. 
However, some parameters, such as temperature, alkene/
oxidant ratio and the amount of the catalyst turn out to be 
important and, therefore, were optimized. 

In order to get the best reaction temperature, the epoxi-
dation reaction was carried out with 1 mmol of cyclohexene, 
3 mmol of H2O2 in DMF/CH3CN solution (3:7, v/v) with 3 
μmol of the catalyst VOL at various temperatures for 6 h. 

At 60°C, the oxidation of cyclohexene is very low. By 
increasing the reaction temperature from 60°C, the cyclo-
hexene conversion increased to 47% after 6 h at 80°C. As 
soon as, the reaction temperatures are above 80°C, the con-
version is lowered to 25%. The selectivity of cyclohexene 
oxide is also slowly decreased from 24.5 at 80°C to 23.13% 
at 90°C. This is probably due to the fact that at high tem-
peratures, decomposition of the oxidant H2O2 takes place 
[28,29]. The main oxidation products are cyclohexene oxide, 
2-cyclohexene-1-ol and 2-cyclohexene-1-one, Fig 8, with 
a slightly higher selectivity towards 2-cyclohexene-1-ol 
[15,30]. Thus, the 80°C is found to be the optimized reaction 
temperature, Fig. 9.

Fig. 5. Cyclic voltammograms of VOL complex in 0.1 M LiClO4/
DMF solution at various scan rates.

Fig. 6. Cyclic voltammograms of Mn(III)ClL complex in 0.1 M 
LiClO4/DMF solution at various scan rates. The inset shows the 
cathodic currents vs v1/2.

Table 3
Cyclic voltammetric data of the complexes at 100 mV/s under N2

Compound Epa Epc ΔE E1/2 Ipa Ipc Ipa/Ipc

FeClL –290 –362 72 –326 6.01 6.24 0.96
MnClL 235 315 90 –281 16.17 20.9 0.79
VOL 415 333 82 374 14.66 14.3 1.02

Fig. 7. Voltammograms of Fe(III)ClL complex at RDE in 0.1 M 
LiClO4/DMF solution. Rotation rates: from 250 to 3000 rpm. The 
inset shows the Levich plot.
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As can be seen in Fig. 10, the increasing of the cyclohex-
ene/H2O2 ratio from 1:2 to 1:4 enhanced the conversion from 
19.2 to 57.5%. The maximum conversion of cyclohexene is 
obtained with a molar ratio of 1:4. This may be due to the 
fast formation of active intermediates with higher amount 
of oxidant [31]. Therefore, a 1:4 ratio being considered ade-
quate, providing the highest conversion of cyclohexene 
with the selectivities of 32.51, 36.15, and 31.33% for cyclo-
hexene oxide, 2-cyclohexene-1-ol and 2-cyclohexene-1-one, 
respectively.

The increasing of the catalyst amount from 0.9 to 1.1 mg 
improves the conversion of cyclohexene from 27.07 to 
80.4%, up to 1.1 mg of the catalyst, a drastic decrease of the 
conversion is observed. This may be due to the degradation 
of the oxidant based on the increased of active centers in the 
catalyst [32]. The amount of the catalyst is then optimized 
to 1.1 mg (2.5 μmol), with a moderate selectivity of 29% to 
cyclohexene oxide.

 The epoxidation of cyclohexene with H2O2 is catalyzed 
by other similar oxovanadium Schiff base complexes and 
the same epoxide selectivities were approximately obtained 
as it is reported previously by Monfared and co-workers 
[15,30]. The distribution of the oxidation reaction products 
is shown in Table 4.According to our results, VOL catalyst 
was very selective for the production of 2-cyclohexene-1-ol 
from cyclohexene. Thus, the VOL Schiff base complex is 
found to be a very active and selective catalyst to produce 
this alcohol, 2-cyclohexene-1-ol. 

The oxidation mechanism of olefins by hydrogen perox-
ide catalyzed by the oxovanadium catalyst, VOL, is similar 

to those reported in the literature [15,33]. The cyclohexene 
substrate is predisposed to both allylic and double bond 
oxidation. The reaction was initiated by one electron oxi-
dation of oxovanadium VO(IV) to VO(V) by hydrogen per-
oxide, Fig 11B, where active catalytic intermediate species 
[VVOOL] are formed, Fig. 11C. These intermediates transfer 
an oxygen atom of hydrogen peroxide to the cyclohexene in 
a concerted reaction, leading to the formation of the epox-
ide Fig. 11D. 

Monfared et al. [15] showed that the allylic oxidation 
of cyclohexene occurs via the vanadium(IV)-peroxo birad-
ical which abstracts a hydrogen atom from the substrate to 
produce an active intermediate. Reduction of the substrate 
radical by V(IV)-intermediate, gives 2-cyclohexene-1-ol and 
V(V)- intermediate. The 2-cyclohexene-1-one is formed by 
the oxidation of the alchool. 

4. Conclusion

A series of transition metal Schiff base complexes of 
iron, manganese and oxovanadium were synthesized and 
characterized by spectroscopic methods. The molecular 
structure of oxovanadium complex was determined by 
single crystal X-ray analysis. The X-ray crystal structure 
reveals that the vanadium is five-coordinate and the geom-
etry around it is a slightly distorted square pyramidal. 

The electrochemical behavior of the metal center in the 
complexes exhibits quasi-reversible one electron redox pro-
cesses, with current ratio ipa/ipc close to unity and the peak-

Fig. 8. Oxidation of cyclohexene by H2O2 using VOL complex as catalyst.

Fig. 9. Effect of the temperature on the oxidation of cyclohex-
ene. Reaction conditions: Cyclohexene (1 mmol), VOL (3 mmol), 
DMF/CH3CN (7/3: v/v mL), H2O2 (3 mmol), Reaction time: 6 h.

Fig. 10. Effect of the ratio cyclohexene/H2O2 on the oxidation 
reaction. Reaction conditions: Cyclohexene (1 mmol), VOL (3 
mmol), DMF/CH3CN (7/3: v/v mL), T = 80°C, Reaction time: 6 h.
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to-peak separation values, ΔEp, are in the range 70–90 mV. 
The linear relationship observed between the anodic peak 
currents, ipa, and the square root of the scan rates, v1/2, indi-
cates a diffusion-controlled nature at the electrode process. 
The diffusion coefficients are calculated from the Levich 
plots, Ilim = f(ω1/2).

The catalytic activity of the VOL complex was investi-
gated in the epoxidation of cyclohexene by using the envi-
ronmentally benign and clean oxidant H2O2. The reaction 
conditions were optimized and the results showed that the 
catalyst VOL gives excellent conversion, of 80.4%, and mod-
erate selectivity to cyclohexene oxide, about 29%. 
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