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a b s t r a c t
Three manganese (III) complexes were obtained with H2Salen derivatives and used as catalysts in the
epoxidation reactions of E- and Z-stilbene isomers. The preparative electrolyses were carried out at
25 °C in acetonitrile solution containing 0.1 M TBAP, 10 3 M complex, 10 2 M 2-methylimidazole and
0.1 M benzoic anhydride plus stilbene as substrate. Our results showed clearly that E-stilbene was totally
converted to Z-stilbene oxide whereas Z-stilbene leads to a mixture in which the benzaldehyde was the
major by-product. In our experimental conditions, the turnovers recorded for different experiments were
located in the 3.7–6.6 range.
Ó 2008 Elsevier B.V. All rights reserved.

1. Introduction
Epoxidation with synthetic metal Schiff bases complexes and
porphyrins models of cytochrome P-450 is a topic of continuing
research interest. According to Bedioui et al. [1], the high valent
oxo-metal ([P-450–Fe(V) = O]+) which is suggested to be the active
oleﬁn oxidant, was generated using various ways: (i) direct oxygen
atom transfer agents such as PhIO, H2O2, ClO , ROOH, KHSO5,
ClO2 , RCO3H and R3NO; (ii) reduced dioxygen species and with
dioxygen plus reductant. The second pathway is especially interesting from the viewpoints of biomimesis and practical utilisation
of molecular oxygen. The electroassisted formation of the oxo species requires the enzyme model plus molecular oxygen, an activator and one or two axial ligands. The use of electrochemical control
techniques combined with metal complex catalysts can supply
reducing equivalents in a more easily adjustable manner than in
the case of a reaction mixture containing chemical reductants
[1–3].
H2Salen, as a ligand (Fig. 1), has the characteristics to be readily
subject to systematic modiﬁcation of its electronic and steric properties. Mainly, the substituents X in para positions modify the
redox properties of metal–salen complexes. In addition, their steric
properties seemed to depend on the bridge between the symmetrical moieties of the molecule [4].
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The mechanism of the epoxidation reaction by Mn(III)–salen
complexes is analogous to the cytochrome P-450 catalytic system.
The more important steps are the binding of O2 after the electrochemical reduction of the Mn(III)–peroxo species by a one electron
process, followed by the transfer of a second electron to give a species described as a Mn(III)–peroxo complex (Fig. 2). The three steps
involved in the O2 activation process represent a typical ECE reaction sequence. A key step in this case is the subsequent cleavage of
the O–O bond by an electrophilic activator like benzoic anhydride.
The reactivity of high valent manganese compounds with oleﬁns has been extensively studied and was typically generated
[5]. We report here the ‘‘unusual” reactivity of Mn(III)–salen complexes. The oxidation of E-stilbene lead only to the Z-stilbene oxide
showing a complete conﬁguration inversion. In addition, the
oxidation of Z-stilbene gave mainly Z-stilbene oxide with traces
of E-stilbene oxide. As far as we know, this behaviour has never
been reported in literature.
2. Experimental
2.1. Chemicals
Salicylaldehyde, 5-chlorosalicylaldehyde, 5-methoxysalicyaldehyde, 1,2-diaminoethane, Mn(C2H3O2)  4H2O, MnCl2  4H2O, tetraethylammonium perchlorate (TEAP), Z-stilbene, E-stilbene,
Z-stilbene oxide, E-stilbene oxide, benzaldehyde, benzoic anhydride, 2-methyl-imidazole (2-MeI), anhydrous EtOH and CH3CN
were purchased from Alfa Aesar and used as received.
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Fig. 1. (a) H2salen, (b) Mn(III)–salen derivatives complexes with X = Cl or CH3O.
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Fig. 2. Proposed scheme for the electrocatalytic epoxidation of oleﬁns.

2.2. Synthesis of ligands and complexes
The ligands and their corresponding complexes were prepared,
puriﬁed and characterised according to literature [6,7].
2.3. Physical measurements
The cyclic voltammograms (CV) were obtained in a single
compartment cell (5 mL) at 25 °C. A Pt wire and sodium chloride
saturated calomel electrode (SCE) were the auxiliary and reference electrodes respectively. The solvent was acetonitrile with
TEAP as supporting electrolyte (10 1 M). Controlled potential
electrolyses were made with a TACUSSEL PRT (40-1X) potensiostat, an integrator IG–LN, a Kipp & Zonen X–Y Recorder B.D 90.
The electrocatalytic epoxidation experiments were performed
using carbon Lorraine ﬂag (A = 10 mm  0.8 mm  0.5 mm) as
working electrode. The reference electrode (SCE) was separated
from the working solution by a ﬁne-porosity frit, the Pt electrode,
was placed directly in the working solution. Both an atmosphere
of puriﬁed O2 and slowly stirring were maintained over the reaction mixture which contained Mn(III)–salen complex (10 3 M), 2MeI (10 2 M) and 10 1 M of each oleﬁn and benzoic anhydride.
The electrocatalytic process was followed until the current decayed to 10% to 5% of its initial value. Products were analysed
using HPLC with a Kromasil inverted phase analytic column
(C18, 250  4.6 mm), Hewlett–Packard 1100 series with an UV
detector.

The direct oxygen transfer to oleﬁns is a well-known route to
obtain epoxides. During the last years, there has been much effort
to conduct this transformation selectively under catalytic or electrocatalytic conditions. The pioneering work of Jacobsen–Katsuki
reported by Adam et al. [8] for the epoxidation of oleﬁns with a
variety of oxidants, provided a remarkably enantioselective method in organic synthesis. Although the synthetic value of this reaction is undisputed, its mechanism still remains a controversy
issue. Substrate isomerisation has been of considerable concern
in which Z oleﬁns afford a mixture of E and Z epoxides. To explain
this loss of stereoselectivity, most often a radical intermediate obtained during the rate determining step has been proposed. This
leads to Z/E epoxides through isomerisation by a simple bond rotation (Fig. 3).
In homogenous catalysis, stilbene stereoisomers (E, Z) have
been extensively considered as model systems for isomerisation
dynamics [9]. Up today, to our knowledge, their epoxidation reaction with molecular oxygen electroassisted by the catalysts structures shown in Fig. 1, has never been undertaken.
3.1. Electrochemical studies
In order to ascertain the efﬁciency of our catalysts, we have put
ﬁrstly in evidence their electrochemical behaviour by using cyclic
voltammetry technique. This measure is necessary to explore the
action of the catalysts in inducing the reduction of dioxygen and
the electroactivity of the oxo form of the catalysts. The leading idea
is the comparison of the electrochemical response of the metal
complex alone, in combination with dioxygen, and in combination
with dioxygen plus 2-MeI and benzoic anhydride. Since the catalysts present almost a typical electrochemical response, one representative is illustrated in Fig. 4.
Under nitrogen atmosphere a quasi-reversible redox couple is
observed at 0.08 V for salen, +0.05 V for Clsalen (Fig. 4a) and
0.12 V for OCH3salen. The addition of 2-MeI leads to a slight
enhancement of the redox system current (Fig. 4b). In the presence
of oxygen, the cyclic voltammograms show a remarkable increase
of the Mn(III)/Mn(II) reduction peak and a decrease of the corresponding oxidation one.
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2.4. HPLC analysis
After removing the solvent under reduced pressure, anhydrous
ether was added to the resulting brown product leading to the precipitation of a solid residue which was removed. The resulting
solution is concentrated until precipitation. Finally, the resulting
solid was dissolved in 5 mL MeOH and 20 lL were injected (elution
solvent: MeOH/H2O (85/15,% V/V), ﬂow rate: 1 mL.min 1, pressure:
150–160 bar, UV–vis detection at 254 nm). The retention times of
pure E-stilbene oxide (10 3 M), Z-stilbene oxide (10 3 M) and
benzaldehyde (10 3 M) were 6.3, 4.9 and 3.3 min respectively.
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Fig. 3. Mechanism for Mn(III)–salen complexes catalysed epoxidation of oleﬁns.
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Fig. 4. Cyclic voltammograms of Mn(III)–Clsalen catalyst, sweep rate: 200 mV.s

This behaviour is consistent with dioxygen binding to the reduced Mn(II)–salen complex to yield Mn(III)–superoxo-species,
which can be reduced by a second electron. The loss of reversibility
was assigned to the formation of the active dimer l-oxo species
(marked with * in Fig. 4a) [10]. The addition of benzoic anhydride
should lead to a remarkable cathodic current corresponding to the
cleavage of the O–O bond generating consequently the reactive
manganese-oxo species as it was mentioned above.

3.2. Electrocatalytic epoxidation
The bulk electrolysis was performed by applying the potential
corresponding to the Mn(III)/Mn(II) redox system. The reduction
potentials of the redox cationic Mn(III)–salen complex properties
depend on the substituents nature. The primarily investigation of
the catalytic cycle efﬁciency described above showed that the
epoxidation reaction did not take place in the absence of benzoic
anhydride.
It is postulated that the catalytic efﬁciency for a given catalyst
might be appreciated from the ratios of the cathodic peak (ipc) currents under oxygen and nitrogen atmosphere ipc(O2)/ipc(N2) [11].
The main results are given in Table 1.
From the values in Table 2, we point out the following remarks:
(i) the Z/E ratios values show clearly that E-stilbene is more reactive than its isomer, and the electron releasing substituents slightly
enhance the rate of epoxidation. A similar result has been reported
by Arasasingham et al. with manganese porphyrins [12]; (ii) the
residual benzaldehyde is a persistent by-product; (iii) oxygen atom
transfer to E-stilbene occurs with complete stereochemical
inversion. Most often, an electrophilic oxo-manganese species
attacks the electron-rich double bond, forming a carbon-radical

1

(E in V versus SCE).

intermediate (Fig. 4) which can explain the (Z/E) isomerisation observed during the epoxidation reaction, since a rotation around the

Table 1
Catalytic efﬁciency data
Catalysts

ipc (O2)/ ipc (N2)
200 mV/s

100 mV/s

50 mV/s

Salen
ClSalen
OCH3Salen

1.57
1.29
1.57

1.66
1.42
1.40

1.68
1.52
1.62

Table 2
Bulk electrolysis of stilbene isomers (experiments in 5 mL CH3CN, time 20 min)
Catalysts
With E-stilbene
E-stilbene oxide (lmol)
Z-stilbene oxide (lmol)/Yielda (%)
Benzaldehyde (lmol)
Turnoverb
Current efﬁciencyc
With Z-stilbene
E-stilbene oxide (lmol)/Yield (%)
Z-stilbene oxide (lmol)/Yield (%)
Benzaldehyde (lmol)
Turnover
Z/E ratio
Current efﬁciency
a

ClSalen

Salen

OCH3Salen

none
16.0/3.2
13
3.58
80

none
18.2/3.6
15
3.69
96

none
18.5/3.7
14
3.74
98

0.71/0.14
29/5.8
39
5.8
40
55

1.00/0.2
28/5.6
40
5.5
28
57

1.00/0.2
33/6.6
43
5.5
33
91

Moles number of epoxide/moles number of oleﬁns.
Moles number of epoxide/moles number of catalyst.
c
Ratio of the electricity consumed by the electrode reaction of interest over the
total electricity passed through the circuit, according to [13].
b
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formed carbon-carbon single bond is possible if the lifetime of the
radical is long enough.
4. Conclusion
This study shows the unusual reactivity of Mn(III) tetradentates
Schiff bases complexes towards the epoxidation of stilbene isomers. Obviously, the reactions following the rate determining step
depends on a number of factors including the oxidation potentials
of stilbene isomers, the active oxidant, the steric hindrance, the
geometry of the axial ligand, the solvent as well as the tendency
of various substrates to undergo rearrangements. A comparison
study is now being established by conﬁning the catalysts within
organic or inorganic matrix.
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