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Epoxidation of Ole�ns Catalyzed by Some
cis-Dioxomolybdenum(VI)-Tridentate Schi�

Base Complexes with tert-Butyl Hydroperoxide

M. Bagherzadeh1;� and S. Ghazali Esfahani1

Abstract. Some cis-dioxomolybdenum (VI) complexes with tridentate Schi� base ligands derived from
salicylaldehyde and aminophenols, aminoalcohol or o-aminobenzenethiol were examined as catalysts for
epoxidation of di�erent aliphatic and aromatic ole�ns, with tert-butyl hydroperoxide as oxidant. All
complexes exhibited high activity and selectivity for epoxidation of aliphatic substrates during a short time
period (95% conversion of cyclooctene after 30 min). The epoxide yield increased with the nucleophilic
character of ole�n. The catalysts activation strongly depends on the reaction temperature and nature of
the solvent. Epoxidation of ole�ns by these catalysts is inhibited by ligands or coordinating solvents such
as alcohols.

Keywords: Epoxidation; Ole�n; cis-dioxomolybdenum complexes; Tridentate Schi� base ligands; tert-
butyl hydroperoxide.

INTRODUCTION

Epoxides are important organic intermediates, since
they undergo ring-opening reactions with a variety
of reagents to give mono- or bi-functional organic
products. They can be formed from corresponding
ole�ns by oxidation with various oxygen sources in the
presence of a catalyst [1,2]. High-valent d0 transition
metal complexes, such as Mo(VI) ,V(V) and Ti(IV), are
versatile catalysts for the epoxidation of alkenes [3-5].
Various Molybdenum complexes with di�erent ligands
are considered to be very e�ective catalysts for ole�n
epoxidation in the homogeneous [6-8] and heteroge-
neous phases [8,9-11]. In the homogeneous phase,
molybdenum catalysts are commercially applied to the
production of propylene oxide using alkyl hydroperox-
ides as oxidants (Arco and Halcon processes) [12,13].
Type MoO(O2)2LL0 and MoO2X2LL0 (X= Cl, Br, CH3
and L, L0= Lewis base ligand) complexes have been
experimentally characterized and tested as catalysts
for epoxidation reactions, usually employing tert-butyl
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hydroperoxide (TBHP) as the mono-oxygen source [14-
23].

Recently, some reports on the catalytic proper-
ties of Mo(VI) Schi� base complexes in the epoxi-
dation of ole�ns have been reported [24-29]. Schi�
bases derived from salicylaldehyde and aminoalcohols,
bearing both alcoholic and phenolic hydroxyl groups
and also one neutral nitrogen donor (CH=N group),
can be used as multidentate ligands in molybde-
num chemistry [30,31]. Tridentate Schi� bases, such
as sap (2-(salicylideneamino)phenolate) and ssp (2-
(salicylideneamino)benzenethiolate), have been promi-
nently featured in oxo-transfer chemistry and demon-
strated to act as oxidation catalysts [32-35].

We report here the application of some cis-
dioxomolybdenum-tridentate Schi� base complexes
(Scheme 1) as e�cient homogeneous catalysts in the
epoxidation of ole�ns with TBHP as a terminal oxidiz-
ing agent.

EXPERIMENTAL

Reagents

Salicylaldehyde, 3-methoxy-2-hydroxybenzaldehyde,
5-boromo-2-hydroxybenzaldehyde and 5-nitro-2-
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Scheme 1. The structure of complexes numbered 1-9.

hydroxybenzaldehyde are available commercially and
used without further puri�cation. 3,5-di-tert-butyl
salicylaldehyde was prepared according to literature
procedures [36]. The tridentate Schi� base ligands
were obtained via a Schi� base condensation reaction
between the appropriate aldehyde and amine.
The reactions were run in ethanol. tert-butyl
hydroperoxide (TBHP) was purchased from Fluka
(80% in di-tert-butylperoxide/H2O 3:2). The solvents
were used without drying.

MoO2(acac)2 was obtained by the reported pro-
cedure [37]. Complexes are prepared by reacting
respective ligands with MoO2(acac)2 according to the
method of Rajan and Chakravorty [38] (Scheme 1).
In these complexes, the reaction solvent, i.e. ethanol,
coordinates to Mo(VI) and occupies the sixth coordina-
tion site (1-7). MoO2(sap)(Im) and MoO2(sap)(py-N-
O) were prepared by treating MoO2(sap)(EtOH) with
an excess of imidazole (Im) or pyridine-N-oxide (Py-N-
O) in ethanol medium (8,9) [38].

Epoxidation Reaction

Epoxidation of ole�n by dioxomolybdenum (VI) Schi�
base complexes with TBHP was carried out accord-
ing to the following general procedure: A mixture
of catalyst (0.001 mmol), ole�n (0.8 mmol), 1,2-
dichloroethane (0.5 mL) as solvent, and chlorobenzene
(0.8 mmol) as an internal standard was placed in
a two-necked round-bottomed ask equipped with a
condenser and a magnetic stirrer. The mixture was
stirred at 80�C under air and then 0.8 mmol t-butyl
hydroperoxide (TBHP) was added. The molar ratio
of the catalyst to substrate and TBHP was 1:800:800,
which was chosen for the ratio of catalyst: substrate:
oxidant after the optimization process.

The activity of complex 1, as a typical catalyst,
was also investigated in the absence of solvent. An

excess of substrate was placed in the reaction mixture
instead of solvent, so 1.6 mmol of ole�n, 0.002 mmol
of catalyst and 0.16 mmol of cholorobenzene as an
internal standard were placed in the reaction vessel.
After stirring of the mixture at 80�C, 1.6 mmol TBHP
was added to the reaction mixture. The complete
reaction was monitored at certain time intervals to
determine the concentrations of ole�n and epoxide
using a gas chromatograph equipped with a capillary
column (19019 J-413 HP-5, 5% Phenyl Methyl Silox-
ane, Capillary 60.0 m � 250 �m � 1.00 �m) and a
ame ionization detector.

The stability of complex 1 was also investigated by
taking UV-Vis spectra of the reaction mixture during
the epoxidation of cyclooctene in 1,2-dicholoroethane
as solvent.

RESULT AND DISCUSSION

Temperature E�ect

The e�ect of temperature was evaluated by
MoO2(sap)EtOH (1) and cyclooctene as a model
substrate (Figure 1). It can be seen that the
epoxycyclooctane yield strongly depends on the
reaction temperature. It seems that the catalyst
activity starts at about 40�C and increases signi�cantly
with an increase in temperature. The yield increased
up to 96% at 80�C.

Solvent E�ect

We have studied the catalytic epoxidation of cy-
clooctene with MoO2(sap)EtOH in di�erent solvents
(Table 1). Epoxide conversion is found to be strongly
dependent on the solvent. Apparently, coordinating
solvents, such as n-butanol, tert-butanol and DMF, in-
hibit the reaction (Table 1, entries 3-5), because of their

Figure 1. The e�ect of temperature on the yield of
cyclooctene epoxide catalyzed MoO2(sap)EtOH.



Catalytic Epoxidation by MoO2-Schi� Base/TBHP 133

Table 1. The e�ect of various solvents on the epoxidation of cyclooctene with TBHP using cis-MoO2(sap)EtOH a.

Entry Solvent Conversion (%) b TOF (h�1) d

1 n-noane 82 656

2 toluene 83 664

3 Dimethylformamide(DMF) 53 416

4 n-butanol 35 280

5 tert-butanol 53 424

6 chlorobenzene 97 776

7 1,2-dichlorobenzene (DCE) 99 792

8 1,2-dichlorobenzene (DCE) 78 c 624

9 n-hexane 40 c 320

10 methanol 30 c 240
a: Conditions: The molar ratio for cis-MoO2(sap)EtOH: substrate: TBHP are 1:800:800.
The reactions were run for 60 min at 80�C.
b: GC yields based on the starting ole�n.
c: The reactions were run at 50�C.
d: Turnover frequency (TOF)= (mol of ole�n / mol of catalyst) � conversion per hour.

competition with TBHP to occupy the coordination
sites of the molybdenum catalyst. It seems that a less
steric e�ect of n-butanol causes a better coordination
ability to occupy the coordination sites of the molybde-
num center than tert-butanol. So, using n-butanol as
solvent reduced the epoxidation yield more than tert-
butanol. It is known that chlorinated solvents facilitate
epoxidation of ole�ns (Table 1, entries 6 and 7) [39].
The best solvent was found to be 1,2-dicholoroethane
(DCE). Another advantage of this solvent is its boiling
point, which was able to increase the temperature of
the reaction up to 80�C. The reaction proceeds at a
lower rate in nonpolar solvents, such as toluene and
n-nonane.

Stability of Catalysts

Figure 2 shows that the variation of intensity of the
absorbance of MoO2(sap)EtOH (1) at �max (225 nm)
during the epoxidation reaction is nearly constant. It
seems that the catalyst remained intact after the end
of the reaction. In fact, this dioxomolybdenum-Schi�
base catalyst shows good stability in the reaction of
ole�ns by TBHP.

Activity of Di�erent Complexes with Di�erent
Substituents

The catalytic activities of cis-dioxomolybdenum(VI)
complexes 1-7 were determined by the yield of epox-
idation of cyclooctene and 1-octene (Figure 3). The
selectivity of epoxidation was found to be close to
100%, either for epoxycyclooctane or 1,2-epoxyoctane.
As shown in Figure 3, the substituents of the Schi�
base ligands have no major e�ect on the yield and

Figure 2. The changes of the absorption in 225 nm of
[MoO2(sap)(EtOH)] in oxidation of cyclooctene after
addition of TBHP.

Figure 3. The yield of epoxidation of 1-octene and
cyclooctene catalyzed by cis-dioxomolybdenum(VI)-Schi�
base complexes after 60 min at 80�C.



134 M. Bagherzadeh and S. Ghazali Esfahani

selectivity of the epoxidation of cyclooctene in com-
parison with 1-octene. In fact, the high activity of
cyclooctene in the epoxidation reaction catalyzed by
all complexes 1-7 made a di�cult comparison between
the catalytic activities of complexes. The di�erent
activities of complexes are better noticed during the
epoxidation of 1-octene. However, it seems that
the electron releasing substituents on the Schi� base
ligands, such as the tert-butyl group, increases the
yield of 1-octene epoxidation. However, in accordance
with the known electrophilic nature of the oxidizing
species (the coordinated TBHP as oxidant to the Mo
complex) in the catalytic epoxidation with Mo(VI)
complexes [26,29], it is expected that introducing the
electron-withdrawing group to the salicylidene ring
increases the e�ectiveness of the catalyst. However, we
observed that the presence of the nitro group on the
salicylidene ring of the complex reduced the catalytic
activity for 1-octene epoxidation. A similar e�ect
of an electron withdrawing nitro group was reported
for some cis-dioxomolybdenum(VI) complexes with
tetradentate Schi� base ligands [24].

Time-dependent reaction courses of the 1-octene
catalytic epoxidation with di�erent complexes during
150 min are shown in Figure 4. In fact, all the catalysts
show similar time-dependent curves. Initially, reactions
proceed quickly indicating that an active catalytic
species is formed rapidly after the addition of TBHP.
During the course of the reaction, however, the velocity
slows down considerably, since an increasing amount of
tert-butanol (t-BuOH) molecules are competing for the
same coordination sites as the TBHP. A similar e�ect
was observed when using t-BuOH as a solvent for the
catalytic reaction (Table 1, entry 5). It seems that
adding t-BuOH to the catalytic reaction mixture slows
down the catalytic activity but does not inhibit the
reaction completely.

We considered the e�ect of the presence of some
strong coordinating ligand in the medium of the re-

Figure 4. Time-dependent reaction courses of the
1-octene catalytic epoxidation at 80�C up to 150 min.
key: catalyst 1, �; catalyst 2, �; catalyst 4, �; catalyst 5,
�; catalyst 6, N; catalyst 7, �.

action, such as imidazole and pyridine-N-oxide. As
shown in Table 2, complex 8, MoO2(sap)(Im), which
is the sixth coordination site of Mo(VI) occupied with
imidazole as a strong monodentate ligand, shows lower
catalytic activity than MoO2(sap)(EtOH) (Table 2,
entries 1 and 2). It was also found that the catalytic
activity of MoO2(sap)EtOH drastically decreased with
addition of 10 equiv of basic ligand, such as imidazole,
1-methylimidazole and triethylamine, to the medium
of reaction (Table 2, entries 5, 6 and 8). This
may be due to ability of these ligands to coordinate
to the central metal, which restricts the number of
free coordination sites that would be required for
coordination of TBHP. Interestingly, it was observed
that the presence of pyridine-N-oxide did not inhibit
the catalytic reaction (Table 2, entries 3 and 7).
It can be related to the oxidation ability of py-N-
O [40].

Table 2. The e�ect of basic ligandsa on the epoxidation of cyclooctene with TBHP.

Entry Catalyst/Base Conversion(%)b

1 MoO2(sap)EtOH 95

2 MoO2(sap)Im 89

3 MoO2(sap)Py-N-O 97

4 MoO2(sap)Im /9 eq Im 50

5 MoO2(sap)EtOH / 10 eq Im 51

6 MoO2(sap)EtOH / 10 eq 1-Me-Im 51

7 MoO2(sap)EtOH / 10 eq Py-N-O 98

8 MoO2(sap)EtOH / 10 eq Et3N 64
a: Conditions: The molar ratio for catalyst: cyclooctene: oxidant are 1:800:800.
The reactions were run for 30 min at 80�C.
b: GC yields based on the starting ole�n.
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Table 3. Epoxidation of di�erent ole�ns with MoO2(sap)EtOH as catalysta.

Conversion (%)

Entry Substrate 30 min 60 min Selectivity (%)b

1 Cyclooctene 95 99 100

2 Cyclohexene 79 92 100

3 1-Methylcyclohexene 99 99 100

4 1-Heptene 77 86 100

5 1-Octene 45 63 100

6 2-Octene 80 91 100

7 Styrene 42 46 65

8 �-Methylstyrene 37 44 63

9 4-Methylstyrene 24 26 58

10 4-Methoxystyrene 11 20 60

11 Indene 29 29 70

12 2-cyclohexene-1-one - 15 74

13 2-cyclohexene-1-ol - 84 95

14 �-terpineol - 43 58

a: Conditions: The molar ratio for using catalyst: substrate: oxidant are 1:800:800. The reactions

were run at 80�C.

b: selectivity to epoxide at 60 min.

Epoxidation of Di�erent Ole�ns

The catalytic activity of MoO2(sap)EtOH in the epox-
idation of various cyclic and linear alkenes was tested
and the results are summarized in Table 3. In general,
the ole�n conversions and epoxide selectivities are
higher for aliphatic substrates than those for aromatic
ole�ns. The best epoxide yield and selectivity is
obtained for cyclooctene. The epoxide yield increases
with the nucleophilic character of ole�n. Generally, the
Lewis acidity of dioxomolybdenum(VI) complexes is
an important factor that determines the catalytic per-
formance of the catalyst in ole�n epoxidation [19,41].
The major role of the Mo(VI) centre is to withdraw
electrons from the peroxidic oxygen making it more
susceptible to attack by nucleophiles, such as ole�ns.
Thus, the epoxide yields tend to decrease as the
ole�n becomes less substituted by electron donating
groups, such as methyl. So, higher epoxide yields were
obtained with the 1-methylcyclohexene and 2-octene,
with respect to cyclohexene and 1-octene, respectively.
It is expected that the higher electronic density of
an internal ole�nic double bond (compared with a
terminal C=C bond) should favor nucleophilic attack
on an electrophilic oxidizing species. It should be
noted that adding 2,6-di-tert-butyl-p-cresol as a radical
scavenger (with an equivalent amount, with respect
to cyclooctene as the substrate) to a mixture of the

reaction had no signi�cant e�ect on the reaction rate.
Thus, it con�rmed that the mechanism did not involve
radical pathways.

It is observed that epoxide yield increases with the
decreasing chain length of the ole�n [28,42,43]. Thus, 1-
octene shows lower reactivity, probably due to presence
of more steric hindrance arisen from a larger hexyl
group with respect to a smaller pentyl group present
in 1-heptene. These results indicate that, besides the
intrinsic reactivity of the double bond, ole�n size and
accessibility to the active sites of the catalyst can
be recognized as the limiting factors of the catalytic
reaction.

The catalytic activity of MoO2(sap)EtOH is in-
vestigated in the epoxidation of some ole�ns with
functional groups (Table 3, entries 12-14). It seems the
substitution of an electron-withdrawing group, such as
carbonyl, conjugated with the double bond (Table 3,
entry 12), decrease the yield of epoxidation. This would
be expected based on the electrophilic mechanism
proposed for this reaction [25,29,44]. In comparison
with 1-methylcyclohexen, �-terpinolperoxide yield is
very low (Table 3, entry 14). Noting that the molar
ratio of the substrate to catalyst is high (1000:1), it
seems that the presence of the OH group causes �-
terpinol competition with TBHP for coordination to
the molybdenum center, such as that observed for
alcoholic solvents (Table 1, entries 4,5).
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Table 4. Epoxidation of ole�ns with MoO2(sap)EtOH as
catalyst using no solvents a.

Entry Substrate Conversion (%) b

1 Cyclooctene 95

2 1-octene 43

3 Indene 28(19 c)
a: Conditions: The molar ratio for using catalyst:
substrate: oxidant are 1:800:800. The reactions were
run at 80�C.
b: After 60 min.
c: % Indeneoxide.

Solventless Epoxidation of Ole�ns

Mo(sap)EtOH (1) was used as a typical catalyst for
the catalytic epoxidation of ole�ns in the absence of
solvent. The catalyst became soluble in the reaction
medium after adding the oxidant, so it acts as a
homogeneous catalyst. Table 4 shows the results of
the solventless catalytic epoxidation of some ole�ns. It
is observed that epoxidation conversions in solventless
systems are similar to that of epoxidation reactions
in the 1,2-dicholoroethane as the best solvent of the
reaction.

CONCLUSIONS

Several complexes of dioxomolybdenum(VI)-tridentate
Schi� base have been tested for their catalytic epox-
idation activity for some ole�ns. These complexes
are easily synthesized and showed very good catalytic
activity, stability and selectivity for epoxidation of
cyclooctene and 1-octene. However, it appeared that
the e�ciency of the catalytic system is strongly de-
pendent on the temperature and nature of the solvent,
thus the best yields were achieved at 80�C and 1,2-
dichloroethane. Epoxidation of several aliphatic and
aromatic ole�ns with MoO2(sap)EtOH showed that
this catalytic system is more e�cient for aliphatic
substrates and the epoxide yields increased with the
nucleophilicity of ole�ns.
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