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The catalytic epoxidation of olefins is an important reaction in chemical industry since epoxides are 
versatile and important intermediates in the synthesis of fine chemicals and pharmaceuticals. The 
current epoxidation procedures often use stoichiometric organic and sometimes toxic inorganic 
oxidants that are less favourable from an environmental and economical point of view. In contrast to 
such processes, catalytic epoxidation processes employing H2O2 oxidant are preferred for green 
processing. Herein is reported a highly efficient green process for the epoxidation of olefins using H2O2 

oxidant and modified silver polyoxometalate catalysts at 65°C. The preparation and activity of the 
catalysts are described. The method enjoys >90% conversion and ≥99% selectivity to the epoxide for a 
variety of cyclic and linear olefins including terminal ones. The catalysts are easily recovered by 
filtration and are reusable several times. 
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INTRODUCTION 
 
The catalytic epoxidation of olefins is very important in 
the chemical industry since epoxides are versatile and 
important intermediates in the synthesis of many fine 
chemicals and pharmaceuticals (Hudlucky, 1990; 
Sheldon, 1981). A large number of catalytic epoxidation 
processes are known, but still the chlorohydrin process 
and catalytic processes based on organic peroxides and 
organic peracids are used extensively (Jørgensen, 1989). 
These processes are unfavourable both from an eco-
nomic and environmental point of view, being costly and 
producing large amounts of waste. In contrast to such 
processes, catalytic epoxidation with hydrogen peroxide 
(H2O2) oxidant is very rewarding because: (i) it generates 
only water as a by-product, (ii) it has a high content of 
active    oxygen   species,   and   (iii)   it  is   rather  cheap 

 
 
 
*Corresponding author. E-mail: 
emmanuel@chemistry.mak.ac.ug, mgtemma@yahoo.com, 
emmanuel.tebandeke@gmail.com. Tel: +256 752 592 655. 

compared to organic peroxides and peracids (Jones, 
1999; Lane and Burgess, 2003). Indeed, in certain 
circumstances, H2O2 oxidant could be considered to be 
better than even molecular oxygen insofar as O2/organic 
mixtures can sometimes spontaneously ignite to give 
hazardous explosions (Lane and Burgess, 2003). 

Although, several transition metal compounds have 
been employed as catalysts in the H2O2-based 
epoxidation, these systems have several disadvantages 
(Battioni et al., 1988; Romao et al., 1997). Various 
catalytic systems for H2O2-based epoxidation by poly-
oxometalates or transition metal-substituted poly-
oxometalates have been reported, but most of these 
require either a great excess of the olefin with respect to 
H2O2 or a great of excess H2O2 with respect to the olefin 
to ensure high yields of and selectivity to epoxides 
(Duncan et al., 1995; Kamata et al., 2003; Mizuno et al., 
2005).  

Sharpless and co-workers (Rudolph et al., 1997) 
reported a pyridine ligand-accelerated methyltrioxo-
rhenium  (MTO)  catalysed  epoxidation of various olefinic 



 

 

 
 
 
 
compounds using H2O2 with excellent yields to epoxides. 
However, the catalyst reusability is not reported and MTO 
is very expensive not to mention the by-products that are 
formed. This is a common problem in homogeneous 
catalysis since the catalyst is dissolved in the reaction 
mixture, the separation of the catalyst is difficult and in 
most cases the catalyst cannot be reused. Because of 
this, a lot of undesirable waste is produced and also the 
cost of epoxide production is high.  

Some processes utilising heterogeneous solid catalysts 
for the epoxidation of olefins have also been described. 
Olefins are converted to epoxides in the presence of 
heterogeneous catalysts comprised of carbon molecular 
sieves containing transition metals (Gaffney et al., 1994). 
However, there is always a high possibility of leaching of 
metals from the solid catalyst during the epoxidation 
process, causing loss of catalytic activity and selectivity 
and also making difficult the separation of the leached out 
components from the reaction mixture (Arends and 
Sheldon, 2001). Other heterogeneous catalysts have 
been reported employing H2O2 with a titanium silicate 
zeolite catalyst or the same modified with Cu, Pd or Pt 
compounds (Clerici and Romano, 1999). However, since 
the titanium zeolite catalysts are acidic in nature, they 
also catalyse isomerisation and epoxide ring opening, 
thereby reducing the selectivity for epoxide formation (Fu 
et al., 1999). In these respects, effective catalysts for the 
epoxidation of olefins using H2O2 at ambient conditions 
are still being sought. 

Herein, we report that modified silver polyoxometalate 
catalysts are highly efficient for the epoxidation of olefins 
using H2O2 oxidant. In the present work, a catalytic 
system comprised of silver and polyoxometalates 
(POMs), after undergoing heat treatment is employed in 
the epoxidation process. 
 
 
MATERIALS AND METHODS 
 
General considerations 
 
Solvents and commercially available reagents were used as 
received from Aldrich. The elemental composition of the samples 
was determined using ICP-AES on a PerkinElmer model OPTIMA 
3000 DV Instrument. The IR spectra of the catalysts were recorded 
on a Shimadzu FTIR 8201 PC instrument using KBr discs. Gas 
chromatography analyses were performed with a Varian 3300 gas 
chromatograph with an FID and fitted with a 30 m CP-Sil 5 CB 
capillary column. All GC-MS studies were performed on an Agilent 
6890N Instrument.  
 
 
Catalyst preparation in the absence of a reductant 
 

The preparation of the modified silver polyoxometalate catalyst 
(Equation 1) involved adjustment of the pH of a 50 ml aqueous 
solution of Na3PW12O40 (5.0 g) in CH3CO2H/CH3CO2Na buffer at 
80°C to approximately 7 with Na2CO3.  To the resultant solution, 
AgNO3 (0.25 g) in a minimum amount of water was added drop wise  
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with constant stirring and the mixture refluxed at 90°C for 1 h. 
Ag(NO)3 (2.5 g) in a minimum amount of water was added to 
precipitate out the catalyst and the mixture refluxed for another one 
hour. The temperature of the mixture was adjusted and maintained 
at room temperature overnight. The mixture was filtered and the 
resultant solid dried in a fume hood. The catalyst was then calcined 
in air for 2 h to yield the modified silver polyoxometalate catalyst 
(Ag/Ag-POM). The potassium salt of the polyoxometalate (K-POM) 
was prepared using a similar procedure but without addition of 
AgNO3 and it was precipitated out using KCl. 
    

   pH 7, 90°C  

   Reflux 2 h       (1) 
 
 
Catalyst preparation in the presence of a reductant 
 
The pH of a 50 ml solution containing Na3PW12O40 (5.0 g) in 
CH3CO2H/CH3CO2Na buffer at 80°C was adjusted to approximately 
7 with Na2CO3. AgNO3 (0.25 g) in a minimum amount of water was 
added dropwise with constant stirring and the mixture refluxed at 
90°C for 1 h. Ascorbic acid (0.1 g) dissolved in a minimum amount 
of water was added and the mixture stirred. Ag(NO)3 (2.5 g) in a 
minimum amount of water was added to precipitate out the catalyst 
and the mixture stirred further. The temperature of the mixture was 
adjusted and left at room temperature overnight. The mixture was 
then filtered and the resultant solid left to dry in a fume hood.  The 
catalyst was then calcined in air for 2 h to yield the modified silver 
polyoxometalate catalyst* (Ag/Ag-POM*). 
 
 
Catalytic runs 
 
The catalysed epoxidation reaction under atmospheric pressure 
(Equation 2) involved refluxing a mixture of the olefin substrate (2 
mmol), aqueous hydrogen peroxide (50%, 4 mmol), catalyst (25 
mg) and acetonitrile (5 ml) at 65°C. Portions of the reaction mixture 
were withdrawn at regular intervals and analysed on a Varian 3300 
gas chromatograph and GC-MS Model Agilent 6890N, in order to 
identify the oxidation products. Quantification of the reactants and 
products in the aforementioned techniques was achieved by use of 
internal standards. The used catalyst was recovered by filtration 
and washing with n-hexane. 

 

+ H2O2
Reflux 65OC

O + H2O
Ag/Ag-POM      Ag/Ag-POM 

      Reflux 65°C 

  (2) 

 
 
RESULTS AND DISCUSSION 
 
Catalyst characterization 
 
The optimum pH for the preparation of modified silver 
polyoxometalate catalysts was found to be 7.0. Higher pH 
values beyond pH 8.0 resulted into partial loss of 
structure of the polyoxometalate (POM) and thus 
reduction in the catalyst yield. Elemental analysis data 
are shown in Table 1. The high weight percent of Ag in 
the  Ag/Ag-POM and Ag/Ag-POM* catalysts is due to fact  
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Table 1. Elemental composition of the different catalysts as determined by ICP. 
 

Catalyst (pH) Ag (%) K (%) P (%) W (%) 

K-POM (pH 7) -- 9.1 0.88 57.9 

Ag/Ag-POM (pH 7) 22.3 0.1 0.62 50.2 

Ag/Ag-POM* (pH 7) 21.8 0.2 0.71 51.5 
\ 

*Catalyst prepared under reducing conditions. 

 
 
 

 
 
Figure 1. An overlay of the IR spectra of K-POM (a), Ag/Ag-POM (b), Ag/Ag-POM*(c) 

and Ag/Ag-POM400 (calcined at 400°C). 

 
 
 
that some Ag

+
 ions are consumed during the precipitation 

of Ag-POM.  
An overlay of the IR-spectra of the K-POM support and 

supported silver catalysts is presented in Figure 1. The 
vibrational stretches in the IR spectra of the support and 
the catalysts are highly coincidental indicating that the 
anion of the K-POM largely retains its structure after 
inclusion of silver. However, as the calcination tem-
perature increased beyond 400°C, there is a slight 
change in the spectra due to dehydration and probable 
partial degradation of the structure of the POM. 
 
 
Epoxidation reaction 
 
Initially the epoxidation of different olefins with 30% 
aqueous hydrogen peroxide catalysed by calcined Ag/Ag-
POM was investigated. Substrates like cyclooctene and 
norbonene   could    be    epoxidized    with    about   95% 

conversion and 99% selectivity to the corresponding 
epoxides. However, olefins like cyclohexene showed 
lower selectivity (Entry 8, Table 2). The excess water 
from the 30% aqueous hydrogen peroxide seemed to 
facilitate the epoxide ring opening. When 50% aqueous 
hydrogen peroxide was used there was an improvement 
in both conversions and selectivity to the corresponding 
epoxides.  

Control experiments using the support K-POM as 
catalyst, showed very low selectivity for the epoxide 
(Entry 9, Table 2). Calcination temperatures around 
400°C produced the most efficient catalyst in terms of 
conversion and selectivity. The uncalcined catalysts 
showed lower selectivity in the epoxidation reaction. The 
catalysts prepared in the presence of a reductant showed 
higher conversions; however, their selectivities to the 
epoxide were lower (Entries 4 and 5, Table 2). 

The above results prompted the application of the 
modified silver polyoxometalate catalyst calcined at 400°C  
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Table 2. Conversion and selectivity in the epoxidation of cyclohexene to cyclohexene oxide 
(CHO) by various catalytic systems using 50% H2O2 oxidant at 65°C. 

 

Entry Catalyst Conversion (%) CHO Selectivity (%) 

1 Ag/Ag-POM calcined at120°C 83.8 90.5 

2 Ag/Ag-POM calcined at 400°C 92.7 99.0 

3 Ag/Ag-POM calcined at 450°C 91.7 99.1 

4 Ag/Ag-POM* calcined at 120°C 87.9 89.3 

5 Ag/Ag-POM* calcined at 400°C 96.3 92.8 

6 Recycled Ag/Ag-POM120 89.6 90.5 

7 Recycled Ag/Ag-POM400 91.9 98.1 

8
a
 Ag/Ag-POM calcined at 400°C 86.4 89.5 

9 K-POM calcined at 120°C 89.6 21.8 
 

Reaction conditions: olefin (2 mmol), catalyst (25 mg), H2O2 (4 mmol), acetonitrile (5 ml), and reaction 
time 24 h. 

a
oxidant (30% H2O2, 4 mmol). 

 
 
 

Table 3. Conversion and selectivity in the epoxidation of various olefins using 50% hydrogen peroxide oxidant and 
Ag/Ag-POM400 at 65°C. 
 

Entry Olefin Time (h) Conversion (%) Product Selectivity (%) 

1 

 

24 99.2 
O

 

99.4 

      

2 

 

24 99.1 

O  

99.6 

      

3 

 

24 92.7 
O

 

99.0 

      

4 

 

24 96.5 
O

 

99.0 

      

5 

 

24 99.0 

O  

99.1 

      

6 
 

24 96.7 O

 

99.5 

      

7 
 

48 94.8 

O  

99.3 

      

8 

 

48 97.4 
 

O

 

99.4 

      

9  48 95.5 O

 
99.7 

      

10
a
 

 

36 97.6 
O

 

99.3 

 

Reaction conditions: olefin (2 mmol), catalyst (Ag/AgPOM400, 25 mg), 50% H2O2 (4 mmol), acetonitrile (5 ml), 
a
olefin (20 

mmol), catalyst (Ag/Ag-POM400, 100 mg), 50% H2O2 (40 mmol). 
 
 

 (Ag/Ag-POM400) to other substrates and the results are 
shown in Table 3. Greater than 90% conversions and 
close to 99%  selectivity  to  the  corresponding  epoxides 

could be achieved for a number of cyclic olefins and 
linear olefins. It is interesting to note that even terminal 
olefins like 1-hexene, could be epoxidized with 94% yield 
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and 99% selectivity (Entry 7, Table 3). Interestingly, the 
present catalyst could be easily recovered by filtration 
and reused without loss of catalytic activity. 

The conversions and yields observed with the present  
modified silver polyoxometalate catalysts are higher than 
those reported for the epoxidation of olefins using H2O2 
catalysed by polyoxometalates (Bailey et al., 1995; 
Duncan et al., 1995; Ishii et al., 1988; Venturello et al., 
1985) or transition metal substituted polyoxometalates 
(Kuznetsova et al., 1996; Neumann and Gara, 1994; 
Neumann and Khenkin, 1996; Tangestaninejad and 
Yadollahi, 1998). The observed yields are also superior 
to those reported when the olefin was used in a great 
excess over H2O2 oxidant (5:1) in order to ensure high 
yields and selectivity (Kamata et al., 2003; Mizuno et al., 
2005). The exclusion of solvents in catalytic processes is 
a major challenge in green chemistry and, gratifyingly, 
the epoxidation with the present catalytic system, could 
be performed in neat olefin without a solvent. For 
example, cyclooctene was epoxidized without addition of 
a solvent with approximately the same selectivity, albeit 
slightly longer reaction time (Entry 10, Table 3). 

Several POM based catalysts have been reported for 
the epoxidation of olefins using H2O2 oxidant. However, 
many of them also seem to catalyse the epoxide ring 
opening, thereby reducing the selectivity for epoxide 
formation. This explains why for example, high selectivity 
for epoxidation reactions using polyoxometalates was 
observed when the olefin was present in a greater excess 
compared to the H2O2 (Kamata et al., 2003; Mizuno et al., 
2005), so that the H2O2 is used up in the process fast 
enough to prevent over oxidation. 

In this present work, the inclusion of silver onto a 
polyoxometalate and eventual calcination improved the 
catalytic activity of the system in terms of conversion and 
selectivity. However, the nature of active silver species in 
the catalyst is not yet clear.  The observed catalytic 
activity could be attributed to silver or a combination of 
silver and the polyoxometalate. Further studies are 
ongoing to shed some light on the mechanism and the 
role of silver in the epoxidation process. 
 
 
Conclusion 
 

We have successfully prepared modified silver poly-
oxometalate catalysts. These silver containing poly-
oxometalates are efficient in the epoxidation of olefins 
with H2O2 oxidant producing the corresponding epoxides 
in excellent yields and selectivity. The catalysts are easily 
recovered by filtration and are reusable several times.  
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