
Inorganica Chimica Acta, 19 (1976) 15-18 

0 Elsevier Sequoia S.A., Lausanne - Printed in Switzerland 

Catalytic Properties of Some Molybdenum Complexes in the Epoxidation 

Reaction of Olefins with Hydroperoxides 

J. SOBCZAK and J. J. ZI&KOWSKI 

Institute of Chemistry, University of Wrocfaw, 50-383 WrocJaw, Poland 

Received October 27, 1975 

15 

Catalytic properties of H2[Mo204(O~)2(H20)2]. 
3H20, MOB, Mo02(acac)2, MOOR, Moo2 

tt-C6H1102)2 and MO(V) acetylacetonate in the 
epoxydation reaction of cyclohexene with cumene 
hydroperoxide wereinvestigated. 

Kinetic studies for the model reaction at a molar 
ratio of cyclohexene : cumene hydroperoxide : MO 
catalyst = 1: 1:0.002 at 8.5” C and 90” C in nitro- 
benzene and benzene were carried out. H2[Mo204 
(Ox),(H,O),] .3Hz0 shows the highest catalytic selec- 
tivity owing to its electronic structure. 

Introduction 

Among many preparation methods of the epoxide 
which employ complexes of transition metals as cata- 
lysts, the most thoroughly examined one has recently 
been the epoxidation reaction of olefins by means of 
organic hydroperoxidesi-r4. 

The most active catalysts in those reactions appeared 
to be the complex molybdenum compounds, in partic- 
ular: Mo(CO),‘~~~~, molybdenum naphthenate,3’ *’ mo- 
lybdenum resinate”“, Mo02(acac)zz95 and others, 
especially those readily soluble in the reaction medium. 

In spite of the fact that the reactions between olefins 
and organic hydroperoxides catalyzed by molybdenum 
compounds were dealt with in a number of papers, the 
mechanism and kinetics of such reactions are, however, 
still not fully explained. Some light on this problem 
was. shed by Sheldons,6, Sapunov et al.14, who suggest 
that the epoxidation reaction of olefins proceeds 
through an intermediate which is most probably the 
molybdenum complex with a hydroperoxide and ole- 
fin. Some authors believe that initially a molybdenum 
complex with hydroperoxide is formed an then co- 
ordinated to the olefin26~5~6~‘6, whereas others sug- 
gest a reverse sequence26Y’4. It seems, however, un- 
questionable that the molybdenum complex is 
modified during the epoxidation process and is 
converted into some type of compounds, viz., 
molybdenum(V1) diol complexes5q6, *‘. 

The purpose of the present work was to obtain addi- 
tional information on the mechanism and structure of 

the active molybdenum complex used as a catalyst in 
this reaction. 

Experimental 

Materials and Procedures 
Cumene hydroperoxide (Koch-Light Laboratories 

Ltd), stabilized with sodium carbonate, was purified 
from the stabilizer and dried over MgS04. 

Cyclohexene (Fluka AG, Buchs SG) was distilled 
before use. 

Molybdenum Compounds 

Mo(CO), (Merck-Schuchardt), MoO*( acac)218, 
molybdenum(V) acetylacetonate were prepared by 
dissolving molybdenum(V) hydroxide in acetylacetone. 
Mo02(trans-C6H1102)25, MOOR’, MOO, (POCh- 
Gliwice), H2[Mo204(O~)Z(H20)2]. 3H20 were pre- 
pared by our own method from the reaction between 
molybdenum(V) hydroxide and oxalic acid in aqueous 
solution. 

,The epoxidation reaction was carried out under 
nitrogen in a glass reactor fitted with a magnetic stirrer 
and reflux condenser. The reactor was fed with the 
catalyst, solvent and olefin and then the mixture was 
treated with the hydroperoxide solution at a suitable 
temperature. The reaction time was measured since 
the hydroperoxide was introduced into the reaction 
system. 

The reaction was carried out in a 50 ml volume. 
5 ml cyclohexene (SO mmol) and about 50 mmol 
cumene hydroperoxide in nitrobenzene or benzene 
solution were used. 2 x 1V3 mol of catalyst was added 
per mol of olefin and hydroperoxide. 

Analytical Determinations 
Conversion of cumene hydroperoxide was monitored 

by iodometric titration. 
Cyclohexene and epoxycyclohexane were determined 

by means of gas chromatographic methods in a 1 m 
column filled with W-DMCS Chromosorb with a liquid 
SE-30 phase of about 2.5% with 0.03% PEG-20000 
added. 
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Electronic absorption spectra were recorded by 
means of a Cary 14 spectrophotometer. 

Results and Discussion 

Studies on the Catalytic Activity of Molybdenum 
Compounds 

The catalytic activity of various molybdenum com- 
pounds was examined in a model epoxidation reaction 
of cyclohexene with cumene hydroperoxide at a molar 
ratio of cyclohexene : cumene hydroperoxide: catalyst 
= 1 : 1 : 0.002. 

The results of studies on this reaction in nitrobenzene 
as solvent at 85” C in the presence of various molyb- 
denum compounds are presented in Table I. 

With the catalysts listed in Table I (except with 
Mo03) all solutions became brown during the reac- 
tion. The active form of the catalyst is most probably 
identical in all reactions. The electron spectra of these 
solutions exhibit a distinct band at about 22800 cm-i. 

For H2[Mo204(O~)2(HZ0)2]. 3H,O as a catalyst. 
after cyclohexene and epoxycyclohexane were distilled 
off under reduced pressure from the reaction mixture 
and a fresh portion of the olefin and hydroperoxide 

was introduced, the reaction was found to proceed 
further but at a lower rate. This is an evidence that the 
active form of the catalyst was preserved in the reac- 
tion system. The lower rate of epoxidation may be 
explained as due to the inhibiting effect of cumyl alco- 
hol which was left in the reaction mixture after removal 
of cyclohexene and epoxycyclohexane. 

Kinetic and Epoxidation Mechanism 
Kinetic measurements of the epoxidation reaction of 

cyclohexene with cumene hydroperoxide were carried 
out at 90°C in the presence of the most active and 
selective molybdenum catalysts. The epoxidation reac- 
tion was carried out in nitrobenzene, but with some 
catalysts the reaction was also carried out in benzene 
for comparison. The catalytic effectiveness of the mo- 
lybdenum catalysts under investigation is presented in 
Table II. 

The data in Table II show that the most effective 
and selective catalyst in nitrobenzene solution is the 
oxalate complex of molybdenum(V), H2[Mo204(O~)Z 
(H20)J 3H20. The catalytic activity of this complex 
in benzene solution is considerably lower (Figure I). 
This is because the oxalato complex causes decompo- 
sition of cumene hydropcroxide very slowly while in 

TABLE I. Epoxidation of Cyclohexene with Cumene Hydroperoxide in Nitrobenzene at 85” C.” 

CatalysP Reaction Hydroperoxide Cyclohexene Selectivity per Used Reaction 
Time Conversion Conversion Cyclo- Hydro- Yield 

(min) (%) (%) hexene peroxide (S) 
(%) (a) 

MoO,(acac), 280 76.2 70.8 56.4 52.4 39.9 
MoO,(acac)zc 280 63.2 90.9 19.7 2x.3 17.9 

MO(V) Acetyloacetonate 265 X2.2 x1.4 63.6 63.0 51.8 
Hz[M~zO~(O~)Z(HZO)ZI. 3H,0e 260 71.3 6X.2 75.2 71.9 51.3 
MoOad 1200 - - _ _ - 

MOODY, e 47s 77.9 XX.3 52.7 .s9.7 46.5 

“SO mmol cyclohexene + SO mmol cumene hydroperoxide + 0.1 mol in nitrobenzene (solution volume SO ml), nitrogen 
atmosphere. bAcac = acetylacetone, Ox = oxalate. ‘Oxygen atmosphere; the reaction products were found to contain con- 
siderable amounts of cyclohexanediol- I .2. d Heterogeneous system, molybdenum compound incompletely dissolved. 
eThe system is initially heterogeneous. 

TABLE II. Epoxidation Reaction of Cyclohexene with Cumene Hydroperoxide Catalyzed by Molybdenum Compounds 
in Nitrobenzene at 90” C. 

Catalyst Time 
(min) 

Hydroperoxide Cyclohexene 
Conversion Conversion 

(“rr) (S) 

Mo(CO), 
MoOz(acac), 

MoO2[t-C,H,O& 
H,IM~zO~(O~)~(H,O),~.~HZO 

330 X2.6 85.0 
400 X7.3 X1.2 
440 Xl.2 82.4 
350 73.6 70.5 

Selectivity per Used 

Cyclo- Hydro- 
hexene peroxide 
(%) (W) 

Reaction 
Yield 
(%) 

67.8 69.7 S7.6 
60.1 55.9 4X.X 
69.9 70.9 57.6 
96.5 92.4 68.0 
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Figure 1. Reaction of cumene hydroperoxide with cyclo- 
hexene in benzene at 90” C catalyzed by Mo(CO), (curves 1, 
1’) and H2[Mo204(~~)Z(H20)2] 3H20 (curves 2, 2’). 

Figure 2. Reaction of cumene hydroperoxide with cyclo- 
hexene in nitrobenzene at 90°C catalyzed by molybdenum 
compounds. 

nitrobenzene at 86” C the hydroperoxide undergoes 
full decomposition after about 35 min. 

The kinetic curves describing the decomposition of 
cumene hydroperoxide by the compounds listed in 

Figure 3. Plot of logk vs. l/T for cumene hydroperoxide 
decomposition during the epoxidation of cyclohexene cata- 

Table IT are presented in Figure 2. which shows that lyzed by HZ[Mo204(~~)2(H20)2]. 3Hz0. 

only in the epoxidation reaction catalyzed by H2[Mo204 
(Ox),(H,O),] . 3H20 is the decomposition of cumene 
hydroperoxide a first-order reaction. The kinetic curves 
of cyclohexene conversion and epoxycyclohexane pro- 
duction do not exhibit a rectilinear dependence for the 
catalysts given in Table II in the semilogarithmic scale. 
For the molybdenum(V) oxalato complex, HZ[Mo204 
(Ox),(H,O),] 3H20, kinetic studies were made over 
the temperature range 7040” C. The decomposition 
of cumene hydroperoxide over this temperature range 
is a first order reaction. The rate constants are provided 
in Table III, and logk vs. l/T is plotted in Figure 3. 
The curve consists of two nearly straight lines. This 
fact may indicate that the reaction proceeds according 
to a mechanism in which the homolytic decomposition 
of the hydroperoxide by the molybdenum complex 
competes with the epoxidation reaction of an 01efin5. 
From the diagram shown in Figure 3 the activation 
energy of cumene hydroperoxide decomposition was 
calculated and the following values were obtained: 

TABLE III. Rate Constants for the Decomposition of Cumene 

Hydroperoxide in the Epoxidation of Cyclohexene Catalyzed 

by Hz[Moz04(0x)~(H~O)~]. 

Temperature o C kx 1O-3 
(min+) 

70 1.01 
7s 2.01 
80 2.86 
86 3.94 
90 4.96 
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Figure 4. Structure of [Mo204(o~)Z(HZ0)2]2- ior? 

13.9 LO.8 Kcal/mol and cu. 24.0 KcaUmol over the 
temperature ranges X0-90” C and 70-80” C, respec- 
tively. 

A high selectivity of the epoxidation reaction of 
cyclohexene catalyzed by H2[Mo204(0~)2(H20)2] 
(Table 11) indicates that the structure of this mole- 
cule is very close to that of the active complex. 

The oxalato complex H2[Mo204(O~)2(HZ0)2] is 
a dimer whose strpcture is presented in Figure 4.20 

The epoxidation reaction starts with no initiation 
time if cyclohcxene is introduced prior to the start of 
hydropcroxide decomposition. It means that the mo- 
lybdenum hydroperoxide complex formation precedes 
the epoxidation process (Scheme I). 

-ROH +HzO 

(0) I 

(8) 

- 
+ 0 

(C) 
+ IV 

ill 

Scheme I 

Contrary to other molybdenum complexes in lower 
oxidation states, the hydroperoxide is most readily 
coordinated to the oxalato complex by replacing the 
Hz0 molecule (Scheme I, path A). 

The entry of a hydroperoxide into the co-ordination 
sphere of MO(V) (structure II) results in an increase 
of the electrophilic properties of oxygens from the 
peroxy group and facilitates their interaction with ole- 
fin 6a (path B. C) towards the epoxide formation. In 
the active complex the molybdenum appears most 

probably in the oxidation state VI (structure [III]). 
This oxidation state of MO is stabilized during the 
epoxidation process in which, beside the epoxide, a 
less active Mo(V1) complex with cumyl alcohol is 
formed (structure [IV]). Under the epoxidation con- 
ditions this complex may be reactivated (path D) also 
by the splitting off of the cumyl alcohol molecule re- 
converted into initial form (structure [I]). 
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