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Abstract

The catalytic oxidation of styrene using cissMoO,(L)(solv) [L = Salicylidene Salicyloyl Hydrazine) and its zeolite-Y
composite as catalysts in the presence of molecular oxygen and in the temperature range 50—70°C is studied. The oxidation
products are found to be styrene epoxide and phenyl acetaldehyde. Phenyl acetaldehyde is observed to form only in
homogeneous catalytic system towards the end of a 5-h reaction period. A 77% conversion of styrene into products (styrene
epoxide: phenyl acetaldehyde ratio = 85:15) is obtained under homogeneous catalytic conditions, whereas use of complex
zeolite composite resulted in 68% conversion of styrene into styrene epoxide selectively. Styrene epoxide is formed with a
turnover of 9/mol Mo in catalyst at 60°C in homogeneous catalytic system. The turnover increased to 64 when encapsul ated
complex is used. The rate of styrene oxidation showed first-order dependence with respect to catalyst and substrate
concentration. A mechanism for oxidation of styrene with cissMoO,(L)(solv) is proposed and reasons for selective
conversion of styrene into corresponding epoxide is presented. © 2000 Elsevier Science B.V. All rights reserved.
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1. Introduction aytic systems that have been reported to be
useful for oxidation of olefinic compounds are:
Mn(l11)(salen) complexes in homogeneous
medium [1,2], Mn(I11)(salen) complexes encap-
sulated in zeolite-X [3], Mn(l11) bipyridine com-
plex cations immobilised on AI-MCM-41 [4],
titanium silicate molecular sieve TS-1[5,6], het-
eropoly tungstate [7], Mo- or Ti-containing
mesoporous MCM-41 [8] and Ru(ll) complexes

* Corresponding author. containing pyridine and picoline ligands [9].

Catalysis of oxidation of olefins using transi-
tion metal complexes into a variety of products
such as epoxides, carbonyl compounds, diols
and oxidative cleavage products of C=C has
received much attention primarily due to inter-
est in selective and partial oxidations. The cat-
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While epoxides corresponding to 1-hexene, cy-
clohexene, styrene, cyclooctene, etc., are the
targeted products using these transition metal
catalysts; a number of problems are encountered
during the actual course of reaction viz., lower
yield and selectivity for epoxides and isomeri-
zation of epoxides as is the case with
Mn(ll1)(salen) complex catalysts and TS-1
molecular sieves [3,5], unwanted oxidative
cleavage of double bond promoted by Ru and
Os catalysts [9], and low overall olefin conver-
sion with the zeolite encapsulated catalysts due
to diffusiona resistance [3]. Therefore, the
search for selective epoxidation catalysts of
transition metal origin is continuing and new
metal complexes in different ligand environ-
ments that may strongly influence the catalytic
behaviour are being prepared and examined for
their catalytic activity.

We have earlier reported the catalytic air
oxidation of cyclooctene using cis-MoO,(L)-
(solv) and its zeolite-Y composite [10]. In the
present paper, we report the kinetics of catalytic
oxidation of styrene by cis-MoO,(L)(solv) com-
plex and its zeolite-Y composite in the presence
of molecular oxygen as oxidant and in the tem-
perature range 50—-70°C. Severa authors includ-
ing us [10-13] have reported oxo-transfer activ-
ity of several dioxomolybdenum complexes in
different Schiff base environments. The forma
tion of phenyl acetaldehyde in addition to
styrene epoxide is observed in the present study
under homogeneous catalytic conditions. But
styrene epoxide formed selectively, although
with a somewhat lower conversion yield, when
the oxidation reaction is catalyzed using zeolite-
Y encapsulated complex.

2. Experimental

2.1. Materials

Ammonium molybdate, acetylacetone, salicy-
laldehyde, salicylic acid hydrazide were pro-

cured from Sisco Chem. Lab., Mumbai, India
Styrene, styrene epoxide, phenyl acetaldehyde
and benzaldehyde were procured from Lan-
caster (UK). Chromatography grade acetone,
methanol and dimethyl formaldehyde was used.
Partially dealuminated NaY zeolite (Si /Al =
4.18) was used. cissMoO,(acac), was prepared
and purified according to the reported method
[14]. The synthesis and characterization of 1-
salicylidene-2-salicyloyl hydrazine Schiff base
(L) and the corresponding dioxo molybdenum
complex, cissMoO,(L)(solv) and the encapsula
tion of this complex in zeoliteY super cages
was earlier reported [10,15].

2.2. Oxidation experiments

The homogeneous and heterogeneous oxida-
tion of styrene was carried out in a jacketed
glass reactor fitted with a condenser, thermome-
ter, and sampling port. Water from constant
temperature water bath was re-circulated through
the glass reactor to attain the desired tempera-
ture. In atypical oxidation experiment, 10 ml of
DMF solution of the complex (0.1 mmol) was
alowed to attain the required temperature and
then to it, styrene (0.3 mmol) was added.
Throughout the experiment that lasted for 5 h,
lolar grade O, (99.99%) was bubbled under
magnetic stirring. During these runs, liquid sam-
ples were withdrawn from the reactor at chosen
intervals of time. The progress of reaction was
determined in terms of styrene consumption
using Gas-Liquid Chromatography (Perkin-
Elmer Auto System XL Gas Chromatograph)
and employing 8% Carbowax 20 M on Chro-
mosorb column (FID, column temperature pro-
grammed between 125°C and 180°C, detector
temperature, 200°C, injection temperature,
150°C, N, carrier gas, 10 ml /min). Oxidation
products in the reaction mixture were identified
by peak matching against chromatograms of
authentic styrene epoxide, phenyl acetaldehyde
and benzaldehyde samples, which are the ex-
pected products. The oxidation runs using zeo-
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liteY encapsulated complex were aso con-
ducted in a similar manner except that 0.10 g
zeolite-complex composite was used instead of
complex.

3. Results and discussion

Oxidation of styrene in DMF medium using
cissMoO,(L)(solv) complex in the presence of
molecular oxygen was confirmed to yield
styrene epoxide as the major product and small
quantities of phenyl acetal dehyde (styrene epox-
ide:phenyl acetaldehyde ratio = 85:15). Ben-
zaldehyde was not detected in the reaction mix-
tures. The variation of styrene concentration as
afunction of timeis shownin Fig. 1. At the end
of the 5-h run of oxidation using 0.1 mmoal
catalyst and 0.3 mmol styrene at 60°C, about
77% styrene conversion efficiency and a
turnover of 9 (in terms of Mo in the complex)
for styrene epoxide formation were attained.
The rate of oxidation is found to be 4.6 x 10~°
mol /h. The oxidation yield was very insignifi-
cant (< 3.0%) in the absence of oxygen and at
temperatures lower than 50°C.

3.1. Oxidation of styrene using Mo¥'O,(L)-NaY
composite

In this experiment, 0.1 g Mo”'O,(L)-NaY
composite was interacted with 0.3 mmol styrene
in 10 ml DMF medium at 60°C and the reaction
was continued for 5 h under oxygen bubbling.
The only oxidation product detected in this case
was styrene epoxide. A total of 68% conversion
was achieved in a 5-h reaction period. Based on
1.2 wt.% Mo loading, the turnover is worked
out to be approximately 64. Thus, encapsulation
of the complex in zeolite cavities ensured selec-
tivity of styrene epoxide formation and a
seven-fold increase in turnover, compared to the
corresponding homogeneous case, is achieved.

Subsequently, the effects of catalyst concen-
tration, substrate concentration and temperature
on the initia rate of oxidation of styrene using
cis-M0oO,(L )(solv) were determined.

3.2. Effect of catalyst concentration
The catalyst concentration was varied from

0.05 to 0.2 mmol at a fixed substrate concentra-
tion of 0.3 mmol and at a temperature of 60°C.
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Fig. 1. Styrene consumption as afunction of time during oxidation using cis-MoO,(L)(DMF). [cat] = 1.0 X 10™* mol, [styrene] = 3.0 x 10~ *

mol and T = 333 K.
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Fig. 2. Effect of catalyst concentration on the rate of styrene oxidation at [styrene] = 3.0 X 10~4 mol and T = 333 K.

The initial rates of styrene oxidation exhibit
first-order dependence with respect to catalyst
concentration as shown in Fig. 2.

3.3. Effect of substrate concentration

Fig. 3 shows the dependence of rates of
oxidation of styrene with respect to styrene
concentration which was varied from 0.2 to 0.4
mmol, while the catalyst concentration is fixed
a 0.1 mmol a 60°C. The initial rates were
found to exhibit first-order dependence with
respect to styrene concentration.

3.4. Effect of temperature

The oxidation of styrene was studied in the
temperature range 50-70°C using 0.1 mmoal
catalyst and 0.3 mmol styrene concentration. A
plot of —In(rate) vs. 1/T is shown in Fig. 4,
from the slope of which the value of activation
energy (E,) was deduced as 12 Kcal /mol. The
AH# and AS# values calculated at 60°C are
11.3 Kca /mol and + 34.0 eu, respectively. The
effect of reaction temperature on the styrene
conversion and product distribution is shown in

Table 1. Increase of reaction temperature from
323 to 343 K caused increase in overall styrene
conversion efficiency and the product selectivity
atered in favor of epoxide.

3.5. Probable mechanistic route for styrene oxi-
dation

Two important observations are made during
this study. Firstly, the higher selectivity for
epoxide formation (85% in homogeneous condi-
tions, 100% using Mo"'O,(L)-NaY composite)
is unlike the results obtained with Mn—salen
complexes or Mo(or Ti)-MCM-41 catalysts [1-
3,8], where the selectivity for epoxide formation
was only between 12% and 25%. Benzaldehyde
is reported as the major product in these two
cases. About 6-9% of isomerization product
(i.e., phenyl acetaldehyde) is also reported. In
the case of TS1 catalyst, isomerisation of
styrene epoxide into phenyl acetaldehyde is re-
ported to be predominant (76%) [5,6]. Secondly,
lower overall styrene conversion efficiency was
found when Mo"'O,(L)-NaY composite was
used. Many reaction conditions such as the na-
ture of solvent (protic or aprotic, low or high
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Fig. 3. Effect of styrene concentration on the rate of styrene oxidation at [cat] = 1.0 X 10~ mol and T = 333 K.

dielectric constant solvents), type of oxidant,
and reaction temperature effect the conversion
efficiency and product selectivity. The solvent
used in the present case is dimethyl formamide.
This is aprotic and has a high dielectric con-
stant. Referring to styrene epoxidation using
MCM-41[8] and TS-1 catalyst [5], it is reported

that use of high dielectric constant solvent fa
vors the formation of epoxide and phenyl ac-
etaldehyde. Further, in protic solvent such as
methanol, the reaction preference is towards
isomerisation of epoxide and to some extent,
acoholysis products of epoxide may aso form.
Therefore, higher selectivity for epoxidation

1T. K1
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Fig. 4. Effect of temperature on the rate of styrene oxidation at [cat] = 1.0 X 10~* mol and [styrene] = 3.0 X 10~4 mol.
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Table 1
Effect of temperature on styrene conversion and product distribu-
tion

Tempe- % Selectivity

W e Sy e
epoxide acetaldehyde

323 70.0 825 175

333 76.6 85.0 15.0

343 86.3 89.2 10.8

found in the present study may be attributed to
aprotic and high dielectric constant solvent used
here. On the other hand, the lower conversion
efficiency found with Mo"'O,(L)-NaY com-
posite in comparison with that of the homoge-
neous system may be understood to have origi-
nated from diffusional resistance faced by the
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styrene molecules in reaching the isolated cat-
aytic centersin zeolite-Y cages. A similar phe-
nomenon is aso reported with Mn(l11) com-
plexes encapsulated in zeolite-X [3].

Based on the products formed and from the
kinetic results, the following mechanism is pro-
posed for the reaction (Scheme 1). It is pro-
posed in the mechanism that water molecule in
1 is displaced by the more powerful coordinat-
ing solvent molecule, i.e., DMF. In a pre-equi-
librium step, species 2 reacts with a molecule of
styrene to give an organometallic intermediate
3. This is followed by [2 + 2] cycloaddition of
the carbon—carbon double bond to the oxo-
molybdenum bond that gives a molybdeno-
oxetane intermediate 4. Metal-oxetane type in-
termediate formation is frequently invoked for

MoO2 (L) (Hp0) 1,

vi
Mo 05 (L)

(DMF) '% \
o j@)
,v SNV
Mo (0) (L) (DMF) 5 ! o D2
N
| ~—||—

CHyC

HO
+

o

MOLYBDENOOXE TANE

Scheme 1.
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explaining epoxide formations catalyzed by
metal-oxo complexes [16]. This decomposes to
5 and styrene epoxide. The formation of molyb-
deno-oxetane intermediate and abstraction of
oxygen atom by styrene intramolecularly from
the MoO, moiety represents a rate-determining
step. The favourable effect of temperature on
the overall conversion of styrene and selectivity
to epoxide formation found in the present study
would imply that the abstraction of oxygen
atom by styrene moiety via molybdeno-oxetane
intermediate to form epoxide is accelerated. In
the same count, the formation of molybdeno-
oxetane intermediate is endothermic by 11.3
Kca /moal as calculated from the experimentally
derived energy of activation (E, = 12
Kca /mol). Since complex 5 is unstable, it re-
verts to 2 in the presence of molecular O,.

3.6. Rate law

Based on the kinetic study, the rates of oxida-
tion of styrene were found to exhibit first-order
dependence with respect to catalyst and sub-
strate concentrations. Taking into consideration
the total catalyst concentration present in the
form of different species in situ at steady state
condition, the final rate law can be written as:

rate = kK, [cat],[S] /1 + K,[F]

Where [cat], = total catalyst concentration, [S]
= styrene concentration, K, = pre-equilibrium
constant and k = rate constant. In order to eval-
uate the kinetic constants, the above equation
can be rearranged as:

[cat],/rate = 1/[S] (1/KK,) + 1/k

The value of k was deduced from the intercept
of the plot between [cat],/rate vs. 1/[S]. Substi-
tution of the value of k in the ope term gave
the value of K,. The values of kinetic constants
obtained for the MoO,(L)(solv) complex cat-
ayzed oxidation of styrene to give styrene
epoxide at 60°C are: K, =7.3x 10®* M~* and
k=2.63%10"3 min ™.

In summary, we conclude that both cis
MoO,(L)(solv) and MoO,(L)(solv)-NaY are
useful for styrene oxidation, the latter showed
selectivity for styrene epoxide formation with
higher turnover. The initial rates of styrene oxi-
dation showed first-order dependence with re-
spect to catalyst and substrate concentrations.
Overall styrene conversion efficiency and selec-
tivity for epoxide may be enhanced at higher
temperatures.
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