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Catalytic oxidation of styrene and cumene was carried out in the absence of solvent with 
tz-oxotrinuclear mixed valence and mixed metal carboxylate complexes as catalysts. Main products 
from styrene are styrene oxide and benzaldehyde. Among these complexes tested, the/~-oxo mixed 
metal acetate complexes Fellt2ZnU, coln2co 11, and crnI2Fen are superior for both reactivity and 
epoxide selectivity to monomeric or trinuclear homometal complexes. Moderately high temperatures 
(80-95°C) and decreased 02 pressure result in increased epoxide selectivity. Cumene was oxidized 
by all the complexes tested, but the Feln2Mnn complex had no activity for the oxidation of styrene. 
Electron transfer between metals via a ~-oxo atom is considered to be responsible for the effective 
catalytic feature. © 1992 Academic Press, Inc. 

INTRODUCTION 

Biochemical studies of catalytic oxida- 
tions with transition metal compounds have 
been focussed on selectivity and catalytic 
species (1). It is generally accepted that 
metal-oxo species participate in the homoge- 
neous oxidations of olefins as mono-oxygen 
transfer agents to give epoxides (2). 

Holm (3) discussed stoichiometric and 
catalytic aspects of metal-catalyzed oxygen 
transfer reactions revealing diverse 
metal-oxygen species. Recently,/z-oxotri- 
nuclear metal complexes have become of 
interest in connection with biomimetic 
model complexes (4) and with magnetic and 
electronic properties (5). Especially, in- 
teratomic interactions in both static and dy- 
namic states have been studied for mixed 
valence complexes (5). /z-Oxoiron(II)iro- 
n(III) complexes have been shown to work 
as dual catalysts for oxidation (6) and reduc- 
tion reactions (7). tz-Oxotrinuclear ruthe- 
nium complexes were effective for oxida- 
tions of inorganic (8) and organic substrates 
(9) although it is not certain that these reac- 
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tions are intrinsically related to tz-oxotri- 
nuclear metal species. 

We have been investigating oxidation of 
styrene by /z-oxotrinuclear mixed valence 
and mixed metal complexes (Fig. 1) from 
the viewpoint that centered oxo species 
might be labile due to the key atom for an 
electron transfer process in the mixed 
valence complexes and that the electronic 
interaction between trinuclear metals in- 
cluding mixed valence and mixed metals can 
take a significant role in the oxidations. 

EXPERIMENTAL 

Mater ia l s  

[Fenl2MnO(CH3CO2)6L3]nL (M = Mg, 
Mn, Fe, Co, Ni, Zn, L = H20, py), 
[MncrnI20(CH3CO2)6(py)a]n(py) (M = Fe, 
Co), and [ConFenlcrnIO(CH3CO2)6(py)3]n 
(py) were prepared according to the method 
of Blake et al. (10) Trinuclear iron (III) 
complexes with aliphatic and aromatic car- 
boxylate ligands were prepared from 
iron (III) chloride and sodium carbox- 
ylate by the method of Earnshaw et  al. 
( I  I ) .  V 3 0 ( C H 3 C O z ) 6 ( C H 3 C O 2 ) z / 2 ( C H 3 C O 2 H )  
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FIG. 1. /z-Oxotrinuclear metal-complexes used as 
catalysts. 

(12), [Mn30(CH3CO2)6CH3CO2H](CH3CO2) 
(13), and [Co30(CH3CO2)6(CH3CO2H) 3] (14) 
were prepared according to the methods 
given in the literature. Commercially avail- 
able styrene and cumene were distilled at 
reduced pressures in the presence of sulfur 
powder and the distillates were stored under 
N 2 in a refrigerator. 

Catalytic Oxidation 

A two-necked 50 ml flask containing 0.04 
mmol of/z-oxotrinuclear complex was filled 
with an 02 atmosphere. Two milliliters of 
styrene were added and the flask was im- 
mersed in a thermostated bath followed by 
stirring of the reaction mixture. After an 
induction period oxygen began to be ab- 
sorbed. The subsequent constant 02 uptake 
was adopted as an oxidation rate (Fig. 2). 

Products were analyzed by a Shimadzu 
GC-6A gas chromatograph (25% Ucon LB 
550X/Celite 545, 2.5 m, 140°C) at 8-10% 
conversion of styrene. Benzaldehyde, phen- 
ylacetaldehyde, styrene oxide, acetophe- 
none, and 1- and 2-phenylethanol were suc- 
cessively eluted in that order. Reaction 
products were separated with a preparative 
gas chromatograph (20% SE30/Celite 545, 2 
m, 120°C) followed by analysis with 1H and 

13C NMR. The identification was confirmed 
by comparison of the NMR data of the prod- 
ucts with those of authentic samples. No 
phenylacetaldehyde was observed in the 
elutes. Since styrene oxide was found to be 
isomerized into phenylacetaldehyde in the 
inlet or the column oven (15), the amount of 
styrene oxide was estimated as the sum of 
itself and phenylacetaldehyde isomerized in 
the column. We detected paraformaldehyde 
on top of the flask which should be formed 
by polymerization of formaldehyde equiva- 
lent to the benzaldehyde produced. 

RESULTS 

Styrene Oxidation by 12-Oxotrinuclear 
Metal Carboxylate Complexes 

Oxidation of styrene was carried out in 
neat styrene since we could not find any 
suitable solvents which had relatively low 
vapor pressure and solubility for/z-oxotri- 
nuclear metal complexes, p.-Oxotrinuclear 
iron(Ill) complexes with aromatic carboxyl- 
ate ligands dissolve in styrene, but those 
with acetic acid derivatives are less soluble 
even at the concentration of 0.02 tool/liter. 

Oxidation occurred slowly at room tem- 
perature in the presence of/x-oxotrinuclear 
iron complexes, products were mainly benz- 
aldehyde and formaldehyde. Appreciable 
02 uptake was detected above 60°C in the 
presence of complexes and products were a 
mixture of styrene oxide, benzaldehyde, 
and a small amount of acetophenone and 
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FIG. 2. Oxidation of styrene catalyzed by [Fe2ZnO 
(OAc)6(H20)313H20 at 70°C. 
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TABLE 1 

Oxidation of Styrene Catalyzed by/z-Oxotrinuclear 
Mixed-Valence and Mixed-Metal Complexes at 85°C 

Complex Rate of Selectivity of 
M u 02 uptake styrene oxide (%) 

(mlsxp min-i)  

[FeIIt2MIIO( CH3CO2)6(H20 )3]n(H20 ) 
Mg 1.8 11.8 
Mn 0 
Fe 2.2 21.8 
Co 1.3 6.7 
Ni 0.82 4.3 
Zn 3.3 37.3 
Fem 1.1 4.8 

[MaIIMblllMelIIO(CH3CO2)6(py)3]n(py) 
Mo Mb Mc 
Fe Cr Cr 3.0 31.0 
Co Fe Cr 218 10.3 
Co Cr Cr 3.6 5.0 

1- and 2-phenylethanol (total yields of the 
latter three products were less than 0.5%). 

After an induction period constant 02 up- 
take continued below 15% conversion (Fig. 
2). The rate was taken as the slope of the 
linear part. The induction period is not nec- 
essarily correlated with reactivity, but rela- 
tively fast reactions have short induction ~ 4o 
periods. The ratios of the total amount of ~30 
oxygen atoms incorporated into the prod- ; 
ucts to that of 02 uptake are 0.86-1.0, indi- ~ 20 

oJ 

cating that material balance nearly satisfies ~ 10 
stoichiometry. 0 

A mixed valence complex, [Fem2FeIIO 
(CH3CO2)6(H20)312(H20), revealed some- 
what different catalytic behavior from that 
of homovalent triiron(IlI) complex (Table ,= 4 
I). Electron transfer between iron atoms via E 3 
a centered oxygen atom averaging their va- 

2 lences into 2.67 (16) increases epoxide selec- 
tivity. Mixed metal trinuclear iron- or chro- ~ 1 
mium-acetate complexes were prepared 0 
by mixing iron(Ill) or chromium(Ill) com- 
pounds with divalent metal compounds (10). 
[CrIII2FeIIO(OAc)6(py)3] was prepared from 
mixing of [FemzFeUO(OAc)6(H20)3] and 
Cr2(CH3CO2)4, where Cr(II) is oxidized into 

Cr(III) to replace Fe(III) to maintain Fe(II) 
in the original oxidation state. Among diva- 
lent metals in [Fem2MIIO(OAc)6(H20)3] 
nH20, zinc exerts the most active and selec- 
tive epoxide forming abilities at 80°C. No 
oxidation occurred with MnILmixed iron 
complex during 2 h. 

Increasing temperature facilitates reactiv- 
ity and epoxide selectivity, which reach 
maxima between 85 and 95°C (Fig. 3). 
Smooth curves are observed for aqua com- 
plexes, while sudden reactions start above 
certain temperatures for pyridine com- 
plexes containing Co(II) and Fe(II). Ther- 
mal capacity measurements indicate that the 
pyridine molecule is coordinated to each 
iron and residual pyridine molecules are ro- 
tated about C3 axes (5). Iron atoms when 
coordinatively saturated are difficult for 
substrates to attack. Heat treatment takes 
off pyridine molecules for the coordination 
of styrene. DTA and DTG of trinuclear 
mixed metal complexes suggest that coordi- 
nated water or pyridine molecules begin to 
desorb around 80°C. Although there are dif- 
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FIG. 3. Effects of temperature on the rates and epox- 
ide selectivity in the oxidation of styrene catalyzed by 
/z-oxotrinuclear mixed metal acetate complexes. 
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40[ mm MU(0Ac)z Effect of Oxygen Pressure 
~ ~ ~e~ M~ II A decrease of oxygen pressure reduces 

- - ,  M~ mr,, m tam conversion, but increases epoxide selectiv- 

e30  l p llll ity (Fig. 5). Dependences of styrene oxide and benzaldehyde formation on oxygen 
~ i i  I pressure are different for different com- 

plexes. With [Fenl2znO(OAc)6(H20)3 ] at 
I _  ~ 85°C the reaction orders for the production I IL of styrene oxide andbenzaldehyde are 0.58 

and 0.80, respectively. The epoxide selec- 
tivity increased up to 50% at less than 13 

"~ ~ ~1 kPa °f  Oz' but reactivity was reduced t° ~ °f  
= II ~ that at total pressure of 1 atm. With 

0 [Fe30(2,5-(CH3)zC6H3COz)6(HzO)3] + at 
v cr Mn ~'~ Co Ni Zn 70°C the orders for epoxide and benzalde- 

FIG. 4. Comparison of styrene oxidation catalyzed hyde are 1.1 and 1.3, respectively. Almost 
by mononuclear,/x-oxotrinuclear mixed valence, ho- the same epoxide selectivity (50%) was ob- 
mometal, and mixed-metal complexes (80°C). tained at 4 kPa of O z, but the rate decreased 

to ~0 of that at total pressure of 1 atm. 

ferences in activity and selectivity in epox- 
ide formation among mixed metal com- 
plexes at low temperatures, they diminish 
with increasing temperature (Fig. 3). 

Oxidation of styrene was carried out with 
three types of metal acetate complexes: mo- 
nonuclear,/x-oxotrinuclear homometal, and 
/x-oxotrinuclear mixed metal complexes. 
Not all types are known for each metal of 
the first transition series (17). Oxidation 
rates and epoxide selectivity were com- 
pared between some known members of the 
three types of acetate complexes (Fig. 4). A 
mixed valence and mixed metal complex, 
/z-oxo-FenCrm 2 complex, is superior in both 
reactivity and selectivity to pt-oxo-Crm3 and 
Fem2Fe ~I complexes. Replacement of the 
Fe n atom with Zn II and Co H in FeHIzFelI 
brings about an increase of epoxide selectiv- 
ity, but replacement with Ni u does not. It is 
very strange that monomeric Mn(II) acetate 
and/z-oxotrinuclear manganese(Ill) acetate 
complex exhibited a little activity, but no 
reaction occurred with t~-oxo-FemzMn II 
complex. Figure 4 suggests that the original 
structure of/z-oxo mixed valence and mixed 
metal complexes is maintained during 
oxidation. 

Oxidation of Cumene 

Cumene was oxidized with any of the 
/z-oxotrinuclear complexes tested (Table 
2). Fem2Mn n complex easily initiated oxida- 
tion to give almost the same products as 
those from other complexes. Oxidation 
with FeIII2MnII and FelII2ColI complexes 
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FIG. 5. Effects of O2 pressure on the rates and epox- 
ide selectivity in the oxidation of styrene catalyzed by 
[Fe2ZnO(OAc)6(H20)] (85°C) and [Fe30(2,5-(CH3) 2 
C6H3CO2)6(H20)3] + (70°C). 
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TABLE 2 

Oxidation of Cumene Catalyzed by ~-Oxotrinuclear Metal Complexes at 80°C 
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Complex Rate of Products (%) 
02 uptake a 

CH~ PhCCH 3 (mlsr P min- 1) / - l] 
PhC--OH 0 

\ 
CHs 

PhC=CH2 
I 

CH3 

[Fe30(RCO2)6(H20)3 ] + 
R = CrH 5 0.38(37) 77 21 

3,4-(CH3)2CrH 3 0.38(40) 77 21 

[Fem2MnO(CH3CO2)6(H20)3]n(H20) 
M II = Mn 0.66(12) 78 19 

Fe 0.25(67) 72 27 
Co 0.85(7.6) 79 20 
Zn 0.23(17) 

1.8 
1.4 

2.4 
1.6 
0.8 

a The number in parentheses is the length of the induction period (min). 

proceeded rather rapidly with short induc- 
tion periods. Co-Mn acetate is known as a 
typical initiator for radical-type oxidation 
(18). Oxidation of cumene has rather longer 
induction periods than that of styrene with 
any other complexes except FenI2Mnn and 
FemzCo n. When a mixture of styrene and 
cumene was reacted with FemzMn ~ acetate 
complex, styrene was oxidized to give benz- 
aldehyde exclusively, although styrene 
alone could not be oxidized. 

DISCUSSION 

Catalytic Species 

Induction periods were always observed 
in the oxidations of styrene and cumene 
with/z-oxotrinuclear metal complexes and 
ranged from 2 to 60 min. The oxidation rate 
tends to increase in parallel with the short- 
ening of the induction period for the oxida- 
tion of styrene, When the oxidation of sty- 
rene is induced by radical initiators, an 
oxygen atom is incorporated into styrene to 
give oxygenated products including poly- 
meric materials (19). Even oxygen can initi- 
ate the reaction with a long induction period 
(20). Reaction initiated by radical initiators 
concomitantly leads to C = C  bond cleavage, 
epoxide formation, cis-trans isomerization, 

and rearrangement, where 02 facilitates 
C ~ C  bond cleavage to give aldehydes (19, 
20). Oxidations by /x-oxotrinuclear metal 
complexes are somewhat different from 
radical-initiated oxidations; a considerable 
amount of epoxide was formed depending 
largely on type of catalyst, temperature, and 
02 pressure. Styrene oxide and benzalde- 
hyde are the main products in the oxidation 
of styrene in 02 with ~-oxotrinuclear metal 
complexes. The tendency for the increase of 
O2 pressure to facilitate C = C  bond cleavage 
suggests the participation of radical-type ox- 
idation. Maximum epoxide selectivity in the 
radical-type oxidation was attained in a very 
narrow range of O2 pressure around 0.13 
kPa (21). Dependence of epoxide selectivity 
on the kind of t~-oxotrinuclear metal com- 
plexes is explained by the fact that the oxi- 
dation was initiated by metal complexes 
which also decomposed peroxy species into 
epoxide similarly to styrene oxidation by 
ruthenium, palladium, and other noble 
metal complexes (22). 

After oxidation of styrene was carried out 
with [Feln2znO(OAc)6(H20)3 ] at 75°C, the 
complex was isolated and analyzed by IR, 
which identified it to be the original one (23). 
The complex was not decomposed to mono- 
meric species during the oxidation. 
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Cumene was oxidized to 2-phenyl-2-pro- 
panol, acetophenone, and 2-phenylpropyl- 
ene with all of the/x-oxotrinuclear iron com- 
plexes tested including Mn-mixed iron com- 
plex which has no catalytic activity toward 
styrene. After 02 uptake started, the addi- 
tion of 2,6-di-tert-butyl-4-methylphenol en- 
tirely inhibited oxidation. Also coupled with 
an induction period /x-oxotrinuclear com- 
plex can serve not only as an initiator for 
the oxidation to form radical species but also 
to control the product formation. 

Catalysis by tz-Oxotrinuclear 
Metal Complexes 

The metal-metal distance of ca. 3.3 A in 
tz-oxotrinuclear iron complexes (24) is too 
long for direct orbital overlap between met- 
als. Magnetic and spectroscopic studies 
have revealed that there is a superexchange 
interaction between metals which is pro- 
vided by a tz-oxo atom (10). The replace- 
ment of M HI with M tI results in the increase 
of the interaction between remaining 
M I I I - M  Ill which, however, is not influenced 
by M u species on the M6ssbauer timescale 
(25). It should be noted that/z-oxotrinuclear 
mixed valence and mixed metal complexes 
can affect reactivity and epoxide selectivity. 
The comparison of catalysis among mono- 
nuclear, /z-oxotrinuclear mixed-metal and 
mixed-valence metal complexes shows that 
CrH~zFe~ ' (~,~III ¢-~c~II FeIIlzZnlI • ...v 2,,.,u , and acetate 
complexes are superior in both activity and 
epoxide selectivity (Fig. 4). We are now 
studying how mixed-valence and mixed- 
metal complexes exert an additional effect 
and also how the ~-oxo atom can participate 
in the oxidation. 
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