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Polyferroorganosiloxanes were studied as catalysts for homogeneous oxidation of alkanes 
by hydrogen peroxide under mild conditions. In the oxidation of cyclohexane the catalysts 
are characterized by high efficiency (conversion of hydrogen peroxide is 25%) and stability 
(up to 80 cycles per g-at. Fe). The main product of the oxidation in the presence of 2,4,6-tri- 
tert-butylphenol is cyclohexanol (up to 35% per H202). 
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The known iron-containing catalysts of  homoge- 
neous oxidation of  organic compounds  by hydrogen 
peroxide, which are mono-  or polynuclear complexes of  
iron ions, exist in homogeneous catalytic media as indi- 
vidual ions of di- and triatomic clusters. I -4  I ron-con-  
taining catalysts of  a new type, in which Fe atoms exist 
in the covalently linked form in the siloxane chain, were 
studied in this work. The main structural fragment of  
polyferrophenylsiloxanes (PFPS) is the following: 

--Si(R)--O--Fe--O--Si(R)--O-- 
I I I 

(R is phenyl). 

The procedures of  synthesis developed make it pos- 
sible to control the content of  Fe in PFPS. When the 
content of  Fe increases, F e - - O - - F e  metalloxane frag- 

ments appear in the polymer structure. The synthesis 
and structure of  PFPS have been described previously. 5 

We found that PFPS are capable of  catalyzing the 
alkane oxidation by hydrogen peroxide in the presence 
of  HCIO 4. The oxidation of  cyclohexane results in the 
tbrrnation of  alkylhydroperoxide and cyclohexanol,  the 
oxidation of methane gives methanol,  and styrene oxi- 
dizes to benzaldehyde and small amount  of  styrene 
oxide (Table 1). 

The reaction is highly emcient:  conversion of  hydro- 
gen peroxide calculated from the yield of  the products of  
oxidation is equal to 25% (in the case of  c o m m o n  Fe- 
catalysts, the efficiency of  oxidation of  cyclohexane by 
hydrogen peroxide is not greater than 8--10%). Another  
specific feature of  PFPS is the stability of  the catalyst 
under the reaction conditions: the number  of  working 
cycles (calculated per g-at. Fe) until the inactivation of  
the catalyst is equal to 70--80. 

Translated from lzvestiya Akademii Nauk. Seriya Khimicheskaya, No. 12, pp. 3021--3024, December, 1996. 

1066-5285/96/4512-2870 $15,00 © 1997 Plenum Publishing Corporation 



Polyferroorganosiloxanes as oxidation catalysts Russ.Chem.BulL, VoL 45, No. 12, December, 1996 2871 

C/mmol L -I  

12 1 

• , , .  , . ,  . , . , . , . ,  . , ' , '  +I~ 

40  80 120 160 200 

3 

I 

1440 
t/min 

Fig. 1. Kinetics of accumulation of the products of oxidation 
of cyclohexane in the PFPS--H20 ? system under standard 
conditions (see Experimental): C6H l IOOH (1), C6H I IOH (2), 
and C6HIoO (3). 

The kinetics o f  accumula t ion  of  the products of  
cyc lohexane  oxida t ion  is presented in Fig. 1. 

The addi t ion  o f  the inhibi tor  of  chain-radical  oxida-  
t ion 2,4,6-tri-tert-butylphenol (TTBP) until its concen-  
trat ion reached 0.1 tool L - I  exerts no noticeable effect 
on the convers ion of  cyclohexane at the initial concen-  
t rat ion o f  cyc lohexane  o f  0.1 mol L - I .  However,  the 
compos i t ion  o f  the products  of  oxidation substantially 
changes: as the concent ra t ion  of  TFBP  increases, the 
rate o f  accumula t ion  of  cyclohexanol  first increases and 
then  dec reases ,  and  the rate of  a c c u m u l a t i o n  of  
a lky lhydroperoxide  decreases monotonica l ly  (Fig. 2). 
Convers ion of  H20  2 calculated from the yield of  the 

Table 1. Products of oxidation of alkanes in the PFPS--H202 
catalytic system (the conditions are presented in Experimental) 

Alkane Oxidation Yield Number of 
products (in moles working cycles 

per mole of of catalyst 
taken H202) (recalculated 

per g-at• Fe) 

Methane Methanol 0.015 0.75 

Cyclohexane Cyclohexyl 0.10 5 
hydroperoxide a 
Cyclohexanol 0.14 7 
Cyclohexanone 0.006 0.3 

Styrene b Benzaldehyde 0.35 17,5 
Styrene oxide 0.015 0.75 

a The amount of alkyl hydmperoxide was calculated by com- 
parison of the amounts of alcohol and ketone in samples taken 
directly t'rom the reaction medium and after treatment of the 
sample with triphenylphosphine (the reaction Ph3P + 
ROOH ............ ROH + Ph3PO occurs). It was preliminarily 
established that the cyclohexyl hydroperoxide being chromato- 
graphed decomposes to ketone and alcohol in a ratio of 
1.5 : 1. h A 10 -3 Msolution of CF3SO3H was used instead of 
HCIO 4 in the oxidation of styrene. 

total product  (for the opt imum concentra t ion of  TTBP) 
increases to 35--40%. 

These facts indicate that the oxidation process is not 
a chain process, al though it is likely of  a radical nature. 
When oxygen is intensely removed during the react ion 
(by purging argon),  the yield of  the products  of  oxida-  
tion decreases almost to zero in both cases, which points 
to the existence of  an RO 2' radical, which is a c o m m o n  
intermediate  of  oxidat ion both in the absence and pres- 
ence of  TTBP. 6 
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Fig. 2. Kinetics of accumulation of cyclohexyl hydroperoxide (a) and cyclohexanol (b) in the PFPS--H202 system for different 
concentrations of TTBP: 0 (1), 0.025 (2), 2.1 (3), and 0.125 (4) mol L -I .  Standard conditions (see Experimental). 
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Fig. 3. Kinetics of accumulation of cyclohexyl hydroperoxide (a) 
concentrations of HCIO4:6 (I), 24 (2), 48 (3), and 120 (4) mmol 

Ill tile absence of  an acid, the rates of  decomposi t ion  
of  hydrogen peroxide and of  oxidation of  cyclohexane 
are close to zero. Wheal the acid is added immedia te ly  
before the beginning of  the reaction, the induction 
period appears on the kinetic curves (see Fig. 1). It can 
be reduced to zero by prel iminary keeping of  the PFPS  
with the acid for I - -2  h. Tile dependence  of  the rate of  
accumula t ion  of  the concentra t ion of  the acid passes 
through a max imum (Fig. 3). 

Wheal the concentra t ion  of  the acid in the reaction 
medium becomes  higher  than 0.05 tool L - I ,  the rate of  
oxidat ion of  cyclohexane begins to decrease. This is 
explained by the fact that  the rate of  the reaction 

Fe IH + H202 ~ Fe" + HO 2" 

is inversely propor t ional  to the concentra t ion of  pro-  
tons. 7 

When  hydrochlor ic ,  nitric, or acetic acid is used 
instead of  perchlor ic  acid, the reaction almost does not 
occur. The addi t ion of  chloride and acetate ions to the 
react ion mixture  conta ining perchloric  acid inhibits the 
oxidat ion of  cyclohexane.  No  formation of  cyclohexyl 
chlor ide  is observed in the presence of  chloride ions. 

All studies were carried out for a polymer  with all 
Fe /S i  ratio o f  1.56, which contains iron metal loxide 
clusters. 5 In the future we suppose to study catalytic 
propert ies  of  PFPS  with different Fe /S i  ratios and, 
correspondingly ,  with different contents  of clusters. 
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and cyclohexanol (b) in the PFPS--H202 system at different 
L -1, The other conditions are standard. 

Fe), [H2021 = 0.1 mol L -I  (30% aqueous), [alkane] = 
0.5 tool L - l ,  [HCIO4] = 48- 10 -3 tool L -I ,  in an acetonitrile 
solution (5 mL) at 20 °C. For the indicated ratio of compo- 
nents, the reaction mixture is homogeneous. 

An equal amount of a saturated solution of PPh 3 in 
acetonitrile (unreacted H202 was preliminarily neutralized by 
the addition of a small amount of anhydrous Na2SO3) was 
added to the reaction mixture (0.2 mL). The sample was kept 
for 3--5 rain prior to analysis. The products were analyzed by 
GLC on a Hewlett Packard 58-80A chromatograph (Carbowax 
20M capillary column 30 m long). 

Methane was oxidized in a steel autoclave under 60 atm. 

The authors are gratefnl to Academic ian  A. E. Shilov 
for par t ic ipat ion in discussion. 
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