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experiments 1 and 2, Table 2) agree well with the results 
of experiment 3. Increasing the specific velocity of IB 
introduction from 1 to 1.5 mol Lcat -1 h -1 (by the 
corresponding 1.5-fold decrease in the conventional 
contact time) results in a decrease in its conversion from 
47 to 35 %, which is normal for heterogeneous catalytic 
reactions in a flow-type reactor. 

The preparation of benzyl isobutyrate (BIB) from BA 
and IB via reaction (3) together with the data on reaction 
(2) indicates that the Tishchenko reaction is reversible 
under the chosen conditions. 

The formation of other reaction products in addition 
to BA and IBA can be easily explained if one takes into 
account the possibility of the occurrence of their 
hydrogenation. It can be assumed that hydrogen, which 
is necessary for hydrogenation transformations, can be 
formed through the processes of condensation of aromatic 
compounds, resulting in the formation of high-molecular 
unidentified products (15--18 %). If  this is taken into 
account, then isobutyl (IA) and benzyl (BnA) alcohols 

are products of the hydrogenation of IBA and BA, 
respectively. At the same time, toluene (T) can be 
considered to result from the hydrodeoxygenation of IA 
and BnA. The considerable divergence between the 
theoretical yields of the aliphatic (IBA+IA) and aromatic 
(BA+BnA+T) products of the catalytic transformation 
of IB points to the predominant contribution of aromatic 
compounds to the preparation of  high-molecular  
products. 
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Heterogenized metal complex systems prepared by immobilization of ruthenium tetrasuifate 
on the surface of silica gel containing ~,-aminopropyl groups or on the surface of modified 
styrene-divinylbenzene copolymer catalyze the transfer of hydrogen from 2-propanol to 
cyclohexanone in both Ar and air. It has been shown that the activity and stability of the 
obtained catalysts depend on the concentration of the promoting alkali and on the nature of 
the support. 
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In this work, it has been shown that it is possible for 
the C=O-group of ketone to be reduced by chemically 
bound hydrogen (2-propanol) in the presence of a 
binuclear ruthenium sulfate complex immobilized on 
silica gel containing y-aminopropyl groups and styrene- 
divinylbenzene copolymers modified by 3(5)-methyl- 
pyrazole and imidazole groups. 

Experimental 

Binuciear sulfate [Ru2(g-SO4)4(H20)2 ] was prepared ac- 
cording to the method described in Ref. 1. The synthesized 
complex was immobilized on silica gel containing ?-aminopropyl 
groups (?-AMPS) (Silochrom S = 120 m2/g, concentration sp 
of NH2-groups is 7.10 .4 mol/g), sample 1, and on modified 
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styrene divinylbenzene copolymers containing 3(5)- 
methylpyrazole (Poliorgs-IV, sample 2) and imidazole (PVB- 
IM-10T, sample 3) groups (Table 1). The initial complex was 
deposited from 2-propanol or methanol with mixing (20 ~ 
and subsequent washing of the sample in a boiling solvent. All 
of the deposition and washing procedures were performed in 
argon. The amount of deposited ruthenium was determined by 
atomic absorption spectroscopy from the decrease in the metal 
concentration in the solutions obtained after filtration and 
washing of the catalysts. The transfer of hydrogen from 
2-propanol to cyclohexanol (ell1) was performed according to 
the procedure described in Ref. 2. The catalyst (0.05 g) was 
placed in a reactor, Ar was bubbled through the system, and I0 
mL of 2-propanol  and a promoter (KOH solution in 
2-propanol) were added. The reaction mixture was heated up 
to 82.5 ~ with mixing, then a ell1 solution (4.8--9.6- 10 -4  
moles) in 5 mL of 2-propanol was added. The catalyzate was 
analyzed by GLC on a Biokhrom-21 chromatograph with a 
flame-ionization detector, N 2 as the gas-carrier, 130 ~ a 
column of stainless steel of 3 x 3 ram, and with Triton on a 
X-545 zeolite as the liquid phase. The catalyst activity was 
characterized by the initial specific rate of substrate conversion 
(Wo, mol/g-atom of Ru min), which was graphically deter- 
mined. 

Results and Discussion 

N o  catalyt ic  activity was observed during the cH1 
reduct ion  of  samples  1 - -3  in boil ing 2-propanol  in At. 
The complexes  cata lyzed the hydrogen transfer only 
when a K O H  solut ion was added to the react ion mixture 
(an alkali does not  catalyze this process in the absence 
of  a meta l locomplex) .  The activity of  catalysts 1 and 2 
depends  on the  alkali concentra t ion.  It can be seen from 
Fig. 1, a that  the  reduct ion of  cHl  occurs very slowly 
( W  o = 0.1 m o l / g - a t o m  of  Ru min) for the K O H  con- 

centra t ion equal to 1.6" 10 .3 mol /L .  Increasing the 
alkali concent ra t ion  results in a sharp increase in the 
react ion rate, which reaches its m a x i m u m  value at 5" 
10 .3 m o l / L  (all of  the next exper iments  were per formed 
at [KOHI  = 4.5" 10 -3 t oo l /L ,  and  a m o l a r  rat io  
Ru : K O H  of  1 : 37). Increasing [KOH] further  results 
in a not iceable  decrease in the  react ion rate,  which is 
probably associated with part ial  decompos i t ion  of  the 
complex by KOH.  It should be ment ioned  that  b inuclear  
sulfate [Ru2(P.-SO4)4(H20)2 ] is unstable without  a car-  
rier in an alkaline medium:  it is hydrolyzed  with the 
de tachment  of  the bridge sulfate groups and subsequent  
reduct ion of  Ru to the  metal ,  which is inactive under  
these condit ions.  

The dependence  of  the reduct ion rate on the cH1 
concentra t ion is also extreme with a ma x imum in the 
range of 1.2--1.6" 10 -2 m o l / L  (Fig. 1, b). The rate of  
the hydrogen transfer abruptly decreases when the cHl 
concentra t ion further increases. Retardat ion of  the  pro-  
cess seems to be caused by the a t t achment  of  the  
catalyst at a complex with cHl ,  like in the case of  fixed 
binuclear  Rh(n)  c o m p l e x e s )  

It can be seen from the data of  Table 1 that  the 
nature of  the matr ix has a substantial  effect on catalyst  
activity: the rate of  hydrogen transfer in the presence of  
the complex fixed on a silica gel significantly exceeds 
the rate of  the process catalyzed by ru thenium sulfate 
bound to a po lymer  (catalyst 2). Unl ike catalysts 1 and 
2, sample 3 turned out to be inactive due to its instabil-  
ity to an alkali: the immobi l ized  ru thenium tetrasulfate 
was washed into solut ion from the carr ier  surface and 
the Ru was subsequently reduced to the metal .  

It is interesting that  the activity of  these catalysts did 
not decrease in air. A similar  p h e n o m e n o n  has been 

Table 1. Transfer of hydrogen from 2-propanol to cyclohexanone in the presence of immobilized ruthenium tetrasulfate (t.3" 
10 .6 g-atom of Ru, 10" 10 .5 moles of cH1, 4.9" 10 -5 moles of KOH) 

Catalyst Ligand Carrier Wo/mol(g-atom of Ru rain) -I  
in an atmosphere of 

Ar air 

I 
1 ~O-S i - - (CH2)  3 --NH 2 ~r 9.1 8.2 

I 

CH3(H) 
L o 

2 ~ OH 2 - N x . ~  Polyorgs-IV 1.2 0.9 

,,, -CHa(H) 

, ,  0 0  0 0  ~ N  
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Fig. 1. Effect of the cH1 (a) and KOH (b) concentrations on the initial rate of cHl reduction by 2-propanoi in the presence of 
catalyst 1 (1.3 �9 10 -6 g-atom of Ru, 15 mL of 2-propanol, 82.4 ~ 4.9" 10 -5 mol/L KOH (a), 10 -4 mol/L cH1 (b)) 

previously observed for the reductive hydrodehalogenation 
of  p -b romoto luene  via the transfer  of  hydrogen from 
N a B H  4 in 2-propanol .  4 The data obtained agree well 
with the hydr ide - ion ic  mechanism of  hydrogen transfer 
suggested in Ref. 5, which involves oxidative addi t ion of  
an alcohol  and coord ina t ion  of  a ketone molecule  to 
form a s ix -membered  in termedia te  compound.  
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