
427 

Journal of Organometallic Chemistry, 202 (1980) 427-434 
Elsevier Sequoia S-A., Lausanne - Printed in The Netherlands 

HOMOGENEOUS HYDROGENATION OF 
RUTHENIUM COMPLEX CATALYSTS * 

R.A. SANCHEZ-DELGADO and 0-L. DE OCHOA 

Department of Chemistry, Instituto Venerolano de 
Apartado 18 27, Caracas 1 OI O-A, (Venezuela) 

(Received April 28th. 19SO) 

summary 

KETONES TO ALCOHOLS WITH 

Incestigaciones Cienfificas. I.V.I.C., 

A number of ruthenium triphenylphosphine compleses catalyse the reduc- 
tion of ketones to their corresponding alcohols in the presence of water. The 
most convenient catalyst precursors are carbonyl containing complexes which 

do not promote decarbonylation of the substrate_ The hydrogenation of ace- 
tone with hydridochlorocarbonyltris(triphenylphosphine)ruthenium is first 
order with respect to the substrate concentration, the catalyst concentration, 
the hydrogen pressure and the water concentration. Turnover numbers up to 
15,000 have been achieved with this catalyst. Other ketones are also reduced 
by RuHCl(CO)(PPh,), and the rate of the reaction is dependent on the nature 
of the substrate. 

Introduction 

.Mthough several examples of the homogeneous hydrogenation of ketones to 
alcohols with cobalt ]2,3] and rhodium 14-171 complexes have been 
described, very few ruthenium compounds are known to catalyse this reaction. 

Frediani et al. reported the hydrogenation of cyclohexanone using ruthe- 
nium hydrido-carbonyl clusters [ 18,191 whilst Botteghi et al. described the 
enantioselective reduction of ketones with H,Ru,( CO),[ (-)-DIOP] z [ 201.. At 
the outset of this work the only mononuclear ruthenium complexes which had 
been mentioned as catalysts for the reduction of ketones were RuCl,(PPh,), 
[ 211 and Ru( H),(PPh,), [ 221; while our investigations were in progress Stroh- 
meier and Weigelt reported the use of RuCl,(PPh,),, Ru(H),(CO)(PPh,), and 
Ru(CF,CO&(CO)(PPh,), as homogeneous catalysts for the hydrogenation of 

ketones [ 231. 

* Preliminary communication. ref. 1. 
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We have now studied the catalytic activity of a series of ruthenium com- 
pounds using as a model reaction the reduction of acetone to isopropanol in 
the absence of solvent. The most convenient catalyst precursor is hydrido- 
chlorocarbonyltris( triphenylphosphine)ruthenium, RuHCI( CO)( PPh,),, and a 
detailed study of the factors affecting the activity and selectivity of this com- 
pier; in this reaction has been carried out. Kinetic measurements under appro- 
priate reaction conditions are reported_ 

Results and discussion 

The catalysts 
Results of the hydrogenation of acetone with several ruthenium compleses 

at 150” C and 68 atm H, are shown in Table 1_ Under these conditions all the 
mononuclear complexes studied are more active than the cluster Ru,(CO),~. 
The highest activity and selectivity were obtained with those catalysts contain- 
ing car-bony1 or nitrosyl ligands; this is due to the fact that for complexes of 
general formula RuX,(PPh,),, [X = H, Cl; n = 3, 41 decarbonylation of the 
ketone competes with the hydrogenation reaction, as evidenced by the isola- 
tion of metal carbonyl compleries after the reaction has been completed. 

Addition of water generally causes a marked increase in the reaction rate, in 
accord with previous reports using cationic rhodium complexes [4,9]. Excep- 
tions to this behaviour are observed for RuH,(PPh,), and RuH,(PPhJ), which 
are more susceptible to hydrolytic decomposition. When aqueous NaOH or 
acetic acid are used as additives, a similar increase in the reaction rate is ob- 
served but the selectivity for isopropanol is lowered considerably, as a result of 
the formation of high-boiling aldol condensation products, predominantly 
diacetone alcohol; this contrasts with the behaviour of rhodium systems which 
in the presence of strong base reduce acetone to isopropanol with selectivities 
of ca. 99% 1131. Strohmeier and Weigelt claimed a beneficial effect of acid and 
basic additives on the rate of hydrogenation of ketones with RuCl,(PPh,), and 
Ru(CF,C02)2(CO)(PPh,), without decreasing the selectivity for the desired 
alcohol from a value of 99% [ 23]_ 

TABLE 1 

HYDROGENhTION OF ACETONE WITH RUTHENIUhI COhIPLES CATALYSTS 

([Substrate] : [Catalyst] = 1.300: 150°C; 68 atm Hz; 4 h) 

Complex Selectivity 0 

(S) 

95 95 25 93 

97 95 22 96 

90 92 26 87 
69 94 67 100 
39 82 56 98 
33 83 18 82 

30 86 78 100 

13 70 6 70 

3 41 6 69 

a 2.5% H20 added. b Dry. 
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Fig. 1. Hydrogenation of acetone with RuHCl(CO)(PPh3)3. Rate dependence on the substrate concentra- 

tion. ([(CH3)2COI : [Ru] = 1.300: 15O’C: 68 atm Hz: 2.5% HzO). 

Kinetics of the hydrogenation of acetone with RnHCI(CO)(PPh,), 
Acetone can be effectively reduced to isopropanol with RuHCl(CO)(PPh,), 

at 150°C and 68 atm H, in the presence of small amounts of water. The reac- 
tion is first order with respect to the organic substrate concentration (I: = 
1.11 X lo-’ min-‘) as shown in Fig. 1. Starting with a substrate : catalyst ratio 
of 100,000, turnover numbers of ca. 15,000 have been achieved after 3 days 
reaction, showing that the initial activity (200-250 mol acetone reduced per 
mol of catalyst per hour) does not decrease appreciably with reaction time. The 
catalyst precursor is transformed during the reaction into mixtures which are 
difficult to separate, but these mixtures can be re-used and they show very 
similar catalytic properties to those of RuHCl(CO)(PPh,),. 

Effect of temperature. Results of hydrogenating acetone with RuHCl(CO)- 

(PPh,), at various temperatures within the range BO-150°C are shown in Ta- 
ble 2. Below 8O’C hydrogenation is very slow and at about 2OO’C the complex 
begins to decompose_ The selectivity for isopropanol increases with increasing 
temperature, indicating that the hydrogenation reaction becomes much faster 

TABLE 2 

HYDROGENXTIOK OF ACETONE WITH RuHCI<CO)(PP~~)~. THE INFLUENCE OF TEMPERATURE 

([(CH3)2COl : [Ru] = 1300: 68 atm. H-J: 2.5% H20: 4 h) 

1 Conversion Selectiritv 

(=c) (5) (5) 

80 21 73 
100 12 88 
120 70 9-Z 
150 95 95 



43G 

TABLE 3 

HYDROGENATION OF ACETONE WITH RuHCi(CO)(PPh3)3. THE EFFECT OF PRESSURE 

<CUZH3)2COl : [Rul = 1300; 150°C: 2.5-Z H20.4 h) 

P COIlVersiOn Selectivity 

(atm) (a) (,-%I 

17 60 92 
51 89 93 
68 95 95 

100 98 97 

than aldol condensation. At 150°C the reaction rate is appropriate for a kinetic 
investigation_ 

Effect of presszue. Table 3 and Fig. 2 show the effect of hydrogen pressure 
on the hydrogenation of acetone with RuHCl(CO)(PPh,),; both the rate of the 
reaction and the selectivity for isopropanol are enhanced by increasing hydro- 
gen pressure in the range 17-100 atm. Below 10 atm the rate of the reaction is 
unappreciable. 

The reaction was found to be first order with respect to hydrogen pressure 
(k = 1.67 X 10-l min-‘) by measuring the pressure drop while keeping all the 
other parameters constant_ This indicates that oxidative addition of dihydrogen 
to a low-valent ruthenium intermediate is an important step in the catalytic 
cycle. 

Effect of catalyst concentration. The reaction was determined to be first 
order with respect to the concentration of the catalyst (K = 4.40 X 10-l 1 mol-’ 
min-‘) by carrying out a series of experiments (interrupted after an arbitrarily 
chosen period of 2 hours), in which the catalyst concentration was varied over 
a suitable range and all the other parameters were kept constant (Fig. 3). 

Fig. 2. Hydrogenation oi acetone with RuHCl(CO)(PPhj)3. Rate dependence on the hydrogen pressure. 

([<CH3)ZCOI I [Rul = 1.300: 15O’C: - = 68 atm. i-: 85 atm: 2.5% H20). 
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First order dependence on catalyst and substrate concentration as well as 
on hydrogen pressure has been reported for the hydrogenaticn of cyclohexane 
in presence of H,Ru,(CO),~ [lg]. No kinetic measurements have been reported 
for mononuclear ruthenium complexes. 

Effect of water concentration. Fig. 4 shows the effect of water on the rate of 
hydrogenation of acetone with RuHCI(CO)(PPh,),. The reaction is first order 
with respect to the concentration of water (k = 4.8 X 10e3 1 mol-’ min-‘) 
within the range investigated (0.5-5s by vol.); this indicates that water assists 
either the formation of the catalytically active species or its decomposition to 
the product alcohol. At higher concentrations of water (10% or greater) the 
rate of consumption of acetone is even faster, but the selectivity for isopropa- 
no1 decreases considerably as a result of condensation reactions, and the mea- 
surements are no longer indicative of the hydrogenation process alone. 

Schrock and Osbom found [4] that the beneficial effect of water on the rate 
of hydrogenation of acetone with cationic rhodium complexes reached a maxi- 
mum at concentrations of ca. 170, and further addition of water caused a slight 
decrease in the rate; a water-assisted hydrogen transfer to a coordinated alkosy 
group was suggested as an explanation for this effect. Solodar reported [ 91 a 
similar observation when studying the asymmetric hydrogenation of ketones 
with cationic rhodium complexes with chiral ligands; the maximum rates were 
obtained at about 1% water concentration, and the maximum optical purity at 
a water level of 0.1%. By contrast, Ojima et al. observed [ll] that small quan- 
tities of water did not affect the rate of the asymmetric hydrogenation of 
ketones with neutral rhodium complexes; furthermore, the extent of asymmet- 
ric induction was lowered by water. 

It thus seems that the effect of water on our catalytic system is quite unique, 
since we do not observe a tendency towards a maximum in the rate with 

increasing amounts of water; the choice of a specific water concentration is 
then provided by selectivity considerations alone. As to the precise manner in 

I 1 __,~ , I I I 

02 04 0.6 0.8 I.0 12 1.4 

[Cat] x t (mol I-’ min) 

Fig. 3. Hydrogenation of acetone with RuHCI<CO)(PPh3)3_ Rate dependence on the catalyst concentra- 

tion. (15O’C. 68 atm Hz; 2.5% H20; 2 h). 
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Fig. 4. Hydrogenation of acetone with RuHCI(CO)(PPh3)3. Rate dependence on the concentration of ~a- 

ter. ([CH~)ZCO! : [Rul = 1.300: 150°C: 68 atm Hz: 2 h). 

which water assists the reaction, we are at present unable to propose a mecha- 
nism. 

Hydrogenation of other ketones with RrrHCI(CO)(PPh,), 
The complex RuHCl(CO)(PPh,), catalyses the hydrogenat-ion of other 

ketones to their corresponding alcohols under the same reaction conditions as 
for reduction of acetone (Table 4). The lower conversions observed are proba- 
bly due to increasing steric congestion about the C=O bond. 

iUQ terials 
Acetone, 3-pentanone, acetophenone and cyclohexanone (Merck) were dried 

over molecular sieves and distilled under nitrogen immediately before use. 
Ruthenium trichloride hydrate, dodecacarbonyltriruthenium and triphenyl- 
phosphine (Strem Chemicals) were used as received_ The complexes RuHCl- 

HYDROGENATION OF KETONES WITH RuHCI(CO)(PPh3)3. EFFECT OF THE NATURE OF THE 

SUBSTRATE 

([Ketone1 I [Rul = 1300: 15O’C: 68 atm HZ: 2.5% H20: -I h) 

Substrate Conversion Product (Selectivity) 

(%) (5) 

Cyclohexanone 56 

Xcetophenone 39 
3-Pentanone 32 

Cyclohexanol(96) 

1-Phenylethanol(94) 
Pentan-3-o1<98) 
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(COW’h,) 1241, RuWNOWPh,), [251, RuWCOMPPh,), [261, Ru(H),- 
(COW’Ph,), [241, WHMPPh,), 1271, RuCWPh,), 1281, RuWMPPh,), 
[ 291 and RuHCl(PPh,), [30] were prepared by published methods. 

Hydrogenation experiments 
The catalyst (0.2 mmol), the ketone (275 mmol), water (2.5% by vol.) and a 

stirring bar were introduced into a glass-lined stainless steel autoclave (70 ml)_ 
Air was removed by flushing three times with dry nitrogen, and the autoclave 
was heated to the required temperature in a thermostatted silicone oil bath for 
ca. 1 h. Hydrogen was then continuously admitted from a high-pressure reser- 
voir to maintain a constant desired pressure throughout the reaction. No appre- 
ciable differences were noted in the reaction if the catalyst was introduced in a 
sealed glass vial and brought into contact with the substrate after thermal equi- 
librium had been reached at the appropriate hydrogen pressure. Reactions were 
quenched by rapid cooling in ice, and the products immediately analyzed 
using a Varian 3720 gas chromatograph fitted with a 6 ft 10% Carbowas 20M 
on SO/l00 chromosorb W AW column and a flame ionization detector_ Peak 
areas were obtained with a Varian CDS-111 data system. Reactions were car- 

ried out at least three times to avoid spurious results. 
Curves obtained from the kinetic measurements were fitted by a least squares 

method, all yielding r2 values greater than 0.98. 
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