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Tetraruthenium dodecacarbonyl tetrahydride and some of its phosphine- 
substituted derivatives have been tested as homogeneous hydrogenation catalysts. 
The hydrogenation of cyclohexanone in the presence of H,Ru,(CO),, is first 
order with respect to the catalyst concentration, the substrate concentration 
and the partial pressure of hydrogen_ The ruthenium cluster is recovered un- 
changed at the end of the reaction. 

Soluble hydrogenation catalysts are of potential considerable interest, since 
by introduction of appropriate ligands into their molecules it is possible to 
modify their catalytic characteristics. Several reductions of aldehydes and 
ketones by the use of soluble cobalt [l-7], rhodium [ 1,8-161, iridium [ 1,15,17], 
and ruthenium [18-201 catalysts have been reported in the literature. The 
complexes used were generally mononuclear or such as to give under the reac- 
tion conditions active complexes which the authors thought to be mononuclear [S]. 

In order to get informations on the hydrogenation of organic substrates by 
metal cluster catalysts we have ca_rried out a kinetic investigation on the hydro- 
genation of cyclohexanone catalyzed by H,Ru,(CO)~~. Complexes deriving by 
partial replacement of carbonyl ligands in H,Ru~(CO):~ by PPh3, PBu, and 
(-)-DIOP have also been tested as catalysts for this reaction_ 

Results 

(1) Kinetics of-the hydrogenation of cyclohexanone ia the presence of H&Q- 

(COilZ 
Cyclohexanone was chosen as substrate for the kinetic investigation of the 
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TABLE 1 

EYDROGBXATIOX OF CYCLOHEXANONE IN THE PRESENCE OF H4Ru4<CO)12: THE INFLUENCE 

OF SOLVENT ON THJI RATE 

<Cyclohexanone 9.76 I: sokent 30 ml: H4Ruq(C0)12 0.05 g;p<IIz) 100 at-m; T 100°C) 

Solvent Products % Conversion after 

3omin 6OlXIi.U 9omin 

n-Hsane 
Cydohesane 
Benzene 
M&hulO; 

n-Propend 

IsopmPanol 

t-Butatol 
D&ethyl ether 
Tetrahydrofuran 
Di&UIe 
me 

Cyclohesane c pyxidine b 

o Reacti time 120 min. ’ Pyridine 0.1 ml in cyclohexane 30 ml. 

Cycloh-ol trace 1.0 1.8 
Cyclohexanol trace trace 1.8 o 
Cycloheknol trace trace 0.9 

Cyclohexanol 11.7 25.4 36.5 
l.l-Dknethoxycyclohexane 15.5 22.8 11.3 
Cycloherenyl methyl ether 4.6 5.0 3.6 
Cyclohexyl methyl ether 3.7 7.1 8.9 
Cydohexanol 13.0 38.8 56.0 

l.l-Dipropoxycyelohexane 4.2 3.5 22 
Cydohexenyl propyl ether 1.9 1.4 1.0 
Cydohexyl propyl ether 3.3 9.3 10.0 
Cyclohexanol 29.6 58.4 75.1 
Cydohexyl isopropyl ether 1.5 2.8 3.5 

Cyclohexanol 30.4 66.4 86.6 
Cyclohexanol 2.0 4.9 8.1 
Cyclohexanol 34.0 59.6 75.0 
Cyclohexanol 1.3 3.8 5.5 
Cmlohexanol 0.7 2.8 4.7 
Cyclohexanol 0.9 2.1 3.5 

hydrogenation catalytic activity of H,Ru,(CO),~ because only one product, 
cyclohexandl is formed in t&rahyd.rofuran. Under fairly mild conditions, 
iOD’C and 100 atm p(H,), in this solvent the reaction rate is appropriate for a 
kin&k investigation. The choice of tetrahydrofuran was made after experi- 
men&s carried out in various solvents which gave the results summarized in 
Tab&a 1. 

The data show that high hydrogenation rates accompanied by lower selec- 
tivities are obtained in alcohols. With methyl alcohol as solvent, cyclohexyl 
methyl ether is the only product, other than cyclohexanol, present at the end 
of the reaction. This mixed ether is formed by the following series of reactions, 
as shown by the change with time of the concentration of the intermediates shown 

OCH3 
- CH30H 

OCH, 

fH2 
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TABLE 2 

HYDROGENATION OF CYCLOHEXANONE IN THE PRESENCE OF H~Ru~(CC))~~ 

<cYdOheXaZIOne S-76 g: THF 30 mk I&$Ru~<CC)~~ 0.05 g;p(Hp) 100 atm; T lnO”C) 

Reaction time Conversion KXl02 

(ti) (5) (mib) 

15 21.6 1.62 
31 34.4 1.36 

45 48.5 1.47 
60 59.6 1.51 
75 67.7 1.50 

TABLE 3 

HYDROGENATION OF CYCLOHEXANONE IN THE PRESENCE OF HqRuq(C0)12. AND THE 
INFLUENCE OF THE CATALYST CONCENTRATION ON THE RATE 

(Cyclohexanone 9.76 g; THF 30 ml;p<Hz) 100 atm; reaction time 31 min: T 100°C) 

catdyst concentration COIlVersiOn K2 
(mol l-I) (a) (I mol-l min-l) 

0.348 8.2 7.90 
0.667 16.4 8.08 
0.835 17.6 7.47 
1.668 34.4 8.12 
2.502 44.0 7.47 

3.339 53.9 7.47 

4.177 62.7 7.61 

TABLE 4 

HYDROGENATION OF CYCLOHEXANONE IN THE PRESENCE OF H~Ru~(CO)~~ AND THE INFLUENCE 
OF THE HYDROGEN PRESSURE ON THE RATE 

(Cyclohexanone 9.76 g; THF 30 ml; HqRuq(C0)12 0.05 g; reaction time 31 min; y 100°C) 

p(H2) Conversion K1X104 
(atm) (S) (min_L atm-1) 

70 24.7 1.30 
94 32.3 1.34 

100 34.4 1.36 
117 35.5 1.21 

119 36.7 1.24 
136 40.5 1.23 
174 46.1 1.14 
266 56.0 1.05 

in Scheme 1. The corresponding mixed ethers are obtained when other primary or 
secondary alcohols are used as solvent. In hydrocarbons and dioxane very good 
selectivity was combined with a very low reaction rate. 

After the hydrogenation of cyclohexanone in tetrahydrofuran the catalyst 
could be recovered unchanged. The reaction order with respect to the concen- 
tration of the organic substrate was determined from a series of reactions which 
were interrupted at varyiilg degrees of conversion by rapid cooling. The reaction 
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TABLE 6 

HYEIROGEN~TION OF CYCLOHEX4N-3~NE IN THE PRESENCE OF H~Ru~(CO)~L~ COMPLEXES 

<Cyclohexan&e 9.76 g: THF’ 30 I& Catalyst 0.067 mmol:~(H2) 100 atm: T 100°C) 

Catalyst 4b Conversion after 

6h 

8.6 
13.5 
54.3 
4.5 

16.0 
7.0 

12t 24h 

20.7 34.8 
29.1 42.8 
65.6 79.7 

6.6 7.6 
n.d. 49.4 
12.5 31.9 

was assumed to have started at the moment of breaking the glass tube which 
contained the catalyst. The pressure was kept constant throughout the reaction 
by suppIying hydrogen from a high pressure reservoir. The results are shown in 
Table 2. 

The order with respect to the concentration of the catalyst and to the partial 
pressure of hydrogen was determined by carrying out two series of experiments 
(interrupted after 31 minutes) in which, while keeping all the other reaction 
parameters constant, the one under investigation was varied over a suitable 
range. The results of these last two series of tests are reported in Tables 3 and 4. 

Hexadeuteroacetone was also hydrogenated under the conditions used for 
the kinetics experiments, and gave only propan-2-ol-1,1,1,3,3,3-&. 

(2) L4ydrogenation of cyclohexanone in the presence of phosphine derivatives 
of H&&CO),, - 

The complexes tested as catalysts in the hydrogenation of cyclohexanone 
were H,Ru,(CO),,(PPh,),, H,Ru,(CO),(PPh,),, H,Ru,(CO),(PPh,),, H,Ru,(CO),- 
(PBu,),, H,Ru,(CO),(PBu,),, and H,Ru,(CO),[(-)-DIOP],. Experimental con- 
ditions including the molar concentration of the catalysts were the same through- 
out. 

The reaction course was followed by removal of small portions of the reaction 
medium at desired intervals of time followed by GLC analysis. The results 
obtained are shown in Table 5. 

Discussion 

The rate of.hydrogenation of cyclohexan:>ne to cydohexanol under the 
conditions used is directly proportional to the concentration of the substrate 
and to the partial pressure of hydrogen. This result is analogous to those 
reported in the .literature for the hydrogenation of organic substrates using 
both mononuclear and polynuclear transition me+tal complexes. 

The rate is also directly proportional to the concentration of the catalyst. 
This differs from the behaviour reported by Markb et al. [S] for the hydroge- 
nation of aldehydes -&r the presence of RhJCO),,, since in that case the rate was 
proportional to l/6 of the concentration of the catalyst: a mononuclear rho- 
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dium complex was thought to be the real catalyst. 
The recovery at the end of our reactions, of the unchanged catalyst suggests 

that it retains the initial arrangement of the metal atoms in the molecule through- 
out the reaction_ The considerable differences in rates between various solvents 
suggest that the solvent assists the reaction, probably by involvement in the 
catalytically active intermediate. 

The partial replacement of the carbonyl groups in H4R~4(C0)12 by phos- 
phine, led in all cases to a decrease of the hydrogenating activity. However, 
progressive replacement of the carbonyl ligands of H,Ru,(CO),, by phosphines 
causes an increase in activity. In the case of the tetrasubstituted compIexes, 
the activity decreases on going from PPhB to PBu3 to DIOP derivatives. The 
increase in the activity of the carbonyh-uthenium hydrides with increasing 
phosphine substitution is analogous to the behaviour of the phosphine-substi- 
tuted mononuclear carbonylcobalt hydrides [ 21. Tetracarbonylcobalt hydride, 
however, has an activity much lower than that of its phosphine-substituted 
derivatives, while H,Ru,(CO), f is mom active than its phosphine-substituted 
derivatives. 

The sole formation of CD,CHOHCD, on hydrogenation of hexadeuteroace- 
tone proves that this ketone is not present, at least c!uring the reduction step, 
in its enol form. It must interact with the catalyst through its carbonyl group, 
probably by a mechanism analogous to that suggesttii for the hydrogenation of 
aldehydes and ketones by carbonyl-cobalt [l] and -rhodium hydrides 181. 

Experimental 

Cyclohexanone, C. Erba product, was purified by distillation. 
Tetrahydrofuran, C. Erba product, was refluxed over sodium then over LiAlH4 

and rectified under nitrogen_ 
Hexadeuteroacetone, Sorin product, 99.8% isotopic purity. 

H&L&O),,; H,Ru4(CO),,,(PPh&; H,Ru,(CO) 11--y&, (L = PPh3, PBu,; y = 
3,4); and H4R~JC0)8[ (-)-DIOP], were prepared as previously described [21,22]. 

Hydrogenation experiments 
The catalyst, placed in a sealed glass tube under nitrogen, was introduced into 

a 125 ml rocking autoclave on an appropriate support in order to avoid the 
contact between catalyst and substrate. Air was removed, a solution of cyclo- 
hexanone in tetrahydrofuran was introduced under nitrogen, and finally hydro- 
gen was added to the appropriate pressure. The autoclave was then heated to 
100°C. After one hour, when the system had reached thermal equilibrium, the 
tube containing the catalyst was broken and reaction commenced. Hydrogen 
was continuously supplied from a high pressure vessel to keep the pressure 
constant. Reactions were quenched at .the desired times by rapid cooling with 
water, and the products immediately analyzed by GLC (Perkin-Elmer F30 
intrument equipped with 2 m columns containing Ucon oil LB 550 X on Chromo- 
sorb W 15/85). Identification of the products was through :heir IR and mass 
spectra. 



Hydrogenakion of CD3COCD3 
CD,COCD, (2.4 g), H4Rus(C@)I~ (20 mg), hydrogen (100 atm) at 100°C have 

given CD,CHOHCD, in 57% yield whose NMR spectrum showed 6(int. TMS, 
CD&): 2.5 (s, 1.0 H, CHOB); 4.95 (s, 1.0 H, CHOH). 
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