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Abstract 

The anionic triruthenium cluster [RuaH(CO)rl]- 
was anchored on a silica surface, modified with 
ammonium and pyridinium functions, and used as 
a catalyst for the water-gas shift reaction and for 
hydrogenation of ethylene and carbon monoxide. 
The silica-anchored clusters were stable up to 150 “C 
and exhibited higher catalytic activities for the hydro- 
genation of ethylene (70 “c) and the water-gas shift 
reaction (150 “c) than those of a silica-adsorbed 
Na[RusH(CO),r]. No catalytic activity for the 
hydrogenation of carbon monoxide was detected 
at 270 “c over the silica-anchored clusters. 

Introduction 

The anionic triruthenium hydridocarbonyl cluster 
[RusH(CO)J has been reported as a homogeneous 
catalyst for several important reactions, particularly 
in Ci chemistry such as the water-gas shift reaction 
[ 1, 21, ethylene glycol synthesis from CO and H2 
[3-51, homologation of methanol to ethanol [6], 
methyl formate synthesis from COZ, Ha and CHaOH 
[7], and hydroformylation of olefins [8]. In solu- 
tion, active clusters may react with each other to 
form various products, causing difficulty in the iden- 
tification of the catalytic species and a decrease in 
catalytic activity [9]. Immobilization of metal 
cluster complexes on a solid surface may prevent 
the unfavourable intermolecular reactions and offer 
the practical advantages of heterogeneous catalysts, 
such as easy separation from reaction products and 
catalyst reuse. 

In a preliminary communication the anionic tri- 
ruthenium cluster [RuaH(CO)rr]- anchored to silica 
via ammonium or pyridinium functional groups 
proved to be a highly active catalyst for the water- 
gas shift reaction [lo] . Herein we report a systematic 
study on the preparation and thermal stability of the 
silica-anchored clusters and their catalytic properties 
for the water-gas shift reaction and the hydrogena- 
tions of ethylene and carbon monoxide. A sihca- 
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adsorbed Na[RusH(CO)ir] catalyst was also prep- 
ared and its catalytic properties examined. 

Experimental 

Preparation of Catalyst 
The parent cluster Na[RuaH(CO)rr] was synthe- 

sized by a reported method [l I]. Porous silica 
(Davison 952, 350 m’/g) was used after treatment 
under vacuum ( 10e3 Torr) at 300 “c for 6 h. 

SIL-(CH2 ),N’R 3J- (2) 
Ammonium (-N’Me3 and -N’Et3)-functionalized 

silicas (2) were prepared as follows. A toluene solu- 
tion (50 cm”) of (Et0)sSi(CH2)3NH2 was added to 
5 g of SiOZ in a glass reactor and the mixture was 
stirred at boiling temperature (ca. 110 “c) of toluene 
for 6 h, giving rise to an aminated silica, SIL-(CH3)3- 
NH? (1). The aminated silica (1) was added (2g) 
in the methanol solution (50 cm3) of RI (32 mmol, 
R = Me or Et) and NaOH (10 mmol) and the mixture 
was stirred for 70 h at 25 “c, giving ammonium- 
functionalized silica (2). The silica (2) was washed 
with methanol and dried under vacuum at room 
temperature. The elementary analysis data for SIL- 
(CHa)3N%4e31- and SIL-(CH2)3N’ Et, I are given 
in Table I. 

TABLE I. Analytical Data of Functionalized Silicas. 

Compound 

SIL-(CH.&N+Me31- 
SIL-(CH2)3N+Etsr 
SIL-(CH2)3N+CsHsI- 

Elements in mmol/g-Silita 

C N I 

3.72 0.64 0.87 
4.83 0.48 0.30 
5.07 0.53 0.44 

SIL-(CH,)3N+C5H5r (4) 
Pyridinium (-N’CsHs)-functionahzed silica (4) 

was prepared as follows. A toluene solution (50 cm3) 
of (Me0)3Si(CH2)3Cl was added to 5 g of SiOZ in 
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a glass reactor and the mixture was stirred at the 
boiling temperature of toluene for 6 h, resulting in 
the formation of a chlorinated silica, SIL-(CH&CI 
(3). The chlorinated silica (3) was added (2g) to the 
pyridine solution (70 cm3) of NaI (1.2 mmol) and 
the mixture was stirred at 115 “c for 10 h, giving a 
pyridinium-functionalized silica (4) with the content 
of N, C and I as listed in Table I. 

PhH(COh J[NMe,(CH& -Srr;/ (5) 
The anchored cluster (5) was prepared as follows. 

A methanol solution (10 cm”) of Na[Ru3H(CO)11] 
(0.06 mmol) was added to SIL-(CH2)3N+Me3r (2) 
and the mixture was stirred at 25 “C for 24 h. The 
precipitate was washed with methanol and dried 
under vacuum at 60 “C. The content of Ru in the 
anchored catalyst (5) was 3.3 mg per g of catalyst. 

/RudVCO)~JW% (CH, )3 -SrLl (6) 
A methanol solution (10 cm”) of Na[Ru3H- 

(CO),,] (0.06 mmol) was added to SIL-(CH&- 
N+Et31- (2) and the mixture was stirred at 2.5 “c 
for 24 h. The precipitate was washed with methanol 
and dried under vacuum at 60 “C. The content of 
Ru in the anchored catalyst (6) was 5.5 mg per g of 
catalyst. 

IR+WCOIU J/NW& (CH, 13 -SILJ (7) 
A methanol solution (10 cm”) of Na[Ru3H- 

(CO),,] (0.06 mmol) was added to SIL-(CH2)3- 
N+CSH& (4) and the mixture was stirred at 25 “C 
for 24 h. The precipitate was washed with methanol 
and dried under vacuum at 60 “C. The content of 
Ru in the anchored catalyst (7) was 9.0 mg per g of 
catalyst. 

Silica-adsorbed Na[Ru3H(CO),,] (8) was prepared 
by evaporating the methanol solvent at 60 “C from 
a suspension of Si02 in methanol solution of Na- 
[RUSHES]. The content of Ru in the catalyst 
(8) was 20 mg per g. 

Catalytic Activity Measurements 
The water-gas shift reaction and hydrogenation 

of ethylene and of carbon monoxide were carried 
out over the anchored catalysts in a glass reactor 
(total volume 260 cm3) operating in a continuous 
circulating flow mode. Analyses of the products 
were based on gas chromatographs using Porapak 
Q (2 m) and VZ-IO (3 m) for hydrocarbons and 
active carbon (2 m) for CO, C02, and Hz. 

Results and Discussion 

Three types of silica-anchored anionic tri- 
ruthenium clusters (S)-(7) were prepared in 
methanol at 25 “c by an anionic-exchange reaction 
of the surface-functionalized silicas (2) and (4) 
respectively with Na[Ru3H(CO)11]. Table II lists the 
infrared data and Ru contents of anchored clusters 
(5)-(7). The infrared spectra of carbonyl in the 
anchored clusters are almost in agreement with the 
spectrum of [RUSHES] [NEt4], indicative of the 
preservation of the framework of the triruthenium 
cluster. The Ru contents were in the range of 3.3- 
9.0 mg per g of catalyst, which correspond to Ru3:N 
molar ratios of 0.017-0.056. For the sake of com- 
parison, a silica-adsorbed Na[Ru3H(CO),,] (8) was 
prepared by evaporating the methanol at 60 “C from 
a suspension of Si02 in a methanol solution of 
Na [Ru3H(C% I. 

Preparation and Characterization of Catalysts The thermal-stabilities of the supported clusters 
Ammonium and pyridinium functions were (S)-(8) were explored by gas evolution during the 

used as anchoring groups. The procedures to prepare pyrolysis treatment of the catalysts under He (400 

the functionalized silicas are outlined in reactions 
1-4. 

llO”C,70h 
SiQ2 + (EtQ)&(CH&NH2 toluene 

SIL-(CH2)3NH2 + 3EtOH (1) 

(1) 

(1) •t RI 
25 “C, 70 h 

’ SIL-(CH2)3N+R31- (2) 
NaOH, methanol 

(2) 

llO”C,6 h 
SiG + (Me%Si(CH&Cl toluene 

SIL-(CH&Cl f 3MeOH 

(3) 

(3) 

(3) + NGH5 
115”C,lOh 
- SIL-(CH2)3N+C5HJ (4) 

NaI 
(4) 

where SIL = silica, R = CH3 or C2HS. 
The aminated silica (1) was prepared by the con- 

densation of (Et0)3Si(CH2)3NH2 with the hydroxyl 
groups on the silica surface leading to elimination of 
EtOH [12] , and was subsequently treated with RI 
(R = Me or Et) under alkaline conditions to give the 
ammonium-functionalized silica (2). The chlorinated 
silica (3) was prepared by the reaction of (MeO),- 
Si(CH2)3Cl with Si02, followed by treatment with 
pyridine in the presence of NaI to afford the pyri- 
dinium-functionalized silica (4). Analytical data of 
the functionalized silicas are given in Table I. The N 
contents of the functionalized silicas correspond to 
0% 1 .l pendant functions per nm’. 







Catalytic Properties of Anionic Triruthenium Cluster 

X h-r. The catalytic activities of the anchored clusters 
(5) and (7) are again higher than the activity of 
the adsorbed cluster (8) for the hydrogenation of 
ethylene at 70 “c. 

Hydrogenation of Carbon Monoxide 
The hydrogenation of carbon monoxide was 

carried out at 270 “c under CO (100 Torr) and Hz 
(200 Torr) over the catalysts (Q-(8). The anchored 
clusters (S)-(7) did not show any catalytic activity 
for gas conversion at 270 “c. On the contrary, the 
silica-adsorbed cluster (8) showed a high catalytic 
activity (3.4 mol-CO X mol-Ru-’ X h-‘) for 
hydrogenation of CO, giving a broad spectrum of 
hydrocarbons ([CH4] = 88, [CzH4 + C2H6] = 9, 
and [C3H6 + &He] = 3 mol%). 
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