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Abstract 

A triruthenium ketenylidene cluster, [PPN],[RU,(CO),( p-CO)& P~-CCO)I Cl), as a possible precursor for production of 
higher oxygenates, was deposited on MgO, SiO, and SiO,-A1,03, and the nature of surface species supported on these 
oxides was characterized by IR and Raman spectroscopy along with their catalytic performance in CO isotopic exchange, 
alkylation, and hydroformylation. When MgO was dehydrated below 573 K, the sample spectrum of the triruthenium 
ketenylidene cluster on the MgO support exhibited characteristic bands of [Ru,(CO)& /L-CO)& J.L~-CCO)]*-. A new surface 
species assigned to [HRu,(CO),( p3-CCO)I- (2) was characterized by new IR bands at 2068, 2030, and 1999 cm- ‘, as the 
MgO was dehydrated at 673 K. On SiO, and SiO,-Al,O,, IR investigation suggested that the stoichiometric protonation of 
[Ru,(CO),( P-CO)& ~3- CCO)]*- (1) with surface hydroxyl groups such as Si-OH and Si(OH)Al occurred, giving rise to 
[HRu,(CO),( cc.,-CCO)]-{SiO-] (2) and H,Ru,(CO),( b,-CCO)2{Si(O-)A11 (3), respectively. The above mentioned 
species were demonstrated by the extraction from surface species by IR and NMR investigation. The Raman spectra of MgO 
and SiO, supported triruthenium clusters showed bands assigned to Ru-Ru and Ru,-C stretching modes. In the reactions of 
CO isotopic exchange, alkylation and hydroformylation, these oxides-supported triruthenium ketenylidene species showed 
quite different activities. H,Ru,(CO),( cl.,-CCO)2(Si(O-)Al] (3) was active for CO isotopic exchange reaction, while 
[Ru,(CO),( /L-CO),( /L~-CCO)~*- (MgO} (1) was active with CH,I at room temperature in alkylation reaction. In hydro- 
formylation of ethylene, MgO-supported triruthenium ketenylidene species showed high activity and selectivity for 
formation of oxygenates, while the SiO,-Al,O,-supported triruthenium ketenylidene cluster exhibited a high activity for the 
formation of ethane. These results have demonstrated that the support effect is obvious for the formation of various 
triruthenium ketenylidene species on oxides. Additionally, the preparation of these triruthenium ketenylidene clusters on 
oxides by surf&e-mediated organometallic synthesis showed a very high yield and a relatively simple procedure as 
compared with those by solution synthesis. 
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1. Introduction 

A better understanding of the effect of the 
support material on catalytic behavior is impor- 

* Corresponding author. Fax: + 86-431-8923907. E-mail: 
fsxiao@mail.jlv.edu.cn 

tant and may provide guidance in choosing or 
designing a better catalyst for catalytic reac- 
tions. It has been reported that the nature of 
oxide supports markedly influenced the produc- 
tion distribution in CO hydrogenation on sup- 
ported metal catalysts [l]. Rh catalysts prepared 

from [Rh,(CO),,l on TiO,, ZrO,, La,O,, and 
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Nb,O,, gave ethanol and acetaldehyde to con- 
siderable amounts. Methanol was produced over 
the Rh clusters supported on ZnO, MgO, and 
CaO supports, while methane was a major prod- 
uct on SiO,-Al,O, [2]. It is a quite challenging 
subject to understand the chemical origins of 
supporting oxides managing the product distri- 
bution in catalytic reactions on supported transi- 
tion metal catalysts. 

Metal clusters are very useful precursors for 
the design of active centers in heterogeneous 
catalysis, because they have small sizes and 
definite compositions of metal frameworks [3- 
81. Also, metal clusters supported on oxide sup- 
ports offered opportunities to understand the 
elementary steps of heterogeneous catalytic re- 
actions and the metal-support interaction [4-g]. 
A number of metal carbonyl clusters on oxide 
supports have been widely used as the catalytic 
precursors in CO-based reactions such as CO 
hydrogenation, olefin hydroformylation, and 
water-gas shift reaction, since these clusters are 
possible intermediates in these catalytic reac- 
tions. 

Doubly negative triruthenium ketenylidene 
clusters [PPN],[RU,(CO),( &co)] (1) proto- 
nated sequentially on the metal framework to 
yield m ononegative ketenylidene 
[PPN][HRU,(CO),( j.+-Cco)]- (2) and neutral 
ketenylidene H,Ru,(CO),( p.,-CCO) (3) in the 
solution [g-13]. These ketenylidene clusters 
were possible intermediates for the formation of 
C,-oxygenates in CO hydrogenation over sup- 
ported metal catalysts, which are easily attacked 
by the chemical groups. The transformation of 
the ketenylidene clusters by the reaction with 
nucleophiles and electrophiles has been exten- 
sively investigated. The triruthenium ketenyli- 
dene clusters may be good precursors for inves- 
tigation of support effects for the formation of 
surface species and the catalytic properties. 

In this paper, our goals were to study the 
support effect by using triruthenium ketenyli- 
dene clusters supported on oxides having differ- 
ent acid-base properties, to characterize the 
adsorption of the triruthenium ketenylidene 

cluster supported on oxides, and to investigate 
their catalytic properties. Here we report (1) the 
infrared spectra of surface species on various 
oxides and of the solution extracted from these 
surface species, (2) Raman evidence of these 
surface species, and (3) catalytic activities in 
13C0 exchange reaction, alkylation of CH,I and 
CH ,Li, and ethylene hydroformylation. 

2. Experimental 

2.1. Materials 

All syntheses and sample transfers were con- 
ducted with exclusion of air and moisture on a 
double-manifold Schlenk line and in an N,-filled 
Braun glove box. N, and H, with purity of 
99.999% (Takachiho) passed through beds of 
Cu,O and 4A zeolite to remove traces of 0, 
and moisture. CO and 13C0 (isotopic purity 
99.3%) used in isotopic exchange reaction were 
purchased from MSD Isotopes. The agents of 
alkylation reaction such as CH,I (purity 99.7%) 
and CH,Li (purity 99.5%) were supplied from 
Sigama Chemical. The CO used in ethylene 
hydroformylation was passed through a bed of 
activated alumina heated to a temperature ex- 
ceeding 200°C to remove traces of iron carbonyl 
contaminants and through a bed of 4A zeolite to 
remove moisture. Ethylene was purchased from 
Takachiho without further purification. Solvents 
were distilled from the appropriate drying agents 
[14], and followed by deoxygenation in flowing 
dry N, prior to use. 

Porous MgO (MX-65-1 powder, MCB 
reagents, surface area approximately 70 m*/g>, 
Aerosil 300 (Nippon Aerosil), and silica- 
alumina (Nippon Aerosil) were used as supports 
of MgO, SiO,, and SiO,-A1203, respectively. 
The MgO was dehydrated at various tempera- 
tures such as 473, 573, and 673 K, which were 
referred to as MgO,,,, Mg0,,3, and MgO,,,, 
respectively. The Na+ ions presented in the 
SiO,-Al,O, support were exchanged with Hf 
by treatment of an aqueous solution of NH&l 
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(0.1 N) at 368 K. After removing water, the 
SiO,-Al,O, support was calcinated in air at 
823 K for 2 h. This exchange/calcination was 
repeated three time to complete the ion-ex- 
change, giving the H-type of SiO,-Al,O,. 

2.2. IR spectra of the Ru ketenylidene cluster on 
oxides 

Powders of the oxides were pressed into disks 
(30-35 mg, diameter 20 mm), and mounted in 
an IR cell with CaF, or KBr windows. The 
disks were evacuated at the required tempera- 
ture for 2 h, and cooled down to room tempera- 
ture. After 2 mg of 1 was dissolved in 0.2 ml of 
CH,Cl, under 1 atm of N,, the solution was 
dropped onto the disks through the injection 
part of the cell without air contamination, then 
the CH,Cl, was removed under vacuum at 
room temperature. The Ru loading is about 1 
wt%. Infrared spectra were recorded in trans- 
mission mode on a double-beam Fourier-trans- 
form infrared spectrometer (Shimadzu FI’IR- 
4100) with a spectral resolution of 2 cm-’ and 
a precision of 1 cm-‘. 

2.3. Preparation of the MgO supported Ru 
ketenylidene cluster 

The MgO-supported triruthenium ketenyli- 
dene sample was prepared by adsorption of 1 on 
MgO. The 1 precursor dissolved with CH,Cl,, 
was slurried with MgO powder dehydrated at 
the required temperature. The slurry was stirred 
for 30 min, followed by solvent removal by 
evacuation for 4 h. The Ru loading is controlled 
by the change in precursor amount. 

2.4. Preparation of the SiO, supported Ru 
ketenylidene cluster 

The SiO,-supported triruthenium ketenyli- 
dene sample was prepared by adsorption of 1 
precursor with SiO, support dehydrated at 573 
K for 2 h in CH,Cl, solvent. The slurry was 
stirred for 30 min, followed by solvent removal 
by evacuation for 4 h. 

2.5. Preparation of the SiO,-AlzO, supported 
Ru ketenylidene cluster 

The SiO,-Al,O,-supported triruthenium 
ketenylidene sample was prepared by adsorption 
of 1 precursor with SiO,-Al,O, support dehy- 
drated at 573 K for 2 h in CH,Cl, solvent. The 
slurry was stirred for 30 min, followed by sol- 
vent removal by evacuation for 4 h. 

2.4. Preparation of 2 and 3 

The preparation of 2 and 3 followed pub- 
lished literature [lo]. 

2.7. IR spectra of extracted solutions 

Extraction of triruthenium ketenylidene clus- 
ters from the surface species was performed by 
mixing solid samples with [PPN][Cl] [PPN = 
bis(triphenylphosphine) nitrogen( + l)] in 
CH,Cl,, and followed by adding solvent. The 
mixture was stirred for about 10 min, and the 
resultant color of the solution and the loss of 
color of the powder (it became white) indicated 
when the extraction was complete. The solution 
was transferred with an airtight syringe to a 
sealed infrared cell, and the spectroscopic char- 
acterization was completed within a few min- 
utes. Infrared spectra were recorded with a 
Bruker IFS66V spectrometer with a spectral 
resolution of 2 cm- ’ and a precision of 1 cm-‘. 
NMR 13C spectra were measured with a Varian 
XL-400 spectrometer, and the reference of the 
13C spectra was external Me,Si. 

2.8. Raman spectra of oxides-supported Ru 
ketenylidene clusters 

Raman spectra were obta@ed by krypton laser 
excitation (6471 or 6764 A) filtered by a pre- 
monochromator to remove the laser plasma line. 
A standard Spex solid sample rotator was used 
to prevent thermal or photochemical decomposi- 
tion, and the Raman scattered light was ana- 
lyzed with a Spex 1403 double monochromator. 
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The laser power was about 30 mW, and about 
500 scans had to be averaged to produce a 
suitable signal to noise ratio. The spectra were 
recorded with a resolution of about 4 cm- ’ and 
an accuracy of 2 cm - ‘. The loading of Ru was 
about 5 wt%. 

2.9. 13C0 exchange reaction and alkylation 

The studies on the 13C0 isotopic exchange 
reaction and alkylation of CH,I and CH,Li 
were done by IR spectroscopy. After deposition 
of 1 on the disk of oxides, the reactants such as 
13C0 (30 Torr), CH,I (80 Torr), and CH,Li (30 
Tort-1 were introduced into the IR cells at room 
temperature, and the sample spectra were 
recorded by IR at the same time. 

2.10. Hydrofomylation of ethylene 

The ethylene hydroformylation was carried 
out using an open-flow mode reaction at 345- 
473 K. A mixture gas of ethylene, CO and H, 
(1:l: 1 molar ratio at a pressure of 1 X lo5 Pa) 
was passed through the catalyst bed (1 g of 
catalyst, Ru loading 1 wt%) at a flow rate of 60 
ml/min. The samples were reduced for 2 h at 
573 K in flowing H,, followed by passing the 
mixture gas (ethylene, CO, and H2) through the 
catalyst bed. The oxygenated products such as 
propanol and propaldehyde were collected in a 
water condenser (50 ml of water) by bubbling 
the effluent gas. The analysis of ethylene was 
performed by a Shimadzu GC-8AIT gas chro- 
matograph with a thermal conductivity detector, 
using a 4 mm X 4 m porapak Q column at 343 
K. The concentration of gas products in the 
off-gas was calibrated with an external standard 
by using 5 ml of gas sample. The analysis of 
propanol and propaldehyde dissolved in the wa- 
ter trap was conducted by a Shimadzu GC-8APF 
gas chromatograph with a flame ionization de- 
tector. Ethanol was added as an internal stan- 
dard to calibrate the concentration of propanol 
and propaldehyde. In each gas chromatography 
the amount of the products was calculated with 
an integrator (CR-6A, Shimadzu). 

3. Results and discussion 

3.1. &O-supported Ru ketenylidene cluster 

The symmetry of 1 in its solid state is ap- 
proximately C 3v with a set of three bridging 
CO ligands lying roundly in the plane of the 
metals and two sets of three terminally bound 
CO ligands arranged above and below the plane 
of the metals. The C-C and C-O bond dis- 
tances of the symmetrically capping CC0 group 
of triruthet$um ketenylidene cluster are 1.30 
and 1.17 A, respectively; average M-terminal 
CO carbonyl distance is 1.87 A; ayerage M- 
bridging CO carbon distance is 2.11 A [9]. 

The spectrum of MgOdT3 (Fig. la) showed a 
broad band at 3300-3800 cm-‘, and several 
bands at 1570-1350 cm- ‘, which were as- 

3oca zoo0 1600 1200 

WAVENUMBER, cmqL 

Fig. 1. IR spectra of MgO dehydrated for 2 b at (a) 473 K, (b) 573 
K, (c) 633 K, and Cd) 673 K. 
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Fig. 2. Plots of OH frequencies versus dehydration temperature of 
MgO. 

signed to Mg-OH, hydrogen-bonding and phys- 
ical adsorption of water, and carbonate species, 
respectively [ 15 - 171. Increasing the dehydration 
temperature to 573 K resulted in the partial 
elimination of physisorbed water and carbon- 
ates, giving the 3746 cm-’ band (MgO,,,, Fig. 
lb). A further increase of dehydration tempera- 
ture up to 673 K led to the complete disappear- 
ance of carbonates (MgO,,,). The spectrum in- 
cluded the band at 3732 cm-‘, assigned to 
terminal OH groups of the MgO support (Fig. 
Id). Fig. 2 showed the hydroxyl frequency ver- 
sus the dehydration temperature on the surface 
of MgO, indicating that the vOH decreased with 
the dehydration temperature. Based on the for- 

mula [15-171 (27rvj2=K/M, where v and K 
stand for frequency and the constant of the OH 
binding energy, the lower frequency of OH 
groups indicated stronger acidity. Thus, it was 
suggested that the acidity of terminal OH groups 
of the MgO support increased with dehydration 
temperature. 

When cluster 1 was deposited on the surface 
of Mg0473_573 (l/MgO, species I>, the sample 
spectra exhibited very sharp bands at 2020, 
1976, 1945, 1990 and 1752 cm-’ (Fig. 3(a, b), 
which are the same as those of 1 in CH,Cl, 
(Table 2) [9,10]. The bands at 3746-3756 cm-’ 
(Fig. 3(a, b) assigned to OH groups of the MgO 
surface still keep their intensity, which indicated 
that there was no interaction between OH groups 
and triruthenium ketenylidene cluster. These re- 
sults suggested that 1 was simply physisorbed 
on the surface of MgO. 

When the cluster was deposited on 
M180633-673 7 the sample spectra (Fig. 3(c, d) 
included not only the bands appearing in Fig. 3a 
but also the new bands appearing at 2068,2030, 
and 1999 cm-’ (2/MgO, species II) in Fig. 3(c, 
d). The new bands were assigned to the forma- 
tion of 2 converted from 1 on the MgO surface. 
The major reasons were the following: (a) the 
species II appearing at 2068, 2030, and 1999 

Table 1 
Carbonyl frequencies of triruthenium ketenylidene species supported on MgO, SiO,, SiO,-Al,O, supports 

l/MgO,,,.,,, (species I) 2/Mg0573_h7) (species II) Z/SiO, (species III) 3/SiO,-Al,O, (species IV) 

2068 (w) 

2030 (m) 
2020 (m) 

1999 (s) 
1976 (s) 1978 (vs) 

1945 (vs) 

2124 (VW) 
2088 (s) 

2068 (w) 2060 (vs) 
2040 (m) 

2036 (s) 

2010 (w) 
2ooo (vs) 
1974 (m) 

1925 (VW) 
1890 (s) 

18OO(vw) 
1750 (s) 

vs = very strong, s = strong, m = middle, w = weak, VW = very weak. Unit is wavenumber (cm-’ 1. 
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Fig. 3. IR carbonyl bands of [PPN],[Ru,(CO),(~,-CCO)] (1) 
deposited on MgO dehydrated at (a) 473 K, (b) 573 K, (c) 633 K, 
and (d) 673 K. 

cm-’ were very closed to those of 2 in Tables 1 
and 2; (b) the 1750 cm- ’ band decreased with 
increasing bands at 2030 and 1999 cm-‘, which 

Table 2 

I Species I 

Species II 
0 0 r\ 

473 573 673 

Temperature (K) 

_I 

Fig. 4. The change in the concentration of species I (1) and 
species II (2) on MgO dehydrated at 473-673 K. 

was the characteristic band of 1 in Tables 1 and 
2; (c) bands at 3732-3740 cm-’ assigned to 
OH groups decreased significantly in intensity 
as a result of the deposition of 1 on MgO; (d) 
the acidity of OH groups increased with dehy- 
dration temperature on Mg0633_673; (e> 1 proto- 
nated on the metal frame to yield 2 in the 
solution [9,10]. 

As shown in Fig. 4, plots of infrared carbonyl 
intensity of surface species I and species II 
versus dehydration temperature gave the curves 
in the region from 473 to 673 K, indicating that 

Carbonyl frequencies [lo] of various triruthenium ketenylidene clusters in different solvents 

[PPNI,[Ru,(CO),( j.~,-CCO)I (l) in CH,Cl, [PPN][HRu,(CO),( p&CO)] (2) in Et,0 

2068 (w) 

2032 (s) 
2022 (m) 2017 (w) 

1999 (vs) 
1980 (s) 1969 (m) 

195 1 (vs) 
1927 (VW) 

1898 (s) 
1800 (VW) 

1750 (s) 

H,Ru,(CO),( pL3-CCO) (3) in hexane 

2123 (VW) 
2088 (s) 

2062 (vs) 
2043 (m) 

2010 (w) 

1969 (w) 

vs = very strong, s = strong, m = middle, w = weak, VW = very weak. Unit is wavenumber (cm-’ ). 
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species I was stoichiometrically converted into 
species II with increasing dehydration tempera- 
ture. We suggest that 1 reacted with OH groups, 
as follows: 

[Ru,tCO)& - CO)&, - CCO)]‘- 
(1, species I) + Mg-OH 

= [HRu3(C0)& - cco)] - (Mgo-} 

(2, species II). (A) 

3.2. SO,-supported Ru ketenylidene cluster 

When 1 was deposited on SiO, at room 
temperature, the sample spectrum gave carbonyl 
bands at 2068, 2036, 2000, 1974, and 1925 
cm-’ (species III in Fig. 5), which are consis- 
tent with those of 2 in Et,0 (Table 2) [lo]. 
Also, the vOi., band at 3740 cm-’ assigned to 
an isolated Si-OH group significantly decreased 
as a result of the adsorption of the cluster on the 
SiO, support, suggesting that there was a reac- 
tion of 1 with surface Si-OH groups. 

It is of interest to find that the resulting 

I I , ,, I I 

1000 3500 ” 2000 
I 

1900 Ii31 

Wove number km-‘) 

Fig. 5. IR spectra of carbonyl and hydroxyl bands of 
[PPN]2[R~,(CO),(~CL3-CCO)I (1) deposited on SiO, disk: (a) 
background of SiO,, (b) the deposition of the cluster on SiO, and 
followed by evacuation for 0.5 h at room temperature, (c) differ- 
ence spectrum (b-a). 

8 b 

9 694 
* 
0, 

w PPNI&f?u3(CO)9C 

2 
C 

1 Ru&Oh2/SiO2 

cc )I /SiOs 

Wavenumber, cm- 1 

Fig. 6. IR spectra of (a) SiO,, (b) deposition of 
[PPN],[Ru,(CO)& ~3-CCOII (1) on SiO,, and (c) deposition of 
[Ru,(CO),,] on SiO, in the region from 650 to 720 cm-‘. 

material gave the band at 694 cm-’ in Fig. 6b. 
Some transition metal hydride carbonyl cluster 
complexes having a bending metal hydride bond 
typically exhibited a weak band (in-plane, M-H) 
in the region of 1100 to 1500 cm-‘, while 
out-of-plane bending modes of M-H-M ap- 
peared at 700 cm- ’ [l&22] e.g. the band at 
693 cm- ’ (Fig. 6c) for the adsorption of 
[Ru,(CO),,] on SiO, was attributed to the out- 
of-plane bending of Ru-H-Ru [22]. Therefore, 
the band at 694 cm-’ in Fig. 6b may be as- 
signed to the out-of-plane bending mode of 
Ru-H-Ru. This result confirmed the formation 
of hydride triruthenium ketenylidene cluster on 
the SiO, support. Therefore, it was suggested 
that the complete transformation from 1 to 2 by 
reaction with Si-OH groups occurred as fol- 
lows: 

[Ru,(CO)& - CO)& - CC0)1’- (1) 

+ Si-OH = [HRu,(CO)&., - cco)] - 

{SiO-}(2, species III). (R) 
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3.3. SO,-Al,O,-supported Ru ketenylidene 
cluster 

When 1 was deposited on strong acidic sup- 
port of SiO,-Al,O,, the sample spectrum 
(species IV in Fig. 7b) in the carbonyl region 
exhibited bands at 2124, 2088, 2060, 2010, and 
2010 cm- ‘, and several weak bands lower than 
2000 cm-‘, which are very close to those of 3 
in hexane (Table 2) [lo]. The H-type of SiO,- 
Al,O, showed two bands at 3740 and 3620 
cm- ’ (Fig. 7a), which were assigned to Si-OH 
and Si(OH)Al, respectively [23,24]. The band at 
3620 cm- ’ decreased remarkably in intensity as 
a result of the deposition of the cluster onto the 
SiO,-Al,Os support, while the band at 3740 
cm-’ kept its intensity (Fig. 7(b, c), indicating 
that cluster 1 selectively reacted with 3620 cm- ’ 
species. 

It has been reported that there are two types 

2060 

e,, 

3740 
3620 

C 

3700 3600 ” 2200 2cm 1900 1800 

WAVENUMBER, cm-’ 

Fig. 7. IR spectra of carbonyl and hydroxyl bands of 
[PPN],[Rtr,(CO),( ps-CCOII (1) deposited on SiO, -Al,O, disk: 
(a) background of SiO,-Al,O,, (b) the deposition of the cluster 
on SiO,-A120s, followed by evacuation for 0.5 h at room 
temperature, (c) difference spectrum (b-a). 

b 

I I I cc I I I 

3700 3600 , 
1550 1500 1450 

Wove number (cm-‘) 

1 
Fig. 8. IR spectra of carbonyl and hydroxyl bands associated with 
the adsorption of pyridine: (a) evacuation of SiO, -Al,O, for 2 h 
at 573 K, (b) after (a), the adsorption of 10 Torr of pyridine for 1 
h at room temperature and evacuation for 1 h at 433 K, (c) the 
deposition of [PPN],[RU,(CO),( ps-CCO)] (1) on SiOl -Al,O, 
disk, (d) after (c), adsorption of 10 Torr pyridine for 1 h at room 
temperature and evacuation for 1 h at 433 K. 

of stronger acidic sites, Bronsted sites and Lewis 
sites, on the surface of the SiO,-A1,03 support. 
There was a possibility that the surface reaction 
may due to either the Ru cluster with Bronsted 
sites or the Ru cluster with Lewis sites. 

Fig. 8 showed adsorption of pyridine on 
SiO,-Al,O, and on the SiO,-Al,O,-supported 
triruthenium ketenylidene cluster. When the 
SiO,-Al,O, disk was evacuated for 2 h at 573 
K, the sample spectrum (Fig. 8a) exhibited two 
sharp bands at 3740 and 3620 cm- ’ 123,241. 
Exposure of 10 Torr of pyridine to the SiO,- 
Al,O, disk at room temperature led to complete 
disappearance of the band at 3620 cm-‘, but the 
band at 3740 cm- ’ was unchanged. In the 
region of C-C bending-stretching frequencies, 
three strong bands at 1543, 1489, and 1448 
cm-’ were observed (Fig. 8b). The band at 
1543 cm-’ was assigned to C-C stretching 
vibration of the pyridinium ion and is com- 
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monly used for detecting the presence of 
Bronsted acidic sites, and the band at 1448 
cm-’ was attributed to adsorption of pyridine 
on Lewis acidic sites [25]. Notably, the spec- 
trum of pyridine adsorbed on the sample of the 
SiO,-Al,O,-supported Ru ketenylidene cluster 
also included the three bands at 1542, 1498, and 
1448 cm-‘, but the band intensities were differ- 
ent. As compared with those in Fig. 8b, in Fig. 
8d the band intensity at 1542 cm-’ was 
markedly reduced, while the band intensity at 
1448 cm-’ basically remained, suggesting that 
the Lewis acidic sites on the SiO,-A1,03 sup- 
port did not react with the triruthenium ketenyli- 
dene cluster. 

These results indicated that the species IV 
resulted from the surface reaction of 1 with 
Si(OH)Al groups on the surface of SiO,-Al,O, 
as follows: 

[Ru,(CO)& - CO)&? - cco)l’- (1) 
+ 2Si(OH)Al= H,Ru,(CO),( IJ,~ - CCO)] 

X 2{Si(O-)Al) (3, species IV). cc> 

3.4. Extraction and yield determination 

The infrared spectra of the liquid extracted 
from MgO,,, supported 1 (species I) in the vco 
region included the bands at 2024, 1979, 1951, 
1898, and 1750 cm- * (Fig. 9b), which are the 
same as those of 1 in CH,Cl, solvent (Fig. 9a, 
2022, 1979, 1951, 1897, and 1750 cm-‘). 

The extracted solution obtained from SiO,- 
supported triruthenium ketenylidene cluster 
(species III) in the veo region included the 
bands at 2068, 2030, 2000, 1968 and 2926 
cm-’ (Fig. lob), in good agreement with those 
of 2 in Et,0 solvent (Fig. lOa, 2069, 2033, 
2000, 1969, 1927 cm-‘). 

The solution extracted from the SiO,-Al,O, 
supported triruthenium ketenylidene cluster 
(species IV> in the vco region included the 
bands at 2119, 2083, 2056, 2039, 2011, 2003, 
and 1993 cm- ’ (Fig. 1 lb). The spectrum closely 
matched that of 3 in hexane (Fig. 1 la, 2118, 
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Fig. 9. IR spectra of (a) the solution from extraction of MgO-sup- 
ported triruthenium ketenylidene cluster (species I) by use of 
CH2C1, solvent, and (b) [PPNI,[Ru,(CO),( @O),( p3-CCO)] 
(1) in CH,CI, solvent. 

2085,2056,2040,2005, 1995, and 1962 cm-‘). 
Also, NMR 13C spectra of solution extracted 

from oxide species were the same as those of 
the clusters in solvents, which confirmed that 
the clusters of 1, 2, and 3 were selectively 
formed on the surface of MgO, SiO,, and 
SiO,-Al,O, dehydrated at 573 K, respectively. 

To determine the yield of SiO,- and SiO,- 
Al,O,-supported triruthenium ketenylidene 
clusters, the solution formed by extraction with 
[PPN]Cl of oxide-supported surface species was 
filtered through a medium-porosity glass frit in 
the presence of N,, and the powder was washed 
with the solvent and filtered again through the 
frit. The resultant solution was evacuated to get 
solid powder. The yield of 2 on SiO, (species 
III> and 3 on Si02-Al,O, (species IV) was 
94% and 90%. In contrast, the yield of 2 and 3 
prepared from the solution synthesis was only 
4 1% and 45%, respectively [lo]. 

It is apparent that the preparation of oxide- 
supported ruthenium ketenylidene cluster 
( suvace-mediated organometallic synthesis) ex- 
hibited the following obvious features: (a) higher 
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product yield for the synthesis of 2 and 3 com- 
plexes; (b) simpler than that of the solution 
synthesis; e.g. the synthesis of 2 in the solution 
at low temperature (198 K) took for several 
hours, and the surface-mediated synthesis at 
room temperature took for 30 min; (b) easier 
purification by extraction from the surface; (d) 
the synthesis variables including the nature and 
loading of the metal salt or organometallic pre- 
cursor adsorbed on solid, the physical properties 
of the solid, the chemical properties of the 
surface, the gas atmosphere, temperature, and 
pressure. Recently, Gates et al. [26-311 have 
successfully synthesized a series of metal car- 
bony1 clusters such as iridium carbonyl, osmium 
carbonyl, rhodium carbonyl, and platinum car- 
bony1 by using surface-mediated organometallic 
synthesis. 

b 

a 

2100 2om 1900 18M) 

WAVENUMBER, cm-’ 

Fig. 10. IR spectra of (a) the solution from extraction of SiO,-sup- 
ported triruthenium ketenylidene cluster (species III) by use of 
Et,0 solvent, and (b) [PPNl[HRu,(CO),( ps-CCO)I (2) in Et20 
solvent. 
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Fig. 11. IR spectra of (a) the solution from extraction of SO,- 
Al,O, supported triruthenium ketenylidene cluster (species IV) by 
use of hexane, and (b) H,Ru,(CO),( p3-CC01 (3) in hexane. 

3.5. Raman spectroscopy of Ru ketenylidene 
clusters on MgO,,, and SO, 

The Raman technique is potentially valuable 
for determining the structures of supported-metal 
clusters since it has been used to demonstrate 
metal-metal bonding in a wide range of molec- 
ular metal clusters [32]. In particular, it deter- 
mines whether the structures of metal clusters 
can exist on the surface of oxide supports. 
Because of the high fluorescence, low sensitiv- 
ity, and decomposition of metal clusters [l], 
there were a number of experimental difficul- 
ties. Since the metal-metal vibrations fortu- 
nately have rather high Raman scattering cross 
sections, researchers can use a low power laser 
line and sample spinning cell techniques to 
obtain the suitable signal of metal-metal bond- 
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Fig. 12. Raman spectra of [PPNIJRuJCO&( p-CO),( /.+-CCO)I 
(1) on (a) MgO and (b) SiO? at room temperature. 

ing. Several examples of Raman research deal- 
ing with oxides-supported metal carbonyl clus- 
ters have been reported [33-361. Generally, at 
frequencies lower than 350 cm-‘, several vibra- 
tions were expected to be active in the Raman 
spectra of metal clusters, which were related to 
the Ru-Ru, Ru-C, and Ru-0 stretching modes. 

Fig. 12 showed the Raman spectra of 1 on 
MgO and $0, in the region from 30 to 350 
cm-‘. For the MgO-supported 1, we observed 
three bands at 156, 205, and 317 cm-‘, with 
broad and shoulder bands appearing at lower 
frequencies (Fig. 12a). The bands at 156 and 
205 cm- ’ were proposed to belong to Ru-Ru 
stretching modes, and the band at 317 cm-’ 
was proposed to belong to the Ru,-C stretching 
mode, respectively. These assignments are in 
good agreement with those of 1 in CH,Cl, 
solvent [37]. The Raman band position between 
the MgO,,,-supported cluster and the cluster in 
CH,Cl, was almost the same. The difference 
was only for band intensity, which was really 
contributed by a small amount of the cluster on 
the surface of MgO,,,. These results demon- 
strate that the symmetry between the cluster on 

MgO and the cluster in CH,Cl, was the same, 
indicating that the cluster physisorbed on the 
surface of the MgO support. 

On SiO,-supported triruthenium ketenylidene 
cluster (Fig. 12b), the Raman spectrum gave 
rise to bands at 174, 211, and 322 cm-‘, with 
weak and broad bands at 40-110 cm-’ (Fig. 
12b). The bands at 174 and 211 cm-’ were 
assigned to Ru-Ru stretching modes and the 
band at 322 cm- ’ was assigned to the Ru,-C 
stretching mode; these are in good consistence 
with those of 2 in CH,Cl, [37]. The weak and 
broad bands at lower frequencies were tenta- 
tively assigned to Ru-C bending modes, in 
agreement with those of [Ru,(CO),,] [38]. 
Comparatively, there was an approximate 20 
cm-’ shift for Raman spectra in the Ru-Ru 
stretching between MgO- and SiO,-supported 
triruthenium ketenylidene clusters, which may 
be explained by the various surface species 
possibly assigned to 1 on MgO (species I) and 2 
on SiO, (species III), respectively. 

3.6. 13C0 exchange reaction 

When 13C0 at 15 Torr was exposed to 
M&3- supported 1 (species I), we could not 
observe any new bands due to isotopic effects, 
even at temperatures up to 523 K (Fig. 13). The 
decrease in intensity of the vco band was at- 
tributed to the decarbonylation of the ruthenium 
ketenylidene cluster, indicating a negligible ac- 
tivity for the isotopic exchange reaction. 

When 13C0 at 15 Torr was exposed to SiO,- 
supported triruthenium ketenylidene cluster (2, 
species III) for 2 h at room temperature, the 
bands at 2036 and 2000 cm-’ were reduced, 
and a strong band appeared at 1996 cm- * due 
to 13C0 isotopic exchange reactions (Fig. 14b). 
The result was interpreted by the little amount 
of CO ligands exchanged by 13C0, and a lot of 
carbonyls were still CO. The IR band of CO 
overlapped with that of 13C0, giving the band at 
1996 cm- ‘. As the temperature was increased 
to 433 K, the major band was shifted to 1990 
cm-’ (Fig. 14~). The difference spectra (Fig. 
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Fig. 13. IR spectra of carbonyl bands on MgO (dehydration at 573 
K) supported on [PPNI,[Ru&CO)~( CL-CO)& 11sCC011 (1) 
(species I): (a) before exposure to t3C0 at room temperature, (b) 
after (a), 15 Torr t3C0 for 13 h at room temperature, (c) after (b), 
2 h at 353 K, (d) after (cl, 2 h at 403 K, (e) after cd), 2 h at 473 K. 

14(d, e) between before and after isotopic ex- 
change showed that the bands at 2030-1990 
cm-’ decreased in intensity as a result of the 
increase of the bands at 1975- 1940 cm-‘. The 
major band was shifted to 1990 cm-’ (Fig. 
14c), which may be explained by (a) more CO 
being exchanged with 3C0 and (b) partial de- 
carbonylation occurring at increased tempera- 
ture. These results indicated that SO,-supported 
2 exhibited some reactivity in 13C0 exchange 
reactions, but the rate was very slow. 

When 13C0 at 15 Torr was exposed to SO,- 
Al,O,-supported triruthenium ketenylidene 
cluster (3, species IV) for 2 h at room tempera- 
ture, the bands at 2130 and 2060 cm-’ were 
markedly decreased, a new band appeared at 
2016 cm-’ due to isotopic effects, while the 

band at 2100 cm- ’ basically remained its inten- 
sity (Fig. 15~). As the temperature was ramped 
to 323 K, the band at 2128 cm- ’ completely 
disappeared, and the bands at 2098 and 2056 
cm-’ considerably decreased with a slight shift 
downward, as compared with those for the sam- 
ple spectrum at room temperature (Fig. 15d). It 
was suggested that the bands at 2138 and 2060 
cm-’ and at 2100 cm-’ in Fig. 15a were 
attributed to different types of carbonyl ligands, 
which have different activities in the isotopic 
exchange reaction. The assignment of various 
types of carbonyls required further experiments. 
When the temperature was increased to 373 K, 
all bands in Fig. 15a disappeared. As a result, a 
series of new bands at 2078, 2050, and 2010 

2000 

I I I I I 
2100 zoo0 1900 1800 1700 
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Fig. 14. IR spectra of carbonyl bands on SiO, supported on 
[PPN][HRu,(CO),( y,-CCO)] (2) (species III): (a) before expo- 
sure to 13C0 at room temperature, (b) after (a), 15 Torr 13C0 for 
2 h at room temperature, (c) after (b), 2 h at 443 K, (d) difference 
spectrum (b - a), (e) difference spectrum (c - a). 
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The three triruthenium ketenylidene clusters 
had the same metal framework Ru,, and the 
difference was only in the protons. The forma- 
tion of hydrido clusters such as 2 and 3 would 
result in the increase of bonding orbitals and the 
decrease of electron density in bonding orbitals, 
as compared with 1. These analyses suggest that 
the bonding between cat-bony1 ligands and the 
triruthenium frame in 2 and 3 was much lower 
than that in 1 [40,41], giving a higher activity 
for i3C0 isotopic exchange and a higher fre- 
quency for carbonyl ligands, which is good in 
agreement with experimental facts (Figs. 13- 
15). 

WAVENUMBER , Cm-’ 3.7. Alkylation with CH, I and CH, Li 

Fig. 15. IR spectra of carbonyl bands on SO,-Al*O, supported 
on H,Ru,(CO),( CL,-CCO) (3) (species IV): (a) before exposed to 
“CO at room temperature, (b) after (a), 15 Torr “CO for 1 h at 
120 K, (c) after (b), 2 h at room temperature, cd), after (cl. 2 h at 
323 K, (e) after cd), 2 h at 353 K, (f) 2 h at 373 K. 

cm-’ appeared (Fig. 15f), which are in good 
agreement with theoretical frequencies [39] for 
2130, 2100, and 2060 cm-’ (Fig. 15a) in CO 
isotopic exchange reactions, indicating that the 
isotopic exchange was complete. The results 
showed that the isotopic exchange on 
SiO,Al,O,-supported 3 (species IV) was very 
active as compared with SiO,-supported 2. 

A summary of the above results shows the 
reaction order for the isotopic exchange to be 
l/MgO -=K 2/Si02 -=x 3/SiO,-Al,O,. In gen- 
eral, the mechanism of 13C0 and CO isotopic 
exchange reactions on metal particles is as fol- 
lows [39]: 

RuCO + 13C0 + 013CRuC0 (intermediate) 

-+ 013CRu + CO. (D) 

This mechanism suggests that there was an 
intermediate in the isotopic exchange reactions 
and that the activity has a good relationship to 
the rate of CO adsorption-desorption on the 
metal surface. It is obvious that the activity in 
CO isotopic exchange will become slow if the 
CO-metal bonding is increased. 

Although Mg?],, supported on 1 (species I> 
was inactive for CO isotopic exchange, it was 
very active for the alkylation with CH,I, similar 
to the chemistry in solution [lo]. When CH,I 
(80 Torr) and CO (80 Torr) were introduced 
onto the sample disk of species I in the IR cell 
at room temperature, the bands at 1977, 1943, 
1984, and 1756 cm-’ gradually decreased with 
the appearance of a series of new bands at 2960, 
1635, 1462, and 1350 cm-’ (Fig. 16). 

In solution chemistry, Shriver et al. [lo] re- 
ported that the dinegative clusters attack the 
CH,I to produce the acetyl cluster. Here, it is 
proposed that similar alkylation occurred on the 
MgO-supported 1 (species I), because the result- 
ing infrared spectra of the reaction on the sur- 
face species were similar to those in solution 
chemistry. Therefore, the band at 2960 cm-’ 
was assigned to the C-H stretching frequency 
of the -CH, group, the band at 1635 cm- ’ was 
assigned to the C=O stretching frequency of the 
-CC(O)CH, group, and the bands at 1462 and 
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Fig. 16. IR spectra of MgO-supported [PPN],[RU,(CO),( ps- 
CCO)] (1) (species I) by reaction with CHJ under CO at room 
temperature: (a) before reaction, (b), after (a), admission of 80 
Torr CH,I and evacuation for 1 h, (cl difference spectra (b-a). 

1350 cm-’ were assigned to deformation modes 
of -CH, groups, which was confirmed by the 
D-labeled experiments. By using CD,1 instead 
of CHJ the sample spectra exhibited bands at 
2147, 1626, 1132, and 1027 cm-’ (Fig. 17). We 
proposed that the band at 2147 cm-’ was as- 
signed to the C-D stretching frequency of -CD, 
groups; The two bands at 1132 and 1027 cm-’ 
were assigned to the C-D deformation mode; 
the band at 1626 cm- ’ was assigned to C=O 
stretching of the acyl moiety C(O)CD,. These 
assignments are in good consistence with the 
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Fig. 17. IR spectra of MgO-supported [PPN],[RU,(CO),( ps- 
CCOll (1) (species I) by reaction with CD,1 under CO at room 
temperature: (a) before reaction, (b), after (a), admission of 80 
Torr CDs1 and evacuation for 1 h, (cl difference spectra (b- a). 

theoretical value calculated from the isotopic 
effect [39]. Table 3 summarizes these assign- 
ments. 

Reaction of SiO,-supported on 2 (species III) 
with CH,I at room temperature proceeded very 
slowly, but at 473 K it gave several new bands. 
By contrast, SiO,-Al,O,-supported 3 (species 
IV) was completely inactive for the reaction 
with CH,I, even for temperatures up to 573 K. 

A change in alkylation reagent by using nu- 
cleophilic CH ,Li instead of electrophilic CH sI 

Table 3 
Infrared bands ’ of MgOs,s-supported triruthenium ketenylidene cluster with CH,I or CD,1 under CO 

CH,I CDs1 Structure of group Assignment 

2960 2147 CH, or CD, asymmetric stretching of CH or CD 
1635 1626 -CC(O)CH, or -CC(O)CCD, C = 0 stretching mode 
1462 1132 CH, or CD, asymmetric deformation of CH or CD 
1350 1027 CH, or CD, symmetric deformation of CH or CD 

’ Unit is wavenumber (cm-’ 1. 
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Table 4 
Hydroformylation of ethylene on oxides-supported trirutbenium ketenylidene cluster-derived catalysts a 

Surface species Rate of formation at 445 K b Selectivity for oxygenates (mol%) ’ Selectivity for alcohol (mol%) d 

C,H, C,H,CHO + C,H,OH 

[Ru,(CO),(CCO)]*- {MgO} (1) 30 11 27 46 
[HRu,(CO),(CCO)I-(S~O-) (2) 55 3.5 6 0 
H,Ru,(CO),(CCO)2{Si(O)-Al) (3) 120 2.0 2 0 
MgO or SiO, or SiO,-Al,O, - - 

a Flow rate C2H,/CO/H2 = 20/20/20 ml/min, total pressure is 1 atm. 
b mmol/(mol Ru)/min. 
c (C?H,CH0 + C,H,OH)/(C,H,CHO + C,H,OH + C,H,) x 100%. 
d Cj-H,OH/(C,H,&O + C,ti,OH) X 100%. - ” 

showed an opposite order over these supported 
clusters. At room temperature, the alkylation of 
SiO,-Al,O,-supported 3 (species IV) pro- 
ceeded with high rate. The SiO,-supported 2 
(species III) began to react with CH,Li at nearly 
363 K. Comparatively, the MgO,,,-supported 1 
(species I) does not react with CH,Li, even at 
temperatures up to 573 K. 

Comparison of various triruthenium ketenyli- 
dene clusters supported on oxides in alkylation 
of CH,I and CH,Li exhibited that the reactivity 
was strongly dependent on the surface species 
containing the number of protons as follows: 

in reaction with CH,I: l/MgO Z+ 2/SiO, 
z+= 3/SiO,-Al,O,; 
in reaction with CH,Li: 3/SiO,-Al,O, z=- 
2/SiO, z+=- l/MgO. 

3.8. Ethylene hydroformylation 

Before ethylene hydroformylation, we per- 
formed decarbonylation of various triruthenium 
ketenylidene clusters supported on oxides, and 
IR spectra indicated that all carbonyl infrared 
bands disappeared as the temperature was 
ramped from room temperature to 573 K over 1 
h and then held at 573 K for 2 h. 

The data of ethylene hydroformylation over 
these samples were summarized in Table 4. In 
all runs, the activity reached steady state after 5 
h on stream and remained constant for the sub- 
sequent 55 h. Higher rates for propanal and 
I -propanol were observed on MgO,,,-supported 
1 (species I) than on SiO,- and SiO,-Al,O,- 

supported 2 and 3 (species III and species IV). 
The rate for ethane was effectively suppressed 
on MgO,,,. In contrast, the oxides such as 
MgO, SiO,, and SiO,-Al,O, were completely 
inactive for the formation of ethane and oxy- 
genates at the same conditions. The orders of 
activity and selectivity for ethane and oxy- 
genates in the ethylene hydroformylation over 
various ruthenium ketenylidene clusters sup- 
ported on oxides were the following: 

activity for oxygenates: l/MgO > 2/SiO,, 
3/SiO,-Al,O,; 
selectivity for alcohol: l/MgO > 2/SiO,, 
3/SiO,-Al,O,; 
activity for ethane: 3/SiO,-Al,O, > 2/SiO, 
> l/MgO. 
Generally, the large difference in ethylene 

hydroformylation could be due to variation in 
the surface structure and active sites, which 
were related to changes in metal loading, metal 
dispersion, surface area and other preparation 
conditions. We know that the Ru loading is the 
same, the surface areas are similar, and these 
oxides are completely inactive for the ethylene 
hydroformylation. Therefore, the large differ- 
ence in catalytic activity and selectivity might 
be due to the surface species having various 
properties. 

The mechanism of ethylene hydroformylation 
on supported triruthenium cluster-derived cata- 
lysts 142,431 may include some of the following 
elementary steps: (a> the adsorption of CO, H,, 
and ethylene occurred on the Ru sites; (b) hy- 
drogenation of adsorbed ethylene gave an ad- 
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sorbed ethyl group; (c) hydrogenation of the 
adsorbed ethyl group produced ethane; (d) CO 
inserted into adsorbed hydrogen to form a formyl 
species; also, CO inserted into the adsorbed 
ethyl group to form a propionyl species; (e) the 
ethyl group reacted with the formyl species to 
produce a propionyl species; (f) hydrogenation 
of the propionyl group resulted in the formation 
of propaldehyde, and further hydrogenation of 
adsorbed propaldehyde gave propanol. 

Considering the CO isotopic exchange reac- 
tion (Figs. 13-15), higher activity may indicate 
higher bonding of C-O and lower bonding of 
Ru-CO. The results imply that C-O bonding in 
1 supported on MgO was much weaker than 
that of 3 supported on SiO,-Al,O,. Thus, we 
suggest that C-O with weak bonding in 1 sup- 
ported on MgO would be easily insertable into 
the bonding of ruthenium with hydrogen or/and 
ethyl species, exhibiting a high rate for oxy- 
genated formation, as compared with that in 2 
and 3 supported on SiO, and Si02-A1,03. 

In alkylation of CH,I and CH,Li, we ob- 
served that 1 supported on MgO was very active 
with electrophile agents while 3 supported on 
SiO,-Al,O, was very active with nucleophiles. 
When CO and ethylene adsorbed on Ru sites, 
the CO insertion in 1 supported on MgO may be 
faster than that in 3 supported on SiO,-Al,O, 
because the properties of adsorbed ethyl species 
are similar to that of the electrophile. 

Furthermore, we found that the surface clus- 
ters with hydrides (2 and 3) exhibited very high 
activity for ethane formation as compared with 
that of 1 supported on MgO. The results may 
imply that hydride species in the clusters played 
an important role for the formation of ethane 
product. Possibly, the hydride species markedly 
promote catalytic activity in hydrogenation of 
the adsorbed ethyl group on Ru sites. 

3.9. Support effect 

Many researchers [l-5] have studied the cat- 
alytic performance on various supports, suggest- 

ing various models of support effects such as 
hydrogen-spillover and support-metal interac- 
tion. In the present study, we found that the 
deposition of 1 on oxides having different 
acid-base properties resulted in the formation 
of l/MgO, 2/SiO,, and 3/SiO,-Al,O,, re- 
spectively, which showed different activity and 
selectivity in CO isotopic exchange, alkylation, 
and catalytic hydroformation of ethylene. The 
support effect is apparent, and the acid-base 
properties of supports are very important for the 
formation of surface species. 

4. Conclusions 

The important conclusions of this study may 
be summarized as follows: 

(i) The surface species of [Ru,(CO),( p- 
CO)& ,u~-CCO)]~- (1) supported on MgO, 
characterized by IR spectroscopy, strongly de- 
pended on dehydration temperature. At dehydra- 
tion temperatures below 573 K, the sample clus- 
ter exhibited characteristic bands of 
[Ru,(CO),( p-CO)& ps-CCO)12- (1). A new 
adspecies assigned to [HRu,(CO),( ,~s-CCO)]- 
(2) was characterized by the new bands at 2068, 
2030, and 1999 cm-’ as the dehydration tem- 
perature was increased to 673 K. 

(ii) On the SiO, support, the IR investigation 
suggested that the stoichiometric protonation of 
[Ru,(CO),( p-CO)& p3-CCO)12- (1) with sur- 
face hydroxyl groups (Si-OH) occurred, giving 
[HRu,(CO),( p3-CCO)]- (2). Deposition of 
[Ru,(CO),( p-CO)& E.L~-CCO)]~- (1) on SiO,- 
Al,O, resulted in selective formation of 
H,Ru,(CO),( ,x.,-CCO) (3) by reaction with 
strong Brgkzsted acidic groups of Si(OH)Al. 

(iii) The IR spectra of the solution extracted 
from surface species confirmed selective forma- 
tion of dinegative monohydride and dihydride 
species on MgO,,,, SiO,, and SiO,-Al,O,, 
respectively. Notably, the yield of 
[HRU,(CO),( E.L~-CCO)I- (2) and 
H2Ru3(C0)& p.,-CCO) (3) prepared from SUT- 
face-mediated synthesis was 94% and 90%, 
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Characterization and reactivities of trimthenium ketenylidene clusters on oxides in the CO isotopic exchange reaction, alkylation of CH,I 
and CH ,Li, and hydrofonnylation of ethylene 

support MgOs,, SiO, SiO,-Al,03 

Deposition of triruthenium species I species III species IV 
ketenylidene cluster on oxide 

Assignment [Ru,~CO),(CCO)12~~MgO~ (1) [HRu,(CO),(CCO)I-(S~O-I (2) H,Ru,(CO),(CCO) (Si(O)- Al) (3) 
Characterization IR, extraction, Raman IR, extraction, Raman IR, extraction 
Isotopic exchange of 13C0 - - - - a ++b ++++ 
Alkylation with CH ?I +++++ + ---- 

Alkylatlon with CH ,Li + ++++ 

Ethylene hydroformylation 

Formation of oxygenates ++++ ++ + 
Formation of elhane + ++ +++++ 

Selectivity for alcohols ++ - - 

d ‘ - ‘: inactive. 
b * + ‘: active. 

much higher than those prepared from solution alkylation of CH,I and CH,Li, and ethylene 
synthesis. hydroformylation are summarized in Table 5. 

(iv) Raman spectra of MgO,,, and SiO, sup- 
ported on triruthenium ketenylidene clusters ex- 
hibited bands at 156, 205 and 317 cm- ‘, and 
174, 211 and 322 cm-‘, respectively, which 
were tentatively assigned to Ru-Ru and RI+-C 
stretching modes of the oxides-supported 
species. These results provided a strong evi- 
dence for the clusters on the surface of oxides. 
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