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Abstract 

The ruthenium cluster Ru$CO)~~ (1) has been evaluated as a catalyst precursor for the thermal reactions of l-octene with 
(EtO),SiH in a mixture of dioxane and benzene at temperatures of 50-75°C. At 70°C or higher, olefin isomerization and 
hydrosilylation reactions were observed; the products, tram-Zoctene and CsHIICH2CHZCH,Si(OEt), (2) were identified. The 
reactions were accompanied by a side reaction that involved generation of hydrogen gas. The sum of the rates of appearance of 2 
and H, equalled the rate of disappearance of (EtO),SiH. No significant isomerization was observed in the absence of (EtO),SiH. 
Maximum turnover number values of 7.50, 70, and 70 were obtained for isomerization, hydrosilylation, and H, production 
reactions, respectively. At WC or lower, no hydrosilylation or hydrogen production was observed, and the only product was 
trans-2-octene. No detectable disappearance of (EtO),SiH was observed. Acetophenone was also hydrosilated by use of cluster 1, 
as catalyst; the only product obtained was (EtO),SiOC(PhXHXCH,). Kinetic studies indicated that the reactions of 1-octene and 
the reaction of acetophenone involved a catalytically active species of lower nuclearity. There was evidence of concurrent cluster 
catalysis, especially during the first few minutes of the reaction. 
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1. Introduction 

Catalysis by metal- and mixed-metal-atom carbonyl 
clusters in various thermal and photochemical reac- 
tions has received increasing attention in the past 
decade [l-6]. 

Studies have been carried out on catalysis by ruthe- 
nium carbonyl and carbonylate clusters of the types 
[Ru,(CO),,] and [HRu,(CO),,]- in thermal and pho- 
tochemical isomerization reactions of terminal olefins 
[7-111. In some reports, it was suggested that the 
[Ru,(CO),,] cluster remained intact while catalyzing 
the olefin isomerization [lO,ll]. On the other hand, the 
clusters [Ru,(CO),,] and [Ru,(CO),,l- have been re- 
ported to undergo fragmentation into lower nuclearity 
catalytically active species in hydroformylation reac- 
tions [12-141; this seemed reasonable since the hydro- 
formylations required more vigorous conditions. In hy- 
droformylation conducted under mild conditions, the 
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cluster [HRu,(CO),,]- was judged to remain intact 
[E-17]. 

Studies have also been made of olefin hydrosilyla- 
tions with other metal carbonyl clusters as catalyst 
precursors. Examples of such clusters are: Co,(CO),,- 
(PPh), [3,41, b-IOs,KO),,l- El, D-IFe&CO),,l- 161, 
and [HRu,(CO),,]- 121. 

Here, we report the results of our studies in which 
the cluster [Ru,(CO),,], 1, was used as a catalyst 
precursor for 1-octene isomerization and hydrosilyla- 
tions. Since cluster 1 is known to be unreactive towards 
substrates such as olefins [181, it was expected that the 
presence of the triethoxy silane would enhance the 
activation of the olefin on the cluster. The main part of 
the study involved use of Laine’s kinetic criterion 1191 
to find out whether 1 remains intact while catalyzing 
the reactions. This criterion states that if the reaction 
kinetics reveal an increase in turnover frequency with 
increasing cluster concentration, then cluster catalysis 
is involved. On the other hand, a decrease in turnover 
frequency with increasing cluster concentration indi- 
cates that catalysis involves lower nuclearity fragments. 
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2. Experimental details 

The cluster 1, the reactants and the solvents were 
purchased from Aldrich Chemical Co. 

The infrared spectra were recorded on a Pye Uni- 
cam SP200 infrared spectrophotometer. 

Catalytic reactions were conducted in a 100 ml 
three-necked round-bottomed flask equipped with 
suba-seal stoppers, a cooled condenser column, a ther- 
mostated bath and a magnetic stirrer. When needed, 
the reaction was equipped with a constant-pressure gas 
burette connected to the upper end of the condenser 
column. 

In a typical catalytic experiment, the stirred ther- 
mostated reactor was charged with the cluster, the 
solvent (enough to make total volume 10.0 ml), the 
silane and the internal standard reference (benzene, 
5.0 ml). The olefin was then syringed in through the 
suba-seal stopper. In experiments involving gas volume 
measurements, pressure leakage tests were performed 
at the time of burette zero setting prior to reaction. 

The progress of the hydrosilylation reaction was 
monitored by observing the disappearance of the 
organosilane. Allowance was made for the volume of 
hydrogen evolved. The extent of hydrosilylation was 
therefore evaluated by subtracting the amount of 
evolved hydrogen from the amount of consumed 
(EtO),SiH. The extent of isomerization was given by 
the amount of reacted 1-octene less the amount of 
reacted (EtO),SiH. The amount of truns-2-octene pro- 
duced was also measured spectrophotometrically. 

Measurements of the amounts of reaction products 
and unreacted starting materials were made through- 
out the reaction; for this, small aliquots were with- 
drawn after specified times, immediately chilled in 
stoppered capillary tubes, and analysed by IR spec- 
trophotometry. 

The hydrosilylations of acetophenone and 1-octyne 
were conducted similarly. The rates of disappearance 
of (EtO),SiH and the substrate were used to assess the 
extents of reaction. No gas evolution was observed in 
either case. 

3. Results 

3.1. The isomerization reaction 
When 1-octene was added to a mixture of cluster 1 

and (EtO),SiH in dioxane containing benzene as inter- 
nal standard at 60°C or lower, isomerization occurred 
(eqn. (1)). The product was exclusively truns-Zoctene. 
Turnover number (TN) values up to 700 were obtained 
within 11 min. Comparison of fingerprint IR spectral 
data for the reaction product with literature [20] values 
and with those of authentic samples were conclusive. 

No products other than trans-Zoctene were present. 
No detectable disappearance of (EtO),SiH was ob- 
served. However, in the absence of (EtO),SiH, no 
detectable isomerization reaction was observed even 
for prolonged reaction times. 

IVY 
C,H,,-C-C=CHz + H-Si(OEt), - 

H 
H 
I 

C,H,,-C=y-CH, (1) 

iI 
The progress of the reaction was monitored by de- 

termining the rate of disappearance of the IR absorp- 
tion band characteristic for 1-octene at 1645 cm-‘. The 
rate of appearance of truns-2-octene was monitored by 
use of its characteristic IR band at 960 cm-‘. In each 
case, the absorbance was measured relative to that of 
the benzene internal standard at 1960 cm-‘, and re- 
lated to specially prepared calibration curves. 

The rate of 1-octene isomerization was affected by 
change in temperature. The activation energy for the 
reaction was calculated from plots of ln(initia1 rate) 
uerszu l/T (IQ and found to be 25.0 kcal mol- ‘. 

The dependence of the rate of the reaction on the 
reactant concentrations was also studied, and the re- 
sults are shown in Figs. l-4. Plots of ldinitial rate) 

1 
20 40 60 80 

Time /min 

Fig. 1. Reaction profiles showing the effect of initial 1-octene con- 
centration on rate of isomerization reaction. Conditions: in dioxane 
(variable to make total volume 10 ml)/benzene (5 ml) using l(O.0160 
g, 2.50~10-~ mol) and (EtO),SiH (1.85 ml, 1.00 MI at 60°C. 
1-Octene concentrations: A, 0.74 M; 0; 1.12 M; q 1.50 M; 0, 
1.75 M. 



H.S. Hilal et al. / Cluster vs. non-cluster catalysis in the presence of Rus(CO),, 169 

2- 

I 
\ 
al 
s 
t 
0 
L I- 

- Timelmin 
Fig. 2. Reaction profiles showing the effect of initial 1-octene con- 
centration on rate of isomerixation reaction. Conditions: in dioxane 
(variable to make total volume 10 ml)/benxene (5 ml) using l(O.0630 
g. 9.85~ 1O-5 mol) and (EtO),SiH (1.85 ml, 1.00 M), at 70°C. 
1-Octene initial concentration: o, 0.38 M; A, 0.70 M, 0, 1.10 M; 0, 
1.50 M. 

versus ln[initial 1-octenel and versus In[initial 
(EtO),SiH] showed that the reaction orders were 1.2 
and 1 with respect to 1-octene and (EtO),SiH, respec- 
tively. Similar values were observed at 70°C. These 

3. 
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Fig. 3. Reaction profiles showing the effect of initial (EtO)$iH 
concentration on the rate of 1-octene isomerixation reaction. Condi- 
tions: in dioxane (variable to make total volume 10 ml)/benxene (5 
ml) using 1 (0.0160 g, 2.5OX1O-5 mol) and l-octene (2.35 ml, 1.50 
M) at 60°C. (EtO)sSiH concentrations: l , 0.00 M; A, 0.34 M, 0, 
0.50 M; @, 1.00 M. 

IO 20 30 
- Tirne/min 

Fig. 4. Reaction profiles showing the effect of initial tEtO),SiH 
concentration on rate of 1-octene isomerixation reaction. Conditions: 
in dioxane (variable to make total volume 10 ml)/benxene (5 ml) 
using 1 (0.0630 g, 9.85 x 10V5 mol) and I-octene (2.35 ml, 1.50 MI 
at 70°C. (EtO),SiH concentrations: 0, 0.00 M, 0, 1.44 M, 0, 

0.33 M; 0.0, 0.50 M; A, 1.00 M. 

results were observed for respective olefm and silane 
concentrations of 2.0 and 1.0 M or below. At higher 
silane concentrations, a fall in the rate was observed. 

The effect of cluster concentration on the rate of 
isomerization was studied in the way described by 
Laine [191. Plots of TN versus cluster concentration 

Fig. 5. Plots of TN values versus cluster 1 concentration for the 
l-octene isomerixation reaction at 60°C using dioxane (0.8 ml)/be- 
nzene (5 ml), l-octene (2.35 ml, 1.50 M) and (EtO)sSiH (1.85 ml, 
1.00 M). Measurements taken after 11 min (a), and 60 min (b). 
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(Figs. 5, 6) indicate that the isomerization reaction 
involves a lower nuclearity catalytic species resulting 
from fragmentation of the initial cluster. 

3.2. The olejin hydrosilylation reactions 
At 70°C or higher the olefin underwent the hydrosi- 

lylation described in eqn. (2). This was established by 
IR spectral analysis of 

C,H,,-CH,-CH=CH, + H-Si(OEt), - 

H H H 
I I I 

C,H,,-y-y-y-Si(OEt), (2) 

the products using published IR data [20]. The IR 
band at 1250 cm-‘, arising from the Si-C bond in 2 
grew progressively with time relative to the bond of the 
reference at 1960 cm-‘. At the same time the Si-H 
band at 2210 cm-’ disappeared. The concentration of 
2 was calculated throughout the course of the reaction 
from the IR spectra. Maximum TN values of 70 were 
obtained within 30 min at 70°C. Plots of TN versus the 
cluster concentration were constructed after specified 
times: Figure 7 shows examples of such plots taken 
after 5 and 30 min. Figure 7a indicates that the hy- 
drosilylation involves cluster catalysis, since the value 
of TN does not decrease with increasing cluster con- 

J 

2 4 6 8 IO 

- [ I ] IO3 
Fig. 6. Plots of TN versus cluster 1 concentration for the l-octene 
isomerization reaction at 70°C using dioxane (0.8 ml)/benzene (5 
ml), 1-octene (2.35 ml, 1.50 M) and (EtO),SiH (1.85 ml, 1.00 MI. 
Measurements taken after 11 min (a) and 90 min (b). 

4 8 

- r11.103 
Fig. 7. Plots of TN versus cluster 1 concentration for the olefin 
hydrosilylation reaction at 70°C using dioxane (0.8 ml)/benzene (5 
ml), l-octene (2.35 ml, 1.50 M) and (EtO),SiH (1.85 ml, 1.00 M). 
Measurements taken after 11 min (a) and 30 min (b). 

centration. On the other hand, Fig. 7b indicates that 
catalysis involves a lower nuclearity species throughout 
the course of the reaction. 

The olefin hydrosilylation was accompanied by an- 
other side reaction that involved H,, evolution. On 
the basis of earlier reports [14,28,29], it can be assumed 
that this reaction is a dehydrogenative silylation yield- 
ing CSH,,CH,CH=CHSi(OEt), (3) (eqn. (3)). 

C,H,,CH,CH=CH, + HSi(OEt), - 

C5H&H,CH=CHSi(OEt), + H, (3) 

Two observations supported this assumption. First the 
number of moles of 3 (which was calculated by sub- 
tracting the amount of 2 from the amount of (EtO),SiH) 
consumed was equal to the number of moles HYBj 
produced. Second, in a special experiment, 1-octyne 
was hydrosilylated, as shown in eqn. (4). 

C,H,,CH,C=CH + HSi(OEt), e 

75°C 

C5H,,CH,CH=CHSi(OEt), (4) 

No evolution of hydrogen gas was detected throughout 
the consumption of both the octyne and the silane. 
From previous reports [301, this reaction would be 
expected to yield 3. The IR spectra of the product of 
hydrosilylation of 1-octyne closely resembled the IR 
spectra of the product of the side reaction of 1-octene. 
These results suggest that the product of the side 
reaction of 1-octene is 3, but unfortunately the spectral 
analysis suggests that the product is not 3, since no IR 
band near 1600 cm-’ appeared in any of the above 
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Fig. 8. Plots of TN versus cluster 1 concentration for the by-product 
3 production at 70°C using dioxane (0.8 ml)/benzene (5 ml), l-oc- 
tene (2.35 ml, 1.50 MI and (EtO),SiH (1.85 ml, 1.00 MI. Measure- 
ments taken after 5 mitt (a), 11 min (b) and 60 mitt (cl. 

catalytic experiments. In each case, a band at N 2020 
cm-l was observed, and this cannot be assigned to 
product 3. To allow better resolution, additional exper- 
iments Were conducted without solvent, but again no 

6 

Fig. 9. Plots of TN versus cluster 1 concentration for the acetophe- 
none hydrosilylation. Dioxane (0.8 ml)/benxene (5 ml), l-octene 
(2.35 ml, 1.50 M) and (EtO),SiH (1.85 ml, 1.00 MI. Measurements 
taken after 30 min (a), 90 min (b) and 140 min (cl. T = 70°C. 

band near 1600 cm-’ appeared; instead, the band 
at 2020 cm-’ appeared (in addition to the one at 
960 cm-’ for truns-2-octene) at the expense of the 
1-octene (1650 cm-‘) and (EtO),SiH (2210 cm-‘). 

TN values up to 70 were obtained within 60 min. 
Plots of TN versu.r cluster concentration (based on 
H Xgs) produced) (Fig. 8), indicated that catalysis was by 
lower nuclearity fragments. In Fig. 8, curves (a)-(c) 
seem to have different slopes. This implies that the 
catalysis involved both fragment species and cluster 
species. In Fig. 8(a) the slope is relatively small at the 
beginning of the reaction, but as time passes (Figs. 
8(b), (c)j, fragmentation occurs and fragment catalysis 
becomes more pronounced. 

3.3. The hydrosilylation of acetophenone 
The hydrosilylation of acetophenone, eqn. (5), was 

conducted under the conditions used for the hydrosily- 
lation of 1-octene. 

Ph ! -- CH + HSi(OEt) 3 3dloxane/benzend 
. ’ 

70°C 

0 - SXOEt), 
I 

Ph-C-CH, 

IL 

(5) 

(4) 

Under similar conditions, the hydrosilylation reac- 
tion of acetophenone is faster than that of 1-octene. 
Turnover numbers of up to 220 were observed within 
15 min at 70°C. Plots of the TN versus cluster concen- 
tration (Fig. 9) indicate that the acetophenone hydrosi- 
lylation involves lower nuclearity fragment species. No 
hydrogen gas or other by-products were detected. 
Product 4 was the only hydrosilylation product. Studies 
are now underway on the asymmetric hydrosilylation of 
prochiral substrates such as acetophenone using vari- 
ous metal and mixed-metal clusters. 

4. Discussion 

4.1. The isomerization reaction 
The isomerixation of terminal olefins to internal 

ones catalysed by cluster 1 and its analogues has been 
reported as a side reaction in hydroformylation [6,16] 
and other reactions [2]. Isomerixation of 1-pentene by 
cluster 1 in refluxing hexane in the absence of any 
silane [lo] has been reported. Contrary to this report, 
we observed no detectable 1-octene isomerixation reac- 
tions in the absence of the silane under the conditions 
we used. 
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Plots of isomerization TN versus cluster concentra- 
tion arising from our studies are shown in Figs. 5 and 6 
and can be interpreted in terms of proposals by Laine 
1191 used here. Figures 5 and 6 suggest that at 60-7O”C, 
in the reaction of 1-octene with silane, isomerization 
involved lower nuclearity fragment catalytic species 
formed from the mother cluster. The fact that no 
changes in the spectrum of the mother cluster spectra 
were observed indicates that only a small fraction of 
this cluster undergoes fragmentation. Furthermore, in- 
tact cluster catalysis cannot be wholly excluded. Thus, 
cluster catalysis of 1-pentene thermal and photochemi- 
cal isomerization by Ru&CO),,, has been reported 
[lO,ll] to take place in the absence of tertiary silanes 
and the catalysis was judged to involve only cluster 
species, with no fragmentation. On the other hand, it 
has been reported that cluster 1 undergoes fragmenta- 
tion when irradiated in the presence of donor ligands 
[20]. In this work, while cluster catalysis cannot be 
excluded, catalysis by fragment species is clearly evi- 
dent. 

tion there is direct evidence for cluster catalysis from 
the curve in Fig. 7(a). 

The fragmentation of 1 is presumably due to the 
absence of extra stabilizing capping ligands on the 
triangular cluster framework; the metal atoms of 1 
would achieve electronic saturation by forming bonds 
with reactant molecules on fragmentation 1181. 

The hydrosilylation of 1-octene was accompanied by 
a dehydrogenative silylation reaction. Hydrogen was 
progressively evolved. Dehydrogenative silylation of 
styrene and its derivatives to give vinylsilane derivatives 
has been reported by Seki et aZ. 1281 to take place in 
benzene at 80°C in the presence of cluster 1. Suss-Fink 
reported the dehydrogenative silylation reactions of 
ethylene and propylene in the presence and absence of 
CO using HRu,(CO& 1141. Furthermore, cluster 1 has 
been reported to be effective in photocatalysis of dehy- 
drogenative silylation of 1-pentene [29]. In the present 
work, the production of hydrogen indicates the occur- 
rence of dehydrogenative silylation even though the IR 
band characteristic of compound 3 was not observed. 
Instead, a band at 2020 cm-’ appeared. The product 
of the side-reaction of 1-octene is apparently the same 
as the product of hydrosilylation of 1-octyne. Since no 
hydrogen gas appeared during the 1-octyne hydrosilyla- 
tion, compound 3 is the only possible product of the 
consumption of silane and octyne. This is in accor- 
dance with earlier reports [30]. We thus, assume that 3 
is the product of the side reaction of 1-octene and of 
hydrosilylation of 1-octyne. 

Cluster 1 by itself is known to be somewhat unreac- 
tive [18] towards species such as olefins, and this ac- 
counts for the non-occurrence of isomerization in the 
absence of silane in this work. It is known, however, 
that cluster 1 becomes more reactive to substrates 
when other activating ligands are added, such as 
CH,CN 1221, Ph,PH [1,23] or others 1241. The role of 
the silane here is to activate the cluster molecules 
towards the substrate olefin molecules. Oxidative addi- 
tion of the =Si-H species to the metal atom clusters 
has been proposed for other catalytic systems such as 
Co,(CO),,(PPh), 151 and HRu,(CO& 1141. 

The formation of the by-product 3 involves fragment 
catalysis, as is evident from Fig. 8. However, the rate of 
decrease in the TN value with increasing cluster cataly- 
sis is different at different reaction times, as can be 
seen from Figs. 8(a)-(c). The calculated value of 
turnover frequency (TF) per minute during the first 5 
min at each cluster concentration is higher than that at 
60 min (Table 1). These results indicate that: (i) at the 
beginning of the reaction, cluster fragmentation is less 
pronounced than after 60 min; (ii) especially at the 
beginning of the reaction, catalysis by both cluster and 
fragment species is involved. 

Further investigations on the mechanism of the 4.3. The acetophenone hydrosilylation reactibns 
olefin isomerization are in progress. Activation of clus- The hydrosilylation of acetophenone with 1 was 
ter 1 by species .other than (EtO),SiH is also being faster than that of the hydrosilylation of olefin, as is 
studied, e.g. by Hz, PPh, and CH,CN [251. evident from the turnover values. This could be due to 

4.2. The olefi hydrosilyiation reactions 
Figure 7 shows that the hydrosilylation of 1-octene 

involves cluster catalysis, and there is no evidence of 
fragmentation. This is obvious in Fig. 7(a) at the begin- 
ning of the reaction. As the reaction progresses, cataly- 
sis by lower nuclearity fragment species is evident. 
Thus a contribution by cluster catalysis throughout the 
whole course of the reaction cannot be excluded even 
when fragment catalysis is evident. These conclusions 
are’consistent with those drawn for the olefin isomer- 
izations; the only difference is that in the hydrosilyla- 

TABLE 1. Values of TF (min-*) for by-product 3 production mea- 
sured at various reaction times for each cluster concentration used 

Plot [Cluster] 
no. x 103 Zer 

TP TF 
(after (after 

(M) 5 min) 11 min) 60 min) 

:Fl; 
1.75 2.5 2.4 1.2 
5.84 1.5 1.4 0.4 

8(c) 9.86 0.5 0.5 0.3 

Reaction conditions: in benzene (5 ml)/dioxane (0.8 ml), using 
1-octene (2.35 ml, 1.5 M) and (EtO),SiH (1.85 ml, 1.0 MI at 70°C. 
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the higher polarity of the carbonyl bond which makes 
interaction with 1 easier than that of olefins. Further- 
more, no side reactions were detected in the acetophe- 
none hydrosilylation. The high selectivity of 1 towards 
the hydrosilylation reaction is an advantageous feature 
of the catalytic system described here. With other 
catalytic systems, side reactions have been reported; 
thus Pittman et al. [5,26,27] observed 0-silylation of 
the enol form of the acetophenone as a side reaction in 
photochemical hydrosilylation of acetophenone in the 
presence of Co,(CO),,(PPh),. 

Plots of TN uerSuS the concentration of cluster 1 
suggest that fragment catalysis is involved rather than 
cluster catalysis. 
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