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It has been found that the layer-segregated platinum—ruthenium cluster complex Pts-
Rug(CO)0(us-PhCoPh)(us-H)(u-H), 2a, is an effective catalyst for the hydrosilylation of
diphenylacetylene by triethylsilane to yield (E)-[(1,2-diphenyl)ethenyl]triethylsilane at a
turnover frequency, TOF (TON/h), of 29 h~1. The activation parameters, AH * = 17(2) kcal/
mol and AS ¥ = —18(5) eu, were established. Small amounts of cis-stilbene were also formed.
A Kinetic analysis showed the reaction is first order in cluster and silane concentrations but
zero order in alkyne concentration. The reaction is strongly inhibited by CO but is unaffected
by mercury. A mechanism involving CO dissociation, silane oxidative addition, alkyne
addition, a Si—C bond-forming step, and silylolefin dissociation is proposed with all
transformations occurring at a ruthenium triangle. Pt3Rug(CO)2o(us-TolC,Tol)(us-H)(u-H),
2b, was also found to be an effective catalyst for the hydrosilylation of TolC,Tol to (E)-Tol-
(H)Cz(SIEtg)TOl, TOF of 32 h™1. RU3(CO)9(/13-PhCzPh)(‘u-H)2 and PtRUz(CO)g(ﬂyPhCzPh)-
(dppe) are relatively poor catalysts, TOF = 3.9 and 2.3 h™%, respectively. [NBug4][Pts-
Rug(CO)0(us-PhCoPh)(u-H)], 3, formed by deprotonation of 2a, also exhibits good catalytic
activity, but its catalysis is inhibited by mercury, which may be indicative of heterogeneous
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catalysis.

Introduction

Mixed-metal heterogeneous catalysts have attracted
much attention because of their superior properties.!
Mixed-metal cluster complexes have been shown to be
good precursors to supported mixed-metal catalysts.? It
is believed that the presence of different types of metals
in the proximity of a catalytically active site can lead
to a higher activity in certain cases.® This phenomenon
is loosely defined as synergism.34 Synergism may
assume a variety of forms, but there are very few cases
where the mechanisms of synergism are understood at
the atomic and molecular level. It has been assumed
that the studies of the catalytic properties of mixed-
metal cluster complexes in solution may provide op-
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portunities to characterize fully some forms of this
mixed-metal synergism. However, there have been only
a few reports where superior catalytic properties have
been attributed to well-defined polynuclear mixed-metal
cluster complexes.>—°

In recent studies, we have prepared a number of
layer-segregated platinum—ruthenium and platinum—
osmium high-nuclearity metal carbonyl cluster com-
plexes which have well-defined arrangements of the
metal atoms.1%11 The platinum—ruthenium complex
Pt3Rug(CO)21(us-H)(u-H)s, 1, can be converted to the
alkyne derivatives Pt3Rug(CO)20(us-RC2R)(us-H)(u-H),
2a (R =Ph) and 2b (R = tolyl), where the alkyne ligand
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is coordinated as a triply bridging ligand to one of the
ruthenium triangles.!?
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Compound 2a has been shown to be an effective
catalyst for the hydrogenation of diarylalkynes to cis-
diaryl olefins and is more active for this reaction than
complexes derived from either of the metals by them-
selves.5 It was speculated that the two different types
of metal atoms in complex 2 both participate in the
activation of the reagents and each plays a different
role.’

We have now found that the compounds 2 are also
effective catalysts for the hydrosilylation of diaryl-
alkynes to cis-diarylsilylolefins. The hydrosilylation
reaction has received considerable attention over the
years, and the hydrosilylation of alkenes and alkynes
has been studied extensively.’2 The hydrosilylation of
alkynes provides the most convenient and direct route
to vinylsilanes, which are important reagents in organic
synthesis and as intermediates for cross-linked silicones,
eq 1.12ef

H—C=C—R +RySiH — H\C= ’

R);Si” “u
H
¥ F} = O
(R);Si H

Several studies have described the use of metal
carbonyl cluster complexes as catalyst precursors for
hydrosilylation reactions,3-15 but the hydrosilylation of
alkynes by mixed-metal cluster complexes has been
studied in only a few cases. Ojima and co-workers
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reported the hydrosilylation of 1-hexyne by rhodium—
cobalt mixed-metal clusters, resulting in a mixture of
a- and B-isomers (eq 1).16 The use of rhodium—iron
cluster anions to catalyze the hydrosilylation of phenyl-
acetylene also produced a mixture of isomers.t”

Experimental Section

General Procedures. All reactions were performed under
a nitrogen atmosphere unless specified otherwise. The com-
pounds Pt3RUs(CO)20(us-PhCoPh)(us-H)(u-H) (2a),!* PtsRus-
(CO)zo(ug-TOlCzTO|)(/A3-H)(/,£-H) (2b),5 RU3(CO)9(//{3-PhC2Ph)-
(u-H)2,° PtRu,(CO)s(us-PhC,Ph)(dppe),’® and Et;SiD° were
synthesized as described previously. Ruz(CO);, was purchased
from Strem Chemicals, Inc., and used as received. EtsSiH and
(EtO)sSiH were purchased from Aldrich and vacuum distilled
prior to use. Diphenylacetylene, PhC,Ph, and ditolylacetylene,
TolC;Tol, were purchased from Aldrich and purified by column
chromatography. [NBu4s]JOH (40 wt % in H,0) was purchased
from Aldrich and used as received. CDClI; solvent was
purchased from Cambridge lIsotope Laboratories and was
distilled and deoxygenated prior to use. CH,Cl, was distilled
under nitrogen from P,Os prior to use. CsMeg purchased from
Aldrich was used as an internal standard for all kinetic
measurements. Reaction rates were obtained by measuring
the consumption of diphenylacetylene as a function of time
by following the reactions by *H NMR spectroscopy. Plots of
the kinetic data were fitted using Cricket Graph version 1.3
of Cricket Software on a Macintosh LCIII computer.

General Procedures for the Kinetic Studies. All stud-
ies were conducted in clean 5 mm NMR tubes in CDCl; solvent
and were followed by 'H NMR spectroscopy. A selected
amount of 2a was dissolved in a known volume of CDCl3 under
nitrogen in a 10 mL Schlenk flask equipped with a stir bar.
The solution was stirred to dissolve 2a completely to create a
solution of the required catalyst concentration. The appropri-
ate amount of PhC,Ph and approximately 1.5 mg of CsMes
were placed in a clean, dry NMR tube. The tube was sealed
with a rubber septum and evacuated and filled with nitrogen
5 times. A 0.7 mL volume of the catalyst solution was
transferred to the sealed NMR tube via syringe. A measured
amount of Et;SiH was then added in a similar fashion. The
tube was shaken to mix the reactants thoroughly and was then
placed in a thermostated water bath at 303 K. All Kinetic
experiments were performed at least twice. Except for the Ets-
SiH dependence measurements, all reaction rates were deter-
mined by measuring the disappearance of PhC,Ph by the
integration of the downfield phenyl multiplet at 6 = 7.54—
7.50 ppm against the CsMeg internal standard in a series of
NMR spectra taken during the reaction. After the reaction
was complete, the solvent and volatiles were removed by
vacuum distillation and the residue was washed with hexane
to remove CsMes. The remaining solid was then separated
by TLC, weighed, and verified by IR spectroscopy.

Kinetic Studies. Dependence of Reaction Rate upon
Alkyne Concentration. A 5.0 mg amount of 2a was dis-
solved in 5.0 mL of CDCl; (5.2 x 107* M in catalyst). A 0.7
mL volume of this solution (equivalent to 0.7 mg of catalyst
(0.000363 mmol)) was transferred to a sealed NMR tube
containing 6.5 mg of PhC,Ph (0.0363 mmol) and a known
amount of CsMeg, followed by 58 uL of Et;SiH (0.363 mmol).
The hydrosilylation reaction was monitored by 'H NMR
spectroscopy for 2h. After 1 h, 29% of the PhC,Ph was
converted to (E)-[(1,2-diphenyl)ethenyl]triethylsilane.?® There
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was no evidence for the formation of (Z2)-[(1,2-diphenyl)ethenyl]-
triethylsilane. After 2 h, the reaction was stopped and an
NMR analysis showed that 60% of the PhC,Ph was converted
to (E)-[(1,2-diphenyl)ethenyl]triethylsilane. An additional 6%
was converted to (Z)-stilbene. The observed rate constants
(Kobs) Were determined by measuring the consumption of PhC,-
Ph as a function of time. Recovery of the catalyst as previously
described yielded 0.5 mg of 2a.

Dependence upon Et;SiH Concentration. A 5.0 mg
amount of 2a was dissolved in 5.0 mL of CDCl;. A 0.7 mL
volume of the catalyst solution (0.000363 mmol) was trans-
ferred to a sealed NMR tube containing 12.9 mg of PhC,Ph
(0.0724 mmol) and a known amount of CsMeg, followed by 2.9
uL of Et3SiH (0.0182 mmol). The reaction was monitored by
1H NMR spectroscopy for 6 h. The observed rate constants
were determined by measuring the disappearance of Et;SiH
as a function of time.

Dependence upon Catalyst Concentration. The cata-
lyst solution was prepared by dissolving an appropriate
amount of 2a in 5.0 mL of CDCls. A 0.7 mL volume of the
catalyst solution was transferred to a sealed NMR tube
containing 6.5 mg of PhC,Ph (0.0363 mmol) and a known
amount of CsMes. A 58 uL amount of Et;SiH (0.363 mmol)
was then added via syringe. The reaction was carried out
according to the procedures described above and monitored
by *H NMR spectroscopy. The observed rate constants (Kobs)
were determined by measuring the disappearance of PhC;Ph
as a function of time.

Effects of Added CO on Rate of Hydrosilylation of
PhC;Ph. A 5.0 mg amount of 2a was dissolved in 5.0 mL of
CDCls. A 0.7 mL volume of this solution was transferred to a
sealed NMR tube containing 6.5 mg of PhC,Ph and a measured
amount of C¢Mes. The sealed NMR tube was then subjected
to a slow CO purge for 3 min, and then 58 uL of Et;SiH was
added via syringe. The reaction was carried out according to
the procedures described above and monitored by *H NMR
spectroscopy for 2 h. No reaction was observed after a period
of 2 h, indicating complete inhibition of the catalysis by CO.

Temperature Dependence Measurements. A 5.0 mg
amount of 2a was dissolved in 5.0 mL of CDCls. A 0.7 mL
volume of this solution was transferred to a sealed NMR tube
containing 6.5 mg of PhC,Ph and a known amount of CsMes,
followed by 58 uL of Et;SiH. The hydrosilylation reactions
were carried out at five different temperatures. The reactions
were followed by *H NMR spectroscopy by heating the AM-
300 spectrometer probe to the desired reaction temperature
and placing the NMR tube in the heated probe for the duration
of the reaction. The kqps values were obtained by measuring
the disappearance of PhC,Ph as a function of time. The
activation parameters, AH* = 17(2) kcal/mol and AS* =
—18(5) eu, were determined from an average of two data sets.
The indicated errors represent the difference between the
values determined for the two independent sets of data.

Effect of Mercury on Catalytic Activity of 2a. A 5.0
mg amount of 2a was dissolved in 5.0 mL of CDCl;. A 0.7 mL
volume of this solution was transferred to a sealed NMR tube
containing 6.5 mg of PhC,Ph and a known amount of C¢Mes.
Mercury (585 mg) was added to the NMR tube via syringe,
followed by 58 uL of Et;SiH. The hydrosilylation reaction was
then performed under the standard conditions and monitored
by *H NMR spectroscopy for 2 h. The kops for the reaction was,
within experimental error, identical to the Kqs of the reactions
without mercury, indicating there was no measurable inhibi-
tion of the catalysis by the mercury.

Hydrosilylation of TolC,Tol by 2b. A 4.1 mg amount of
2b was dissolved in 4.0 mL of CDCl; (5.2 x 1074 M in catalyst).
A 0.7 mL volume of this solution (0.71 of mg catalyst (0.000363

(20) (a) Brockmann, M.; Dieck. H.; Klaus, J. J. Organomet. Chem.
1986, 301, 209. (b) Green, M.; Spencer, J. L.; Stone, F. G. A.; Tsipis,
C. A. J. Chem. Soc., Dalton Trans. 1977, 1525.
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mmol)) was transferred to a sealed NMR tube containing 7.5
mg of TolC,Tol (0.0363 mmol) and a known amount of C¢Mes,
followed by 58 uL of Et;SiH (0.363 mmol). The reaction was
performed using the standard procedures and monitored by
'H NMR spectroscopy for 2 h. After 1 h, 32% of the TolC,Tol
was converted to (E)-Tol(H)Cx(SiEts)Tol, a TOF of 32 h™L.
Recovery of the catalyst as previously described yielded 0.5
mg of 2b.

Labeling Experiments. Hydrosilylation of TolC,Tol
by 2a. A 32.0 mg amount of TolC,Tol (0.155 mmol) and a 10.0
mg amount of 2a (0.00518 mmol) were dissolved in 10 mL of
CH.CI, in a 25 mL three-neck flask. The sealed flask was
placed in a thermostated water bath at 303 K and allowed to
equilibrate for 10 min, after which 248 uL of Et;SiH (1.55
mmol) was added via syringe. The reaction solution was
stirred for 45 min. After stopping the reaction, the solvent
was removed in vacuo. A 'H NMR spectrum of the residue
(including 2.4 mg of CsMes as an internal standard) showed
that 20% (6 turnovers) of the TolC,Tol was reduced to (E)-
Tol(H)C,(SiEts)Tol. Separation of the metal complexes by TLC
(hexane/CHCI; (3/1)) yielded 1.7 mg of 2b and 5.2 mg of 2a.

Reaction of 2a with TolC,Tol in the Absence of Et;SiH.
A 5.0 mg amount of 2a (0.00259 mmol) and a 16.0 mg amount
of TolC,Tol (0.776 mmol) were dissolved in 5 mL of CH,CI; in
a 25 mL three-neck flask. The sealed flask was placed in a
thermostated water bath at 303 K for 45 min. The solvent
was removed in vacuo, and the residue was separated by TLC
(hexane/CHClI; (3/1)), affording 4.0 mg of unreacted 2a (80%).
There was no evidence for the formation of 2b.

Test for Kinetic Hydrogen Isotope Effect. Hydrosi-
lylation using Et;SiD. A 5.0 mg amount of 2a was dissolved
in 5.0 mL of CDCls. A 0.7 mL volume of this solution was
transferred to a sealed NMR tube containing 6.5 mg of PhC,-
Ph and a known amount of CsMes, followed by 58 uL of Ets-
SiD. The hydrosilylation reaction was carried out under the
usual conditions and monitored by *H NMR spectroscopy for
2 h. The kqps value was determined by measuring the disap-
pearance of PhC,Ph as a function of time. The kinetic isotope
effect, kn/kp = 1.2(1), was determined from an average of two
sets of data. The indicated error represents the difference
between the values for two independent sets of data.

Hydrogen Isotope Exchange between Two Different
Silanes. A 5.0 mg amount of 2a was dissolved in 5 mL of
CDCls. A 1.0 mL volume of this solution (0.00052 mmol 2a)
was transferred to a sealed NMR tube containing 1.6 mg of
CsMes, followed by 8.4 uL of Et;SiD (0.052 mmol, 100% d;)
and 9.6 uL of (EtO)sSiH (0.052 mmol). After shaking the tube
to mix the reactants thoroughly, the tube was placed in a water
bath at 303 K. The progress of the reaction was monitored
by 'H NMR spectroscopy. After 3 h, a 1/1.3 ratio of EtsSiH/
(EtO)sSiH was found, indicating hydrogen isotope exchange
occurs between the two silanes.

Preparation of [NBu,][Pt:Rus(CO)20(u3s-PhC,Ph)(u-H)],
3. A 10.0 mg amount of 2a (0.00518 mmol) was dissolved in
15 mL of dichloromethane in a three-neck flask. A 3.5 uL
amount of [NBu4]JOH solution (0.0053 mmol) was added via
syringe, and the solution was stirred at room temperature for
15 min. The solvent was removed in vacuo, and the residue
was separated by TLC using a dichloromethane/hexane (2/1)
solvent mixture. This yielded 2.8 mg of brown [NBu,][Pts-
Rug(CO)20(us-PhC,Ph)(u-H)], 3 (25%). Data for 3: IR (v»(CO),
cm™?, CH,Clp): 2077 (m), 2032 (br, s). *H NMR (6, CDCly):
7.23-7.09 (m, Ph, 10H), 3.01 (m, NCH,, 8H), 1.55 (m,
NCH.CH,, 8H), 1.39 (m, NCH,CH,CH,, 8H), 1.00 (t, CHs,
12H), —18.60 (s, 1H).

Hydrosilylation Using 3 as the Catalyst. A 5.6 mg
amount of 3 (0.0026 mmol) was dissolved in 5 mL of CDCls. A
0.7 mL volume of this solution was tested for catalytic activity
toward hydrosilylation under conditions identical to 2a. The
reaction was monitored by *H NMR spectroscopy for 2 h. The
observed rate constants were determined by measuring the
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Table 1. Turnover Frequencies (TOFs) of Hydrosilylation of Diphenylacetylene to
(E)-[(1,2-Diphenyl)ethenyl]triethylsilane for Various Platinum and Ruthenium Complexes at 30 °C

product
reaction E-vinylsilane Z-stilbene TOF for
compound time (h) (turnover no.) (turnover no.) E-vinylsilane

2a 2 60 6 30
3 2 68 3 34
3/Hg 1.7 23 0 14
Ru3(CO)12 2 0 0 0
H2Ru3(CO)s(PhC,Ph) 2 7.2 0 3.6
PtRu,(CO)g(PhC,Ph)(dppe) 2 4.6 0 2.3

disappearance of PhC,Ph as a function of time. The kobs for oce

the reactions were similar to those of 2a.

Effect of Mercury on Catalytic Activity of 3. A5.6 mg 0087

amount of 3 was dissolved in 5 mL of CDCl;. The hydrosi-

lylation reaction was carried out under standard conditions 0.04 4

using 0.7 mL of the above solution in the presence of mercury E

metal (approximately 120 mg). The Kkqps for the reaction was & oosq

considerably less than the kqps of the reaction without mercury, £

see Table 1 for results. T el

Catalytic Activity of Related Complexes. The catalytic

activities of several other related platinum and ruthenium 001

compounds toward hydrosilylation of PhC,Ph were tested

under conditions identical to those of 2a. These results are 000

listed in Table 1. o 50 100 150 200

Results

The hydrosilylation of diphenylacetylene with trieth-
ylsilane is catalyzed by 2a to yield (E)-[(1,2-diphenyl)-
ethenyl]triethylsilane with high selectivity in CDCI; at
30 °C, eq 2. At 30 °C under the conditions of PhC,Ph

30°C Ph Jph
PhC=CPh + HSiEt; —  » =0 (2)
2a H SiEt,

(5.2 x 1072 M) to 2a (5.2 x 1074 M) ratio of 100/1, 29
equiv of (E)-vinylsilane was formed in the first hour,
corresponding to a turnover frequency (TOF, mol of
product/(mol of catalyst-h)) of 29 h=1. After 2 h, 60% of
the PhC,Ph was converted to (E)-diphenylvinyltrieth-
ylsilane. A small amount (6% yield) of (Z)-stilbene was
observed. After the 2 h period, the presence of 2a was
verified by IR spectroscopy and 2a was recovered in the
amount of 70% by TLC. No other metal complexes were
observed.

The dependence of the rate of hydrosilylation on the
alkyne concentration was monitored by following the
disappearance of PhC,Ph (5.2 x 1072 M) in the presence
of excess Et3SiH (0.52 M) at a 5.2 x 10™* M concentra-
tion of 2a. A plot ([PhC,Ph] vs time) of these results is
shown in Figure 1. The dependence on alkyne was
unequivocally zero order.

The dependence of the rate of hydrosilylation on the
silane concentration was determined by monitoring the
disappearance of Et3SiH (2.6 x 1072 M) in the presence
of excess PhC,Ph (0.1 M) at a 5.2 x 1074 M concentra-
tion of 2a. A plot (In([EtsSiH]/[EtsSiH],) vs time) of
these results is shown in Figure 2. In this case, there
is a first order dependence of the rate of hydrosilylation
on the silane concentration.

A plot of the rate of hydrosilylation of PhC,Ph as a
function of the concentration of 2a in the range (0.26—
1.3) x 1073 M is shown in Figure 3. This establishes a
first-order dependence on the cluster concentration.

time (min)

Figure 1. Plot of [PhC,Ph] as a function of time for
reaction 2.
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Figure 2. Plot of In[HSIEt;])/[[HSiEts]o as a function of time
for reaction 2.

As a result, these combined measurements have been
used to establish the empirical rate equation given in
eq 3. Itwas found that the hydrosilylation reaction was

rate = —d[PhC,Ph]/dt = k. [2a][silane]  (3)

inhibited by CO. After 2 h, under 1 atm of CO, there
was no evidence for hydrosilylation of any of the PhC,-
Ph.

The effect of temperature was investigated in the
temperature range 293—313 K. This yielded the activa-
tion parameters AH *= 17(2) kcal/mol and AS ¥ = —18(5)
eu from an average of two data sets. This enthalpy of
activation is significantly lower than that found for the
hydrogenation of PhC,Ph by 2a, AH * = 24.9 kcal/mol
and AS*=1.4eu.®

The hydrosilylation reaction was also performed using
Et;SiD to try to detect the presence of a kinetic
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Figure 3. Plot of the rate of disappearance of diphenyl-
acetylene as a function of the concentration of 2a.

hydrogen isotope effect. A small kinetic isotope effect,
kn/kp, of 1.2(1) was observed.

As a test for homogeneity, the reaction was also
conducted in the presence of mercury. No detectable
change in the catalytic activity of 2a was observed in
the presence of mercury.

The hydrosilylation of TolC,Tol by 2b yields (E)-Tol-
(H)C,(SiEtz)Tol with a TOF of 32 h~1 (based on the
amount of product formed in the first 1 h). Since the
catalyst A contains an alkyne ligand, we also performed
catalytic hydrosilylation of TolC,Tol by using 2a in order
to test for incorporation of alkyne substrate into the
catalyst during the course of catalysis. First it was
verified that 2a does not react with TolC,Tol under the
catalytic conditions in the absence of silane, thus any
incorporation of TolC,Tol in the cluster in the course of
catalysis could be reasonably attributed to the partici-
pation of the cluster complex in the catalysis. To
strengthen this conclusion still further, we stopped the
catalysis in the very early stages, that is after only 6
turnovers of TolC,Tol to (E)-Tol(H)C,(SiEts)Tol. Most
significantly, an examination of the recovered cluster
complex showed that approximately 30% of the cluster
2a had been converted to the ditolylacetylene complex
2b.

It was found that 2a reacts with [BusN]JOH to yield
the deprotonated cluster [NBug][PtzRug(CO)20(u3-PhCo-
Ph)(u-H)], 3, in 25% yield after chromatographic work-
up. Compound 3 has not yet been characterized by
single-crystal X-ray diffraction analysis, and its formu-
lation is based on the similarities of its spectroscopic
properties to the previously characterized anions [Pt-
(PMeg)gH][PthUa(CO)zl(/tg-H)(u-H)z], 4,2t and [NBU4][Pt3-
Rus(CO)21(us-Hgl)(us-H),], 5.22 The IR spectrum of 3
shows a dominant absorption at 2032 cm~!, reduced
from 2065 cm~! for 2a. This shift to lower frequency
indicates greater back-bonding to the CO ligands and
is consistent with the formation of a negatively charged
cluster species. The 'H NMR spectrum of 3 at room
temperature shows the presence of the phenyl reso-
nances for the coordinated diphenylacetylene ligand, a
singlet for one hydride ligand at 6 —18.60, and the
appropriate signals for one NBu, cation. All evidence

(21) Adams, R. D.; Barnard, T. S.; Li, Z.; Zhang, L. Chem. Ber. 1997,
130, 729.

(22) Adams, R. D.; Barnard, T. S.; Cortopassi, J. E.; Zhang, L.
Organometallics 1996, 15, 2664.
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is consistent with the formulation of 3 as [NBug][Pts-
Rug(CO)20(us-PhCoPh)(u-H)].

Compound 3 was also tested for it ability to produce
the catalytic hydrosilylation of PhC,Ph. Indeed, com-
pound 3 showed similar rates of activity for the hydrosi-
lylation of PhC,Ph under the conditions similar to those
used for 2a. However, when the hydrosilylation reac-
tion using 3 was conducted in the presence of mercury
metal, the rate of the reaction decreased significantly,
suggesting that heterogeneous species may be respon-
sible for some if not all of the observed catalytic activity.
Examination of the catalytic reaction solutions by
infrared spectroscopy at the end of the reaction period
showed only the presence of compound 3, indicating that
the observed catalytic activity of 3 was not due to the
presence of 2a that might have been formed by a
protonation of 3.

For comparison, the catalytic activity of several
related complexes, Ruz(CO)12, Ruz(CO)g(uz-PhCoPh)(u-
H),,° and PtRu,(CO)g(us-PhC,Ph)(dppe),’® were also
tested. The TOFs for the formation of (E)-vinylsilane
by these compounds were 0, 3.9, and 2.3 h™1, respec-
tively. See Table 1 for additional details.

Discussion

The most difficult question to answer in studies of
catalysis by cluster complexes is, how does one establish
that the catalysis is not being produced by mononuclear
fragments or by heterogeneous species including colloids
generated in situ.2® This is especially appropriate in
this case because platinum catalysts are the most
effective of the hydrosilylation catalysts.1? Lewis et al.
have reported that Karstedt's catalyst is an effective
catalyst for the addition of HSi(OEt)3 to PhC,Ph to yield
E-Ph(H)C,(Ph)Si(OEt); at rates that appear to be
significantly faster than those of 2a (turnover frequen-
cies were not calculated in this study).2*2 Karstedt's
catalyst may be one of the few truly homogeneous
platinum-containing hydrosilylation catalysts.2* Lewis
et al. have demonstrated that the catalysts generated
from typical mononuclear platinum precursors, such as
Pt(COD),, Pt(COD)CI,, and PtCl,, are actually colloidal
in form in their active states, and the presence of
mercury leads “to complete poisoning of the catalysts”
in these cases.?> The absence of mercury inhibition in
the catalysis by 2a, thus appears to rule out not only
colloidal platinum, but also probably many of the
mononuclear species from which colloids are formed.

We have also performed tests on a few selected low-
nuclearity complexes or precursors to other low-nucle-
arity species that could be derived from 2a, e.g.,
RU3(CO)12, H2RU3(CO)9(M3-PhC2Ph), and PtRUz(CO)g(ua-
PhC,Ph)(dppe). Rus(CO);2 is catalytically inactive at 30

(23) (@) Laine, R. M.; Rosenberg, E. in Catalysis by Di- and
Polynuclear Metal Complexes; Adams, R. D., Cotton F. A,, Eds.; Wiley-
VCH: New York, 1998; Chapter 1. (b) Laine, R. M. J. Mol. Catal. 1982,
14, 137. (c) Hilal, H.; Jondi, W.; Khalf, S.; Abu-Halawa, R. J.
Organomet. Chem. 1993, 452, 161. (d) Sanchez-Delgado, R. A.; Andri-
ollo, A.; Puga, J.; Martin, G. Inorg. Chem. 1987, 26, 1867. (e)
Castiglioni, M.; Giordano, R.; Sappa, E. J. Organomet. Chem. 1989,
362, 399.

(24) (a) Lewis, L. N.; Sy, K. G.; Donahue, P. E. J. Organomet. Chem.
1992, 427, 165. (b) Lappert, M. F.; Scott, F. P. A. J. Organomet. Chem.
1995, 492, C11. (c) Lewis, L. N.; Colborn, R. E.; Grade, H.; Bryant, G.
L., Jr.; Sumpter, C. A.; Scott, R. A. Organometallics 1995, 14, 2202.

(25) (a) Lewis, L. N.; Lewis, N. J. Am. Chem. Soc. 1986, 108, 7228.
(b) Lewis, L. N.; Lewis, N. Chem. Mater. 1989, 1, 106.
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°C. The other two complexes each showed a low level
of catalytic activity for hydrosilylation of PhC,Ph to (E)-
Ph(H)C,(SiEt3)Ph, but the activity of each is far below
that of 2a. It is clear that these clusters and any species
that might be derived from them under the catalysis
conditions are not responsible for the catalysis exhibited
by 2a.

The strongest evidence to support the claim that 2a
functions as an intact cluster catalyst is derived from
the kinetic and labeling studies. The empirically de-
rived rate eq 3 was established, and the linear depen-
dence on the concentration of compound 2a is indicative
of a process which does not involve fragmentation of the
cluster.2® However, the strongest link between 2a and
the catalysis is the incorporation of the tolylCstolyl into
the cluster in the course of the catalysis and the absence
of its incorporation in the absence of catalysis, that is
tolylCstolyl is incorporated into the cluster only during
the process of catalysis.

The other Kkinetic results provide additional valuable
mechanistic information. Particularly, there is no
dependence of the reaction rate on the concentration of
alkyne, but there is a first-order dependence on the
concentration of silane. There is also a strong inhibition
of the reaction in the presence of CO at 1 atm of
pressure.

On the basis of this information, the mechanism
based on a homogeneous process involving the intact
cluster 2a shown in Scheme 1 is proposed. This
mechanism is a slight modification of the one proposed
for the hydrogenation of diphenylacetylene by 2a.b
Inhibition by CO is consistent with an initial CO

Adams and Barnard

dissociation step to give the species A, which is the true
catalyst. This is expected since compound 2a is elec-
tronically saturated.!’ The ligand dissociation will
provide a “vacant” site to which the first reagent can
be added.> Because of the dependence on silane con-
centration and absence of dependence on alkyne con-
centration, we propose that the silane activation occurs
at or before the rate-determining step, step k», and also
precedes the alkyne addition. In fact, the alkyne
addition, step ks, must occur after the rate-determining
step.

Since there are nine metal atoms in complex 2a, the
qguestion of the site of silane addition becomes an
important one. Cabeza and co-workers have recently
shown that when the silyl group and an alkenyl group
are coordinated to different metal atoms in triruthenium
cluster complexes, then catalytic hydrosilylation does
not occur, presumably because the formation of the
C—Si bond by reductive elimination is more difficult.26
On the other hand, when alkenyl and silyl ligands are
coordinated to the same metal atom, as found in the
osmium complex Osz(CO);0(u-HC,(H)BUY)[Si(OMe)s], then
Si—C reductive elimination to yield a vinylsilane can
occur.?” For this reason, we propose that the site of
Si—H addition is one of the ruthenium atoms of the Rus
triangle that contains the alkyne ligand, and this leads
to the intermediate B in the catalytic cycle. Presum-
ably, the CO ligand that was dissociated was eliminated
from the same site, see intermediate A, but this is not
required. Two of the three ruthenium atoms containing
the PhC,Ph ligand in 2a contain three CO ligands while
the third has only two.1* It seems most probable that
the CO dissociation will occur from one of the two
ruthenium atoms containing three CO ligands since
these CO ligands should have less w-back-bonding than
those on the ruthenium atom that contains only two CO
ligands. The silane activation step is shown with
reversibility, k—,, since hydrogen—deuterium exchange
was observed to occur when Et3SiD and (EtO);SiH were
combined in the presence of 2a.

The next step in the catalytic cycle is proposed to be
the rate-determining step, rds, ks. It involves transfer
of one of the hydride ligands to the PhC,Ph ligand. The
presence of an observable, albiet small, kinetic hydrogen
isotope effect is consistent with this step. This will lead
to the formation of a o,7-diphenylvinyl ligand and some
form of “unsaturation”, possibly as a “vacant” site on
one of the ruthenium atoms in intermediate C. It is
expected that the diphenylvinyl ligand will have cis-
positioned phenyl groups, as was observed in the
formation of the compound Pt3Rug(CO)21[u-PhCy(H)Ph]-
(u-H), 6, upon the addition of CO to 2a.1! The next step
is probably the addition of PhC,Ph, presumably at the
“vacant” site in C, to yield an electronically saturated
complex D, step ks. This must be fast kinetically since
no PhC,Ph dependence was observed in the reaction.
We have shown previously that 2a will react with PhC,-
Ph in the absence of Et3SiH or H; to yield Pts-
Rug(CO)14(us-PhC,Ph)s3,® but none of this compound was
detected in any of these reactions. Reductive elimina-
tion to form the Si—C bond could yield a silylolefin

(26) Cabeza, J. A.; Garcia-Granda, S.; Llamazares, A.; Riera, V.; Van
der Maelen, J. F. Organometallics 1993, 12, 2973.

(27) Adams, R. D.; Cortopassi, J. E.; Pompeo, M. P. Organometallics
1992, 11, 1.
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complex such as E, step ks. This may also result in
unsaturation, but the PhC,Ph ligand may fill this void
in short order by converting to a triply bridging four-
electron donor.28 Indeed, the PhC,Ph ligand may even
promote the Si—C reduction elimination. Dissociation
of the silylolefin would then close the cycle with regen-
eration of the intermediate A. In this analysis, all of
the catalysis occurs at only one of the two Rujs triangles,
but this is not a requirement. In fact, in our analysis
of the catalytic hydrogenation of PhC,Ph by 2a, we
invoked the involvement of both Rus triangles.

A competing hydrogen transfer at step ks could
explain the formation of the small amounts of cis-
stilbene. Competing formation of hydrogenated alkynes
has been observed in other alkyne—hydrosilylation
reactions.?®

Since we had observed in previous studies that the
hydride-containing layer-segregated clusters could be
deprotonated,?:22 we felt it was necessary to test the
possible deprotonated forms of 2a for catalytic activity.
Accordingly, we prepared the monoanion [PtsRus(CO)20-
(u3-PhC2Ph)(u-H)] by treatment of 2a with [NBus]OH.
Surprisingly, the salt of this anion, 3, performs catalytic
hydrosilylation of PhC,Ph to (E)-Ph(H)C,(SiEts)Ph at
rates which are similar to those of 2a. However, there

(28) (a) Raithby, P. R.; Rosales, M. J. Adv. Inorg. Chem. Radiochem.
1985, 29, 169. (b) Sappa, E.; Tiripicchio, A.; Braunstein, P. Chem. Rev.
1983, 83, 203.

(29) (a) Fernandez, M. J.; Oro, L. A. J. Mol. Catal. 1988, 45, 7. (b)
Fernandez, M. J.; Esteruelas, M. A.; Jiménez, M. S.; Oro, L. A.
Organometallics 1986, 5, 1519.
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is one important difference in the catalytic activity, the
catalysis by 3 was found to be strongly inhibited by the
presence of metallic mercury. Therefore, it is suspected
that the catalysis by 3 involves a catalytic species
different from that generated by 2a, that is the catalysis
by 3 may involve a heterogeneous species?! or possibly
some molecular species that reacts readily with mercury
metal. The nature of the catalyst formed in the solu-
tions of 3 has not yet been determined. Suffice to say
at this point, it does not appear to be the same species
that is involved in the catalysis by the solutions of 2a.

The combination of results in this study provides
strong evidence that the high-nuclearity layer-segre-
gated cluster complexes 2a and 2b are effective catalyst
precursors for the highly selective catalytic hydrosilyl-
ation of diphenylacetylene to (E)-[(1,2-diphenyl)ethenyl]-
triethylsilane. The true catalyst is actually the decar-
bonylated species, A. Although most (perhaps all) of
the transformations occur at the ruthenium atoms, it
is believed that the unusually high activity is due in
part to some form of synergistic enhancement by the
platinum simply because this high activity is not
observed in the absence of platinum. The precise nature
of this synergism remains to be established. Further
studies to try to establish the role that each metal plays
in this catalytic hydrosilylation reaction are in progress.
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