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Product distribution and kinetic studies on the
hydrosilylation of phenylacetylene by Ph3SiH,
Ph2MeSiH, PhMe2SiH and Et3SiH were per-
formed using bis-[1,2-diphenylphosphino-
ethane]norbornadienerhodium(I) hexafluoro-
phosphate, 1, as catalyst. Pre-equilibration of
the catalyst with the acetylene produced hydro-
silylations, pre-equilibration with the silane did
not. The catalyst showed a pronounced selectivity
for cis-addition to form b-products, t-PhCH=
CHSiR3, unlike most hydrosilylation catalysts.
The kinetic studies showed a hydrosilylation
reaction that is zero order with respect to both
acetylene and the silane, with a dependency upon
catalyst concentration. Thekobs value is directly
influenced by the substituents on the silane:
k(PhMe2SiH)> k (Et3SiH> k (Ph2MeSiH)> k
(Ph3SiH). Intercalation of the catalyst in hector-
ite was not useful, since either no reaction
occurred in non-polar solvents, or extraction of
the catalyst occurred in polar solvents to produce
the same product distributions. Copyright #
2000 John Wiley & Sons, Ltd.
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INTRODUCTION

The hydrosilylation reaction is catalysed by many
transition-metal complexes and is often complex in
nature; problems encountered in their investigation
involve actors such as variable induction periods,
irreproducible kinetics, radical chain processes,
olefin rearrangements and the sensitivity of the
resulting products to the catalyst.1 The majority of
such studies concern olefin substrates; hydrosilyla-
tion of acetylenes, an area of interest to us,2 is less
studied. Most of the transition-metal catalysts
reported to be efficient for the hydrosilylation
reaction involve platinum or rhodium. Early studies
noted that the platinum-catalysed addition of the
optically active silane NpPhMeSiH to diphenyla-
cetylene proceeded with retention of the configura-
tion at silicon andcis-addition.3 In generalcis-
addition is the predominant mode of addition of sil-
anes to acetylenes for platinum-based catalysts.4–7

Relatively moretrans-addition has been noted for
rhodium systems, along with increased amounts of
a-products obtained by changes in temperature
and the manipulation of the catalyst by ligand
substitution and/or environmental changes.7,8

Most hydrosilylation reactivity sequences have
been based upon product yields;1–8 however, some
kinetic studies have been reported.9–17 Marciniec
and co-workers12,15,17reported a detailed study on a
rhodium-catalysed hydrosilylation of 1-hexene by
triethoxysilane and discovered that the hydrosilyla-
tion consisted of two distinct stages: an initial
activation of the rhodium precursor to form an
intermediate, followed by a fast catalytic cycle of
hydrosilylation. In this study two intermediates
involving prior coordination of either the 1-hexene
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or the silaneto the rhodiumcentrewereproposed.
In thecaseof the former, thesecondreactionwith
silane was found to be much faster than the
correspondingreaction of a silylrhodium inter-
mediatewith acetylene.Manyof thekineticstudies
illustrated that oxygen (O2) played an important
role in the reaction and could be crucial as an
initiator. Recently, Adams and co-workers have
publisheda kinetic analysisof the hydrosilylation
of diphenylacetyleneby Et3SiH using a layer-
segregatedplatinum–rutheniumclustercomplexas
aneffectivecatalyst.18 Thekinetic analysisshowed
the reactionwas first order in cluster and silane
concentrationsbut zeroorderin alkyne.

The large range of hydrosilyation catalysts
reportedeachhavetheir own characteristicproper-
ties and thereforepotentialnew catalytic systems
are appropriate for study.19,20 The relationship
between hydrogenation and hydrosilylation is
subtle,and many catalystsfor the former process
also function in the latter case.A hydrogenation
catalystof somesignificanceis bis[1,2-diphenyl-
phosphinoethane]norbornadienerhodium hexa-
fluorophosphate,1 (Fig. 1). It is also a relatively
rareexampleof a potentialcationichydrosilylation
catalyst. Since there is interest in the use of
supportedcatalysts for hydrosilylation,19,21 and
chargedspeciesarereadily intercalatedin smectite
clays,wedecidedto investigatethepotentialof 1 in

the hydrosilylation reaction.We report a product
distributionandkineticstudyonthehydrosilylation
of phenylacetyleneusing a series of silanes
catalysedby 1, and attemptsto use the species
intercalatedin hectorite.

EXPERIMENTAL

The silaneswere usedas receivedfrom Petrarch
Systems,Inc. (now Gelest,Inc.); phenylacetylene
andCDCl3 werepurchasedfrom Aldrich Chemical
Co.; andthe catalyst1 waspurchasedfrom Strem
Chemicals.The reactionswere monitoredby 1H
NMR until completionand thenanalysedby both
29Si and13C NMR spectroscopy.Productdistribu-
tionsobtainedarepresentedin Table1.

Kinetic measurementswereperformedusing1H
NMR, monitoringthe disappearenceof the acetyl-
enic or silane proton during the hydrosilylation
reactionin NMR tubeslocatedin the probeof a
VarianM 360spectrometerof 60MHz. An internal
referenceof CH2Cl2 wasintroducedto accountfor
instrumentalvariations.All datawerecollectedat
theambientprobetemperatureof 28°C. In atypical
reaction, a solution of 0.0153g (0.15mmol)
phenylacetylenein 0.3ml CDCl3 was addedto a
vial containing2 mg of the rhodiumcatalyst,1. A
solution of 0.8mmol R3SiH in 0.3ml CDCl3 was
transferredto the vial andthis mixture in turn was
transferredto an NMR tube. The reaction was
monitoredandtimed from 5 min after themoment
the silane was added to the acetylenecatalyst
solution in order to equilibratethe solution inside
themagnet.At this moment,aninitial 1H spectrum
wasobtained.A typicalplot of peakheightratiosas
a direct function of experimentalconcentrationvs
time data for the catalyzed hydrosilylation of
phenylacetyleneby Ph3SiH is shown in Fig. 2.
Similar results were obtained from a reaction
performed in a sealed tube under a nitrogen
atmosphere.

RESULTS AND DISCUSSION

The use of 1 as a homogeneoushydrosilylation
catalyst was totally satisfactory and provided
completedreactions,reproducibleproductdistribu-
tions and kinetic parameters,and involved no
inductionperiods.Theadditionof phenylacetylene
to thecatalystprior to silaneadditionwascritical. It

Figure 1 Thecatalyst(1): 1,2-bis(diphenylphosphinoethane)-
norbornadienerhodium(I)hexafluorophosphate.
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wasobservedthat pre-equilibrationof the catalyst
with thesilanestopsthecatalyticactivity; however,
pre-equilibrationof the catalystwith the acetylene
resulted in normal hydrosilylation. Therefore it
seemsthatacatalyticallyreactivecomplexbetween
the acetyleneand the rhodium catalystis formed,
whereasa catalytically inactivesilylrhodium com-
plex is formedin theabsenceof theacetylene.This
resultis similar to studiesreportedby Marciniecet
al. noted in the Introduction, involving initial
intermediatesformed from the catalyst and the
silane or substrate.It appearsthat of the two
possibleintermediatesformedin thepresentstudy,
the silyl–rhodium complex again reacts more
slowly, indeed so slowly that hydrosilylation
cannotbeobserved.

Attempts to sequesterthe catalyst in sodium
hectoritewere successful.However, the resulting
materialwasineffectiveasa catalystwhenusedin
non-polar solvents, e.g. hexane. In chloroform
hydrosilylationreactionsoccurred;however,there
wasnochangein productdistributionsascompared
to the reactionsnot including hectoriteFrom the
colourof thesolutionsit wasclearthat thecatalyst
wasbeingextractedfrom the interlamellarregions

Table 1 Productdistributionsfor additionof R3SiH to PhCCH

Product
Catalyst R3Si Cis-b trans-b a Ref.

[PtCl6] [Bu4N]2 PhMe2 0 72 28 6
Ph2Me 0 78 22 6
Ph3 0 95 5 6
Et3 0 70 30 6

Karsted’s Et3 1 81 18 4
Ph3 15 78 7 4

H2PtCl6 Et3 0 79 21 7
PhMe2 0 69 31 5
Ph2Me 0 78 22 5
Ph3 0 90 10 5

H2PtCl6/CO PhMe2 0 34 66 2a
Ph2Me 0 42 58 2a

(PPh3)3RhCl Et3 55 35 7 7
PhMe2 76a 19 5 8
PhMe2 0b 83 17 8
Ph3 26 67 6 7

(PPh3)3RhCOCl PhMe2 75 25 0 8
1 Et3 0 >95 Trace

Ph3 0 >95 Trace
Ph2Me 0 >95 Trace
PhMe2 0 70 30

a 40°C, 52h.
b 80°C, 24h.

Figure 2 Relationshipof [Ph3SiH] to time for the hydro-
silylation of phenylacetylene.
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of thecatalystandhencewasnolongera‘supported
catalyst’system.

Product distribution

The hydrosilylations of phenylacetyleneusing
PhMe2SiH, Ph2MeSiH, Ph3SiH and Et3SiH were
chosenfor studysincetheproductdistributionsand
spectroscopicanalysisof thesereactionsusing a
variety of catalysts are documented.Table 1
contains a representativecollection of product
distributionsfrom this reactionusing a variety of
catalysts.For example, when RhCl(PPh3)3 was
usedas a catalyst for the addition of Ph3SiH to
phenylacetylene,the presenceof the b- (cis- and
trans-) and a-isomers has been reported.7 The
addition of PhMe2SiH to phenylacetylene,also
catalysedby RhCl(PPh3)3 and RhCl(CO)(PPh3)2,
led to both cis- and trans- b-addition productsat
low temperature,but no cis- productsat elevated
temperatures,becauseproduct isomerizationoc-
curred during the hydrosilylation.8 Similarly the
use of [Bu4N]2[PtCl6] as a catalyst for the same
reactionled to theformationof the trans- b- anda-
isomers.6 It is clear that a wide rangeof activity
exists.

The resultsobtainedfrom theuseof 1 indicated

thatall thereactionsinvolvedcompleteconversion
to the hydrosilylatedproducts.From theseresults,
no doublehydrosilylationto yield saturateddisily-
latedproductswasobserved.Spectroscopicdatafor
product characterizationwere obtainedusing 1H,
13C and29Si NMR, andall datacorrespondto those
reportedelsewherein the literature.4,6,8,22,23The
relativeproductdistributionsarerecordedin Table
1. From thesedatawe notethat the main products
in the hydrosilylation of phenylacetyleneby
Ph3SiH, Ph2MeSiH and Et3SiH were the trans b-
isomers (C6H5)CH=CHSi(C6H5)3, (C6H5)CH=
CHSiCH3(C6H5)2 and (C6H5)CH=CHSiEt3 re-
spectively.However,the hydrosilylationproducts
from the addition of PhMe2SiH were trans-
(C6H5)CH=CH(Si(CH3)2C6H5) and (C6H5)
(Si(CH3)2C6H5)C=CH2, the latter involving a-
addition. The resultsdemonstratethe utility of 1
asa catalystfor the hydrosilylationof acetylenes.
Theregioselectivityfor additionof Et3SiH, Ph3SiH
and Ph2MeSiH is striking comparedto the other
catalystsrepresentedin Table 1 and indicatesa
greatersimilarity to Pt catalyststhan to other Rh
species.The large amountof a-product obtained
with PhMe2SiH also parallels results in Table 1
with other catalystsalthough the reasonsremain
unclear.Repeatexperimentsin which all O2 was
removedfrom thesample,in sealedtubes,produced
identicalproductdistributions.

Kinetic studies

The kinetic study was performed using three
distinct reaction conditions. In the first set of
reactions we used a constant concentrationof
phenylacetyleneand the catalyst (6.1� 10ÿ6M)
while varyingthesilaneconcentration.In a second
seriesof reactionswe maintainedboth the silane
and the catalyst concentrationsconstant while
varying theacetyleneconcentration.Finally, keep-
ing the concentrationsof acetylene and silane
constantwevariedtheconcentrationof thecatalyst
(1.69� 10ÿ6–7.4� 10ÿ6M).

Thedependenceof therateof thehydrosilylation
reactionupon the concentrationsof phenylacety-
lene and the various silaneswas determinedby
monitoring the disappearanceof each of the
respectivereactantsin the presenceof an excess
of theother.Figure2 illustratestheresultsof sucha
study in the caseof Ph3SiH and showsthe linear
disappearanceof thereagentswith time, i.e.azero-
orderdependenceonphenylacetyleneandsilane.A
plot of the rateof hydrosilylationasa function of
the catalystconcentrationfor the four silanesused

Figure 3 Variationof kobswith [catalyst]for thehydrosilyla-
tion of phenylacetyleneby R3SiH: (*) Ph3SiH; (&) Ph2Me-
SiH; (~) Et3SiH; (◊) PhMe2SiH. [PhCCH]= [R3SiH] =
0.234M, in CDCl3, [catalyst]= 1.7� 10ÿ6 to 7.46� 10ÿ6 M in
CDCl3.
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in this study (Fig. 3) establishedthe dependence
upon catalyst as first order. In the sealed-tube
experimentswith removal of O2, no different
resultswereobtained.

This result,indicatinga hydrosilylationreaction
that is zeroorder in both acetyleneandsilane,but
first order in catalyst, is reminiscentof studies
reportedby Reiksfel’d,24 Kraus,25 andSpeier.1b In
a series of articles Reiksfel’d and co-workers
showedthat the rate of hydrosilylationof styrene
was independentof solvent and reagentswhen
using a homogeneousplatinum catalyst,but first
order in the catalyst. Speier reacheda similar
conclusion from studies on platinum catalysts
involving hydrosilylationof olefins, as did Kraus
in a studyon thehydrosilylationof acetyleneusing
an immobilizedplatinummetalcatalystsystem.

The otherconclusionderivedfrom our study is
illustrated in Fig. 3. The relative ratesof hydro-
silylation using the four silanes is k(Me2Ph-
SiH)> k(Et3SiH)> k(Ph2MeSiH)> k(Ph3SiH).
The averagekobs values (mol 1ÿ1 minÿ1) were
calculated to be k(Me2PhSiH)= 1.95� 10ÿ3;
k(Et3SiH) = 1.06� 10ÿ3; k(Ph2MeSiH) = 0.47�
10ÿ3; and k(Ph3SiH) = 0.35� 10ÿ3. A similar
sequenceof reactivity can be noted from various
diversestudiesin the literature using a rangeof
catalystsand substrates.For example,the relative
product distributions from H2PtCl6-catalysedhy-
drosilylation of an allylsilane illustrated a clear
sequence of reactivity Me2PhSiH> Ph2Me-
SiH> Ph3SiH,26 andpartial reactivity orderssuch
asPhMe2SiH> Ph2MeSiH havebeennoted.27 The
positionof theEt3SiH in oursequenceis in contrast
to reportssuggestingthereactivityof Et3SiH is less
than that of Ph3SiH. For example,the g-irradiated
additionof silanesto 1-hexeneis reportedto havea
10-fold increase in reactivity from Et3SiH to
Ph3SiH,28 butsincetheprocessis entirelydifferent,
involving radical processes,this does not truly
apply to our study.More closelyrelatedis a study
by Hazeldineet al.29 on the(Ph3P)3RhCl-catalysed
addition of silanes to hexenethat resulted in a
reactivity scale of Ph3SiH (100)> Et3SiH (60).
However,thesedatawereobtainedfrom competi-
tive productdistribution studiesand, as hasbeen
clearly pointed out by Speier,1b these do not
necessarilydenotethe truekinetic reactivities.

Conclusions

We have investigatedthe potential of a cationic
rhodiumhydrogenationcatalyst,bis-(1,2-diphenyl-
phosphinoethane)norbornadienerhodium(I) hexa-

fluorophosphate,for use in hydrosilylation of
phenylacetylene,from aregioselectivityandkinetic
standpoint.Thecatalyst,which wasbeingusedfor
thefirst time(to ourknowledge)in hydrosilylations
has proved effective, with little or no induction
period,and with reproducibleregioselectivityand
kinetics. The regioselectivitybordersupon regio-
specificity for the silanes Et3SiH, Ph3SiH and
Ph2MeSiH, producingtrans-(b)-products,PhCH=
CHSiR3. The informationobtainedfrom this study
doesnot permit us to detail a mechanismfor its
activity. However,at presentwe seeno reasonto
think that a mechanismthat differs significantly
from the type proposedin the past,30 involving
oxidative addition of the silane to a rhodium–
acetyleneintermediate,migrations and reductive
eliminations,shouldnot be suggested.The avail-
ability of multi-nuclearNMR andotherinstrumen-
tationandequipmentin our laboratorieswill permit
a detailedstudy on the chemicalreactivity of the
catalyst with acetylenes and silanes that, in
conjunctionwith the datapresentedhere,is hoped
to permit suchanunderstandingin the future.

Acknowledgements Supportof this researchby the Mexico–
USA cooperativeprogram(CONACYT-NSF) and the R. A.
Welch Foundation,Houston,TX, USA (Grant AH-546) are
gratefully acknowledged.

REFERENCES

1. (a) J. F. HarrodandA. J. Chalk, in: Organic Synthesisvia
MetalCarbonyls, Vol. 2,Wender,I. andPino,P.(eds),John
Wiley New York, 1977, p. 673; 1(b) J. Speier, Adv.
Organomet.Chem.17, 407 (1979);1(c) I. Ojima, in: The
Chemistryof Organic Silicon Compounds, Patai, S. and
Rappoport,Z. (eds),JohnWiley, New York, 1989,Chapter
25; 1(d) B. Marciniec, Hydrosilylation Handbook, Perga-
mon,Oxford,1992;1(e)L. N. Lewis.J.Stein,K. A. Smith,
R. P.Messmer,D. G. LegrandandR. A. Scott,in: Progress
in OrganosiliconChemistry, Marciniec,B. andChojnowski
J. (eds),GordonandBreach,Geneva,1995,Chapter17.

2. (a) M. Rivera-Claudio, J. Rozell, E. Ramirez-Oliva, J.
CervantesandK. H. Pannell,J.Organomet.Chem.521, 267
(1996); 2(b) K. H. Pannell,J. Rozell, J.-C. Lii and S.-Y.
Tien-Mayr,Organometallics7, 2524(1988).

3. A. G. Brook,K. H. PannellandD. Anderson,J. Am.Chem.
Soc.90, 4375(1968).

4. (a) L. N. Lewis, K. G. Sy, G. L. Bryant Jr and P. E.
Donahue,Organometallics10, 3750 (1991); 4(b) L. N.
Lewis, J. Am.Chem.Soc.112, 5998(1990).

5. E. Lukevics, R. Ya. Sturkovich, O. A. Pudova, J.
Organomet.Chem.292, 151 (1985).

Copyright# 2000JohnWiley & Sons,Ltd. Appl. Organometal.Chem.14, 146–151(2000)

150 J. CERVANTES,G. GONZÁLEZ-ALATORRE, D. ROHACK AND K. H. PANNELL



6. I. Iovel, Yu. Sh. Goldberg, M. V. Shymanskaand E.
Lukevics,Organometallics6, 1410(1987).

7. A. Onopchenko,E. T. SabourinandD. L. Beach,J. Org.
Chem.48, 5101(1983).

8. H. Watanabe,T. Kitahara, T. Motegi and Y. Nagai, J.
Organomet.Chem.139, 215 (1977).

9. P. Svoboda,M. CapkaandJ. Hetflejs,Coll. Czech.Chem.
Commun.38, 1235(1973).

10. H. M. Dickers,R.N. Haszeldine,L. S.Malkin, A. P.Mather
andR. V. Parish,J. Chem.Soc.,Dalton Trans.308(1980).

11. R. A. Faltynek,Inorg. Chem.20, 1357(1981).
12. W. Duczmal,W. UrbaniakandB. Marciniec,J.Organomet.

Chem.317, 85 (1986).
13. Y. Kolb andJ. Hetflejs,Coll. Czech.Chem.Commun.45,

2224(1980).
14. G. K. I. MagomedovandO. V. Shkolnikov,Zhur. Obsch.

Khim. 50, 1103(1979).
15. W. Duczmal,B. MarciniecandW. Urbaniak,J.Organomet.

Chem.327, 295 (1987).
16. M. J. Hostetler,M. D. Butts andR. G. Bergman,Organo-

metallics12, 65 (1993).
17. B. Marciniec,W. Duczmal,W. UrbaniakandE. Sliwinska,

J. Organomet.Chem.385, 319 (1990).
18. R. D. AdamsandT. S. Barnard,Organometallics17, 2567

(1998).
19. M. Capka,Coll. Czech.Chem.Commun.42, 3410(1977).
20. (a) K. A. BradyandT. A. Nile, J. Organomet.Chem.206,

298 (1981);20(b) J. E. Hill andT. A. Nile, J. Organomet.
Chem.137 (1977)293.

21. (a)C.Polizzi,A. M. Caporusso,G.Vitulli, P.Salvadoriand
M. Pasero,J. Mol. Cat. 91, 83 (1994);21(b) J. Cervantes
andJ. M. Lopez,30th Organosilicon Symposium;London
Ontario,Canada,May 30–31,1997, AbstractP-5;21(c)B.
Marciniec, Z. Foltynowicz and W. Urbaniak, Appl.
Organomet.Chem.1, 249 (1987);21(d) B. Marciniecand
W. Urbaniak, J. Mol. Catal. 1, 49 (1983); 21(e) Z. M.
Wichalska,J.Mol. Catal.3, 125(1977);21(f) I. Dietzmann,
D. TomanovaandJ.Hettleis,Coll. Czech.Chem.Commun.
39, 123 (1974).

22. E. Liepins, Y. Goldberg,Y. Iovel and E. Luckevics, J.
Organomet.Chem.335, 301 (1987).

23. B. MarciniecandC. Pietraszuk,J. Organomet.Chem.447,
163 (1993).

24. (a)V. O.Reiksfel’dandM. I. Strakhanov,Zh.Obsch.Khim.
43, 2431(1973);24(b)V. N. Vinogradov,V. O. Reiksfel’d,
N. A. Filippov, T. N. ZaslavskayaandG. L. Koriehev,Zh.
Obsch.Khim. 43, 2431(1973),andreferencestherein.

25. M. Kraus.Coll. Czech.Chem.Commun.39, 1318(1974).
26. A. V. Zhun, A. L. Tsvetkov, V. N. Slusarenko,G. N.

Turkel’taubandV. D. Sheludyakov,Zh. Obsch.Khim. 59,
390 (1989).

27. V. O. Reiksfel’d, N. I. Fierova,N. A. Filippov and T. N.
Zaslavskaya,Zh. Obsch.Khim. 50, 2017(1980).

28. G. Rabilloud,Bull. Soc.Chim.Fr. 2152(1965).
29. R. N. Hazeldine,R. V. ParishandD. J.Parry,J. Chem.Soc.

683(1969).
30. J. F. HarrodandA. H. Chalk,J. Am.Chem.Soc.86, 1776

(1964).

Copyright# 2000JohnWiley & Sons,Ltd. Appl. Organometal.Chem.14, 146–151(2000)

CATALYTIC HYDROSILYLATION OF PHENYLACETYLENE 151


