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Product distribution and kinetic studies on the
hydrosilylation of phenylacetylene by PhSiH,
Ph,MeSiH, PhMe,SiH and Et;SiH were per-
formed using  bis-[1,2-diphenylphosphino-
ethane]norbornadienerhodium(l)  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. Thekgps value is directly
influenced by the substituents on the silane:
k(PhMe,SiH) > k (EtsSiH >k (Ph,MeSiH) > k
(PhsSiH). 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 catalysThe majority of
such studies concern olefin substrates; hydrosilyla-
tion of acetylenes, an area of interest tc s Jess
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® In general cis-
addition is the predominant mode of addition of sil-
anes to acetylenes for platinum-based catafysts.
Relatively moretrans-addition has been noted for
rhodium systems, along with increased amounts of
o-products obtained by changes in temperature
and the manipulation of the catalyst by ligand
substitution and/or environmental chanégs/.

Most hydrosilylation reactivity sequences have
been based upon product yiefti§;however, some
kinetic studies have been reported’ Marciniec
and co-workers*>*reported 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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Figure 1 Thecatalyst(1): 1,2-bis(diphenylphosphinoethane)-

norbornadienehodium(l) hexafluorophosphate.

or the silaneto the rhodium centrewere proposed.
In the caseof the former, the secondreactionwith

silane was found to be much faster than the
correspondingreaction of a silylrhodium inter-

mediatewith acetyleneMany of thekinetic studies
illustrated that oxygen (O,) 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 Et;SiH using a layer-
segregateglatinum—rutheniuntlustercomplexas
aneffectivecatalyst'® Thekinetic analysisshowed
the reactionwas first order in cluster and silane
concentrationdut zeroorderin alkyne.

The large range of hydrosilyation catalysts
reportedeachhavetheir own characteristigroper-
ties and thereforepotential new catalytic systems
are appropriatefor study?®?° 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]norbornaderhodium  hexa-
fluorophosphatel (Fig. 1). It is also a relatively
rareexampleof a potentialcationichydrosilylation
catalyst. Since there is interest in the use of
supported catalysts for hydrosilylation}®?* and
chargedspeciesarereadily intercalatedn smectite
clays,we decidedo investigatethe potentialof 1 in

Copyright© 2000JohnWiley & Sons,Ltd.

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

EXPERIMENTAL

The silaneswere usedas receivedfrom Petrarch
Systems/nc. (now Gelest,Inc.); phenylacetylene
andCDCl; werepurchasedrom Aldrich Chemical
Co.; andthe catalyst1 waspurchasedrom Strem
Chemicals.The reactionswere monitored by *H
NMR until completionandthenanalysedby both
295j and **C NMR spectroscopyProductdistribu-
tions obtainedarepresentedn Table1.

Kinetic measurementsere performedusing*H
NMR, monitoringthe disappearencef the acetyl-
enic or silane proton during the hydrosilylation
reactionin NMR tubeslocatedin the probe of a
VarianM 360spectrometeof 60 MHz. An internal
referenceof CH,CI, wasintroducedto accountfor
instrumentalvariations.All datawere collectedat
theambientprobetemperaturef 28 °C. In atypical
reaction, a solution of 0.0153g (0.15mmol)
phenylacetylenén 0.3ml CDCl; was addedto a
vial containing2 mg of the rhodiumcatalyst,1. A
solution of 0.8mmol R;sSiH in 0.3ml CDCl; was
transferredo the vial andthis mixturein turn was
transferredto an NMR tube. The reaction was
monitoredandtimed from 5 min after the moment
the silane was added to the acetylene catalyst
solutionin orderto equilibratethe solutioninside
the magnet At this momentaninitial *H spectrum
wasobtainedA typical plot of peakheightratiosas
a direct function of experimentalconcentratiorvs
time data for the catalyzed hydrosilylation of
phenylacetyleneby PhSiH is shownin 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 homogeneousydrosilylation
catalyst was totally satisfactory and provided
completedreactionsyeproducibleproductdistribu-
tions and kinetic parameters,and involved no
inductionperiods.The additionof phenylacetylene
to thecatalystprior to silaneadditionwascritical. It

Appl. OrganometalChem.14, 146-151(2000)
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Table 1 Productdistributionsfor additionof R3SiH to PhCCH

Product
Catalyst R3Si Cisp transp o Ref.
[PtClg] [BusN]» PhMe, 0 72 28 6
PhMe 0 78 22 6
Phs 0 95 5 6
Etg 0 70 30 6
Karsted's Ets 1 81 18 4
Phy 15 78 7 4
H>PtClg Ets 0 79 21 7
PhMe, 0 69 31 5
PhMe 0 78 22 5
Phs 0 90 10 5
H,PtClL/CO PhMe, 0 34 66 2a
Phb,Me 0 42 58 2a
(PPh)sRhClI Ets 55 35 7 7
PhMe, 76° 19 5 8
PhMe, o° 83 17 8
Phs 26 67 6 7
(PPh)3RhCOCI PhMe, 75 25 0 8
1 Et; 0 >95 Trace
Phs 0 >95 Trace
PhMe 0 >95 Trace
PhMe, 0 70 30
240°C, 52h.
P 80°C, 24h.
was observedhat pre-equilibrationof the catalyst
with the silanestopsthe catalyticactivity; however,
pre-equilibrationof the catalystwith the acetylene
0.18 resulted in normal hydrosilylation. Therefore it
seemghatacatalyticallyreactivecomplexbetween
0.164 the acetyleneand the rhodium catalystis formed,
whereasa catalytically inactive silylrhodium com-
0.141 plexis formedin theabsencef theacetyleneThis
resultis similar to studiesreportedby Marciniecet
—0.121 al. noted in the Introduction, involving initial
aw intermediatesformed from the catalyst and the
ﬁ 0.101 silane or substrate.It appearsthat of the two
& possibleintermediatesormedin the presenistudy,
0.08 the silyl-rhodium complex again reacts more
slowly, indeed so slowly that hydrosilylation
0.06- cannotbe observed.
Attempts to sequesterthe catalystin sodium
0.04 hectorite were successfulHowever, the resulting
materialwasineffective asa catalystwhenusedin
0.02 non-polar solvents, e.g. hexane. In chloroform

0 20 40 60 80 100 120
time (min)

Figure 2 Relationshipof [PhsSiH] to time for the hydro-
silylation of phenylacetylene.

Copyright© 2000JohnWiley & Sons,Ltd.

hydrosilylationreactionsoccurred;however,there
wasno changean productdistributionsascompared
to the reactionsnot including hectorite From the
colour of the solutionsit wasclearthatthe catalyst
wasbeing extractedfrom the interlamellarregions

Appl. OrganometalChem.14, 146-151(2000)
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Figure 3 Variation of kopswith [catalyst]for the hydrosilyla-
tion of phenylacetylendy R;SiH: (O) PhSiH; ((J) PhhMe-
SiH; (A) EtSiH; (0) PhMeSiH. [PhCCH]=[RsSiH]=
0.234v, in CDCl, [catalyst]=1.7x 10 °t0 7.46x 10 ® M in
CDCls.

of thecatalystandhencewasnolongera ‘supported
catalyst’system.

Product distribution

The hydrosilylations of phenylacetyleneusing
PhMeSiH, PhbMeSiH, PhSiH and Et;SiH were
choserfor studysincethe productdistributionsand
spectroscopi@analysisof thesereactionsusing a
variety of catalysts are documented.Table 1
contains a representativecollection of product
distributionsfrom this reactionusing a variety of
catalysts. For example, when RhCI(PPh); was
usedas a catalystfor the addition of PhsSiH to
phenylacetylenethe presenceof the - (cis- and
trans) and o-isomers has been reported. The
addition of PhMeSiH to phenylacetylenealso
catalysedby RhCI(PPh); and RhCI(CO)(PPh)-,
led to both cis- andtrans f-addition productsat
low temperaturebut no cis- productsat elevated
temperaturespecauseproduct isomerization oc-
curred during the hydrosilylation® Similarly the
use of [BugN]5[PtClg] as a catalystfor the same
reactionled to theformationof thetrans - anda-
isomers? It is clear that a wide rangeof activity
exists.

The resultsobtainedfrom the useof 1 indicated

Copyright© 2000JohnWiley & Sons,Ltd.

thatall the reactionsnvolved completeconversion
to the hydrosilylatedproducts.From theseresults,
no doublehydrosilylationto yield saturatedisily-

latedproductsvasobservedSpectroscopidatafor

E)roductcharacterizationNere obtainedusing H,

3C and®°Si NMR, andall datacorrespondo those
reportedelsewherein the literature? 682223 The

relative productdistributionsarerecordedn Table
1. Fromthesedatawe notethatthe main products
in the hydrosilylation of phenylacetyleneby

PhSiH, Phh,MeSiH and Et;SiH were the trans -

isomers (CgHs)CH=CHSI(GH5s)3;, (CgHs)CH=

CHS|C|‘%(C6H5)2 and (C6H5)CH:CHSIET3 re-

spectively.However, the hydrosilylation products
from the addition of PhMeSiH were trans

(CeHs)CH=CH(Si(CHs)2CeHs)  and  (CgHs)

(Si(CHy),CgH5)C=CH,, the latter involving «-

addition. The resultsdemonstratahe utility of 1
as a catalystfor the hydrosilylationof acetylenes.
Theregioselectivityfor additionof Et;SiH, PhsSiH
and PhbMeSiH is striking comparedto the other
catalystsrepresentedn Table 1 and indicatesa

greatersimilarity to Pt catalyststhanto other Rh
species.The large amountof «-product obtained
with PhMeSiH also parallelsresultsin Table 1
with other catalystsalthoughthe reasonsremain
unclear.Repeatexperimentsn which all O, was
removedrom thesamplejn sealedubesproduced
identical productdistributions.

Kinetic studies

The kinetic study was performed using three
distinct reaction conditions. In the first set of
reactions we used a constant concentration of
phenylacetyleneand the catalyst (6.1x 10 °v)
while varyingthe silaneconcentrationln a second
seriesof reactionswe maintainedboth the silane
and the catalyst concentrationsconstant while
varying the acetyleneconcentrationFinally, keep-
ing the concentrationsof acetyleneand silane
constantve variedthe concentratiorof the catalyst
(1.69x 10 °-7.4x 10 %m).

Thedependencef therateof the hydrosilylation
reaction upon the concentrationsof phenylacety-
lene and the various silaneswas determinedby
monitoring the disappearanceof each of the
respectivereactantsin the presenceof an excess
of theother.Figure?2 illustratestheresultsof sucha
studyin the caseof PhSiH and showsthe linear
disappearancef thereagentsvith time,i.e. azero-
orderdependencen phenylacetylenandsilane.A
plot of the rate of hydrosilylationasa function of
the catalystconcentratiorfor the four silanesused

Appl. OrganometalChem.14, 146-151(2000)



150

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

in this study (Fig. 3) establishedhe dependence
upon catalyst as first order. In the sealed-tube
experimentswith removal of O,, no different
resultswereobtained.

This result,indicating a hydrosilylationreaction
thatis zeroorderin both acetyleneandsilane,but
first order in catalysté is reminiscentof studies
reportedby Reiksfel'd?* Kraus?® and Speier*® In
a series of articles Reiksfel’d and co-workers
showedthat the rate of hydrosilylationof styrene
was independentof solvent and reagentswhen
using a homogeneougplatinum catalyst, but first
order in the catalyst. Speier reacheda similar
conclusion from studies on platinum catalysts
involving hydrosilylation of olefins, as did Kraus
in a studyon the hydrosilylationof acetylenausing
animmobilized platinum metal catalystsystem.

The other conclusionderivedfrom our studyis
illustratedin Fig. 3. The relative ratesof hydro-
silylation using the four silanes is k(Me,Ph-
SiH) > k(EtzSiH) > k(Phb,MeSiH) > k(PhsSiH).
The averagekqyps values (mol 17 min~?) were
calculated to be k(Me,PhSiH)=1.95x 10°3;
k(Eté..,SiH): 1.06x 10 % k(PhpMeSiH) = 0.47 x
103 and k(PhSiH)=0.35x 103 A similar
sequenceof reactivity can be noted from various
diversestudiesin the literature using a range of
catalystsand substratesFor example,the relative
product distributions from H,PtCls-catalysedhy-
drosilylation of an allylsilane illustrated a clear
sequence of reactivity Me,PhSiH> PhMe-
SiH > Ph;SiH,?® and partial reactivity orderssuch
asPhMeSiH > Phb,MeSiH havebeennoted?’ The
positionof the Et;SiH in oursequencés in contrast
to reportssuggestinghereactivity of Et;SiH is less
thanthat of PhsSiH. For example the y-irradiated
additionof silanegto 1-hexenas reportedto havea
10-fold increasein reactivity from Et;SiH to
PhsSiH,?® butsincethe processs entirelydifferent,
involving radical processesthis does not truly
apply to our study.More closelyrelatedis a study
by Hazeldineet al.?® on the (PhsP);RhCl-catalysed
addition of silanesto hexenethat resultedin a
reactivity scale of PhSiH (100)> Et;SiH (60).
However,thesedatawere obtainedfrom competi-
tive productdistribution studiesand, as hasbeen
clearly pointed out by Speiert® these do not
necessarilydenotethe true kinetic reactivities.

Conclusions

We have investigatedthe potential of a cationic
rhodiumhydrogenatiorcatalyst,bis-(1,2-diphenyl-
phosphinoethane)norbmadienerhodium(l) hexa-

Copyright© 2000JohnWiley & Sons,Ltd.

fluorophosphate,for use in hydrosilylation of

phenylacetylendrom aregioselectivityandkinetic
standpointThe catalyst,which wasbeingusedfor

thefirsttime (to ourknowledge)n hydrosilylations
has proved effective, with little or no induction
period, and with reproducibleregioselectivityand
Kinetics. The regioselectivitybordersupon regio-
specificity for the silanes Et;SiH, PhsSiH and
PhMeSiH, producingtrans-{3)-products,PhCH=

CHSIRs. 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:® involving

oxidative addition of the silane to a rhodium—
acetyleneintermediate, migrations and reductive
eliminations,should not be suggestedThe avail-
ability of multi-nuclearNMR andotherinstrumen-
tationandequipmentn ourlaboratorieswill permit
a detailedstudy on the chemicalreactivity of the
catalyst with acetylenes and silanes that, in

conjunctionwith the datapresentedere,is hoped
to permit suchan understandingn the future.
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