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Several processes of silicon substrates (such as
hydrosilylation, dehydrogenative silylation and
double silylation of alkenes and alkynes, silyla-
tive coupling versus cross-metathesis of vinylsil-
anes with alkenes, polycondensation of divinyl-
substituted silicon compounds versus ADMET
polymerization, dehydrocoupling of hydrosil-
anes and silylformylation of acetylene) by
transition-metal complexes are briefly over-
viewed. All the reactions occur via a mechanism
involving intermediates containing metal–silicon
(i.e. silicometallics versus organometallics) and
metal–hydrogen bonds, only occasionally ac-
companied (sided) by intermediates including
metal–carbon bonds. Copyright # 2000 John
Wiley & Sons, Ltd.
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INTRODUCTION

Organometallic compounds (organometallics) are
defined as materials in which there is a bond (ionic
or covalent, localized or delocalized) between one
or more carbon atoms of an organic group or
molecules and the atoms from the Main Group,
transition, lanthanide or actinide metals. The
making and breaking of metal–carbon bonds play
a fundamental role in homogeneous and hetero-

geneous catalysis.1 Numerous reactions of organic
compounds catalyzed by transition-metal com-
plexes have been developed during the last 50
years (e.g. olefin oxidation as in the Wacker
Process, hydroformylation, carbonylation, hydro-
genation, metathesis, Ziegler–Natta polymerization
and oligomerization of olefins) in which reactivity
of M–C bonds of the active intermediate is a crucial
step of the complicated process. Therefore, it is
not unusual that the keynote and plenary lectures
of the recent most representative international
conferences (the 11th International Symposium on
Homogeneous Catalysis, St Andrews, UK, 1998;
the 18th International Conference on Organo-
metallic Chemistry, Munich, Germany, 1998; the
Presymposium of the 10th Symposium on Organo-
metallic Chemistry Directed Towards Organic
Synthesis—Organometallics and Catalysis, Re-
nnes, France, 1999) were dominated by topics
focused on the relations between organometallics
and catalysis. At present, intensive studies, in which
representatives of both fields are cooperating, are
aimed at finding catalytic reactions attractive for
synthetic organic and organometallic chemistry.

Organic derivatives of silicon, as well as other
metalloids (boron, germanium, arsenic), are also
included in the class of organometallic compounds,
and the Si–C bond is the basis of organosilicon
monomers and polymers of great industrial appli-
cation.

On the other hand, if such metalloids (p-block)
replace the carbon atom in the metal–carbon
bonding, then they really form metal–nonmetal
bonding. Such compounds are the subject of the
new field of study recently called ‘inorganometallic
chemistry’.2 In particular, compounds containingd-
block–p-block element bonds, which although
closely related to organometallics yet are distinctly
different from them, can play a significant role as
catalysts in transformations ofp-block compounds.
Since silicon is the most common and useful
element amongp-block elements, the reactivity of
metal–silicon and particularly transition metal–
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silicon bondsis a key point in mostconversionsof
silicon compoundscatalyzedby transition-metal
complexes.Numerousdevelopmentshavebeenthe
subject of comprehensivereviews in synthetic,
stoichiometricand catalytic chemistry of metal–
silicon bondingin recentyears.3–6

Therefore,althoughin catalytic conversionsof
(organo)silicon compoundsonly hydrosilylation
reactionsarewell knownasprocessesof industrial
importance,7–10 since 1985 other reactions of
silicon compoundscatalyzedby transition-metal
complexeshave been revealedand spectacularly
developed.Most of them occur via a mechanism
involving metal–silicon and metal–hydrogen
bonds,only occasionallyaccompanied(or sided)
by metal–carbonbonds.

The aim of this overviewis to presentthe main
typesof conversionsin which intermediateswith a
metal–silicon bond (i.e. silicometallics versus
organometallics)playadecisiverolein mechanistic
implicationsof the new and well-known catalytic
reactionsof silicon-containingsubstrates.

HYDROSILYLATION AND
DEHYDROGENATIVE SILYLATION
OF ALKENES AND ALKYNES

Many reviewsandpublicationsexplainthemecha-
nism of catalysisof hydrosilylationby transition-
metal complexesproposedin 1965 by Chalk and
Harrod. This mechanism,originally derived from
studies of chloroplatinic acid as a precursor

(platinum catalyst)provideda qualitative rational
generalization for other transition-metal com-
plexes.11 The mechanisticschemepresentscon-
ventionaloxidativeaddition–reductiveelimination
stepsto explain the hydrosilylation.The oxidative
additionof trisubstitutedsilanes,HSiR3 to ametal–
alkenecomplexconfiguration(usuallywith d8 and
d10) is followed by migratory insertionof alkene
into an M–H bond and the resulting metal(sily-
l)(alkyl) complexundergoesreductiveelimination
by Si–C bond formation and regenerationof the
metal–alkenecomplexin excessof alkene.Sincea
facile reductive elimination of silylalkane from
alkyl–[M]–SiR3 specieswasnotwell establishedin
stoichiometricreaction,a modified Chalk–Harrod
mechanismwas proposed12 to explain the forma-
tion of an unsaturated(vinylsilane) organosilicon
product,which involves alkeneinsertion into the
metal–silyl bond followed by C–H reductive
elimination(Scheme1).13

Recentdetailedtheoreticalstudiesof platinum-
catalyzedhydrosilylationof ethylene13,14 led to a
conclusionthat this processproceedsthroughthe
Chalk–Harrod mechanism.The rate-determining
stepin this mechanismis the isomerizationof the
Pt(silyl)(alkyl) complexformedby ethyleneinser-
tion into the Pt–H bond,andthe activationbarrier
of this step is 23kcalmolÿ1 for R = Me and
ÿ26kcalmolÿ1 for R = Cl). In the modified
Chalk–Harrodmechanism,however, the rate-de-
terminingstepis ethyleneinsertioninto thePt–SiR3
bondandits barrieris 44kcalmolÿ1 for R = Me and
60kcalmolÿ1 for R = Cl.

In contrastto theplatinum-catalyzed hydrosilyl-
ation, the complexesof the iron (iron, ruthenium,
osmium) and cobalt (cobalt, rhodium, iridium)
triads catalyzedehydrogenativesilylation (forma-
tion of vinylsilanes)competitivelywith the hydro-
silylation (seeEqn [1]).12,15,16

The reactionoccursvia potential formation of
a complex containing s-alkyl and s-silylalkyl
ligands.The b-H transferfrom the two ligandsto
themetalproceedingconcurrentlyis adecisivestep
for two alternative reactions,i.e. hydrosilylation
and/or dehydrogenativesilylation of olefins; the
catalyticandsyntheticaspectsof this reactionhave
recentlybeenreviewed.17

The migratory insertion (silyl migration) of
Scheme1 Chalk–Harrodmechanismfor hydrosilylation of
alkenes.

Copyright# 2000JohnWiley & Sons,Ltd. Appl. Organometal.Chem.14, 527–538(2000)

528 B. MARCINIEC



alkene into the M–Si bond is a key step for the
dehydrogenativesilylation catalyzedby late transi-
tion-metalcomplexes.The first convincingresults
for mechanisticpathwaysinvolving this stepwere
presentedby Seitz and Wrighton (Scheme2) and
obtainedin a photochemicalstudyof the reaction
with the Me3SiCo(CO)4 complex.15 The insertion
of ethyleneinto theCo–SiMe3 bondwasconfirmed
spectroscopically.

Duckett and Perutzusedthe samesystembut
with CpRh(C2H4)(SiEt3)H as a precursor,finally
proposingan alternative mechanismbasedon a
‘two-silicon cycle’ as illustrated in Scheme3.18

This mechanismincludesthe initial formation of
CpRh(C2H5)SiEt3 (Cp= cyclopentadienyl), fol-
lowed by ethyleneinsertion(silyl migrationstep),
but the integrity of the original etheneligand is
proved to be retained.The oxidative addition of
Et3SiH would generatea rhodium(V) intermediate
containing two silyl groups. Such rhodium(V)
intermediates(e.g.Z5-C5Me5Rh(H)2(SiEt3)2) were
earlierproposedby the Maitlis group.19,20 Numer-
ousexamplesof olefin insertioninto M–Si bonds,
which havebeendemonstratedfor iron,16 cobalt,15

ruthenium21 and rhodium18,22 complexes,support
theevidencefor thegeneralityof this reaction.

Dehydrogenativesilylation hasrecentlybecome
a useful method for synthesis of unsaturated

organosiliconcompoundsalthoughits drawbackis
the formation of a mixture of both types of
products.23 However, some reactions involving
exclusiveor highly selectiveformationof vinylsi-
laneshave also beenreported,particularly in the
presenceof ruthenium,ironandrhodiumcomplexes
[recent examplesare RuH2(H2)2(PCy3)2

24 (Cy =
cyclohexyl) and Rh(cod)2BF4

26 (cod= cyclo-octa-
diene).Themechanismof thesereactionsoccurring
in the presenceof the latter cationiccomplexalso
involvestheinsertionof olefinintoRh–HandRh–Si
bondsasthecrucialpathwayof catalysis.

In the presence of nickel complexes, the
dehydrogenative silylation of vinylsilanes,27,28

styrene28,29 and other olefins29 proceedsvia three
steps yielding the unsaturatedproduct and the
respectivehydrogenatedproductsof direct dehy-
drogenation(DC) andolefinhydrogenation(DS-1),
as well as hydrogenateddimerization (DS-2)
accordingto Eqns[2a]–[2c].28

The nickel equivalentof the Karstedt catalyst

Scheme2 Seitz–Wrighton mechanism for hydrosilylation
anddehydrogenativesilylation of alkenes.

Scheme3 Duckett–Perutz‘two-silicon cycle’ mechanismfor
hydrosilylationof alkenes.
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[{Ni( Z-CH2=CHSiMe2)2O}2{(�)-(Z-CH2=CHSi
Me2)2O}] (1) appearedto be a very efficient
catalyst for the dehydrogenativesilylation of
vinyl derivatives.Synthesisof bis(triethoxy(silyl)
divinyltetramethyldisiloxane) nickel complex (3)
and particularly the first documentedinsertionof
olefin(styrene)into theNi–Si bondof thiscomplex
as well as all the catalytic data allowed us to
proposea schemeof catalysisof this reaction.28

This schemeshowsthatall thereactionsoccurasa
consequenceof the insertion of vinylsilane into
Ni–Si, Ni–H andNi–C bonds(Scheme4).

Recently,interestingvariationsandextensionsof
dehydrogenativesilylation havebeenreported,e.g.
rhodium-catalyzedreactionof trisubstitutedsilanes
with divinyldiorganosilanes,30 platinum complex-
catalyzed dehydrogenativedouble silylation of
dieneswith bis(hydrosilane)compounds31 andthe
reactionof 1-alkeneswith disilanes.32

Dehydrogenativesilylation of alkynesalsomay
become a predominant route under optimum
conditions.7–10,23 According to the Crabtreecon-

cept, in the presenceof (for example)the cationic
iridium complex[IrH(H2O)(bq)L2]SbF6 (L= PPh3,
bq= [7,8]benzoquinolinato), the above process
occurs via the migratory insertion of the C�C
bondinto theM–Si bondfollowedby isomerization
of thevinylic ligandaccordingto Eqn [3].33

Whereasthe hydrosilylation and dehydrogena-
tive silylation catalyzedby late transitionmetalsis
explainedby insertionof the alkene(alkyne) into
M–Si and M–H bonds the olefin hydrosilylation
catalyzedby early transitionmetalsoccursvia as-
bondmetathesisreaction,i.e. througha concerted
four-centertransitionstate.34

In zirconium-catalyzedhydrosilylation,analkyl-

Scheme4 Mechanismfor dehydrogenativesilylation of alkenesin thepresenceof thenickel
equivalentof the Karstedtcatalyst.
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silanemaybeformedvia thepreliminaryinsertion
of the alkeneinto the M–Si bond followed by s-
bondmetathesiswith hydrosilanes,alsoregenerat-
ing theM–Si complex(Eqn [4]).

Direct evidencefor the silyl migrationmechan-
ism operativein a catalytic hydrosilylation path-
way waspresentedby BrookhartandGrant35 using
the electrophiliccobalt(III) cationic complex.The
pathwayshownin Scheme5 involves insertionof
hexeneinto the Co–Si bond {[Cp*Co[P(OMe)3]
CH2CH2-�-H]�[BAr4]

ÿ where Ar = 3,5-(CF3)2
C6H3}; Cp* = pentamethyl cyclopentadienyl. A
comprehensivemechanisticstudy (deuterium la-
beling and spectroscopicexperimentsas well as
kinetics) hassupplieda proof for formation of a
secondaryalkyl–cobalt complex with agostic (�-
H) bonding(2) andits unexpectedisomerizationto
the primary alkyl(silyl)cobalt complexwith (�-H)
bonding (3) (see Scheme 5). The latter is a
turnover-limiting step of the whole process.The
final stepyielding the Si–C compoundcan occur
eithervia oxidativeadditionof silaneat a cationic
cobalt(III) center to yield a cationic cobalt(V)
intermediate (as in the case of Duckett and

Perutz18 and Maitlis19,20 mechanisms)or alterna-
tively via the s-bond metathesisprocessmen-
tionedabove.

SILYLATIVE COUPLING VERSUS
CROSS-METATHESIS OF
VINYLSILANES WITH ALKENES

Although many metallacarbenese.g. of molybde-
num,tungstenandrutheriumcatalyzethemetathe-
tical conversion of silicon-containing olefins,
neithereffective self-metathesisnot acyclic diene
metathesis(ADMET) polymerization of vinyl-
substitutedorganosiliconolefins and dienes(e.g.
vinylsilanes, divinyldiorganosilanes) occurring
evenin thepresenceof well-definedmolybdenum,
tungstenor rutheniumcomplexeshasbeenreported
yet.36,37 Inactivity of metallacarbeneinitiators in
productive homometathesisof vinylsilanes is
accountedfor by steric effects and a relative
stability of the silyl-substitutedcarbenesbonded
to the metal.38 However, the successfulcross-
metathesis of vinyl-substituted silsesquioxanes
with alkenes,39 and above all our recent experi-
ments on the efficient cross-metathesisof vinyl-
trialkoxysilanes and vinyltrisiloxysilanes with
styrene40—all occurring in the presenceof ruthe-
niumcarbenes—maybetheproperroutefor finding
circumstancesfor generalizationof the reaction
which proceedsaccordingto Eqn [5].

On the otherhand,recentreportson disproportio-
nationof vinyl-substitutedsilicon compoundsand
their co-disproportionation(trans-silylation, silyl
group transfer) with olefins, catalyzedby ruthe-
nium,41–43 rhodium44 and cobalt45 complexes
containing(or generating)M–H and M–Si bonds,
have shown that new reactions occur through
the cleavageof the =C–Si bond of vinylsilane
and the =C–H bond of the olefin (also of vinyl-
silane in the self-disproportionation) accordingto
Eqn [6].

The latter reaction is conceptually related to

Scheme5 Brookhardand Grantmechanismfor silyl migra-
tion mechanismof the hydrosilylationcatalyzedby cobalt(III)
cationiccomplex.
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dehydrogenativesilylation sincethe basicreaction
involvesthesilylationof asubstratesuchasstyrene
by vinylsilaneinsteadthehydrosilane.

A mechanistic scheme of this new type of
silylolefin conversioninvolvesthemigratoryinser-
tion of styrene(or vinylsilane) into an M–Si bond
(whereM = Ru,41–43Rh,44 Co45) or vinylsilaneinto
an M–H bond, followed by b-H (and b-Si)
eliminationto give E–phenylsilylethene(andethy-
lene)(seeScheme6 for M = Ru).

This mechanismof catalysis was proved by
insertionof ethylene,41 vinylsilane42,45or styrene43

into M–Si (whereM = Ru, Rh, Co) bondsby the
stoichiometricreactionsaswell as,aboveall, by a
newdiagnostictool in this typeof thereaction,i.e.
mass-spectrometric(MS) study of the product of
the deuteratedstyrene with vinylsilane,43,44 or
deuteratedvinylsilanewith vinyl alkyl ethers.46

A recentcontributionto this field is a discovery
of newcatalyticreactionsof vinylsiloxanes,namely
their silylative homocouplingandtheir heterocou-
pling with styrene47 in thepresenceof ruthenium,47

rhodium48 andcobalt.45

Moreover,similarly to the casefor monovinyl-
substitutedsilanes and siloxanes,divinyl-substi-
tuted silicon compoundsundergoefficient cross-
couplingpolycondensationtoyield linearoligomers
(mostly, if ruthenium complexes are used as
catalysts)49–51 or cyclic dimers52,53 and trimers54

particularly if a rhodium catalyst is applied)

(Scheme7). Under the optimum conditions the
reactiongivessilylene-vinylene,49 siloxylene-viny-
lene50 andsilazanylene-vinylene51 oligomers(Mw/
Mn �1500ÿ 2400).Mw/Mn = 1.16–1.21)identified
by the 1H NMR DEPT method to determinea
chainwith trans-1,2and1,1 isomers.Thepresence
of the latter andinactivity of metalcarbenesin the
abovereaction in the homometathesis(ADMET)
polymerization of divinyl derivatives of silanes
andsiloxanesconfirma non-metallacarbene mech-
anism for this reactionand it is further evidence
for the mechanismgiven above (Eqn [6]). This
new, efficient route for preparationof organo-
silicon linear andcyclic oligomersasan extension
of the silylative coupling (trans-silylation) of
alkenesto dieneshas recently been overviewed
separatedly.55

DEHYDROGENATIVE COUPLING OF
SILANES

Dehydrocouplingof primary silanesto producean
Si–Si bond beganin practicewith the discovery
made by Harrod and co-workersthat Cp2MMe2
(whereM = Ti, Zr) initiated (poly)condensationof
PhSiH3 to produceshortpolymers.56,57Tilley’s58,59

and Corey’s60,61 groups developedand utilized
otheractivecatalyticsystems,mainly the Group4

Scheme7 Polycondensationversus intermolecularcycliza-
tion of divinyl-substitutedsilicon compoundscatalyzed by
ruthenium,rhodiumandcobaltcomplexes.

Scheme6 Mechanismfor silylative couplingof vinylsilanes
with styrenecatalyzedby Ru–Hand/orRu–Sicomplexes.
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metallocenes(but recentlylanthanidemetallocenes
also,asreportedby Marksgroup62) for mechanistic
andsyntheticstudies(e.g.Cp2TiMe2Cp)ZrH2.

58–61.
The dehydrocouplingoccursaccordingto Eqn [7].
The reaction constitutesthe only alternative to
Wurtz coupling for the formation of Si–Si bonds
andcan thereforebe usedsuccessfullyto produce
pre-ceramic materials.63 The condensation of
secondarysilanes requiresmore rigorous condi-
tionsandnocatalystyethasbeenreportedto couple
tertiary silanesefficiently.61

Two mechanismshave beensuggestedfor the
dehydrocouplingof silanes.The first, originally
presentedby Harrod, is basedon the oxidative
additionandreductiveeliminationsequenceswith
the intermediacyof transition-metalsilylenecom-
plexes, but it requires that secondary silanes
terminateat the disilane stage(which is not the
case).The currently acceptedmechanismfor the
dehydropolymerizationof hydrosilanesto polysi-
lanes, as catalyzed by early transition-metal
metallocenederivatives,wasformulatedby Tilley
on the basis of the chemistry of CpCp*M[Si
(SiMe3)3]Cl (M = Zr, Hf).64 This mechanism
(Scheme8) is basedon two s-bond metathesis
reactionsthat passthrough four-centertransition
states,i.e. (1) thedehydrometallationof silanewith
a metal hydride to give hydrogenand an M–Si

intermediateand (2) coupling of the latter metal–
silyl derivative with hydrosilaneto produce(oli-
go)silaneand regeneratethe active metal hydride
catalyst.

Quite unusualfunctionalizationof C–H bonds
catalyzedby ruthenium and rhodium complexes
was found by the Berry group.65 The (Z6-arene)r-
uthenium complexes and isoelectronic (Z5-
C5Me5)Rh analoguescatalyzethedehydrocoupling
of Et3SiH to a carbosilanedimer in thepresenceof
hydrogenacceptorssuch as alkenes(Scheme9).
Only tracesof the productsof the hydrosilylation
anddehydrogenativesilylation of alkeneanalogous
to thoseobservedby Duckett18 andMaitlis19,20for
theircatalystswerefound.Therefore,manystepsin
the mechanismproposedby Berry are identical to
thosepresentedin Scheme3 but thecrucialstepof
this new exampleof Si–C bond formation is a b-
hydrogenelimination from a silyl ligand followed
by aninsertionof Z2-silenecoordinatedto themetal
into the M–Si bond (silyl migration to silene
carbon). Addition of Et3SiH to the metal and
elimination of the bulkier silane complete the
catalyticcycle.

Someattemptswere madeto preparepolysila-
zanesvia dehydrogenativecouplingof diorganosi-
lanes with ammonia66 and dehydrogenative
polymerization of oligosilazanes,67 using Ru3
(CO)12 asa catalyst(Eqns[8a], [8b]).

Scheme8 The s-bond metathesismechanismfor dehydro-
couplingof primary silanes.

Scheme9 Berry mechanismfor dehydrocouplingof Et3SiH
catalyzedby rutheniumandrhodiumcomplexes.
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Thesetwo reactionsproducematerialsthat are
precursorsfor the pyrolytic generationof silicon
nitride. By comparisonwith the Tilley mechanism
for dehydrogenativehomocouplingof hydrosilanes
(seeScheme8), in the caseof its heterocoupling
with NH3 or RNH2 the first step is oxidative
additionof thehydrosilanewith evolutionof H2 and
formation of an M–Si intermediate.But the Si–N
bondformationis dueto nucleophilicattackof the
amineat thesilicon (M–Si) intermediate,eliminat-
ing silazaneandregeneratingtheM–H intermediate
accordingto Eqn [9].

Thelatterintermediateundergoesintermolecular
polymerization according to the mechanismof
dehydroheterocoupling summarizedin Eqn [8b].

BIS-SILYLATION OF UNSATURATED
ORGANIC COMPOUNDS

The catalytic addition of the Si–Si bond to
unsaturatedorganic compoundssuch as alkynes,
alkenes,dienes,a,b-unsaturatedketonesand iso-
cyanideshasbeendevelopedsince1985to provide
new methodologiesfor the effective synthesisof
organosilicon compounds.68–71 Since the bond
energy of the Si–Si bond (74–80kcal molÿ1) is
similar to that of the Si–H bond (88–92kcal
molÿ1), it is reasonable to assume that the
oxidative addition of an Si–Si bond would also
be a facile processand would offer the potential
for formation of bis(silyl), silyl(silylene), silylene
and disilane complexesoften at equilibrium with
eachother.68 Thegeneraltrendsof catalysisin this
areahave beenreviewedrecently69–73 to empha-
size a wide rangeof potential catalytic processes
which can be arranged. Some of them are
mentionedbelow.

Interestin this areabeganwith the preliminary
reportsby Kumadaon the additionof Si–Si bonds
to acetylenes74 but the finding by the Tanaka
group75 that Pd(PPh3)4 is an effective catalystof
the addition of substituteddisilane to ethylene
resulted in the common application of many
palladium and platinum complexesin bis-silyla-
tion of otherolefins.Thereactionproceedsreadily
only when the Si–Si bonds are activated by
electronegativegroupsor ring strain.To overcome
this drawback,severalnew catalytic systemshave
beendevisedfor thereactionsof acetylenes,dienes
and dicarbonyl compounds with non-activated
Si–Si bonds.69

The catalysis of bis-silylation of alkynes and
alkenesproceedssimilarly i.e. via oxidative addi-
tion of the disilane to a palladium complex
followed by insertion of alkyne (or alkene) into
one of the resulting Pd–Si bonds, and finally
reductiveelimination of 1,2-bis(silyl)ethylene(or
the respectivebis-silylethane)from the silyl(b-
silylethylene)-[or silyl(b-silylethyl]-palladium in-
termediate(seeScheme10 for thebis-silylationof
alkynes).

Synthesisand isolation of stable palladium–
bis(silyl) complexesby Fink’s groupandeffective
stoichiometric insertion of dimethylacetylenedi-
carboxylateinto oneof thePd–Sibondsgiving the
expectedbis-silylationproduct(Eqn[10]) appeared
to be spectacularevidencefor migratory insertion
of an unsaturatedcompoundinto a Pd–Si bond
duringbis-silylation.76

Scheme10 Mechanismfor bis-silylationof alkynescatalyzed
by palladiumcomplexes.
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Examplesof reactionscatalyzedpredominantly
by palladium and platinum (some by nickel)
complexesillustrate the reactivity of the Si–Si
bond in intermolecular (Eqns [11]–[13] and
intramolecular79 (Eqns [14],[15]) bis-silylation
reactions.

Alkynes77

Allenes78

Isonitriles79

Alkynes80

Alkenes81

Much attention has been directed towards
modification or synthesis of silicon-containing
polymers via insertion of an unsaturatedcom-
poundinto Si–Si bondsof the polymerbackbone,
e.g.:

(a) insertion of alkynes to polymers to give a
soluble polymer consistingof alternating di-

methylsilylene and hexylvinylene units (Eqn
[16]);72

(b) insertion of dicarbonyl compounds (Eqn
[17]);72

(c) ring-openingpolymerizationof cyclic organo-
disilanes(Eqn [18]);82

(d) ring-enlargement oligomerization83 (see
Scheme11).

SILYLFORMYLATION OF ALKYNES

Catalyticsilylformylation is definedastheaddition
of silyl andformyl groupsacrossvarioustypesof
bondswith useof a silane(R3SiH) and CO. The
reactionwas discoveredby Colleuille84 and latter

Scheme11 Mechanismfor ring-enlargementoligomerization
of cyclic organodisilanes.
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developedby Murai85,86 as a Co2(CO)8-catalyzed
silylformylation of aldehydes,epoxidesandcyclic
ethers.In thecaseof alkenesformationof thesilyl
enol ether of the formylated alkene is observed
(Eqns[19a]–[19c])insteadof silylformylation.

By contrast to carbonylationof olefin deriva-
tives, a real silylformylation of alkynes was
revealed independently by Matsuda’s87,88 and
Ojima’s89 groupsto yield silylvinyl aldehydesin
the presenceof rhodiumcomplexesandrhodium–
cobaltclusters90 (Eqn [20]).

A generalizedcatalyticcycle for thesilylformy-

lation of 1-alkynescatalyzedby rhodium–cobalt
clustersis illustratedin Scheme12. The reactions
include the extremelyregio-, stereo-and chemo-
selectiveinsertionof 1-alkyneinto the(M)–Si bond
of the silyl(hydrido)metal intermediateto form 2-
silylvinyl-(M n) complex, followed by a facile
insertionof CO into thevinyl–metalbondto create
a 3-silylacryloyl(H)(M)2 complex. A subsequent
hydride shift gives the silylformylation product
and, in an excess of hydrosilanes,the (HM–
silyl)metal speciesis regenerated.

In the courseof a studyon alkynesilylformyla-
tion, the relatedreactionsof silylative cyclocarbo-
nylation of alkynes, silylcarbocyclization of
alkenynes,dyensandotherrelatedtransformations
of C�C bondsin the presenceof HSiR3 and CO
were revealed.91–96 Most of them occur via the
insertion of the C�C bond into the M–Si bond
followed by the insertion of CO into the metal–
vinyl bond.

CONCLUSIONS

1. Recentachievementsin synthesisandcharacter-
ization of complexescontaining metal–silicon
bonds and, in particular, their reactivity in
stoichiometricreactions,form thebasisfor their
applicationasintermediatesin manyreactionsof
silicon substrates.

2. Mechanismsof all the catalytic reactionsover-
viewed—suchas hydrosilylation,dehydrogena-
tive silylation and doublesilylation of alkenes
and alkynes, silylative coupling versuscross-
metathesis of vinylsilicon compounds with
alkenesand polycondensationof divinylsubsti-
tuted silicon compoundsversusADMET poly-
merization,dehydrocouplingof hydrosilanesand
silylformylation of alkynes versus that of
alkenes—canbe explained by formation of
active intermediatescontaining metal–silicon
bonds and metal–hydrogenbonds only occa-
sionally accompanied(or sided) by the inter-
mediatesincluding metal–carbonbonds.

3. Thecollectedexperimentalmaterialon catalysis
by transition-metalcomplexesexemplified in
thisoverviewcanberegardedasaninitial stepin
the search for new catalytic conversionsof
silicon- and carbon-containingsubstratesor,
generally,p-block element– carboncontaining
substrates,occurringvia intermediatesinvolving
metal–siliconor metal– p-block elementbonds,
respectively.

Scheme12 Mechanismfor silylformylation of alkynescata-
lyzed by Rh2 andRh–Coclusters.
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