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Several processes of silicon substrates (such as geneous catalysisNumerous reactions of organic

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

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

Organometallic compounds (organometallics) aremetalloids (boron, germanium, arsenic), are also
defined as materials in which there is a bond (ionicincluded in the class of organometallic compounds,
or covalent, localized or delocalized) between oneand the Si-C bond is the basis of organosilicon
or more carbon atoms of an organic group ormonomers and polymers of great industrial appli-
molecules and the atoms from the Main Group,cation.

transition, lanthanide or actinide metals. The On the other hand, if such metalloidg-tflock)
making and breaking of metal-carbon bonds playreplace the carbon atom in the metal-carbon
a fundamental role in homogeneous and heterObonding, then they really form metal-nonmetal
bonding. Such compounds are the subject of the
* Ctorlrl_eSpgﬂder_lcte torFBogl(tian l]ylagﬁinie_c,t DepAaC;tmen':/I pfk_Org_anO-new field o%‘ study recently called ‘inorganometallic
metallic emistry, Faculty o emistry, am Mickiewicz i ’ i ini
U S b o o o o
E-mail: marcinb@main.amu.edu.pl & -

T Presented at the XIlith FECHEM Conference on OrganometallicClosely related to organometallics yet are distinctly
Chemistry, held 29 August — 3 September 1999, Lisbon, Portugal.different from them, can play a significant role as
* This paper is dedicated to Professor Richard L. Schowen with thecatalysts in transformations pfblock compounds.

author’'s deepest gratitude for introducing him to organosilicon o T ;
chemistry. Since silicon is the most common and useful

Contract/grant sponsor: State Committee for Scientific Research iftlement among-block elements, the reactivity of
Poland; Contract/grant number: 3T09A07413. metal-silicon and particularly transition metal—
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silicon bondsis a key pointin mostconversionof

silicon compoundscatalyzedby transition-metal
complexesNumerousdevelopmentfiavebeenthe
subject of comprehensivereviews in synthetic,

stoichiometricand catalytic chemlstry of metal-
silicon bondingin recentyears®~

Therefore,althoughin catalytic conversionsof
(organo)silicon compoundsonly hydrosilylation
reactlonsarewell knownasprocessesf industrial
importance’™° since 1985 other reactions of
silicon compoundscatalyzedby transition-metal
complexeshave beenrevealedand spectacularly
developed.Most of them occur via a mechanism
involving metal-silicon and metal-hydrogen
bonds, only occasionallyaccompaniedor sided)
by metal-carborbonds.

The aim of this overviewis to presenthe main
typesof conversionsn which intermediatesvith a
metal-silicon bond (i.e. silicometallics versus
organometallicsplay adecisiverole in mechanistic
implications of the new and well-known catalytic
reactionsof silicon-containingsubstrates.

HYDROSILYLATION AND
DEHYDROGENATIVE SILYLATION
OF ALKENES AND ALKYNES

Many reviewsandpublicationsexplainthe mecha-
nism of catalysisof hydrosilylationby transition-
metal complexesproposedin 1965 by Chalk and
Harrod. This mechanismgriginally derived from

studies of chloroplatinic acid as a precursor

P’

/( Chalk-Harrod
mechanism || /

[Pt]u/sl
_\R'

H
[Pt]llgi/ SiR;

Modified Chalk-Harrod
mechanism

Schemel Chalk—Harrodmechanismfor hydrosilylation of
alkenes.
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(platinum catalyst) provided a qualitative rational
generallzatlon for other transition-metal com-
plexes!' The mechanisticschemepresentscon-
ventional oxidative addition—reductiveelimination
stepsto explainthe hydrosilylation. The oxidative
additionof trisubstitutedsilanes HSiR; to a metal—
alkenecomplexconfiguration(usually with d® and
d*9) is followed by migratory insertion of alkene
into an M—H bond and the resulting metal(sily-
l)(alkyl) complexundergoegeductiveelimination
by Si—C bond formation and regeneratiorof the
metal-alkeneomplexin excesof alkene.Sincea
facile reductive elimination of silylalkane from

alkyl-[M]-SiR5 speciesvasnot well establishedn

stoichiometricreaction,a modified Chalk—Harrod
mechanismwas proposed? to explain the forma-
tion of an unsaturatedvinylsilane) organosilicon
product, which involves alkeneinsertioninto the
metal—silyl bond foIIowed by C-H reductive
elimination (Schemet).*®

Recentdetailedtheoreticalstudiesof platlnum—
catalyzedhydrosilylation of ethylené®*led to a
conclusionthat this processproceedghroughthe
Chalk—Harrod mechanism.The rate-determining
stepin this mechanisnis the isomerizationof the
Pt(silyl)(alkyl) complexformedby ethyleneinser-
tion into the Pt—H bond, andthe activationbarrier
of this step |s 23kcalmol™ for R=Me and
—26kcalmol™ for R=CI). In the modified
Chalk—Harrodmechanism however, the rate-de-
terminingstepis ethylenensertlonlnto thePt-SiR
bondandits barrlerls 44kcalmol™* for R=Meand
60kcalmol™* for R=ClI.

In contrastto the platinum-catalyzd hydrosilyl-
ation, the complexesof the iron (iron, ruthenium,
osmium) and cobalt (cobalt, rhodium, iridium)
triads catalyzedehydrogenativesilylation (forma-
tion of V|nyIsHanes)competmvelywnh the hydro-
silylation (seeEqn [1]) 6

RCH,CH,SiR"; + RCH=CH,
Hydrosilylation
RySi- M-H 2RCH=CH, SR, (1]
H A

RCH=CHSIR’; + RCH,CH,
Dehydrogenative silylation

M=Ru, Fe, Os

The reactionoccursvia potential formation of
a complex containing o-alkyl and o-silylalkyl
ligands.The -H transferfrom the two ligandsto
themetalproceedingoncurrentlyis a decisivestep
for two alternative reactions,i.e. hydrosilylation
and/or dehydrogenativesilylation of olefins; the
catalytlcandsynthetlcas;)ectsnf this reactlonhave
recentlybeenreviewed*

The migratory insertion (silyl migration) of

Appl. Organometal Chem.14, 527-538(2000)
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Scheme2 Seitz—Wrighton mechanism for hydrosilylation
anddehydrogenativsilylation of alkenes.

alkeneinto the M-Si bondis a key stepfor the
dehydrogenativsilylation catalyzedby late transi-
tion-metalcomplexes.The first convincingresults
for mechanistigpathwaysinvolving this stepwere
presentedoy Seitz and Wrighton (Scheme2) and
obtainedin a photochemicalstud)l/ of the reaction
with the Me3SiCo(CO) complex:® The insertion
of ethyleneinto the Co—SiMe bondwasconfirmed
spectroscopically.

Duckett and Perutzusedthe samesystembut
with CpRh(GH,)(SIEE)H as a precursor finally
proposing an alternative mechanismbasedon a
‘two-silicon cycle’ as illustrated in Scheme3.*®
This mechanismincludesthe initial formation of
CpRh(GH5s)SiEt;  (Cp=cyclopentadienyl), fol-
lowed by ethyleneinsertion(silyl migration step),
but the integrity of the original etheneligand is
provedto be retained.The oxidative addition of
Et;SiH would generatea rhodium(V) intermediate
containing two S|IyI groups. Such rhodium(V)
intermediateqe.g. ° C5Me5Rh(H)2(S|E §)2) were
earlierproposedy the Maitlis group®?° Numer-
ous examplesof olefin insertioninto M SI bonds
which havebeendemonstratedor iron,'° cobalt!®
rutheniunt* and rhodium'®?% complexes support
the evidencefor the generalityof this reaction.

Dehydrogenativesilylation hasrecentlybecome
a useful method for synthesis of unsaturated

Copyright© 2000JohnWiley & Sons,Ltd.
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Scheme3 Duckett—Perutztwo-silicon cycle’ mechanisnfor
hydrosilylationof alkenes.

organosiliconcompoundslthoughits drawbackis

the formation of a mixture of both types of

products>® However, some reactions involving

exclusiveor highly selectiveformation of vinylsi-

laneshave also beenreported,particularly in the
presencef rutheniumjron andrhodlumcomplexes
[recent examplesare RuHx( g)z(Pcyg)z (Cy=

cyclohexyl) and Rh(cod}BF,%® (cod= cyclo-octa-
diene).Themechanisnof thesereactionsoccurring
in the presenceof the latter cationic complexalso
involvestheinsertionof olefininto Rh—HandRh-Si
bondsasthe crucial pathwayof catalysis.

In the presence of nickel complexes, the
dehydrogzenatlve silylation of vinylsilanes222
styrené®2° and other olefins® proceedsvia three
steps yielding the unsaturatedproduct and the
respectivehydrogenatecproductsof direct dehy-
drogenation(DC) andolefin hydrogenatior{DS-1),
as well as hydrogenateddlmenzatlon (DS-2)
accordingto Eqns[2a]-[2c] %8

R

R'
N= + HSIR; —> \SiR3 + Hy DC [2a]

R' R
2 \—= + HSiR; —» E\SiR ._ R DS1 [2b]
3
N AR ps2 2
3 \SiR3+ R AV S-
The nickel equivalentof the Karstedt catalyst

Appl. Organometal Chem.14, 527-538(2000)
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Scheme4 Mechanisnfor dehydrogenativsilylation of alkenesn thepresencef thenickel
equivalentof the Karstedtcatalyst.

[{Ni( #-CH,=CHSiM&,),0} o{( 11)-(7-CH,=CHSi
Me,)-0}] (1) appearedto be a very efficient
catalyst for the dehydrogenativesilylation of
vinyl derivatives.Synthesisof bis(triethoxy(silyl)
divinyltetramethyldisiloxae) nickel complex (3)
and particularly the first documentednsertion of
olefin (styrene)into the Ni—Si bondof this complex
as well as all the catalytic data allowed us to
proposea schemeof catalysisof this reaction®®
This schemeshowsthatall thereactionsoccurasa
consequencef the insertion of vinylsilane into
Ni—Si, Ni-H andNi—C bonds(Schemed).
Recently interestingvariationsandextension®f
dehydrogenativsilylation havebeenreported e.g.
rhodium-catalyzedeactionof trisubstitutedsilanes
with divinyldiorganosilane$? platinum complex-
catalyzed dehydrogenativedouble silylation of
dieneswith bis(hydrosilanezompound¥' andthe
reactionof 1-alkeneswith disilanes®
Dehydrogenativesilylation of alkynesalso may
become a [Eredominant route under optimum
conditions’ %23 According to the Crabtreecon-

Copyright© 2000JohnWiley & Sons,Ltd.

cept,in the presenceof (for example)the cationic
iridium complex[IrH(H -0)(bq)L,]SbFs (L= PP,
bg=[7,8]benzoquinolinato), the above process
occurs via the migratory insertion of the C=C
bondinto the M—Si bondfollowed by isomerization
of thevinylic ligand accordingto Eqn[3].%*

M- SiR; " SiR;
s SiR; M
R——H — R'vH = Yy
R 18]
M H
JE— N — + = qj
— s, " M—H R SiR3

Whereasthe hydrosilylation and dehydrogena-
tive silylation catalyzedby late transitionmetalsis
explainedby insertionof the alkene(alkyne) into
M-Si and M—H bondsthe olefin hydrosilylation
catalyzedby early transitionmetalsoccursvia a o-
bond metathesigeaction,i.e. througha concerted
four-centertransitionstate3*

In zirconium-catalyzedhydrosilylation,analkyl-

Appl. Organometal Chem.14, 527-538(2000)
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Scheme5 Brookhardand Grantmechanisnfor silyl migra-
tion mechanisnof the hydrosilylationcatalyzedby cobalt(l11)
cationiccomplex.

silanemay be formedyvia the preliminaryinsertion
of the alkeneinto the M—Si bond followed by ¢-
bondmetathesiwith hydrosilanesalsoregenerat-
ing the M—Si complex(Eqn [4]).

"
l[- ) _/SiRy
) SiR M--C
ISR /= M iR, —>
= R RySi--H [4]

Direct evidencefor the silyl migration mechan-
ism operativein a catalytic hydrosilylation path-
way waspresentedy BrookhartandGrant® using
the electrophiliccobalt(lll) cationic complex.The
pathwayshownin Scheme5 involvesinsertionof
hexeneinto the Co-Si bond {{Cp*Co[P(OMe);]
CH,CH,-ii-H] "[BAr,]~  where Ar=3,5-(Ck)-
CgHs}; Cp* = pentamethyl cyclopentadienyl. A
comprehensivemechanisticstudy (deuteriumla-
beling and spectroscopiexperimentsas well as
kinetics) has supplieda proof for formation of a
secondaryalkyl-cobalt complex with agostic (u-
H) bonding(2) andits unexpectedsomerizatiorto
the primary alkyl(silyl)cobalt complexwith (u-H)
bonding (3) (see Schemeb5). The latter is a
turnover-limiting step of the whole process.The
final stepyielding the Si—-C compoundcan occur
eithervia oxidative addition of silaneat a cationic
cobalt(lll) center to yield a cationic cobalt(V)
intermediate (as in the case of Duckett and

Copyright© 2000JohnWiley & Sons,Ltd.

PerutZ® and Maitlis*®?° mechanismspr alterna-
tively via the o-bond metathesisprocess men-
tioned above.

SILYLATIVE COUPLING VERSUS
CROSS-METATHESIS OF
VINYLSILANES WITH ALKENES

Although many metallacarbenes.g. of molybde-
num, tungsterandrutheriumcatalyzethe metathe-
tical conversion of silicon-containing olefins,
neither effective self-metathesisot acyclic diene
metathesis (ADMET) polymerization of vinyl-
substitutedorganosiliconolefins and dienes(e.g.
vinylsilanes, divinyldiorganosilanes) occurring
evenin the presencef well-definedmolybdenum,
tungstemr rutheniumcomplexeshasbeenreported
yet>°37 |nactivity of metallacarbeneénitiators in
productive homometathesisof vinylsilanes is
accountedfor by steric effects and a relative
stability of the silyl-substitutedcarbenesbonded
to the metal®® However, the successfulcross-
metathesis of vinyl-substituted silsesquioxanes
with alkenes® and aboveall our recentexperi-
ments on the efficient cross-metathesisf vinyl-
trialkoxysilanes and vinyltrisiloxysilanes with
styrenéd®—all occurringin the presenceof ruthe-
niumcarbenes—malgethe properroutefor finding
circumstancedor generalizationof the reaction
which proceedsaccordingto Eqn[5].

CH, CH,

|t H H,C = CH,
CH + CH + 5]
| [ (R'3SiHC=CHR
SiR" R
(E+2)

On the otherhand,recentreportson disproportio-
nation of vinyl-substitutedsilicon compoundsand
their co-disproportionation(trans-silylation, silyl

group transfer) with olefins, catalyzedby ruthe-
nium**** rhodiunf* and cobaif® complexes
containing(or generatingM—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-

silanein the self-disproportimation) accordingto

Eqn|6].

o R
CH, H--C—+H |
Il ‘H CH, CH 2
cH + H+c ="+ ] + | -
-} | CH, T:H N
SiR"3 R .
SiR"; R SiR’;
(E+2)

The latter reaction is conceptually related to

Appl. Organometal Chem.14, 527-538(2000)
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dehydrogenativailylation sincethe basicreaction
involvesthesilylation of asubstratesuchasstyrene
by vinylsilaneinsteadthe hydrosilane.

A mechanistic scheme of this new type of
silylolefin conversiorinvolvesthe migratoryinser-
tion of styrene&or vinylsilane)into an M—Si bond
(whereM = Ru*3Rh* Co423) or vinylsilaneinto
an M-H bond, followed by p-H (and f-Si)
eliminationto give E—phenylsilyletene(andethy-
lene) (seeSchemes for M = Ru).

This mechanismof catalysis was proved bg
insertionof ethylene?! vinylsilang€"?**or styrené
into M-Si (whereM = Ru, Rh, Co) bondshy the
stoichiometricreactionsaswell as,aboveall, by a
newdiagnostictool in this type of thereaction,i.e.
mass-spectrometriMS) study of the product of
the deuteratedstyrene with vinylsilane?*** or
deuteratedsinylsilanewith vinyl alkyl ethers*®

A recentcontributionto this field is a discovery
of newcatalyticreaction®of vinylsiloxanesnamely
their silylative homocouplingand their heterocou-
pling with styrené’ in the presencef ruthenium?’
rhodiunf® and cobalt?®

Moreover,similarly to the casefor monovinyl-
substitutedsilanes and siloxanes, divinyl-substi-
tuted silicon compoundsundergoefficient cross-
couplingpolycondensatioto yield linearoligomers
(mostly, if ruthenium complexes are used as
catalystsj>=* or cyclic dimers®°* and trimers*
particularly if a rhodium catalyst is applied)

(PPh3)3(CO)CIRu—H

PPhj (argon) | - PPhg (argon)

/=/SiR3 - OPPhy (air} __SiR3
PH
}(PPMMCO)CIRWH<
PPha PPh3
H
Cl\Ru/ SiR3 Cl Ru<
oc” ™, oc” (

PPh3 SiR3

// PPh3<Ph

rPha
cl H
C>Ru7:< SiR3
OC” | {i'pn

PPhyH
o | SiR3

Ru
o iy
PPh3 //PPh;;
\Ppha PPhs
CI\r\l' _SiR3 CI\R|u/SiR3
oc” |u\< oc” | 7

PPh3'Ph

PPh3
)(PPM)Z(CO)CIRU— saR:,{
— —

Ph

Scheme6 Mechanismfor silylative coupling of vinylsilanes
with styrenecatalyzedby Ru—H and/orRu—Sicomplexes.
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Scheme7 Polycondensatiorversus intermolecular cycliza-
tion of divinyl-substituted silicon compoundscatalyzed by
ruthenium,rhodiumand cobaltcomplexes.

(Scheme7). Under the optimum conditions the
reactiongivessilylene-vinylene® siloxylene-viny-
lene’® andsilazanylene-vinyler® oligomers(M,,/
M, ~1500— 2400).M,,/M,, = 1.16-1.21)dentified
by the 'H NMR DEPT methodto determinea
chainwith trans-1,2and1,1lisomers.The presence
of the latter andinactivity of metalcarbenesn the
abovereactionin the homometathesi$ADMET)
polymerization of divinyl derivatives of silanes
andsiloxanesconfirma non-metallacarbesmmech-
anismfor 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 (transsilylation) of
alkenesto dieneshas recently been overviewed
separatedly®

DEHYDROGENATIVE COUPLING OF
SILANES

Dehydrocouplingof primary silanesto producean
Si—Si bond beganin practice with the discovery
made by Harrod and co-workersthat Cp,MMe,
(whereM =Ti, Zr) initiated (poly)condensatiomf
PhSiH; to produceshortpolymers>®->"Tilley’s 8:5°
and Corey'$%%! groups developedand utilized
otheractive catalytic systemsmainly the Group4

Appl. Organometal Chem.14, 527-538(2000)
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Scheme8 The g-bond metathesismechanismfor dehydro- S\‘\/Rl“ g
couplingof primary silanes. L siet,

metallocenegbut recentlylanthanidemetallocenes
also,asreportecby Marksgroug?) for mechanistic
andsyntheticstudies(e.g.Cp, TiMe,Cp)ZrH,.>8 1
The dehydrocouplingpoccursaccordingto Eqn[7].
The reaction constitutesthe only alternative to
Wurtz coupling for the formation of Si—Si bonds
and canthereforebe usedsuccessfullyto produce
pre-ceramic materials®®> The condensation of
secondarysilanes requires more rigorous condi-
tionsandnocatalystyethasbeenreportedo couple
tertiary silanesefficiently ©*

7 j
n H—Si—H —» H{Si}H + (n-1) H, [7]
n

|
R R

R =H, Me, Bu, Ph; R'=Me, Ph

Two mechanismdave beensuggestedor the
dehydrocouplingof silanes. The first, originally
presentedby Harrod, is basedon the oxidative
additionandreductiveelimination sequencesvith
the intermediacyof transition-metakilylene com-
plexes, but it requires that secondary silanes
terminateat the disilane stage (which is not the
case).The currently acceptedmechanismfor the
dehydropolymerizatiorof hydrosilanesto polysi-
lanes, as catalyzed by early transition-metal
metallocenaderivatives,was formulatedby Tilley
on the basis of the chemistry of CpCp*M[Si
(SiMe3)s]Cl (M =Zr, Hf).%* This mechanism
(Scheme8) is basedon two ¢-bond metathesis
reactionsthat passthrough four-centertransition
statesj.e. (1) thedehydrometallatiomf silanewith
a metal hydride to give hydrogenand an M-Si

Copyright© 2000JohnWiley & Sons,Ltd.
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Scheme9 Berry mechanisnfor dehydrocouplingof EtzSiH
catalyzedby rutheniumandrhodiumcomplexes.

intermediateand (2) coupling of the latter metal—
silyl derivative with hydrosilaneto produce(oli-

go)silaneand regeneratehe active metal hydride
catalyst.

Quite unusualfunctionalizationof C-H bonds
catalyzedby ruthenium and rhodium complexes
was found by the Berry group®® The (y°-arene)r-
uthenium complexes and isoelectronic (-
CsMes)Rh analoguegatalyzethe dehydrocoupling
of Et3SiH to a carbosilanadimerin the presencef
hydrogenacceptorssuch as alkenes(Scheme9).
Only tracesof the productsof the hydrosilylation
anddehydrogenativsilylation of alkeneanalogous
to thoseobservedy Duckett® and Maitlis*°*“for
their catalystaverefound. Therefore manystepsn
the mechanisnproposedby Berry areidenticalto
thosepresentedn Scheme3 but the crucial stepof
this new exampleof Si—C bond formationis a f-
hydrogeneliminationfrom a silyl ligand followed
by aninsertionof 5?-silenecoordinatedo themetal
into the M—Si bond (silyl migration to silene
carbon). Addition of Et:SiH to the metal and
elimination of the bulkier silane complete the
catalyticcycle.

Someattemptswere madeto preparepolysila-
zanesvia dehydrogenativeoupling of diorganosi-
lanes with ammonid® and dehydrogenative
polymerization of oligosilazane$/ using Rus
(CO),, asa catalyst(Egns[8a], [8b]).

Appl. Organometal Chem.14, 527-538(2000)
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=SiH + H-N €Oz

(NH3)

=Si—N= [8a]
{polymer)
Mn =1000 - 7000

H

L Ru3(COh2
MeNH ?lNMe H —gwoc >~ polymer + Hj [8b]

H x

Mn=700 Mp= 1600

Thesetwo reactionsproducematerialsthat are
precursorsfor the pyrolytic generationof silicon
nitride. By comparisorwith the Tilley mechanism
for dehydrogenativomocouplingof hydrosilanes
(seeScheme8), in the caseof its heterocoupling
with NHz or RNH, the first step is oxidative
additionof thehydrosilaneawith evolutionof H, and
formation of an M-Si intermediate But the Si-N
bondformationis dueto nucleophilicattackof the
amineat the silicon (M—Si) intermediategliminat-
ing silazaneandregeneratinghe M—H intermediate
accordingto Eqn[9].

H2NR

[Ru]- SiH,R'

[Rul- SlinR' [Rul-H 9]
NH,R }

R'H,SiH,NHR

Thelatterintermediataundergoedntermolecular
polymerization according to the mechanismof
dehydroheterocolipg summarizedn Egn[8b].

Schemel0 Mechanisnfor bis-silylationof alkynescatalyzed
by palladiumcomplexes.
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BIS-SILYLATION OF UNSATURATED
ORGANIC COMPOUNDS

The catalytic addition of the Si-Si bond to
unsaturatedorganic compoundssuch as alkynes,
alkenes,dienes,q,f-unsaturatecketonesand iso-
cyanideshasbeendevelopedsince1985to provide
new methodologiedor the effective synthesisof
organosilicon compound$®~"! Since the bond
energy of the Si-Si bond (74-80kcal mol™) is
similar to that of the Si—-H bond (88—92kcal
molfl), it is reasonableto 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®® The generaltrendsof catalysisin this
areahave beenreviewedrecently®~"*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 addition of Si—Sibonds
to acetylene¥’ but the finding by the Tanaka
group’® that Pd(PPR), 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.The reactionproceedseadily
only when the Si-Si bonds are activated by
electronegativgyroupsor ring strain. To overcome
this drawback,severalnew catalytic systemshave
beendevisedfor thereactionsof acetylenesgienes
and dicarbonyl compounds with non-activated
Si-Sibonds®®

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
reductive elimination of 1,2-bis(silyl)ethylene(or
the respective bis-silylethane)from the silyl(f-
silylethylene)-[or silyl( f-silylethyl]-palladium in-
termediatgseeSchemel0 for the bis-silylation of
alkynes).

Synthesisand isolation of stable palladium—
bis(silyl) complexeshy Fink’s groupand effective
stoichiometricinsertion of dimethylacetylenedi-
carboxylateinto one of the Pd—Sibondsgiving the
expectedis-silylationproduct(Eqn[10]) appeared
to be spectaculaevidencefor migratoryinsertion
of an unsaturatedcompoundinto a Pd-Si bond
during bis-silylation.®
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Cy,
P, ,SiRMeH  Meg,cc=CCO,Me
BN SIRM R=Me
P iRMeH
Cyz
[10]
Cy.
P
[ \Pd (o) + M602C\_/ CO;Me
P HMe,Si” > SiMe,H
Cy,

Examplesof reactionscatalyzedpredominantly
by palladium and platinum (some by nickel)
complexesillustrate the reactivity of the Si—Si

bond in intermolecular (Eqns [11]-[13] and
intramoleculaf® (Eqns [14],[15]) bis-silylation
reactions.
Alkyneg’

QM — G . e % R'Me.Si i '
R'SiMe; SiMe;R' + R"C=CH % ezR"'/L_\/i'MezR 1]
R' =Me, Ph; R"" =11, n-hex, Ph
Allenes®

)
XMe8i—SiMe;X + CHp=C=CHR —2P™liy oy — - CH-SiMeX (12]
SiMeX
Isonitriles’®
thS' s?h; Ph, sth
13l
[T+ phon=c PO §7 by [13]

Si—Si |\Si
Phy Ph; Phy Phsy
Alkyne§°

Me;, Me;

Si—sij A
[I Sibes Pd(OAc),, X XNG [S' SiMe; (4]

Si%SiMe;; 140°C, toluene si SiMe;

Me, 1x10°Pa Me,

Alkene§!
\//Me

Pd{OAc), X XNC
toluene

Messi S — Ve
Me,Si [1s]
2 \o

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

(a) insertion of alkynesto polymersto give a
soluble polymer consisting of alternating di-

Me;Si—SiMe,—O

Copyright© 2000JohnWiley & Sons,Ltd.

N\
C .7Si3
Y ./
S Pd°L, C P
s
N N \
Coeac S'Q s
UL PdL
X oR ( 2

-5
si¢ " s
L=CNR oligomers

Schemell Mechanisnfor ring-enlargemendligomerization
of cyclic organodisilanes.

meth¥lsilylene and hexylvinylene units (Eqn

[16]);
I\‘Ile M

—{Si%— + RC=cH —fdscat, ~< /J“X % [16]
R /n

R =Me, Pr; R’ =hexyl

(b) |nsert|on of dicarbonyl compounds (Egn

17):"
%s- (Yo } "

<< _Pdcat.
120°C
Pd cat. = PdCIy(PEts),

(c) ring- openmgpolymenzaﬂonof cyclic organo-
disilanes(Eqn[18]);%2

m Pd cat./FMe,Si-SiMeoF
i—Si e 18]
Me; Me; Mez ez n

§i—S$8

(d) ring-enlargement oligomerizatioff®
Schemell).

(see

SILYLFORMYLATION OF ALKYNES

Catalyticsilylformylation is definedasthe addition
of silyl andformyl groupsacrossvarioustypesof
bondswith useof a silane (R;SiH) and CO. The
reactionwas discoveredby Colleuille® and latter

Appl. OrganometalChem.14, 527-538(2000)
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[Mn]
H-SiR;
H‘§_<5iRs (H)[Mn]- SiRs R'— 1
R H
H-SiR;
/o
(H)M 1 /SiRs HIMK  SiR;
1, = 1,
R H R H

»

[Mn]= Rh; or RhCo
[o!

Schemel2 Mechanisnfor silylformylation of alkynescata-
lyzed by Rh, andRh—Coclusters.

85,86

developedby Murai as a Co,(CO)g-catalyzed
silylformylation of aldehydesepoxidesandcyclic
ethers.In the caseof alkenesformationof the silyl
enol ether of the formylated alkene is observed
(Eqns[19a]-[19c])insteadof silylformylation.

@ cat, R38iH, CO,
X~ OSiR;
SiRy [19a]
I X

CHO

/0 ) eat OSiR;
R-C__ * HSiR; * cO "> R-CH [19b)]
H

CHO
o]
M [19¢]
o + HSiR; *+ CO R3S H

By contrastto carbonylationof olefin deriva-
tives, a real silylformylation of alkynes was
revealed independently by Matsuda’§”®® and
Ojima’s®® groupsto yield silylvinyl aldehydesin
the presenceof rhodium complexesand rhodium—
cobaltcluster§® (Eqn[20]).

C0,(CO)s

R3SiH, CO
cat.

R _
— %SIRS

CHO [20]

cat. = Rh;Cox(CO)1z; (t-BUNC)IRCO(CO)s, Rh4(CO)1z;
Rh4(CO)12/NEts, Rhy(pfb)s; RH(COD)(n®-CsHsBPh3)

pfb = perfluorobenzene

A generalizectatalytic cycle for the silylformy-

Copyright© 2000JohnWiley & Sons,Ltd.

lation of 1l-alkynescatalyzedby rhodium—cobalt
clustersis illustratedin Schemel2. The reactions
include the extremelyregio-, stereo-and chemo-
selectiveinsertionof 1-alkyneinto the (M)-Sibond
of the silyl(hydrido)metd intermediateto form 2-
silylvinyl-(M ;) complex, followed by a facile
insertionof CO into the vinyl-metalbondto create
a 3-silylacryloyl(H)(M), complex. A subsequent
hydride shift gives the silylformylation product
and, in an excessof hydrosilanes,the (HM—
silyl)metal specieds regenerated.

In the courseof a studyon alkyne silylformyla-
tion, the relatedreactionsof silylative cyclocarbo-
nylation of alkynes, silylcarbocyclization of
alkenynesdyensandotherrelatedtransformations
of C=C bondsin the presenceof HSiR; and CO
were revealed®*° 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. Recentachievement@ synthesisandcharacter-
ization of complexescontaining metal—silicon
bonds and, in particular, their reactivity in
stoichiometricreactionsform the basisfor their
applicationasintermediate$n manyreactionsof
silicon substrates.

2. Mechanismsof all the catalytic reactionsover-
viewed—suchas hydrosilylation,dehydrogena-
tive silylation and double silylation of alkenes
and alkynes, silylative coupling versus cross-
metathesis of vinylsilicon compounds with
alkenesand polycondensatiorof divinylsubsti-
tuted silicon compoundsversusADMET poly-
merization dehydrocouplingf hydrosilanesnd
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-
mediatesncluding metal-carborbonds.

3. Thecollectedexperimentamaterialon catalysis
by transition-metalcomplexesexemplified in
thisoverviewcanberegardedsaninitial stepin
the searchfor new catalytic conversionsof
silicon- and carbon-containingsubstratesor,
generally,p-block element— carboncontaining
substratesyccurringvia intermediatesnvolving
metal—siliconor metal— p-block elementbonds,
respectively.
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