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Abstract

Many efficient stereo- and regio-selective methodologies for synthesis of substituted vinylsilanes have been reported, involving mostly
classical stoichiometric routes as well as, more recently, transition metal catalyzed transformations, in particular, hydrosilylatiorsof alkyne
and hydrogenation of silylalkynes.

Inthe last two decades, two new reactions based on transformations of silicon derivatives catalyzed by transition metal complexes have bee
developed to provide universal routes for synthesis of well-defined molecular and macromolecular compounds with vinyl-silicon functionality
commonly used in organic and polymer synthesis. These are the reactions of silylation of alkenes by hydrosilanes and by vinylsilanes. Sinc
the synthetic aspects of these reactions have been recently discussed, this review is focused on the mechanism of homogeneous catalysis,
the way of activation of G.,;—H bond of alkenes as well @&Si—H and/or=Si—C,;,, of silicon derivatives by late transition metal complexes
both leading to vinyl-silicon containing compounds. The two reactions occur via the same active intermediates, i.e., late TM complexes
involving M—H and M-Si bonds (where M is representative at iron- and cobalt-triades: for silylation by hydrosilane also nickel-triad).

On the basis of experimental and theoretical studies of the reactivity, structure and catalytic activity of late transition metal complexes in
the above mentioned reactions, particularly those reported in the last decade, generalized schemes for catalysis of both reactions have be
proposed. The common crucial step of the two reactions catalyzed by complexes containing initilligrid/or M-Si bond is an insertion
of alkene into M-Si bonds followed by3-H transfer to metal with elimination of substituted vinylsilane. In this case, a formation-8iM
bond proceeds either via oxidative addition of hydrosilane (silylation by hydrosilane) or via insertion of vinylsilane-Htbdnd followed
by B-Si transfer with evolution of ethylene (silylation by vinylsilane). Yet, if the catalysts contain initially atiNAnd M—Si bond, their
formation occurs via oxidative addition of hydrosilane (silylation by hydrosilane) or via preliminary oxidative additign,efi€ of alkene
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to get M—H bond, followed by insertion of vinylsilane to this bond and n@&i transfer to metal with elimination of ethylene (silylation by
vinylsilane).
© 2005 Elsevier B.V. All rights reserved.

Keywords: Catalysis; Silylation; Late TM (ruthenium, rhodium, iron, cobalt, nickel and palladium) complexes; Vinylsilanes; Hydrosilarté&add; M—Si
bond

1. Introduction known processes of industrial importar{de-8], in the last
two decades other reactions of silicon compounds catalyzed

Like other organometalloids (boron, germanium and ar- by TM complexes have been revealed and spectacularly de-
senic), organosilicon compounds also belong to the class ofveloped[8—17]. They include double (bis)silylation, dehy-
organometallic ones and the-& bond has been the basis drogenative coupling of hydrosilanes, coupling of olefins
of organosilicon monomers and polymers of great industrial with hydrosilanes and with vinylsilanes, silylcarbonylation,
application[1,2]. silyl(hydro)formylation and metathesis of silicon-containing

On the other hand, if such metalloids (p-block) replace the olefins. All of them, except metathesis, occur via in-
carbon atom in the metatarbon bonding, thenthey formthe termediates involving metasilicon (silicometallics) and
real metalknonmetal bond. Such compounds are a subject metal-hydrogen bonds, only occasionally accompanied (or
of a new field of study called sometimes “inorganometal- sided) by metatcarbon bonds (organometallics).
lic chemistry” [3] In particular, the compounds containing Many reviews concerning these processes from the point
d-block—p-block element bonds, which although closely re- of view of catalysis[6—9,13,14] coordination chemistry
lated to organometallics yet distinctly differ from them, can [18-20]and the synthesis of new monomeric and polymeric
play a significant role as intermediates in transformations of
p-block compounds. Silicon is the most common and use- M
ful element among p-block elements, so silicometallic (or
silaorganometallic) compounds include the derivatives with
a metatsilicon bond.

While the making and breaking of the metaarbon bonds
play a fundamental role in catalysis of organic compounds,
the reactivity of silicometallic species, particularly those in-
volving a transition metal (TMjsilicon bond, is a key point
in most conversions of silicon derivatives catalyzed by metal
complexes. The triangld={g. 1) illustrates the relation be-
tween the organometallic, organosilicon and silicometallic
compounds.

Therefore, although in catalytic conversions of (organo)
silicon compounds only hydrosilylation reactions are well-

organometallic silicometallic
chemistry chemistry

carbon silicon

organosilicon
chemistry

Fig. 1.

Silylation by hydrosilanes
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Scheme 1. TM catalyzed silylation of alkenes by hydro- and vinylsilane.
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Scheme 2. Competitive hydrosilylation and dehydrogenative silylation of alkenes.

—> RCH,CH,SiR; + RCH=CH,

= RCH=CHSIR'; + RCH,CH;

compoundg1,11,12,15,16have provided evidence justify-  of the two alternative reactions is actually a competifive
ing great interest in the development of new highly efficient H transfer from the two ligandssfalkyl and o-silylalkyl)
routes to organosilicon compounds. of the complex formed during the reaction (as illustrated in
Molecular and polymer compounds of vinyl-silicon Scheme 2
functionality constitute a class of organosilicon reagents  The migratory insertion of an alkene into a-8i bond
commonly used in organic synthe§?d—24]and a group of (silyl migration) is a key step in the dehydrogenative silyla-
functionalized polymers being precursors of optoelectronic tion catalyzed by transition metal complexes but a theoretical
materials[25-27] Therefore, the aim of this work is to  study of the hydrosilylation of ethylene has confirmed the
overview recent achievement in two reactions of silicon preference of rhodium over platinum complexes as catalysts
derivatives with alkenes catalyzed by TM complexes in this reactior[34].
involving M—H and/or M-Si bonds, leading to substituted The first convincing argument for a mechanistic pathway
vinylsilanes and other compounds of vinyl-silicon function- was presented by Wrighton group on the basis of the photo-
ality. In contrast to the other reviews presented in the last catalyzed reaction of alkenes with hydrosilanes catalyzed by
decade, this paper is focused on the mechanistic aspect®l3(CO);2(where M =Fe, Ruand Of}35]and (CO)CoSiRs
of catalysis and coordination chemistry of two reactions [36] yielding a mixture of alkyl- and vinylsilanes.
of alkene silylation by hydrosilanes and by vinylsilanes A general scheme of the catalysis of the dehydrogenative
occurring according to the following equatior&cheme L silylation of exemplary styrene by late TM complexes is given
The efficiency and mechanisms of both catalytic methods in Scheme 3
have been discussed against a background of other catalytic Although much data on such competitive reactions have
transformations of alkenes with silicon compounds yielding been reported, the number of examples of selective dehydro-
vinylsilane, i.e., cross-metathesis (mostly Ru and Mo cat- genative silylation remains limited.
alysts) (for reviews sefl5,16,25) and cross-coupling (Pd Inthe pastdecade, the study has been focused on the search
catalysts) (for review sg@2] and examplef29,30). for new selective catalysts of dehydrogenative silylation en-
suring efficient generation of vinylsilanes and other vinyl-
silicon compounds as well as on mechanistic implications
of TM complexes as real intermediates of these complicated
2. Silylation of olefins by hydrosilanes catalyzed by processes. Dehydrogenative silylation has become a useful
TM complexes method for synthesis of vinylsilanes although its drawback
is a formation of a mixture of products. The formation of
The hydrosilylation of alkenes catalyzed by TM com- vinylsilane is promoted by a high alkene to silane ratio.
plexes is often accompanied by side reactions such as isomer-
ization, oligomerization, polymerization and hydrogenation
of alkenes as well as redistribution and dehydrogenation of
silicon hydrides and reactions in which both substrates take __Ph M] HSIR
part, e.g., dehydrogenative silylatipf]. The latter reaction,
which under some conditions permits direct production of Ph \(
unsaturated silyl compounds, has been a subject of separate —
extensive study in the past two decades. In most cases, group
R (Scheme Y depicts an electronegative substituent in such [M]H, HIMISIR;

olefins as, e.g., styrene and substituted styrgt881]triflu-

oropropend32] and vinyltri-substituted silang83]. Com-

plexes of iron and cobalt triads have appeared as extremely R;Si Ph
Ph

favored catalysts for the dehydrogenative silylation but Ni,
Pd and Pt complexes have also recently been reported as
active catalysts of these olefin conversions (for reviews see H[M]
[4,7-10). SiRs
TM complexes can catalyze both dehydrogenative sily-
lation and hydrosilylation competitively. The decisive step Scheme 3. Catalysis of the dehydrogenative silylation of styrene.

Ph
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Scheme 4. Effect of the order of substrate addition on catalytic pathways.

The bis-dihydrogenruthenium complex RyH32)2
(PCys)2 (1) and the ethylene complex RuH{B4)[P(n°-
CsHsg)Cy2](PCy3) (2) obtained by the addition of ethylene

to the former one are precursors to very efficient catalysts

for selective synthesis of vinyltriethylsilang38-40] If

these complexes are used as catalysts of ethylene silylatio

by disilane HSiM@SiMeoH and by bis(hydrosilyl)alkanes,
HSiMex(CHy),,SiMeoH, (where n=2-4) competitive de-
hydrogenative silylation, hydrosilylation and cyclization to
exo-cyclic compounds is observtl]. The stoichiometric

studies have shown that different complexes are involved
in the catalytic process depending on the order of addition

of ethylene and dihydrosilylalkane (s&cheme % The
complex1 reacts with ethylene to produ@ewhich further
can react with silane giving ruthenium(lV) species but the
addition of bis-silylethene td results in the formation
complex of3 which in ethylene presence givésThe latter
can be transformed intdin the absence of disilane.

Hydrogen complexekand2 as well as the chloro complex
RUHCIm?2-Hy)(PCys)2 (6) were also tested as catalysts in the
following reaction:

[Ru]
— > “SiMe,Cl + ZsiMe,Cl
-CoHg )

HSiMe,Cl + C,H,

2377

HSiMe,ClI PCy,
1 — ) CysP—Ru_
> CysP—Ru
/| sivesci
Ho
CQHXSiMegcl, CZHG 8
x=3,5

Scheme 5. An intermediate formation in the process catalyzdd by

revealed a mixture of three silicon-containing complexes
of which two were formulated as-silane complexes but
the third one results from SCI breaking and formation
of the respective chlororuthenium complex Ruf2K
H2)(SiMexCI)(PCys)2 (7). When complext was subjected
to the reaction with ethylene, the ethylene complex was
produced and then after addition of HSiM# to 2 the
formation of vinylsilane, and a new compl8xvas observed.
The new comples$ was fully characterized by multinuclear
NMR and X-ray datd42]. An activation of the correspond-
ing complexes by HSiktand bis(hydrosilyl)ethane was
formulated as a result of oxidative addition of silane to get di-
hydro(silyl)ruthenium(lV) complexept3]. However, in the
case of HSiMeCl complex8 is considered as an intermediate
between the Ru(ll) and Ru(IV) structur8¢heme h

The cationic complex [Rh(cog)BF4/2 PPk (9) appeared
an efficient catalyst for the reaction of styrene with tri-
substituted silaneg37]. Although dehydrogenative silyla-
tion was competitive with hydrosilylation, the selectivity was
strongly dependent on the molar ratio of the substrates, the
reaction temperature and the nature of the hydrosilane and

rPhosphine ligands used. Vinylsilanes were obtained exclu-

sively in 81% when tri-isopropylsilane, Pand diethyl
ketone were used as initial compound as a ligand and as
a solvent, respectively. The mechanism of dehydrogenative
silylation of styrene involves the insertion of alkene into the
silicon—-rhodium bond37].

The steric effect of hydrosilane is reasonably explained
by the steric repulsion between the silyl group and cationic
rhodium species which forces a bond rotation by about 120
to bring a hydrogen into then periplanar arrangemefg&7].

d

H SiRs
Ph i,H >

H
PhGZ S.H
a

Ph

—
SiR,

H'[Rh] SiRs H*Rh] H )

On the other hand, the dehydrogenative silylation of 1,
5-dienes with hydrosilanes using RhCI(BRhas a catalyst
gives 1-silyl-1,5-dienes instead of the usual hydrosilylation
productd45]. In the presence of rhodium(l) complexes, very

In contrast to the results on triethylsilane, in the case of selective dehydrogenative silylation of divinylsilanes occurs

chlorodimethylsilane, vinylsilane was favored as a product to give 1,2-bis(silyl)ethene and ethylvinylsilane derivatives
with a low pressure of ethylene. Stoichiometric study of in equimolar amounts according to the following equation
the initial complexes with HSIMgCI (2—-10-fold excess)  [44].
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[~ 1 vided evidence supporting the mechanistic scheme proposed
by Brookhart and co-worker§46]. The key features of
this mechanism are the rapid reversible silyl migration to
alkene, isomerization of the alkyl complexes as intermedi-
. ates and, finally, a cleavage of the alkyl complex by HSi-
N (i-Pr). The catalyst resting state is thé-alkene complex1
Bt.0 (Scheme B
If the ligands in intermediat#2, 13 and/or the silane are
too bulky, the cleavage of Pd-C ii2 by triorganosilane is
unfavorable, so a dissociation 6BUCH=CHSI{-Pr); oc-
10 curs both in the presence or absence of HBifz when
no hydrosilylation is observed. The proposed mechanism
Fig. 2. of styrene dehydrogenative silylation and hydrosilylation is

L) MU R

Me,PhSiH SI\
CH2C|2 o-Tol Me

[Rh] = [Rh(dppb)(cod)]CIO, RhCI(PPhs); 1/2[RhCl(cod)],, Rh(CO),(acac), RhCls x 3 H,0;
[Rh(L*)(cod)ICIOy, L* = (S,S)-DIOP, ee. = 5-15%, conv. 100% 3)

Very interesting variation and extension of the dehydro-
genative silylation have been reported by Brookhart and co-
workers, with the cationic palladium compld® (Fig. 2)
catalyzed reactiorf46] yielding, under optimum condi-
tions, exclusively vinyl-butylsilane andrans-silylstyrene
(see Eq. (4)).

similar to the above presented for alkene silylation, but the
difference is that in the styrene silylation the catalyst rest-
ing state are ther-benzyl complexes rather tharf-alkene
(11). The stability of thew-benzyl complexes1§ and 16)

CH,Cly, 25°C

(i-Pr)3Si
Bu_1 Mol % [(phen)Pd(CHy)ELON'IBATaT | y
HSi(-Pr)g + 2 —"2! 4 g, T FBUCH:CHs

82-94% +-Bu
4)

Similar to the reactions catalyzed by iron and cobalt triads,
highly electrophilic cationic Pd(Il) complexes catalyze the _ _ . . o
dehydrogenative silylation (as well as the hydrosilylation) is responsible for a slow reaction with HSiEwhich is pre-

via migratory insertion of the alkene into P8i bond[46]. dominantly competitive with displacement of vinylsilane (see
Independent study by Hayashi and co-worki@g on the ~ Scheme ).

catalysis byr-allyl Pd complex PdCI-C3Hs)2] supports Nickel complexes such as Ni(acagdi(cod), and Niana-
this observation. logue of Karstedt's catalyst are very efficient catalytic precur-

The results of low-temperature NMR studies, kinet- sorsinthe dehydrogenative silylation of vinylsilaf48,49]
ics experiments and deuterium labeling studies have pro-styreng[50,51]and other alken€f$0].

_Si(i-Pr)s t-Bu + H
[Pd1{ + HSi(i-Pr)s
\mt . [Pd])\/ (i-Pr)g| — = -BuCH,CH,Si(i-Pr)s
-Bu
11 12
ji\(ii% / sii-Pr,| T -20°C t-Bu
t-B [Pd] —_— S~
[Pd] ! \J (i-Pr)gSi
t-Bu
14 13

Scheme 6. Mechanism of Pd(Il) complex catalyzed dehydrogenative silylation.
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The unsaturated product of the dehydrogenative processEtsSi
is formed via three parallel steps also yielding products of Ph .
direct dehydrogenation (DC), alkene hydrogenation (DS-1) [% = Pdi-) + EtaS'%
and hydrogenative dimerization (DS-2) according to the fol- 15 16
lowing equations$cheme B

The reaction can be accompanied by side hydrosilylation HSIEt,
reaction (H).

Stoichiometric reactions of the nickel analogue of
Karstedt's catalyst with substrates (HSi(Ofnd styrene), Et;SiCH,CH,Ph PhCH,CHj
particularly synthesis of bis(triethoxysilyl)(divinyltetra-
methyldisiloxane)nickel complex1q) and the first doc- Scheme 7m-Benzyl complexes as intermediates of the competitive hydrosi-

Ph

HSIEt,

umented insertion of alkene(styrene) into—Si bond  !vlationand dehydrogenative silylation.
R _ _ N R
\=— + HSR; — > \— +  Hy DC
SiR,
R' [Nl R R'
2 E + HS|R3 —_— — + / DS-1
SiR,
R' [N] R .
37N= 4+ HSR, —> = + g R pgy
SiRs

R = Ph, Si(OEt);
R’ = Ph, Si(OEt),» SiMe(OSiMe;),, SiMe;, Si(OSiMe;);

Scheme 8. Catalytic pathways of the dehydrogenative silylation of alkenes catalyzed by nickel complexes.

[Ni]

/CSIFla Ph N y_/Ph
NI NKg; ,
Ph | "SiRs INK “ph
| SiRs ,
SiR3 _)Dh SiR3
L
_/SiRs
Ph NiK H Ph
\— [ }\SiRg I
[Ni Ph HSIR3
17 Ph | SiRa
S SiR3

Scheme 9. Mechanism of dehydrogenative silylation vs. hydrosilylation of styrene catalyzed by Ni(0) complex.
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of complex @7) as well as all catalytic data, permitted However, at that time the results obtained did not per-
proposing the following mechanism of catalystcfbieme mit a distinction between the reaction mechanisms involv-
This scheme shows that all the above-mentioned reactionsing ruthenium—carbene complexes responsible for the olefin
(DC, DS-1, DS-2 and H) occur as a consequence of the inser-metathesis (well-defined ruthenium—carbenes complexes had
tion of styrene into the NiSi, Ni-H and Ni~C bonds[51]. not been revealed yet) and/or non-metallocarbene mecha-
Some platinum complexes have been reported to promotenisms.
dehydrogenative silylation, e.g.,the reaction of olefins and  Co-catalysis of all ruthenium and rhodium complexes by
dienes witho-bis(dimethylsilyl)benzengs2,53] HSiR3 and LiAlH4 as well as catalysis by ruthenium hy-
dride complexes indicated that formation of-R1bond is
a crucial stage for the initiation of catalytic process. How-

3. Silylation of alkenes by vinylsilanes (silylative ever, spectacular evidence for migratory insertion of ethy-
coupling, silyl group transfer) catalyzed by TM lene into Ru-Si bond given by Wakatsuki et aJ55] as
complexes containing M—H and/or M—Si bond well as of vinylsilang56] into Ru-Si bond (reported by us)

yielding vinylsilane and two bis(silyl)ethane-regioisomers
In 1984, we reported the first very effective example (E-1,2-and 1,1-bis(silyl)ethene), respectively, has shown that
of disproportionation of vinyl-substituted silicon com- in the reaction referred to as the “metathesis” of vinylsi-
pounds, which could be catalyzed by Ru and Rh complexeslanes and their “cross-metathesis” with alkenes, instead of
[54]. It opened a new route of great synthetic importance C=C bond cleavage, formally characterizing alkene metathe-
and allowed us to synthesize a series of unsaturated siliconsis (Eq. (7)), a different type of alkene conversion occurs
that is a silylative coupling of alkenes with vinylsilanes

(Ea. (8)).
cross-metathesis R
|
CH, . CH, M(carbene) |(%Hz ﬁH
T L T +
CH 'c|fH CH, CH
SiR; R SiR,
E+Z
M = Ru, Mo, W (E+2) 7)
silylative coupling
R
1 1 |
ﬁHz . H-:'lf':-H [Ru]-H or [Ru]-SiR; ﬁH2 ﬁH , ﬁHz
! = +
J e Ch H iR,
SiR3 R’ SiR;
(E+2) ®)

compounds with yields much higher than 70%. Numerous
reports onvinylsilanes disproportionations (Eg. (5)) and their
co-disproportionation (Eq. (6)) have been published in the
first decade since 1984 (for previous review g8

For the homocoupling of vinylsilanes a mechanistic
scheme involves the insertion of vinylsilane into-F8ibond
and into Ru-H bond followed byg-H andp-silicon transfer
to metal, respectively, to yield 1,1- and 1,2-bis(silyl)ethene

R3S [Ru] _ SiRg RsSi and ethylene§cheme 1D
= = RS ¥ R33i>= The most synthetically effective results have been com-
R = Me, Ph, OR' ) piled in refs.[16,23,25]

The detailed mechanism of silylative coupling of func-
tionalized alkenes, such as styrerjg7], vinyl alkyl

! . ' R' . . A
RySinz + AR IR RsSin AR, /\M/ ethers [58], vinylamides [60] and vinylboronates[61]
’ /\(\/)” -= \/\(VT” R3Si " catalyzed by ruthenium complexes containing —Ru
R = Me, Ph, OR" or Ru-Si bond (RuHCI(CO)(PPf)s (18), RuHCI(CO)
R'=Me,n=3-15R =Ph, n=0 (6) (PCys)2 (19), RUHCI(CO)(PCy), + CuCl (1:3) @0), RuCl

(SiMe3)(CO)(PPh)2 (21) and RuCI(SiMePh)(CO)(PPk)
(22)), has also been subsequently presented.

Stoichiometric reactions of alkene with R8i and Ru-H
bonds have demonstrated the insertion—elimination mecha-
nisms of catalysis.

The following ruthenium complexes were active in this
reaction: RuCl(PPhy)3, RuHCI(PPR)3, [RUChL(COX]2,
Rus(CO)2, [RuChk(p-cymene)}, RuCk x nH,O with
HSiEt;, HSi(OEts, RhCI(PPR)3+HSiPky as well as
LiAIH 4 used as co-catalysts.
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SiRs SR’
R Si/:+/ Ru=H =\ [Ru]—H 7SR
SRy SiRs [Rul
~ \SiR;
. H H Ru F{u% -
RaS . LV R Mg Rl Mg

SR
[Rul—SiR's
/\

R
— [Ru}-SiR3 H,C=CH
SiR'3 ’ ’
R = Ph, OR, N
Scheme 10. Catalysis of vinylsilane homocoupling by ruthenium com-
plexes. Scheme 11. Catalysis of alkene silylation with vinylsilanes by ruthenium
complexes.

Exemplary reactions are given below (Egs. (9)—(13)).

H Ph Pho H
Rul—SiR — — » [Ru]—H + —
[Rul—SiR;  + H>_<H 110°C. oh [Ru] H>_<SiR3
21,22 [57] ©)
H OPr OPr
Rul—SiMe; + )= =~———= [Ru—H * S~
Ryl T A 80°C, 24h Me;Si
21
[58] (10)
0
[Ru]-SiMe;, + Ezf + RuH
, 110°C, 24 h SiMe,
E+Z = 80%
E/Z=20:1 [60] (11)

PhMe,Si SiMe,Ph

[Ru]—SiMe,Ph  + B’ZD —_— COB/ + \B/:/ + [Rul—H
—/ N 0-20°C i C,o'

22
U} (n [61] (12)

0°C—exclusively (1); 200C — () + (1)

Ph H [RU_SR, + Ph H
— + —_—_— uj—ol —
[Ru—H >—< 110°C, 6h A
18 H  SiR,
[57] (13)

The mechanisms of catalysis of the heterocoupling re- ring viametal—carbenes) and silylation (proceeding via Ru—H
action could be finally proven by employing a new di- and Ru-Si intermediates).
agnostic tool, introduced for the first time, i.e., by using If the reaction occurs according to the metallocarbene
mass spectrometry to study the product of deuterated alkenemechanism (cross-metathesis), the processes shown in Egs.
e.g., styrene, vinyl alkyl ether and/or deuterated vinylsilane (14)—(16) will take place, to give silylstyreng-@r dy —1-
[57-61] The above test is able to distinguish between the silyl-2-alkoxyethenes-d 1-silyl-2-N-amido-ethene-d re-
two above-mentioned mechanisms, i.e., metathesis (occurspectively (Egs. (14)—(16)).
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: CgD
CeDs -—:KD + _ SRy [Ru] 7675 .
' DO SRy D (14)
RO, D D [Rul D
N—  + E::< —_— AJ:< + /S
C\g; RO SiMe, D
' SiMe; (15)

0
D.: D
N [Ru] ﬂ
, ! e ——— N + —
E%Nﬁ\, + '<SiMe3 x—snvle3 D
5

(16)

But if the reaction proceeds via the insertion—elimination the cross-metathesis procedure. The effective function-
mechanism (silylative coupling) thap-silylstyrene-¢ as alization of 1,3,5-tris(dimethylvinylsilyl)benzene with
well as 1-silyl-2-alkoxy-ethene and 1-silyl/2-amido- 1,4-divinylbenzene leads to formation of a dendrimer
ethene containing no deuterium in the molecule will be having a silicon-bridgedar-conjugated structure of potential
yielded (Egs. (17)—(19)).

CeDs, D 18 D SRs ,

, o+ =~/\/SiR3 D/:
D 4 \D CGD5 D (]7)
RO, ~.H D, D RO,
>:<; + \:(’, # —_— + D . D
H H "SiMe; SiMe, I (18)
0 o}
d HDC=CD 18 E%
N + ay —_— N +b _ Db
\>:—H SiMe; _\\—SiMe3
H (19)

The GC-MS study of the reactions examined in the first gptoelectronic propertigé3] (Fig. 3. Organosubstituted oc-
stage (10% of the reaction) show exclusive formation of sily- t5sjlsesquioxane can be prepared by cross-metathesis and
Iagon product's, whu;h strongly supports the silylative cou- silylative coupling of octavinylsilsesquioxane with some
pling mechanisms given iicheme 11 olefins. The latter reaction occurs in the presenciadnd

Organodimetallic compounds have attracted a great dealyq [4]. The products illustrated iRig. 4can be synthesized
of attention as they can serve as versatile intermediates in

organic synthesif23]; particularly useful starting materials
are alkenes bearing both silyl and boryl groups. 19
Silylation of vinylborane with HC=CHSIR; in the
presence of the catalytic system RuHCI(CO)(B)gACuCl l PCys
(20) where [Ru]:[Cu] 1:5 at ambient temperature (for
SiR3 =SiMe3) and at OC (for SiRs = SiMe&Ph) occurs re- [Rul—H
gioselectively giving exclusivelygem-product 1-(silyl)-1-
(boryl)ethend61]. Stoichiometric study of ruthenium silyl m
complex with vinylborane carried out afQ (see Eq. (12)) NG
supplies evidence for the reaction illustratecsicheme 12
Screening tests performed at the 1:1 ratio of styrene and  R,si 0 SiR3
dimethylphenylvinylsilane with a variety of ruthenium cat- /
alysts have shown that RuHCI(CO)(P$y (19) appears to

0
be the most active and selective catalyst even at a concentra-
tion 0.05mol%. Cuprous salts (chloride and bromide) have — \
recently been reported to be very good co-catalysts markedly @
increasing the rate and selectivity of all ruthenium phosphine
[Ru]—SiR;

complexes presumably due to phosphine scavetggr
The above silylation reactions have been recently used

for SyntheSIS of Oth?r types of unsaturated Organos”" Scheme 12. Catalysis of regioselective silylation of vinylborane with vinyl-
con compounds, which mostly cannot be obtained by gjanes.

SiRs

SiR
[RU]—/_ i

B
[Ru] k
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L, It is noteworthy to say that the complexes containing
/S'QS'\/\ Ru-H bond catalyze a migration of=€ bond so allyl tri-
_ substituted silanes undergo homocoupling and heterocou-
_/s'_ pling with other alkenes but via preliminary isomerization

to 1-propenyl-tri-substituted silanes followed by heterocou-
pling with parent allylsilane or alkene, respectivédp,67]

P (Egs. (21) and (22)).
_Si_
QW SR SiR
NSt Si [Ru] — ®
Tt of e S
& L N5
-Si- b Si™
P @ [Ru] = RUHCI(CO)(PPhj)3, RuCl,(PPh3);
- SiR; = SiMe3, Si(OEt); ©2))
A
Fig. 3.

As has been already mentioned, the silylative coupling
in the presence of ruthenium complexes containing-HRu

R\;\ _o—_ /Q/R and_/or Rg—Si bond _is _based on the crucia_l steps invqlving
R S 2R the insertion of olefin into RuSi bond and vinylsilanes into
\7\ 9//0\ /o\\ Ru-H bond. The occurrence of the latter process has been
S o Si o} the first evidence op-silyl transfer from carbon to ruthe-
/ \ \ / nium followed by ethylene evolutidb5]. Therefore, the next
R™O%a--si - Qosi A step for extending silylative coupling of olefins with vinyl-
\p © o R silanes was attempted on searching the respective rhodium
Siw___—Si_ and cobalt complexes as catalysts. RhH(CO)@pP(R3)
S~ ° N [68] appeared to be good catalysts and Co(S{EO) (24)
R o} R [69]—good photocatalyst for selected reactions of vinylsi-
lanes particularly with styrene. Although the insertion of
R = Ph, SIR'3 OR, iﬁ” olefin into Ce-Si [36] and Rh-Si[18,70,71]as a step of hy-

drosilylation and dehydrogenative silylation was documented
Fig. 4. earlier butin order to provide another evidence for the mech-
anism of catalytic silylation, we have performed stoichiomet-

exclusively (except styrene derivatives) by catalytic silyla- ric reactions of RhH(CO)(PRks with Me3SiCH=CHSiMeg;,
tion. being the first ever realization @-transfer of silyl group

Vinylcyclosiloxanes and vinylcyclosilazanes also undergo to the rhodium atom with elimination of vinylsilan&8]
efficient catalytic silylation (no cross-metathesis occurs) with (Eq. (22)).

RhHCO(PPhy); + Me;SiCH=CHSiMe; ——» Rh(SiMe;)(CO)(PPha)n + CH,=CHSiMes
23

n=23 (22)

Styrene and Viny| a|ky| ethers to open a new route to func- This reaction indicates reVGrSibi”ty of the VinylS”ane ho-

tionalized monomers for ring opening polymerization (Eq. mocoupling.
Per analogy to ruthenium and rhodium catalyzed reaction,

(20))[65]. i Sy
Co(SIEB)(CO), (24) was used as a precursor for silylative
R coupling of vinylsilanes and divinylsilanes with styrene
| N R \s./_/ which appeared to be effective although not as good as
leix O AR T | A O ruthenium and rhodium complexes. However, the reaction
% srxl | -= - sz jl\ occurred exclusively if the reactants were exposed to UV
=/\ _ \ R irradiation. Nevertheless, this catalytic process has been the
R first documented realization @-silyl transfer from carbon

X=0,NH; R =Ph; OR yield =83-95 %, only E (o) to cobalt resulted ethylene evoluti{].
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N E [Rh], [Ru], [Co]

[Si]/
S\

J/

[Si]
[Si]

where [Si] = -SiMe; | -Me,Si, SiMe, | -Me,Si. ,SiMe," ,
O N
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— NSl A g

—  polymers

[Si] .
— [Si]
[Si]

/x

-Mezsi(CHz)nSiMEZ-
A n=1-4

H

Scheme 13. Silylative coupling polycondensation vs. cyclization of divinyl-substituted silicon compounds.

A similar reaction of homocoupling of vinylsilanes
was observed
Fe(COj} + Et3SiH (25) and also under UV irradiation but it

In the presence of [Ru@CO)], as a catalyst,

in the presence of catalytic system rrans-bis(vinylsilyl)ethenes are exclusively formed but

[(cod)RhX] (where X =CI, OSiMg) catalyzes mostly for-

was accompanied by other processes which will be discussednation ofgem-dimeric products. Ruthenium phosphine com-

in the one of the next part of this revid&2].

4. Silylative coupling cyclization versus
polycondensation of divinyl-substituted silicon
compounds

According to the hitherto knowledge, divinylderivatives of

organosilicon compounds which are of fundamental indus-

trial importance, are inert to RCM and ADMET polymeriza-
tion (see ref[15,16).

However, divinyl-substituted silanes, siloxanes and
silazanes undergo efficient silylative coupling polyconden-
sation to yield a mixture of linear oligomers and cyclic
dimers and trimers containingco-cyclic methylene bonds
(Scheme 1B[15,16,73—78]The unique feature of this silyla-
tive coupling reaction, distinguishing this reaction from

cross-metathesis is the formation of 1,1-bis(silyl)ethene frag-

ment in given conditions.

The mechanism of catalysis involves the insertion of vinyl-
silicon dienes into MH and M-Si bonds, followed b-Si
andB-H elimination, to yield ethene and two isomerians
andgem-bis(vinylsilyl)ethenes, respectively5].

Me\ 'Me
o-Si=

O-si™

Me Me
0]

plexes give both products. Them-products subsequently
undergo intramolecular ring closure to yield cyclotetrasilox-
ane, cyclotetrasilazane and cyclohexacarbosilffie3 9]

The products were isolated and characterizedHhy*3C
and2°Si NMR spectroscopy and the X-ray structure of cy-
clocarbosiloxane was reportgtd] showing the molecule to
assume a close to boat conformation.

Cyclization has been also reported to furnish cyclocar-
bosilanes with one exocyclic methylene group (Egs. (23) and
(24))[76].

M62
i Me,
N 18 Si
/\ - - >=
|\S/|Ie2\ toluene, 80°C, 24 h, ﬁ/llez
yield = 87% (23)
M92
S SiMe.
(= —¢ @
Ve— [ — - /
o toluene, 80°C, 25 h SiMe,
% yield = 97% (24)
Me. J\ _Me
RMgX Me-Si Si-Me
RoamR
Me... .Me ~ THForEt0
Me-91" Si-me 55-88% Ve e
o H,0 Me=Si™ “Si-Me
/‘/F, 88% q ) p
(I Me-Si__Si-Me
Mel|| Me
(V)

(25)
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Such a ring closing reaction has also been observed for Although rhodium complex is less effective in the
divinyl disilyl ethers (see Eq. (25)) which can be a good disproportionation of vinyltris(trimethylsiloxy)silane than
starting material for synthesis of 1,1-bis(silyl)ethenes(lll) in RuHCI(CO)(PPh)s (18), the vyields of bis(methylsil-
moderate to good yields and excellent regioselectjd). oxy)ethenes are similar to those reported for ruthenium
Compound(ll) was a good starting substrate for the synthe- catalyzed reactioni87], but the relevant reactions can occur
sis of cyclic tetrasilacarbosiloxane(IV) containing two exo- effectively at milder conditions (even at 8G). Additionally,

methylene bonds between silicon atoms in the molecule.
Contrary to 1,2-bis(dimethylvinylsiloxy)ethane, 1,2-
bis(diphenylvinylsiloxy) ethane under similar conditions
gives a disilacyclic product containing exclusivedydo
cyclic C=C cis bond with perfect regioselectivitjg1] (Eq.

(26)).

Ph Ph
O—Si\— 18 Ph._—\ Ph
( - > Ph/sli Sli‘Ph
/=
O-Si SN
PH “ph

(26)

The ruthenium complex-catalyzed silylative coupling
polycondensation was used for synthesis of well-defined
poly(arylene, silylene, vinylenes)82—85] poly[alkylene

SiMe;
/
(CsMes)RH_

SiMe3
27

(silylene, siloxylene, silazanylene)vinyleneg]7,78] and
others (for recent reviews sgé5,16,25). All the reac-

—_—

R

the transformation of vinylmethylbis(trimethylsiloxy)silane
gives almost exclusivelf-isomer, which can be important

for establishing the real conditions for cross-linking of
poly(methyl,vinyl)siloxanes via the catalytic disproportion-
ation.

Results of the experiments performed by Brookhart and
co-workers[88] using GMesRh(CH, =CHSIMes)2 (27)
complex under thermolysis conditions (14D, cyclohexane-
di12) and in the 10-fold excess of vinylsilane provided evi-
dence for hydrovinylation of one of the coordinated molecule
of vinylsilane followed by the insertion of the second
molecule in the generated RH bond, subsequent elimina-
tion of ethylene and reductive elimination of the two types of
bis(silyl)ethenes (Eg. (28]388].

_ SiMe; ,
Me3Si

I[Rh]\\\

[Rh]TSiMe3 Me;Si
J — =

Me3Si

Me;Si SiMe;

+
Me,;Si
(28)

On the basis of the Brookhart experiment, a catalytic

tions proceed according to the mechanism concerted forscheme for homocoupling of vinylsilanes was presented

monovinyl-silicon compounds, i.e., involving the insertion
of vinyl-silicon dienes into MH (and M-Si bond), fol-
lowed by B-Si (and B-H) elimination to yield ethene and
polymers.

5. Silylation of alkenes with vinylsilanes catalyzed by
TM complexes initially not containing M—H and/or
M-Si bonds

Rhodium siloxide dimeric complex [(cod)RiK
OSiMe3)]2 (26) is active catalyst in homocoupling of
vinyl-substituted silaneg[86] yielding two trans- and
gem-isomers and in their heterocoupling with styrene.

R3Si\: 26 SiRa+ SiR3 .

RS SiR;

m

0 @7

[(h+(D] was 60-70% (60C, 24h) where, R=
Me(OEtyp, MePh, Mg and 50% (90C, 24h), where
R3= Me(OSiMQ)z.

[86].

However, in order to find evidence for catalysis by
rhodium @Q6) and iridium-siloxide [(cod)Ir(OSiMg)2]2
(28) precursors, initially having no MH or M—Si bond,
the reactions of styrene (ang-styrenes) with vari-
ous vinyl-substituted silicon compounds have been tested

[89,91]
The reactions occur according to the following equation:
26 or 28 SiR
Ph/= v _ R = ek

PH (29

In order to find the mechanism of activation ofjfy—H
in styrene, some experiments with deuterium-labeled
reagents were performed. Analysis of the reaction of
H,C=CHSiMePh with styrene-gl catalyzed by both26
and 28 complexes permitted exclusion of the metallo-
carbene mechanism of the process examined, since the
results of GC-MS of the reaction mixtures in a very
early stage showed exclusive formation of silylstyrene-d
according to the equation given previously for ruthenium
catalyst[89] (see the experiments with ruthenium catalysts

(Eq. (17)).



2386

26, 28

iM
(cod)M(ESI %
|
Ph

Ph »

I 3

y (cod)M—SiR, M = Rh, Ir

‘ \
Ph

R3 = Me3, MegPh
Me,(OSiMe;), (OEt);

OSiMe,
(cod)M—H

Scheme 14. Catalysis of styrene silylation with vinylsilanes by metal (Rh
and Ir) siloxide complexes.

Moreover, the reaction between styrengahd styrene

B. Marciniec / Coordination Chemistry Reviews 249 (2005) 2374-2390

oxidative addition of Gi,y—H of styrene to the metal. In the
presence of vinylsilane as a second substrate, the latter initi-
ates a catalytic process observed by GC-MS. The insertion
of vinylsilane into M-H bond of (lll) is followed by elimi-
nation of ethylenef-transfer) to give the M-Si intermediate
(V). According to the dissociative mechanism, the reductive
elimination of E)-silylstyrene takes place, regenerating (in
an excess of styrene) complex (1).

Silylation of alkenes in the presence of rhodium(l) and
iridium(l) siloxides can be generalized for ruthenium based
complexes such R(YCO);2 and [RuC,(CO)]2 [73,92]used
effectively in the silylation process. In the presence of those
ruthenium complexes containing no-Rd bond, the homo-
coupling of vinylsilanes gives onlyans-1,2-bis(silyl)ethene
[93].

6. Competitive silylation of alkenes with vinylsilanes
and hydrosilanes catalyzed by ruthenium and iron
complexes

In the earlier overviewW7], we described the competitive
process (catalyzed by R{(CO);2) of heterocoupling (dehy-
drogenative silylation) of vinylsilane with hydrosilane and
of homocoupling of vinylsilane which was yet accompanied
by some side reactions such as hydrosilylation and hydro-
genation of olefins and migration of silyl group. The study
led to a conclusion that both competitive reactions as well

dg tested in the presence of the catalytic amounts of both @s hydrosilylation occurred via the same intermediate which

complexes yielded a mixture of styrenes,(d, do, d, ds,

was formed by the activation of£ay—H and at the same time

ds and d) whose presence was confirmed by the GC-MS Cvinyi—Siand SiH bonds, and two catalytic cycles were pro-
and'H NMR methods. These experiments clearly showed P0osed for explanation of the reactions examif#d

that H/D exchange had taken pld&8].
To characterize the catalytic performance of M—O-SjMe

According to Randolph and Wrightof85], high ac-
tivity of Fe(CO) upon UV irradiation under mild condi-

complex, a series of pseudostoichiometric reactions betweerfions (0-50°C) in the hydrosilylation of alkenes was due
the initial dimeric complexes and both substrates was ana-t0 generation of an active intermediate H@Fe(CO}

lyzed[89,90] In this overview, we present the reaction illus-
trating experiment of iridium siloxide28) with vinylsilanes
followed by introduction of styrene to such a mixture at the
next step (Eqg. (30)).

A N
=

5=

Ph

H
w o~ OQ A g —ls IO <——=/ =
%’Ir\o,(lr + ZSiMe;Ph <55 1 lr/l 24h,r.t
;é'\ SiMe,Ph
28

[Ir] : [CH,=CHSi=] : [styrene] =1:10: 10

[Ir-H] + P|/=/

[35] responsible for competitive hydrosilylation and de-
hydrogenative silylation process. To check the effect of
the olefin insertion into FeSi bond, the stoichiometric re-
actions of CpFe(CQpiMes (29) with a selected olefin

SiMe,Ph

(30)

A general mechanism of catalysis is summarized in (vinyltrimethylsilane, styrene and ethene) were performed

Scheme 14
The very fast H/D exchange process occurring betv2éen

to yield olefin derivatives. Also traces of the hydrogenated
products (e.g., ethylbenzene and ethyltrimethylsilane) were

and28 with styrenes has permitted us to assume that the co-found[72]. The final iron product (ferrocene) does have not
ordination of styrene to metal is responsible for the cleavage involved Fe-H bond and this is the reason why this catalyst
of dimeric metal siloxide complex to form (1) followed by an  is not active in the silylative coupling reaction (Eqg. (31)).
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R R
CpFe(CO)SiMe, + = _YV.argon_ S~ R): + FeCp,
29 rt, 24h Me;Si Me;,Si
[CH,=CHR] : [Fe] = 1 :1 M (I
R = SiMe; yield (I) - 40%; (II) - trace
R=Ph  yield (I)-53%; (II)-15% (€2))

However, a catalytic system of Fe(G3)HSiEg (25) complexes involving MH and M-Si bonds, but the complex
could be selected as a good model for observation of the(“) (Scheme 1Bis a key intermediate in all reactions ob-

competitive reaction catalyzed by in situ generated Fe(H)Si sgryeq, i e., also in the dehydrogenative silylation. In the case
complex. _ N _ of two olefins present (styrene and vinylsilane), ethylbenzene
In the case of vinyl-silicon compounds the following re- s ot ohserved as a product of styrene hydrogenation so ap-

action can proceed, i.e., homocoupling of vinylsilanes (EQ. parently the coordination of vinylsilane to (#e(CO}(IV)
(33)) and dehydrogenative silylation of vinylsilane with tri-

ethylsilane (Eqg. (34)).

__ SiMe;

Me,Si
25 . = *= (32
——
D UV, 80°C, 24h \SiMes Me;Si
' ) (In
, _Sives_| 26%, (I)/(11) = 1.5:1
o SiM63 3
y s 2 . D s (33)
—
UV, 80°C, 24h ’

an (V)
17%, (IY/(IV) = 1.6:1

However, if styrene was addlt!onally used in this system, followed by its hydrogenation occurs more readily than of
products of the competitive reactions have been detected (Se%tyrene to get finally EtSiMgeven in the 10-fold excess of
Egs. (34)-(36)), i.e., silylation of styrene with vinylsilane (S), styrene.
homocoupling of vinylsilane (D) as well as the process being
a combination of the dehydrogenative silylation of styrene
and vinylsilane (DS-2).

The conclusion is that a complex H-Fe-Si (Il) catalyzes
competitive silylation of olefins (e.g., styrene, vinylsilane) by

SiME3 .
5 _ SiMe; 25 SiM — Me;Si + =
2 = UV, 80°C, 24h Wies Me;Si
0] ()
6%, (I)/(Il) = 1.5:1 (34)
Ph
. _ Ph
s __SiMe; PR — 25 S~ + =
= = UV, 80°C, 1h (MesSi * Me3Si;
an (V)
9%, (IIN/(IV) = 1.4:1 (35)
Ph '
SiMe 25 VZa SiMe;
PSS M EsH e (BT T
V) (Vi)

24%
(36)

The complexity of these reactions is illustrated on
Scheme 15 hydrosilane and by vinylsilane. Although this reaction is the
The left hand circle explains a homo and heterocoupling of first evidence op-silyl transfer from carbon to iron followed
vinylsilanes according to the mechanism concerted for other by ethylene evolution working catalytically in fact it is also a
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uv R
-2CO %J
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"
-
Fe(CO)3 v EtSiMes
| _A
SiMe3
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>Fe(CO)3
H
4 v
H\ . R
Fe(CO)s EtsSi
s~ :
i N SiMes

Scheme 15. Competitive silylation of alkenes with hydro- and vinylsilanes catalyzed by iron complexes.

direct evidence for generation of an intermediate responsible
for two reactions of alkene silylation, i.e., by hydrosilanes
and vinylsilanes.

It is noteworthy to conclude that while a migratory in-
sertion of alkene into F&Si bond (complex II) givesrans-
adduct as an exclusive product of silylation by hydrosilane, an e
insertion of alkene into more crowded complex (VI) formed
by silylation with vinylsilane can occur according to two dif-
ferent modes giving a mixture afans-product andgem-
products as well.

7. Conclusions

¢ Silylation of alkenes with hydrosilanes and vinylsilanes
proceeds via the same types of active intermediates, i.e.,
late TM metal complexes involving ¥H and M-Sibonds.
In both reactions late TM complexes activatg,z—H as °
well as Si-H and Si-Cyiny bonds, respectively, according
to two general equations present&atiieme L

e The common crucial step of the two reactions catalyzed
by the complexes containing initially MH and/or M-Si
bond is an insertion of alkene into-Mi bonds followed
by B-H transfer to metal with elimination of substituted
vinylsilane. In this case, a formation of-Msi bond pro-
ceeds either via oxidative addition of hydrosilane (sily-
lation by hydrosilane) or via insertion of vinylsilane into
M—H bond, followed byB-Si transfer with evolution of
ethylene (silylation by vinylsilane). Yet, if the catalysts
contain initially no M-H and M-Si bond, their forma-
tion occurs via oxidative addition of hydrosilane (silyla-
tion by hydrosilane) or via preliminary oxidative addition
of Cyiny—H of alkene to get in situ MH bond, followed by
insertion of vinylsilane to this bond and ngxSi trans-
fer to metal with elimination of ethylene (silylation by
vinylsilane). We can conclude that regardless of the way

of M—H and M-Si introduction and/or in situ generation
a common key step for both reactions, proved by sepa-
rate stoichiometric experiments ispaSi transfer versus
B-H transfer fromB-silyethyl-metal complex to the metal
atoms.

Silylation of alkenes with hydrosilanes is regiospecific due
to regioselective insertion of olefins into-N bond giving
products with terminal silyl groups. Since M—H complexes
(where M =Ru, Rh) also catalyzgés — trans isomeriza-
tion, predominantlyrans-1,2-products have been isolated
stereoselectively. The regioselectivity of alkene silylation
by vinylsilane catalyzed by MH and M-Si bond depends

on the way of insertion of olefins into M5i bond, which

is dependent on the structure of the complex, stereoelec-
tronic effects of the ligands as well as bulkiness of alkene.
Therefore, homocoupling of vinylsilanes can givens-
andgem-products.

If the silylation with vinylsilane occurs according to the
mechanism involving preliminary hydrovinylation, i.e.,
when it is catalyzed by TM complexes containing ini-
tially no M—H and M-Si bond, then the regioselectivity of
the process depends on the mode of this hydrovinylation
stage. On the basis of the experiment reported by Brook-
hard—also two types disilylethenesdns- andgem-) are
observed in catalysis by metal(siloxides) of the homocou-
pling of vinylsilane. However, in the heterocoupling with
styrene catalyzed by rhodium and iridium siloxides, as
well as by [RuC4(CO)]2, exclusive formation of sily-
lation product is due to regiospecific hydrovinylation of
styrene, followed by regioselective insertion of vinylsilane
into Ru-H bond and nexg-Si elimination of ethylene and
reductive elimination, exclusively, afans-product. There

is no olefin insertion into MSi bond needed in this case
as a key step necessary for silylation with vinylsilanes cat-
alyzed by complexes initially containing-MH and M-Si
bonds.
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