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Latest Research on the Hydrosilylation Reaction
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The latest (1964-1974) literature data on the hydrosilylation reaction are surveyed and the results of studies on hydro-
silylation, the possibility of using new catalysts, new applications, and the commonest side reactions are considered.
The bibliography includes 428 references.
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I. INTRODUCTION

During recent years, the hydrosilylation reaction has
become the most popular method for obtaining a wide
variety of carbofunctional organosilicon monomers. Thus,
whereas during the first decade after its discovery
(in 1947) approximately 150 publications with 500 examples
of the reaction were devoted to hydrosilylation, during the
last decade after the publication of the first monograph on
hydrosilylation1 (1964) the number of relevant publications
already exceeded 1500. They describe approximately
10 000 instances of the application of the hydrosilylation
reaction not only in the synthesis of monomers, but also in
the formation of a new type of organosilicon polymers
(the polyaddition reaction).

Attempts at a systematic arrangement of the enormous
amount of experimental data on the hydrosilylation of
unsaturated compounds (up to 1967) and on the employment
of the hydrosilylation reaction for the synthesis of carbo-
functional organosilanes (up to 1971) were undertaken in
two major reviews2'3. Individual problems of hydrosilyla-
tion have been considered also in a number of other
reviews4"21.

This review surveys the results of research on hydro-
silylation, gives a systematic account of data on the
utilisation of new catalysts, and examines new possibilities
for the application of the hydrosilylation reaction on the
basis of data published up to 1975.

II. NEW CATALYSTS

Chloroplatinic acid is the catalyst most frequently used
for the hydrosilylation of the C=C double bond and the
C=C triple bond. It is usually employed in the form of a
solution in isopropyl alcohol. However, in many instances,
in order to avoid side reactions22"32, shorten the induction
period33, and increase the yield of the isomer with a
terminal silyl group13'34, a solution of H2PtCl6.6H2O in
tetrahydrofuran has been used. In some cases the catalyst
was prepared in methanol35, ethanol36"39, butanol40"46,
2-methyl-2-propanol47'48, octanol49"60, a 2-propanol-
benzene mixture61, cyclohexanone62, dimethyl ether of
ethylene glycol63"67 or diethylene glycol68"69, ethyl ace-
tate70, methyl benzoate71'72, and dimethyl phthalate73"77.

An active catalyst was obtained by treating H2PtCl6.6H2O
with dichloromethylsilane at 20°C for 12 h.78'79. Chloro-
platinic acid has also been used together with a buffer
solution of a strong acid in water80'81.

Since chloroplatinic acid may form a complex with the
initial ethylenic or acetylenic compound, complexes of
platinum derivatives with various unsaturated compounds,
namely ethylene cyclohexene

82*85,92-97

its derivatives'
styrene and

vinylsiloxanesb8'104"114, vinylpyri-
dine115'116, ethylene and pyridine117"119, ethylene and
phosphines120'121, and alkylethylenes21'122'123, as well as
complexes with cyclopropane124"128, ketones62'129"131,
nitriles132"134, phosphines132'135"142, phosphines on poly-
meric carr iers1 4 3 '1 , dialkyl sulphides145"148, and
sulphoxides149 have been proposed as hydrosilylation
catalysts.

The use of bivalent and quadrivalent platinum complexes
of pyridine has also been described132'150'151. Sometimes
amines (butylamine152, tributylamine153, and triethylene-
diamine154'155) were added to chloroplatinic acid in order
to increase the yield of the reaction product, but in other
instances the addition of amines inhibited hydrosilyla-
tion21'22'33'156'157. The addition of a small amount of
amines can alter appreciably the mode of hydrosilylation
(towards the formation of the /3 -isomer in the case of
styrene Two-centre Me3PtI complexes with
pyridine159'160 and hexamethyldiplatinum have also been
used

14 3,161-164Platinum complexes on inorganic 4 and organic
polymeric carriers have begun to be employed on a wide
scale recently. Polymeric platinum chelates with
di-(8-hydroxy-5-quinolinyl)methane have also been pro-
posed as hydrosilylation catalysts165. A solution of
chloro-osmic acid in ethanol catalyses the addition of
dichloromethylsilane to vinylsilanes, like chloroplatinic
acid166'167. Palladium complexes, for example
(Ph 3 P) 4 Pd, 1 4 0 ' 1 6 8 " 1 ^ ( p h 3 p ) 2 p d C l 2 ) "4,168,1*
(PhCN)2PdCl2,

 177-180 (Ph3P)2.(£-quinone)Pd, 140 (Ph3P)2.
.maleic anhydride.Pd,
diorganophosphinoalkylpolysiloxanes

and palladium complexes of
proved to be

effective catalysts of the hydrosilylation of alkenes and
polyenes. The palladium(II) complexes of menthyldi-
phenylphosphine and neomenthyldiphenylphosphine have
been used for the asymmetric hydrosilylation of styrene
and cyclic conjugated dienes178.
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A wide variety of rhodium(I) complexes proved in many
instances to be not inferior to platinum compounds as
regards catalytic activity. Complexes of triphenyl-
phosphine [(PhaPjaRhCl] 31>144'183"196 and diphenylphosphine
f(Ph2PH)3RhCl],197 the triorganophosphinerhodium car-
bonyls (Ph3P)2(CO)RhCl,187>r88 (Ph3P)3(CO)RhH,185'196 and
(Et3P)2(CO)RhCl,187 the rhodium carbonyl[RhCl(CO)2]2,

185'187

the olefin complex [(C2H4)2RhCl]2,
86'198 the bisdimethylgly-

oximato-complex [(Ph3P)(C4H7N2O2)Rh]2,
199"203 and certain

others204"206 have been proposed. The activity of the
rhodium catalysts in the reaction of trichlorosilanes with
hexene diminishes in the sequence187

[RhCl(CO)2]2 > (Ph3P)2 (CO) RhCl > (Ph3P)3RhCl > (Et,P), (CO)RhGl

(Ph3P)3RhCl in methylene chloride is less active in the
reaction of dimethylphenylsilane with ethylene than
H2PtCl6.6H2O in tetrahydrofuran31. The latter is also less
sensitive to the effect of substituents in the benzene rings
of aryldimethylsilanes. It has been shown that [(C2H4)2.
.RhCl]2 is a more active catalyst than (Ph^sRhCl.198 Its
use for the hydrosilylation of cis- and trans-hept-2-enes
with trichlorosilane leads to trichloro-n-heptylsilane (as
for H^tCU.1 9 8

The rhodium complexes of phosphines have been used
successfully also for the hydrosilylation of C=O 195>207-219

and C=N bonds. The asymmetric hydrosilylation
of carbonyl compounds has been carried out in the pres-
ence of complexes with chiral iigandsi42,2O8-2io,213,2fi,218,
219,223

Rhodium complexes on polymeric carriers have been
prepared recently143'144'224'228 and it has been observed that
these complexes catalyse effectively the addition of
trialkyl- and trialkoxy-silanes to alkenes and of trialkoxy-
silanes to vinyl ethers and only slightly the addition of
trichlorosilane to alkenes. On the other hand, the
analogous platinum complexes catalyse the reactions with
trichlorosilane more effectively than those with triethyl-
silane143. Ruthenium complexes have also been used for
hydrosilylation196'229'230, but iridium complexes of the type
(Ph3P)2(CO)IrCl have proved to be inactive188.

New possibilities in the hydrosilylation reaction arose
following the application of nickel complexes132'169'170'231"243.
Thus, whereas the reaction of trichlorosilane with
styrene in the presence of H2PtCl6 leads to the formation
of a mixture of a- and /S-adducts with the /S-isomer pre-
dominating (35 : 65), when (Ph3P)2NiCl2 is used as the
catalyst the main product is the a-isomer (80 : 20),231

while the use of 77-C5H5(CO)Ni 240 and Ni(CO)4 + Ph3P
(1: 2) 132 yields exclusively the a-isomer. The yield of
hydrosilylation products, which usually does not exceed
20% in the presence of the phosphonickel catalyst, can be
raised to 75% by employing CuCl as the cocatalyst. The
mixture then contains up to 95% of the a-isomer213.

Acrylonitrile, methyl acrylate, vinyl acetate, cyclo-
hexa-l,4-diene, and isoprene give rise to normal addition
products only, even in the presence of dichloro[l,l-bis-
(dimethylphosphino)ferrocene]nickel(II), which caused a
marked disproportionation of the silane (83% of chloro-
methyloctylsilane) in the addition of dichloromethylsilane
to oct-1-ene234. The NiCl2 complex with l,2-bis(dimeth-
ylphosphino)-o-carborane [(Dmpc).NiCl2], containing an
electron-accepting ligand, promotes the formation of a-
and j3-isomers even in reactions with alk-1-enes237. For
example, when propene interacted with trichlorosilane
at 120°C for 20 h in the presence of (Dmpc).NiCl2 (10~3

mole per mole of the olefin), the addition product consist-
ing of dichloroisopropylmethylsilane and dichloromethyl-
n-propylsilane in proportions of 41: 59 was formed in
40% yield237:

CH3CH=CHa + MeSiHCla -> CH3CHSiCl.,Me + CH3CH2CH2SiCI2Me .

CHa

The reactions involving pent-2-ene and hex-2-ene
result in the formation, together with n-alkyl derivatives
(20-50%), also of the products of the addition of the
hydrosilane to the double bonds of the non-isomerised
alk-2-enes237.

Using trans -[(+)-(iO-(PhCH2)MePhP]2NiCl2, it was
possible to achieve the asymmetric hydrosilylation of
a-methylstyrene with dichloromethylsilane, which gave
31% of the /S-adduct with a 17.6% enantiomeric excess of
thei^-isomer238.

Ziegler systems of the type M(acac)n-AlEt3 (M = Ni,
Co, or Fe) catalyse the addition of trialkyl- and trialkoxy-
silanes to 1,3-dienes, promoting the formation of
1,4-adducts. The nickel catalysts are the most active
among them239'244.

The catalytic activity of the polymeric chelates of
Group VIII metals with di-(8-hydroxy-5-quinolinyl)methane

is determined by the nature of the metal M. For example,
the platinum chelate is active in the reaction of trichloro-
silane with hex-1-ene (2 h, 100°C, yield 70%). When
M = Ni, the yield of trichlorohexylsilane was only 5%,
while the rhodium and palladium chelates do not catalyse
the reaction. In the reaction with triethoxysilane, the
rhodium chelate (92%) proved to be more active than the
platinum chelate (85%), while the palladium and nickel
chelates showed virtually no catalytic activity165. The
nature of the metal determines also the ratio of the a-
and i3-isomers in the reaction of trichlorosilane with
styrene: 95% /S for M = Rh, 92% /3 for M = Pt, and 19% a
for M = Pd.165 The reaction of trichlorosilane with
buta-l,3-diene in the presence of the palladium chelate
results in the formation of 86% of ce's-1-trichlorosilylbut-
2-ene, while in the presence of the platinum chelate a
mixture of four products is formed: cis -1-trichlorosilyl-
but-2-ene (16%), trans-l-trichlorosilylbut-2-ene (37%),
l-trichlorosilylbut-3-ene (14%), and l,4-bis(trichloro-
silyl)butane (4%).165

CO2(CO)8, 31'185,193,245-247 H C o ( C O ) 4 > 2«-250 ( P h 3 P) 3C OH3,
 251

and other cobalt complexes 245>251'252 have been used for the
hydrosilylation of alkenes. Dicobalt octacarbonyl also
catalysed the a-addition of chlorodimethylsilane to
acrylonitrile185.

The hydrosilylation of a-alkenes and acetylenes
is also catalysed by Fe(CO)5. Here the initial alkene reacts
in four ways: it interacts with the hydrosilane to form
both the addition product and the dehydrocondensation
product, isomerises, and is hydrogenated254:

PrCH=CH s + MeEt2SiH MeEt2SiCH2CH2Pr + MeEt 2SiCH=CHPr+

+ C6H]2 + isomeric pentenes.

Dimanganese decacarbonyl245 and cyclopentadienyl-
manganese tricarbonyl257'258 have also been used as hydro
silylation catalysts.

Copper compounds [Cu2O, Cu2Cl2, and Cu(acac)2] in
mixtures with organic cyanides are effective catalysts of
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the hydrosilylation of acrylonitrile, promoting the forma-
tion of the /3-adduct in the reaction with both trichloro-
silane (70-78%) and dichloromethylsilane (80%).259

The addition of hydrosilanes of different olefins in high
yields is initiated by y-radiation260"267 in view of the
absence of side reactions, which are unavoidable in ther-
mal addition1'268.

Peroxides have been rarely used in recent years for the
initiation of the hydrosilylation of the C=C bond269"272,
although a new catalyst has in fact been proposed, namely
dicyclohexyl peroxycarbonate273. At the same time, the
hydrosilylation of the N=N bond was actually achieved for
the first time in the presence of a peroxide274.

It has also been shown that the use of peroxy-catalysts
in conjunction with ultraviolet irradiation permits the
hydrosilylation of a-alkenes and cyclohexene with
trichlorosilane at a low temperature (0-20°C). The
yields of the addition products reach 80-95%. Dichloro-
methylsilane also reacts fairly satisfactorily with alk-
1-enes, while triethylsilane, triphenylsilane, triethoxy-
silane, and Zh -heptamethyltrisiloxane do not react under
these conditions (30-40°C, 38 h).277 The use of bis-
(trimethylsilyl)mercury as the sensitiser accelerates the
addition of trichlorosilane to oct-1-ene under the influence
of ultraviolet irradiation by a factor greater than two
relative to the reaction initiated by t-butyl peroxide275.
The photochemical hydrosilylation of 1,3-dienes by
trialkylsilanes takes place in the 1,4-positions and is
catalysed by chromium hexacarbonyl279.

III. THE PROPERTIES OF HYDROSILYLATION

1. The Reactivity of Hydrosilanes

Kinetic studies on the hydrosilylation of hept-1-ene in
the presence of H2PtCl6.6H2O showed that the rate of reac-
tion decreases with increase of electron density at the
hydrogen atom31:

HSiCl3 > EtSiHCl2 > Et2SiHCl > EtsSiH
3.00 2.04 1.94 1

However, the changes are not additive and are not corre-
lated with the inductive Taft constants a*, so that the
differences between the reactivities in this series of
hydrosilanes cannot be accounted for solely by the inductive
effects of the substituents.

The rate of hydrosilylation of hex-1-ene increases on
passing from tripropylsilane to diethoxypropylsilane31:

Pr (EtO)2SiH > Pr2EtOSiH > Pr3SiH
15.20 4.33 1

When the reaction is carried out in the presence of
H2PtCl6.6H2O, triethoxysilane proves to be less reactive
than diethoxypropylsilane31; on the other hand, in the
presence of (Ph3P)3RhCl or Co2(CO)8 triethoxysilane
proves to be more reactive193:

(EtO)3SiH > Pr (EtO)2SiH > Pr,EtOSiH > Pr3SiH
(Ph3P)3RhCl 42.8 28.4 5.4 1
Co2(CO)8 119.0 59.5 27.5 1

When rhodium complexes with phosphine ligands on a
modified silica gel are used in the reactions with hexene,
heptene, and ethyl vinyl ether, triethoxysilane also
exhibits an enhanced reactivity:

(EtO)3SiH > Et3SiH > HSiCl3 .

Trichlorosilane proved to be most reactive in the reaction
of decene in the presence of the analogous platinum
catalyst144:

HSiCl3 > (EtO)3SiH > Ef3SiH .

The increase of the rate of reaction with decrease of
electron density in the Si-H bond has also been observed
in the addition of aryldimethylsilanes/>-XC6H4(CH3)2SiH
to ethylene. The rate of reaction in the presence of
(Ph3P)3RhCl increases on passing from dimethyl-/* -
methoxy-, to dimethyl-/?-chloro-phenylsilane31:

Cl > H > MeO
1.35 1 0.78

It is noteworthy that, in hydrosilylation in the presence
of platinum, rhodium, and ruthenium complexes, the rate
of reaction depends also on the stability of the complex
of the catalyst and the hydrosilane280, which can lead to
reactivity series inconsistent with the corresponding
series based on the variation of reactivity established in
the reactions involving H2PtCl6. For example, the yield
of the product of the hydrosilylation of hexene in the
presence of (Ph3P)3RhCl decreases on passing from
PhsSiH (100%) to EtsSiH (60%) and HSiCl3 (8%),188. The
decrease of the yield of the hydrosilylation product with
increase of the number of chlorine atoms has also been
observed for chloroethylhydrosilanes198, which is consis-
tent with the series based on the increase of the stability
of the complexes (Ph3P)2RhH(SiClnR3 -n)X.188 However,
when a competition addition reaction was carried out,
hydrosilanes with a greater number of chlorine atoms
proved to be more reactive both in the presence of
(Ph3P)3RhCl 193and [(C2H4)2RhCl]2.

198

Hydrosilylation under the influence of dinuclear
platinum complexes of styrene proceeds as a two-stage
process owing to the conversion of the initial compounds
into complexes with a much lower catalytic activity. The
rates of cleavage of the olefinic complexes and of addition
in the second stage of the reaction increase with decrease
of the strength of the Si-H bond98:

MeSiHCl2> Me2SiHCl > Me3SiH .

Other reactivity series have also been obtained for
hydrosilanes, namely for the hydrosilylation of a-alkenes
in the presence of H2PtCl6:

281

PrSiHCI2 > EtSiHCl2> MeSiHCl2
2.75 1.80 1

and for the hydrosilylation of vinylsilanes in the presence
of H2PtCl6:

HSiCl3> MeSiHCl2> Me2SiHCl> EtaSiH
6.75 2.88 1-62 i

Analogous series were obtained for the hydrosilylation of
octene in the presence of phosphinonickel complexes234

and of allylmalonic acid esters in the presence of
H2PtCl6.

283

The reactivity of hydrosilacycloalkanes in the reaction
with ethylene in the presence of 5% Pt/C decreases in the
sequence284

/
/

\

\ /
Si >

/ \
Me

s

Si<
/

H
/
XMe

>
/ N

\ -

H

\
' XMe

Under these conditions, all the hydrosilacycloalkanes are
much more reactive than their acyclic analogues284. In
the competition reaction, the addition of the latter is
inhibited until most of the hydrosilacycloalkane has
reacted.
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Furyl-285, thienyl-286, and ferrocenyl-hydrosilanes287"290

are also very reactive.
In the reaction with a-methylstyrene in the presence of

H2PtCl6, cyclic hydrosilanes can be arranged in the
following sequence in terms of decreasing reactivity:

(MeSiHO)4> (EtSiHO)4> (MeSiHNH)4> (EtSiHNH)4> (EtSiHS)3 .

The series is consistent with the sequence based on the
decrease of the electronegativity of the heteroatom291'292.

Hydrosilazanes (Me2SiH)2NR are also less reactive than
the corresponding hydrosiloxanes33'293. The rate of their
addition to allyldiethylamine decreases in the following
sequence as a function of the group linked to the nitrogen
atom33'2M:

Ph> iso-Bu > H > Me, PhCH2 .

The trisilylamines (Me3Si)2NSiHMe2 and (Me2SiH)3N
react with olefins with difficulty in the presence of
H2PtCl6.

269'295'296 This cannot be accounted for solely by
the influence of steric factors, because under these con-
ditions tris(dimethylsilyl)methane adds to octene with a
satisfactory yield269. The increase of electron density at
the silicon atom owing to the Pn-d-n interaction in the N-Si
bond plays a definite role in the decrease of the reactivity
of compounds with an N-Si-H group. The sequence based
on the decrease of reactivity

(Me2SiH)2NH> (Me2SiH)3N> Me2SiHNR2

shows that the reactivities of these compounds in the
hydrosilylation reactions are determined by a set of
different factors (conjugation, capacity for complex
formation with the catalyst, and steric hindrance).

In contrast to trichlorosilane, in the reaction with alk-
2-enes and alk-3-enes dichlorosilane forms in the presence
of H2PtCl6 the corresponding 2- and 3-substituted deriva-
tives instead of the n-alkyl derivatives297.

Kinetic studies on the hydrosilylation of hexene,
styrene, and its derivatives by organosilanes RSiH3 in the
presence of H2PtCle have led to the conclusion that hydro-
silanes with aromatic groups are more reactive than
alkylsilanes24 and attack on the reaction centre by the
olefin proceeds more readily the more marked are the
electron-accepting properties of the substituent at the
silicon atom24'25'2?8:

C1C6H4>C6H6> cyclo-C6H11>C4H9> iso-C6Hu .

The steric effects at the first stage of the reaction do
not play a significant role. As the number of substituents
on the hydrosilane increases, its reactivity falls28:

RSiHs> R2SiH2> R3SiH .

The hydrosilylation of A -propargylpiperidine, A -pro-
pargylperhydroazepine, and A-propargylmorpholine with
triethylsilane in the presence of H2PtCl6 results in the
formation of y-adducts (relative to nitrogen) having the
trans -configuration. On passing from triethylsilane to
dibutylmethylsilane, 3#-heptamethyldisiloxane, and tr i-
ethoxysilane, there is a gradual increase of the content
of the /3-adduct in the reaction products and for the last
compound the yields of the y- and /S-adducts are almost
equal299.

The mode of hydrosilylation of styrene by halogeno-
hydrosilanes in the presence of H2PtCl6 and the yield of
products depend also on the nature of the halogen. The
addition of alkylfluorosilanes leads to a mixture of a- and
i3-isomers30 02. Under these conditions, the formation
of the a-isomer predominates in the presence of dialkyl-
fluorosilanes300. Hydrofluorophenyl-, hydrofluorodi-
phenyl-, and hydrofluoro-a-naphthyl-silanes are more

reactive in competition addition reactions than the corre-
sponding chlorohydrosilanes303. At the same time aryl-
fluorohydrosilanes form a mixture of isomers with the
a -isomer predominating, while the arylchlorosilyl group
adds only to the terminal carbon atom of the double
bond303'304.

The ratio of a- and /3-isomers formed in the hydrosilyl-
ation of acrylonitrile in the presence of the ternary
catalyst Bu3N-(Me2NCH2)2-CuCl decreases after the
introduction of alkyl groups into the hydrosilane molecule305:

HSiCl3> PhSiHCI2>MeSiHCl2>Ph2SiHCl>PhMeSiHCl> Me2SiHCl .

The relative rate constants for the interaction of hexene
with hydrosilanes under the influence of y-radiation
decrease in the following sequence263:

HSiCls>Ph3SiH>Et3SiH
100 10 1

Ph3SiH> Ph2SiHCl > PhSiHCU
13.6 2.4 1

The first sequence can be accounted for by the activa-
ting influence of electronegative substituents on the reac-
tivity of the intermediate radicals X3SiCh3CHR, and the
second by the possibility of the stabilisation of the chloro-
silane radicals due to p^-d^ interaction.

2. The Influence of the Structure of the Unsaturated
Compound on the Rate and Mode of Hydrosilylation

Certain regularities have also been established in the
study of the influence of the structure of the unsaturated
compound on the rate and mode of hydrosilylation. In the
hydrosilylation of the C=C double bond in the presence of
H2PtCl6, the reactivity of olefins is proportional to the
electron density in the double b o n d . Steric hindrance
decreases the rate of reaction. The following reactivity
series have been established for the addition of trichloro-
silane to olefins at 120°C in the presence of H2PtCl6:

306

BuCH2CH=CH2> Bu (CHj)4CH=CH2> CJS-BuCH=CHMe> fra«5-BuCH=CHMe>
1.5 1 0.73 0.5

> cis-(trans-) PrCH=CHEt
0.35

Me3CCH2CH=CH2> Me3CCH=CH2> trans- Me2CHCH=CHMe
1.5 1.06 0.68

PhCH2CH=CH2> PhCH=CHs

0.71 0.54

Another series was obtained in the hydrosilylation by
alkyldichlorosilanes in the presence of H2PtCl6:

281

PrCH=CH2

1.39
BuCH=CH2> AmCH=CH1!

1.16 1

In the presence of H2PtCl6
 297 and [(C2H4)2RhCl]2,

 198

alk-2-enes and alk-3-enes react with greater difficulty
than alk-1-enes. Thus, whereas the yield of trichloro-
n-heptylsilane in the reaction of trichlorosilane with
hept-1-ene in the presence of [(C2H4)2RhCl]2 is 54% (85°C,
2 h), its yield in the reaction with czs-hept-2-ene does not
exceed 10%, while in the reaction with trans-hept-2-ene
it is only 1%.198 On the other hand, in the presence of
(Ph3P)4Pt 137 and peroxides 271, the alkenes could not be
hydrosilylated at all.

The hydrosilylation of compounds whose molecules
contain several double bonds permits the comparative
estimation of their reactivities. Thus the addition of
dichloromethylsilane to hexa-l,5-diene (equivalent double
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bonds) in the presence of H2PtCl6 involves both bonds70'307,
while in the addition to the natural terpene myrcene

(CH3)2C=CHCH2CH2C-CH=CH2,
1Kb)
CH2

which has three types of double bonds, the reactivity of
the latter in the reaction with trichlorosilane in the pres-
ence of H2PtCl6 decreases in the sequence (a) > (b) >
( c ) > 308,309

The study of the hydrosilylation of unsaturated silanes
containing two different unsaturated groups at the silicon
atom by chlorodimethylsilane in the presence of H2PtCl6
made it possible to establish the following reactivity
series28 :

HC=C>CH.,--- CH >CH2=CHCH, >CH2=CCHn

I
CH3

CH2=CH >CH2=CHC6H4

In the reaction with phenylsilane, the reactivity of
unsaturated compounds decreases in the sequence25'298'310:

p-CH3C6H4CH=CH2>PhCH=CH2>p-ClC6H4CH==CH2.

A similar behaviour, involving an increase of the con-
version and of the rate of reaction with increase of elec-
tron density in the double bond, was observed also in the
hydrosilylation of substituted styrenes by dichloromethyl-
silane in the presence of the platinum-styrene complexes98.

Certain other reactivity series of unsaturated compounds
have also been obtained291'311; in reactions with hydro-
cyclosiloxanes:

PhCH=CH2>PhCH (CH3)=CH2>CH2=C (CH3) COOMe>CH2=CHCH2CN;

in reactions with hydrocyclosilazanes:

PhCH=CH2>CH2=C (CH3) COOMe>CH2==CHCH2CN>CH2=CHCN;

in reactions with hydrocyclosilthianes:

PhCH(CH3)=CH2>CH2=CHCH2CN>CH2=CHCN.

In the hydrosilylation of monosubstituted acetylenes
RC^CH by triethylsilane in the presence of H2PtCl6, the
amount of /3-isomers increases with enhancement of the
electron-donating properties of R.21'312 The use of tetra-
hydrofuran as the reaction medium decreases the amount
of thea-isomer21'313'314.

IV. NEW APPLICATIONS OF HYDROSILYLATION

During recent years, it has been possible to achieve
for the first time the hydrosilylation of the C=N, N=N,
and N=O bonds.

Triethylsilane adds to JV-substituted aldimines in the
presence of ZnCl2 at 150°C:315

PhCH=NR + HSiEt3 -> PhCHoN (R) SiEt3 .

Nickel and platinum halides behave similarly316.
Rhodium complexes are much more active catalysts of the
hydrosilylation of ketimines by trialkylsilanes and dior-
ganosilanes, which makes it possible to carry out the
addition at a lower temperature (30-50°C).220'222 Their
reactivity decreases in the sequence221

(Ph3P)aRhCl p> (Ph3P)2Rh (CO) Cl > ((hexa-l,5-diene) RhCl]2>
>[(cyclo-octa-l,5-diene)RhCl]2> PdCI2> (Ph3P)2PdCl2 .

Palladium catalysts are less active but they can be used
also for the addition of trialkylsilanes to the isocyanate
group317.

Trimethylsilane reacts with pyridine in the presence of
palladium on charcoal (30°C, 25 h) with formation of
JV-trimethylsilyl-l,2-dihydropyridine (25%), AT-trimethyl-
silyl-l,4-dihydropyridine (35%), .NiV'-bis(trimethylsilyl)-
l,l'-dihydro-4,4'bipyridyl (25%), iV-trimethylsilyl-
1,2,3,6-tetrahydropyridine (12%). and many other
trimethylsilylhydropyridines318 . The Pd/C catalyst is
more active than Rh/C, PdCl2, Pt/C, and Ru/C. How-
ever, Rh/C acts more selectively, directing the process
mainly towards the formation of iV-trimethylsilyl-l,4-di-
hydropyridine320'321. In the reaction involving 3-methyl-
pyridine in the presence of Pd/C, there is quantitative
addition to the 1,4-positions. 4-Methylpyridine reacts
four times as slowly as pyridine and the addition of
trimethylsilane to 2-methylpyridine could not be achieved
at all321.

Triphenylsilane adds to the N=N bond of diethylazo-
dicarboxylate in the presence of t-butyl peroxide in
boiling benzene. The reaction proceeds slowly: the
attainment of a 70% yield of the product requires eleven
days. The addition was much faster under ultraviolet
irradiation in the presence of t-butyl peroxide (3.5 h,
yield 77%):274'322

EtOOCN=NCOOEt + HSiPh, . EtOOCN—NHCOOEt .

SiPh,

At a higher temperature (140°C), triphenylsilane adds
to azobenzene (yield 30%) :322

PhN-=NPh + HSiPh3 -> PhNHNPhSiPh3 .

Trimethylsilane adds to the N-0 bond in trifluoro-
nitrosomethane both under the influence of ultraviolet
light and in the presence of H2PtCl6:

323

CF3N=O + HSiMe3 -» CF3NHOSiMe3 - r (CF3)2NOSiMe3 .

Together with the normal addition products (43 and 74%
respectively), the O-trimethylsilyl derivative of bis(tri-
fluoromethyl)hydroxylamine is also formed (28 and 16%).323

Under the influence of ultraviolet light, trichlorosilane
adds slowly to trifluoronitrosomethane (15 h, yield 17%).
Trifluorosilane is much more reactive under these condi-
tions (yield 80%).324

The addition of chlorohydrosilanes 325"330
> alkoxyhydro-

silanes331"333, and hydrosiloxanes326'334"338 to alkenylcar-
boranes in the presence of Pt/C, H2PtCl6, FeCl3, or in the
absence of catalysts (>200°C) leads to the corresponding
alkylcarboranylsilanes and carboranylsiloxanes:

CH CCH CH = CH + II

\O/ : '
BioHio

CH CCII Cli CH Si —

Trichlorosilane adds to 2-vinylfuran in the presence of
H2PtCl6 on heating a tetrahydrofuran solution in a closed
vessel to 80-85°C. After heating for 18 h, the yield of
the hydrosilylation product is 60%:339

-CH=CH2 + HSiCl3

The yield of the products of the addition of dichloro-
methylsilane and dichloroethylsilane in the presence of
H2PtCl6 is 70%, while the yield of the addition reactions
involving ethoxy- and acetoxy-silanes is lower (approxi-
mately 50%) and that of the reactions with trialkylsilanes
is lower still (approximately 30%).339)34°

Unsaturated derivatives and other oxygen-containing
heterocycles, namely oxetan
have been hydrosilylated.

and tetrahydropyran
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It has been shown that alkenyl sulphides' combine
with various hydrosilanes in the presence of platinum
catalysts, like unsaturated ethers1'3:

RSCH2CH=CH2 RSCH2CH2CH2Si^.

The hydrosilylation of unsaturated sulphones proceeds in
the same way354.

In the presence of several double bonds in the molecule
whose positions relative to the sulphur atom are different,
the bond most remote from the sulphur atom is the first
to be hydrosilylated355:

CH2=CH(CH2)nSCH=CH2+ H—SiZ ^^SiCH2CH8(CH2)nSCH=CH2 .

When the reaction was initiated by ultraviolet light, it
was possible to achieve the quantitative addition of tr i-
chlorosilane, dichloromethylsilane, and trimethylsilane
to bis(trifluoromethyl)aminoethylene356'357:

(CF3)2NCH=CH2 -f HSiCl3 - (CF3)2NCH2CH2SiCl3 .

Azines derived from unsaturated ketones358'359,
1-vinylsilatrane369, and ketenes361'362 have been hydrosilyl-
ated in the presence of H2PtCl6:

[CHs=CHCHsCHX (CH3)=N-]2 + H - S i Z
\

i (CH2)4C (CH3) = N - 1 5

N (CH2CH2O)3SiCH=CH2 + H—Si^-> N (CH2CH2O)3SiCH2CH2Si^

I t X I t X

R 2 C = C = O + H — S i ^ - » R 2 ^
\

It has been shown for the reaction with optically active
hydrosilanes that the hydrosilylation of alkenes in the
presence of H2PtCl6 and [(C2H4).PtCl2]2 proceeds with
retention of configuration90'363'364, which confirms to a
certain extent the coordination reaction mechanism put

, 12, 16, 25, 28, 31, 77, 86, 90, 291, 298, 306, 364-367

With increase of n, the amount of the isomer with a
terminal silyl group increases, falling as m increases.
The yield of this isomer rises in the following sequence of
hydrosilanes303:

MesSiHCl > MeSiHCl2 > HSiCl3 .

The hydrosilylation of monosubstituted acetylenes in the
presence of a mixture of nickel acetylacetonate and tr i -
ethylaluminium is accompanied by dimerisation239:

2 RC=CH + HSiX3 -» CH2=CRCR=CHSiX3 + RCH=CHCR=CHSiX3 .

Dimerisation also occurs in the hydrosilylation of buta-
1,3-diene in the presence of palladium catalysts140'169'170:

CH2=CHCH=CH2+R3SiH -»CH3CH=CHCH2CH,CH=CHCH2SiR3 .

Various side reactions can occur in the hydrosilylation
of unsaturated compounds containing functional groups
capable of reacting with hydrosilanes. Thus, whereas
trialkylsilanes add to perfluorocyclobutene on heating to
250°C, the reaction with l,2-dichloro-3,3,4,4-tetrafluoro-
cyclobutene under analogous conditions involves condensa-
tion and reduction instead of addition373:

CF2—CCI „ s i H CF2—CC1 CF2-CH
I II - ^ I I! + 1 II +R3SiCl + HCl .
CF2—CCI CF2—CSiR3 CF2-CC1

The hydrosilylation of allyl chloride374'375 and methyl-
allyl chloride376 in the presence of H2PtCl6 is also
accompanied by reduction. The ratio of the addition and
reduction products depends on the structure of the hydro-
silane, decreasing as chlorine atoms are replaced by
methyl, phenyl, and ethoxy-groups374'375:

HSiCl3>MeSiHCl2>PhSiHCl2>Me2SiHCl>MePhSiHCl>Ph2SiHCl>MePh2SiH
5.7 2.7 1.82 1.45 1.2 0.38 O.lt

EtSiH2Cl >EtSiHCl2>Et2SiHCl > (EtO)3SiH>Et3SiH

V. ANOMALOUS AND SIDE REACTIONS

In many cases the hydrosilylation of alkenes is
accompanied by other processes associated with the
reactions of the initial olefin, hydrosilane, or reaction
intermediates. The commonest reactions of this kind are
isomerisation86'143'185'188'197'198'254'256'296'368'369andhydro-
genation25'254'310 of the initial alkene and in some cases
telomerisation187'270.

The reaction of trichlorosilanes with 1-propylcyclo-
hexene in the presence of H2PtCl6 proceeds with migration
of the double bond and involves the formation of trichloro-
3-cyclohexylpropylsilane, while the unreacted olefin
consists of 1-propylcyclohexene (33%), 3-propylcyclo-
hexene (3%), 4-propylcyclohexene (3%), and 1-propenyl-
cyclohexane (2%):85

- HSiCl, >-(CH2)3SiCl3

Isomerisation is observed also in the hydrosilylation of
/3-pinene370'371, and bicyclo[2,2,l]hepta-2,5-diene372.

The hydrosilylation of arylalkenes Ph(CH2)nCH=CH2
(n = 1 or 2) and PhCH=CH(CH2)mH (m = 0-4) in the
presence of H2PtCl6 is accompanied by isomerisation and
leads to the formation of two products: with a terminal
silyl group and with a silyl group located at the carbon
atom adjoining the phenyl group °3. For example:

PhCH2CH=CH2 + HSiCl3 -» Ph (CH2)3SiCl3 + PhCH (SiCla) CHjCH3 ;
PhCH=CHCH3 + Me2SiHCl -* Ph (CHJjSiClMe,, + PhCH (SiClM

In the presence of H2PtCl6, triphenylsilane and methyl-
diphenylsilane reduce the nitro-group of m-nitrostyrene,
while alkylchlorohydrosilanes add to the C=C double bond
without affecting the nitro-group377.

In the hydrosilylation of unsaturated esters by chloro-
hydrosilanes and alkoxyhydrosilanes, the cleavage of the
C-O bond is also frequently observed378"382. For
example, the hydrosilylation of allyl trif luoroacetate by
dichloromethylsilane in the presence of H2PtCl6 involves the
formation, together with dichloro-[3-(trifluoroacetoxy)-
propyljmethylsilane (52%), of a number of other cleavage,
reduction, and further reaction products384:

CF3COOCH2CH=CH2+ MeSiHC!2-

>CF3COO(CH2)3SiCl2Me (52.2%)

> CFaCOOCH2CH2CH3 (3.3%)

> CH3SiHCl (OCOCF3) + MeSiCl3 + PrSiCI2Me +

(~13%) (9.4%) (12.2 »/„)
+ CF3COO (CH2)3Si (OCOCF3)ClMe (7,3%) .

The addition of trichlorosilane to vinyl acetate under
the influence of y-radiation is accompanied by the reduc-
tion of the carbonyl group to the methylene group265:

CH3COOCH=CH2+HSiCl3 -> CH3CH2OCH2CH2SiCl3 .

Belyakova et al.385 was the first to show convincingly
that the hydrosilylation of unsaturated compounds contain-
ing other functional groups1'3 in the presence of H2PtCl6
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may involve the silylation not only of the hydroxy- or
carboxy-group, but also of the primary amino-group:

CH2=CHCH2NH2 + HSi (OEt)3 (EtO),SiCH2CH2CH2NH2 + (EtO)s SiCHCH2NH2

I
(EtO)3SiH CH,

(EtO)3Si (CH2)3NHSi (OEt)3 -* (EtO)4Si + (EtO)2Si
\

NHCHa

In hydrosilylation in the presence of platinum catalysts,
the disproportionation of the initial hydrosilane is some-
times observed296'369'375'384'386"390, for example:

2 PhSiHCL, -* PhjSiHCl + HSiCI3 ;

2 Et2SiHF -> Et2SiH2 + Et2SiFa .

In the presence of nickel catalysts this takes place to
a more marked extent. The disproportionation of the
hydrosilane in the hydrosilylation of alkenes, styrene,
cyclohexene, and cyclo-octadiene in the presence of
phosphinonickel complexes involves the formation of two
different adducts2 33'2%4:

RCH=CH2 + MeSiHCl2 -* RCH2CH2SiCl2Me + RCH2CH2SiHClMe + MeSiCl3 .

When the reaction of dichloromethylsilane with hex-1-ene
is carried out in the presence of [Me3SiCH2PBu2]2NiBr2
(120°C, 6 h), as many as four adducts are formed232:

CH3

I

BuCH=CH2 + MeSiHCl2

^BuCHSiHClMe + BuCH2CH2SiHClMe
(5%) (20%)

>BuCHSiCI2Me + BuCH2CH2SiCl2Me .

CH3

(10%) (65%)

The nature of the action of zero-valent nickel com-
plexes, for example (Ph2PCH2)2(C2H4)Ni, is comparable
to that of the action of the corresponding nickel(II) com-
plexes, but in the presence of the latter the induction
period is longer233. The yield of the reaction product
and the ratio of the anomalous and normal adducts
increase with increase of the electron-donating capacity
of the ligands and substituents in the olefin234.

The reaction of triorganosilanes with chlorovinyl-
silanes is accompanied by the exchange of the hydrogen
atom and the vinyl group of the initial silanes391:

Et3SiH + CH2=CHSiClMe2— Et3SiCHaCH2SiClMea+

j f -» + Et3SiCH2CH2SiEt3 +

Et3SiCH=CH2 + Me2SiHCl— + Me.2SiClCH2CH2SiClMe2 .

A similar exchange reaction is observed also in the
hydrosilylation of alkoxyvinylsilanes by alkylchloro-
hydrosilanes392 and of pentamethylvinyldisilane by dichloro-
methylsilane393.

The hydrosilylation of trimethylsilyl ethers of unsatu-
rated alcohols389'394"396 and esters of unsaturated acids397"399

by chlorodimethylsilane in the presence of H2PtCl6 is
accompanied by the transilylation of the initial unsaturated
silane with subsequent cyclisation owing to the intramolec-
ular hydrosilylation of the intermediate allyloxy- and
acyloxy-hydrosilanes, for example:

Me3Si0CH2C=CH2 + MeaSiHCl -* Me2Si (H) OCH2CH=CH2 + Me3SiCl

CH;, CH,
O-CHCH,

Me,Si<
CH2CH2

Me3SiOOCCH2CH=CH2 + Me2SiHCl

*MeSi (H) (Cl) OOCCH2CH=CH2
 (H2FIC1 '

/CH2CH2

-» MeClSi< |
XOCOCH,

The interaction of acryloyloxytrimethylsilane with
(chloromethyl)dimethylsilane proceeds with dissociation of
the C-Cl bond and the formation of a six-membered
lactone400:

Me.,SiOOCCH=CH2 + ClCH2SiHMe2 ->
-> Me2Si (H) CH2OOCCH=CH2 +Me 3SiCI

HjPtCl, '

Me2SiCH,

'CH,

CH2OCO

During the recent li years (from January 1975 to
July 1976), 200 new studies on the hydrosilylation reaction
were published, which indicates the growing popularity of
this method of synthesis of organosilicon monomers and
polymers.

A detailed study was made of the catalytic activity of
nickel catalysts in reactions with carbonyl compounds401"404

and of rhodium catalysts in reactions with olefins405. It
has been shown406 that (PhsP^hCl is an effective catalyst
of the hydrosilylation of acrylonitrile not only by chloro-
hydrosilanes but also by trialkylsilanes (the a-isomers are
formed). The hydrosilylation of buta-l,3-diene has been
investigated in detail in the presence of rhodium407,
palladium408'409, and nickel4*5'411 catalysts. New catalytic
systems have been proposed for this reaction: nickel412

or cobalt413 salts mixed with sodium hydrodi-(2-methoxy-
ethoxy) a luminate.

The study of hydrosilylation established that the reac-
tivities of hydrosiloxanes414 and vinylsiloxanes415

Me3-nRSi(OSiMe3)n (R = H or vinyl) in this reaction
decrease with increase of n. In the hydrosilylation of
acetylenic compounds416420, the reaction rate increases
with electron density in the triple bond and is to a large
extent determined by the steric properties of the groups
attached to the silicon atom.

It has been found that the hydrosilylation of divinyl
sulphide by diethylsilane is accompanied by cyclisation
with formation of a derivative of a new heterocyclic sys-
tem—3,3-diethy 1-2,4-dimethyl-1-thia-3-silacyclobutane421.

Studies on the asymmetric hydrosilylation422"428 of the
C=C, C=N, and C=O bonds are developing to an increasing
extent, which is of interest both for the synthesis of chiral
amines and alcohols with a high optical purity and for the
determination of the mechanism of the hydrosilylation
reaction.
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