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Introduction

Organosilicon polymers, known as silicones are compounds in which the elements silicon and oxygen alternate in the molecular skeleton.
Organosiloxanes containing Si-O-Si bonds can be considered to be structurally derived from silica. Polycarbosilanes are compounds in which
the elements silicon and carbon alternate in the molecular skeleton. They are similar to silicones except that the oxygen bridges of silicones
are replaced by methylene units. Polycarbosilanes have been reported to be useful as precursors for the silicon carbide continuous fiber.!
When carbosilanes having the alternating Si-C-Si arrangements in the molecular skeleton are used for the modification of silicones,
interesting properties of the silicones are expected from the molecular arrangements.

Since the early 1940's, the direct synthesis of organochlorosilanes from elemental silicon and organic chlorides has been intensively studied.?
Recently, the direct synthesis of organochlorosilanes containing Si-C-Si bonds from elemental silicon and organic polychloride or
chloromethyl group containing silicon compounds appeared. These new monomeric compounds open numerous routes to other
organosilicon derivatives and find a number of industrial applications. This review provides a summary on the direct synthesis of
organochlorosilanes, particularly emphasizing compounds containing the Si-C-Si bond.

The Direct Synthesis of Methylchlorosilanes

The direct synthesis of methylchlorosilanes, known as the Rochow reaction is the reaction of methyl chioride with elemental silicon in the
presence of copper catalyst. The direct process is the most widely used basic technique in the silicone industry.> The reaction gives
dimethyldichlorosilane, methyltrichlorosilane, trimethylchlorosilane, tetrachlorosilane and small quantities of a number of high boiling
compounds.

bp (°C) composition(%)
cHyal —E8 o oy sicl, 70 75
(CH;);SiCl 66 10
CH,SiCly 58 4
CH,;HSiCl, 41 6

Others
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The composition of products and reaction rate depend on a large number of factors such as the nature of the starting materials, the catalyst,
the reaction temperature, the reaction pressure, the type of reactor used, and the degree of conversion of silicon and methyl chloride. The
catalyst for the direct process is always copper, in some cases co-catalysts such as zinc, aluminum, cadmium etc. are added. The co-catalysts
enhance the reactivity of elemental silicon and shorten the induction period and increase the selectivity of dimethyldichlorosilane
production. The reaction is carried out at 250-350°C, and the yield of dimethyldichlorosilane decreases at temperatures above 300°C. In the
absence of a catalyst, the reaction is sluggish and gives irreproducible results.?

The Direct Reactions with Chloromethyl-containing Organosilanes

The reaction of o -chloromethylsilanes with elemental silicon is very similar to that of methyl chloride and was first reported by Mironov et
alin 1956 « -Chloromethylsilanes are readily prepared by the chlorination of corresponding methylsilanes under UV irradiation in
refluxing carbon tetrachloride.> When (chloromethyl )methyldichlorosilane was directly reacted with silicon, 1,1,1,3,3,-pentachloro-
1,3-disilabutane and 2,2 4,4,6,6-hexachloro-2,4,6-trisilaheptane were obtained in 28.7% and 16.7% vields respectively. They obtained only a
small amount of 1,1,1,3-tetrachloro-1,3-disilabutane and 2,4,4,6-tetrachloro-2,4,6-trisilaheptane from the reaction of (chloromethyl -
dimethylchlorosilane with silicon at 370-390°C.¢ They also claimed that the yields of the reaction between a-chloromethylsilanes and
elemental silicon in the presence of copper catalyst were improved by adding zinc and cadmium as promoters at 400-500°C.” In all cases
above, the yields were relatively poor and the major products were trichlorosily group terminated compounds. This indicates that the
dechlorination or decomposition of the starting silane was involved. Although the direct reaction of «-chloromethylsilanes with elemental
silicon gives Si-C-Si bond containing chlorosilanes, the decompositions of the starting material or the products easily deactivate the
elemental silicon and make the process economically less feasible.

We investigated direct reaction of a series of o -chloromethylsilanes with elemental silicon in the presence of copper catalyst using a
stirred reactor equipped with a spiral band agitator at carefully controlled temperatures between 250 and 350°C.8 Trisilaalkanes were
obtained as the major products and bis(silyl )ymethanes as the minor products. The selectivity for the trisilaalkanes was as high as 88%. This
result indicates that the success of the direct synthesis depends on an accurately specified reaction temperature.

AT S D U W
Rz—Sli-—CHZC! — - RZ—Sii-CHg-SIi-CHg sl. R2 + RZ—SIi-CHz-SIi—CI
cl ci cl i cl Ci

1,88 % 2,7%

The Si-H bonds containing organochlorosilanes are very important starting materials for silicones, because it undergoes hydrosilylation
reaction to the unsaturated organic compounds. Methyldichlorosilane is a minor product of commercial direct process reaction. The
addition of hydrogen chloride to methyl chloride increases the yield of methyldichlorosilane up to 9.5% at the maximum.® The reactivity
difference between the two chlorides prevents higher vield of methyldichlorosilane.

We attempted the synthesis of Si-H containing bis(silyl ymethanes by reacting elemental silicon with a mixture of «-chloromethylsilanes and
hydrogen chloride.'® In the reaction, Si-H containing bis(silyl )methanes were obtained as the major products and the yields were around
50% for all the cases. The major products were presumably derived from the reaction in which one mole of each « -chloromethylsilanes and
hydrogen chloride reacted with the same silicon atom. The two minor byproducts were identified as trichlorosilane and tetrachlorosilane.
The production ratio of trichlorosilane and tetrachlorosilane was about 3:1, which would be normally obtained from the direct reaction of
silicon with hydrogen chloride."

The success in the direct synthesis of Si-H containing bis(silyl )ymethanes suggested that this hydrogen chloride incorporating method could
be applied to the direct reaction of polychlorinated alkanes.

R! R' CI R'" Ci
! Si/ Cu ! ' ' ! .
RZ—S]i—CH2CI +HClI R2 - SiCH,-Si—H + R2- SiCH,-Si-Cl + HSICl3 +SiCly
1 ] ! )
R3 RS cCI R cI

R', R2, R3 = Me, CI 3,59 % 2,14%
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The Direct Reactions with Polychlorinated Alkanes

The direct reactions of elemental silicon with polychlorinated alkanes, such as methylene chloride and chloroform were investigated as early
as 1947.12 In general, methylene chloride reacts with silicon at lower temperature than methyl chloride. The products obtained from the
reaction with methylene chloride were linear compounds of formula Cl;Si(SiCl,CH, ), 8i,Y(Y = H or Cl, n = 1 - 4) as well as cyclic
organosilicon compounds of formula (SiCl,CH, ), (x = 3). Later, Fritz et al reported the same reaction and isolated from a similar reaction
mixture the crystalline compound 1,1,3,3,5,5-hexachloro-1,3,5-trisilacyclohexane (C1,Si-CH, )5 as well as the eight-membered ring
compound (CL,Si-CH,)."*

However, many of these reactions are accompanied by dehydrochlorination and dechlorination under the conditions of the direct synthesis.
This is the reason that the reactions give many products.'4 Fritz and his coworker first reported that Si-H containing
(trichlorosilyl )( dichlorosilyl )methane, 5 was obtained in about 3% as a by-product from the direct reaction of metallic silicon with
methylene chloride in the presence of copper catalyst at 280°C." This indicates that hydrogen chloride generated from the decomposition
of methylene chloride simultaneously reacts with elemental silicon as methylene chloride reacts. In this case, the yield was not very high and
the decomposition of methylene chloride easily deactivated the elemental silicon and copper catalyst and made the process economically
less feasible.

The influence of hydrogen chloride addition to direct reactions of elemental silicon with methylene chloride has been reinvestigated.'¢ The
decomposition of methylene chloride and production of polymeric carbosilanes were greatly reduced by simultaneously reacting hydrogen
chloride and methylene chloride. The major products were bis( chlorosilyl ymethanes such as bis( dichlorosiyl )methane, 4,
(dichlorosilyt )( trichlorosilyl ymethane, 5, and bis( trichlorosilyl ymethane, 6, along with a number of high boiling compounds in a small
quantity. The deactivation problem of the contact mass due to decomposition of methylene chloride and polycarbosilanes was eliminated.
Cadmium was a good promoter for the reaction, while zinc was found to be an inhibitor for this particular reaction.

o Cl Cl o Cl Cl
Si/Cu t | [ [ I t
CICHLCI + HCl =——= H—Sli-CHz-Sli—H + H—Sl;i-CHg-SIi—-CI + CI—S|i-CH2-S|i—CI
o Cl Cl Cl Cl Cl
4,29% 5,27 % 6,.7%

The effect of hydrogen chloride addition to direct reactions of elemental silicon with chloroform has been also reinvestigated in the
presence of copper catalyst using a stirred reactor equipped with a spiral band agitator at the carefully controlled temperature between
220°C and 320°C."” Tris(silyl ymethanes with Si-H bonds was obtained as the major products along with trichlorosilane and tetrachlorosilane
derived from the reaction between elemental silicon and hydrogen chloride. Besides these products, bis(silyl )ymethanes such as 4, 5 and 6
derived from the reaction between elemental silicon and methylene chloride were also obtained in a small quanitity. This indicates that
methylene chloride is generated during the direct reaction presumably by the decomposition of chloroform.

SiHCI, SiCls SiCl SiCly
CliCly + Hol LS4 Hé—smcu2 + H(l:—SiHCI2 + H(‘D—SiC|3 + H(')—-SIClg

S'iHC|2 Sl‘,iHCIz éiHClg SIiCI3

7,43 % 8,14 % 9,1% 10,05 %

When a mixture of carbon tetrachloride and hydrogen chloride was reacted with elemental silicon, tetrakis(silyl ymethanes were not
obtained, but bis(silyl ) methanes(4-6) and tris(silyl )methane(7-10) derived from the reaction of methylene chloride and chloroform
respectively were also obtained. This indicates that methylene chloride and chloroform is generated during the direct reaction presumably
by the decomposition of carbon tetrachloride.

Mixtures of hydrogen chloride and «.. a -dichloromethylsilanes react with elemental silicon to give Si-H bonds containing
tris( silyl ) methanes (11-13) as represented in the following equation.’® « o -Dichloromethylsilanes are easily obtained as byproducts from
the chlorination of corresponding methylsilanes under UV irradiation in refluxing carbon tetrachloride ’
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n‘ R‘ 1 1

A R . .
, sica 1 SiHCL v sicl T sicl
R?—-S|i——CHCI2 + HCl—= R2—S'i—CH\ + R"’—Sli—-CH\ + R"’—S'i—CH\
KE R® SiHCI, R SiHCl5 e SIiCly
R', R?, R3 = Me, CI 11,43 % 12,11 % 13,2%

Similarly the direct reaction of elemental silicon with a mixture of . w-dichloroalkanes and hydrogen chloride give o o -
bis(silyl )alkanes in good yields.'¢

Si/ Cu . . .
CI{CHL)aCl + HCI —— CILHSI(CH2)y SiHCI, +C|2HSI'(CH2)nSiC|3 + C3Si'(CH2)nSiC|3
n=2234 14 15 16

The Direct Reactions with Benzyl Chlorides

Although direct reactions of elemental silicon with various alkyl chlorides have been reported, the direct reaction with benzyl chlorides has
never been reported. The reason is that benzyl chloride decomposes rapidly when contacted with Si-Cu contact mixture at temperatures
above 150°C." Even if a mixture of hydrogen chloride and benzyl chloride is reacted with silicon, benzylchlorosilanes are not obtained. The
following two cases are the first examples for the direct reactions of benzyl chlorides with silicon.

When o a’-dichloro-o-xylene was reacted with elemental silicon, 2,2-dichloro-2-silaindan was obtained in 51% yield.20

CH,Cl
@[ Si/Cu @:\/sacrz
CH,Cl

17

When hydrogen chloride was added to a reaction of o « -dichlorotoluene with silicon, a. a -bis(silyl)toulenes were obtained as shown in
the following equation.'¢

Si/Cu _SHCl _SiCl3 _SiCl3
PhCHCI, + HCl ————= PhCHZ + PhCHZ + PhCHZ
SiHCI, SiHCI, SiCl3
18,12% 19,11 % 20,8 %

The Direct Synthesis of Allylchlorosilanes

Direct synthesis of allychlorosilanes was first reported by Hurd as early as in 1945.2! When allyl chloride was reacted with a 9:1 Si-Cu alloy, a
vigorous exothermic reaction occurred even at 250°C. The yield based on allyl chloride used was not reported, but the condensate in an ice
cooled condenser obtained 60% allyl containing chlorosilane products with allyltrichlorosilane predominating due to the decomposition of
allyl chloride during the reaction.

A more detailed investigation on the direct reaction was reported by Mironov and Zelinskii# The yield of all the allylchlorosilanes was only
18% based on allyl chloride used. A mixture of allylchlorosilanes amounting to 50% of the products was obtained from the reaction of allyl
chloride with a 4:1 Si-Cu alloy at 300°C. Allyldichlorosilane, allyltrichlorosilane, and diallyldichlorosialne were presented in the product
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mixture in a ratio of 1:0.5:0.3. Allyldichlorosilane was presumably produced from the reaction of silicon atom with one mole of each allyl
chloride and hydrogen chloride generated from allyl chloride decomposition. The decomposition of allyl chloride and the easy
polymerization of diallydichlorosilane at high temperatures above 130°C were the major problems involved in the direct synthesis of
allylchlorosilanes.?' This is why this direct reaction has never been used on a large scale in industry.

We reinvestigated the direct synthesis of allyldichlorosilane by reacting elemental silicon simultaneously with allyl chloride and hydrogen
chloride in the presence of copper catalyst.? Allyldichlorosilane, 21 was obtained as the major product and allyltrichlorosialne was a minor
product. The decomposition of allyl chloride was suppressed and the production of diallyldichlorosilane reduced by adding hydrogen
chloride to the allyl chloride reactant. The polymerization problem in the distillation process of the products due to diallyldichlorosilane
was eliminated.

Cl
|

A e Sl AT A S0+ SHCl + SiCl
cl
21,31% 22,2%

The success of this direct synthesis made allyldichlorosilane, a useful reagent for further reactions such as Friedel-Crafts type alkylation and
hydrosilylation, readily available.

Friedel-Crafts Type Alkylation with Allylchlorosilanes

The alkylation of benzene systems with allylsilanes was firstly reported by the Nametkin group.? ( 2-Arylpr. pyl )silanes were obtained on
reaction of allylchlorosilanes, such as allyldichlorosilane and allyltrichlorosilane with substituted benzenes. The yields ranged from 34% to
00% depending upon the benzene ring substituents, but information concerning reaction rates and product isomer distribution was not
reported.

We studied the alkylation of substituted benzenes with allydichlorosilane and reported substituent effects of benzene ring systems, relative
reaction rates, and isomer distributions of the products.

x1
cl 1 .
/\/S"i_H . @ ach X @)\/S'HC'Z
~ & 2 X#
23

X'=H,Me : X2=H, Me, Et, i-Pr, F, Cl, Br, OPh, Ph

Friedel-Crafts type reaction of substituted benzenes with allyldichlorosilane in the presence of aluminum chloride as a catalyst resulted in
alkylation giving 3-aryl-1,1-dichloro-1-silabutanes in good yields (60-85%).2 The alkylation of substituted benzenes with allyldichlorosilane at
temperatures below 0°C gave ortho- and para-directing products at an early stage, but the products isomerized to meta-isomer as the
reaction proceeded for prolonged times or at moderately higher reaction temperature. The competitive alkylation rates of substituted
benzenes having a various substituents (X) decreased in the following order; X=Ph>PhO >i-Pr>Et>Me>H>F>Cl>Br.” When the
alkylation rates of substituted benzenes with respect to benzene (log kx/kh) were plotted against the substituent coefficients ( o ), a linear
relationship was observed. The results showed that electron-donating groups on benzene ring generally facilitate the alkylation, while
electron-withdrawing groups are deactivating. This alkylation method is a good route to ( 2-arylpropyl )dichlorosilanes having Si-H
functionality which can be used for subsequent hydrosilyation reactions designed to introduce various organic functional groups into the
silanes.

(2-Arylpropyl )dichlorosilane containing Si-H bond obtained from the alkylation of substituted benzenes with allyldichlorosilane could find
industrial applications as starting materials for new silicones.
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Hydrosilylation Using Allyldichlorosilane

The hydrosilylation of olefins with allyldichlorosilane in the presence of chloroplatinic acid diluted with iso-propanol gave
allylalkyldichlorosilanes retaining the allyl group. When the olefin was used in five-fold excess or more relative to allyldichlorosilane,
allylalkyldichlorosilanes were obtained in good yields (63-89% ) and the formation of double hydrosilylation products was reduced to less
than 6%. The isomerization of allylsilane to 1-propenylsilane was suppressed by lowering reaction temperatures below 100°C.25 This
hydrosilylation of olefins with allyldichlorosilane is a good synthetic route to allyl group containing organodichlorosilanes.

cl

SiHCI Pt |
AN e g NI,

ci

24

Summary

A number of organochlorosilanes containing Si-C-Si and Si-H bonds have been successfully prepared by reacting elemental silicon with
chloromethyl-containing silanes or polychlorinated alkanes. The success of this direct synthesis makes new class of organochlorosilanes
readily available, which will find many industrial applications as starting materials for silicones and as precursors for silicon containing
ceramic materials.
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