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Progress in the Halogenation of Organic Silicon Compounds

G.V.Motsarev, K.A.Andrianov, and V.l.Zetkin

The Review deals mainly with the direct halogenation of organic silicon compounds by halogens and halogenated com-
pounds as among the most important methods for the preparation of organosilicon compounds containing halogen in the
organic radicals. With respect to preparative possibilities, experimental simplicity, and in individual cases the yields obtained,
the direct chlorination and bromination of organic silicon compounds has no equal. The preparation of halogenated alky!l
(and aryl) silanes by various methods has been partly covered in previous monographs and reviews' ™8, but the direct halo-
genation of organic halogenosilanes has not yet been adequately reported in the review literature. The present paper makes

an attempt to fill this gap.

1t gives a detailed discussion of the conditions and the mechanisms of radical halogenation

{mainly with chlorination as example) under the influence of various initiators {ultraviolet radiation, peroxides, azo-com-
pounds, v-rays), and also electrophilic substitution and cleavage of the siticon-carbon bond in aryl- and alkylaryl-chloro-
silanes. Besides substitutive halogenation, involving replacement of hydrogen in organic radicals by halogen atoms, the
addition of halogen at double bonds present in these radicals is also surveyed. A list of 335 references is included.
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I. INTRODUCTION

Typical polysiloxane materials, despite their valuable
technical properties, are no longer able at present to
satisfy completely the increasing demands of modern
technology, especially with respect to stability to heat and
thermal oxidation, resistance to oils and fuels, lubricating
and adhesive properties, etc.

A promising method for the controlled modification of
the properties of polyorganosiloxanes is to introduce
functional groups into the organic radicals framing the
siloxane chains. The presence of a polar substituent in a
hydrocarbon radical attached to a silicon atom increases
the polarity of the polymer molecule and therefore
improves the adhesion, mechanical strength, and other
properties of practical importance.

The production of modified organosilicon polymers of
this type demands appropriate monomers with functional
groups, primarily halogeno-derivatives (especially
chloro-derivatives) of various alkyl- and aryl-chloro-
silanes. These are convenient initial compounds for
obtaining other carbon functions of silicon—amines,
nitriles, alcohols, acids, thiols, thiocyanates, etc.
is probably the reason for the rapid development of
research on the halogenation of various organosilicon com-
pounds,

Before examining the halogenation of organic silicon
compounds we must consider certain specific properties
of silicon, distinguishing it from carbon and resulting from
the intermediate position which it occupies between this
typical non-metal and the Group IV metals (germanium,
tin, lead). This is important for a correct understanding
of the influence of these characteristics on the reactivity
of silicon—carbon and silicon—halogen bonds (compared
with carbon—carbon and carbon—halogen bonds), which

This

must be taken into account in order to accomplish the
halogenation of organosilicon compounds.

II. SOME SPECIFIC FEATURES OF THE SILICON ATOM
INFLUENCING THE REACTIVITY OF ITS ORGANIC
COMPOUNDS

While occupying a position between carbon and ger-
manium in the Periodic System, silicon is closer to the
latter in most of its properties%¢ (see Table).

Physical properties of the elements—carbon, silicon, and
germanium—and their bonds with carbon and chlorine.

Energy of
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By readily donating its valency electrons, the silicon
atom is more liable to be attacked by various reagents than
is the carbon atom in compounds of similar structure.
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The comparatively high energy of the silicon —chlorine bond
in chlorosilanes is explained by the considerably lower
electronegativity of the silicon atom compared with carbon,
which, combined with the great polarisability of the elec-
tron sheath of the silicon atom, ensures that the silicon—
chlorine bond shall be highly reactive. The lower energy
of the silicon—carbon bond than of the carbon—carbon bond
promotes greater lability of the former, especially in
electrophilic substitutions¢. Silicon is able to form addi-
tional bonds by filling vacant 3d-orbitals. In most of its
compounds silicon is electronically unsaturated!%1t,
because its capacity for coordination is not completely
utilised in these compounds.

The above specific structural features of the silicon
atom and the bonds it forms with carbon and haiogens have
a definite effect on the reactivity of organosilicon com-
pounds towards halogens.

II. STABILITY OF THE SILICON—-CARBON BOND
UNDER CONDITIONS OF HALOGENATION

The halogenation of alkylhalogenosilanes at various
temperatures involves not only the compounds undergoing
halogenation, an elementary halogen, and a catalyst
(usually a metal chloride) but also the hydrogen halide
which is liberated. All these factors (halogen, hydrogen
halide, catalyst, and temperature), either individually or
in combination, are able under certain conditions to cleave
the silicon—carbon bond. Before considering the halogen-
ation of organosilicon compounds, therefore, it is advis-
able to discuss the stability of this bond to the above
reagents.

The greater polarity of the silicon—carbon bond and the
shielding effect of the silicon atom make this bond thermal-
ly more stable than is the carbon—carbon bond.

When halogens act on aliphatic compounds of silicon,
the hydrogen atoms of the alkyl group undergo radical
replacement by halogen. The rate of cleavage of the
silicon —carbon bond by bromine or iodine depends on the
structure of the initial silane!?, and is greatly increased
in the presence of a catalyst of the aprotic acid type. Thus
boiling tetraethylsilane with iodine in the presence of
aluminium iodide splits off two ethyl groups with the for-
mation of diethyldi-iodosilane!®, The action of aluminium
chloride on tetraethylsilane in chloroform splits off all
four ethyl radicals even under ordinary conditions.
Iron(III) chloride, bismuth chloride, and mercury(Il)
chloride also detach aliphatic radicals from the silicon
atom under considerably more severe conditions ¢,
Tetra-alkylsilanes undergo fission in the presence of
aluminium chloride !5,

The introduction of halogen atoms into the alkyl group
of an organosilicon compound facilitates its detachment
from the silicon atom, the stability of the silicon—carbon
bond depending on the position of the halogen relative to
the silicon atom %8, «-Halogenoalkylsilanes are rela-
tively stable, with the exception of chloromethyltrialkyl -
silanes. The introduction of a halogen atom into an ali-
phatic radical in the g-position with respect to silicon
produces a sharp decrease in the stability of the silicon~
carbon bond. A y-halogen atom weakens the bond to a
lesser extent than does a S-halogen.

Mono- and di-chloromethyl derivatives of silanes are
stable towards acids !¢, but in the presence of alkalis
quantitative elimination of a-chlorinated alkyl groups
takes place. As was to be expected, the polarity and
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hence the sensitivity of the silicon—carbon bond to nucleo-
philic reagents falls in the sequence CCl; > CHCI, >
CH,Cl.17"1® The stability of the silicon—carbon bond
improves with increase in the length of the aliphatic chain
containing halogen in the a-position to the silicon atom?2°,
but when a S-halogen atom is present these compounds, on
treatment with acids and alkalis, also readily undergo the
so called S-decomposition with formation of an alkene 2-25,
The tendency of the molecule to B-decomposition increases
markedly with increase in the number of alkyl radicals
attached to the silicon atom, and completely substituted
derivatives, e.g. (C,H;);SiCH,CH,Cl, decompose even on
distillation (at 80°C)., y-Decomposition, with the forma-
tion of cyclopropane (or propene) and its derivatives, takes
place similarly to B-decomposition, but less vigorously.

Halogens and hydrogen halides are able to detach aryl
radicals from the silicon atom with the formation of a
silicon —halogen bond. Thus the phenyl groups in tetra-
phenylsilane are eliminated by the action of bromine 26-28,
The removal of an aromatic group by bromine and iodine
becomes easier with the accumulation of alkyl radicals on
the silicon atom2%3°, Under more severe conditions
(270-300°C) dry chlorine is also able to split off phenyl
radicals3%32, The stability of the Si—Car bond is greatly
affected by the nature of other atoms and groups attached
to the silicon. Electronegative substituents make cleavage
of the bond more difficult, as is shown especially clearly
by phenyltrichlorosilane, which can be chlorinated normal-
ly by an electrophilic mechanism 3, Depending on the
nature of the substituents the stability of aromatic silicon
compounds towards the action of bromine in solvent solu-
tion 3% diminishes in the sequence

0-NO,CoHSi (CHy)s > p-NO,CoH,Si (CHeyg > m-NOCyH,Si (CHy)s > CoHSi (CHy)a

The products of this reaction indicate that the usual elec-
trophilic replacement of the trimethylsilyl group by
bromine has taken place 34

CoH;Si (CHy)s ++ Bry — CgHyBr - (CHy), SiBr

Hydrogen halides act similarly to halogens on the
Si—Car bond. Comparison of the stability of the aromatic
silanes to acid reagents 1¢718,35°™ hag provided quantitative
estimates, based on the Hammett constants §, of the influ-
ence of nuclear substituents on the stability of Si—Cay
bond. It was found that the strength of the bond increases
with increase in 6. Nuclear substituents having 6 > +0.4
(m-CN, p-CN, m-NO,, p-COOH, p-CH4CO) so strengthen
the bond that it is not cleaved by electrophilic reagents 37,

Among the strongest electrophilic reagents are alumini-
um chloride, iron(II) chloride, and other metal chlorides
normally employed as catalysts in the halogenation of
aromatic silicon compounds. Aluminium chloride vigor-
ously cleaves the Si—CAr bond in diphenyldichlorosilane %,
tetraphenylsilane 3¢, phenyltriethylsilane 5%, phenyltri-
chlorosilane %6758, and also several other phenyl- and
halogenophenyl-silanes 545%:,5%,5%¢,  The action of aluminium
chloride is especially clearly developed in certain solvents:
e.g. in chloroform aluminium chloride cleaves not only the
Si—Car bond but also the Si—Si, 8i—O—8i, and Si—CH,C.H,
bonds®. It was assumed originally 5358 that reaction
between aromatic silanes and aluminium chloride involves
the intermediate formation of phenylaluminium dichloride.
Later investigations have shown®%®! that the true cleaving
agent is the acid HAICl,, formed from aluminium chloride
and hydrogen chloride, the latter resulting from the
hydrolysis of chlorosilane and aluminium chloride by
moist air. In the absence of moisture (or hydrogen chlo-
ride) aluminium chloride is unable to effect the cleavage
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of phenylchlorosilanes. Yet fission of the Si—Cpy bond in
the presence of aluminium chloride is appreciably acceler-
ated by passing hydrogen chloride through the reaction
mass®, Chlorides of other metals, e.g. iron and anti-
mony, have a more moderate effect on the Si—Car

bond %8,63-85,  Phosphorus pentachloride is a strong elec-
trophilic reagent, rupturing the silicon~carbon bond in
aliphatic and aromatic silanes?27%48,

In contrast to alkylchlorosilanes the introduction of a
halogen atom into a phenyl radical produces only a slight
increase in polarity of the Si—CAr bond. In this case the
bond is stabilised, as is confirmed by the resistance to
alkaline hydrolysis of chlorophenyltrichlorosilane and
ethylchlorophenyldichlorosilane 8, Increasing the number
of chlorine atoms in the phenyl group has hardly any effect
on the Si—CAr bond.

IV. RADICAL HALOGENATION (CHLORINATION,
BROMINATION) OF SILICON-CONTAINING ALIPHATIC
COMPOUNDS

1. Preparation of Chloroalkyl Compounds of Silicon

Chlorination of alkylchlorosilanes in liquid and vapour
phases takes place by a radical —chain mechanism.
Chlorine and sulphuryl chloride are usually employed as
chlorinating agents. Chlorination is initiated by ultra-
violet radiation, ionising radiations, peroxides, and other
chemical initiators.

(a) Chlorination by chlorine

Systematic investigation of the chlorination of aliphatic
organosilicon compounds began in 1945, when the photo-
chemical liquid-phase chlorination of several methyl-
chlorosilanes was first achieved !¢, after which study of
this reaction was continued on a wide scale 1718,67~76,
Several regularities were found in the chlorination of these
compounds. The rate of chlorination of methylchloro-
silanes decreases in the sequence

{CHy)q Siss (CHy)s SiCl > (CHy), SiCl; > CHySiCly

When one chlorine atom in dimethyldichlorosilane is
replaced by a methyl group, the rate of chlorination is
increased ninefold 7, which is probably explained by the
difference between the induction effects of chlorine atoms
and of methyl groups.

In the chlorination of methylchlorosilanes the chlorine
exhibits a tendency to replace successively hydrogen atoms
in the same methyl group, which indicates that the chloro-
methyl group is more rapidly chlorinated than is an unsub-
stituted methyl group. As a consequence, only trichloro-
methyltrichlorosilane can be obtained by the photochemical
liquid-phase chlorination of methyltrichlorosilane 1798,69,77,
Increase in the number of methyl groups attached to silicon
increases the possibility that a second chlorine atom will
enter an adjacent methyl group. Thus the chlorination of
dimethyldichlorosilane involves the successive replace-
ment by chlorine of the hydrogen atoms only in one methyl
group; trimethylchlorosilane yields an appreciable quan-
tity of methylbischloromethylchlorosilane; and the main
product of the chlorination of chloromethyltrimethylsilane
is bischloromethyldimethylsilane ®»7, Thus chlorosilyl
groups possess a well developed orienting effect %73,

It is interesting to compare the chlorination behaviour
of methylchlorosilanes and their carbon analogues®7,
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Neopentane and tetramethylsilane react readily with
chlorine on ultraviolet irradiation!! to form analogous
products, as is evident from the ratios

(CH)SICHCl, _ . _(CH9,CCHCl, _ o

(CH), SICH,Cly  (CHy)C (CHyCl),

No such analogy is found in the chlorination of trimethyl-
chlorosilane and t-butyl chloride. In an equimolar mix-
ture of these compounds the former is chlorinated more
slowly and with preferential substitution by chlorine of
hydrogen atoms in the same methyl group, as is evident
from the proportions of the chlorination products

(CHy), (CHCI,) SiCl
CHj, (CH,CI), SiC!

(CHy), (CHCIy) CCL
CH, (CH,Cl), CCl

0.67

These results show that differences in the direction of
chlorination are determined primarily by the nature of the
central atom.

The marked difference in rates of chlorination between
methyl and chloromethyl groups attached to a silicon atom
makes it difficult to obtain monochloro-derivatives of
methylchlorosilanes, especially chloromethyltrichloro-
silane. To obtain an appreciable yield of these compounds
the chlorination of methylchlorosilanes is usually conducted
at very low degrees of conversion of the initial silane ™,

A high yield of monochloro-~derivatives can be achieved by
continuous removal of the products from the reaction
zone 7%8-%,  This principle has been used in the liquid-
phase photochlorination of methylchlorosilanes %9 and in
obtaining poly(monochloromethyl)silanes %,

Elementary fluorine has been used?®»® as initiator for
the chlorination of methylchlorosilanes. The mechanism
assumed for the reaction is

(CHg), SiCl, + F, — CHg (CH,) SiCl, + HF + F.
(CHyg)s SiCl, + F- — CHy (CH,) SiCl, + HF
CH; (CH,) SiCl, + Cl, — CH, (CH,Cl) SiCly -+ CF', etc.

Azoisobutyronitrile, which readily generates free
radicals when heated above 60°C, has recently become
widely used as an initiator for the practical chlorination of
organic compounds, Chlorination can be effected with
0.05-0.1% of this initiator in the dark at 70—~90°C. Under
these conditions the initiator dissociates into .C{CH,),CN
radicals, which react easily with chlorine. It is important
to note that this compound is widely used in industry at the
present time for processes taking place by a radical -
chain mechanism. Its use has eliminated the defects
inherent in photochemical chlorination (difficulty of producing
powerful reaction vessels, danger of fire and explosions,
ete.).

The initiated chlorination of organosilicon compounds
by elementary chlorine in the presence of azoisobutyro-
nitrile was first proposed in 1956, ° and has now found
practical application for the production of monochloro-
derivatives of methylchlorosilanes. This is conducted in
the liquid phase at 55—-70°C, the content of the initiator in
the original silane being initially not more than 0.1,
Subsequently the initiator is added periodically to the
reaction mixture, or it is introduced continuously into the
latter as a solution in the initial silane.

Chlorination of methylchlorosilanes in the presence of
azoisobutyronitrile proceeds in conformity with the usual
scheme for a chain reaction:

NC (CHg)y CN=NC (CHg)s CN 2 2 (CHg); CON + N,
(CHg), €CN 4- Cl, — CI' 4- (CHg); C (C1) CN FAG e
CHg (CHg),__, SiCl, + CI' — CH, (CHg)y__, SiCl,, + HCl ’_"
(n=1—-3)
CH, (CHy),_, SiCl, + Cl; ~ CH,Cl (CHy),__, SiCl, +- CI’
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Depending on the molar proportions of the reactants—the
silane and chlorine—it is possible in this way to obtain a
wide range of derivatives of methyltrichlorosilane,
dimethyldichlorosilane, and trimethylchlorosilane contain-
ing chlorine atoms in the methyl groups®-1%, The main
rules of the substitution of hydrogen by chlorine atoms in
methylchlorosilanes when chlorinated in the presence of
azoisobutyronitrile proved to be the same as for photo-
chemical chlorination. Figs.1-3 illustrate the depen-
dence of the composition of the chlorination products on the
molar ratio of the reactants. The results show the
detailed effect of the chlorosilyl group on the direction of
the chlorination of methylchlorosilanes, and enable opti-
mum conditions to be selected for obtaining their mono-
chloro-derivatives. It is interesting that the content of
monochloro-derivatives in the reaction mixture remains
almost constant (at 9—10% for chloromethyltrichlorosilane,
and 26 —30% for methylchloromethyldichlorosilane and
chloromethyldimethylchlorosilane) within a certain range
(1:0.2-1.0) of molar ratios of silane to chlorine.

%l
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Figure 1. Dependence of composition of chlorination
products of methyltrichlorosilane on number n of moles
of chlorine per mole of the silane: 1) methyltrichloro-

silane; 2) chloromethyltrichlorosilane; 3) dichloro-
methyltrichlorosilane.
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Figure 2. Dependence of composition of chlorination
products of dimethyldichlorosilane on number » of moles of
chlorine per mole of the silane: 1) dimethyldichlorosilane;
2) methylchloromethyldichlorosilane; 3) dichloro-
derivative.

A detailed investigation of the chlorination of methyl-
trichlorosilane and dimethyldichlorosilane has shown that
the composition of the reaction products depends not only
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Figure 3. Dependence of composition of products of
the chlorination of trimethylchlorosilane on number »
of moles of chlorine per mole of the silane:

1) trimethylchlorosilane; 2) chloromethyldimethyl-
chlorosilane; ' 3) dichloro-derivative.

Figure 4. Dependence of composition of products of
the chlorination of methyltrichlorosilane on number n

of moles of chlorine per mole of the silane for
chlorination in the dark in the presence of azoiso-
butyronitrile (full lines) and during exposure to ultra-
violet radiation (broken lines): 1), 1’) methyltrichloro-
silane; 2), 2') chloromethyltrichlorosilane;

3), 3') dichloromethyltrichlorosilane; 4), 4’) tri-
chloromethyltrichlorosilane.

on the molar proportions of the reactants but also on the
nature of the initiator!® (Figs.4 and 5). With azoiso-
butyronitrile as initiator the content of monochloro-
derivative in the reaction mixture is 40—-70% higher than
in photochemical chlorination. It is interesting that,
whereas in photochemical chlorination polychloro-deriva-
tives of methyltrichlorosilane are formed at the molar
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ratio CH,SiCl,: Cl, = 1:0.05, this occurs with azoiso-
butyronitrile at a corresponding ratio of 1:0.15-0.2. The
composition of the polychloro-derivatives is also different
in the two cases: whereas in photochemical chlorination
trichloromethyltrichlorosilane is formed (1—-2%) at the
molar ratio CHySiCly: Cl, = 1:0.15, when azoisobutyro-
nitrile is used the trichloro-derivative appears in the
reaction mixture only at a molar ratio of the reactants of
1:0.25, and in only one-sixth of the quantity (0.2%)
obtained with photochemical chlorination, Even with the
same degree of conversion of the initial silane the quantity
of polychloro-derivatives formed per unit weight of the
monochloride in the presence of azoisobutyronitrile is
40-709% of the amount obtained in photochemical chlorina-
tion (Figs.6 and 7). Thus the photochemical chlorination
of methylchlorosilanes by elementary chlorine is a less
selective process than chlorination initiated by azoiso-
butyronitrile.

Figure 5. Dependence of composition of products of

the chlorination of dimethyldichlorosilane on number »n

of moles of chlorine per mole of the silane for chlorina-
tion in the dark in the presence of azoisobutyronitrile
(full lines) and during ultraviolet exposure (broken lines):
1), 1’) dimethyldichlorosilane; 2), 2’) methylchloro-
methyldichlorosilane; 3), 3’) dichloro-derivative;

4), 4') trichloro-derivative.

The continuous chlorination of methylchlorosilanes in
the presence of azoisobutyronitrile has been described®8,
In order to obtain an equivalent yield of the monochloro-
derivative the process must be conducted at a lower degree
of conversion of the initial silane than in the batch process
(e.g. for methyltrichlorosilane 3 —49% instead of 10%). The
degree of conversion can be increased appreciably by the
continuous chlorination of the residue of the initial silane
directly in a fractionating column packed with Raschig
rings!®, Methylchlorosilane containing 2 —2.5% of the
initiator is fed to the upper part of the column, and chlo-
rine gas enters the middle portion. The chlorination
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products are led from the reaction zone into the lower part
of the column, where they are separated from unchanged
methylchlorosilane. The latter returns to the reaction
zone, where it mixes with the initiator solution supplied to
this point. The products collect in the still. This pro-
cedure is possible only when a chemical initiator, e.g.
azoisobutyronitrile, is used, but cannot be applied to
photochemical initiation, since the packing would cut off
the action of the light. Under these conditions the con-
version of methyltrichlorosilane and dimethyldichloro-
silane reaches 70—-80% with a yield of monochloro-deriva-
tives of 70—75% (based on the silane used).

30}
20}

14r

5 n 5 20 5 7

conversion, %

Figure 6. Dependence of quantity N of polychlorinated
derivatives of methyltrichlorosilane formed per unit
weight of the monochloro-derivative on degree of con-
version of initial silane for chlorination: 1) in the
presence of azoisobutyronitrile in the dark; 2) on
ultraviolet exposure.
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Figure 7. Dependence of quantity N of polychlorinated
derivatives formed per unit weight of the monochloro-
derivative on degree of conversion of dimethyldichloro-
silane during chlorination: 1) in the presence of
azoisobutyronitrile in the dark; 2) during exposure to
ultraviolet radiation.

Another chemical initiator which merits attention is

acetyl cyclohexanesulphonyl peroxide 103 which easily
decomposes at 30—-70°C to form free radicals:

CeH,,80,00COCH, — C¢H,;S0,0" + CH,CO0"
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With the chlorination of methyltrichlorosilane and dimethyl -
dichlorosilane as examples this peroxide has been shown
to be a more active initiator than is azoisobutyronitrile 1%,

Considerably less work has been done on the prepara-
tion of polychlorinated methylchlorosilanes and methyl -
polysiloxanes.

Trichloromethyltrichlorosilane is easily formed by the
photochemical chlorination of methyltrichlorosilane in the
absence of a solvent at high temperatures? or in chloro-
form under ordinary conditions®. The photochemical
chlorination of dimethyldichlorosilane extends %8 to the
substitution of only five hydrogen atoms, but in the chlo-
rination of trimethylchlorosilane up to eight hydrogen
atoms are replaced. Later investigations have con-
firmed 195,1% that the chlorination of dimethyldichlorosilane
in the presence of azoisobutyronitrile proceeds easily to
the trichloro-derivative, after which the process is
abruptly retarded. Pentachlorodimethyldichlorosilane is
formed with great difficulty, requiring the prolonged action
of excess of chlorine at 105—-110°C. Under these condi-
tions the main process is accompanied by secondary
cleavage of the chlorination products at the silicon—carbon
bond with the formation of carbon tetrachloride and
trichloromethyltrichlorosilane, so that bistrichloromethyl-
dichlorosilane cannot be obtained in this way. Cleavage is
greatly diminished by conducting the chlorination of
dimethyldichlorosilane under milder conditions—in a sol -
vent (carbon tetrachloride) at 20—25°C (ultraviolet irradia-
tion)—when yields of up to 60% of bistrichloromethyldi-
chlorosilane have been obtained 105,106,

The polychlorination of trimethylchlorosilane is still
more difficult1%?, Tristrichloromethylchlorosilane has
been obtained in 50% yield only by the prolonged action on
trimethylchlorosilane of a large excess of chlorine (molar
ratio 19: 1) in the presence of azoisobutyronitrile and a
small amount of carbon tetrachloride at 53 -65°C,

Most polychlorinated methylchlorosilanes are white
crystalline substances, sensitive to atmospheric moisture
and to heat. Since it is difficult to separate mixtures of
these chlorides by distillation, they are converted into
alkoxy-derivatives, which can be separated by normal
fractional distillation. The following compounds—CCl,Si.
.(OC,H,),, CH,Si(CCL,)(OC,H,),, (CCl,),Si(OC,Hy),, and
(CCL),Si0C,H,—and also several intermediate chloro-
methylethoxysilanes —CH,Si(CHCL,)(OC,H;),, CCl;Si(CH,Cl).
.{(OC,H,),, and CGCl,Si(CHC],)(OC,H,),—have been isolated
in this way 18,107,

Ethoxytrichloromethylchlorosilanes decompose violently
when heated rapidly. Thus trichloromethyltrichlorosilane,
in contrast to mono- and di-chloromethyltrichlorosilanes,
decomposes readily at 160—-175°C: 108

2CCl4SiClg — 28iCl, 4 C,Cl,

Tristrichloromethylchlorosilane and ethoxytristrichloro-
methylsilane are stable when heated, but replacement of a
chlorine atom by hydrogen even in only one trichloromethyl
group sharply lowers the stability of such a molecule 1%,
The exhaustive chlorination of polychloromethylchloro-
silanes in a fluidised bed of catalyst (activated carbon) at
300°C results in high yields of carbon tetrachloride and
silicon tetrachloride 1°,

The polychlorination of linear and cyclic methylsiloxanes
exposed to ultraviolet radiation 18,299,111-113 jg accompanied
by cleavage of Si—O—S8i bonds, with the formation of com-
pounds of low molecular weight containing Si—Cl as well as
Si—O bonds.

The chlorination of a dimethylsiloxane elastomer as a
5% solution in carbon tetrachloride in the presence of
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azoisobutyronitrile at 50°C proceeds slowly to the forma-
tion of a polymer of mean composition [(C,H,Cl,)SiO], and
is accompanied by degradation of the molecule!t, On
storage the chlorinated polymer gradually decomposes.
Analysis shows that the elastomer chain contains all
possible chloromethyl groups—CH,Cl, CHCl,, and CCl;—
which indicates that it is impossible to obtain a perchloro-
dimethylsiloxane polymer whose macromolecules are built
up solely of (CCly),SiO units.

In contrast to the dimethylsiloxane elastomer, octa-
methyleyclotetrasiloxane is chlorinated in the presence of
azoisobutyronitrile (at 60°C) without cleavage of Si—O—Si
bonds 15, a complicated mixture of chlorides of various
degrees of substitution being formed. Chloromethyl-
heptamethylcyclotetrasiloxane has been isolated from the
products of the photochemical chlorination of octamethyl-
cyclotetrasiloxane 7116, The chlorination of hexamethyl-
disiloxane is not accompanied by fission of the siloxane
bond when the products are able to escape from the reac-
tion zone, so that the yield of monochloro-derivative is
quite high 8,117,  Under analogous conditions methoxytri-
chlorosilane gives C1CH,08SiCl;, exhaustive chlorination
of which yields CC1,08iCl,. *1%,120  The products of the
photochemical chlorination of methylchlorodisilanes

(CHy), Cly_, SiSiCl;_,, (CHy),, (nm =0, 1, 2: n+m >1)

at 0—100°C are (CICH,)(CH,), -,Si,Cl, - p. #*

Perchlorinated methylchlorosilanes and methyl -
siloxanes may decompose spontaneously and explosively 1%,

The chlorination of the higher alkylchlorosilanes
exhibits special features due to the nature of the alkyl
radicals.

Ethyl derivatives of silicon react readily with chlorine.
Tetraethylsilane is chlorinated under normal conditions in
the absence of initiators with the formation of mono- and
di-chloro-derivatives 12,123 the reaction being accelerated
appreciably by the addition of phosphorus pentachlo-
ride2%2212¢  Study of the photochemical chlorination of
ethylchlorosilanes 731257129 hag established certain rules
for the direction of chlorination. In effect only hydrogen
attached to an a-carbon atom in tetraethylsilane is
replaced by chlorine. The activity of hydrogen atoms
attached to a B-carbon atom increases appreciably with the
accumulation of chlorine atoms attached to silicon in
ethylchlorosilanes; thus the monochloro-derivative
formed by the chlorination of ethyltrichlorosilane contains
a considerable quantity of the B-chloride
(CH4CHCISiCl,: CICH,CH,SiCl, = 1:1.6—1.8). The chlo-
rination of ethylchlorosilanes in the presence of azoiso-
butyronitrile 3° maintains essentially the same effects of
silyl groups on the rate and the direction of chlorination as
in the photochemical process. The yields of monochloro-
derivatives of ethylchlorosilanes are equivalent in the two
cases, but the simplicity of the apparatus required indi-
cates that preference should be given to chlorination
initiated by azoisobutyronitrile,

The polychlorination of ethyltrichlorosilane and diethyl -
dichlorosilane in the presence of azoisobutyronitrile (at
80°C), and also on ultraviolet irradiation3-133 in con-
trast to the corresponding chlorination of methylchloro-
silanes, does not involve fission of the silicon—carbon
bond and leads to the formation of the perchloroethyl
derivatives [C,CL;SiCl; and (C,Cl,),SiCl,]. Under these
conditions tetrachloroethyltrichlorosilane has been isolated
from the products of the polychlorination of ethyltrichloro-
silane. The hydrolysis of polychloroethylchlorosilanes
with water and aqueous alkalis is accompanied by 3-decom -
position with the formation of tetra- and tri-chloroethyl-
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enes. The dehydrochlorination of tetrachloroethyltri-
chlorosilane under the influence of high temperatures and
also of quinoline 3! involves B-decomposition; the main
product of dehydrochlorination under the influence of
aluminium chloride is trichlorovinyltrichlorosilane. This
compound is formed also by the dechlorination of perchloro-
ethyltrichlorosilane in the presence of copper powder 3,

A B-orienting effect is still more strongly developed
with ethylfluorosilanes (CH,CHCISiF,: CICH,CH,SiF, =
1:4.4), *3* which is explained by the considerably greater
electronegativity of the fluorine than of the chlorine atom.
It is interesting that, when ethylmethyldichlorosilane
undergoes chlorination, the chlorine enters mainly the
ethyl radical 35, Attempts have been made 128,138 to
explain the rules of the chlorination of ethylchlorosilanes
by the electronic structure of these compounds.

The orienting effect of the trichlorosilyl group is
apparent also in the photochemical chlorination of propyl-
trichlorosilane 87, as is indicated by the relative propor-
tions of 1-; 2-, and 3-chloropropyltrichlorosilanes formed
(0.7:1:1). As with ethyltrichlorosilane, 70% more of the
B-chloro-derivative than of the @-chloro-derivative is
formed from isopropyltrichlorosilane3?, These and other
papers 38,13 refer to the need to remove monochloro-
derivatives from the reaction zone. This method has been
used also for the chlorination of bistrichlorosilylmethane 87,
1,2-bistrichlorosilylethane 2387140, and several other
chloroalkylchlorosilanes 72,139,141 The photochemical
chlorination of CF,CH,CH,SiCl,; and CF,CH,CH,SiCl,CH,
leads to the formation of monochloro-derivatives contain-
ing the chlorine atom in the CF,CH,CHCI radical mainly in
the a-position relative to the silicon atom 142,143,  With
CF,;CH,CH,SiC1(CH,), and CF,CH,CH,SiCl,C,H, the direction
of chlorination is determined not only by the trifluoro-
methyl group but also by the nature of the chlorosilyl
group 144,

The liquid-phase photochemical chlorination of more
complicated organosilicon compounds has been
described 19,145-149  and also the preparation of polychloro-
derivatives of several other alkylchlorosilanes 1597163,

Cobalt-60 y-radiation has been used to initiate the
chlorination of alkylchlorosilanes, in particular trimethyl-
chlorosilane 153,154, The chlorination of methylchloro-
silanes under the influence of radiation 156-158 conforms
mainly to the same rules as their chlorination under the
influence of ultraviolet radiation and in the presence of
chemical initiators. The composition of the products,
determined by the molar proportions of the reactants
(silane and chlorine), is independent of the dosage rate.
The radiation chlorination of a dimethylsiloxane elastomer
has been reported 159160,  The radiation chlorination of
ethyltrichlorosilane 57158 leads to the formation of a- and
B-chloro-derivatives in the proportions 1:1,7, in agree-
ment with results for the chlorination of ethylchlorosilane
on exposure to ultraviolet radiation”® and in the presence
of azoisobutyronitrile 139,

A new method for obtaining chlorinated polyorgano-
siloxanes proposed recently is based on the combined
hydrolytic polycondensation and chlorination of silicon-
containing compounds by the hydrolysis of alkylchloro-
silanes containing no chlorine atom in the hydrocarbon
radicals, with simultaneous introduction of oxidants such
as hydrogen peroxide, manganese dioxide, etc. into the
reaction 8!, These convert the hydrogen chloride, formed
by hydrolysis, into chlorine, which chlorinates the organic
radical attached to the silicon. In this case three reac-
tions—hydrolysis, condensation, and chlorination—take
place in a single stage, but the apparent simplification in
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fact does not yield a polymer of high quality, and the
technology is greatly complicated by the additional stage of
purifying the final product from oxidants. In contrast to
known processes of the oxidative chlorination of hydro-
carbons, therefore, the above reaction is of no practical
interest.

Little information has been published on the vapour-
phase chlorination of alkylchlorosilanes at elevated
temperatures (in the absence of ultraviolet radiation).
Ethylchlorosilane at 350°C yields a- and f-monochloro-
derivatives in the ratio 1:1.08.!4! When vinyltrichloro-
silane is chlorinated under these conditions the main
product is CH,: CCISiCl; 1% at a lower temperature
(100—200°C) the reaction shifts towards formation of
CICH,CHCISiCl,. The chlorination of F,CHCF,SiCl, (at
150—200°C) yields C1CF,CF,SiCl,. 1% i

Unsaturated organosilicon compounds are chlorinated
extremely readily by elementary chlorine to form pre-
dominantly addition products®9 771627169, In contrast to
vinyltrichlorosilane, however, trichlorovinyltrichloro-
silane does not add chlorine at the double bond in the
absence of illumination at 0—100°C, 171" The presence
of lithium chloride under these conditions accelerates the
addition of chlorine, Ultraviolet irradiation produces an
especially marked acceleration of the reaction, its mecha-
nism changing from heterolytic to a chain (homolytic)
mechanism, The presence of an electron-donor trimethyl-
silyl group in the vicinity of the double bond in the tri-
chlorovinyl radical facilitates the addition of chlorine to
the double bond: thus trimethyltrichlorovinylsilane readily
adds chlorine at the double bond in the absence of irradia-
tion at 20°C.

(b) Chlorination by sulphuryl chloride

Chlorination by sulphuryl chloride is usually accom-
plished in the presence of the free-radical type of initia-
tors. With methylchlorosilanes this method of chlorina-
tion initially gave negative results2,»1%?,!%,  Subsequently
the use of chlorobenzene as medium enabled the tempera-
ture of the reaction to be raised and this accelerated the
decomposition of benzoyl peroxide into the free radicals
necessary for the occurrence of chlorination. In this
way sulphuryl chloride can be used to chlorinate trimethyl-
chlorosilane!™ and other methylchlorosilanes 1™, Under
these conditions it is comparatively easy to chlorinate also
bistrichlorosilylmethane and 1,2-bistrichlorosilylethane in
spite of the presence of two trichlorosilyl groups®’, In
bistrimethylsilylmethane the methyl groups are the first to
be chlorinated!?, There are references to the chlorina-
tion with sulphuryl chloride of other silicon compounds
containing a methyl group and a methylene group?2!,176-17,
The chlorination of alkylchlorosilanes with sulphuryl chlo-
ride during exposure to ultraviolet radiation 18018 enables
individual chloro-derivatives of different degrees of substi-
tution to be obtained depending on the molar ratio of the
reactants. Such selectivity is not observed when chlorine
is used. :

The chlorination of methylchlorosilanes with sulphuryl
chloride can be initiated by azoisobutyronitrile!®, which
decomposes into free radicals at a lower temperature than
is observed with benzoyl peroxide.

Ethylchlorosilanes are readily chlorinated by sulphuryl
chloride in the absence of solvents, when 1- and 2-chloro-
ethylchlorosilanes are formed?8,18,  Chlorine enters
ethylmethyldichlorosilane predominantly in the ethyl
group!®, The chlorination of tetraethylsilane yields only
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the a-isomer 22,738,185,  With decrease in the number of
ethyl radicals attached to the silicon atom the B-orienting
effect of the trichlorosilyl group is more strongly developed
when sulphuryl chloride is used than on chlorination with
chlorine21,7%,125,183,18  For example, the proportions of

1- and 2-chloroethyltrichlorosilanes obtained with sul~-
phuryl chloride are 1:2.5, compared with the 1:1.6-1.8
with chlorine.

The directional effect of a chlorosilyl group is evident
also in the chlorination of higher alkylchlorosilanes by
means of sulphuryl chloride 24,188,189 Geveral cyclic
organosilicon compounds react effectively with sulphuryl
chloride 190193,  The above regularities are observed also
in the chlorination of alkylchlorosilanes containing chlorine
atoms in the alkyl group, although the orienting effect of
the trichlorosilyl group is then more complicated. Thus
2-chloroethyltrichlorosilane yields only the 2,2-derivative,
whereas 1-chloroethyltrichlorosilane forms equal propor-
tions of 1,1~ and 1,2-dichloroethyltrichlorosilanes.

(c) Chlorination by #-butyl hypochlorite

t-Butyl hypochlorite can be used to chlorinate alkyl-
chlorosilanes and alkylpolysiloxanes, the reaction being
initiated with peroxides and ultraviolet radiation. Com-
pounds of the types (R;Si),0 (R = CH,), (R,Si0),, C.H,SiR,,
R,SiCH,Cl, R,Si, and (R,Si), can be chlorinated by means
of this agent!%,1%5, However, this method is of no practi-
cal interest because of the difficulties of manipulations with
t-butyl hypochlorite, resulting from the violent decomposi-
tion of the latter under the influence of light, heat, or con-
tact with rubber.

2. Preparation of Bromoalkyl Compounds of Silicon

In contrast to chlorine, bromine does not always react
with alkylchlorosilanes. It reacts extraordinarily easily
with hydrocarbon derivatives of silicon %20  especially
with the higher tetra-alkylsilanes!%,1%7, As with chlorin-
ation, bromine first enters an a-position in tetraethyl-
gilane 143,196-198 A gimilar situation is found in the
bromination of (iso-C.H,SiO, g); by means of N -bromosuc-
cinimide 202,

Bromination of methyl- and ethyl-chlorosilanes has
proved possible only by the combined action of bromine,
chlorine, and ultraviolet radiation!™,183,2087206 gulphuryl
chloride can be used instead of chlorine 27,

The photochemical bromination of linear and cyclic
methylsiloxanes with a mixture of bromine and chlorine
leads to the formation of mono- and poly-brominated
derivatives 290,203,208,200 Incompletely methylated poly-
siloxanes have been selectively brominated with bromine
in the presence of a stoichiometric quantity of pyridine2:°,

Bromine is easily added at the double bonds in unsatu-
rated organosilicon compounds 16%211,212; ypder certain
conditions substitutive bromination is possible?!3, The
bromination of allyltriethylsilane?® and allyltrimethyl -
silane 24 is accompanied by B-decomposition of the reaction
products.  Allyldiethylsilane, naphthyltriallylsilane, and
vinyltriethylsilane add bromine without cleavage of the
silicon—carbon bond?5. Trichlorovinyltrichlorosilane,
unlike vinyltrichlorosilane, does not add bromine at
20—80°C.1" Nor does trichlorovinyltrimethylsilane react
with bromine at 20°C, although it readily adds chlorine
under these conditions, as mentioned above. When the
temperature of the reaction is raised to 80—85°C products
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resulting from cleavage at the silicon—carbon bond—
bromotrichloroethylene and trimethylbromosilane—are
formed exclusively 172,

V. ELECTROPHILIC HALOGENATION (CHLORINATION,
BROMINATION) OF SILICON-CONTAINING AROMATIC
AND ALIPHATIC -AROMATIC COMPOUNDS

Systematic study of the direct halogenation of aromatic
and aliphatic —aromatic compounds of silicon began in
1948 with the catalytic chlorination of phenylchlorosilanes.
Earlier work had been concerned mainly with the prepara-
tion of monohalogeno-derivatives of certain aromatic
silanes by the organomagnesium method %216, The direct
halogenation of aromatic compounds of silicon is an elec-
trophilic substitution catalysed by metal halides. This
reaction easily leads to the substitution by halogen of the
hydrogen atoms in the aromatic ring.

1. Preparation of Chloroaryl Compounds of Silicon

The first mention of the direct chlorination of phenyl-
triethylsilane appeared in 1874, 21%,218 1p 1941 the patent
literature reported the possibility of obtaining polychloro-
phenylchlorosilanes by chlorinating diphenyldichlorosilane
and methylphenyldichlorosilane with chlorine in the pres-
ence of iron and antimony halides as catalysts at 70 to
120°C. 22 Later investigations of the electrophilic chlo-
rination of aromatic silanes established that, in the pres-
ence’'of iron, iron(II) chloride 229, antimony(III) chloride 25,222,
aluminium chloride??, iodine, or phosphorus pentachlo-
ride?22, different numbers of chlorine atoms can be intro-
duced into the phenyltrichlorosilane?23-225 gnd diphenyldi-
chlorosilane??* molecules depending on the molar ratio of
the reactants and the temperature. In the absence of a
catalyst this reaction does not take place even at high
temperatures (150—200°C). The electrophilic chlorination
of phenyltrichlorosilane and diphenyldichlorosilane has
been described also in several other publications 80226233,

Depending on the conditions —the presence of a catalyst
and its nature, the duration of the action of chlorine, and
the temperature—the substitutive chlorination of phenyl-
chlorosilanes is accompanied by the parallel cleavage of
the Si—CAr bond 32,224,234, This side-reaction occurs only
in the presence of catalysts—metal halides —which form
the sequence AICl; > FeCl; > SbCl; according to their
dearylating activity, in conformity with which this reaction
occurs more or less intensely5%58, Cleavage of the
Si—CAr bond can be diminished by conducting chlorination
at a lower temperature and in a solvent2®, As already
stated above, hydrogen chloride must be present in the
reaction mixture for phenylchlorosilanes to be cleaved by
metal halides (e.g. aluminium chloride) %61, The chlo-
rination of phenylchlorosilanes in the presence of iodine is
not accompanied by rupture of the Si—CAr bond.

The reactivity of arylchlorosilanes in electrophilic
halogenation is determined by the nature of the atoms and
groups attached to the silicon atom. In recent years
various aromatic compounds containing a silyl group in the
benzene ring or in a side-chain have been subjected to
electrophilic halogenation. The results have provided a
more exact idea of the orienting influence of the silyl
group and have revealed the reactivity of several aryl-
silanes and alkylarylsilanes towards electrophilic substi-
tution as a function of the nature of the atoms and groups
attached to silicon.
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The meta-orienting nature of the trichlorosilyl group,
which is a consequence of its electron-acceptor properties,
is clearly evident in the fact that the benzene ring in
phenyltrichlorosilane is so deactivated that it does not
react with either chlorine?? or bromine?3% at 150—200°C,
in contrast to benzene itself, which with bromine is able to
give phenyl bromide in the absence of catalysts even at
60°C. 237 This meta-orienting power is distinctly shown
also in the electrophilic chlorination of phenyltrichloro-
silane, which gives a mixture of the meta-, ortho-, and
para-isomers in the proportions 75:21:4 238 and
74:24:2.22° The trifluorosilyl group had a still stronger
meta-orienting effect under these conditions (82:18:0).2%®
Further investigations have shown?4° that on electrophilic
chlorination phenyltrifluorosilane is more subject than
phenyltrichlorosilane to cleavage at the silicon—carbon
bond, so that only mono- and di-chloro-derivatives of
phenyltrifluorosilane can be isolated from the reaction
products.

It must be emphasised that, despite the deactivation of
the aromatic ring in phenyltrichlorosilane, it can be
chlorinated with chlorine in the presence of ionic catalysts
even below 0°C with the formation solely of substitution
products, in which the mefa-isomer predominates24, A
similar effect of the trichlorosilyl group is evident in the
chlorination of phenyltrichlorosilane by means of iodine
trichloride2#, As a consequence of the presence of
strongly polarised chlorine in this latter agent, the reac-
tion takes place readily even at —40°C with the formation
of a mixture of mono- and di-chloro-derivatives. Rise in
temperature to —20°C appreciably accelerates the reaction,
and under these conditions chlorination is accompanied by
partial iodination of the aromatic ring. At 20°C the reac-
tion occurs violently with the evolution of elementary
iodine and the formation of substituted mono-, di-, and
tri-chloro-derivatives., Unlike iodine trichloride the mono-
chloride does not react with phenyltrichlorosilane at 20°C, 242

With rise in temperature to 200°C the meta-orienting
effect of the trichlorosilyl group on the chlorination of
phenyltrichlorosilane becomes weaker (meta : para : ovtho =
60:15:25).242 At 350-400°C the trichlorosilyl group
loses its meta-orienting power (39:39:22), 244

The chlorination of phenyltrichlorosilane by means of
sulphuryl chloride exposed to ultraviolet radiation 8! is
extremely sluggish and is accompanied by cleavage of the
Si—CAr bond.

The introduction of an ortho —para-orienting substituent
(methyl) into the phenyltrichlorosilane molecule results in
some activation of the aromatic ring, so that p-tolyltri-
chlorosilane, in contrast to phenyltrichlorosilane, reacts
with chlorine in the absence of a catalyst at only 95—100°C., 245
In the presence of metal halides [iron(II) chloride,
antimony trichloride] p -tolyltrichlorosilane is easily chlo-
rinated as far as the replacement of three hydrogen atoms
in the aromatic ring. When an attempt is made to obtain
the tetrachloro-derivative, cleavage of the Si—CAr bond
takes place. The results obtained for the interaction of a
halogen with p -tolyltrichlorosilane indicate that the latter
behaves normally in electrophilic substitutions: the
entering halogen atom is directed by both existing substi-
tuents (1-methyl and 4-trichlorosilyl), in conformity with
their nature, to position 2.

The introduction, into the aromatic ring of phenyltri-
chlorosilane, of a second kind of orienting group (tri-
chloromethyl), which is a meta-orienting substituent,
results in strong deactivation of the benzene ring. In fact,
p-trichloromethylphenyltrichlorosilane is difficult to
chlorinateat 100—-110°C even in the presence of catalysts 245,
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mono- and dichloro-derivatives being formed; further
chlorination of this compound results in cleavage of the
Si—CAr bond. A chlorine atom entering the aromatic
ring of p-trichloromethylphenyltrichlorosilane is directed
by both substituents (1-trichloromethyl and 4-trichloro-
silyl) to positions 2 and 3.

The trifluoromethyl group has a still stronger deactivating
effect on an aromatic ring, sothat p-trifluoromethylphenyl-
trichlorosilane and p -trifluoromethylphenyltrifluorosilane,
in contrast to p -trichloromethylphenyltrichlorosilane, do
not react with chlorine at 120°C even in the presence of
iron(IIl) chloride 246,

A similar effect is observed when two trichlorosilyl
groups are present in the aromatic ring. Electrophilic
chlorination of bistrichlorosilylbenzene takes place with
great difficulty, and leads to the substitution of only one
hydrogen atom in the aromatic ring. Further chlorination
results in cleavage of the Si—Cpy bond?47,

The methylene bridge separating the trichlorosilyl group
from the aromatic ring in benzyltrichlorosilane produces
marked changes in the orienting influence and the deactivat-
ing effect of the trichlorosilyl group?¢®. Unlike phenyltri-
chlorosilane, benzyltrichlorosilane reacts with chlorine
even at ordinary temperatures to form p-chlorobenzyltri-
chlorosilane. In the presence of catalysts the whole
possible range of chloro-derivatives containing 1 ~5nuclear
chlorine atoms is formed: the first chlorine atom enters
the ring only in the para-position, and the next two chlo-
rine atoms ovtho to the trichlorosilylmethyl group 248,248,

In contrast to phenyltrichlorosilane, these reactions are
not accompanied by cleavage of the silicon~carbon bond.
Similar results have been obtained for the electrophilic
chlorination of benzylmethyldichlorosilane: methylpenta-
chlorobenzyldichlorosilane C;C1,CH,SiCl,CH, has been
isolated from the products of the reaction?25°,

It is interesting that the trichlorosilyldichloromethyl
group, in contrast to the trichlorosilylmethyl group, is
meta-orienting towards a chlorine atom entering the
aromatic ring. Thus the electrophilic chlorination [in the
presence of iron, iron(II) chloride, antimgny(V) chloride]
of aa -dichlorobenzyltrichlorosilane yields m -chlorophenyl-
dichloromethyltrichlorosilane 2, Further chlorination
gives the trichloro-derivative, The compound containing
five chlorine atoms in the ring cannot be obtained because
of cleavage of the silicon—carbon bond,

The replacement of halogen atoms attached to silicon by
the less electronegative alkyl groups leads to a change in
the orienting effect of the silyl group. A detailed study of
this phenomenon has been made on the electrophilic
halogenation of methylphenyldichlorosilane 251253 and
phenyltrimethylsilane 239,254,

The chlorination of phenylmethyldichlorosilane in the
absence of catalysts at 50—115°C results in nuclear sub-
stitution (to give mono-, di-, and tri-chloro-derivatives)
and is accompanied by appreciable cleavage of the Si—Car
bond. At 145-150°C compounds of the type CgH, - nCly.
.SiCL,CCl, appear, which under these conditions readily
decompose at the Si—Ca)k bond to form carbon tetrachlo-
ride and CgH; _nCl;8iCl,. 2%¢  The chlorination of phenyl-
methyldichlorosilane in the presence of antimony
trichloride 252,258 leads to the formation merely of the
dichloro-derivative and is accompanied by considerable
cleavage of the Si—CAyr bond. On chlorination in the
presence of iodine 263,256 especially under mild conditions
(in carbon tetrachloride at 10—12°C), 258 degradation is
greatly diminished, so that trichlorophenylmethyldichloro-
silane can be obtained. The yield of polychloro-deriva-
tives is increased by chlorinating in the presence of iodine
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the monochloro-derivative, chlorophenylmethyldichloro-
silane?5?, The rate of chlorination of the aromatic ring
and the rate of cleavage of the Si—CAr bond increase in the
sequence CHSiCl,CH, < C,H SiC1(CHj), < (C4H,),SiC1CHj, 258
Phenylmethyldichlorosilane does not react with sulphuryl
chloride in the presence of ionic catalysts.

During electrophilic chlorination phenyltrimethylsilane
undergoes considerable cleavage at the Si—CAy bond, so
that the yield of the monochloro-derivative does not exceed
509, 254

Phenylmethyldichlorosilane yields ~60% of the n -
chloro-isomer, but chlorination of phenyltrimethylsilane
gives mainly the other two isomers (para + ovtho: meta =
78:22),2%,25%¢  Thus the replacement of chlorine atoms
attached to silicon by electropositive methyl radicals
changes the meta-orienting power of the silyl group into an
ortho —para-orientation effect.,

It is interesting that the presence of the trichloromethyl
group attached to silicon in phenyltrichloromethyldichloro-
silane results in considerable deactivation of the aromatic
ring and strengthening of its bond with silicon. In its
behaviour towards electrophilic chlorination this compound
resembles phenyltrichlorosilane, the trichloromethyldi-
chlorosilyl group, like the trichlorosilyl group, having a
meta-orienting effect?%®, Phenyltrichloromethyldichloro-
silane behaves similarly on electrophilic bromination 258,

The chlorination of 1-naphthyltrichlorosilane 260 in the
presence of the usual catalysts for the halogenation of
aromatic compounds [iron(IIl) chloride, antimony trichlo-
ride] at 55—100°C yields various chloro-derivatives (from
mono- to tetra-chloronaphthyltrichlorosilanes) in yields of
60-90%. Cleavage of the silicon—carbon bond does not
occur and, in spite of the prolonged action of excess of
chlorine (molar proportions of 1-C,,H,SiCl,: Cl, = 1: 25),
the reaction terminates at the formation merely of the
tetrachloro-substituted derivative. Attempts to obtain
more highly chlorinated products by raising the tempera-
ture (to 150°C and above) have been unsuccessful, since
cleavage of the silicon—carbon bond occurs under these
conditions.

Several publications have appeared on the ionic chlo-
rination of certain other aromatic silanes—biphenyl-4-
yltrichlorosilane !, p-xylyltrichlorosilane2?, and
tetraphenylsilane 3, Polychloro-derivatives of aromatic
silanes have been obtained by chlorinating the latter in the
presence of a mixed catalyst (FeCl; + SbCl,), 22 and also in
the presence of aluminium chloride and iron(III) chloride in
an organic solvent 28,33, Chlorination of polytitano-
phenylsiloxanes 24 and polyaluminophenylsiloxanes 28 in the
presence of a catalyst (phosphorus pentachloride) in car-
bon-tetrachloride solution gives the corresponding poly-
mers having chlorine atoms in the phenyl groups, which
possess improved thermal stability in comparison with the
original compounds.

2. Preparation of Bromoaryl Compounds of Silicon

With rare exceptions the direct bromination of aryl-
silanes is accompanied by cleavage of the Si—CAr
bond 27-29,38,215,239  The tendency for the aromatic ring to
become detached from the silicon atom diminishes as
chlorine atoms accumulate on the silicon. Thus the
bromination of phenyltrichlorosilane in the presence of
iron(III) chloride gives a quite high yield of mono- and
di-bromo-derivatives 2%,224,226,236 Tt ig interesting that
most (69%) of the bromophenyltrichlorosilane formed com-
prises a mixture of the p- and o-bromo-isomers (38% and
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31%). These results indicate that the trichlorosilyl group
exhibits an anomalous 07tho —para-orienting effect during
bromination.

Extraordinary ease of detachment is exhibited by the
trifluorylsilyl group when phenyltrifluorosilane is
brominated in the presence of iron?3%®, Under mild condi-
tions of bromination it is possible to obtain monobromo-
phenyltrifluorosilane (in 52% yield) 249, which is a mixture
of isomers (meta: para + ortho = 60 40),

Phenylmethyldichlorosilane reacts readily with bromine
in the absence of catalysts at 0—25°C to form mono- and
di-bromophenylmethyldichlorosilanes®®¢, Further
increase in the extent of bromination under these condi-
tions, as well as bromination in the presence of ionic
catalysts, leads to considerable cleavage of the reaction
products at the Si—Cay bond. The first bromine atom to
enter the aromatic ring of phenylmethyldichlorosilane
occupies predominantly the ortko and para positions
(meta:ortho : pava = 25: 35:40),

Phenyltrimethylsilane is cleaved quantitatively by
bromine at the Si—CAr bond, even under mild conditions.

Publication of a series of papers on the direct bromina-
tion of phenyltrichlorosilane 2%, benzyltrichlorosilane 248,
p-tolyltrichlorosilane?*, and phenylmethyldichlorosilane 268
has been followed by other investigations in this field.
Study of the electrophilic bromination of compounds of the
type CgH [CH,]nSiClyjmRy . 2 = 1, 2; m = 0-3; and
R = CH,, C,H,) showed that in all cases the [CH,]|;SiCly,.
Ry _m groups are strongly ortho —para-orienting 249,287,
The high reactivity of benzyltrimethylsilane compared with
benzyltrichlorosilane is explained by conjugation of the
silicon—carbon bond with the aromatic ring?7?, The
bromination of benzyltrifluorosilane, in contrast to that of
phenyltrifluorosilane, is not accompanied by cleavage of
the silicon—carbon bond, the sole product being the
p-bromo-isomer 2%,

3. Mechanism of Electrophilic Substitution and Cleavage
of the Si—Cpy Bond in Aryl- and Alkylaryl-chlorosilanes

The characteristic features of the substitutive chlorina-
tion of aryl- and alkylaryl-chlorosilanes agree well with
the generally accepted mechanism of electrophilic substi-
tution in the aromatic series:

8+ 8—  +
Cly-=MCl, 2 Cl ... Cl ... MCly3 Cl [MCl]~
(M = Fe, Al, Sb)

—._ SiCl
CHeSiCl, 4 &1 (MCL] — [<:><c; s

+
] [MCl )~ — CgH,CISiCl; + HCl + MCl,
Phenylchlorosilanes react by a similar mechanism with
iodine trichloride, which acts here as a reactive electro-
philic form of the halogen 242;

4
1C1, = Cl [ICL,]~

— SiClTT
CoH;SiCls + & [ICIE]‘—>[<_><C1 ’] [ICl,]~ — CgH,CISiCl; + HCl + ICI

As already noted above, a characteristic feature of the
electrophilic halogenation of arylsilanes and alkylaryl-
silanes is the accompanying secondary degradative halogen-
ation involving cleavage of starting materials and products
at the Si—Cp , bond with the formation of halogenated
aromatic derivatives not containing silicon. A definite
relation exists between such cleavage and electrophilic sub-
stitution in aryl - and alkylaryl -chlorosilanes 37-52,69,268 273,
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Thus trialkylsilyl groups are detached from an aromatic
ring by a mechanism of electrophilic substitution 33,44 -51;
R.T

wed s [T S (Crren
In this case electrophilic attack on the aromatic ring by the
halogen cations, leading to formation of an intermediate
addition product, is accompanied by nucleophilic attack on
the silyl group by the halide anions. In conformity with
this an analogy is observed in the effect of substituents on
the rate of cleavage of the Si—CAr bond and the rate of
electrophilic substitution: electron-donor groups (tri-
methylsilyl, etc.) increase the rates of both reactions;
electron-acceptor groups (trichlorosilyl) decrease the
rates. The tendency of the Si—CAyr bond to undergo
cleavage by the halogen falls rapidly in the sequence
C H,Si(CH,), > C,H,SiCl(CH,), > C.H,SiCl,CH; > C.H,SiCl,.
The rate of cleavage is determined not only by the nature
of the silyl group but also significantly by induction and
steric effects, the nature of the halogen, the catalyst, and
other factors.

Cleavage of the Si—Car bond by the hydrogen halide
formed during halogenation in the presence of ionic cata-
lysts takes place by an analogous mechanism of electro-
philic substitution 6°-62,239,274;

iR. 1+
7SR+ He MK [<—_\<2R] IMXJ]" — CoHlg + RiSIX + MX,
where R = Alk, Cl, F; X =Cl, Br; and M = Fe, Al, Sh.

The sequence of increasing stability of aromatic silanes
to cleavage by the HX,.MX, complex under conditions of
halogenation is
Rs’SiR<RR’SiCl; <R,SiCl,<RSiF3 < p-R'CeH SiCly <<

<P-CC13C5H4SiC13<RSiC13, RSiCI:(CCly),

where R = CH; and R’ = CH,.

Fluorine atoms, in spite of their greater electronega-
tivity, are for steric reasons incapable of resisting nucleo-
philic attack on the silicon atom, so that cleavage of the
Si—Car bond takes place more easily in phenyltrifluoro-
silane than in phenyltrichlorosilane.

VI. RADICAL HALOGENATION (CHLORINATION,
BROMINATION) OF SILICON-CONTAINING ALIPHATIC ~
AROMATIC AND AROMATIC COMPOUNDS

1. Substitutive Halogenation with Replacement of Alkyl
Hydrogen Atoms by Chlorine and Bromine

The photochemical chlorination ot alkylarylchloro-
silanes yields substitution products containing chlorine in
the alkyl radical or in the aliphatic portion of an aralkyl
group17%,275-280 1t js interesting that o-tolyltrichloro-
silane, in contrast to p-tolyltrichlorosilane, is not chlo-
rinated, probably because of the steric effect of the
trichlorosilyl group!%277  for the less bulky trifluorosilyl
group does not exert such hindrance. Benzyltrichloro-
silane can be chlorinated with sulphuryl chloride in the
presence of benzoyl peroxide 17,

Tolyl and benzyl groups in hydrocarbon derivatives of
silicon are easily brominated by N -bromosuccinimide,
usually without cleavage of the Si—~CAr bond 17,281,282
Tetra-p -tolylsilane and certain other hydrocarbon deriva-
tives of silicon are exceptions?™,283,  When benzylsilane
is brominated in weak daylight (at 8°C), a-bromobenzyl-
tribromosilane is formed. Heating a mixture of benzyl-
silane and bromine in sunlight yields aa-dibromobenzyl -
tribromosilane 28,
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The radical chlorination of aliphatic —aromatic chloro-
silanes has been studied in the greatest detail on p ~tolyl-
and benzyl -trichlorosilanes, and also on phenyl- and
p -tolyl-methyldichlorosilanes, in the presence of azoiso-
butyronitrile as initiator.

Chlorination of p -tolyl- and benzyl-trichlorosilanes in
the presence of this initiator 95,9728 takes place without
cleavage of the reaction products at the silicon—carbon
bond. The process can easily be controlled with the for-
mation of compounds of a desired degree of substitution.

A distinguishing feature of these reactions is the formation
of the monochloro-derivatives in high yields with complete
conversion of the initial silane (in contrast to aliphatic
chlorosilanes). Among polychloro-derivatives p-tri-
chloromethylphenyltrichlorosilane is of practical interest
as the starting material for the preparation of p -trifluoro-
methylphenylirifluorosilane. «aH-Hexachlorobenzyltri-
chlorosilane C4Cl;CHCISiCl, has been isolated from the
products of the photochemical chlorination of pentachloro-
benzyltrichlorosilane?®; the product of the exhaustive
chlorination of benzyltrichlorosilane cannot be obtained.

The chlorination of phenylmethyldichlorosilane can
occur selectively—either in the methyl group or in the
aromatic ring—depending on the nature of the catalyst.
Initiation with azoisobutyronitrile leads to the formation of
all possible products in which the methyl group is substi-
tuted 28,288,  The ability of the chloromethyl group to be
chlorinated more easily than the unsubstituted methyl
group is clearly evident in phenylmethyldichlorosilane,
just as in the methylchlorosilanes, which is indicated by
the ~10% content of the dichloro-derivative in the reaction
mixture on conversion of the initial silane. Under other-
wise similar conditions the content of polychloro-deriva-
tives in the reaction mixture is appreciably higher in the
continuous chlorination of phenylmethyldichlorosilane 28
than with a batch method of chlorination: i.e. the situation
is the same as in the chlorination of methylchlorosilanes.
The exhaustive chlorination of phenylmethyldichlorosilane
in the presence of azoisobutyronitrile at 110~115°C is not
accompanied by side-reactions and gives a 90% yield of
phenyltrichloromethyldichlorosilane, When the tempera-
ture is lowered to 45~50°C, the reaction mixture contains
partly chlorinated products; and raising the temperature
to 145-150°C lowers appreciably the yield of phenyltri-
chloromethyldichlorosilane owing to degradation of the
chlorination products at the silicon—carbon bond. Because
of the high selectivity of the reaction it is desirable to
obtain this product by a continuous counterflow scheme 290,
The chlorination of benzylmethyldichlorosilane in the
presence of azoisobutyronitrile (at 110°C) results in the
formation of aa-dichlorobenzyltrichloromethyldichloro-
silane?%%, This compound is obtained also by photo-
chemical chlorination, but then a nuclear addition product,
hexachlorocyclohexylmethylmethyldichlorosilane, is also
formed 25°,

The rate of chlorination of the methyl group in com-
pounds of the type C;H; _C1,SiCl,CH, decreases with
increase in7.2%0 Whenn = 1 the p~chloro-isomer is
chlorinated considerably more easily than is the meta-
isomer, although chlorination of p-chlorophenylmethyldi-
chlorosilane is slower than that of unsubstituted phenyl-
methyldichlorosilane.

Sulphuryl chloride proved to be a milder chlorinating
agent for phenylmethyldichlorosilane, and was more
selective, so that a high yield of phenyldichloromethyldi-
chlorosilane could be obtained 292,

The chlorination of p -tolylmethyldichlorosilane in the
presence of azoisobutyronitrile at 110—115°C (molar ratio
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silane: chlorine = 1: 3) leads initially to replacement of the
nuclear methyl hydrogen atoms. With a large excess of
chlorine (1:10) p-trichloromethylphenyltrichloromethyl-
dichlorosilane is formed in 80% yield?®3, The fact that the
aromatic ring of p -tolylmethyldichlorosilane contains a
substituent of the first kind [sic —presumably means +I
group (Ed. of Translation)] (a methyl group) para to the
silicon atom weakens the Si—Cpy bond, as is indicated by
the greater ease of cleavage of this compound than of
phenylmethyldichlorosilane.

2. Addition of Chlorine at Double Bonds and Replacement
of Nuclear Hydrogen Atoms by Chlorine

Phenyltrichlorosilane readily undergoes photochemical
chlorination at ordinary temperatures (20°C) to form a
product—hexachlorocyclohexyltrichlorosilane C4H,Cl,.
.SiCly—in which chlorine atoms have added to the aromatic
ring2®-2%8,_  The yield decreases with rise in temperature,
and at 120°C the photochemical chlorination of phenyltri-
chlorosilane proceeds solely as a substitution reaction
(Fig. 8).

yield, %
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"Figure 8, Temperature dependence of yield of products
of the photochemical chlorination of phenyltrichlorosilane
(for molar ratio Cl,: CgHgSiCly = 10:1):

1) C.H,SiCl;; 2) C.H,ClSiCly; 3) C.H,CISiCly;

4) C,H,Cl,SiCl;; 5) C.H,Cl SiCl,.

The additive chlorination of phenyltrichlorosilane is a
chain reaction initiated by free chlorine atoms according
to the usual scheme:

c,Bar4cor 1)
CyHySiCls + CI' — CgH,CISICly (2)
CeHsCISIiCly" + Cl, — CoHyCL,SiCls + CI', ete. 3)

A free-radical mechanism is indicated by the fact that
additive chlorination can be conducted in the presence of
azoisobutyronitrile in the dark?®?. The overall rate of
addition is limited by stage (2). Subsequent stages take
place at very high rates, so that intermediate addition
products —dichlorocyclohexadienyltrichlorosilane and
tetrachlorocyclohexenyltrichlorosilane —cannot be detected
in the products of the photochlorination of phenyltrichloro-
silane: two components —phenyltrichlorosilane and
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hexachlorocyclohexyltrichlorosilane—are present in the
reaction mixture, independently of the molar ratio of the
reactants (silane and chlorine) (Fig.9). The linear
dependence of the logarithm of the phenyltrichlorosilane
concentration on the duration of chlorination (Fig. 10)
indicates that the reaction is of the first order with respect
to the silane. The stepwise addition of chlorine to the
aromatic ring is proved by the fact that the chain can be
terminated by means of iodine, and tetrachlorocyclo-
hexenyltrichlorosilane C¢H,Cl1,SiCl, isolated?®7,

content, %
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Figure 9. Dependence of composition of reaction
mixture on extent of chlorination (at +5°C):
1) C.H,SIiCl;; 2) CoH,ClgSiCl,.

The course of the radiation chlorination of phenyltri-
chlorosilane, initiated by cobalt-60 y-radiation!®148 ig
analogous to the photochemical process.

Hexachlorocyclohexyltrichlorosilane is a mixture of
stereoisomers%®, Its structure is confirmed by the
infrared spectrum, which contains no absorption bands
characteristic of an aromatic ring. Aqueous alkali
hydrolyses this compound with detachment of the hexa-
chlorocyclohexyl radical from the silicon atom. The
hexachlorocyclohexane formed as an intermediate is
dehydrochlorinated under these conditions and converted
into trichlorobenzene. With absolute alcohols hexachloro-
cyclohexyltrichlorosilane forms the corresponding hexa-
chlorocyclohexylalkoxysilanes. Itisinerttowards chlorine
at 150°C and on exposure to ultraviolet radiation, and also
at 75—100°C in the presence of iron(II) chloride. When
heated to 550—580°C it splits off hydrogen chloride and is
converted into trichlorophenyltrichlorosilane. The prod-
uct of partial additive chlorination, tetrachlorocyclo-
hexenyltrichlorosilane, is able to eliminate hydrogen
chloride at 250°C with the formation of dichlorophenyltri-
chlorosilane.

Phenyltrifluorosilane forms an addition product, hexa-
chlorocyclohexyltrifluorosilane, more easily than does
phenyltrichlorosilane 295,

If the silane contains alkyl radicals as well as the phenyl
group, the rate of addition of chlorine to the aromatic ring
drops sharply. Thus the photochemical chlorination of
phenyltrimethylsilane and p -tolyltrichlorosilane involves
mainly substitution of the methyl hydrogen atoms, the yield
of addition products not exceeding 10—12%, 2> The intro-
duction of halogen atoms and trichloromethyl, trifluoro-
methyl, and trichlorosilyl groups into the aromatic ring of
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phenyltrichlorosilane results in almost complete inhibition
of additive chlorination.

Benzyltrichlorosilane gives a high yield of the nuclear
addition product hexachlorocyclohexylmethyltrichloro-
silane, which is formed on photochemical chlorination
together with products in which the methylene hydrogen
atoms have been replaced by chlorine 104,285,284,
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Figure 10. Dependence of logarithm of concentration
of phenyltrichlorosilane on duration of chlorination.

Under the same conditions the additive chlorination of
diphenyldichlorosilane proceeds relatively easily, but
chlorine adds to only one aromatic ring to form hexa-
chlorocyclohexylphenyldichlorosilane CgH;Cl,SiCl,C H;. 2%

.’
~_
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Figure 11. Temperature dependence of composition of
products of the photochemical chlorination of phenyl-
methyldichlorosilane (Cl,: C;H SiCLCHy = 3.5:1):

1) nuclear addition products; 2) products of substitution
in the methyl group.

Adadition of chlorine to 1-naphthyltrichlorosilane occurs
especially easily with ultraviolet irradiation and a low
temperature (0—5°C), but in gpite of the prolonged action
of excess of chlorine (molar ratio 1-C,H,SiCl;: Cl, =
1:12) the product is 1-C,H,C1,SiCl,. 25%?% This indicates
that the addition of chlorine to double bonds probably
occurs only in one six-membered ring of 1-naphthyltri-
chlorosilane. At high temperatures, and also under the
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influence of iron(III) chloride, the compound 1-C, ;H,C1,8iClg
eliminates hydrogen chloride and is converted into
dichloro-1-naphthyltrichlorosilane28°,

The action of chlorine on phenylmethyldichlorosgilane in
daylight at temperatures not above 5°C yields only the
nuclear addition product hexachlorocyclohexylmethyldi-
chlorosilane 294,298,299,  Raising the temperature to
20—-25°C accelerates substitutive chlorination; at 50°C
and above the main product is chlorophenylmethyldichloro-
silane. The photochemical chlorination of phenylmethyl-
dichlorosilane at 0°C gives an addition product?®93%, With
rise in temperature substitution in the methyl radical
becomes predominant, and is the only process at 95—100°C
(Fig.11). The radical mechanism of formation of hexa-
chlorocyclohexylmethyldichlorosilane is confirmed by the
occurrence of additive chlorination in the presence of
azoisobutyronitrile at 45—-50°C.

The radiation chlorination of phenylmethyldichloro-
silane by means of cobalt-60 y-rays differs from its photo-
chemical chlorination only in that rise in temperature leads
to substitution of hydrogen atoms not in the methyl group
but chiefly in the aromatic ring 157169 (Fig. 12). With
radiation chlorination the highest yield of chloromethyl
products is observed at 20-30°C. Similar results have
been obtained for the radiation chlorination of a phenyl-
methylpolysiloxane polymer 159,

40”8
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Figure 12. Temperature dependence of composition of
products of the radiation chlorination of phenylmethyl-
dichlorosilane: 1) nuclear addition products;

2) products of substitution in the methyl group;

3) nuclear substitution products.

It is interesting that no compounds containing both a
hexachlorocyclohexyl radical and di- and tri-chloromethyl
groups attached to silicon have been found among the
products of the photochemical and radiation chlorination of
phenylmethyldichlorosilane. This indicates considerable
deactivation of the aromatic ring in phenyltrichloromethyl-
dichlorosilane owing to the presence of the trichloromethyl
group. This is confirmed by the exceptional inertness of
this compound not only towards thermal and ionic chlorina-
tion but also towards additive chlorination 258,

Analysis of the data indicates a definite correlation
among the electrophilic character of the substituent, the
rate of additive chlorination of substituted aromatic com-
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pounds of silicon, and steric hindrance. The sequence of
increasing capacity for additive nuclear chlorination in
aryl- and alkylaryl-silanes is

p-CF3CeH4SiF3, p-CCl3CeH,SiCl;, CeHa(SiCls)2< CeH,4CloSiCls <
< CgH4CISiCls < CeHs(CCl3)SiCl, < (CsHs)2SiCly,
a-CoH7SiCl3 < CeH;5SiCl3 < CeH5SiF3 < CeHs (CH3) SiCly, CsHsCH,SiCls.

VII. CHLORINATION OF PHENYLTRICHLOROSILANE IN
THE PRESENCE OF IODINE AND ON y-IRRADIATION

The chlorination of phenyltrichlorosilane is distinguished
by interesting features. Depending on the conditions
chlorine either adds to the aromatic ring or replaces
hydrogen atoms %, Photochemical chlorination at 0—50°C
involves solely addition of chlorine. With rise in temper-
ature the rate of substitutive chlorination increases with
formation mainly of the o-chloro-isomer (43%). A simi-
lar reaction is observed in the chlorination of phenyltri-
chlorosilane in the presence of azoisobutyronitrile at
120-125°C. A still stronger shift towards predominant
formation of the o-chloro-isomer (67%) occurs in the
presence of iodine as catalyst 191,241,301 Thys under the
above conditions the trichlorosilyl group loses its inherent
meta-orienting power.

An interesting property of iodine as catalyst is that it is
able to activate equally the nuclear addition of chlorine and
its nuclear substitution!, Both in the chlorination of
benzene in the presence of iodine 32-30 gnd in that of
phenyltrichlorosilane under similar conditions!® there is
simultaneous formation of substitution products (chloro-
phenyltrichlorosilane) and products of partial additive
chlorination (tetrachlorocyclohexenyltrichlorosilane).

The addition of chlorine to an aromatic ring usually
takes place by a radical mechanism. Since the formation
of atoms and radicals is excluded in chlorination in the
presence of iodine, the most probable mode of addition
under these conditions must be assumed to be heterolytic,
in which the iodine polarises the chlorine and promotes its
addition:

[ 86—
Cl—Cl+1,2Cl ... Cll,
SiCly

e SiCl -
. L [r=\/5C] qa- =
CgH,SiCly + Ci+ [\ Xy ] = Ky 1)
% Ci
— _SiCl — SiCl —_ SiCl
SN I VAl N L SN
+CH= |+ = (I
AN N__/ N
N— N [ oo ] o

The cyclohexadiene system in (I) is highly reactive, and
therefore the intermediate dichlorocyclohexadienyltri-
chlorosilane (I) cannot be isolated from the reaction prod-
ucts., Formation of the dichloro-derivative (I) is con-
firmed by the appearance among the chlorination products,
together with tetrachlorocyclohexenyltrichlorosilane (II),
of a considerable quantity of o-chlorophenyltrichlorosilane,
obviously resulting from dehydrochlorination of (I):

SiCly
@45.\»‘ ETe QS'%
FH
Cl

Cl

This change in the usual electrophilic mechanism of sub-
stitutive chlorination probably explains the loss of the
meta-orienting power of the trichlorosilyl group in the
chlorination of phenyltrichlorosilane in the presence of
iodine,

The radiation chlorination of phenyltrichlorosilane,
initiated by cobalt-60 y-rays!57 at 0—20°C, involves
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predominantly nuclear addition of chlorine to form hexa-
chlorocyclohexyltrichlorosilane, and in this respect
resembles photochemical chlorination. With rise in tem-
perature nuclear substitution begins, and at 100°C the
chlorination of phenyltrichlorosilane already consists
solely in substitution. The isomeric composition of the
monochlorophenyltrichlorosilane obtained under these
conditions shows that in radiation chlorination the chloro-
silyl group exerts its normal meta-orienting effect

(meta : ortho : para = 75: 20:5).

Substitutive chlorination of the phenyl group under the
influence of y-radiation is not inhibited by either oxygen or
air. This suggests that the replacement of hydrogen
atoms in the aromatic ring of phenyltrichlorosilane during
radiation chlorination occurs by an ionic mechanism
involving chlorine cations!5%3% formed by the radiolysis of
chlorine:

Clf + e

Cly—W—>
ct+ ClIm+ e~

The radiolysis of silanes is accompanied by the appearance
in the reaction mass of excited molecular and splinter
ions, which are able to react with a chlorine molecule:

[Ton]* + Cl, — [ion] Cl - CI+

The primary Cl* ions can then react with a molecule of the
initial silane:

CgH;SiClg 4 Cl+ — C4H,CISiCly + H+*

The proton, on reacting with molecular chlorine, may
liberate fresh chlorine ions:

H+ 4 Cly — HCl + CI*+ +2.5 eV

Regeneration of C1* ions by these reactions will probably
continue until either H* or Cl* combines with a negative
ion, which will correspond to the stage of chain termina-
tion.

The only argument against an ionic mechanism for the
radiation chlorination of phenyltrichlorosilane is the rela-
tively high temperature of the reaction, since the lifetime
of positive ions is too short under these conditions. It
increases as the temperature becomes lower, and also in
the presence of substances having a high electron affinity
and a considerable capture cross-section for thermal
electrons. In the present case chlorine and also phenyl-
trichlorosilane itself may fill this role. Hence there may
be factors which promote reaction by an ionic mechanism
at high temperatures.

VIOI. PREPARATION OF ORGANOSILICON COMPOUNDS
CONTAINING FLUORINE (IODINE) IN THE ORGANIC
RADICALS

It is not possible to fluorinate organic radicals attached
to a silicon atom directly by means of fluorine, because of
the accompanying degradation of the molecule to be fluo-
rinated. However, the valuable properties of fluorinated
organosilicon polymers have stimulated research aimed at
finding other methods for preparation of the corresponding
monomers. The principal methods known at present will
be described briefly below.
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1. Organoelementary Method

The first organosilicon compound containing a fluorine
atom in the organic radical was obtained 3% from p -fluoro-
phenylmagnesium bromide and trimethylchlorosilane. A
large number of diverse compounds of this type have since
been obtained by Soviet 3077310 and foreign311~3!® workers.
By means of Grignard reagents it is relatively easy to
obtain various derivatives from silicon tetrachloride,
silicochloroform, tetraethyl orthosilicate, and other com-
pounds. Aromatic and aliphatic fluorine-containing com-
pounds can be used to prepare the Grignard reagent.
Compounds based on unsaturated polyfluorides, e.g. tetra-
kistrifluorovinylsilane 3'4, can be obtained by the organo-
magnesium method.

The reactions can be conducted under milder conditions
if organolithium compounds are used315-3!7, and the yield
of the fluorinated organosilicon compounds is higher. In
comparison with the use of magnesium that of lithium has
not found sufficiently wide application.

Sufficient experimental data have now been published
to derive the main principles of the organoelementary
synthesis of fluorinated organosilicon compounds.

2., The Swarts Reaction

The Swarts reaction can be used to exchange halogens in
an organic radical for fluorine atoms '8, Halogen atoms
attached to silicon are replaced at the same time. To
diminish the consumption of antimony trifluoride and
antimony pentachloride use is made e.g. of the following
Scheme 246,319

+Cly S bF;4-SbCl;

CHSC,HiSiCly 5 CH,C,H,SiF, — CClyC,H,SiF, — CFyCoH SiFs

Various aryl- and alkyl-fluorosilanes can be obtained by
means of the Swarts reaction. Exchange for fluorine
depends on the position of the halogen in the organic radi-
cal: in 1-bromo-3,3,3-trichlorpropylmethyldichlorosilane
and 1,3,3,4,4,4-hexabromobutylphenyldichlorosilane, for
example, the 1-bromine atom cannot be replaced by
fluorine 3205322,

Several difficulties in conducting the reaction and the
limited choice of compounds diminish the possibilities of
the Swarts method for introducing fluorine atoms into the
organic radicals of alkylsilanes and arylsilanes.

3. Addition at a Silicon—Hydrogen Bond

Many investigations have been undertaken with the aim
of obtaining fluorinated organosilanes by the addition of
unsaturated fluorine-containing compounds at a silicon—
hydrogen bond. This reaction was first accomplished 322,523
in 1954 with the addition of silicochloroform to 1,1-di-
fluoroethylene and tetrafluoroethylene. During many sub-
sequent researches various catalysts and initiators have
been found and a large number of diverse compounds have
been prepared. Addition is initiated by ultraviolet radia-
tion 324, cobalt-60 y-rays 325,326 and various compounds
such as peroxides 327, It takes place by a radical —chain
mechanism:

HSiCly 2 CLSI 4 H' ClgSi’ 4 CF,=CF, — Cl,SiCF,CFy
C1,SiCF,CF," + HSiCly — Cl4SiCF,CF;H -+ "SiCly

Good results have been obtained by using platinised
carbon and especially chloroplatinic acid as catalyst 328,329,
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The action of platinum is explained in the literature as
involving both heterogeneous and homogeneous catalysis.

Individual examples have been reported of the addition
of fluoroalkenes at a silicon—hydrogen bond in the presence
of boric acid in an autoclave at high temperatures 3%, etc.,
but they have not interested investigators.

Among all the known methods, addition at a silicon—
hydrogen bond is in several cases of the greatest practical
interest for the industrial production of fluorinated organo-
silicon compounds.

4, Other Reactions

In contrast to the well known industrial processes for
the direct synthesis of alkyl- and aryl-chlorosilanes, only
the simplest halogenated fluorocarbons react directly with
a silicon—copper alloy 33!, and the yield is low.

Several compounds have been obtained by the Diels —
Alder method 332, and by the addition of compounds of the
type RCF,Br or RCF,I (where R = F or a radical) at the
double bonds of alkenylsilanes in the presence of radical
initiators 3%, Fluorinated esters3** and ethers 3% have
also been obtained. However, these methods for prepar-
ing fluorinated organosilanes have no practical interest.

The literature contains no serious investigations on the
preparation of organosilicon compounds containing iodine
in the organic radical. Individual publications in which
preparations of iodinated organosilanes are encountered
are of no theoretical interest and still less of practical
interest.
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