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Methods of Synthesis of αω-Difunctional Oligosiloxanes with Two
Organic Substituents Per Unit

M.G.Voronkov and N.G.Sviridova

The methods of preparation of oligosiloxanes with two organic substituents per unit, containing the functional groups
X(R2Si0)nSiR2X (X = CI, OCOR,OR, NR2, OH, or ONa) at the terminal silicon atom, have been considered and a
critical assessment of the possibility of employing the methods for the synthesis of oligomers with specified η and X has
been made.
The bibliography includes 187 references.
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I. INTRODUCTION

Recently organosilicon oligomers containing reactive
substituents at the ends of the chain have assumed increas-
ing theoretical and practical interest. These compounds
occupy an intermediate position between organosilicon
monomers and polymers, which have been thoroughly
investigated and widely described in the chemical liter-
ature.

The most important application of αω-difunctional
organosilicon oligomers is the synthesis of polymers with
regular structures. By controlling the sequence of frag-
ments in the main chains of the macromolecules, it is
possible to alter sharply the properties of the polymers
without affecting or only slightly altering their compos-
ition. Condensation of αω-difunctional oligomers with
organic and inorganic monomers, organic derivatives of
the elements, and also with one another makes it possible
to obtain new types of polymers with valuable technical
properties. This reaction has already found wide
application in the synthesis of organosilicon block poly-
mers, siloxanes with a number of atoms of other ele-
ments, and other types of silicon-containing high-molec-
ular-weight compounds.

Organosilicon oligomers can also be used themselves
as heat exchangers, stabilisers for rubber mixtures based
on organosilicon polymers, etc.

The methods of preparation of αω-difunctional organ-
osilicon oligomers have not so far been adequately treated
in monographs on organosilicon chemistry and in reviews.
The aim of the present paper is to fill this gap. It deals
with the methods of synthesis of ο jj-difunctional oligosil-
oxanes which can be isolated in a pure form.

II. METHODS OF SYNTHESIS OF αω-DIHALOGENO-
OLIGOSILOXANES

1. Partial Hydrolysis of Chlorosilanes with an Organic
Substituent

Hydrolysis of chlorosilanes with an organic substituent
is one of the most important reactions in organosilicon
chemistry. This reaction makes it possible to convert

such chlorosilanes, obtained by direct synthesis from
silicon and halogeno-derivatives of hydrocarbons1"5,
directly into siloxane polymers with organic substituents.

Hydrolysis of dichlorosilanes with two organic substit-
uents by an excess of water usually leads to the formation
of cyclosiloxanes and only an insignificant amount of
linear siloxanes6"8. In the presence of a deficiency of
water, the principal hydrolysis products are linear
oligosiloxanes with chlorine atoms at the ends of the
chain. As a rule, hydrolysis yields a mixture of oligo-
mers with various contents of silicon atoms in the mole-
cule:

η RR'SiCl2 + (n—1) H2O -» CI (RR'SiO)n_jSiRR'Cl + 2 (n—1) HC1,

where η > 2. The hydrolysis is usually carried out in a
solvent, sometimes in the presence of a hydrogen chlo-
ride acceptor.

Thus a^-dichloro-oligodimethylsiloxanes with the
general formula Cl[(CH3)2Si0]n_1Si(CH3)2Cl are obtained in
the hydrolysis of dichlorodimethylsilane with water, the
reactants being in molar proportions of 2 : 1 . 9 , 1 0 The
maximum yields of these oligomers (28% for η = 2, 24%
for η = 3, 15% for η = 4, 6% for η = 5, 3% for η = 6, and
2% for η > 6) can be achieved by hydrolysis in a homo-
geneous medium using a mixture of ether and dioxane as
a solvent. Under these conditions, 22% of the initial
(CH3)2SiCl2 does not react.

In hydrolysis in the absence of a solvent (a two-phase
system), the yield of αω-dichloro-oligosiloxane falls and
the amount of unreacted dichlorodimethylsilane increases.
At the same time octamethylcyclotetrasiloxane (D4) and
decamethylcyclopentasiloxane (D5) appear in the reaction
mixture.

The increase of the content of higher oligomers in the
reaction mixture is promoted by a decrease of the
(CH3)2SiCl2: H2O molar ratio from 2 to 1.8 - 1 . 5 . " For
the ratio 1.5:1, the yield of oligomers with w > 3
increases by a factor greater than 2.

Hydrolysis of dichlorodimethylsilane or dichloro-
methylsilane in ether at -70°C yielded αω-dichloro-
oligodimethylsiloxanes with η = 1-3 1 2 or 1-5 1 3 and
αω-dichloro-oligomethylsiloxanes Cl(CH3SiHO)nSi(CH3)HCl
with η = 1 -4 1 3 respectively.
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When a 1:18 :1 (wt.%) mixture of (CH3)sSiCl,
j^iCLj, and CH3SiCl3 was treated with a 62% solution

of hydrogen chloride in water under pressure, 1,3-dich-
lorotetramethyldisiloxane and 1,5-dichlorohexamethyl-
trisiloxane were obtained in yields of 33.4 and 20.4%
respectively14.

aco-Dichloro-oligomethylphenylsiloxanes have been
obtained by the hydrolysis of dichloromethylphenylsilane
with a deficiency of water in the presence of a solvent15.
Under optimum conditions, the yields of oligomers con-
taining 2, 3, 4, 5, and 6 silicon atoms in the molecule
were 32, 25, 7, 4, and 4% respectively; 21% of
CH3(C6H5)SiCl2 does not react. The reaction mixture
also contains sym -trimethyltriphenyl cyclotrisiloxane and
sym-tetramethyltetraphenylcyclotetrasiloxane.

Hydrolysis without a solvent results in the formation
of only 8% of a mixture of distillable oligomers containing
2% of l,3-dichloro-l,3-dimethyl-l,3-diphenyldisiloxane
and 47% of higher αω-dichloro-oligosiloxanes. The
amount of unreacted CH3(C6H5)SiCl2 increases to 45%.

1,3-Dichloro-l -methyl-1,3,3-triphenyldisiloxane
was obtained by the simultaneous hydrolysis of dichloro-
methylphenylsilane and dichlorodiphenylsilane in toluene
at 80°C.16 l,3-Dichloro-l,3-dimethyl-l,3-diphenyl-
disiloxane is formed when moist dichloromethylphenyl-
silane is distilled (yield 16.4%)17 or in the hydrolysis of
Cl(CH3)C6H5Si(OC6H4C6H5-o)18. αω-Dichloro-oligodi-
phenylsiloxanes have been obtained by the hydrolysis of
dichlorodiphenylsilane 1 9,2 0. With a (CeH5)2SiCl2: H2O
molar ratio of 2 : 1 , mainly 1,3-dichlorotetraphenyl-
disiloxane and 1,5-dichlorohexaphenyltrisiloxane are
formed19. At the same time the. formation of hexaphenyl-
cyclotrisiloxane is observed. When the reactant ratio is
reduced to 1.5, the yield of 1,3-dichlorotetraphenyldisil-
oxane falls and the yields of 1,5-dichlorohexaphenyltri-
siloxane and hexaphenylcyclotrisiloxane increase. The
theoretical yield of cyclosiloxane is reached when the
(C6H5)2SiCl2: H2O molar ratio is reduced to 1-0.67.

Hydrolysis of dichloromethylsilanes with an organic
substituent, of the type CH3(RCH2CH2)SiCl2 (R = CF3 or
C3F7), in an autoclave by water saturated with hydrogen
chloride (24-30°C, 28-48 h) yielded αω-dichloro-
oligomethylsiloxanes with an organic substituent per unit,
Cl[CH3(RCH2CH2)SiO]nSiCH3(RCH2CH2)Cl, containing
fluorine atoms in the organic group21. The oligomer
ClCH3(CH2Cl)SiO[CH3(ClCH2)SiO]3SiCH3(CH2Cl)Cl was
obtained similarly2 2.

Hydrolysis of dichlorosilanes with two organic
substituents can be carried out in the presence of salts of
heterocyclic bases, acid amides, or triphenylphosphine.
For example, when water is added to a mixture of
dichlorodiphenylsilane and C5H5N.HC1 in toluene [molar
ratio (C6H5)2SiCl2 : H2O = 2.5:1] at 80-85°C, 1,3-dich-
lorotetraphenyldisiloxane is formed in 81.5 yield. The
residue contains 1,5-dichlorohexaphenyltrisiloxane.
^Aj-Dichloro-oligomethyl- and αω-dichloro-oligomethyl-
phenyl-siloxanes were obtained similarly2 3.

A conductimetric study of the hydrolysis of chloro-
silane in a homogeneous medium (in a mixture of ethylene
glycol with ether) showed that a decrease of reaction
temperature and an increase of HC1 content suppress the
hydrolysis of Si-Cl bonds and promote the formation of
the corresponding oligomers Cl(R2SiO)nSiR2Cl. M

Linear αω-difluoro-oligodiethylsiloxanes
F[(C2H5)2SiO]nSi(C2H5)2F and also 8-10% of (C2H5)2SiF2

are formed in the hydrolysis of dichlorodiethylsilane with
a saturated aqueous solution of potassium fluoride25.
The study of the mechanism of the partial hydrolysis of

dichlorosilanes with two organic substituents is of great
importance for the determination of the optimum condi-
tions in the preparation of QuD-dichloro-oligosiloxanes.
This reaction is a complex process and the nature and
proportions of the hydrolysis products depend on many
factors (R2SiCl2: H2O ratio, structure of RjSiClj,, solvent,
reaction temperature, etc.). The formation of linear
oligomers is promoted by an increase of the concentration
of R^SiClg, the homogeneity of the medium, and a low
process temperature. It has been suggested6,26 that
partial hydrolysis is accompanied by a stepwise conden-
sation:

CI (R2Si0) ; lSiR2CI + H 2O — Cl (R2SiO)nSiR2OH ,

2 C!(R2SiO)nSiR2OH — Cl (R 2Si0) 2 r l + 1SiR 2CI + H2O etc.

Evidence for this mechanism comes from the forma-
tion, during the hydrolysis of oligosiloxanes and poly-
siloxanes with two organic substituents per unit and
mainly with a linear structure and from the high poly-
dispersity of the oligomers and polymers obtained.

Low-molecular-weight auj-dichlorosiloxanes are
formed when t-butyl alcohol reacts with dichloromethyl-
phenylsilane15. t-Butyl chloride, hydrogen chloride,
polyisobutylene, and benzene are formed at the same
time. The process is probably based on the hydrolysis
of chlorosilanes by the water formed in the reaction of
the liberated hydrogen chloride with t-butyl alcohol.

2. Telomerisation of Cyclosiloxanes with Halogenosil-
anes Having Organic Substituents

The telomerisation of cyclosiloxanes with halogeno-
silanes having organic substituents, which takes place
according to the general mechanism

RR'SiCI2 + π (R"R'"SiO)x — CIRR'Si (OSiR"R'f')MCl ,

was first achieved in I960.2 7"3 0 The reaction is carried
out in sealedtubes (without a catalyst) at 250°C for 3 - 5 h.
The difunctional oligomers ClR(CH3)Si(OSiR'R")3nCl
(R = R' = R" = CH3; R = H, R' = R" = CH3; R =
CH2=CH, R = R = CH3j R = C6H5, R' = R = CH3J
R = R' = CH3, R" = C6H5; R - CH3, R' = R" = C6H5)
were obtained in this way from R(CH3)SiCl2 and
(R'R"SiO)3 2τ,28}3ο-36ο Th e reactivities of halogenosilanes
and cyclosiloxanes decrease in the series CH3SiHCl2 >

> CH3(CH2 = CH)SiCl2 > CH3(C6H5)SiCl2;
.. > [(C2H5)2SiO]3 > [CH3(C6H5)Si0]3 > [CH3(CH2 =

CH)SiO]3. In all cases, instead of individual telomers,
their mixtures are formed. A decrease of the molar
ratio' RR'SiCl2: (R"R"rSiO)3 leads to a fall of the yield of
low-molecular-weight telomers and a sharp increase of
high-boiling telomerisation products.

With an equimolar ratio of dichlorodimethylsilane
and hexamethylcyclotrisiloxane (D3), telomers with
η = 1 (64.4%), η = 2 (15.6%), η = 3 (4.1%), and η » 4
(10.9%) were obtained31. Telomers with η = 1 (83.1%),
η = 2 (7.1%), η = 3 (3.1%), and η » 4 (3.9%) were obtained
from dichloromethylsilane and D3 (in proportions of 1 :1);
with a molar ratio of 1 : 2, the products were telomers
with η = 1 (31.8%), η = 2 (42.8%), n = Z (9.5%) and η > 4
(14.3%).34 The reaction of dichloromethylvinylsilane with
D3 leads to the formation of a mixture of telomers with
« = 1 (71.2%), η = 2 (11.8%), and η ^ 3 (8.7%). When the
ratio is 1:2, the yields of telomers are 67.1% for η = 2
and 25.5% for η > 3. The telomer with η = 1 is not
formed under these conditions34.
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Dichloromethylphenylsilane forms with D3 (molar
ratio 1:1) telomers with η = 1 (76.2%), η = 2 (77.6%), and
η >Ζ (13.6%).M

When l,3,5-trimethyl-l,3,5-triphenylcyclotrisiloxane
was cleaved by dichlorodimethylsilane, telomers with
η - 1 (32.9%), η =- 2 (4.9%), and η > 3 (63.9%), were
obtained. The conversion of siloxane was 88.0% and
that of dichlorodimethylsilane 36%.35 The reaction in an
autoclave is accompanied by the dissociation of siloxane
bonds in the telomers.

Telomers could not be isolated from the products of
the reaction of dichlorodimethylsilane with 1,3,5-tri-
methyl-l,3,5-trivinylcyclotrisiloxane because of the
occurrence of a side process involving polymerisation
with participation of the vinyl groups35.

Hexaethylcyclotrisiloxane is cleaved by dichloro-
methylsilane with formation of oligomers in which η = 1
(64.3%), η = 2 (17.6%), and η > 3 (18.6%).35 The reaction
with dichlorodiethylsilane gives a 61.9% yield of 1,7-di-
chloro-octaethyltetr asiloxane ^ .

l,7-Dichloro-l,3,5,7,7-pentaethyl-l,3,5-tri-n-propyl-
tetrasiloxane (57%) and l,7-dichloro-l,3,5,7-tetraethyl-
1,3,5,7-tetra-n-propyltetrasiloxane (33%) were obtained
by the cleavage of sym-triethyltri-n-propylcyclotrisil-
oxane with dichlorodiethylsilane and dichloroethyl-n-
propylsilane respectively. 1,3,5,7-Tetra-n-butyl-
l,7-dichloro-l,3,5,7-tetraethyltetrasiloxane was
synthesised in 42% yield from sym-tetra-n-butyltetra-
ethylcyclotrisiloxane and n-butyldichloroethylsilane38.

D4 enters into the telomerisation reaction with
greater difficulty than D3. Nevertheless oligomers of the
type ClR(CH3)Si(OSiR'R")4nCl (R - R ' = R" = CH3; R =
C6H5, R' - R' = CH3; R = CH=CH2, R' = R" = CH3)
have been obtained by the reaction of D4 with R(CH3)SiCl2

(R - CH3, C6H5, or CH = CH,).2 7,3 9.
When the ratio D4 : (CH3)2SiCl2 = 2 : 1 , telomers with

η = 1 (16.7%), η =• 2 (20.0%), and η = 3 (7.7%) are formed
and when the ratio is 1:1 the products have η = 1 (36.9%),
η = 2 (33.0%), and η = 3 (7.5%). The reaction with a
3 :1 reactant ratio was also investigated33. In all cases
a mixture was obtained in which the telomer correspond-
ing to the specified D 4 : (CH3)2SiCl2 ratio predominated.

The reaction of equimolar amounts of dichloromethyl-
vinylsilane and D4 gave telomers with η = 1 (18.5%),
w =- 2 (30.8%), » - 3 (14.6%), and η ^ 4 (36.1%).39 The
reaction of dichloromethylphenylsilane with D4 under
standard conditions (250°C, 3 h) proceeds with the forma-
tion of small amounts of telomers (about 10 wt.%).
Under more severe conditions (300°C, 5 h, molar ratio
2 :1), the overall conversion reaches 18% and telomers
with η » 1 (7.8%) and η = 2 (2.3%) are formed39.

The synthesis of 1,9- dichlorodecamethylpentasiloxane
(yield 34%) by heating a 1 :1 mixture of dichlorotrimethyl-
silane and D4 in an enamelled autoclave at 270-400°C
and 80 atm has been described40. At 300°C the yield
increases to 50%.

Changes in reactant ratio and temperature affect the
yield of reaction products, which is a maximum for a
ratio of 1 : 2 -81% at 300°C and 77% at 350°C. At 400°C
the yield falls to 42%. In all cases side products of the
cleavage of the - Cl[(CH3)2SiO]nSi(CH3)2CI chains with
η = 1 -6, 8, or 12 were obtained. When the reaction was
carried out in an autoclave without a glass liner, a low
yield of the required telomer was obtained together with
a large amount of side products.

1,3-Dichlorotetramethyldisiloxane (22%), 1,5-dich-
lorohexamethyltrisiloxane (19%), 1,7-dichloro-octa-
methyltetrasiloxane (15%), higher oligomers (26%), and
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also D3 (0.2%) and D4 (1.0%) were obtained by heating
polydimethylsiloxane with dichlorodimethylsilane in a
bomb (380-400°C 5 h). In the presence of a catalyst
(FeCl3 and HC1 or HBr), the reaction takes place also at
room temperature4 1.

Oligomers containing together with Si-Cl bonds
functional groups in the organic substituents were obtained
by the reaction of D3 with alkyl(chloroalkyl)chlorosilanes
containing chlorine atoms in the α-, β-, and y-positions42

and by the reaction of D4 with dichloro-(3,3,3-trifluoro-
propyl)methylsilane 4 2.

The position of the halogen atom in the hydrocarbon
group of dichloro(halogenoalkyl)methylsilanes has a
significant influence on the telomerisation reaction42.
Thus dichloro(chloromethyl)methylsilane reacts with D3 to
form not only the telomers Cl[(CH3)2Si0]3n.SiCH3(CH2Cl)Cl
with η = 1 (43.7%) and η =» 2 and 3 but also their dissoci-
ation products containing 2, 3, and 4 silicon atoms in the
molecule in yields of 18.3, 16.5, and 12.5% respectively.
Dichloro-(2-chloroethyl)methylsilane reacts with D3 to
form telomers in which η = 1 (39.1%) and η =- 2 (10.5%)
and dissociation side products. The reaction of dichloro-
(3-chloropropyl)methylsilane with Da is strictly of the
telomerisation type with formation of telomers in which
η = 1 (63.0%) and η = 2 (4.8%). The reactivity of
dichloro(chloroalkyl)methylsilanes in the reaction with D3

falls in the sequence β > ot > γ as the position of the
chlorine atom in the alkyl group is varied.

The reaction of D4 with dichloro-(3,3,3-trifluoro-
propyl)methylsilane at 250°C involves the formation of a
mixture of Cl[(CH3)2SiO]4nSiCH3.(CF3CH2CH2)Cl telomers
with η = 1 (28.4%), η = 2 (7%), and η = 3 (10%) for the
equimolar reactant ratio and with η = 1 (16.2%), η = 2
(22%), and η = 3 (20%) for the 2 :1 ratio. The reaction
proceeds mainly as in the case of dialkyldichlorosilanes.
The polar and steric effects of the 3,3,3-trifluoropropyl
group influence only the yield of the telomers. It
proved possible to obtain 1,7-dichloro-octamethyltetra-
siloxane and 1,9-dichlorodecamethylpentasiloxane by the
cleavage of D4 with dichlorodimethylsilane (molar ratio
1 :4-4:1) in the presence of an equimolar amount of
dimethylformamide, its derivatives, or A-formylpiperi-
dine at 20°C in 120 h. 4 4

In the presence of a catalyst (FeCl3) the telomerisa-
tion reaction is complicated by a side reaction involving
the cleavage of telomer , ;ns 3 6 . The reaction of D3

with (CH3)2SiCl2 results m the formation of the oligomers
Cl[(CH3)2Si0]mSi(CH3)2Cl in which the number of silicon
atoms mranges from 2 to 7. In the presence of FeCl3

linear siloxanes can also enter into the telomerisation
reaction with dialkyldihalogenosilanes45.

The study of the mechanism of the telomerisation
reaction2 7,3 2 led to the hypothesis that an intermediate
complex of the cyclosiloxane and halogenosilane is formed
in the first reaction stage and is subsequently converted
into the first member of the homologous series:

ο

(CH3)2Si

Ο
i

Si (CH 3 ) 2

+ (CH8)1!SiC1!-

(CH,),

/s\ I
Ο Ο Si
I

Cl " I

(CH s)2Si Si(CH8),

CH,

CH 3

CH3 CHa

I
CH, CH 3

. CI—Si—O—Si—O—Si—O—Si—Cl

I I I
CH.

I
CH3 CH3 CH3

Later the Si atom in the telomer formed is coordinated
to the oxygen atom of a new cyclosiloxane molecule as a
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result of which the next member of the homologous series
is formed, etc.

(CH3)2

Ο Ο
| | + Cl (CH s)2Si [OSi (CH3)2]3C1 ^

(CH3)2Si Si (CH3)2

• Cl [(CH3)2Si0]6Si (CH3)2Cl

(CH3)2

/ S l \ (CH3)2

Ο Ο Si [OSi(CH3)2]3Cl
I I \

(CH3)2Si Si (CH3)2 Ci

In the presence of a catalyst (FeCls) the reaction
becomes reversible3 2. Together with telomers, dissoci-
ation products containing 1, 2, 3, and more silicon atoms
in the molecule are formed. In this case a molecule of
iron(m) chloride is coordinated to the oxygen atom of the
cyclosiloxane of the telomer and the resulting complex
decomposes via the mechanism

(CH3)2

/ S l \
Ο Ο
I I + FeCl3

(CH3)2Si Si(CH 3) 2

(CH3)2

/ S i \
Ο Ο FeCI2

I I \
(CH3)2Si Si (CH3)2 Gl

CH, CH 3
CH,

-> Cl—Si—O—Si—O—Si—OFeCl2

CH 3 CH3 CH3

The Si-OFe bond is unstable and under the influence
of compounds containing the Si-Cl bond breaks down with
liberation of FeCl3 and the formation of the Si-Ο-Si bond:

CH 3 CH3

- S i - O F e C l 2 + (CH3)2SiCl2 - Cl [(CH3)2Si0]3Si (CH3)2C1 + FeCl3 .

CH, CH 3

3. Cleavage of Cyclosiloxanes by Organic and Inorganic
Halogen-containing Compounds

aa>-Dihalogeno-oligodialkylsiloxanes are formed when
cyclosiloxanes or linear siloxanes are heated with boron,
aluminium, phosphorus, or antimony halides:

(RR'SiO),l + MXn-»X(RR'SiO)mSiRR'X (M=B, ΑΙ, Ρ, Sb) .

For example, oligomers of the Cl(RR'SiO)nSiRR'Cl series,
where R = R' = CH3,

4 6 R = R' = C2H5,
46,47 or R = CH3

and R' = C6H5,
47 were obtained by the cleavage of the

corresponding cyclotrisiloxanes and cyclotetrasiloxanes
with aluminium chloride.

Difficult to obtain auj-dibromo-oligosiloxanes, for
example 1,3-dibromotetramethyldisiloxane, 1,5-dibromo-
hexamethyltrisiloxane, and 1,7-dibromo-octamethyltetra-
siloxane, have been synthesised by the reaction of D4 with
^lBr s .

4 8 1,3-Difluoro- and 1,3- dichlorotetr am ethyl -
disiloxanes are formed when cyclosiloxanes are cleaved
with BF3 or BC13 respectively49,50.

It is suggested48 that the first stage of the reaction
of cyclosiloxanes with ^1C13 and ΑΙΒτ3 is, as in the
telomerisation in the presence of FeCl3, the coordination
of the oxygen atom of the cyclosiloxane to A1C13 or
with subsequent ring opening:

+ A1X3-

( C H 3 ) 2 S i - O - S i (CH3)2

Ο Ο A1X3

I I
(CH3)2Si-O-Si (CH3)2

•H
CH 3 CH 3 CH3 CH 3

X_Si_O—Si—O—Si—O—Si—OAlXj

CH, CH, CH, CH 3
1
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The linear aluminosiloxane formed decomposes into

X(CH3)2 Si - O - S i (CH3)2X and

/
(CH3)jSi

1

ο

\
A1X

I

ο

(CH3)2 .

Under the influence of A1X3, 1,3-dihalogenotetramethyl-
disiloxane rearranges to higher αω-dihalogenopolysilox-
anes 4 8 .

It has been suggested50 that the dialkylchlorosiloxy-
borates formed initially in the reaction with BC13

decompose into the corresponding chlorosiloxanes and
B2O3:

(R 2Si0) n + BC13 -»/zR2Si0Bgi2

CI

3 R2Si0tiCl2 -»(R 2Si0) 3B + 2 BCI3

Cl Cl

2 (R 2Si0) 3B — B 2O 3 + 3ClSiK2OSiR2Cl

CI

αω-Dichloro-oligosiloxanes are also obtained by the
distillation of cyclic or linear polysiloxanes with phos-
phorus oxide halides, antimony halides, or the halides of
aromatic acids (benzoyl, phthaloyl, or isophthaloyl chlo-
rides) in the presence of FeCl3.

5 1

αω-Dichloro-oligoalkylmethylsiloxanes, in which the
alkyl group contains three and more fluorine atoms, have
been obtained by the cleavage with hydrochloric acid (at
30°C and an elevated pressure) of the hydrolysis product
of CH3(RCH2CH2)SiCl2 (R - CF3 or C 3F 7). 2 1

4. Heterofunctional Condensation Reactions

The heterofunctional condensation reaction, which
proceeds according to the general mechanism

-Si-X + RO-Si^- — ̂ S i - O - S i ^ where X = halogen and

R = H, alkyl, or acyl, has been less frequently used to
synthesise Λω-difunctional oligomers than the hydrolysis
of chlorosilanes with organic substituents and the cleavage
of cyclosiloxanes. An advantage of this method over those
described above is the possibility of obtaining oligomers
with a specified alternation of different substituents at the
Si atoms.

When dichloromethylsilane, dichlorodimethylsilane,
dichloroethylsilane and dichlorodiethylsilane are heated
with chloroethoxydimethylsilane (60-80°C, FeCl3 catalyst),
the corresponding αω-dichloro-oligodialkylsiloxanes
containing both identical and mixed alkyl substituents are
formed52:

R2SiCI2 + R2SiCl (OR) -* CI (SiR^O) SiRiCI + η HC1 .

The reaction proceeds according to the mechanism
ClSiR2-CI + C2H5O-SiRa'-Cl — ClStR2—O—SiR2C! + C,H5C1 ,

ClSiR2OSiR2Cl +0^0—SiRJ-Cl - ClSiR3-OSiR2—O— SiR2CI + 0 ^ , 0 1 , etc.

The oligomers Cl[(CH3)2SiO]nSi(CH3)2Cl with η =» 1 -3
have been obtained by this method from dichlorodimethyl-
silane and chloroethoxydimethylsilane (1 :1 molar ratio)
in proportions analogous to those obtained in the partial
hydrolysis of dichlorodimethylsilane [n = 1 (28%), η — 2
(24%), η = 3 (15%), and η = 5 and 6 (2%)] 9,1 0; 22% of the
initial (CHj-jSiCL; does not react, whereas (CH3)aSi(OC2H5)Cl
reacts completely. The formation of cyclosiloxanes was
not observed.
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The reaction of dichlorodiethylsilane with chloro-
ethoxydimethylsilane (1:1) leads to the corresponding
αω-dichloro-oligodialkylsiloxanes containing preferen-
tially 4 and 5 silicon atoms in the molecule.

When the concentration of (CaH5)2SiCl2 is increased
(up to a molar ratio of 2:1), the yield of low-molecular-
weight αω-dichloro-oligosiloxanes Cl[(CH,)2SiO]nSi(C2Hg)2Cl,
containing between 2 and 5 silicon atoms [n = 1 (14%),
η = 2 (13.7%), and η = 3 (5%)], increases. In the case of
dichloromethylsilane and dichloroethylsilane, the main
heterofunctional condensation reaction is accompanied by
disproportionation52:

CH3SiHCl2 + (CH3)2Si (OC2H6)CI -» CH,SiH (OC2H5) Cl + (CH3)2SiCl2 .

The extremely reactive chloroethoxymethylsilane
readily reacts with alkyldichlorosilanes52:

CH3HSi (OC2H6) Cl + CH3SiHCI2 -» CI (CH,) SiHOHSi (CH,)C1 + CjHjCl .

Apart from the main products of the heterofunctional
condensation of dichloromethylsilane and dichloroethyl-
silane with chloroethoxydimethylsilane

Cl[(CH3)HSi0]nSi(CH3)2Cl [n - 1 (10%) and η =» 2 (2.2%)] and
Cl[(C2H5)HSi0]nSi(CH3)2Cl [n » 1 (7.7%) and n =- 2 (8.8%)],
the products Cl[(CH3)HSiO]nSi(CH3)HCl [n = 1 (18.3%) and
η = 2 (6.2%)] and Cl[(C2H5)HSi0]nSi(C2H5)HCl [n = 1 (8.1%)
and η = 2 (3.3%)] were also isolated.

Heterofunctional condensation of silanediols containing
two organic substituents with dichlorosilanes (1 : 2), also
containing two organic substituents, in the presence of
aniline yielded the corresponding hexa-alkyl-l,5-dichloro-
trisiloxanes53:

2 R R'SiCl2 + R"R"'Si(OH)2 -> ClSiRR'OSiR"R'"OSiRR'Cl + 2 HCI

(R — R = CH3, R = CgH5, R = CH3J R = R = C6H5,
R — R = CH3j R = R = CgHg, R = C6H5, R" =
CH=CH2; R = R' = C6H5, R" = CH3, R'" = C2H5; R =
R' - C6H5, R" = CH3, R'" = CH2CH(CH3)C6H5; R = R' =
C6H5, R" = CH3, R'" - CH2CH2CF3).

1,5-Dichloro-l ,1,5,5-tetramethyl-3,3-diphenyltri-
siloxane is formed in 66% yield on condensation of
diphenylsilanediol with dichlorodimethylsilane (1 : 2) in the
presence of a solvent and a hydrogen chloride acceptor
(pyridine)54.

5. Other Reactions

Dialkyldihalogenosilanes can react with metal oxides
whereby they are converted into αω-dihalogenosiloxanes.
Metal oxides serve as a source of oxygen necessary for
the formation of the Si-O-Si bond. Dichlorodimethyl-
silane reacts with Fe2O3 to form 1,3-dichlorotetramethyl-
disiloxane55. However, according to other data5 6,
anhydrous Fe2O3 does not react with (CH3)2SiCl2 to form
the above compound and therefore its synthesis requires
the addition of a small amount of water. Instead of
water, one can introduce at the beginning of the reaction
a small amount of hydrogen chloride. Evidently chloro-
dimethylsilanol is formed in the first stage as a result of
the hydrolysis of (CH3)2SiCl2. Subsequently Fe2O3

apparently behaves as an acceptor of hydrogen chloride
and a donor of water promoting the heterofunctional con-
densational reaction:

The reaction of chlorodimethylsilanol with (CH3)2SiCl2,
which leads to the formation of oligomers, takes place
according to the mechanism

Cl (CH3)2Si0H + (CH3)2SiCl2 i ^ - > Cl (CH,)2SiOSi (CH3)2CI + HCI ,

Cl (CH3)2Si0H + Cl (CH3)2Si0Si (CH3)2C1 -> Cl (CH3)2Si0Si (CH,)2 OSi (CH3)2CI + HCI etc.

PbO, CaO, MgO, ZnO, CuO,57,58 BeO, and Ag2O
58 have

also been used as oxygen donors.
Dichlorodimethylsilane reacts with ethanol in the

presence of catalytic amounts of FeCl3, forming 1,2-dich-
lorotetramethyldisiloxane [up to 69% of (CHj-jSiCLj which
has reacted] and l,5-dichlorohexamethyltrisiloxane(21%).59

The mechanism of the catalytic effect of iron(ni)
chloride probably consists of the following steps:

3 QHuOH + FeCI3 -> 3 C ^ C l + Fe (OH)3 ,

3 Fe (OH), + 3 HCI -* FeCI, + 3H2O .

An interesting method for the preparation of chloro-
oligomers is based on the chlorination of hydrosiloxanes
containing linkages between Η and Si atoms60»61, for
example:

or

Η [(CH3)3SiO]2SiO {SiO [OSi (CH3)3]2}nSi [OSi [OSi (CH 3) 3] 2H (n > 0)

Η R(CH3) Si {OSi [OSi (CH3)iJ2}nOSi (CH,) RH ( R = C H 3 , C,H5 Η η > 1) .

3R 2 Si(Cl)OH-

R2SiClj + H2O -* R2Si (Cl) OH+HC1 ,

- 3 R2SiCI2 + 0.5 Fe2O3 -* 3 ClR2Si0SiR2Cl + FeCI3 + 1• .5 H2O .

III. METHODS OF SYNTHESIS OF au;-DIACYLOXY-
OLIGOSILOXANES

1. The Cleavage of Cyclosiloxanes by Carboxylic Acid
Anhydrides and Diacetoxydimethylsilane

αω-Diacyloxyoligosiloxanes have been little investi-
gated compared with other organosilicon oligomers. At
the same time aco-diacyloxysiloxanes containing reactive
acyloxy-groups at the end of the chain are very promising
and interesting oligomers from which it is possible to
obtain a large number of a wide variety of organosilicon
compounds.

The most important method of synthesising a^-dia-
cyloxyoligosiloxanes containing two organic substituents
per unit consists in the cleavage of cyclosiloxanes by
carboxylic acid anhydrides.

Acetic anhydride cleaves cyclosiloxanes containing
two organic substituents (preferably in the presence of
catalysts), forming αω-diacetoxyoligosiloxanes with two
organic substituents per unit:

(R2SiO)n + (CH3CO)2O -> CH.COO (R2SiO) | lCOCH3 .

For example, «ω-diacetoxyoligodimethylsiloxanes
CH3COO[(CH3)2SiO]n.COCH3 (n - 2 or 3) are formed on
catalytic cleavage of D4 by acetic anhydride (molar ratio
about 1 : 5) in the presence of sv :ric acid62. A
deficiency of this method is the ^ * conversion of D4 (about
60%), the long duration of the reaction (40 h), and the high
yield of diacetoxydimethylsilane, which constitutes about
one third of all the reaction products. This reaction is
of little interest for the synthesis of diacetoxydimethyl-
silane, since the latter can be readily obtained directly
from dichlorodimethylsilane and acetic anhydride (see,
for example, Dolgov et al. 6 3).

The use of anhydrous iron(III) chloride or zinc
chloride6 4"6 6 as catalysts permits an increase of the con-
version of D4 to 95% and a reduction of the reaction time
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to 1.5-4 h. Then oligomers with four and five silicon
atoms in the molecule appear in the mixture and the
overall yield of oligomers increases [n =» 2 (20%),
η - 3 (14%), « = 4 (11%), and η = 5 (6%); the yields are
given relative to the initial reactants]. Diacetoxy-
dimethylsilane is formed in yields up to 5%.

The reaction of D4 with acetic anhydride involving
the formation of αω-diacetoxyoligodimethylsiloxanes can
take place also in the absence of catalysts, provided that
it is carried out at 250-260°C under pressure (in an
autoclave or a sealed glass tube)6 7. The composition of
the oligomers obtained in the autoclave is approximately
the same as in the cleavage of D4 by acetic anhydride in
the presence of FeCl3. In the reaction in a sealed glass
tube the amount of oligomer with η =» 2 is lower and that
of the oligomer with η = 5 somewhat higher [n = 2 (14.3%),
η = 3 (10%), η = 4 (9.8%), and η = 5 (9.6%)].

au-Diacetoxyoligosiloxanes with two organic substit-
uents per unit, containing 3,3,3-trifluoropropyl, ethyl,
vinyl, and phenyl groups at the silicon atoms, were
obtained similarly from the corresponding cyclosiloxanes
(RR' SiO)m and acetic anhydride β 8,β 9. The yields of the
oligomers are given in Table 1. The conversion of
octaethylcyclotetrasiloxane and 1,3,5,7-tetramethyl-
1,3,5,7-tetravinylcyclotetrasiloxane is 85-90%. 1,3,5-
Trimethyl-l,3,5-triphenylcyclotrisiloxane cannot be
isolated from the reaction mixture, since the reaction
products begin to decompose on distillation under the
influence of the high temperature and the FeCl3 present
even before the distillation of the cyclosiloxane begins.

Boron triacetate has also been used as a catalyst of
the cleavage of polysiloxanes by carboxylic acid anhy-
drides7 1.

Oligodimethylsiloxanes blocked by perfluoroacyloxy-
groups have been obtained by the cleavage of D4 with
perfluorocarboxylic acid anhydrides (in a sealed glass
tube)7 2. With a D 4 : heptafluorobutyric acid anhydride
molar ratio of 1:1, the cleavage products are the
oligomers CF3CF2CF3COO[(CHs)2SiO]nCOCF2CF2CF3 with
η = 2 (27%) and η = 4 (30%) and also a mixture of oligomers
with η = 5 and 6. When the ratio of the initial reactants
is increased to 9 : 1 , a viscous liquid polymer with Μ =
3840 is formed. A similar polymer was obtained also in
the reaction of D4 with trifluoroacetic acid anhydride
(molar ratio 10:1). When D4 was cleaved with butyric
anhydride, a mixture of oligomers with η = 2 (25.8%),
η = 3 (14.8%), and η * 7 (57%) was obtained.

Table 2. The yield of R'COO[C2H5(R)SiO]3COR' obtained
by the cleavage of [C2H5(R)3SiO]3 with (R'CO)2O.70

R

CH,"
C 3 H 7

R'

CHS

CH 3

CH 3

Yield of trisiloxane, %

in sealed
tube

250°C

33.0

16.8

in the pre-
sence of ZnCl,
at 100°C l

63.5
28.1
42.0

R

C2H5

Ο,Η,

R'

Ο,Η6

C 4 H,

Yield of trisiloxane. %

in sealed
tube
250°C

22.4
29.2
20.7

in the pre-
sence of ZnCl-
at 100°C

44.8
41.0
46.8

Table 1. Composition of mixtures of auj-diacetoxysilox-
anes with two organic substituents [CH3COO(RR'SiO)nCOCH3]
formed when (RR'SiO)m is cleaved with acetic anhydride69.

CH.COO (RR'SlO)nCOCH,

n=2
n=3
n=4
n=5

R=CH,; R'=CF,CH,CH,

m=3

17.7
23.0
15.2

m=4·

8.3
36.1
9.7

R=CH,
R'=CH,=CH

m=4

11.4
12.1
10.9
2.8

R=R'=C,H,
m=3-M

30.3
19.7
10.9

R—CH,
R'=C,H,

m=3

14.8
8.1

The reaction was carried out in an autoclave in
the absence of FeCl3.

l,3,5-Tri-(3,3,3-trifluoropropyl)-l,3,5-trimethyl-
cyclotrisiloxane is completely cleaved by acetic anhydride,
while l,3,5,7-tetra-(3,3,3-trifluoropropyl)-l,3,5,7-tetra-
methylcyclotetrasiloxane is cleaved only to the extent of
30%. When the reaction is carried out in an autoclave
(without a catalyst) at 250-260°C, the tetrasiloxane is
cleaved almost completely.

When HC1O4 is employed as a catalyst, the temper-
ature of the reaction in which cyclosiloxanes are cleaved
by acetic anhydride may be reduced70. For example,
when acetic anhydride is allowed to react with hexaethyl-
cyclotrisiloxane (molar ratio 1:1) in the presence of
perchloric acid, 1,3-diacetoxyhexaethyltrisiloxane is
formed in a yield up to 30% even at room temperature.
1,3-Diacyloxytrisiloxanes with six organic substituents,
R'COO[C2H5(R)SiO]3COR', were obtained by the cleavage
of the corresponding cyclosiloxanes by carboxylic acid
anhydrides in the presence of ZnCl2 at 100°C or without a
catalyst at 250°C (in a sealed tube)7 0. The yields of the
oligomers are given in Table 2.

The cleavage of cyclosiloxanes by carboxylic acid
anhydrides is probably reversible. The composition of
the products of the reaction of D4 with acetic anhydride is
independent of the nature of the initial cyclosiloxane
(D3, D4, D5, "depolymerisation mixture", and a mixture
of cyclic and linear siloxanes) and is determined only by
the ratio of the initial reactants 6 6 . It has been suggested73

that the cleavage of siloxanes proceeds via the intermed-
iate formation of a six-membered cyclic activated complex
involving the Si-Ο bond and the reactant. As a result of
the delocausation of six electrons in the ring formed,
the energy required for the activation of the molecule
diminishes, which facilitates cleavage. Similarly, in the
cleavage of cyclosiloxanes by acid anhydrides, an inter-
mediate cyclic complex is formed in the first reaction
stage (with or without the participation of the catalyst):

,C—R

which on decomposition gives rise to an αω-diacyloxy-
siloxane oligomer with the same number of silicon atoms
as in the initial ring:

(RsSiO)n + (R'C0),0 - R'COO(R2SiO)nCOR' .

The formation of homologues of this oligomer with a
greater or smaller number of silicon atoms in the linear
chain takes place via the following reactions.
1. Homofunctional condensation via the acyloxy-groups:

2 R'COO(R2SiO)nCOR' + (R'CO)2O
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2. Cleavage of the cyclosiloxane by a diacyloxysilane or
a diacyloxysiloxane:

(R2SiO)n -f R'COO (R2Si0)mCOR' - R'COO ( R 2 S i 0 ) i ! + m OCOR'.

3. Cleavage of the αω-diacyloxysiloxane by a carboxylic
acid anhydride:

R'COO (R2SiO)nCOR' + (R'CO)2O -> R'COO (R2SiO)mCOR' + R'COO ( R a S i O ^ ^ O R ' .

4. Redistribution of the chains (mutual cleavage) of two
molecules of acu-diacyloxysiloxanes:

R'C00(R 2 Si0) n C0R'+ R'COO (R2SiO)mCOR' -* R'COO (R2SiO)ACOR' + RCOO (R2SiO)pCOR'.

The possibility of such reactions has been confirmed
as follows. When diacetoxymethylphenylsilane is heated
at 200-260°C, acetic anhydride and cyclic polymethyl-
phenylsiloxanes are formed74. Heating of individual
a^-diacetoxydimethylsiloxanes containing between two and
five silicon in the molecule and of diacetoxydimethylsilane,
both in the presence of a catalyst and without it, leads to
the formation of Qfw-diacetoxyoligodimethylsiloxanes both
with a smaller and a greater number of silicon atoms
compared with the initial oligomer75»76. The reaction
mixture contains acetic anhydride and a small amount of
cyclosiloxanes.

«'.o-Dip^yloxysiloxanes with two organic substituents
are formed .rom cyclosiloxanes (D3 and D4) and acyloxy-
silanes or acyloxysiloxanes in the presence of catalysts
(aprotic Lewis acids)77. Thus the reaction of D3 with
diacetoxydimethylsilane in the presence of ZnCl2 yielded
1,7-diacetoxyoctamethyltetrasiloxane and 1,13-diacetoxy-
tetradecamethylheptasiloxane. In the absence of a
catalyst, high-molecular-weight polysiloxanes are formed.

2. Cleavage of Cyclosiloxanes by Carboxylic Acid
Η alides

a^-Diacetoxyoligodimethylsiloxanes are the main
products of the cleavage of D4 by acetyl halides (acetyl
chloride and fluoride)78,79. The reaction proceeds both
in the presence of a catalyst (FeCl3) and without it (in an
autoclave). At the same time the corresponding dihalo-
genodimethylsilane and 1,3-dihalogenotetramethyldisilox-
ane are formed:

(R :SiO)4 + CH3COX -* CH3COO (R sSiO)nCOCH3+X (R 2SiO)mSiR 2X,

where R = CH3, X = Cl or F, η = 1 - 5 , and m = 0 or 1.

3. Exchange Reactions of the Terminal Groups and
Heterofunctional Condensation

These reactions are less important for the preparation
of au;-diacyloxyoligosiloxanes than those described pre-
viously, since they require a preliminary synthesis of
oligosiloxanes containing other functional groups at the
end of the chain. Nevertheless exchange reactions are
employed for the synthesis of specific individual oligomers
in high yields.

Reactions involving the substitution of Cl atoms by
acyloxy-groups in the corresponding axj-dichloro-oligo-
siloxanes by treating the latter with carboxylic acid
anhydrides80"82 or carboxylic acid salts8 3i8 4 are most often
used. Thus 1,3-diacetoxytetramethyldisiloxane and
1,5-diacetoxyhexamethyltrisiloxane are formed in yields
of 60-75% 8 0 and 82-86% 81 on heating 1,3-dichlorotetra-
in ethyldisiloxane or 1,5-dichlorohexamethyltrisiloxane

with acetic anhydride (in proportions of 1: 2), with
simultaneous distillation of the acetyl chloride formed:

CI [(CH3)2Si0]nSi (CH3)2C1 + 2 (CH3CO)2O -»

-» CH3COO [(CHa)aSiO]n Si (CH3)2COCH3 + 2 CH3COC1.

1,7-Diacetoxyoctamethyltetrasiloxane and 1,9-diacetoxy-
decamethylpentasiloxane were obtained similarly in 86%
yield81.

The products of the reaction of the corresponding
αω-dichloromethylphenylsiloxanes with acetic anhydride
are a.t>-diacetoxyoligomethylphenylsiloxanes82. aoo-Di-
acetoxydimethylsiloxanes containing at the ends of the
chain acryloyloxy- or methacryloyloxy-groups are formed
in yields up to 90% when an αω-dichloro-oligosiloxane
containing a sulphate group,
Cl[(CH3)2SiO]r4[(CH3)2SiOSO2O]0-17SiR2Cl, reacts with
potassium methacrylate or acrylic acid84.

The reaction of oligosiloxane-acj-diols with carboxylic
acids, their anhydrides, and chlorides has been described83:

HO (R2SiO) Η + 2 R'COX -» R'COO (R2SiO)nCOR' + HX (X=OH,C1,OCOR') .

Heterofunctional condensation of dialkyl(aryl)silane-
diols with dialkyl(aryl)diacetoxysilanes in the presence
of a solvent and an acetic acid acceptor (pyridine)
makes it possible to obtain diacetoxytrisiloxanes
RR'Si[OSi(R"R'" )OCOCH3]2

 53 (R = R' =» C6H5, R" = C6H5,
R'" = CH3 or R" - R" =« CHS; R = CH3, R' » CH=CH2,
R" = R « = CH3; R = C6H5, R' = CH3, R" = R'" = C6H5)
in yields up to 90%.

High-molecular-weight αω-diacetoxypolysiloxanes
are formed when poly(siloxane-au>-diols) are condensed
with acetic anhydride or with a diacetoxysilane (diacetoxy-
siloxane) containing two organic substituents in the pres-
ence of nitrogenous bases8 5.

4. Homofunctional Condensation

On heating, diacetoxydimethylsilane can condense with
the formation of αω-diacetoxyoligosiloxanes75,76. Thus,
when (CH3)2Si(OCOCH3)2 was heated with FeCl3 at 150°C,
diacetoxyoligosiloxanes with η = 2 (27.7%), η = 3 (11.5%),
and η = 4 (5%) were obtained.

Since diacetoxydimethylsilane is readily formed from
dichlorodimethylsilane, there is a possibility of synthesis-
ing oligomers directly from dichlorodimethylsilane. The
latter is heated with acetic anhydride until the evolution of
the theoretical amount of acetyl chloride, then FeCl3 is
added, and, after heating, aco-diacetoxyoligodimethyl-
siloxanes are distilled off75:

(CHa)2SiCI2 + (CH3CO)2O
-CH.COC1

(CH3)2Si (OCOCH3)2 — -
> CHSCOO [(CH 3) 2SiO]nCOCH 3+ (CH3CO)2O

The homofunctional condensation of αω-diacyloxyoligosil-
oxanes was mentioned in section III, 1.

IV. METHODS OF SYNTHESIS OF au-DIALKOXY-
OLIGOSILOXANES

1. Cleavage of Cyclosiloxanes by Alcohols and Alkoxy-
silanes

αω-Dialkoxyoligosiloxanes with two organic substit-
uents can be obtained directly from cyclosiloxanes by their
catalytic cleavage with alcohols: ^ β ΐ Ο ^ + 2R'OH —
RO(R2SiO)nR'+ H2O; acids8 6"8 8, alkalis86, or amines89,90
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may be employed as catalysts for this reaction. For
example, hexamethyl-l,5-di-n-octyloxytrisiloxane and
hexaethyl-l,5-di-n-octyloxytrisiloxane were obtained by
the cleavage of the corresponding cyclotrisiloxanes and
cyclotetrasiloxanes (containing organic substituents) by
n-octyl alcohol in the presence of an acid (toluene-p-
sulphonic acid) or an alkaline (sodium methoxide) catalyst
with simultaneous distillation of the water formed86. The
best yield is achieved when the reaction is stopped after
distilling off only 33% of the theoretical amount of water
formed in the reaction and removing the catalyst.

When 1,3,5-trimethyl-l ,3,5-triphenylcyclotrisiloxane
is heated with alcohols in the presence of hydrochloric
acid or KIL activated clay, 1,5-dialkoxymethylphenyl-
siloxanes RO[CH3(C6H5)SiO]3R (R = C2H5, n-CaH,, or
iso-CaH,) are formed in yields up to 72-86% 8 7. Hydro-
chloric acid, perchloric acid, or an aluminosilicate may
be employed as catalysts88. The reaction is significantly
influenced by the size of the cyclosiloxane ring, the
nature of the substituents at the silicon atoms, and the
catalyst. Hexa-alkylcyclotrisiloxanes containing a
strained six-membered ring are cleaved more readily
than the unstrained octa-alkylcyclotetrasiloxanes.

When [CH3(C6H5)Si0]3 is cleaved with alcohols,
Individual alkoxy-derivatives are formed, whereas the
cleavage of [CH3(C6H5)SiO]4 gives a polydisperse mixture.
This is because the rate of cleavage of 1,3,5,7-tetra-
methyl-l,3,5,7-tetraphenylcyclotetrasiloxane is compar-
able to the rates of the secondary processes (reactions of
the alcohol with the alkoxysiloxanes)87. However, the
effect of ring size is somewhat reduced when sodium
methoxide is employed as a catalyst86.

In the presence of an acid catalyst, cyclosiloxanes
can be arranged in the following sequence in terms of their
decreasing reactivity with respect to alcohols: D3 > D4 >
hexaethylcyclotrisiloxane > octaethylcyclotetrasiloxane >
octaphenylcyclotetrasiloxane. In the presence of an
alkoxide, the order of the reactivities of cyclosiloxanes
alters somewhat: D3 = D4 > hexaethylcyclotrisiloxane >
octaphenylcyclotetrasiloxane > octaethylcyclotetrasiloxane,
i.e. the rate of cleavage of octaphenylcyclotetrasiloxane
becomes higher than that of octaethylcyclotetrasiloxane.
The explanation is that in acid cleavage the inductive and
steric effects of phenyl groups reduce the reactivity of
the siloxane bond in relation to the electrophilic agent by
decreasing the electron density at the oxygen atom and
screening the S i - 0 bond (by the phenyl groups).

In alkaline cleavage the inductive effect of phenyl
groups promotes a nucleophilic attack on the Si atom,
while the inductive and steric effects of ethyl groups
hinder it 8 6 .

When an excess of alcohol is used, cyclosiloxanes
are completely cleaved to the corresponding dialkoxy-
silanes with two other organic substituents 9 0:

1 /η (R2SiO)n + 2R'OH R2Si (OR')2 + H2O

1,3-Dibutoxytetramethyldisiloxane is formed in a
yield of up to 40% when D4 is heated with tetrabutyl ortho-
titanate at 200°C for 4 h. Dibutoxydimethylsilane and a
polymer are formed at the same time 9 1 .

αω-Alkoxyoligosiloxanes can be obtained also by the
reaction of cyclic or linear polydimethylsiloxanes with
alkoxysilanes92. For example the reaction of a linear
polydimethylsiloxane with tri-n-butoxymethylsilane

catalysed by KOH yielded tetra-n-butoxy-1,3-dimethyl -
disiloxane and penta-n-butoxy-l,3,5-trimethyltrisiloxane:

[-Si (CHs)2OSi (CHa),,],, + CH8Si (OC4H9<n)3 -> (n-CjHjO^Si (CH3)OSi (CH3) (OQH 5 ,n) 2 +

+ (n-C4HeO)2Si (CH3) OSi (CH3) (OCiH9,n)OSi (CH3) (OC4H8-n)a .

2. Reactions of Silanes Containing Two organic substit-
uents and Two Functional Groups at the Silicon Atom and
Oligosiloxanes with Two Organic Substituents per Unit.

αω-Dialkoxyoligosiloxanes can be obtained by the
partial hydrolysis of dialkoxydialkylsilanes or αω-dialk-
oxyoligosiloxanes, by the esterification of αω-dichloro-
oligosiloxanes, by homo- and hetero-functional condensa-
tion of the corresponding monomers or oligomers, and
also by the hydrosilylation of the corresponding unsaturated
compounds.

Dialkoxydialkylsilanes are less reactive than the
corresponding dialkyldichlorosilanes and are more diffi-
cult to hydrolyse. Nevertheless, on heating in aqueous
alcohol in the presence or absence of catalysts, they form
the corresponding αω-dialkoxyoligosiloxanes and a certain
amount of cyclosiloxanes and polysiloxanes. Thus, when
diethoxydiethylsilane was heated (10 h at 90°C) in alcohol
with different amounts of water, the oligomers
C2H5O[(C2H5)2SiO]nC2H5 with η = 4 (30.3%), η =» 7 (76.3%),
η = 8 (74.8%), and η = 70 (73.1%) were isolated93.

a^-Diethoxyoligo(chloromethyl)methylsiloxanes
with η = 2, 3, or 4 were obtained by hydrolysing (chloro-
methyl)diethoxymethylsilane with a small amount of water
(in alcohol) or by the esterification of dichloro(chloro-
methyl)methylsilane (10 h at 75-80°C) 9 4. Partial hydrol-
ysis of dibutoxydipentylsilane yields the oligomers
C4H9O[(C5Hu)2SiO]nC4H9 with η = 1-5, 9 5 and that of
di-t-butoxymethylphenylsilane gives
t-^HgOfCHjiCeH^SiOJnQHg-t (n =» 1 -5) 9G. 1,3-Dibutoxy-
tetramethyldisiloxane and 1,5-dibutoxyhexamethyltrisil-
oxane were isolated in very low yields (4.9 and 2.6%) from
an alcoholic solution of dibutoxydimethylsilane kept for
two days. Only 9.2% of the initial dibutoxydimethyl-
silane remained97.

Hydrolysis of (CH3)2Si(OCH3)2 in the presence of a
small amount of alkali as a catalyst in 20% aqueous
methanol leads to the oligomers CH3O[(CH3)2SiO]nCH3

{n =* 2-10) 9 8, while C2H5O[(CH3)2SiO]nC2H5 (n - 2-11) is
formed from (CH3)2Si(OC2H5)2 ^-^. Cyclosiloxanes
were isolated together with the above compounds.

aco-Dialkoxyoligosiloxanes can be obtained directly
from dialkyldichlorosilanes. The oligomers
C2H5O[(CH3)2SiO]nC2H5 with η =- 2 (42%), η - 3 (39.2%), and
η = 4 are formed on simultaneous partial hydrolysis and
esterification of dichlorodimethylsilane with 97%ethanol102.
The analogous reaction with isopropyl alcohol gives
iso-C^OfiCHa^SiOjnCgHy-iso (w = 1 -5) in an overall
yield of 65-85%,103 and the reaction with moist η -butyl
alcohol gives 1,3-dibutoxytetramethyldisiloxane and
1,5-dibutoxyhexamethyltrisiloxane92. The products of
the esterification of dichlorodiethylsilane by methanol
are the oligomers CH3O[(C2H5)2SiO]nCH3 with η = 1 - 4 . 1 0 4

The reaction of dichlorodiphenylsilane with ethanol leads
to 1,3-diethoxytetraphenyldisiloxane105.

l,3-Di-n-butoxy-l,3-dimethyl-l,3-di-^-naphthyldisi-
loxane (37.7%) and l,5-di-n-butoxy-l,3,5-trimethyl-
1,3,5-tri-a-naphthyltrisiloxane (26.7%) were obtained by
the esterification with η-butyl alcohol of the hydrolysis
products of dichloromethyl-a-naphthylsilane106. When



Russian Chemical Reviews, 40 (10), 1971 827

the amount of alcohol is reducedbyafactorof 4, the yield of
disiloxane falls to 25.5% and that of trisiloxaneto4.4%, the
main re action product being C4Hg0[CH3 (α-C^H^jSiO^H
(53.3%). The corresponding 1,3-dibutoxydisiloxane was
also obtained by the reaction of dichloromethyl-a-naphth-
ylsilane with butyl alcohol (yield 11%) or with sodium
butoxide (yield 5-6%). In both cases dibutoxymethyl-
Qf-naphthylsilane is formed simultaneously in yields of
60 and 80% respectively106. The hydrolysis is sometimes
carried out in the presence of hydrogen chloride accep-
tors.

αω-Dimethoxyoligodimethylsiloxanes (n — 2-6) were
isolated in 72-76% yield after partial alcoholysis of
dichlorodimethylsilane and the subsequent interaction of
the alkoxychlorodimethylsilane formed with NaHCO3.
αω-Diethoxy- and ίϊω-di-isopropoxy-oligosiloxanes were
obtained similarly1 0 7,1 0 8. aoj-Di-t-butoxyoligodimethyl-
siloxanes with η = 1 -5 were synthesised directly by the
esterification of dichlorodimethylsilane with t-butyl
alcohol in the presence of pyridine109.

aoj-Dialkoxyoligosiloxanes with two organic substit-
uents per unit may be obtained by the exchange of the
functional groups in the oligosiloxanes. Thus treatment
of crx>-dichloro-oligodialkylsiloxanes with a mixture of
anhydrous alcohol and pyridine in benzene leads to
1,7-diethoxyoctaethyltetrasiloxane (70%), 1,7-diethoxy-
tetraethyltetrapropyltetrasiloxane (69%), and tetrabutyl-
1,7-diethoxytetraethyltetrasiloxane (73.3%) 3 8.

If the formation of hydrogen chloride or its salts
is undesirable, orthoformic esters may be employed
instead of alcohol. The oligomers R'O(R2SiO)nSiR2OR'
(R' = alkyl, aryl, or alkylaryl) with η = 2-1000 were
obtained by this method110.

crx>-Dialkoxyoligosiloxanes were obtained from
auj-dichloro-oligosiloxanes with trimethylsiloxy-groups
in the main chain and CH3OH, C2H5OH, (CH3)2CHOH,
andC4H9OH: 6 0,6 1

tertiary acetylenic alcohols with l,3-diethyl-l,3-dimethyl-
or l,3-dimethyl-l,3-dipropyl-l,3-dihydrodisiloxanes in
the presence of ZnCl2 according to the mechanism112

RO [(CH : ))2 SiO]2 SiO (Si [OSi (CH 3 ) 2 ] 2 O} n [OSi (CH 3 ) 2 ] 2 OR (n - 0 , 1 , 2 , 3 , 4 )

and

RO(R0CH 3 SiO<Si[OSi(CH 3 ) 2 ] 2 O} n SiCH 3 (R ' )OR (n = 1 , 2 , 3 etc. R „ CH3 orC f iH5 >

Ηeterofunctional condensation of dichloromethyl-
phenylsilane with diethoxydimethylsilane, diethoxym ethyl-
phenylsilane, and diethoxyethylphenylsilane (in proportions
of 1 : 2) in the presence of FeCl3 leads to 1,3-diethoxy-
1,1.,3-trimethyl-l-phenyldisiloxane, l,3-diethoxy-l,3-di-
methyl-l,3-diDhenyldisiloxane, l,3-diethoxy-3-ethyl-
1 -methyl-1,3-diphenyldisiloxane, 1,5-diethoxypentamethyl-
3-phenyltrisiloxane, l,5-diethoxy-l,3,5-trimethyl-
1,3,5-triphenyltrisiloxane, l,5-diethoxy-l,5-diethyl-
3-methyltriphenyltrisiloxane, 1,7-diethoxyhexamethyl-
3,5-diphenyltetrasiloxane, and l,7-diethoxy-l,3,5,7-tetra-
methyl-l,3,5,7-tetraphenyltetrasiloxane lu. The
redistribution of functional groups occurring in this pro-
cess leads to the formation of a mixture of low-molecular-
weight and high-molecular-weight condensation products,
which hinders the isolation of the pure substances.
Therefore the yield of tetrasiloxane does not exceed 47%
and sometimes reaches only 13%. (CeH5)2Si[OSi(CH3)2OCH3]2

was obtained by the heterofunctional condensation of
diphenylsilanediol with (CH3)2Si(OCH3)Cl. &

1,3-Dialkoxy-l ,3-dialkyl-l ,3-dimethyldisiloxanes
have been synthesised by the dehydrocondensation of

CH 3 CH 3

I !
2 RR" (HC^C) COH + HSi—O-SiH

I I
R R

R' CH3 CH3 R"
Ι Ι ί I

H C ^ C - C - O - S i - O - S i - O - C - C = C H

II II
R" R R R"

where (a) R = C2H5 and R' = R" - H, (b) R = C3H7 and
R' = R" = H, (c) R = C2H5, R' = H, and R" - C3H7,
(d) R = C2H5 and R' = R" = CH3, (e) R = R" = C2H5 and
R' = CH3, (f) R = C3Kj, R' = CH3, and R" = n-C4H9.

Under certain reaction conditions and for certain
structures of the initial components, monoalkynyloxy-
derivatives of tetra-alkyldisiloxanes are also formed:

CH3 CH3 R'
I I I

H—Si—O—Si—O—C—CsCH .
1 I !
R R R"

"1,3-Diethoxytetraethyldisiloxane and 1,5-diethoxyhexa-
ethyltrisiloxane were obtained by heating diethoxydiethyl-
siloxane in an autoclave at about 300°C in the presence
of .A1C13 or BC13:

113

(C2H5)2Si (OC2H5)2 ^ - - > C2H5O [(C2H5)2 SiO]nC2H6

(n = 2 or 3).
[CH3CH = CHOSi(C2H5)2]2O and [(C2H5)2SiOC(CH3) =

CHCH(CH3)2]2O were obtained by the addition of the tetra-
alkyldisiloxane to acrolein or mesityl oxide114,115.

V". METHODS OF SYNTHESIS OF au-DIAMINO-
OLIGOSILOXANES

aoii-Diamino-oligodialkyldisiloxanes are obtained by
the reaction of αω-dichloro-oligodialkylsiloxanes with
ammonia or amines:

Cl (SiR2O);1SiR2Cl + 4 R^NH -» R^N (SiR2O),.SiR2NRj + 2 R2NH2C1 ,

where R' = alkyl or H. Depending on the nature of the
substituents at the nitrogen atom, the chain length of
acu-dichloro-oligosiloxanes, and the reaction conditions,
Λ-o-diamino-oligosiloxanes, cyclosiloxazanes, or their
mixtures may be obtained.

The initial oligomers containing up to six silicon
atoms in the molecule react with an excess of ammonia to
form cyclic compounds—cyclosilazanes and cyclosiloxaz-
anes 1 1 6. With increase of the number of silicon atoms in
the chain of a.o-dichloro-oligosiloxanes to 7-11, the
tendency by the latter towards ring formation falls and
linear auj-diamino-oligodialkylsiloxanes are formed.

When an ethereal solution of an αω-dichloro-oligo-
siloxane was added to liquid ammonia, the oligomers
NH2[(CH3)2SiO]nSi(CH3)2-NH2 with « = 6 (72%), η = 7
(58.6%), « = 8 (46.4%), η - 9 (54.8%), and η = 10 (45.4%)
were obtained. The analogous reaction with methylamine
leads to l,3-di(methylamino)tetramethyldisiloxane and
l,5-di(methylamino)-hexamethyltrisiloxaneuV18, which,
in contrast to the corresponding amino-derivatives, do
not cyclise on heating. When gaseous methylamine is
passed into a solution of αω-dichloro-oligodimethyl-
siloxanes, the cyclisationproducts [Si(CH3)2OSi(CH3)2N(CH3)]2

and Si(CH3)2OSi(CH3)2N(CH3) and the linear dimer
(CH3)N[Si(CH3)2OSi(CH3)2N(CH3)2]2 are formed together
with l,3-di(methylamino)tetramethyldisiloxane (yield 40%)
and l,5-di(methylamino)hexamethyltrisiloxane (32%).
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However, when the reaction is carried out at -60°C, the
products are au;-di(methylamino)oligodimethylsiloxanes
containing between 2 and 10 silicon atoms in yields of
51.8, 65.5, 39.8, 31.4, 21.1, 62.0, 73.3, 74.1, and 37.4%
respectively119. Depending on the conditions, the prod-
ucts of the analogous reaction of methylamine may be
both linear and six- and eight-membered cyclic com-
pounds:

(CHs)2Si

1
CsH6N

Si (CH3)2

1
1
0

\s/
(CHS) 2

(CH3)2

(C2H6) Ν

(CH3

Si (CH3)2

NC2H5

o—sr
(CH3)2

The latter are formed when the process is carried out in a
solvent with equimolar proportions of the αω-dichloro-oligo-
siloxane and the amine. In the absence of a solvent and in the
presence of an excess of the amine, the products are the linear
oligomers C2H5NH[(CH3)2SiO]nSi(CH3)2NHC2H5 with » =
\ _4 i2o

It has been suggested that cyclic condensation products
are formed in the initial reaction stage and undergo ring
opening under the action of the excess of the amine with
formation of θίω-diamino-oligodimethylsiloxanes120:

(CHs)2Si

C2H5Nu
Si (CH3

+ C 2 H 5 N H 2 ^ C 2 H 5 N H S i (CH3)2OSi (CH,)2OSi (

(CH3),

(C2H6) N

(CHah Si
\ Ο—Si'

Si (CU-,h

NC2H5

+ 2C2H6NH2 - 2 Ο,Η,ΝΗSi (CH3)2OSi (CH3)2NC2H6 .

(CM,):

αω-Dichloro-oligodimethylsiloxanes containing
between 5 and 10 silicon atoms in the molecule form linear
au>-di(ethylamino)-oligodimethylsiloxanes even in the
presence of only the equimolar reactant ratio. The yields
of the oligomers are 37.5% for η = 5, 30.5% for η = 6,
36.0% for η = 7 , 28.6% for η = 8, 40.8% for η = 9, and
46.5% for η = 10.1 2 1

The reaction of aa-dichlorodimethylsiloxane with
diethylamine yielded the oligomers
(C2H5)2N[(CH3)2SiO]nSi(CH3)2N(C2H5)2 with η = 2-10,
which exhibit a high thermal stability. Cyclic compounds
are not isolated under these conditions. The yield of the
oligomers was between 30 and 60%.121 With increase in
the size of the organic substituent at the nitrogen atom,
the capacity for cyclisation diminishes.

The reaction of 1,5-dichlorohexamethyltrisiloxane
with n-butylamine gave l,5-di-(n-butylamino)hexamethyl-
trisiloxane, which cyclises on heating only in the presence
of CaBr2 or (NH4)2SO4.

 M αω-Dichloro-oligosiloxanes
containing more or less than three silicon atoms in the
molecule react with n-butylamine, also forming only
linear au>-di(n-butylamino)oligodimethylsiloxanes with
η = 1 (70.3%), η = 2 (50,2%), η = 3 (57.7%), η = 4 (50.8%),
η = 5 (34.9%), η = 6 (35.8%), η = Ί (43.7%), and η = 8
(51.5%).122

VI. SYNTHESIS OF OLIGOSILOXANE-aw-DIOLS

1. Hydrolytic Cleavage of Cyclosiloxanes

The cleavage of oligomeric cyclosiloxanes with two
organic substituents by water takes place in the presence
of acid1 2 3"1 2 5 or alkaline126,127,129 catalysts: (RjSiCOn +

H\ OH-
H2O > HCKRgSiCOnH. In the absence of catalysts
cyclosiloxanes are cleaved by water only under severe
conditions (at 250°C under pressure), which promote the
formation of high-molecular-weight siloxane αω-diols1 2 8.

Acids with a dissociation constant >6.5 x 10"2 (HC1,
H-jSC ,̂ />-CH3CeH4SO3H) have been suggested as catalysts
for the hydrolytic cleavage of siloxanes and tetrahydro-
furan (THF), dimethylformamide, acetonitrile, or acetone
have been proposed as solvents123.

Thus when D3 is cleaved with 0.05 Ν HC1 in tetra-
hydrofuran, the products are about 82% of hexamethyl-
trisiloxane-l,5-diol, about 13% of the initial cyclosiloxane,
and about 6% of an unidentified compound. Hexaphenyl-
cyclotrisiloxane is cleaved with 0.5 NHCl in acetone to
hexaphenyltrisiloxane-l,5-diol in yields up to 34%.

l,3-Dimethyl-l,3-diphenyldisiloxane-l,3-diol is
obtained by the cleavage of l,3,5-trimethyl-l,3,5-tri-
phenylcyclotrisiloxane with an excess of potassium
hydroxide in alcoholic solution with subsequent hydrolysis
of the resulting siloxanolate in the presence of KH2PO4.

12e

The yield of siloxanediol was 87%.
Ammonia and amines are also used as catalysts for

the hydrolytic cleavage of cyclotrisiloxanes with six
organic substituents129. In this case the rearrangement
of siloxane bonds, observed in catalysis by strong acids
or bases, is ruled out. Such catalysts make it possible
to obtain virtually pure linearoligosiloxane-aco-diols
with two organic substituents per unit. For example,
the cleavage of l,3,5-tri-(3,3,3-trifluoropropyl)-l,3,5-tri-
methylcyclotrisiloxane with a mixture of 29% ammonia
solution, water, and acetone over a period of 16 h at
20°C gave mainly HO[CH3(CF3CH2CH2)SiO]3H.

Acid and basic ion-exchange resins are also used as
catalysts for the hydrolytic cleavage of cyclosiloxanes130,131.
Thus in the presence of Amberlite IR-120, D3 dissolved
in acetone is converted into HO[(CH3)2SiO]nH with
η = 3 (41%) and η = 6 (11.2%). Basic resins promote the
formation of a hexamer1 3 1.

Octamethyltetrasiloxane-l,7-diol was obtained by
heating (150°C, 1,5 h) D4 with 1% of glycerol and 0.5%
of bleaching earth containing minerals of the montmoril-
lonite group132.

Oligosiloxane-aco-diols with two organic substituents
per unit are also formed when cyclosiloxanes are cleaved
with diphenylsilanediol133 or with siloxane-aciJ-diols126:
(RsjSiCOn + HO(R'2SiO)mH — HCKRjjSiOMRjSiCOmH.

2. Hydrolysis of Silane with two Functional Groups at
the Silicon Atom and Two Organic Substituents

A convenient method for the preparation of oligo-
siloxane-aco-diols is based on the capacity of Si-Cl,
Si-OCOR, Si-OR, Si-NRR', Si-Η, Si-SH, Si-SR, etc.
bonds in the corresponding disubstituted silanes with two
organic groups and in αω-difunctional oligosiloxanes to
be readily cleaved by water with formation of Si-OH
bonds. Depending on the hydrolysis conditions, the latter
can persist or condense further: nR^SiXj + (w + 1)H2O —»
HO(R2SiO)nH + 2«HX (X = Cl, OCOR, OR, NRR', H, SH,
or SR).
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The reactivity (including the reactivity with respect
to water) of Si-X bonds in compounds with functional
groups at the silicon atoms falls in the following sequence:
Cl > OCOR > OR.6 Usually the most readily available
dichlorosilanes with two organic substituents are hydrol-
ysed. However, during their hydrolysis hydrochloric
acid appears in the reaction medium and causes the
cyclisation of the siloxanediols. To avoid the formation
of a large amount of cyclosiloxanes and high-molecular-
weight siloxanediols, the hydrolysis is usually performed
under mild conditions (at a low temperature and in the
presence of a hydrogen chloride acceptor). The first
member of the homologous series of the HO[(CH3)2SiO]nH
(n ^ 2) oligomers—tetramethyldisiloxane-l,3-diol—was
synthesised in a yield of up to 60% by the hydrolysis of
dichlorodimethylsilane with a large excess of cold water
(2°C) in the presence of NH4OH (pH ~ 7) 134,135. when
gaseous ammonia is introduced, reproducible results
are not always obtained owing to the difficulty of regulat-
ing the rate of its supply and the removal of the heat
evolved.

Hydrogen chloride can also be neutralised by
ammonium sulphate containing magnesium carbonate136,
NH4HCO3(NH4)2CO3,

138 NaHCO3, Νβ^Ο,.ΙΟΗ,Ο,1 3 7 or
ammonium bicarbonate carbamate (NH4HCO3.NH2CO2NH4).138

In the latter case a pH of 6-8 can be readily attained
during the hydrolysis. However, the yield of tetra-
methyldisiloxane-l,3-diol is only 39%. Λ decrease of
the amount of water leads to a shift of the pH of the
reaction medium to the weakly acid region, which makes
it possible to obtain higher oligosiloxanediols (hexa-
methyltrisiloxane-l,5-diol and decamethylpentasiloxane-
1,9-diol).

Tetraphenyldisiloxane-l,3-diol (51%) and hexaphenyl-
trisiloxane-l,5=diol (18%) were obtained by the same
method from dichlorodiphenylsilane. The hydrolysis
of (C6H5)2SiCl2 with cold water gives low yields of tetra-
phenyldisiloxane-l,3-diol and hexaphenyltrisiloxane-
1,5-diol139. Tetraphenyldisiloxane-l,3-diol was also
obtained by the hydrolysis of (C6H5)2SiCl2 after which the
resulting (C6H5)2Si(OH)2 was allowed to stand in the solvent
(benzene-petroleum ether) for three days140. Tetra-
methyldisiloxane-l,3-diol is formed in a very low yield
when dichlorodimethylsilane is treated with aqueous
t-butyl alcohol109.

Acid hydrolysis of dichloromethylphenylsilane results
in the formation of only cyclotrisiloxanes with cie- and
trans -structures1 4 1. On the other hand, hydrolysis in
dilute ethereal solutions by aqueous alkalis yields ethyl-
phenylsilanediol and l,3-dimethyl-l,3-diphenyldisiloxane-
1,3-diol142.

Siloxanediols containing complex aromatic and alkyl
groups at the silicon atoms have been obtained by the
hydrolysis of more complicated dialkyl-, alkylaryl-, or
diaryl-chlorosilanes. In this case the hydrolysis of the
Si-Cl bond is difficult owing to the steric effect of the
substituents at the silicon atoms. The silanediol formed
in the first stage of the hydrolysis may be isolated from
the reaction mixture. In order to synthesise silanediols,
the reaction mixture sometimes has to be heated. Thus
in the preparation of deca-£-tolylpentasiloxane-l,5-diol,
dichlorodi-/>-tolylsilane is hydrolysed by a mixture of
water and ether, after which the ether is removed and the
mixture heated to 250cC (at 1 mmHg pressure) and again
hydrolysed143. The hydrolysis of (/>-ClC6H4)2SiCl2 in
toluene, ether, or isopentyl alcohol gives mainly tetra-
(£-chlorophenyl)disiloxane-l,3-diol. When aqueous
alkali or ammonia is employed, a mixture of di-(£-chloro-

phenyl)silanediol and tetra-(£-chlorophenyl)disiloxane-
1,3-diol is formed. In ethereal solution only the mono-
meric silanediol is produced and on heating to 110cC is
converted into hexa-(/>-chlorophenyl)trisiloxane-l,5-diol.144

Dichloromethyl-a-naphthylsilane is hydrolysed to
methyl-a-naphthylsilanediol and its low-molecular-weight
condensation products HOfCHg-ia-CioH^SiOJnH.106

Oligomers with three and four silicon atoms in the mole-
cule have been isolated from the condensation products
of ethylphenyl- and benzylethyl-silanediols145»146.

The study of the effect of bulky alkyl groups (n-hexyl,
n-octyl, iso-octyl, and isononyl) at the silicon atoms on
the nature of the hydrolysis products of the corresponding
dialkyldichlorosilanes147 showed that in 34.7% hydro-
chloric acid only cyclic condensation products are formed.
In dilute hydrochloric acid a mixture of cyclic and linear
siloxanes was obtained, from which l,3-diethyl-l,3-di-
iso-octyldisiloxane-l,3-diol (up to 58%), 1,3,5,7-tetra-
ethyl-l,3,5,7-tetraiso-octyltetrasiloxane-l,7-diol (20%),
and l,3,5,7-tetrahexyl-l,3,5,7-tetramethyltetrasiloxane-
1,7-diol (12.3%) were isolated.

Prolonged heating of silanediols with two organic
substituents, particularly in the presence of dehydrating
agents, promotes the successive formation of dimeric,
trimeric, and higher oligomeric siloxane-ct^-diols. The
reaction takes place in steps. By altering the condensa-
tion conditions, it is possible to achieve the preferential
formation of oligosiloxane-a^-diols, siloxanediols, or
cyclosiloxanes142.

Monomeric compounds R ŜiXg containing other
functional groups X, for example X = OCOR or OR, are
also used for the synthesis of oligosiloxane-o-diols.
Thus di(methylvinyl)-, di(allylmethyl)-, di(phenylvinyl),
di(chlorophenylvinyl), and di(allylphenyl)-siloxane-
1,3-diols have been obtained in yields up to 90-98% by
the hydrolysis of the corresponding diacetoxysilanes with
two organic substituents148»149.

Dimethyldi-(1 -pentynyl)disiloxane-l,3-diol and
di-(l-hexynyl)dimethyldisiloxane-l,3-diol were prepared
by the hydrolysis of the corresponding diacetoxydialkynyl-
silanes with a saturated solution of sodium chloride150»151.
The cyclosiloxane [CH3(CH2)3C = CSiO^ is formed at the
same time, its yield increasing with temperature and the
rate of addition of the acetoxysilane. The hydrolysis of
alkoxysilanes with two other organic substituents is
usually carried out in the presence of acid catalysts.
Thus by hydrolysing diethoxvphenylvinylsilane with
0.1 iVHCl in ethanol, l,3-diphenyl-l,3-divinyldisiloxane-
1,3-diol was obtained152, while diethoxydiethylsilane
(in 15% HC1) gave tetraethyldisiloxane-l,3-diol (yield up
to 88%).153"155

Hydrolysis of diethoxydimethylsilane in the presence
of traces of sulphuric acid resulted in the formation of
tetramethyldisiloxane-l,3-diol (yield up to 66%).156 The
same compound has been obtained by the hydrolysis of
dimethoxydimethylsilane157.

Oligosiloxanediols containing pentafluorophenyl groups
at the silicon atoms, HO[(CK3(C6F5)SiO]nH (n = 2 or 4),
have been obtained in 80-90% yield by the hydrolysis of
dialkoxymethyl(pentafluorophenyl)silane in an alcoholic
medium in the presence of acetic acid158. Tetramethyl-
disiloxane-l,3-diol is formed in the hydrolysis of
hexamethylcyclotrisilthiane [(CH3)2SiS]3 in the presence
of sodium hydroxide159:

2 [(CH3)2SiS]3 + 12 NaOH - 3HO [(CH3)2Si0]2H + 6Na2S + 3H2O .

the same compound has been obtained by the decomposition
of an ethereal solution of sodium dimethylsilanediolate
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with acetic acid160»161 or with carbon dioxide162 and also
by keeping a solution of (CH3)2Si(OH)2 in 0.001 Ν aqueous
acetic acid163.

Oligosiloxane-aw-diols are formed in the hydrolysis
of the corresponding hydrosilanes and hydrosiloxanes in
the presence of silver, Ag2O, CuO,1β4 and ruthenium on
charcoal165 or when oxygen is passed through a mixture
containing a hydros iloxane, an amine, and a copper(I)
salt1 6 6:

H^SiO^SiRjH + H-iO A g ' A g ' 0 ' R u / C - ^ HO(R2SiO)/1SiR2OH + H 2 (n=0.1 etc.),

-r°* § £ - * HO(R2SiO)nSiR2OH.

3. Hydrolysis of Terminal Functional Groups

The easiest method of synthesising pure oligosilox-
ane-cijo-diols with two organic substituents is based on
the hydrolysis of the terminal functional groups in the
corresponding «'.u-disubstituted oligosiloxanes with two
organic substituents:

X (R 2Si0)n_ 1SiR 2X + 2H2O -» HO (R2SiO)nH + 2 HX (X=C1, OR, OCOR etc.) .

The disadvantages of the method are the necessity for
a preliminary synthesis of the initial oligosiloxane and
the possibility (under unfavourable reaction conditions) of
side processes involving condensation (primarily cyclisa-
tion), cleavage, and rearrangement of the siloxane bonds.
The effect of the conditions in the hydrolysis of αω-dich-
loro-oligodimethylsiloxanes on the composition of the
hydrolysis products has been investigated in fair detail 6>167.
Oligodimethylsiloxane-au-diols HO[(CH3)2SiO]nH have
been obtained in high yields [n = 2 (88%), η = 3 (74%),
η = 4 (76%), and η = 5 (55%)] by adding rapidly an approx-
imately 10% etheral solution of the corresponding
α^-dichloro-oligodimethylsiloxane to a 5% solution of
sodium hydroxide.

As in the case of dichlorodimethylsilane, hydrolysis
in an acid medium leads to a mixture of linear (50%) and
cyclic (50%) siloxanes. The only exception is 1,5-dich-
lorohexamethyltrisiloxane which yields 12% of cyclosilox-
anes. By hydrolysing the corresponding αω-dichloro-
oligosiloxanes containing two organic substituents with a
5% solution of alkali in ether, oligodimethylsiloxane-
αω-diols, containing between two and nine silicon atoms
in the molecule168, oligomethylphenylsiloxane-aco-diols
with η = 2-4 1 6 9, and also pentaethyltripropyl-, tetra-
ethyltetrapropyl, and tetrabutyltetraethyl-tetrasiloxane-
1,7-diols were obtained in yields up to 88%.38

When NaHCO3, Na2CO3, and NH4OH were used as
neutralising agents, oligodimethylsiloxane-aoo-diols with
η = 9 (70.9%), η = 13 (88.9%), and η = 53 (66.5%),l70

siloxanediols containing fluorinated groups at the silicon
atoms HO[CH3(RCH2CH2)SiO]nH (R = perfluoroalkyl con-
taining between one and three carbon atoms; η = 2, 3,
or 4) 1 7 1, and also the siloxanediols RR'Si[OSi(R"R'" )OH]a

[R = R' = CH3, R" = R'" = C6H5; R = cyclo-C6Hu,
R l CU T3" — /""U Λ" = Λ Ρ Ι Ι Ό ill /~<XJ . Ό" Ό III

— ^113, "• C n . 2 C — d ^ i i 3 , i t — *-Ή-3> i t — i t —

CH3, R = CgHg, R = CH3j R = R = CH3, R = C6H5,
R = CH=CH2j R = R = CH3, R = C2Hj, R — CH3j
R" = R'" - CH3, R = CH2CH (CH3)CeH5, R' = CH3; R" =
R = CH3, R = (JH2C/H2C.F3, R = CH3; R = R = CH3,
R = C^Hg,, R' = CH3; R" ~ R'" = CH3, R = chlorocyclo-
hexyl, R' = CH3] **, and oligomers in which the main

chain is bounded by trimethylsiloxy-groups were
obtained 5 8, 5 9 :

HO [(CH3)3SiO]2SiO {Si [OSi (CH3)]2O}nSi [OSi (CH3)2]2OH

and
HO (R) CHjSiO {Si [OSi (CH3)3]2O}BSiCH3 (R) OH (R=CH 3 , C e H s ; n = l , 2, 3, etc.)

l-Methyl-l,3,3-triphenyldisiloxane-l,3-diol may be
obtained by the hydrolysis of 1,3-dichloro-l-methyl-
1,3,3-triphenyldisiloxane in the presence of aniline16.
Hydrolysis of an ethereal solution of 1,3-dichlorotetra-
phenyldisiloxane and 1,5-dichlorohexaphenyltrisiloxane
in an aqueous dioxan medium (molar ratio dichlorosilox-
ane: water =•= 2.1 or 1.5 :1) yields tetraphenyldisiloxane-
1,3-diol (92%) and hexaphenyltrisiloxane-l,5-diol
(64%) 1 9.

Two stereoisomers [meso- and (±)-forms] of
1,3-dimethyl-l ,3-diphenyldisiloxane-l ,3-diol were
obtained by the hydrolysis of a diastereoisomeric mixture
of 1,3-dichloro-1,3-dimethyl-l,3-diphenyldisiloxane with
10% aqueous ammonia in ether1 5.

Oligosiloxane-aco-diols with two organic substituents
can also be obtained by the hydrolysis of the corresponding
αω-dialkoxyoligosiloxanes with two organic substituents
per unit. However, their hydrolysis is much slower than
that of the corresponding aa)-dichloro-oligosiloxanes
with two organic substituents per unit and in many cases
requires the use of acid and basic catalysts. For
example, tetraphenyldisiloxane-l,3-diol is formed on
hydrolysis of ethoxytetraphenyldisiloxane with 8% hydro-
chloric acid in toluene or pentyl alcohol105. However,
oligodimethylsiloxane-au>-diols with η = 1 -5 has been
obtained by the hydrolysis of α jo-diethoxyoligodimethyl-
siloxanes in a neutral medium172.

a^-Diacetoxyoligosiloxanes with two organic substit-
uents per unit can be used to synthesise siloxanediols173,174.
They are more reactive than alkoxyoligosiloxanes and
form on hydrolysis acetic acid, which does not exhibit
a powerful condensing activity like that of hydrogen chlo-
ride liberated on hydrolysis of αω-dichloro-oligosilox-
anes. While the hydrolysis of the latter must be
carried out under very mild conditions (tenfold dilution
of the oligomers with the solvent and the use of a hydro-
gen chloride acceptor), θίω-diacetoxysiloxanes can be
hydrolysed in the absence of solvents and in the absence
of an acetic acid acceptor. However, in some cases
hydrolysis in the presence of CaCO3 proceeds more
smoothly. H0[(CH3)2Si0lnH with n = 2-5 (yield 60-90%)
and HOfCHgiCFgCHjCH^SiOlnH with η = 2-4 (yield 60-
80%) have been obtained.

In the hydrolysis of αίω-diacetoxydimethyloligosilox-
anes in the presence of CH3COOH acceptors (CaCO3,
NH4HCO3, NH4OH) the highest yields are achieved when
CaCO3 is employed. With increase of the basicity of the
CH3COOH acceptor, the cyclosiloxanes D3 and D4 appear in
the hydrolysis products.

in contrast to o^-diacetoxydimethylsiloxanes,
aw-diacetoxyoligo-(3,3,3-trifluoropropyl)methylsiloxanes
are converted more smoothly into the corresponding
siloxanediols when stronger bases, for example sodium
hydroxide, are employed as CH3COOH acceptors. This
is evidently associated with the steric effect of the
3,3,3-trifluoropropyl groups, which prevent the condensa-
tion of the siloxanediol formed and at the same time hinder
the hydrolysis of the acetoxy-groups.

The hydrolysis of C6H5RSi[OSiR'R"(OAc)]2 (R = C6H5,
R = R = CH3; R = CH3, R = R = C6H5j R = C6H5,
R' =» C6H5, R" = CH3) in ethereal solution in the presence
of sodium carbonate has been described53.
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4. The Anhydrocondensation Reaction

Oligosiloxane-a!Ci>-diols with two organic substituents
per unit are formed in the anhydrocondensation of silane-
diols with two organic substituents175,176: «RaSiiOH^ —>
HO(R2SiO)nH + (w-l)H2O, or in the anhydrocondensation
of lower oligodialkylsiloxane-aw-diols:

HO (R2SiO)nH + HO (R2SiO)nH -* HO (R 2Si0)n (R2SiO) Η + H a O .

For example, in the thermal condensation of diphenyl-
silanediol, hexaphenyltrisiloxane-l,5-diol was isolated175.
On heating to 200°C, hexamethyltrisiloxane-3,3-diol is
converted into the corresponding di- and tri-siloxane-
αω-diols in which the silicon atoms in the main chain are
linked to trimethylsiloxy-groups176:

[(CH3)3Si0]2Si (OH), - HO f [(CH3)2SiO]2SiO}(1H ( n = 2 or 3)

-H2O
NaOH — 2NaO(RjSiO)nH- •NaO(R2SiO)2nNa

or the cross-linking of the low-molecular-weight oligo-
mers by dichlorodimethylsilane184: (CH3)2SiCl2+
2NaO(R2SiO)nNa — (CH3)2Si[O(R2SiO)nNa]2 + 2NaCl. Salts
containing various substituents at the silicon atoms may
be obtained by the last method.

Owing to their acid properties, due to the p^-d^
interaction between the p electrons of oxygen and the 3d
orbitals of silicon, siloxanediols can react with alkali
metals, forming the corresponding salts: HO(SiR3O)nH +
2M -» MO(SiR2O)nM + H2. By allowing tetra-alkyldisilox-
ane-l,3-diols to react with metallic sodium in xylene153

or in liquid ammonia185, the corresponding salts of the
diols were synthesised.

The reaction with lithium proceeds similarly1 8 6.
Magnesium and aluminium also react readily with silox-
anediols, forming polyalkylmetallosiloxanes153»187.

VII. PREPARATION OF DISODIUM SALTS OF REFERENCES
OLIGOSILOXANE-aco-DIOLS

Disodium (or dipotassium salts) of oligosiloxane-
αω-diols with two organic substituents per unit are
readily obtained by the cleavage of siloxanes containing
two organic substituents with sodium (or potassium)
hydroxide: (R2SiO)n + 2MOH — MO(R2SiO)nM + H2O (M = 2 .
Na or K). They are usually formed in as hydrates con-
taining between two and five water molecules, which can
be removed by heating in a vacuum. 3̂

As early as 1914,161 salts containing as many silicon
atoms in the molecule as the initial cyclosiloxane were 4#

obtained by the cleavage of hexaphenylcyc lot r i s i loxane
and octaphenylcyc lote t ras i loxane with 3% solut ions of 5,
sodium hydroxide o r p o t a s s i u m hydroxide. When the
product of t h e hydro lys i s of d ich lorodimethy l s i lane was
cleaved with approx imate ly 50% aqueous sodium hydroxide,
disodium salts of tetramethyldisiloxane-l,3-diol and g_
octamethyltetrasiloxane-l,7-diol were obtained177. Such
reactions are usually carried out in the presence of
alcohol. Thus, by cleaving the corresponding cyclo- 7 #

siloxanes with sodium hydroxide in methanol, the salts
NaO[(CH3)2SiO]2Na.5H2O, NaO[CH3(C6H5)SiO]3Na.4H2O,178

 8 >

and also the anhydrous salts NaO[(CH3)2SiO]2Na,
NaO[CH3(C6H5)SiO]2Na,179 NaO[CH3(C6H5)SiO]nNa (» = 1, 9
2, or 3), 1 8 0 and NaO[CH3(C6H5)SiO]nNa (« = 4, 8, 12,
etc.) 1 8 1 were obtained. The highest yield of the salts of
oligomethylphenyl- and oligoethylphenyl-siloxane-aco-diols 10.
was attained by cleaving the corresponding cyclosiloxanes
with a solution of sodium hydroxide in 50% aqueous 11,
ethanol182. The alkali metal hydroxide may be replaced
by the metal oxide182. 12.

The cleavage of cyclosiloxanes with sodium hydroxide
is reversible1 7 9: (R2Si0)3 + NaOH - HO(R2SiO)3Na — 13.
NaO^SiO^Na + H2O; 2HO(R2SiO)3Na -» NaO (R2Si0)eNa +
H2O. Therefore the reaction mixture contains salts with
different chain lengths, which, however, largely corre- 14̂
spond to the amount of alkali taken and the ring size.
Regardless of the proportions of the initial reactants in 15
the alkaline cleavage of cyclosiloxanes one of the products
is always the sodium salt of tetramethyldisiloxane- 16,
1,3-diol, the yield of which falls as the molar ratio
NaOH : cyclosiloxane decreases1 8 3. 17.
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