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Cyclocarbosiloxanes
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Cyclocarbosiloxanes are a comparatively new class of heterocyclic silicon compounds1'2 the cyclic skeleton of which consists
of alternating siloxane and carbon groups. During the last decade, considerable advances have been made in the chemistry
of cyclocarbosiloxanes.
The present review considers the methods of preparative synthesis of cyclocarbosiloxanes and certain reactions leading to the
formation of carbosiloxane rings (including reactions in complex polycondensation and polymerisation systems), their
physical properties and structure, and also chemical properties. The latter have been divided into reactions involving the
cleavage of the heterocyclic skeleton and the reactions of groups and atoms functioning as substituents in the carbosiloxane
ring. The polymerisation of cyclocarbosiloxanes, thermal reactions in the gas phase, and dissociations on electron impact
have been considered separately.
The bibliography includes 135 references.
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I. INTRODUCTION

Cyclocarbosiloxanes (CCS) are compounds whose cyclic
skeleton consists of Si-O, Si—C, and sometimes C-C
bonds, i.e. the main structural elements of these com-
pounds are siloxane and carbosilane groups.

Owing to the presence of the cyclic siloxane groups,
cyclocarbosiloxanes are capable of polymerisation with
ring opening, forming polymers, the main chains of which
are made up of siloxane and carbosilane units. According
to the data of a number of patents and publications, the
characteristic features of these polymers are high ther-
mal3"11 and chemical3 stabilities, resistance to a thermal
oxidation9'10'12, resistance to radiation6, and also improved
physicomechanical properties6'10 compared with poly-
siloxanes. Carbosiloxane polymers can be used as brake
fluids5'13, moulding materials13'14, rubbers13'14,
films8'13'14, oriented fibres14, and binding resins in the
manufacture of fibreglass15.

In addition, the study of the structure, the nature of the
bonds, and the properties of this new class of heterocyclic
silicon compounds with a mixed organic-inorganic skele-
ton is of considerable interest.

The study of the processes involving the formation of
cyclocarbosiloxanes makes it possible to estimate in turn
the effect of factors such as the number of carbon atoms
and silicon functional groups in the initial molecule, their
distribution, the inductive and steric effects of the substi-
tuents, etc. on the capacity of the molecule for cyclisation.
The knowledge of these factors is extremely important in
the choice of the optimal monomers for the preparation of
polycondensation polymeric materials based on polyfunc-
tional bridge-type silanes, which are of practical value,
and makes it possible to assess the structure of the prod-
ucts formed.

The first mention of the synthesis of cyclocarbosiloxanes
was made in 1947,16 but neither the constants of the com-
pounds obtained nor the reaction conditions were quoted.
Soon after this an eight-membered heterocycle,
1,1,3,3,5,5,7,7 -octamethyl -2,6 -dioxa -1,3,5,7 -tetrasila -
cyclo-octane, was obtained; this was the first character-
ised representative of the class of cyclocarbosiloxanes3'17.

Among the cyclocarbosiloxanes known at the present
time, compounds containing five and more atoms in the
heterocycle have been described. The simplest represen-
tatives of cyclocarbosiloxanes with the four-membered
2-oxa-l,3-disilacyclobutane ring are probably chemically
and thermally unstable, as a result of which all attempts
at their synthesis have so far resulted in the formation of
cyclic dimers or more rarely polymeric products.

This paper is a first attempt at an exhaustive review
and a systematic account of data concerning compounds of
the above type published in journal articles or patents.

II. METHODS OF SYNTHESIS

The most common methods for the formation of carbo-
siloxane rings are based on the hydrolytic and joint
hydrolytic condensation of bridge compounds containing
hydrolysable silicon functional groups Si-X (X = Cl, F, H,
OH, OCH3, or OC^Hg), heterofunctional condensation of
bridge-type silanes with other silanes or siloxanes,
organometallic synthesis based on siloxanes containing
halogen—carbon and halogen-silicon bonds, reaction of
acetylenic compounds with dihydrodisiloxanes (cycloaddi-
tion), synthesis via malonic ester derivatives, and
thermal and thermocatalytic rearrangement of linear
carbosiloxanes. In addition, a number of reactions of
cyclocarbosiloxanes are known, which, although resulting
in the formation of new compounds of this class, do not
involve the formation or rearrangement of the cyclic
skeleton of the molecule. These reactions are considered
in Section IV dealing with the chemical properties of
cyclocarbosiloxanes.

1. HYDROLYTIC CONDENSATION OF POLYFUNCTIONAL
ORGANOSILICON COMPOUNDS WITH A CARBON BRIDGE
BETWEEN SILICON ATOMS"

The hydrolytic condensation of polyfunctional organo-
silicon compounds XnR3 _nSi-A-SiR3 _nXn [where A is a
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carbon bridge of the type (CH2)n, ~«~)), etc.] has been a ' Difunctional Compounds

used to synthesise a large number of five-, 5,13,18-20
six- 1 1 ' 1 6> 2 1" 3 4 seven- 35andeiKht-membered3>16>17>21>23>38~50

cvcl'ocarbosiloxanes ' cvclocarbosiloxanes with a laree T h e h y d r o l y s i s o f difunctional bridge-type di- or tr i-
cyciot-drDObiioxaneb, cyciocaruosiioxanes wun a large cilanpe Iparie to f-hp fnrmaHnn nf r>vr]nrarhn«!i1nxanpq
number of units 5 1 , and polycyclic cyclocarbosiloxanes u > 3 °- s U a n e s leads to the formation of cyclocarbosiioxanes
32,45,46,52-55 according to the following mechanism:

L R

= Ci.F,H,OH. OCH3, OC2H5.
= CH3. C J H J . Q H , , CeH,)

1 h

IC-SiCHjiiCH;.ii-
R ft R

1. OC,H,i R'CHj)

[ R R R

HOSiCHJiCH,SiOH

R i i J

R. R 3,16.17,21.23,36-50

SHCH,),,-/

= 3

5. 13,18-20
„. .6. 2.-34

(37%)

The condensation reaction is carried out at moderate
temperatures in the bulk phase of the reactant or in sol-
vents, frequently in the presence of an acceptor of the
hydrogen halide evolved; intermolecular condensation of
the αω-silanediol, leading to the formation of linear
carbosiloxane oligomers, is a competing reaction.

The yield of cyclocarbosiloxane depends on the concen-
tration of the difunctional compound in the reaction mix-
ture: on dilution, intermolecular condensation of the
intermediate silanediols is facilitated. For example, the
yield of l,l,3,3-tetramethyl-2-oxa-l,3-disilacycloheptane35

increases by a factor of two, from 43 to 85%, on dilution
of the reaction mixture. In the hydrolysis of 1,3-bis-
(chlorodimethylsilyl)propane in ether, the yield of the
cyclic product is 60—70%; u in similar reactions of
l,2-bis(chlorodimethylsilyl)ethane18, but in the absence of
solvent, the oligomer is mainly formed. The latter may
be converted into a cyclocarbosiloxane by thermal cataly-
tic rearrangement (see p. 116).

The hydrolysis of bridge-type compounds with a substi-
tuted carbon atom results in the formation of the corres-
ponding C-substituted cyclocarbosiioxanes24"27:

CH3 CH3

X—SiCH2CRR'CH2Si—>
1 1

CH3 CH3

H,o
1 - 2 H X

R
\
/

H2C

(CH3)2Si

R'

CH,

Si (CH3)

(60-90»/0)

where X = Cl or OC2H5, R = CN or H, and R' = COOH,
COOK, COOCH3, or COOC2H5.

If there is a cyclic group between the silicon atoms,
the cyclisation process takes place with greater difficulty—
the yield of the products of the intramolecular cyclisation

of silanediols diminishes. Thus in the hydrolysis and
condensation of 3,6-bis(methoxydimethylsilyl)-hexa-l,4-
diene the yield of 2,2,4,4-tetramethyl-3-oxa-2,4-bicyclo-
[3,2,2]nona-6,8-diene is only 20%:56

(CH,), Si(CH3)2

When the cyclohexene ring is condensed with an
aromatic ring [for example, when the starting material is
l,4-bis(chlorodimethylsilyl)-l,4-dihydronaphthalene],
bimolecular condensation products are formed57:

( 1 9 . 7 % )

In this case the intramolecular condensation product was
not detected.

If the silicon atoms in the difunctional compound are
part of a cyclohexadiene ring, cyclocarbosiioxanes with a
single siloxane group are not detected even when the reac-
tion is carried out in a highly dilute solution and the cor-
responding cyclic dimer is formed in a yield of 1—5%.

t The formula of a twelve-member ed cyclocarbo-
siloxane {[Si(CH3)2CH2]2Si(CH3)2O}2 is attributed to the
product, but is probably erroneous since the physical
constants of this compound are identical with those of
the six-membered heterocycle50.
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Thus, when l,4-dichlorohexamethyl-l,4-disilacyclohexa-
2,5-diene is treated with anhydrous hydrazine, a certain
amount of a [l,l]paracyclophane analogue is formed
together with the polymer58:

CH3 CH3

> = < / C H 3

The same compound was synthesised by the reaction of
equimolar amounts of l,4-dichlorohexamethyl-l,4-disila-
cyclohexa-2,5-diene and l,4-dihydroxyhexamethyl-l,4-
disilacyclohexa -2,5 -diene.

It has been shown14'59 that in the hydrolysis of difunctional
compounds with a para -substituted aromatic bridge, for
example l,4-bis(chlorodimethylsilyl)benzene, cyclic com-
pounds are not formed at all; the main reaction product is
the corresponding silanediol which forms a polymer on
dehydration. However, McKay60, who carried out this
reaction in the presence of trifluoroacetic acid and in
dilute benzene solution, succeeded in isolating a cyclic
product of the intermolecular condensation of />-phenylene-
bis(dimethylsilanol):

It is noteworthy that later attempts to obtain this com-
pound61 by hydrolysing/>-phenylenebis(dimethylsilane) or
by the condensation of />-phenylenebis(dimethylsilanol)
were unsuccessful even in dilute solution; the main reac-
tion products were linear polymers with a molecular weight
of (2 —7) χ 103, the thermal-catalytic rearrangement of
which results in the formation of the cyclic dimer men-
tioned above (see p. 116).

In contrast to />-disilyl -substituted benzene, in the
hydrolysis of ο -substituted compounds, for example
o-bis(chloroethoxydimethylsilyl)benzene62»63, a certain
amount of an intramolecular cyclisation product is
formed:

(CH8)2SiSi SSi(CH,)2

X

H . 0 . (CH3)2Si Si (CH,)2

(X=C1, OQjH,).

A similar compound with a perfluorophenylene ring was
obtained by the hydrolysis of o-tetrafluorophenylenebis-
(dim ethyl silane).64

When hydrochloric acid is allowed to react with
m -tetrafluorophenylenebis(dimethylsilanol), or on hydroly-
tic condensation of m-chlorotetrafluorophenylenedimethyl-
silane, or on intramolecular condensation of.
1,1,3,3 -tetramethyl -1,3 -bis (tetrafluorophenylenedim ethyl -
silane)disiloxane, a dimeric cyclocarbosiloxane is
formed64»65:

F_^yF F-^CT .

F X S i ^^
1 C H 3 ) 2

A cyclic oxadisilacarborane was also obtained by
hydrolytic condensation6e:

(CH3),

When a benzene solution of l-[m-(ethoxydimethylsilyl)-
phenyl]-3 -[p -(ethoxydimethylsilyl)phenyl]hexafluoropro-
pane is refluxed67»68 in 50% of sulphuric acid, a polymer
is formed, which can be converted into the corresponding
cyclocarbosiloxane (see p. 116).

b. Trifunctional Compounds

Hydrolytic condensation of compounds with carbon
bridges between silicon atoms and with more than two
hydrolysable groups leads as a rule to the formation of
polycyclic cyclocarbosiloxanes11»30"32»45»46»52"55. Thus
hydrolysis of (ethoxydimethylsilyl)(diethoxymethylsilyl)-
methane in ethereal solution leads to the formation of a
compound in 20% yield, to which the following possible
formulae have been ascribed:

CH, CH,
I I

CH 3) 2Si—CH 2—Si—O—Si—CH,—Si(CH 3),

Q Ο Ο Ο

Υ ι ι ι
(CH3)2Si—CH2— Si-O-Si-CH,—Si(CH 3) 2

CH, CH3

CH3 CH3

(CH3)2Si—CH2—Si-O—Sr-CH2—Si(CH3)2

O O O Ο

H,C—S -CH,—Si Si-CH,—Si—CH3

(CH3)2 (CH3)2

According to the authors4 5 '4 6, the first structure is more
likely.

Hydrolysis of trichlorodisilanes with a trimethylene
bridge in ethereal solution results in the formation of
bicyclic carbosiloxanes11'30"32:

CH2

(1-1

I I
2R'—SiCH2CH2CH2Si-Cl

I I
Cl Cl

where R = R' = CH3 (62.5%) or R = CH3 and R' = C6H5.
Hydrolysis of an analogous compound with a phenylene

bridge—1 -chloromethylphenylsilyl-4 -dichlorophenylsilyl-
benzene—in an acid medium does not result in the forma-
tion of a bicyclic compound of the above type, an oligomer
being formed instead55.

c. Tetrafunctional Compounds

Hydrolytic condensation of symmetrical tetrafunctional
disilylmethanes45»46»52»53»69 yields cyclocarbosiloxanes with
a "cage" structure:

R

3R-.UH-.U Ιί ί^
I 2 I -'2HX

X X

Although the authors45»46»52 give preference to the first
structure, the second formula is probably more likely,
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since the XH NMR spectra of this compound show two
signals due to nonequivalent methylene protons53»69: in
the first structure all the methylene protons should be
equivalent.

A tricyclic cyclocarbosiloxane has been obtained in a
high yield by the hydrolytic condensation in a neutral
medium of a tetrafunctional disilane with a trimethylene
bridge:

C H 2 - C H 2

2 CH3SiCH2CH2CH2Si-CH3

 4 H 2 ° >

Cl Cl

In alkaline and acid media, the yields of this compound
were reduced to 60.5 and 45% respectively11»31»32.

Hydrolysis of l,3-bis(alkoxychloromethylsilyl)propanes
in the presence of a hydrogen chloride acceptor (triethyl-
amine or its mixture with urea) yields 2,6-dialkoxy-2,6-
dimethyl-l-oxa-2,6-disilacyclohexanes11»31»32, i.e. in this
case the compound behaves like difunctional disilanes:

CH3
CH3

CHo

Cl (RO) SiCH2CH2CH2Si (OR)C1 CH,

, C H 9

RCX

(~50o/0)

In the presence of sodium bicarbonate, the above tricyclic
compound is mainly formed.

Hydrolytic condensation of silicon compounds with
/>-phenylene bridges [for example l,4-bis(dichloromethyl-
silyl)benzene] leads to an insoluble polymer; individual
cyclocarbosiloxanes were not isolated10. However, a
more detailed study of this process54»55 showed that the
intermediates in the reaction are cyclocarbosiloxanes
containing hydroxy-groups:

2. JOINT HYDROLYTIC AND HE Τ ERO FUNCTIONAL
CONDENSATION

The possibility of obtaining cyclocarbosiloxanes by the
joint hydrolytic condensation of bis(chlorodimethylsilyl)-
methane with dichlorodimethylsilane or 1,3-dichloro-
1,1,3,3-tetramethyldisiloxane had been investigated50»71.
The composition of the joint hydrolysis product depends on
the component ratio and the amount of hydrolysing agent.
The optimal conditions for the preparation of 1,1,3,3,5,5-
hexamethyl-2,4 -dioxa-1,3,5 -trisilacyclohexane (yield
64.5%) are equimolar proportions of the dichlorides and an
excess of water; the maximum yield of 1,1,3,3,5,5,7,7-
oxamethyl-2,4,6-trioxa-l,3,5,7-tetrasilacyclo-octane
(about 40%) is also attained for equimolar proportions of
the initial compounds and a stoichiometric amount of the
hydrolysing agent. The principal reactions occurring on
joint hydrolysis are shown below:

(CH3)2Si-CH5-Si(CH3).2

Ο Ο

<jH, CH3

Ο—Si-CHj—Si—Cl

CH, CH3

+ 4H2O
-4HC1

CH, CH,

Cl—SMOSi),—Cl

CH, CH,

(jc=O,l.

CH, CH3

~*-[HOSiCH,SiOH]

CH, CH3

CH3 (JH3

-*- [HOSi{OSi)j,OH

CH, CH,

-2H 2O

-2H3O

^ , — S i ( C H 3 ) ,

(CH 3 ) 2 Si-CH 2 -Si(CH 3 ),

(CH 3) 2
O—Si(CH 3 ) 2

C H ^

Si(CH3),

Ο

s,/
(CH 3) 2

-HjO
— 4-SiO—+-

C H : < "

= 3-5)

The joint hydrolysis of tetrafunctional compounds with
di- and tri-functional silicon derivatives has been
described. For example, the following possible struc-
tures have been attributed to the crystalline products
obtained by the joint hydrolytic condensation of bis(ethoxy-
dimethylsilyl)methane with bis(diethoxymethylsilyl)-
methane45»46:

R

HO—Si-

/
0
\

H O — Si-

/r-

_ /

—\

Λ

R

-Si—OH

\
Ο

-Si-OH
1.

I 6H2O
Si-CI -^
I -8HC1

(so-so1'·)

( R = R ' = CH3 or C6H5; R = CH3, R' = C6H6), which give
r i s e to di- and poly-cyclic compounds on prolonged stand-
ing in solution.

If the hydrolysis of l,4-bis(dichloromethylsilyl)benzene
is carr ied out in the presence of chlorotrimethylsi lane,
the halogen is part ly replaced by the trimethylsi loxy-
group; complete substitution of the chlorine can be
achieved by t reatment with an excess of hydroxytrimethyl-
silane in the presence of a m m o n i a 7 0 .

d. Pentafunctional Compounds

Hydrolysis of (diethoxymethylsilyl)(triethoxysilyl)-
methane yielded an infusible and insoluble polymers in a
yield of 96%, the s t ructure of which could not be es tab-
lished 4 5 > 4 S . It has been suggested that it contains cyclo-
carbosiloxane units of the " c a g e " type built into a t h r e e -
dimensional network.

CH3 tH,
I I

2 C 2 H 5 O— Si-CH 2 —Si-OC 2 H 5I I
C H 3 C H 3

OC 2H 5

I
Si-CH
|

C 2H 5

I I
H3C—Si-CH2—Si-CH,

| | ~
OC 2 H 5 OC 2 H,

4HjO

(CH3)2S

CH

(CH,)2S

Si(CH3)2

CH 2

S.(CH3)2

(CH,

CH,

-O CH3

(CH3)a

Ο Si

(31%)

According to the authors45»48, the first formula is more
likely. Heterofunctional condensation has been hardly
used for the synthesis of cyclocarbosiloxanes. Only one
example of this type of synthesis is known. When bis-
(chlorodimethylsilyl)methane was allowed to react with
potassium dimethylsilanediolate, the main product was
1,1,3,3,5,5-hexamethyl-2,4-dioxa-1,3,5-trisilacyclo-
hexane50»71:

CH, CHS CH,

I I I
Cl—Si—CH2—Si—Cl + K O - S i

CH 3 CH, CH 3

CHa

(CH,)aSi Si (CH,),,

\ /
Si

(CH,),

(60%)
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3. ORGANOMETALLIC SYNTHESIS

When symmetrical bis(chloromethyl)tetramethyldi-
siloxane and aryl(alkyl)dichlorosilanes reacted with
metallic sodium, a number of six-membered cyclocarbo-
siloxanes were obtained72:

CH3CH3

I I
ClCH2SiOSiCH2Cl + RR'SiCI2

I I
CH3CH3

Ο

/ \
(CH3)2Si Si (CH3)2

Si
/ \

R R' ,

(20-30%)

where R = R' = CH3 or C2H5 and R = CH3 and R' = C6H5.
In addition, considerable amounts of oligomers are
formed, which can be converted into six-membered cyclo-
carbosiloxane by hydrolysis and subsequent thermal
catalytic rearrangement of the hydrolysate; in this case
the overall yield of cyclocarbosiloxanes may be increased
approximately to 70%. 50>73

A condensation reaction with magnesium similar to that
described above yielded a cyclocarbosiloxane (R = R' =
CH3) in a yield of about 45%.50

If instead of dichlorodimethylsilane one employs
bis(chlorodimethylsilyl)methane, the main reaction product
is 1,1,3,5,5,7,7 -octamethyl -4 -oxa -1,3,5,7 -tetrasilacyclo-
octane4 9 '5 0 '7 3:

4. SYNTHESIS OF CYCLOCARBOSILOXANES BY THE
CONDENSATION OF BIS(HALOGENOMETHYL)DISIL-
OXANES WITH COMPOUNDS CONTAINING ACTIVE
HYDROGEN ATOMS

The reaction of sym -bis(iodomethyl)tetramethyldi-
siloxane with sodiomalonic ester yielded a cyclic diester
1,1 -diethoxycarbonyl -3,3,5,5 -tetramethyl -4 -oxa -3,5 -
disilacyclohexane 75 (yield 61%). The use of the less
reactive sym -bis(chloromethyl)tetramethyldisiloxane
reduced the yield of this heterocycle to 28%. The follow
ing reaction mechanism has been proposed:

H 3 C C H 3

C I C H 2 S i 0 S i C H 2 C l

H 3 C CH 3

C H ( C O O C 2 H 5 ) 2

)Cv ^ ' C O O C 2 H 5

CH, CH 2 CI + C H ( C O O C , H , ) 2

l,Sl . S i ( C H 3 ) 2 - C H : > ' C 0 0 C 2 H ^

T
(CH 3) 2Si

f ΐ H2CI

Si(CH 3 ) 2
(CH 3 ) 2 Si

C-substituted six-membered cyclocarbosiloxanes are
formed also on condensation of s;ym-bis(bromomethyl)-
tetramethyldisiloxane with cyanoacetic esters 2 6 (in the
presence of tertiary amines) or with nitriles2 7 [in the
presence of sodium bis(trimethylsilyl)amide]:

C N X ,R CN ,R

R Ν or NaV [Si (CH3)S],
/ \

H,C CH,

H i l . S i - C I I — Si(CH,),

( C H 3 ) 2 S i — Ο Si(CH,),

(38,8%)

H 3 C C H , C H , CH,

C l ( C H , S i O S i C H 2 S i C H 2 S i ) B C I

I I I I
H3C CH 3 CH 3 C H ,

On condensation of l,5-bis(chloromethyl)-l,l,3,3,5,5-
hexamethyltrisiloxane and dichlorodimethylsilane in the
presence of metallic sodium or magnesium,
l,l,3,3,5,5,7,7-octamethyl-2,4-dioxa-l,3,5,7-tetrasila-
cyclo-octane is hardly formed50. It was found that in both
cases the main reaction products are six-membered cyclo-
carbosiloxanes. Their formation can probably be accoun-
ted for by rearrangements of the siloxane bonds under the
reaction conditions.

The possibility of the cyclisation of chloromethyldi-
siloxanes containing a halogen or an alkoxy-group at the
silicon atom [ClCH2Si(CH3)2OSi(CH3)2X; X = Cl or OC2H5]
with metallic magnesium has been investigated50. The
formation of an intramolecular cyclisation product of the
initial compound—1,1,3,3 -tetramethyl -2 -oxa -1,3 -disila -
cyclobutane—was not observed. The main reaction
products were 6- and 8-membered methylenesiloxane
cyclocarbosiloxanes.

A cyclocarbosiloxane with two carborane rings 74 was
obtained via a dilithium derivative by the following reaction:

C H ,

1
C—Si-C

Λ ' *

~— C—Li

Β,οΗ,,

H,C
I

CH 3

+ 2C1 SiOSiCI
ι ι

H3C C H 3

Q \ _ICH3),
C- Si

Ο

Β,οΗ

- S i

B r H 2 C

( C H 3 ) 2 S i Si ( C H 3 ) 2

(CH 3 ) 2 Si Si ( C H 3 ) 2 ,

\ N /

where R = H, CH3, CN, COOCH3, or COOC2H5.
In the presence of triethylamine, the condensation with

cyanoacetic ester taking place with a yield of about 60%,
monoalkylated products being virtually absent from the
reaction mixture.

When acetonitrile and sodium bis(trimethylsilyl)amide
are employed, the yield of 4-cyano-2,2,6,6-tetramethyl-
1-oxa-2,6-disilacyclohexane is 60-70%. It is interesting
that a reagent such as sodium bis(trimethylsilyl)amide
gives rise to hardly any side reactions (cleavage of the
Si-C bond in Si-CH2Br, cleavage of the Si-Ο bond, sub-
stitution of the bromomethyl group with formation of
Si-CH 2-N, etc.). The acetonitrile monoalkylation
product is detected only in a small amount. If other
compounds with active C-H bonds are introduced into this
reaction, the yield of cyclocarbosiloxane diminishes27.
For example, in the presence of diethyl malonate and
ethyl cyanoacetate, the yield is about 20%. When an
acetate ester is employed, only traces of cyclocarbo-
siloxanes are formed.

5. INTERACTION OF SUBSTITUTED ACETYLENES WITH
DIHYDROSILOXANES (CYCLOADDITION)

When substituted acetylenes reacted with dihydrodi-
siloxanes in the presence of chloroplatinic acid as a
catalyst, a number of five-membered cyclocarbosiloxanes
with different substituents at the carbon atom were
obtained9»78-79:

XCH CHX'

XC=CX- + HR (CH3)SiOSi (CH,) RH Η 3 θ CH,
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where X = H, CeHB, C4He, or a-C10H7, X' = H, CH3, or
CeH5, and R = CH3, C2HB, or CeHB.

The yield of cyclocarbosiloxanes varies between 5 and
75% depending on the structure of the initial reagents and
the reaction conditions. It was established that the ten-
dency towards the formation of a cyclic compound is
greatly influenced by the nature of the substituents at the
carbon atoms in acetylene and at the silicon atoms in
dihydrodisiloxane. The substituents at the carbon atoms
in acetylene can be arranged in the following sequence in
terms of their effect on the formation of cyclic compounds:
aryl > alkyl > hydrogen; the corresponding sequence of
substituents at the silicon atoms is ethyl > phenyl > methyl.

6. THERMAL CATALYTIC AND THERMAL
REARRANGEMENT OF LINEAR CARBOXILOXANES

The thermal catalytic rearrangement of oligomeric
products containing siloxane and silicon—carbon residues
can be employed as a preparative method for the synthesis
of many cyclocarbosiloxanes. Such oligomers are
usually formed as side products in the synthesis of cyclo-
carbosiloxanes. They are obtained as the main products,
for example, in the reaction involving the polyaddition of
αω-dihydrodisiloxanes to dienes and acetylene9»76"85, in
the copolymerisation of cyclosiloxanes with 1,3-disila-
cyclobutanes50, and of course in the polymerisation of
cyclocarbosiloxanes. At fairly high temperatures (up to
300°C) in the presence of catalytic amounts of alkalis or
acids, the siloxane bond dissociates in linear carbo-
siloxane oligomers with formation of cyclocarbosiloxanes
("siloxy—siloxy" rearrangement). In particular, this
method has proved convenient for the preparation of five-
membered5»13'18-20, six-membered 28>29>50>71»73, eight-
membered48'50»71»73, and sixteen-membered86 compounds
and also cyclocarbosiloxanes withp-phenylene bridges61:

(CH3), (CH3),
SiCH2CHaCOCH2CH2Si

</ Ο
N SiCH 2 CH 2 COCH 2 CH 2 Si /

In the thermal decomposition of a polymer with the

composition [— SiCHjC^CHjSiO—]n, the main product was

CH3 CH3

a six-membered heterocycle—l-oxa-2,6-disilacyclo-
hexane n .

Oxadisila-[3,3]-metaparacyclophane

(CH3)2Si Si (CH 3) 2

/ν κ=\

C F 2 — C F j —

was obtained by heating in vacuo a linear polymer with the
corresponding structure6 7 '6 8.

Thermal rearrangement of organosilicon oligomers
also yielded oxadisilacyclopentane heterocycles87:

H2C-CH2

(CH3)2C C(CH3)2

CH3 Ο χ / Ο

--SiCHjCHjSi—O—

CH,

(CH3)2S

•O—Si— CH2CH2Si-o4-

I ι C H 3 J .
(CH^jC C(CH3)j

H2C-CH2
(CH3)2

/C-°\
(CH3( (f

o—c

π2γ

H5C
C—0

(CH,),

I 2

Λ-.Π9/
o—c

(CH 3 ) 3

(46%)

Thermal and thermalcatalytic "alkoxy-siloxy" and
"chloro-siloxy" rearrangements of the corresponding
compounds are varieties of the above method for the
preparation of cyclocarbosiloxanes87:

H3C C H ,

C H .

/ \' ϊ 3

-(CH3O)2Si Si(CH3)2 + CH 3OSiCH 2CH 2Si(OCH 3) 3

oy
 AH,

(49%)

CHS

ι

[(CH 3 ) n X. ) . n SiCH J CH 2 Sio] 4 - ^

\s x .
(X*OCH3, Cl. nrO.2)

Examples of thermal and thermalcatalytic rearrange-
ments of oligomeric carbosiloxanes involving the dissocia
tion not only of S i-0 but also of Si-C bonds in the chain
are given below50:

Yield, %
Thermal catalytic

rearrangement

(\% KOH;<300°)

Thermal rearrangement

0 5 0 0 ° )

(CH 3),

43,1

48.

(CH3)2Si

(CH 3 ) ,

32,2

24.S

H 3),(CH 3) 2 ( C H 3 ) 2 (CH a) 2 ( C H 3 ) ,
Si—Cri»>— Si Si CHo Si

Ο o + o ο
ι ι Τ Τ
Si—Ο Si Si-CH,—Si

(CH3)2 (CH3), (CH3), •

7,5

9.6 3.1
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7. OTHER METHODS

Apart from the reactions discussed above, there are
others leading to the formation of carbosiloxane rings, but
these are without preparative value. Thus it has been
shown that cyclocarbosiloxanes can be formed, in principle,
on joint pyrolysis of cyclosiloxanes and cyclocarbo-
silanes5 0 '8 8:

UCH,),
850°

CHV

(CH3)?:

.CH,

(CH 8) t

I I

CH^ CH,

(CHj)i

(CHs),Si-CH.,-Si(CH3)j (CH3)2Si-CH2—Si(CH3)2

+ 0 0 + 0 <">

(CHj^SI—Ο— Si(CH3)2

? y
(CH3)jSi-CH3-Si.(CH3)2 .

The formation of the same cyclocarbosiloxanes was
observed on thermolysis of l,l,3,3-tetramethyl-l,3-di-
silacyclobutane in the presence of water vapour at
550 °C. 50>88 However, in both cases the yield of cyclo-
carbosiloxanes does not exceed several per cent.

Like 1,2-digermacyclopentanes89, 1,2-disilacyclo-
pentane can be oxidised with formation of the correspond-
ing oxadisilacyclohexanes13S. Thus 1,1,2,2 -tetramethyl -
1,2 -disilacyclopentane is converted on prolonged standing
into 2,2,6,6 -tetramethyl -1 -oxa -2,6 -disilacyclohexane:

H,C

CH2

CH2

CH2

HjC CH2

(CH3)2Si Si (CH,)2 .(CH 3) 2Si—Si (CHS)2

1,2-Disilacyclohexanes (cis- and trans-) are converted into
the corresponding seven -member ed cis- and trans -cyclo-
carbosiloxanes on interaction with perbenzoic acid. The
reaction is distinguished by high stereospecificity90. A
bicyclic compound with a similar structure is also readily

oxidised by perbenzoic acid, yielding 1,6-dimethyl-11
oxa-l,6-disilabicyclo[4,4,l]undecane91:

CH.,

1CH,

CH3

Si

>
Si

' - \
CH

1CH

CH 3

It is interesting to note that, regardless of which (cis -
or trans -) initial isomeric compound was oxidised, the
reaction products always had the cis -configuration.
Construction of molecular models for cis - and trans -
isomers shows that, in contrast to the cis -isomer, the
trans -siloxane isomer has a strained structure giving rise
to steric hindrance. Oxidation with trimethylsilyl per-
oxide proceeds similarly, but the yield of the oxidation
product is only 22% in the case of the trans -isomer.

The formation of cyclocarbosiloxane structures in the
polymer chain has been noted in the free-radical and
radiation-induced polymerisation of certain polyfunctional
vinylsiloxanes 28,29,92.

R' + CH R—CH

R—CHj Η \Η-- -CH

where R = CH3 or C6H5.
Thermal rearrangements of cyclocarbosiloxanes with a

change in the skeleton may be of definite interest for the
synthesis of other cyclocarbosiloxanes (see p. 125).

ΠΙ. PHYSICAL PROPERTIES

Cyclocarbosiloxanes are liquid or crystalline substances
(Tables 1-2). The boiling points, refractive indices, and
specific gravities of cyclocarbosiloxanes vary steadily as
siloxane oxygen is replaced by methylene groups. Thus
in the series of six- and eight-membered heterocycles the
boiling points and refractive indices increase linearly and
the specific gravity decreases with increase in the number
of methylene groups49»50»73.

Cyclosiloxanes

( C H 3 ) 2

(I)

Cyclocarbosiloxanes

( C H ^ S i ^ ^ S i i C H s ) , (CH3),Si"

(CH3)2 (CH3

(II ) ( I I I )

(

CH,

(CH3) }Si-O—Si(CH3)2 (CH3)2Si-CH2—Si(CH3)2 (CH3)2Si-CH2—Si(CH3)2

OO O O O O

(CH3)jSi—O—Si(CH3)2 (CH3)2Si Ο Si(CH3)2 (CH3)2Si-CH2—Si(CH3)2

(V) (VI) (VII)

Cyclocarbosilanes

Si
( C H 3 ) 2

L\v)

(CH 3 ) 2 Si_CH 2 -Si(CH 3 ) 2

CH2 CH,

Si—CH2—Si
(CH.,), (CH.,)2.

(IX)

(CH 3 ) 2 Si-CH 2 -Si (CH 3 ) 2

CH, CH,

(CH,) ,S i—O—Si(CH,) 2
(VIII)
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Table 2. Physical properties of polycyclic cyclocarbosiloxanes.

121

No.

1

2

3

j

5

(i

7

S

9

10

Π

11!

13

Cyclocarbosiloxane

[OSi (CH3) (CH2)3Si (CH3)O]2

R = C H 3

[OSl (CH3) (R) (CH2)3 Si (CH3)]2O
| 1

R=C,H 5

[CH2S1 (CH3),OSi iCH3)2CH2CHCO]zO
| |

Γ ( Ο , , / 2 ( C H 2 ) ) / 2 ( O ) i / 2 - | R = C H S

L OSI(R) CH2S1(R) OS1(R)J,
/ |

R=Q,H 5

[OSi (CH3) CH2Si (CH3)2O5i (CH s)2CH2Si (CH 3 )O] 2

1 1

OSi (CH3),CH.Si (CH,)2OSI (CHj) CHjSi (CH-) OSl (CH3)2CH2S1 (CH3)2O

1 .1

|CH 2Si (CH3)2OSi (CH,)2 CH2CH—CH2NBH]a
ι - ί

Γ CH2-CX 1
CM,Si (CH3)2OSi (CH 3) 2CH 2C/ ) B \

' - Obi (CH3) [OSi (CH3)3]—p-0.H4~Si (CHj) (OH) OSl (CH3) - p-C,H 4 -SI ( C H a ) -
J

| -O(HO)(ClI 3 )S|-p-C,lI 4 -l(CII 3 ) a SIO] (CH.,)SiO—

iosi (oil) ((;,H,)-/)-C;,«,—si <<;,n.-,) (oil) osi (C U II C )(oi l)-/i-ciu-si (c:nii,,)]ao

r o — b i ( L H 3 ) ( C i i , ) 1 s i ( t : i i 3 ) ( c i i 2 ) 1 -

1 1
(cis-)

Empirical formula

Sl 4 C 1 0 H 2 4 O 4

St4C,2H3 ( )O3

Si 4C 2 2H 3 4O 3

Sl.C l e H 3 4 O 5

SiaQ,H2,O,

Sl.C3.Hj.Oi

Sl e C,.H J 4 O,

SljC.alUOi

Si,C 2 4 H a 0 B 3 N,O 3

Slo^jHooBaNjO,

Sl»C3uHS0O,

S I A S I ' D A I

SI2C,uli22Oi

Mol.
wt.

320.4

334.7

458.0

418.8

39G 7

769.2

557 2

425.0

639.8

723.7

763.5

1328.0

210.0

B.p., °C/mmHg

138—140/30

142/21

225—226/2

160/0.8

-

125^-126/2.5

120—121/8

230^240/1

-

-

-

M.p., °C

lOlr-102

—

-

-

199—202

312—314

-

54.2—54.8

122—124
124—125

157

-

-

. 2 0

-

1.4429

-

0.9710

1.5222 1.070

1.4638

-

-

1.4509

-

-

-

-

-

-

1.0350

t—

_

-

-

-

Yield, %

87.5

62.5

r -

84.0

92.4

23.0

20.0

31.0

98.0
69.0

70.0

88.6

~100

References

11. 31. 32

2. 11.30. 31

11. 31. 32

27

45.46.
53,69

53, 69

45

45,46

J6
27

27

70

55

91

The thermal conductivities of the compounds in the gaseous
state also decrease linearly with the number of methylene
groups50, except for cyclosiloxanes, the thermal conduc-
tivities of which are lower than those of the corresponding
cyclocarbosiloxanes with a single methylene group.

The infrared spectra have been widely employed by
many investigators9'u»18'24'3s'48"58'e0»62"69»71»79'87»92-99 to
study the structures of various cyclocarbosiloxanes. In
the spectra of compounds of this class the bands due to the
stretching vibrations of the siloxane bonds are the most
characteristic; in many cases useful information about
the structure of cyclocarbosiloxanes may be obtained by
analysing bands due to the carbon bridge. Comparison of
the position of the band associated with the Si—O—Si bond
in the compounds

A
(CH3)2Si Si(CH3)a (where η =2, 3, 4),

ο
showed that, with decrease of ring size, the band is dis-
placed from 1018 cm"1 in the seven-membered ring3 5 to
990 and 930 cm"1 in the six-membered 2»25~33 and five-
membered18»78"79»97»98 rings respectively. In the spectra
of acyclic compounds the band due to the Si—O—Si group
is observed in the region 1050-1100 cm"1.9>48»89»96»103-105

This shift is due to the fact that, with decrease of n, the
Si-O-Si angle diminishes; it has been estimated9 8 '9 9 as
125° (for η = 4), 120° (η = 3), and 105° (η = 2). As a
result, the strain in the above cyclocarbosiloxanes
increases as η diminishes. For example the strain

energy in five-membered cyclocarbosiloxanes is 8-12
kcal mole" 1. 1 8

The Si-O-Si band in the spectrum of 1.1.3.3-tetra-
methyl-2-oxa- 1,3-disilaindane has also been observed 6 3 ' 9 7 " 9 9

in the region of 930 cm"1.
In six-membered cyclocarbosiloxanes of the type

X, ,X' X=H,CN;

\ C /

H2C CH2 X '=H,COOCH 3 , COOQHs.COOH.COOK,

? s CONH2, CH2NH2

It Ri, R2, Rs. Ri = alkyl, aryl, alkoxy-group .

the position of the maximum of the Si—O—Si band is
almost independent of the nature of the substituents at the
carbon or silicon atom1 1 '2 8"3 3»1 0 2 and is in the region 990 to
1000 cm"1, which corresponds to an SiOSi angle of about
110-120°.25,26,95 T h e 992 c m - i absorption by the S i - O -
Si group has also been observed in the infrared spectrum
of the bicyclic compound czs-l,6-dimethyl-ll-oxa-l,6-
disilabicyclo[4,4,1 Jundecane 9 1.

If the cyclocarbosiloxane molecule contains cyclic and
acyclic siloxane bonds, the two corresponding bands are
observed in the infrared spectrum as expected, the first
being at a longer wavelength. Thus in the infrared spec-
trum of the compound

CHS CH2

H2C CH2 HSC CHS

C H 3 s

)Si Si
/CH, (R=CH3, C,H5)
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there are Si—O—Si absorption bands at 990 and 1080 cm"1

characterising the linear and cyclic structures respec-
tively2»11»30.

In the infrared spectrum of the compound

CH2—CH'

CH,—Si

CHS—Si Ο

—CH2

two Si—O—Si bands are also observed—at 1006 cm"1 (for
the six-membered carbosiloxane ring) and at 1067 cm"1

(for the eight-membered siloxane ring).11»32»97"99

In the spectra of many six-membered compounds (I-IV)
the band due to the asymmetric vibration of the Si—Ο
bond48"50»103-105 is in the region 1020-1030 cm"1, while
the CH2 deformation vibration band is displaced from 980
to 1050 cm"1 [in the infrared spectra of compounds (II) to
(IV)]. Thus the band due to the deformation vibrations
of the ring CH2 groups in the infrared spectra of com-
pounds (II)—(IV) is more sensitive to changes in the
skeleton of the cyclic structure than the siloxane band.

Calculation of the integral intensities of the bands
associated with the asymmetric stretching vibrations of
the Si—Ο bonds and the deformation vibrations of the
endocyclic CH2 groups in the infrared spectra of com-
pounds (I), (II), and (IV) [for the spectrum of compound
(ΙΠ), such calculation is difficult owing to the impossibility
of resolving the bands] shows that the integral intensity of
the Si—Ο band remains constant, but the intensity of the
CILj deformation vibration band is variable. The latter
finding may be due to the effect of the conformational
isomers on these vibrations.

Proton Magnetic Resonance Spectra

The 1H NMR spectra of six- and eight-membered
siloxanylmethylenecyclocarbosiloxanes (II), (III), and
(VI) —(VIII) have two or more signals due to the non-
equivalent methyl and methylene protons, the latter
occurring in stronger fields50»73. With increase of ring
size, the spin-spin coupling constant J^CIlj) decreases,
probably owing to an increase of the £-character of the
carbon in the C —Η bonds; there is a corresponding
increase of «/(̂ SiCHg), which may be due to an increase of
the s-character of the Si-C bond. On the basis of these
results, it has been concluded that in the cyclocarbo-
siloxanes investigated the silicon atoms in the Si—C bonds
in the ring have less s-character than in the Si—C bond
directed to the methyl groups.

In the spectrum of the tricyclic compound

= CH3,C6H5)

there are two signals of methylene protons, occurring at
higher field (r = 9.90 and 9.93 p.p.m.) than the signals of
the methyl group protons (τ = 9.61 and 9.67 p.p.m.). 53>69

Analysis of the XH NMR spectra of a number of deriva-
tives of oxadisilacyclohexane (see p. 121) led to the con-
clusion that such heterocycles have the "chair" conforma-
tion26»106.

The lE NMR spectrum of 2,2,6,6-tetramethyl-1-oxa-
2,6-disilacyclohexane108 consists of a singlet due to methyl
protons (δ = 0.07 p.p.m.), a multiplet due to α-methylene
protons (δ = 0.45-0.72 p.p.m.), and a multiplet due to
/3-methylene protons (δ = 1.65-2.1 p.p.m.). Owing to the
rapid "chair—chair" inversion, the axial and equitorial
methyl groups are equivalent:

The activation energy for the conformational transitions
of this compound has been estimated as about 3.5 kcal
mole"1, which is much lower than the corresponding value
for 1,1,4,4-tetramethylcyclohexane (11 kcal mole"1) 1 0V0 8

and approaches the activation energies for the "chair -
chair" inversion in 1,1-dimethyl-1-silacyclohexane (5.5
kcal mole"1) 1 0 e and l,l,4,4-tetramethyl-l,4-disilacyclo-
hexane (6 kcal mole"1).1 1 0

The cis - and trans -isomers of oxadisilacyclohexane,

(CIS-)

where R = OAlk or C6H5, have characteristic XH NMR
spectra1 0 6. The signal due to the protons of the methyl
group located on the same side of the ring as the alkoxy-
substituents is displaced towards lower field compared
with the signal of a similar methyl group located in the
cis -position with respect to a methyl or another alkyl
group. In the spectra of m ethyl phenyloxadisilacyclo-
hexanes106, the signal due to the methyl group in the
cis -position is displaced towards higher field, while the
signal of the trans -methyl group is displaced towards
lower field.

The 41 NMR method has also been used to analyse
five-membered9»18»78'79 and other cyclocarbo-

,58,64,68,69#

Electron Spin Resonance

The application of the ESR method in studies of the
radical-anions obtained from

O (CH3) Si (CH,)

by reduction with potassium in 1,2-dimethoxyethane solu-
tions at -80°C, has been described58. The resulting
radical-anion was stable for several hours at -80°C,
disappearing rapidly on heating to room temperature.
Analysis of the spectrum showed that the unpaired elec-
tron is fully delocalised owing to a transannular interac-
tion, the delocalisation over the Si-O—Si bond being
insignificant.

Mass Spectra

The application of mass spectroscopy to determine the
molecular weight11»58»97»111 and the mode of dissociation of



Russian Chemical Reviews, 41 (2), 1972

cyclocarbosiloxanes on electron impact11»58»111 has been
described. The latter is discussed in greater detail in
Section IV.

IV. CHEMICAL PROPERTIES

The characteristic chemical properties of cyclocarbo-
siloxanes are determined primarily by the reactivity of the
bonds forming the heterocycle. In the reactions investi-
gated the Si-0 bonds show the highest activity and the
Si—C the lowest; the C-C bonds of the carbon bridge are
as a rule stable in chemical reactions of cyclocarbo-
siloxanes. On the other hand, the reactions of cyclo-
carbosiloxanes can also involve functional groups linked
to silicon and carbon atoms.

1. REACTIONS WITH CLEAVAGE OF THE
HETEROCYCLE SKELETON

a. Heterolytic Cleavage of Si—Ο Bonds

The opening of the carbosiloxane rings in the presence
of electrophilic or nucleophilic agents takes place as a
rule with cleavage of the siloxane bond. Like cyclo-
siloxanes, five-member ed cyclocarbosiloxanes can be
titrated with tetra-n-butylammonium hydroxide in pyri-
dine1 1 2:

R2SiCH2CH2SiR2 -f- (n-C 4H,) 4 NOH

o—i
HOR3SiCH3CH2SiR2O-N+C4H,

where R = CH3 or C6H5.
When 6-chloro-2,2,6-trimethyl-1 -oxa-2,6-disilacyclo-

hexane is hydrogenated with lithium aluminium hydride in
ether, not only the chlorine at the silicon atom is reduced
but also the S i-0-Si bond, which results in the formation
of a compound with a linear structure11»33:

CH2

/ \
H,C CH»

H 3 C, (CH3)2SiHCH2CH2CH2Si(CH3)H2 .

In pyridine solutions containing catalytic amounts of
tetramethylammonium hydroxide, six- and eight-mem-
bered cyclocarbosiloxanes undergo a rearrangement with
ring expansion or contraction even at 60°C: 50,113,111

CH 3 ) 2 Si-CH a — Si (CH3)2

CH2

/ \
(CH3)2Si Si (CH3)2 (CH3)2Si—CH2—Si (CH3)2

(CHs)2Si—CHS—Si (CH3)2

Si
(CH3)2 ( C H 3 ) 2 S i — Ο — S i (CH3)2

The rate of cleavage of heterocycles of the above type
decreases with increase in the number of methylene groups
in the molecule. Together with cyclic products, the
rearrangement here gives rise also to high-boiling
oligomers. It has been established that reactions of this
kind are also accompanied by dissociation of the ring
Si—C bond, as shown by the formation of six-membered
heterocycles from eight-membered heterocycles (the
cleavage of the Si—C bond of these cyclocarbosiloxanes by
nucleophilic agents is described on p. 125).

At the same time it is interesting to note that in the
presence of an alcoholic solution of NaOH, KOH, and also
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H2SO4 (70%) and H2SO4.SO3, 1,1,3,3,5,5,7,7-octamethyl-
2,6-dioxa-l,3,5,7-tetrasilacyclo-octane is not
cleaved45»46»115.

In methanol solution, 1,1,3,3,5,5 -hexamethyl -2,4 -dioxa
1,3,5-trisilacyclohexane gives rise to rearrangement
products50»114:

(CH3),Si-O-Si(CH3)2 (CH3)3Si-CH2-Si(CHj)2

(CH,)aSi-O— SKCHs), (CH3)2Si—Ο Si(GHj)2

(CH3)2

(CH3),5i-CH2—Si(CH3)2

I I high-molecular-
, 9 | weight products.

(CHjJjSi—CH,—Si(CH3)2

A compound having a similar structure and two methyl
groups —1,1,3,3,5,5 -hexamethyl -2 -oxa -1,3,5 -trisilacyclo-
hexane—does not undergo any change under identical con-
ditions. Probably the mechanism of this reaction is
similar to that of the rearrangements of six-membered
cyclosiloxanes in methanol106»116"118.

On treatment with chlorinating agents (TiCl4, SOC12) in
the presence of catalysts (HC1,27 FeCl3,4 7 etc.) the siloxane
bond of cyclocarbosiloxanes is cleaved and the correspond-
ing linear dichlorides are formed in high yields (80-95%):

H2C

(CH3)2Si

( R = H ,

CH,
CH 3 CH3

HCl ClSiCH2CRR'CH2SiCl + SO, ;
-f- :>Ln_i2 ι ι

CH3 CH3

i ; R ' = C N , COOH)

(CH,)2Si—CH2—Si (CH3)2

ο ο + τ , α FeC1"
ί I

(CHs)2Si—CH2—Si (CH,)2

CH3 CH3

- ' 2C1—SiCH2Si—Cl + T i O 2 .
I I
CH3 CH,

b. Polymerisation of Cyclocarbosiloxanes

This section deals with reactions involving the cleavage
of the Si—Ο bond and leading to the formation of linear
carbosiloxane polymers. Owing to the presence of the
siloxane bond in the ring, cyclocarbosiloxanes can poly-
merise with ring opening in the presence of the usual
catalysts for the polymerisation of cyclosiloxanes. Poly-
mers whose main chain consists of alternating siloxane and
carbosilane units have been obtained in this way» How-
ever, the polymerisation activity of cyclocarbosiloxane is
as a rule lower than that of cyclosiloxanes with similar
structures.

As already mentioned, five-membered cyclocarbo-
siloxanes are the most strained compounds of this class1 8,
as a result of which they readily polymerise in the pres-
ence of anionic [NaOH, KOH, LiOH, (CH3)4NOH,
(CH3)3SiONa, (CH3)3SiOK] and cationic (H2SO4, CF3COOH)
catalysts13»18:

CH, -CH2

catalyst, Δ
—SiCH2CH2Si0 —

I I
R R

where R = CH3 or C6H5.
The polymers obtained in the presence of anionic cata-

lysts have a high molecular weight (up to about 106).
The ease of cleavage of the siloxane bond in these

heterocycles depends on the nature of the substituents at
the silicon and carbon atoms. Phenyl substituents at the
silicon atoms increase the activity of five-membered
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cyclocarbosiloxanes in anionic polymerisation119. Thus,
2,2,5,5 -tetraphenyl-1 -oxa -2,5 -disilacyclopentane poly-
merises approximately 18 times faster than the corres-
ponding tetramethyl -substituted cyclocarbosiloxane (Table
3).

Table 3. Relative reactivities of five-membered cyclo-
carbosiloxanes and six-membered cyclocarbosiloxanes in
base-catalysed polymerisation at 25°C.119

No. of
cpd.

I

II

III

IV
V

VI

VII

VIII

V . [(CH,)aSiO]J

(CH3)2S iCH2CH2(CH3)2S iO

(CH3)2SiCH2CH2(C,H6) (CH3)SiO

(C.H,) (CHs)SiCH2CHa(CeH6) (CH3)SiO

(CH3)2SiCH2CH i !(CeH5)2Si0
I 1

(CHj) (C,H5)SiCH1!CH!i(C(lH6)2Si0

(C,H5)2SiCH2CH2(CeH6)2SiO
I I

Relative reactivity

III IV

1.00

8.10

14.5

24.9
44.0

45.0

84.3

150.0

0.12

1.00

1.79

5.44

5.56

10.4

19.8 11.0

0.07 0.040.02

0.560.320.18

1.00 0.58 0.33

1.721.00 0.57

3.031.76 1.00

3.111.821.02

5.813.451.91

6.67 3.64 3.56

0.02

0.18

0.32

0.55
0.98

1.00

1-87

0.097 0.05

0.01

0.17

0,29
0.52

0.53

1.00

1.90

0.006

0.09

0.15
0.27

0.28

0.53

1.00

•Data obtained at 40°C in copolymerisation with

compound (II).

On the other hand, the reactivity of five-membered
cyclocarbosiloxanes under the conditions of cationic poly-
merisation increases when methyl substituents at the
silicon atom are replaced by ethyl or phenyl groups.

In the series of C-substituted five-membered cyclo-
carbosiloxanes 9>76 ~ r e

XCH CH2 XCH CHX

H 3 C X | | ,CH3 and H3C. 1 | Χ Η 3

^Si s i Si Si
R/ \ / XR R-7 \ / XR '

where R = CH3, C2H?, C6H5, and X = C4H9, a-C10H7, or
CeH5, the monosubstituted compounds show a greater
tendency towards polymerisation. When they are poly-
merised in the presence of ILjSG^ KOH, NaOH, and
alkali metal silanolates, oily products with molecular
weights in the range (1.5-18) x 103 are formed. Thermal
polymerisation of the C-phenyl-substituted compound with
R = CH3 (molecular weight of the polymer up to 2 χ 104)
and its catalytic polymerisation in the presence of A1C13,
BF3, and ZnCl2 + chloromethyl ether have been noted. In
contrast to the monosubstituted derivatives, cyclocarbo-
siloxanes disubstituted at carbon atoms are not converted
into polymers under the action of acids or bases.

In the copolymerisation of the cyclocarbosiloxanes
,SiCH2CH2SiR2 (R = CH3 or C6H5) with six-membered

cyclosiloxanes [hexamethyl(phenyl)cyclotrisiloxane] in the
presence of basic catalysts, copolymers of different struc-
tures and molecular weights were obtained. The copoly-
merisation constants found were used to calculate the
relative reactivities of the cyclocarbosiloxanes (Table
3). 1 1 9 Copolymers of the above type are suitable for
conversion into rubbers and can also be used as moulding
and casting resins, filling oils, and protective coatings119»120.

Cyclocarbosiloxanes containing phenylene groups in the
ring can also be polymerised in the presence of bases.

Thus five-membered heterocycles with an ortho-phenyl-
ene bridge form at 100-140°C in the presence of 1% KOH
low-molecular-weight polymers ",62»63, while in the
presence of H2SO4 the Si-C bonds in the ring are cleaved
(see p. 125).

Cyclic carbosiloxane dimers and trimers with a Para-
phenylene bridge are converted in the presence of 0.01%
potassium dimethylsilanolate at 180°C into high-molecu-
lar-weight soluble polymers [molecular weight (0.7-4) χ
105l:61

(CH 3) 2Si-:
\==/

-Si (CHS)2

/ \
—Si—/ \_Si_O-

L CH3 CH, J

These polymers are thermally stable up to 350°C and
are resistant to oxidation.

When l,2-(l',l',3',3')-tetramethyldisiloxanyl-(l',3')-
carborane is treated with bases, the Si-C bonds are
dissociated and a siloxane polymer is formed74 (see p. 125).

In the series of six-membered cyclocarbosiloxanes
containing alternating siloxane and silmethylene groups,
the polymerisation activity falls as oxygen atoms are
replaced by methylene groups5 0 '1 1 3 '1 1 4. While the cyclo-
carbosiloxanes formed by replacing one oxygen atom in
hexamethylcyclotrisiloxane by a methylene group poly-
merise more slowly in the presence of an anionic catalyst
than their cyclosiloxane analogue and form a polymer with
a molecular weight of 2 χ 105, under analogous condition
the corresponding compound in which two oxygen atoms
have been replaced by methylene groups does not poly-
merise at all. It can be polymerised under more severe
conditions (1.4% KOH, 120°C, 33 h) with formation of a
low-molecular-weight oily product in a yield of 19%. re

The formation of a condensation product of this compound
has also been observed in the presence of 6 wt. % A1C13.

As in the case of five-membered cyclocarbosiloxanes119,
the replacement of a methyl group at a silicon atom by a
phenyl group increases the reactivity of six-membered
heterocycles in anionic polymerisation72. Six-membered
heterocycles (oxadisilacyclohexanes) are also polymerised
with greater difficulty11»27»75»101 than hexamethylcyclotri-
siloxane; they are less reactive than five-membered
cyclocarbosiloxanes.

The anionic and cationic polymerisation of 2,2,6,6-
tetramethyl-l-oxa-2,6-disilacyclohexane and certain
other derivatives of this heterocycle has been investiga-
t e 11,102,109,121,122.

Γ CH3 CH;

—SiCH,CHjCHjSiO

L CH,

L l
where R = CH3, C2H5, C3H7, C4He, C5HU, CeH5, or
C6H4C1.

Under optimal polymerisation conditions (0.6% KOH,
110°C, 640 min), the yield of the polymer (with R = CH3)
was 93% and the molecular weight was 3 χ 103. In the
presence of sulphuric acid or polydimethylsiloxysulphonic
acid, a polymer with a molecular weight of about 104 was
formed.

The rate of polymerisation of 2,2,6,6-tetramethyl-1-
oxa-2,6-disilacyclohexane in the presence of KOH and
H2SO4 is lower by two powers of 10 than the rate of poly-
merisation of hexamethylcyclotrisiloxane and the activa-
tion energies are respectively 21 kcal mole"1 for anionic
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polymerisation and 7 kcal mole' 1 for cationic polymerisa-
tion11»101»121»122. The intrinsic viscosity (molecular
weight) of the polymers increases linearly with the degree
of conversion. On this basis, the authors conclude that
the polymerisation has a stepwise mechanism. In the
initial stages the reaction is of first order with respect to
the monomer; at higher conversions, the reaction order
becomes fractional.

The effect of the substituent at the silicon atom on the
rate of polymerisation of oxadisilacyclohexanes in the
presence of cationic and anionic catalysts has been inves-
tigated11»102. Replacement of the methyl group by ethyl
and higher alkyl groups lowers the rate of polymerisation
in the presence of KOH approximately by a factor of 10.
The introduction of electron-accepting substituents (phenyl,
chlorophenyl) increases somewhat the rate of reaction.
As was to be expected, in the case of cationic polymerisa-
tion aryl substituents lower the rate. It is interesting to
note that electron-donating substituents also lower the
rate of cationic polymerisation of oxadisilacyclohexanes,
which has been explained by the swamping of the inductive
effect by the steric effect.

The linear relation between the logarithm of the rela-
tive rate of polymerisation of oxadisilacyclohexanes with
phenyl substituents and the σ* constant in the Hammett-
Taft equation is evidence of a correlation between the
rate of polymerisation and the inductive effect of substitu-
ents.

The polymerisation of the bicyclic compound

CH2
CH2

H2C CH2 H2C CH2

H 3 C /

[I
>Si Si

| |
Si Si

CH3

in the presence of KOH and polydimethylsiloxysulphonic
acid takes place with formation of insoluble polymers1 1 '1 0 2.

In the series of eight-membered methylenesiloxane
heterocycles, only 1,1,3,3,5,5,7,7-octamethyl-2,4,6-trioxa -
1,3,5,7-tetrasilacyclo-octane could be polymerised in the
presence of anionic catalysts50»113»114:

(CH3)2Si—CH2—Si (CH3)2

η Ο Ο

(CH 3 ) 2 Si—Ο—Si (CH3)j

CH3 CH3 CH3 CH3

I I I i
- S i — O — S i — C H - — S i — O — S i — Ο -

Ι I " I I
C H 3 C H 3 C H 3 C H 3

A polymer with a molecular weight of 7.5 χ 104 was
obtained. The corresponding cyclocarbosiloxanes with
two and three methylene groups are not polymerised under
these conditions, i.e. in this case the polymerisation
activity decreases with the number of methylene groups,
probably owing to their positive inductive effect (relative
to oxygen), which leads to an increase of electron density
at the silicon atoms as a result, nucleophilic attack on the
latter is hindered.

c. Heterocyclic Cleavage of Si—C Bunds

When cyclocarbosiloxanes with a carbon bridge having
marked electron-accepting properties are treated with
alkalis or acids, the ring Si-C bonds are cleaved. For
example, in an attempt to polymerise compounds with the
strained structures

(CH 3) 2Si ;Si(CH3)2 (CH3)2S:

and ν

in the presence of acids [compound (X)] or bases [compound
(XI)], the formation of a polydim ethyl siloxane and the
removal of a phenyl or a carborane group respectively was
observed u»e2»63>74.

At room temperature an aqueous solution of sodium
bicarbonate also causes the dissociation of the Si—C
bond74:

(CH3)2Si

The cleavage of endocyclic Si—C bonds has likewise
been observed when certain eight-membered cyclocarbo-
siloxanes were treated with nucleophilic agents50»113»114.
In pyridine solutions containing catalytic amounts of
(CH3)4NOH, 1,1,3,3,5,5,7,7-octamethyl-2,6-dioxa-l,3,5,7-
tetrasilacyclo-octane gave rise to 1,1,3,3,5,5,7,7-octa-
methyl -2,4,6 -trioxa -1,3,5,7 -tetrasilacyclo -octane and
1,1,3,3,5,5,-hexamethyl -2,4 -dioxa -1,3,5 -trisilacyclohexane
together with other products at a temperature as low as
60°C (see the scheme on p. 123). The formation of these
heterocycles indicates the dissociation of Si—C bonds in
the carbosiloxane ring. The weakening of endocyclic
Si—C bonds in cyclocarbosiloxanes is probably due to the
effect of the adjacent oxygen atom of the siloxane bond.

d. Thermal Reactions of Cyclocarbosiloxanes in the Gas
Phase

At 500-600°C in the gas phase cyclocarbosiloxanes
undergo rearrangements accompanied by the dissociation
of endocyclic S i - 0 and Si-C bonds. In the first place
this applies to cyclocarbosiloxanes consisting of alternat-
ing siloxane and silmethylene groups (p. 117).48»50»88.

The principal effect of the rearrangements is ring con-
traction. Thus eight-membered cyclocarbosiloxanes
form mainly six-membered compounds; in addition
1,3-disilacyclobutane and cyclosiloxanes are formed, for
example:

(CH,)2Si—CH—Si(CH3)2

Ο Ο

"' -Ο Si(CH3),

(CH3)2S

0

i(CH 3 ) 2
(CH;

Si
(CHJ,

I1 '
Q H , C H 2

( C H 3 ) ?

( C H 3 ) ,

(CH 3 ) 2 Si S i ( C H 3 ) ,

OH 3

f U
(n = 3,4)

The characteristics of the thermal decomposition of
cyclocarbosiloxanes are very similar to those of the
thermal decomposition of cyclosiloxanes: the latter is a
monomolecular process involving a four-centre mecha-
nism50»123»124.

It has been suggested that the thermal rearrangement of
cyclocarbosiloxanes has a similar molecular mechanism
involving transannular interactions between the oxygen or
carbon atoms on the one hand and silicon atoms on the
other50»88»124. The latter probably lead to the formation
of activated complexes of the type

i ( C H 3 ) 2

( C H 3 ) 2

(CH 3 ) 2

Si Ο

(X) (XI)

A qualitative assessment of these activated complexes
shows1 2 5"1 2 7 that the activation energy for the dissociation
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of the first is higher than for the second which is consis-
tent with the higher thermal stability of six-membered
cyclocarbosiloxanes noted in some investigations50»88

compared with the eight -member ed compounds. The
proposed activation mechanism also accounts for the
preferential dissociation of endocyclic bonds.

The structures of activated cyclocarbosiloxane com-
plexes presentedUelow show that their dissociation should
lead to the formation of unstable intermediates: methyl-
enedimethylsilane or dimethylsilanone, which are probably
in fact responsible for the formation of 1,3-disilacyclo-
butane and cyclosiloxanes:

(CHJ.

0
Si

(CHa)2

(CH3)2Si

0

Si
(CH3)2

+ (CH3)2Si=O

[(CH3)2Sio]

UCH3)2Si=CH2J

(CH3)2Si Si(CH3)3

CH,

Oxadisilacyclohexanes behave differently in gas-phase
thermolysis. Thus it has been noted11»128 that the decom-
position of 2,2,6,6-tetramethyl-l-oxa-2,6-disilacyclo-
hexane begins with the removal of methylene groups, after
which the siloxane bond is cleaved.

e. Dissociation of Cyclocarbosiloxanes on Electron
Impact

The primary process occurring in the dissociative
ionisation of cyclocarbosiloxanes (as for many other
acyclic and heterocyclic organosilicon compounds) is the
removal of a methyl group from the molecular ion
( M + ) . 11,58,67,111

M+- • [M-151+

The resulting ion [M—15]+ is more stable than the molecu-
lar ion; the formation of all other fragment ions can be as
a rule explained by its decomposition and rearrangement.
As in the case of cyclosiloxanes129, the heaviest of the
cyclocarbosiloxane fragment ions (II), (III), (Vl)-(Vin)
(see p. 117) are formed as a result of the loss of neutral
fragments originating from the surrounding methyl group,
but the cyclic skeleton of the molecule persists. With
increase of the number of methylene groups in the ring,
the intensity of the fragmentation of compounds (I) —(IV),
due to the decomposition or rearrangement of the cyclic
skeleton of the molecule, increases.

An interesting feature of the dissociative ionisation of
these cyclocarbosiloxanes is the formation of metastable
ions due to the loss of the neutral fragments (CH3)2Si0 and
(CH3)2SiCH2, which are structural elements of cyclocarbo-
siloxanes.

The mass spectra of the above six- and eight-mem-
bered cyclocarbosiloxanes contain a group of ions with the
general formula (CH3)3Si2O2 _n(CH2)n (n = 0, 1, or 2):
the cyclosiloxane ion with m/e = 133, the cyclocarbo-
siloxane ion with m/e = 131, and the cyclocarbosilane ion
with m/e = 129. The liberation of a considerable amount
of kinetic energy on formation of the first ion1 2 9 and the
detection of an ion with a high intensity (m/e = 129) in the

mass spectrum of 1,1,3,3-tetramethyl-1,3-disilacyclo-
butane130 suggest that ions of this group have a cyclic
structure.

Together with the above ions, doubly charged fragment
ions formed by the successive removal of hydrocarbon
groups from the [M-2CH3]

2+ ions were observed in the
mass spectrum. However, on passing from cyclosil-
oxanes to cyclocarbosilanes, the intensity of the doubly
charged [M-2CH3]

2Mons falls. In addition, [M-CH3]
2+

doubly charged ions were found in the mass spectra of
six-membered cyclocarbosiloxanes [compounds (II) and
(ΙΠ)]. U 1 This is evidence of a particularly high resis-
tance of the six-membered ring to dissociation on electron
impact.

In the case of 2,2,6,6-tetramethyl-l-oxa-2,6-disila-
cyclohexane11»128, the formation of the principal fragment
ions is due to the decomposition of the [M—15]+ ion and is
associated with the removal from it of propene, ethylene,
acetylene, and other fragments:

-IM-I7I

^ 87+ -^— Si(CH3)2H
+

The stability of the siloxane skeleton in this compound has
been noted. The number of ions containing the SiOSi
group reached up to 85% of all the ions in the spectrum.
An interesting feature of the mass spectrum of

[O(CH3)Si<^IZ)>Si(CH3)]2 is the presence of a fragment ion

with m/e = 97 (an intensity of 14) to which the authors
attributed the structure of silirene5 8:
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2. REACTIONS INVOLVING THE RETENTION OF THE substitution at the silicon atom have been described; the
HETEROCYCLIC SKELETON majority of them can occur without the cleavage of the ring

Si—Ο bonds. Thus reactions involving the substitution of
a. Reactions Involving Exocyclic Bonds at the Silicon halogen, alkoxy-, and amino-groups in six-membered
Atom oxadisilacyclohexanes have been described "> si-33,54,55,70.

hydrolysis, alcoholysis, transesterification, amination,
As for acyclic compounds with functional groups at Si, acetoxylation, alkylation with a Grignard reagent, hetero-

a number of reactions of cyclocarbosiloxanes involving functional condensation, and others, for example:

9 • ^ ? H :

tcH3)2ii . <

Cii, OH,

CH,

CH3COCI Cfia "CH,
Ι ι / C H ,

(CH3)2Si^ JST

NH4C1

H ? SO 4

Sfe

CHa Ϊ Η 2 Ο Ι , ^ Η 2 _

I 1
CH, CH

CH 2 CH 2t CeH5CH2OH

•R

where R = CH 3 , CgH|i· C 6 H 5 , C 6 H 5 C H 2

(C2H5}3SIOg_

CH^COOH CH 2 CH

_̂  ^ J
(CH3)2Si

/CH3

OCOCH3

£ CH
./CH 3

1
NDR

C H 2 C H 2 C < ( H 5 M e B r C

where R = CHj, iso-C6H9, C 5 H U , C 2 H 5

R = C 5 H , , . C e H 8 . OSi(C 2 H,) 3

H3C—Si Ο Si—CH,

1,—CH,—CHa

b. Reactions of Groups and Atoms Linked to Carbon functional groups at the β -carbon atom of the ring have

Numerous reactions of oxadisilacyclohexanes containing been investigated24-27,75,131.

CNV /COOR'

KOH/H/D

Γ

LiAlH,
t

KOH/CjH5OH
R

RI1

Κ ^

f N a B H /B1.

/ : O * MCI/CH3COOH H \
R ·- R

Τ Ί

Ην ,Γ.Η,ΟΜ

so'.: 1,.
pyridine

R 1i B H « / B t '3

H R — C H j — N ^ k—CH,—RH
BH
A

(C2H5)3N-BH,

NH,C
NtBH^BFj ^

NH,CHj ( : N \ .-CUJNH,
R \ n -

CH, CH,

(CH,),Si .Si((CH3),
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Despite the fact that many of these reactions take place
under comparatively severe conditions, the carbosiloxane
ring is not cleaved. In particular, it is interesting to note
that, in contrast to cyclocarbosiloxanes with functional
groups linked to silicon atoms11»33, compounds with func-
tional groups linked to carbon atoms can be reduced by
LiAlH4 without the cleavage of the ring siloxane bond.

When the hydrogen atoms of the methine groups of five-
membered C-phenyl-substituted cyclocarbosiloxanes are
attacked by free radicals, relatively unreactive cyclo-
carbosiloxane radicals of the benzyl type are formed and
recombine, giving rise to condensation products9»79:

ri(Cg—CH—CH—Cgrig

H,C | | .CH,
t-butyl peroxide (1.5 moles)

170*

C,H6 C,H6

-C-
CHS

Si<

(n=7).

During the preparation of the manuscript for the press,
new studies on the synthesis and properties of cyclocarbo-
siloxanes were published132"135.
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