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INTRODUCTION

The growth of the chemistry of macromolecular organic
derivatives of inorganic elements has been due to their
valuable technical properties, which have ensured their
wide use in various fields of technology and life. Of par-
ticular interest are polymers consisting of inorganic main
chains substituted by organic groups; these are struc-
turally intermediate between organic and inorganic com-
pounds. The production of polymers containing inorganic
chains has been little studied. It is difficult, and in most
cases actually impossible, to adapt or use for the produc-
tion of polymers containing inorganic chains the usual
methods for the production of organic polymers.

The widely used polymerisation of unsaturated organic
compounds cannot be used for the production of polymers
containing inorganic chains, because there are no cor-
responding reactive unsaturated monomers. No attempts
to polymerise monomers containing the Ρ = Ο bond have
yet been successful.
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Polycondensation reactions, which are widely used for
the preparation of organic polymers, are of limited appli-
cation to polymers with inorganic chains, since in most
cases they are accompanied by side reactions producing
low-molecular-weight cyclic compounds.

The formation of inorganic rings and their conversion
to macromolecular compounds are of great significance in
the chemistry of organic—inorganic polymers containing
inorganic chains1»2. The ring-opening polymerisation of
octamethylcyclotetrasiloxane has given linear polymers of
molecular weight of the order of 106. The study of the
formation of inorganic silicon-containing rings and their
conversion to macromolecular compounds is of exceptional
theoretical and practical interest. There have been no
general reviews of the production and reactions of inorganic
cyclic silicon compounds.

This review deals with various aspects of the chemistry
of inorganic silicon rings and includes the most important
material published in the first half of 1962. For con-
venience in dealing with the large volume of experimental
material, all inorganic silicon-containing rings have been
divided into the following classes3>4>5: (1) homocyclic
silicon compounds [R2Si]M; (2) symmetrical heterocyclic
silicon compounds [R2SiX]M, where X = O, N, S, or Se;
(3) heterocyclic compounds of mixed type [RjSiOJn-Q-Y,
where Q = Al, B, Ti, P, As, or Sb, and Υ = Ο or Ν; and
(4) polycyclic silicon compounds.

(CeH5)8Si4O, which has been assigned the cyclic struc-
ture (ΙΠ) (R = CeH5).e>19 Oxidation of octaphenylcyclo-
tetrasilane or compound (m) with nitric acid or moist
iodine V 9 produces a compound of composition (CeHgJSL^,
which is also formed by dehydration of tetraphenyldisilane
diolHO[(CeH5)2Si]2OH,19 which proves structure(IV) (R =
= CeH5). Oxidation of octaphenylcyclotetrasilane with
nitrobenzene produces another isomeric form of (CeH5)8.
.Si4O2, of structure (V) (R = CeH5).V9

i—SiR3

i SiR2

("Ο

/ \
RtSi SiR2I I
RjSi SiR2

V
(IV)

Si

ο ο
R2Si SiR,

(V)

Lithium metal in tetrahydrofuran opens the four-
-membered ring to form Li[(CeH5)2Si]4Li, in which the
lithium can be replaced by methyl groups; this has been
used as an indirect proof of the structure of the initial
cyclic compound14»15.

Organometallic compounds also react with [(CeH5)2Si]4;
for example phenyllithium gives a mixture of products,
from which dodecaphenylcyclohexasilane, a higher cyclo-
silane, has been isolated20:

I. HOMOCYCLIC SILICON COMPOUNDS

These homocyclic compounds contain rings formed only
from silicon atoms. Derivatives of the following rings
have been described:

R2Si—SiR2

| | + RLi *R3Si— SiR2—SiR2—SiR2Li-
R2Si—SiR3

R2Si SiR,
I I

R2Si SiR,
\si/

R·
(ID

Cyclohexasi lanes

R2Si-SiR,
I. I

R301—SiKj

(I)

Cyclotetrasilan

CYC LOTETRASI LANES

Only the aryl-substituted cyclotetrasilanes
where R = C6H5

 6~15 or CH3CeH4

 1 0 have been described.
These were obtained by the action of metallic sodium on
diaryldichlorosilanes:

4R2SiCI, + 8Na • {RjSiJ* + 8NaCl.

Two compounds of composi t ion [(CeH5)2Si]4 have been c h a r a c -
t e r i s e d 6 " 1 3 . One, the so-ca l led product A, i s a chemica l ly
u n s a t u r a t e d reac t ive compound which was t h e r e f o r e o r i g i -
nally assigned a linear structure with two "tervalent"
silicon atoms. The second compound, product B, was less
reactive; Kipping assigned to it structure (I) with R = C6H5.
However, recent studies have shown that product A is the
cyclic tetramer (I) (R = CeH5)

 14>15, and that product B, to
which structure (I) had been incorrectly assigned, is in
fact the hexamer (Π) (R = C eH5).1 5-1 7

Octaphenylcyclotetrasilane reacts with iodine6, dichloro-
ethane6, and mercuric chloride18, the ring opening to form
the diiodo- and dichloro-derivatives of octaphenyltetra-
silane respectively, with the structures Cl[(CeH5)2Si]4Cl
and IfiCoHjgSiJil; hydrolysis of these gives a compound

R.

R
2
Si SiR

2

I I
R Si SiR

SiR,R
2
Si

R
3
Si Li

/ S ' \
R2Si SiR,

| I + RsSi—SiR,Li,
. RjSi SiR,

R,

where R = CeH5.

The reaction between octaphenylcyclotetrasilane and
triphenylsilyllithium also produces [(CgHg^Sik, among
other products20.

Octaphenylcyclotetrasilane is decomposed on heating,
giving a very complex mixture of products containing the
groups -(C6H5)2Si- and (CeH5)3Si-.2 1

Fig.l shows the most important reactions of octaphenyl-
cyclotetrasilane .

CYCLOHEXASILANES

Dodecamethyl- 2 2 anddodecaphenyl-cyclohexasilanes16»17

have been described.

Dodecamethylcyclohexasilane (Π) (R = Cft,) was isolated
from the products of the reaction between dimethyldichloro-
silane and metallic sodium22, and its use as an additive for
improving the properties of butyl rubber has been patented w;
it apparently acts as an oxidation inhibitor.

Dodecaphenylcyclohexasilane (Π) (R = CeHs) was first
obtained by Kipping, who erroneously considered it to be
the tetramer [(CeH5)2Si]4. e>8 Gilman and coworkers, who
obtained this compound from diphenyldichlorosilane and
metallic sodium 16>17, proved that Kipping1 s product Β is not
the tetramer, but the cyclic hexamer.
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R2SiCli + Na(Li)

ILIRXH.-O | H J 0

Τ Λ »
R[R2Si],R R 2 SI SiRj

* I I
R j S i S i R

°

(CH3O)3PO
R2Si SiRj

R2Si SiRj

R3Si-SiR2Cl ° CII3[R2Si],CH3

I

RjSiK + lijS

I
,Si SI

/ \
R,Si SIR,

R2Si U

Br[R2Si]6Br Li[RtSi],Li

\LICH3

CH3[R2S!]eCH3

moist I, or HNOj

Cl[R2Si],CI + LiSiR,CHj

HO[R2Si]jOH

Fig. 1. Reactions of organocyclosilanes (R = CeHs).

Certain observations have indicated that cy clohexasilanes
are more stable than cyclotetrasilanes, since the ring is
less strained. Thusunlike the tetramer, the cyclic hexamer
does not react with phenyllithium20 and is not oxidised by
nitrobenzene. However, the six-membered ring is opened
by lithium in tetrahydrofuran, giving LifiCgHg^SiJgLi, and
by bromine, giving Br[(CeH5)2Si]eBr.17

The reactions and interconversions of cyclosilanes and
their derivatives are shown in Fig. 1. The preparation of
some of the cyclosilane reaction products by other methods
is a proof of their structure.

The production of SigHe and derivatives thereof has been
reported24, and a cyclic unsaturated structure has been
proposed for them, involving conjugated -Si = Si- double
bonds in the ring, but this structure requires confirmation,
since it is improbable on the basis of existing data.

atoms of other elements (oxygen, nitrogen, sulphur, or
selenium); and (c) mixed heterocycles, containing different
structural units.

Heterocyclic compounds of type (a) have been little
studied, and what is known of them has been discussed in
the preceding section in connection with the reactions of
organocyclosilanes. Monomers such as Clfl^Si^Cl and
Cl[R2Si]4Cl are known, and it would seem that nitrogen- and
sulphur-containing analogues of the oxygen-containing
heterocycles already described should be obtainable from
these by ammonolysis and thiohydrolysis.

Silicon is an element of low electronegativity, and hence
the - S i - S i - bond is sensitive to oxidation, so that rings
containing such bonds are relatively unstable. The alter-
nation of silicon atoms with atoms of more electronegative
elements in a ring is therefore of great importance, since
such rings, containing oxygen, nitrogen, or sulphur in
addition to silicon, will be more stable, because the ten-
dency of the silicon towards oxidation will be compensated
by the tendency of the electronegative elements towards
reduction5»25. Another factor is that electronegative ele-
ments such as oxygen and nitrogen are electron donors, and
their unshared electron pairs may be delocalised in the ring
with utilisation of the free d orbitals of the silicon atoms,
and this will also increase the stability of the ring and will
lead to partial aromatic character (see Haiduc's book5,
Chapters XXI and ΧΧΠ).

1. CYCLOSILOXANES

The structural unit SiO is the basis of a large number of
cyclic inorganic and organosilicon compounds, which are
known as "cyclosiloxanes". Cyclosiloxanes of the general
formula iRjSiO]» containing 3-12 SiO groups in the ring
have been described:

Π. HETEROCYCLIC SILICON COMPOUNDS

Heterocyclic silicon compounds are obtained when some
of the silicon atoms in the homocyclic compounds are re-
placed by other heteroatoms [see formulae (ΠΙ) —(V)], or
when silicon atoms alternate with other elements such as
oxygen, nitrogen, sulphur, and selenium around the ring:

5
ο ο

RtSi SiR,

Ν '
(VI)

R,Si—Ο—SiR,

Ο Ο
I I

R,Si—Ο—SiR,

(VII)

RtSi — Ο

Ο

R,Si
\

SiR2

Ο

R,si

RjSi
\

SiR,

i
SiR,

(VIII)

> Ρ
R»

(IX)

/ \
ο ο

jSi SiR.,

R2

/ S i \
HN NH

II
RjSi SiR,

S
II

R,Si SiRj

Η

These three rings, which are made up of the repeating
units SiO, SiN, and SiS, play an important part in the
chemistry of inorganic cyclic silicon compounds.

Mixed rings are obtained when some of the silicon atoms
in rings made up of identical repeating units are replaced
by other elements (for instance phosphorus or boron), or
when some of the oxygen in oxygen-containing rings is re-
placed by nitrogen.

Consequently, three types of inorganic heterocyclic
silicon rings are known at present: (a) heterocycles con-
taining the —Si—Si— bond and hetero-atoms; (b) hetero-
cycles with a regular alternation of silicon atoms with

Such rings can contain inorganic groups (R = Cl, Br, OH,
or O ( - )), organic radicals (R = alkyl or aryl), or functional
groups (R = alkoxy, aryloxy, alkylamino, arylamino, etc.)
as substituents taking up the remaining valencies of the
silicon after formation of the ring. Mainly the six- and
eight-membered rings have been studied.

Inorganic Derivatives

Several silicates have been shown by X-ray diffraction
to contain a cyclic silicate anion; such minerals are usually
named cyclosilicates26. The six-membered ring SLO3 is
contained as the anion SigOf," in benitoite BaTifSiaOg],27

wadeite K2Zr[Si,Og],28 catapleiite Ν ^ Ζ Γ ^ Ο β ^ Ο , 2 9

eudialite (Na, Ca, Fe)eZr[(OH, Cl)(Si3O9)2J,30 manganese
metasilicate ot-MnSiOg,31 and other minerals2 6. The
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eight-membered ring Si4O4 is contained as the anion Si4O?2

in neptunite Na2(Fe, Mn)Ti[Si4O12],32 kainosite Ca,(Ce, Y)2.
.[(CO3)(Si4O12)],33 axinite Ca2(Fe, MnjAl^OHXBOgjSi^],33

and others. The twelve-membered ring Ŝ Og is contained
as the anion SieOJg- in beryl BftjAl^SieO^],34,35 dioptase
Cue[SieO18].6H2O,3s-38 lovozerite Na2Zr[SieO12(OH)6],39 and
in a number of silicates of the tourmaline group26.

These cyclic anions have the structures:

suo;r

The acids corresponding to these anions have not been
isolated, because of the great tendency of Si-OH bonds
towards condensation, so that polysilicic acids are always
obtained as macromolecular compounds. However, the
formation of tetrametasilicic acid S i^OlOe (VH) (R = OH)
has been observed in the hydrolysis of silicon sulphide40.

Silicon oxyhalides [XjSiO]w, where X = Cl or Br and
η = 3 or 4, are also cyclic compounds. The oxychloride
01881404 (octachlorocyclotetrasiloxane) has been obtained
by oxidising silicon tetrachloride vapour at an elevated
temperature4 1"4 5. It has recently been shown48 that this
reaction also produces the trimer CleSigOg (VI) (R = Cl)
and the pentamer Cl̂ SigOg (Vm) (R = Cl). The oxidation
of silicon tetrabromide at 670°- 695° produces the oxy-
bromide Br8Si404 (octabromocyclotetrasiloxane)47, to-
gether with linear bromosiloxanes of the general formula

The hydrocyclosiloxanes [H2SiO]M, where η = 4, 5, or
6, have been obtained48; these (VII, Vm, and IX) (R = H)
are the prototypes of the organic derivatives.

Organic Derivatives

This section deals with compounds containing two organic
radicals directly attached to each silicon atom, i.e. dialkyl-,
diaryl-, and alkylaryl-cyclosiloxanes.

In principle, organocyclosiloxanes can be prepared by
any reaction in which siloxane bonding is produced. Silox-
ane bonding is produced by many different types of reac-
tion, which can be classified as follows:

(a) Reactions of functional derivatives of silicon with
substances which can release oxygen. The oxygen source
can be water, metal oxides, ethers, aldehydes, ketones,
alcohols, mixtures of alcohols with acids, etc.:

2=Si-X+H2O
2=Si—X+MeO
2=Si—X+RiO

2=Si—X+RCHO
2=Si—X+ROH

2=Si—X+ROH+R'COOH -

• =Si-O—Si=+2HX,
• =Si-O—Si^+MeX,,
• =Si-O—Si=+2RX,
• ==Si—O-Si=+RCHXa,
• =Si-O-Si=+RX+HX,

• =Si—0—Si=+R'COOR+2HX.

(1)

(2)

(3)

(4)

(5)

(6)

Of these hydrolysis is the most important reaction.

246

(b) Homofunctional condensation reactions. These
usually take place in the presence of catalysts or condensa-
tion agents:

2=Si-OH •
2=Si-0R >

2sSi-0C0R •

2=Si—OR+2R'C0OH •

=Si—0—Si=+HjO.,
=Si—0—Sis+ROR,

=Si—O-Si=+(RCO)2O,

==Si—0—Si=+2RCOOR'+H2O.

(?)
(8)

(9)
(10)

(c) Ε eterο functional condensation reactions. These
normal ly occur in the p r e s e n c e of cata lys t s or on heating:

=Si—X+RO—Si= •
=Si—X+ROCO— Sis •

=Si—X+HO—Si= •

==Si—X+MO-Si= •

Si—OR+R'OCO—Si= •

sSi—OR+HO—Si= •

==Si—NH,+H0-Si= •

=Si— 0—Si=+RX,
sSi— O-Si=+RCOX,

=Si-O—Si=+HX,

s S i - 0 - S i = + MX (M=Na, K).

=Si—0—Sis+ROCOR',

sSi—0—Sis+ROH,

= S i — 0 - S i s + N H 3 .

(11)
(12)

(13)

(U)

(15)

(16)

(17)

(d) Reactions involving rupture of a siloxane—element
bond:

2 = S i — O - Q - =Si—O—Sis + Q - O - Q . (18)

(e) Reactions involving rupture of an organo-silicon
bond, under the action of sulphuric acid or other reagents:

2=Si—R
l.H.SO,

sSi-O—Si=+2RH. (19)

The production of organocyclosiloxanes clearly requires
only bifunctional compounds. In addition to cyclic com-
pounds there will also be obtained linear polymers retain-
ing terminal functional groups. Not all of the above
reactions have been used in the production of organocyclo-
siloxanes. Some have simply not yet been sufficiently
studied, while others have given only linear polymers.
The factors which determine the mode of a reaction and
the structure of the products are not yet fully understood,
and further study is therefore required.

An interesting case of the production of organocyclo-
siloxanes is the depolymerisation of macromolecular
linear diorganosiloxanes, by which the products of any of

the above reactions can be converted into organocyclo-
siloxanes, a feature of the reaction being that the total
number and nature of the bonds remain unaltered, the
starting materials and products differing only in molecular
weight. The reaction involves only the rearrangement or
redistribution of the siloxane bonds, the macromolecular
polymers being converted into low-molecular-weight
cyclic compounds49"54:

[RjSiO],- (20)

where ny = χ. This reaction has been widely used, especially
for the preparation of hexaorganocyclotrisiloxanes 55~70.

(a) R e a c t i o n s of funct ional d e r i v a t i v e s of
s i l i c o n with s u b s t a n c e s which can r e l e a s e
oxygen. The hydrolysis of functional derivatives of
silicon is the most important method for the production of
cyclosiloxanes. Organocyclosiloxanes [RgSiOjn are formed,
together with the linear siloxanes HOfiLjSiO] #SiRs,OH, when
bifunctional compounds RzSiX-j, (where X = halogen, -OR',
-OCOCH3, etc.), are hydrolysed [reaction (1)]. Despite
the relatively simple structure of the starting materials,
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the hydrolysis is a complex process involving two com-
peting reactions:

hydrolysis of Si—X bonds

sSi—X + H2O —

and condensation

• ESi—OH + HX,

=Si-OH + HO—Si Ξ

=Si-OH -f X - S i ^ -

-=Si—0—Si=

• ESi—O—Sis + HX.

This reaction is more correctly named hydrolytic poly-
condensation75.

It should be noted that hydrolysis alone cannot produce
cyclic compounds, since the hydrolysis products are
dialkyl- (or diaryl-) silanediols. The reaction can be
stopped at this stage only if the medium is kept strictly
neutral, since traces of acid produce further condensation
of the diorganosilanediols with the formation of linear and

. cyclic organosiloxanes. The formation of rings and linear
chains is thus the result of stepwise hydrolytic polyconden-
sation.

The mechanism of formation of organosiloxanes in the
hydrolysis reaction has been most studied with diorgano-
dichlorosilanes (and in particular with dimethyldichloro-
silane); several intermediates have been isolated. It can
be assumed that dialkoxy- and diacetoxy-silanes undergo
hydrolysis by an analogous mechanism.

Fig. 2 illustrates the hydrolysis of dialkyldichlorosilanes.
Under the influence of protons, the hydrolysis products
I^SiClOH and F^SiiOH^ can react with one another and with
their reaction products to give various different compounds.
Proof of this mechanism is to be found in the hydrolysis of
dimethyldichlorosilane under various conditions. Hydro-
lysis with a deficiency of water (in a homogeneous medium)
will produce οίω-dichloroorganosiloxanes (series α χ - α η ) ;
e.g. the compounds Cl[R2SiO]w_1SiR2Cl, where R = CH3

and η - 1 — 5, have been obtained in this way49»71. With
hydrolysis in a neutral medium (with neutralisation of the
hydrogen chloride formed) it is possible to isolate dimethyl-
silanediol (CH^SiiOH)., 72>73 and tetramethyldisiloxanediol
HO(CH3)2SiOSi(CH3)2OH.74 Compounds of series δ, i.e.
organochlorosiloxanols, cannot be obtained, because of the
impossibility of the simultaneous existence of Ξ Si—Cl and
= Si—OH bonds, which immediately condense with the eli-
mination of HC1 and the formation of an = Si—O—Si = bond.

+ H20 · +HiC
CIRjSiOSiR2CI * CIR,SiOSiR2OH—E!2ii»HOR,-Si-O-S(R, iOH

"2 b7 c ,

±M»- HO[R,SiO],SlRjOH
SiRj

r +H20 -H,0
Cl[_RiSiO]3SiR2OH » - H O [ R 2 S I O ] 3 S I R 2 O Η — - RjSi—-O— SiR2

b, c< | |

? ι
R 2 Si—O—SIR»

Cl[R2SiO]n.,SiR2CI '-*• ClfRjSiOJ^SiRjOH·
an >>* c*

Fig. 2. Hydrolysis of diorganodichlorosilanes.

The chain grows as a result of intermolecular condensa-
tion. Cyclisation occurs by intramolecular reactions of
this type with chains containing more than three silicon
atoms; a proof of this is the condensation of αω-organo-
siloxanediols, which gives high yields of cyclic compounds 7 5.
The monomeric silicone I^SiO and the cyclic dimer [RgSiOk
have not been isolated, although species of mass corres-
ponding to (CHg)2SiO and (C2H5)2SiO have been observed by
mass spectrometry76.

The factors which determine the course of hydrolysis
have been little studied, but it is known that the composi-
tion of the reaction products depends greatly on the nature
of the organic radical and the functional groups of the
initial monomer, and on the temperature, concentration,
and pH of the medium75.

The organic radicals determine the size of the rings
formed: the hydrolysis of dimethyldichlorosilane produces
6-, 8-, 10-, and 12 —18-membered rings, the ethyl com-
pound and certain other diorganodichlorosilanes produce
6-, 8-, 10-, and 12-membered rings, while many diorgano-
dichlorosilanes produce only 6- and 8-membered rings.
This may be due to the steric effect of the organic radical.

The functional groups of the monomer determine the
rate of hydrolysis, since different groups have different
reactivities. The following order of reactivity in hydro-
lysis reactions has been established75:

—Cl =s —OCOR > —OR,

in accordance with the change in electronegativity of these
groups.

The composition of the reaction products also depends on
the concentration and on the nature of the solvent used. A
decrease of concentration increases the formation of cyclic
compounds and reduces the yield of linear products. The
nature of the solvent also affects the reaction77; thus the
hydrolysis of diethyldichlorosilane in ether gives 41% of the
trimer [(C2H5)2Sioi and 31% of the tetramer [(C2H5)2SiO]4,78

while hydrolysis in methanol produces the cyclic tetramer
in 70% yield70. In general, water-miscible solvents in-
crease the yield of cyclic compounds.

The acidity of the medium has a large effect on the com-
position of the hydrolysis products. As already mentioned,
diorganosilanediols can be isolated from a netural medium,
while an acid medium favours condensation, especially the
formation of low-molecular-weight cyclic organosiloxanes.
An alkaline medium prevents ring-formation to a consider-
able extent. It is of interest here that the hydrolysis of
diorganodichlorosilanes by aqueous solutions of metal salts
also gives large amounts of cyclic siloxanes80.

Hydrolysis of the corresponding diorganodichlorosilanes
has provided the following cyclosiloxane derivatives of
general formula [R^iO]»» the substituent radicals being
dimethyl (η = 3-9)49»77»81"85, hydrogen and methyl (n =
= 4-6)a»"89, diethyl (η = 3-5)7 8,9 0-9 3, hydrogen and ethyl
(n = 3-δ) 9 4 , 9 5 , methyl and ethyl (n = 3-δ) 9 6 , 9 7 , methyl and
butyl (n = 3 —δ)9 7, methyl and trifluoropropyl (n = 3) 9 8,
methyl and trifluorobutyl (n = 4 ) " , methyl and vinyl (n =
= 4 and 6) 1 0 0, ethyl and vinyl (n - 3) 1 0 1, diphenyl (w = 3

and 4) 82»102>103, methyl and phenyl (n = 3 and 4) 90,104,105̂
di-(chlorophenyl) (n = 3 and 4) 1 0 6, methyl and chlorophenyl
(n = 3 and 4) 1 0 7, 1 0 8, ethyl and phenyl (n = 3 and 4)β2,90,
ethyl and benzyl (« = 3) 1 0 9, spiropentamethylene (η «= δ) 1 1 0 ,
and others Μ,βτ,ιιι -ΐ2ΐ#
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The hydrolysis of the αω-dichloroorganosiloxanes
Cl[R2SiO]n_1SiR2Cl (where R = CH, and C2H5) has also
been studied122; this produces cyclic compounds with
n, 2n, 3w, . . . siloxane groups in the ring.

The hydrolysis of dialkyl(or aryl)dialkoxysilanes has
also produced cyclosiloxanes: dimethyl (« = 3-12)1 2 3"1 2 9,
methyl vinyl (« = 4-6) 1 3 0 " 1 3 2 , methyl chlorophenyl (n =
= 3) 1 3 3, ethyl vinyl (w = 3) 1 0 1, tetramethylbisferrocenyl134,
and others1 3 5. The hydrolysis of alkoxysilanes even with
a deficiency of water yields cyclic compounds in addition to
the linear organodialkoxysiloxanes RO[R2SiO]n_1SiR2OR.136

The hydrolysis of methylhexynyldiacetoxysilane with
water has given tetra-(methylhexynyl)cyclotetrasiloxane

[ C H 3 ( C H 2 ) 3 C ^ c - i g L
The organocyclosiloxanes so far described have identical

repeating units in the ring. The simultaneous hydrolysis
of two (or sometimes more) bifunctional monomers gives
cyclic compounds containing different units in the ring
(i.e. differently substituted units). Simultaneous hydro-
lysis is thus a method for the production of organocyclo-
siloxane isomers differing in the positions of the organic
radicals around the ring, e.g.:

The reaction between chlorosilanes and aldehydes [re-
action (4)] has been used to prepare silicon oxychlorides159.
Alkylalkoxysilanes react with aldehydes to form organo-
cyclosiloxanes160. Acetone reacts with diphenyldichloro-
silane to yield cyclosiloxanes; the reaction mechanism is
not clear161»162. Dimethylformamide also reacts with
organochlorosilanestogive linear and cyclic siloxanes163»164.
In all these cases the organochlorosilane splits off and com-
bines with the carbonyl oxygen.

The reaction of chlorosilanes with alcohols normally
produces alkoxysilanes, but siloxanes are formed in a side-
- reaction [by reaction (5)], particularly with methyl 165>166

and t-butyl alcohols167»168. The yield of cyclic organo-
siloxanes is very low, since the reaction proceeds effec-
tively the whole time with a deficiency of water, which is
produced by the reaction of the alcohol with hydrogen
chloride.

Reaction (6) is actually a disguised hydrolysis reaction,
since it takes place by virtue of the water liberated; it
produces mainly linear polymers. The yield of cyclic
organosiloxanes when dimethyldichlorosilane is reacted
with a mixture of methanol and acetic acid, is less than

R' R

R'_Si—O—Si- R

I I
ο ο

R—Si—Ο—Si—R'

(Vila)

R

(Vllb)
A·

A compound (Vila) i s produced by the simple hydrolysis
of a monomer RR'SiXj, and a compound (Vllb) by the
simultaneous hydrolysis of two monomers RzSiXj and
R£SiXg. Dimethyldichlorosilane has been cohydrolysed
with H2SiCL,,1 3 8 CHgSiHCLj,139,140 CH3(CH2 = CH)SiCl2, 1 4 1- 1 4 3

CaHeiCH^CHjSiC^, "»,"» ( C ^ S i C l , , 1 4 4 C6H5(CH3).
.SiCL,,144»145 ClCeH4(CH s)SiCla,

 1 4 V 4 5 and C6H5(CH3)Si.
.(OC2H5)2;

 1 4 6 other cohydrolysis reactions have also been
described «x»»135»140»142»143»147»148.

In the reaction of organodichlorosilanes with metal
oxides [reaction (2)] the oxide oxygen i s used to form the
siloxane bond; for example, the reaction between dibenzyl-
dichlorosilane and mercur ic oxide produces the t r i m e r
[R^iOja · 1 4 9 Oxides of copper, zinc, beryllium, magnes-
ium, silver, cadmium, and lead have been u s e d 1 5 0 " 1 5 2 .
With a deficiency of metal oxide, acyclic organohalogeno-
siloxanes a re formed 1 5 3 . The reaction between dimethyl-
dichlorosilane and ferric oxide also does not produce cyclic
compounds, and only 1,3-dichlorotetramethyldisiloxane i s
formed 1 5 4 , 1 5 5 .

In general, this interesting type of reaction has been
insufficiently studied, and it i s still not clear why the
mode of the reaction var ies with the metal used as the
oxide.

Metal salts may be used in place of the oxides 1 5 2» 1 5 6;
thus diethyldichlorosilane with NaHCO3 yields the t r i m e r
[(C 2H 5) 2SiO] 3 . 1 5 6

Organohalogenosilanes react with ethers to form cyclo-
siloxanes [reaction (3)]. Dimethyldibromosilane and ethyl
ether give [(CHg^SiO^ and ethyl b r o m i d e 1 5 7 . At 200° and
under pres sure dimethyldichlorosilane react s with dimethyl
ether in the presence of AlCl^ to give a silicone oil which
contains the t r i m e r [(CH 3) 2SiO] 3 . 1 5 8

(b) H o m o f u n c t i o n a l c o n d e n s a t i o n r e a c t i o n s .
The condensation of organosilanols [reaction (7)] i s one of
the competing reactions in the hydrolysis of bifunctional
organosilanes, since in some cases organosilanols ^an be
isolated during the hydrolysis. The condensation of
diphenylsilanediol in alcohol or acetic anhydride produces
the cyclic t r i m e r [(C6H5)2SiO]3, which was the first organo-
cyclosiloxane to be identified 1 7 0. Other reactions of this
type have been described 1 0 2» 1 0 6» 1 1 1» 1 7 1" 1 7 9.

Condensation with ring-formation has been especially
studied with siloxanediols HOfRaSiOj^H, which give mainly
cyclic compounds containing 2n, 3w . . . R2SiO groups in the
ring when η > 2 or even when η ss 3 . 7 5

The condensation of organosilanols i s favoured by heat
and the catalytic action of acids or bases. It i s interesting
that the condensation of (C6H5)2Si(OH)2 produces the t e t r a m e r
[(CgHg^SiO^ in the presence of alkalis 1 8 0 » 1 8 1 , but the t r i m e r
in the presence of acids or a lcohols 1 8 1 . The condensation
of organosilanediols by the action of ion-exchange res ins
has been described: diethylsilanediol yields a mixture of
the t r i m e r and the t e t r a m e r 1 8 2 .

The homocondensation of alkoxysilanes to form silox-
anes [reaction (8)] i s carr ied out by heating under pres sure
in the presence of catalysts (AIX,, BX3). Diethyldiethoxy-
silane gives linear alkoxysiloxanes and the cyclic t r i m e r 1 8 3 .

Organic acids and their anhydrides can be used as con-
densation agents for alkoxysi lanes 1 8 4 " 1 8 6 [reaction (10)]:
thus dimethyldiethoxysilane r e a c t s readily with acetic
anhydride or acetic acid to give linear and cyclic organo-
siloxanes. The mechanism here i s more complex, and
includes heterofunctional condensation reactions between
alkoxysilanes and acetoxysi lanes 1 8 7 .

The homocondensation of acyloxysilanes, e.g. diacetoxy-
diorganosilanes [reaction (9)], i s carr ied out by heating
above 200°, and gives liquid organosiloxanes 1 8 8 ; the r e -
action products were not fully investigated.

(c) H e t e r o f u n c t i o n a l c o n d e n s a t i o n r e a c -
t i o n s . These a re reactions between two monomers
having different functional groups attached to silicon atoms;

248



Vol.32 No.5 RUSSIAN CHEMICAL REVIEWS May 1963

a siloxane bond is formed, with elimination of a secondary
reaction product [reactions (11)—(17)].

Organohalogenosilanes react with alkoxysilanes [reac-
tion (11)] on heating in the presence of a Friedel-Crafts
catalyst; generally the products are linear organosilox-
anes containing the functional groups. With an exactly
equimolar mixture of RjjSiCLj and RjSiiOiOjj (R = C2H5) and
in the presence of AICI3, the main products are organo-
cyclosiloxanes183. Excess of chloro- or alkoxy-silane
produces the linear αω-dichloro- or aa>-dialkoxy-siloxane.
When R = CH3, a polymer is formed189. Heating (CHg)2.
.SiCl(OCH3) at 80° in the presence of FeClg yields a mix-
ture of linear and cyclic siloxanes190.

The reaction of organohalogenosilanes with acyloxysil-
anes, in particular with acetoxysilanes [reaction (12)] leads
predominantly to the formation of linear siloxanes191.

The reaction between organohalogenosilanes and organo-
silanols [reaction (13)] is one of the steps in hydrolytic
polycondensation, and produces cyclic and linear polymers.
The reaction of dimethyldichlorosilane with tetramethyl-
disiloxane-l,3-diol gives a polydimethylsiloxane192.

Reaction (14) has been used for the preparation of
organocyclosiloxanes containing functional groups, and is
dealt with below.

Alkoxysilanes react with acyloxysilanes [reaction (15)]
on heating in the presence of alkaline or acid catalysts. The
reaction is not of great interest for the production of cyclic
compounds, since it gives mainly linear polymers191»193.

The reaction of alkoxysilanes with organosilanediols [re-
action (16)] takes place in the presence of alkaline or acidic
catalysts, e.g. sodium silanolates, and can be used for the
preparation of cyclic compounds. The reaction of (CHg)2.
.Si(OC2H5)2 with (t-C4H9)2Si(OH)2 in the presence of H2SO4

produces the cyclotetrasiloxane (t-C4H9)4(CH3)4Si4O4.
 1 9 4

The following reactions have also been carried out1 9 4:

—C.H.OH
(CeH6)2Si(OH)a+C2H6O(CH3)lsSiOSi(CH,)JOC2H6 • (C,H6)2(CH8)4Si303,

2(CeH6)2Si(OH)2+2(CH3)2Si(OC2H i)2
(CH s)4(C,H6)4Si404.

Aminosilanes also react with organosilanols to form the
siloxane bond [reaction (17)]. The formation of linear and
cyclic organosiloxanes195 has been demonstrated in the re-
action of (CH3)2Si[N(C2H5)2]2 with hexamethyltrisiloxane-
-1,5-diol.

(d) R e a c t i o n s i n v o l v i n g r u p t u r e of a
s i l o x a n e - e l e m e n t bond [reaction (18)] can occur
hydrolytically or by disproportionation on heating, and can
also produce cyclosiloxanes, e.g".196»197:

l«0°
(R2SiCIO)3B • [R2SiO]3+R2SiCl2+B2O3,

where R = CH3.

The formation of cyclosiloxanes has also been observed
in the disproportionation of arsenatosiloxanes198:

ο ο ο
3HO—As—Ο—SiR3—Ο—As—OH

OH

where R = C=Hr

OH

[R2SiO]3+HO—As—O-As—OH,

OH
I
OH

The Si-O-Pb, Si-O-Mg, Si-O-Cu, and Si-O-Hg
bonds are also readily broken, with the formation of
cyclosiloxanes199.

(e) R e a c t i o n s involving r u p t u r e of an
o r g a n o - s i l i c o n bond generally proceed under the
action of concentrated sulphuric acid and water, forming
the hydrocarbon and a. siloxane bond. The first stage of
the reaction is the formation of silyl sulphates, which are
then hydrolysed by the water. The trimethylsilyl group
may thus be converted into the dimethylsiloxane group200:

l.H.SO, 1

- — — [-(CH3)2Si-O-]rt+CH4.

(These elimination reactions are typical of a series of
compounds containing functional groups in the organic
radical, e.g. 2 0 1:

CH,COO(CH3)2Sis

CH3COO(CHs)jSi/

(CH,),

/ S i \

ό o
ι ι

(CH,),Si Si(CHs), + 6CH,C0OCH,.

An interesting use of this reaction is the conversion of
cyclic silicon-containing hydrocarbons into cyclosilox-
anes2 0 2:

CH,—CH2. XH 2 —CH 2 H,SO. CH2—CH2 .CHj—CH2 H.SO.
ι \<ii/ ι > ι \Si_O-Si/2 I >Si< I • I \ S i
CHj—CH/ X CH 2 —CH 2 H2O CHj—CH,/ |

r*C4H9 C4H,

(C4H,)2 S i - O - S i ( C 4 H , ) 2 ;

CH
I

CH

a \ C i

C,H6

HeQ Q H e

-CH, H,SO4 HSQ—Si—O—Si—Qj
| >Si-O-Si/ | • | |

"j—CH,/ | | \CHa—CH2 Η,Ο ο Ο

HjCj-Si-0 —Si—Q

H,C4 C 4 H,

Phenyl groups are more easily removed from silicon
atoms than alkyl groups. Di-(cyclohexyl)phenylsilanol
gives a cyclic trimer on heating with HC1 or HNOg in
acetic acid111:

3C,H6(C,Hu)aSi0H t(C.Hu),Si0]s+3C,H».

Bromine in acetic acid produces a mixture of the same
trimer together with the tetramer1 1 1.

Physical Properties of Organocyclosiloxanes

In addition to such physical properties as melting and
boiling point, density and refractive index, other physical
properties of certain organocyclosiloxanes, in particular
the dimethyl derivatives, have been determined. Thus data
have been given on viscosity203'209, compressibility209"211,
surface tension212, and molecular volume203. Thermo-
dynamic characteristics have been evaluated: heats of for-
mation2 1 3"2 1 7, equation of state2 1 8, thermal expansion203,
vapour pressure204>218"220, heats of evaporation203»218»220,
heats of fusion and sublimation and entropy 218>219»221, and
cryoscopic constants2 1 8J2 2 1"2 2 3. Dielectric constants224"226,
dipole moments224>227»228, and magnetic properties2 2 9 have
been determined. Organocyclosiloxanes have been quite
widely studied spectroscopically. Infrared spectra have
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been recorded for dimethylcyclosiloxanes90»230,231, diethyl-
cyclosiloxanes ^, diphenylcyclosiloxanes90?232»233, other
cyclosiloxanes containing organic radicals ^ J 2 3 4 " 2 3 6 , and
cyclic silicates237?238. It has been shown that the absorption
band at 1020 cm"1 corresponds to the six-membered ring,
and the band at 1060-1080 cm"1 to the eight-membered
ring. The Raman spectra of dimethyl-230>231»239-241,
diethyl-242, and other cyclo-siloxanes233'242'243, have been
investigated. The ultraviolet244 and nuclear magnetic
resonance spectra2 4 5"2 4 8 of certain organocyclosiloxanes
have been described.

Structure of the Organocyclosiloxanes

The structure of the dimethylcyclosiloxanes has been
investigated by electron diffraction249"253 and X-ray dif-
fraction 254-258 methods.

The six-membered Si3O3 rings in the trimeor [(CHg^SOjg
is planar. The Si-O bond distance of 1.614 A is consider-
ably less than the sum of the covalent radii of oxygen and
silicon, demonstrating delocalisation of the oxygen π elec-
trons because of the 3d orbitals of the silicon, with partial
aromatisation5. The bond angles258 Ζ OSiO = 104° and
Ζ SiOSi = 136° in the planar ring indicate that the ring is
somewhat strained, which is shown in the greater reacti-
vity of the cyclotrisiloxanes as compared with their cyclo-
siloxane homologues.

The eight-membered Si4O4 ring in the tetramer [(CH3)2.
^ is not planar, and has the "chair" configuration. The

Si—Ο distance of 1.65 A 2 5 7 also indicates delocalisation of
π electrons with dv-pv conjugation5'259. The bond angles
are L SiOSi = 142.5° and Ζ OSiO = 109°.

Chemical Properties of Organocyclosiloxanes

The cyclosiloxane derivatives are very reactive. They
can react with retention of the ring (substitution reactions),
breakdown of the ring (production of monomers), or opening
of the ring (production of oligomers, telomers, and poly-
mers). Cyclosiloxanes are not very reactive in homolytic
reactions, and are very stable from this point of view, but,
because of the polarity of the Si—Ο bonds in the rings, they
can undergo many diverse heterolytic reactions, and their
reactions with electrophilic and nucleophilic reagents are
very widely used for the preparation of various types of
silicon compounds.

The composition of the reaction products of cyclosilox-
anes with various reagents depends on the relative propor-
tions of reactants used. The same reagent, e.g. NaOH,
can produce monomers or oligomers or can lead to poly-
merisation of the cyclosiloxane. The reaction mechanism
is the same, but the products will differ, depending on the
relative quantities of NaOH and cyclosiloxane used and on
the reaction conditions.

R e a c t i o n s i n v o l v i n g b r e a k d o w n of t h e
r i n g . If sufficient reactant is taken to react with all the
Si-O bonds of the cyclosiloxane, the products will be
monomers, i.e. compounds containing only one silicon
atom per molecule. Thus the reaction between NaOH and
a cyclosiloxane taken in the molar ratio NaOH : pE^SiOjn =

= In : 1 (where η is the number of SiO groups in the ring)
produces the monomers R2Si(ONa)2. Acids, for instance
HC1 and HF, also decompose the siloxane ring; thus HF

converts [(C2H5)2SiQ]3 into (C2H5)2SiF2.
260 Lithium alu-

minium hydride reduces organocyclosiloxanes to diorgano-
silanes2 8 1:

2 [R2SiO]n + η LiAlH4 •

where R =

Organomagnesium compounds produce triorganosilanols
after hydrolysis of the intermediates262»263:

1 / η [R2SiO]n + RMgl • R3SiOMgI • • R3SiOH + MglOH.

Boron halides react with organocyclosiloxanes to form
compounds containing the Si-O-B bond; these dispropor-
tionate to the diorganodihalogenosilane and B2O3.

 1 9 8, 1 9 7

The stereochemical influence of the organic radicals and
the size of the ring have been studied: the larger the
organic radical and the greater the number of SiO units in
the ring, the more hindered is the reaction, because of the
difficulty of approach of the reactant to the ring oxygen
atoms.

Aluminium halides also break down the ring, but only
half the silicon appears as a chloro-derivative; the
remainder forms aluminosiloxanes264; [(CeH5)2SiO]3 pro-
duces

Organocyclosiloxanes are also converted into dialkyl-
dichlorosilanes by the action of SiCl^ at 250° under pres-
sure; e.g. with sufficient SiC^ [(CHg^SiO^ gives (CH,^.
•SiCLj.266

Under certain conditions alkylhalogenosilanes also
decompose cyclosiloxanes in the presence of ferric chlor-
ide; e.g. alkylbromo- and alkyliodo-silanes react at the
boiling point267:

FeCl,
[(CH3)2 SiO]4 + 8 (C2H,)3 SiBi • 4 (CH3)2 SiBr2 + 4 (C.H.), SiOSi (C2H6),.

Alkylchlorosilanes decompose cyclosiloxanes only under
pressure.

An interesting reaction is the decomposition of organo-
cyclosiloxanes by alcohols or phenols in the presence of
1 — 10 mole % of sodium hydroxide, alkoxide, or silanol-

a t e 268-273;

catalyst
1 In fR2Si0]rt + 2 R ' O H t = : R2Si (OR')2 + H2O,

where η = 3, 4, or 5, and R = alkyl or aryl. The water
formed must be removed by azeotropic distillation, or, pre-
ferably, by using a dehydrating agent such as Si(OC2H5)4.

A special case of this reaction is the decomposition of
cyclosiloxanes by alkoxysilanes 2*9,270̂ 71 i n the presence
of KOH:

2 [R2SiO]n + n Si (OC2H6)4

l/n[R,SiOJn "

- In R2Si (OCjHs)2 + η SiO2 (n 3t- 3),

KOH
• R2Si (OR')2 + R3Si0SiR3.

The ease of catalytic decomposition of organocyclosilox-
anes by alkoxysilanes decreases in the series 2 7 2:

[R,SiOJ, > [R,SiO]4 > [RjSiOJn+3 > RsSi [OSiR2]n R (/»> 2) .

A similar reaction is the disproportionation of alkoxy-
cyclosiloxanes in the presence of KOH: 209,270,272

KOH
2 [(RO)2 SiO] n • η Si (OR)4 + η SiOj .

Organocyclosiloxanes react with butyl titanate2 7 4 to
form dialkoxysilanes and a polymer containing the Si—O—Ti
linkage :

[R»SiO]4 + Ti (OC4H,)4 - ^ — R,Si (ΟΟ,Η,), + C4H,OSiR,OSiOSiR2OC4H, + polymer.
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R i n g o p e n i n g wi th t h e f o r m a t i o n of o l i -
g o m e r s . Particular interest attaches to the cleavage of
only one siloxane bond of cyclosiloxanes, which produces
linear oligomers; thus the action of sodium or potassium
hydroxide on organocyclosiloxanes converts them into oli-
gomers containing the same number of silicon atoms 2 7 5:

[(C,H s)a SiO], , + N a O H ' 3 % • NaO [(C,H6)a S i O ] M Na CH'COOH ,H O [(C.HJ, SiO] 3 t 4H.

Certa in organometal l ic compounds r e a c t s i m i l a r l y 2 7 6 :

[R2Si0]4 + AIR; • •R'[RaSiO]4AlRa

At a high temperature and under pressure diorgano-
dihalogenosilanes also give oligomers2 7 7:

· Cl [RaSiO]n SiR2Cl (n = 3—6).

Ring o p e n i n g wi th t h e f o r m a t i o n of t e l o -
m e r s. An interesting case of siloxane ring opening with
increase of the siloxane chain length is telomerisation;
thus at a high temperature (250°-300°) and under pressure
organocyclosiloxanes react with dialkyldichlorosilanes to
give a series of ατω-dichlorosiloxanes containing an + 1
silicon atoms, where η is the number of silicon atoms in
the initial ring, and a = 1, 2, 3 . . . . The reaction can be
considered to proceed as follows. The first stage is the
opening of the ring with the formation of an αω-dichloro-
siloxane containing η + 1 silicon atoms 2 7 8:

R
2
Si—O—SiR

2
.

ο <L..
. Cl

SiR,

R
2
Si—O—SiR

2
Cl

R
2
Si—O—SiR

2
 Cl R

2
Si—O—SiR

2
—O—SiRjCl

Under the reaction conditions the αω-dichlorosiloxane r e -
acts with a second cyclosiloxane molecule, and the chain
increases in length by η SiO units. This method has been
used to obtain αω-dichlorosiloxanes ClfRjjSiOjwSiRjjCl with
η - 3, 6, and 9, and R = CH, and C2H5 by ring opening of

and Cl[R2SiO]wSiR2Cl with η = 4, 8, 12 . . .
[ S O ^ 2 7 8 2 8 0and R = CHg, C2H5, etc. by ring opening of

Ring opening of cyclosiloxanes with trialkylchlorosilanes
yields oligomers containing the RgSi group at one end of
the chain281.

A similar telomerisation reaction is that between titan-
ium tetrachloride and organocyclosiloxanes282, to produce
compounds Cl[R2SiO]nTiCLj, where η = 4, 8, etc.

According to patent data, dimethylsiloxane-au)-diols
HO[(CH3)2SiO]wH (where η has average values of 5.5, 10.4,
and 18.1) are produced by the action of water under pres-
sure on hexamethylcyclotrisiloxane283.

R e a r r a n g e m e n t r e a c t i o n s . Mixtures of organo-
cyclosiloxanes with organodisiloxanes react in the presence
of alkali metal hydroxides, acids, silanolates, or other
compounds (quaternary ammonium and phosphonium bases,
etc.) as catalysts, with rearrangement of the siloxane bonds
and formation of linear organosiloxanes with terminal
R3S1O groups49,284"291:

nf RiSiO]4 + R3 SiOSiRs c a t a y S t . R,SiO fSiR aO] 4 n SiR,.

The reaction of an organocyclosiloxane with an organo-
disiloxane produces linear polymers RgSiO[R2SiO]aWSiR3,
where η is the number of SiO groups in the initial ring, and
σ is 1, 2, or 3. 2 8 5 This reaction is widely used for the
production of liquid organosiloxanes. Many examples of
this catalytic rearrangement have been described, e.g. the

r e a c t i o n of [ ( C E ^ S i O ^ with
( C e H j 2 ( C H 2 = CH)Si] 2 O, 2 9 2 [ e j
( j k v 2 9 4 t h e r e a c t i o n of

i l A 2 9 5 , 2 9 6 of [ ( ^

and o t h e r s 1 3 8 , 2 9 8 .

49,284-291

and
g ^ t wi th

with [ ( C 2 H 5 ) 3 S i ] 2 0 , 2 9 7

Kinetic studies have shown286 that the ability of organo-
siloxanes to rearrange in the presence of acid catalysts
decreases in the series:

[R2Si0]3 > RaSiOSiRs > R3Si [OSiRj]OSiR3 > R3Si [OSiRa]2OSi R3 > [R 2 Si0] 4 .

With alkaline catalysts the order changes:

s > [RsSiO]4 > R3Si [OSiRa],OSiR3 > RsSi [OSiRa] OSiR, > R,SiOSiR3.

The rearrangement reaction is of particular interest for
the production of linear siloxane oligomers containing sub-
stituted hydrocarbon end-groups: organocyclosiloxanes
and a symmetrical disiloxane are used:

catalyst
oIRaSi0Jrt + ZRjSiOSiRaZ • «DRjSi [OSiR2]anOSiR,Z,

where Ζ is a substituted hydrocarbon group, a = 1, 2,
3 . . . , and η is the number of SiO groups in the initial ring.
This method has given siloxane oligomers having the fol-
lowing terminal groups:

C2H5OCOCH2CH2(CH3)2SiO, 2 9 9, 3 0 0

2-C 5 H 4 NCH 2 CH2(CH 3 ) 2 SiO, 3 0 2

2 ( ) i O 3 0 3

3 O 5

sk 3 0 6

Cl 2 C e H 3 OCH2OCOCH 2 (CH 3 ) 2 SiO, 3 O T

^ i O , 3 0 8

, 3 0 9

, 3 0 9 > 3 1 0

and others3 1 1"3 1 5.

Ring opening with the f o r m a t i o n of poly-
m e r s . Attention is directed to the following features of
some of the reactions described above: (a) agents such as
alkalis and acids can open the siloxane ring; and (b) the
initial products of ring opening can themselves open further
siloxane rings, with growth of the chain. The mechanism
of polymerisation of organocyclosiloxanes under the cata-
lytic action of alkalis, acids, or other agents can thus be
understood. The mechanism is general for a number of
types of reaction, but the nature of the final product depends
on the amount of ring-opening agent used. Catalytic
amounts cause polymerisation by continuous chain growth
as the result of reaction between the active end-groups and
cyclic molecules before equilibrium is reached.

Organocyclosiloxanes can be polymerised by nucleo-
philic reagents (alkalis, alkoxides, etc.) or by electrophilic
reagents (acids, boron halides, aluminium halides, etc.).

The mechanism of polymerisation by alkaline catalysts
can be represented as follows. In the first step a hydroxy-
-group coordinates with a silicon atom by virtue of its free
3d orbital, and this produces a redistribution of electron
density and opening of the ring:

R,Si—O—SiR,

RjSi—O—Si~-OH
R»

R s S i — O — S i R j — Ο "

—SiR,OH
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The anionic end of the linear organosiloxane chain then
attaches itself to a silicon atom of another cyclic molecule,
and this produces redistribution of electron density and
ring opening as before, with growth of the chain3 1 8"3 2 1:

R,Si—O—SiR, RtSi—O—SiRj

» Ο -IO-[SiR2O]sH.

•O—[SiR,O],H

The process continues in this way until equilibrium is reached.
The equilibrium mixture obtained in the polymerisation of
[(CH3)2Si0]4 by the action of potassium hydroxide contains
~ 94% of macromolecular polymer and 6% of unreacted
cyclosiloxane317. This reaction is the basis of the produc-
tion of dimethylsilicone rubbers, and many examples of the
reaction have been investigated361.

Kinetic studies have shown316 that the catalytic activity
of aqueous alkali metal hydroxides falls in the series
CsOH > KOH > NaOH > LiOH, and of alcoholic hydrox-
ides in the series RbOH > CsOH > (CHĝ NOCHg > KOH.
In addition to alkali metal hydroxides141»316-335, sodium or
potassium silanolates143>323>325>330>336~339, quaternary ammon-
ium or phosphonium bases 330>337»340-344, potassamide345, or
alkali metal alcoholates346 can be used as catalysts.

The ability of organocyclosiloxanes to undergo poly-
merisation depends on the number of siloxane groups in
the ring and on the organic radicals present. Six-
-membered rings are the most easily polymerised; the
tendency towards polymerisation decreases with increase
of the number of SiO groups in the ring75»347 and with in-
crease in the size of the organic radical.

E l e c t r o p h i l i c r e a g e n t s react differently from
nucleophilic reagents, e.g.145:

R25i

Ο

RjSi—O—SiR2

i—O—SiR,

Η SO"

R2Si—Ο—SIR

-O—SiR,

Ο Ο--Η HSOT" HO[R,SiO]3SiR, HSO,

There is thus stepwise polymerisation. It has been con-
sidered 49,348,349 t n a t a i a t e r step is the heterofunctional
condensation between = Si -OH and = Si-OSO3H groups
under the action of protons. It is easy to see that poly-
condensation can hardly produce polymers of molecular
weight as high as 106 in short reaction times. The reacti-
vity of the rings depends on the number of SiO groups present:
six-membered rings polymerise more readily than eight-
-membered rings. Increase in the size of the organic
radical and the presence of electronegative groups also de-
crease the ability of the compound to polymerise 141>145»335.

The polymerisation of [(CH3)2SiO]4 under the action of
H2SO4 is a second-order reaction with respect to the
cyclosiloxane348; the velocity constant is proportional to
the acid concentration, and the energy of activation is
12.7 kcal mole*1.

Various acids have been used for the polymerisation:
sulphuric^J326»327»334»348»350»351, nitric 3 4 8, hydrochloric348,
phosphoric348»351, pyrophosphoric348»352, and redox sys-
tems 3 5 3 " 3 5 7 . Acid-activated clays also show catalytic
activity358"360. Organic acids, even those as strong as
oxalic, trichloroacetic, and perfluorobutyric, do not poly-
merise [(CH3)2SiO]4.348 Since the first step in the opening

of the cyclosiloxane ring is the coordination of the acceptor
(a proton in the case of protic acids) at the siloxane oxy-
gen, other electron acceptors (Lewis acids) can be used as
catalysts: SnCl4,

362 FeCL,,351»363 A1CL, + Fe2O3,
3 6 4 BE,,365

ZnCLj,365 and ^ ^

Patents 3 6 9" 3 7 1 have shown the possibility of thermal
polymerisation of organocyclosiloxanes under pressure at
elevated temperatures (250°-300°); however, octamethyl-
cyclotetrasiloxane does not polymerise at a pressure of
6000 atm in quartz ampoules (inthe absence of catalysts)348.
The simultaneous use of pressure and alkaline or acid cata-
lysts decreases the time required for polymerisation372»373.

Other methods of polymerisation are the elimination of
organic radicals from the silicon atoms, e.g. the poly-
merisation of [(C2H5)(C6H5)SiO]3 under the action of acids
with elimination of C6Hg and formation of a polycyclic
linear monomer3 7 4"3 7 6, or the thermal oxidation of the
organic radicals, e.g. the polymerisation of [(C2H5)(C6H5).
.SiOjg *™ or [(CH3)2SiO]3

 B by treatment with a stream of
oxygen at elevated temperatures.

Irradiation also causes polymerisation of organocyclo-
siloxanes, apparently with retention of the ring and forma-
tion of -CH 2CH 2- or - C H 2 - bridges between the silicon
atoms of different rings3 7 8"3 8 3.

Attention is directed to the very much more rapid poly-
merisation of [(CH3)2SiO]3 near its melting point than at
higher or lower temperatures3 8 4"3 8 6.

C o p o l y m e r i s a t i o n of r i n g s in the presence of
electrophilic or nucleophilic catalysts is used to improve
the properties of siloxane polymers by the introduction of
different radicals. [(CH3)2SiO]4 has been copolymerised
with the cyclosiloxanes [H2Si0]5,

48 [(CeHg^SiO^,330»387"389

[CH3(CH2 = CH)SiO]45,
130»132»330»390 [RR'SiO]n (where η > 3

and R and R' = CH,", C2H5, or C6H5)
3 4 1, [(C2H5)2SiO]3,

391

[(CaH5)aSiOL, 3 9 2 (CH2 = CH)2(C2H5)4Si3O3,
 1 4 3 (CH2 = CH).

.(C2H )(CH3)eSi4O4,
 1 4 3 (CH2 = CH)2(CeHj2(CH3)4SLO4, " 7

(CeH5)(CH2 = CH)(CH3)eSi4O4,
 3 9 8 [(C2H5)(CH2 = CH)SiO]3,

 3 9 4

QtC. 322,334,395-400

O r g a n o c y c l o s i l o x a n e s with f u n c t i o n a l
g r o u p s on the s i l i c o n a t o m s . The preceding
section has described the preparation of compounds in
which all the silicon valencies (other than those forming the
ring) are occupied by alkyl or aryl radicals. There have
recently been a number of reports on the preparation and
properties of organocyclosiloxanes containing functional
groups (Cl, OH, OR, NHR, etc.) on silicon atoms, in addi-
tion to the organic radicals. We shall now consider the
preparation of such organocyclosiloxane derivatives.

Halogen-substituted tri- and tetra-meric organocyclo-
siloxanes of the following types have been described:

Si

ο ο

R* R v /Cl

ο ο

R,Si i /

\ 0 / Ι χα\ 0 / \C1 Cl/ \ Q /

The tetramers have analogous structures.

An interesting method for the preparation of organochloro-
cyclosiloxanes is the chlorination of hydrogen-containing
organocyclosiloxanes 75,87,95,139.

[RHSiO]n + η Cl, • [RClSiO]n + η HC1 (R=CH,, C.H.; η = 3 - 7).

Another method i s based on the exchange react ion between
sodium s i lanolates and halogenosi lanes; in p a r t i c u l a r ,
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this method has been used to prepare monochlorocyclo-
tetrasiloxanes401»402:

NaO — [RjSiO]3 Na + RSiClj-

R,Si—O—SiR8

Ο +2NaCl (R=CHS).

R,Si—O-Si—Cl

R

Since the chlorine atom attached to the silicon is readily
replaced by other groups, these compounds are of evident
interest for the production of other derivatives of organo-
cyclosiloxanes and linear and cyclolinear oligomers and
polymers.

Organohydroxycyclosiloxanes are obtained by hydrolysis
of the chlorine atoms75?95:

R Cl

Ο R+3H,0

Si Si

R OH
\ /

R Ο O R +3HC1.
\l \/

Si Si

Such compounds are weak alkyl(aryl)cyclosilicic acids, as
is shown by the recent isolation of the sodium triphenyl-
cyclosilanolate (C6H5)3Si3O3(ONa)3.10H2O (prepared by the
action of 6 Ν NaOH on the phenylsiloxane polymer403).

Partially and fully substituted alkoxycyclosiloxanes have
been described:

R

/ S I

R 0

X S i

OR
/
\

0 R

s1/

RO OR
\ /

/ S ' \
and RO 0 0 OR,

Μ i/
Si Si

R'O OR' RO OR

and also the corresponding cyclotetrasiloxanes. Alkyl-
alkoxycyclosiloxanes are obtained by partial hydrolysis of
alkyltriaUkoxysilanes 4045405:

nRSi(OR')8 ' (R (R'O) SiOL + 2n R'OH.

Thus partial hydrolysis of methyltrimethoxy silane has pro-
duced the methylmethoxycyclosiloxanes [CH3(CH3O)SiO]w,
where η = 3, 5, and 6. Hydrolysis of an alkylalkoxy-
dichlorosilane in pyridine gives alkoxy-substituted alkyl-
cyclo-tri- and -tetra-siloxanes406"408:

CtH,N
η RSi (OR') CI, + H,O • [RSi (OR') O] r t,

where R = CH3, C2H5; R' = CH3, C2H5, iso-C3H7; η = 3
or 4. Compounds of similar type can also be obtained by
reacting chlorocyclosiloxanes with alcohols or phenols,
e.g.401:

RjSi—O—SiRa

Ο Ο + R'OH

R,Si—O—SiR
Cl

R,Si

Ο

-O-SiR,

Ο

i—O— SiR

+ HC1,

where R = CH3 and R' = C2H5 or C4H9; and by the exchange
reaction between alkylalkoxydichlorosilanes and the
disodium salts of organosiloxanes402,409:

R,Si—O—SiR,

RSi (OR') Cl, + NaO [R^iOJ3Na - +2NaCI.

R,Si—O—SiR
I

OR'

This last method has been used to prepare alkoxyalkyl-
cyclotetrasiloxanes with R = CH8 and R' = C2H5 or n-C4H9;
these are transparent liquids.

Dialkoxycyclosiloxanes are obtained either by replacing
the chlorine atoms in inorganic chlorocyclosiloxanes by
alkoxy-groups 4 1 0 :

+ 8C,H5OH • [(CaH^SiOJ^ + 8HCI,

or by partial hydrolysis of tetraalkoxysilanes411"414:

4Si (OR)4 + 4HSO • |(RO),SiOJ4 +- 8ROH,

or by hydrolysis of d ia lkoxydichloros i lanes 4 1 5 " 4 1 8 or
[(RO) 3 Si] 2 O: 4 1 9

η (RO),SiCl, + η Η,Ο • t(RO),SiO]n + 2rtHCl.

The react ion between silicon te t rachlor ide and i s o -
propyl or isobutyl alcohol in the p r e s e n c e of smal l amounts
of water a l so gives dia lkoxycyclotetras i loxanes 4 2 0 :

4SiCl« -f 8ROH + 4H,0 »[(RO),SiOJ4 + 16HC1.

Organoaminocyclosiloxanes have been obtained by
replacing the chlorine in organochlorocyclosiloxanes by
reaction with ammonia or amines401:

R,Si—O—SiR,

Ο Ο +2R'NH,

i—Cl

R^i—Ο—SiR,

Ο Ο

1 - S i -

+ R'NH,.HC1,

NHR'

where R = CH3 and R' = Η or CeH5.

TriaUcylsiloxy-substituted organocyclosiloxanes are of
interest from the point of view of isomerism of the in-
organic rings: thus alkyl(trialkylsiloxy)cyclotrisilox-
anes (VII) and dialkylcyclotetrasiloxanes (X):

R,

i ^ .
X)SiR,

(X)

are isomers, having the same composition but different
ring sizes.

Compounds of type (X) were first prepared by the simul-
taneous hydrolysis of heptamethylchlorocyclotetrasiloxane
and trimethylchlorosilane75:

R,Si-O-SiR,
I I
Ο Ο -f CISiR,
J , - S i - C ,

R

R,Si—O—SiR,

Ο Ο

ι ι
RjSi—O—Si—OSiRa

R

+ 2 HC1 (R = CH t ).

The resulting trimethylsiloxyheptamethylcyclotetrasiloxane
is an isomer of the previously known decamethylcyclo-
pentasiloxane. Triethylsiloxy-substituted cyclotri- and
cyclotetra-siloxanes have also been described421.

O r g a n o c y c l o s i l o x a n e s containing func-
t i o n a l g roups in the organic r a d i c a l have been
described; these are of theoretical and practical interest
because of the possibility of their polymerisation. The
substituents may be chloroalkyl or chloroaryl RC1, cyano
CN, ester COOR, hydroxyl OH, amino NH2, thiol SH, etc.

The chemistry of silicon derivatives, including organo-
cyclosiloxanes, containing substituted hydrocarbon groups
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has been reviewed by George et al.422 and discussed in the
book by Petrov and coauthors423.

The methods for the production of silicon derivatives
containing substituted hydrocarbon groups fall into two
classes: (1) methods involving formation of a siloxane
ring, and (2) methods involving conversion of organic
radicals present as substituents in cyclosiloxanes.

The normal methods of hydrolysis and cohydrolysis
used for unsubstituted organocyclosiloxanes can be em-
ployed for organocyclosiloxanes containing substituted
organic radicals, provided that the substituents themselves
are not hydrolysed. Thus chloroalkyl- and chloroaryl-
-cyclosiloxanes are obtained by hydrolysis of the corres-
ponding di-(chloroalkyl)- and di-(chloroaryl)dichlorosil-
anes, e.g. 1 0 6:

n(ClC,H4)2 SiCl, + HjO — [(CIC,H4)a SiO]n + 2 HC1 (n = 3, 4 ) .

The cyanoalkyl derivatives may also be hydrolysed424"426.
The simultaneous hydrolysis of dimethyldichlorosilane
with a- or /3-cyanoethyl(methyl)dichlorosilane produces
heptamethyl-α- or heptamethyl-/3-cyanoethylcyclotetra-
siloxane427:

R,Si—O—SiR,

3 RtSiCl,+RR'SiClj + 4 HjO — Ο Ο + 8 HCI,

RjSi—Ο—Si—R'
R

where R - CHg and R' = CH(CN)CH3 or CH2CH2CN.

Since functional groups are very often reactive, the
production of cyclosiloxanes with hydrocarbon radicals
containing such groups is difficult by ordinary methods,
and they are generally prepared by various substitution re-
actions occurring in the organic radical attached to a ring
silicon atom.

C h e m i c a l r e a c t i o n s in the o r g a n i c r a d i -
ca l . An interesting reaction is the chlorination with
elemental chlorine of methyl groups attached to silicon in
organocyclosiloxanes, to produce the chloromethyl deri-
vatives; thus photochlorination of octamethylcyclotetra-
siloxane gives heptamethyl(chloromethyl)cyclotetrasiloxane
in 70% yield428"430:

|R2SiO]4

RjSi—O—SiR2

Ο Ο
I I

RjSi-O—Si-CH^CI
R

(R = CH 3).

The pentamer is chlorinated analogously431.

The importance of the chlorinated methylcyclosiloxanes
is that they can be polymerised to chlorinated oils, rubbers,
and solid polymers having high low-temperature resistivity,
good thermal stability, and good adhesion and low swelling
capacity in solvents430. A feature of the chloromethyl
groups is their ability to undergo substitution reactions
without attack on the siloxane ring. They react with
metallic magnesium to form Grignard reagents which
can then be converted into carboxymethylcyclotetrasilox-
anes432»433, hydroxyalkylcyclotetrasiloxanes434»435, or
cyanoalkylcyclotetrasiloxanes436. The chloromethyl groups
of cyclosiloxanes react fairly readily with potassium
iodide437»438, salts of organic acids301»43-9»400, compounds
containing iV-alkyl or JV-aryl groups4 4 1"4 4 3, and metal raer-
captides444»445. An interesting fact is that aminoalkyl-
- substituted organocyclosiloxanes polymerise readily at
room temperature4 4 1.

Chloromethylcyclosiloxanes undergo the Arbuzov re-
arrangement446:

R2Si—O—SiR,
I I

ο ο
I I

R2Si—O—SiR
CH..C1

4- Ρ (OC2H6)3

R2Si—O-SiRj

Ο
I

R2Si—O—Si—CH3

I

Ο +C,H,C1 (R = CH3).

CH2—ΡΟ(ΟΟ2Η6),

The reaction between sulphuryl chloride and [(CH3)2Si0]4
p r o d u c e s ( ^ i D

With benzoyl peroxide octamethylcyclotetrasiloxane
yields bis-(heptamethylcyclotetrasiloxanyl)ethane337,449:

2[R,SiO|4-f (C,H5CO)2O,

R,Si—O—SiR3 • R2Si-O-SiR,

II II

ο ο ο ο
II II

R,Si— Ο—Si—CHj—CH,—Si—O—SiR,
R RThe same reaction occurs on irradiation. These reactions

are models for the vulcanisation of polydimethylsiloxane
rubber. The two-ring compounds polymerise with ring
opening; they are used as partial cross-linking agents in
the polymerisation of cyclosiloxanes.

2. CYCLOSILAZANES

Compounds containing Si—Ν bonds in a ring are known
as cyclosilazanes. Rings containing two, three, and four
SiN groups are known:

R'
Μ

RaSi S
\ N /

R'
(XI)

R2

/ S i \
R'N NR'

R3Si SiR2

\ N /
R

(XII)

R'
R 2 S i - N - S i R 2

R'N

R2Si

NR'

-N—SiR2

R'

(XIII)

In known compounds R is alkyl, aryl, alkoxy, or amino,
and R' is hydrogen, a hydrocarbon group, or an alkylsilyl
radical. The first inorganic compounds containing the
Si—Ν bond were obtained by ammonolysis of chlorosilanes.
Monocyclic compounds are produced from bifunctional
monomers; thus ammonolysis of dichlorosilane gives solid
products or oils, depending on the reaction conditions, of
general formula [H2SiNH]w, where η = 7-8. 4 5 1, 4 5 2 The
cryoscopic determination of the degree of polymerisation
in this case gave approximate results only.

The reaction between gaseous silicon tetrachloride and
ammonia at a high temperature (825°)453 produces the low-
- molecular-weight linear compound ClaSiNHSiClg and the
cyclic tetramer Si8N4Cl20 of structure (ΧΙΠ) (R = Cl, R' =
= SiClg). The reaction of silicon tetrachloride with nitro-
gen in a glow discharge produces a range of products454»455,
including the cyclic trimer (ΧΠ) (R = Cl, R' = S1CI3) and
tetramer (ΧΙΠ) (R = Cl, R' = SiCl,).

The first organocyclosilazanes were obtained in 1948 by
ammonolysis of dimethyldichlorosilane 91'457»458:

(CH3)2SiCl2 + 3NH3 · In [(CH3)2SiNH]n + 2NH4C1 (n =i, 4 ) .

The liquid trimer [(CH^SiNHja and crystalline tetramer
[(CHg^SiNHlj are readily separated from the reaction
mixture. Ammonolysis has since been used to prepare
the organocyclosilazanes [(C2H5)2SiNH]w (n = 3 or 4) 9 1,
[CH3(C2H5)SiNH]3,

 4 5 9 [CH3(C6H5)SiNH]3, 4 5 9 [(n-C4H9)2.
.SiNH],,461 [CHgSiHNHL, 4 6 2 and [C2H5SiHNH]w (n = 3 or
4)462,
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The mechanism of ammonolysis of organodichlorosil-
anes is not fully clear. The isolation of certain organo-
silane diamines ^8ί(ΝΗ2)2 when the organic radical is a
cause of steric hindrance to further condensation, e.g.
(t-C4H9)2Si(NH2)2, and the production of linear organodi-
aminodisilazanes H2N—SiR2—NH—SiRa—NH2,

460>463 would
suggest that the formation of organocyclosilazanes pro-
ceeds simultaneously with the formation of linear organo-
silazanes as follows:

R 2Si—NH-SiR.

ΗΝ Ν Η

R,Si—NH,
+NH, I

• RjSi (NH,), • NH -
—NH.C1 —NH, |

R,Si—NH2

R2Si-NH-SiR2

H^lRuSiNH]^

A
NH

I
SiR2

Η

The conditions which determine the mode of the reaction
have been little studied; the particular organic radical,
the solvent used, the reaction temperature, the concentra-
tion of reactants, etc., affect the mode of the reaction.

Organocyclosilazanes with functional groups on the silicon
can be obtained by analogous reactions; thus ammonolysis
of the corresponding dialkoxy- or diaryloxy-dichlorosil-
anes has given [(CH3O)2SiNH]M,4e4 [(C2H5O)2SiNH]w, 4 6 4

r(iso-C3H7O)2SiNH]3>4,
 4 6 5>4 6 6 [(t-C4H9O)2SiNH]3, 4 6 7 and

[(CeH5O)2SiNH3].465 As with alkylhalogenosilanes, the
ammonolysis of higher alkoxy- and aryloxy-halogenosilanes
to produce cyclic products is difficult, apparently because
of steric hindrance. The main products are dialkoxy sil-
anediamines (RO)2Si(NH2)2 and tetraalkoxydisilazanediam-
ines (RO)2(NH2)SiNHSi(NH2)(OR)2, which are converted into
cyclosilazanes only on prolonged heating465.

Dialkyl- and diaryl-dichlorosilanes react with primary
amines, usually forming dialkyldi-(alkylamino)silanes
R2Si(NHR')2j

450 but cyclosilazanes can also be obtained;
thus the reaction between dimethyldichlorosilane and aniline
produces the iV-phenylcyclotrisilazane [(CH3)2SiNC6H5]3 as
well as (CH3)2Si(NHCeH5)2.

 4 5 6

Alkylamino-substituted organocyclosilazanes obtained
by the thermal decomposition of alkyl(trialkylamino)silanes
RSi(NHR')3 have recently been described468:

3RSi (NHR'), - [RSi (NHR') NR'Jj

The methods so far discussed have given only cyclic
trimers and tetramers. The dimers (XI) are obtained by
ammonolysis of bis-(trialkylsiloxy)dichlorosilanes (RgSiO)2.
.SiCl2,

 4 6 9 by the thermal decomposition of ΛΓ-trialkylsilyl-
cyclosilazanes [RaSiNSiR^]^, 4 7 0 or by the exchange reac-
tion4 7 0:

LiN—Si—NLi
I I + R2SiCl2 -

R'Si SiR'

R3S1—Ν—SiRj

I I + 2LiCl.

All organic derivatives of cyclosilazanes are colourless
liquids or crystalline solids readily soluble in organic sol-
vents. The physical properties and structure of various
organocyclosilazanes have been studied, by infrared
spectroscopy471"473, Raman spectroscopy472, and nuclear
magnetic resonance spectroscopy474. Spectroscopic data
have shown472,475 that the unshared pair of electrons from
the nitrogen are partially delocalised through the 3d silicon

orbitals, so that the Si-NH-Si bond has partial double-
-bond character (the bond order is 1.18) and cyclosilazanes
have partial aromatic character5. The Si —NH —Si bonds
in cyclosilazanes are characterised by absorption bands at
928-932 cm"1 and 1169 cm"1 in the trimer and 939 cm"1

and 1183 cm"1 in the tetramer 4 7 3 .

The following bond lengths and valence angles have
been determined in dimethylcyclosilazanes by electron
diffraction251,252: Si-N 1.78 ± 0.03 A, Ζ NSiN = 1110 ± 5°,
Ζ SiNSi = 117° ± 4° (in the trimer) and 123° ± 4° (in the
tetramer). Further study is necessary to establish the
true structure of organocyclosilazanes, since spectro-
scopic data indicate that the six-membered ring Si3N3 is
planar (of symmetry D 3^) 4 7 2, and electron diffraction indi-
cates it to be non-planar251. The eight-membered ring
Si4N4 is non-planar.

Organocyclosilazanes withstand heating to high tem-
peratures. They are less stable towards hydrolysis, and
are decomposed by water to ammonia and the diorgano-
silanediol or organosiloxane. The pH of the medium has
a large effect on the hydrolysis: in acid medium organo-
cyclosilazanes are readily hydrolysed, producing the
ammonium salt, but they are completely stable to hydro-
lysis in alkaline medium476. Hydrogen chloride decom-
poses organocyclosilazanes to form the corresponding
diorganodichlorosilane and ammonium chloride471:

[R,SiNH] s + 9 HCI — 3R,SiCl, + 3 N H 4 C 1 C,H6).

Interesting data have recently appeared on the trans-
amination of organocyclosilazanes by amines: primary
amines in excess open silazane rings, forming diorganodi-
- (alkylamino)silanes 4 e o :

[R,SiNH], + β R'NH, = 3R,Si(NHR'), + 3NH, .

The use of an equivalent quantity of aniline, however, has
given the N-substituted cyclosilazane477:

[R,SiNH], + 3 R'NH, - [R,SiNR']s + 3 NH,

(R = CH3, R' = C6H5). This reaction always produces
AT-substituted cyclotrisilazanes, whether the starting com-
pound is a cyclotrisilazane or a cyclotetrasilazane477.

Another interesting reaction is the replacement of the
hydrogen of the NH groups in organocyclosilazanes by
lithium; the reaction of the cyclosilazanes with butyl-
lithium in n-hexane produces the iV-lithioorganocyclo-
silazanes as crystalline solids stable in an atmosphere of
nitrogen478:

[R,SiNH], + 3 LiC4H, — [RjSiNLi], + 3 C 4 H W .

The hydrogen atoms of 1, 2, or 3 NH groups of the cyclo-
silazanes can be replaced by lithium by reaction with butyl-
lithium. The ΛΓ-lithio-derivatives of cyclosilazanes react
readily with organochlorosilanes to form N-silylcyclo-
silazanes478:

{R,SiNLi],+ 3 R^SiCI — [R,SiNSIRil,+3LiCI.

Trimers and a tetramer of analogous structure have been
obtained:

R.

. / S i \ .
R.Si—Ν Ν—SiR,

I I
RtSi SiR,

\ N /

R,Si-N-SiR,

R^Si-N N-SiRi.
I

R,SiSi—N—SiR,

When hexamethyldisilazane was heated with hexamethyl-
cyclotrisilazane at 300°-325° and 350°-410°, the linear
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octamethyltrisilazane was isolated from the reaction mix-
ture, indicating rupture of the ring9 1.

Cyclosilazanes are starting materials for the production
of polymers. The polymerisation of hexaphenylcyclotri-
silazane has been described479, and silazane-siloxane
copolymers have been prepared4 8 0. Polymers with the
Si—Ν bond are considered to have great potential as heat-
-resistant materials4 8 1. The use of cyclosilazanes as
water-repellents457,482-484, corrosion inhibitors ^ J 4 8 0 , 4 8 5 ,
modifiers for melamine—formaldehyde resins 4 7 9, and
hardening agents for epoxy-resins486, has also been des-
cribed.

3. DISILATETRAZINES

An interesting class of cyclic compounds are the organo-
cyclodisilatetrazines:

—Ν \l-R'R'

R*

(XIV)

These are obtained by reacting diorganodichlorosilanes
with hydrazine487»488:

2 RjSiCl, + 6 HSN—NH, — [R,Si—NH—NHJ, + 4 N,H,C1.

The methyl compound produces only macromolecular linear
polyhydrazinosilanes [(CH3)2SiNHNH]M which are oily or
vitreous488»489, but the phenyl compound gives the cyclic
compound (XTV) (R = C6H5, R' = H). Phenylhydrazine also
gives cyclic products488:

2R,SiCl, + 6C,H l lNH,NH, - [RjSiN (C,H,)NH], + 4C,H,NHN,-HCI

or C 6H 5).(R =

Cyclic disilatetrazines can be obtained from diorgano-
dichlorosilanes and the lithium derivative of phenylhydraz-
ine 4 8 8:

2 R,SiCl, + 2 C,H,NLiNLiH - [R,SiN (C.H,) NH], + 4 LiCl (R = C.H.).

Hexaphenylcyclodisilatetrazine can also be obtained by
using the dilithium derivative of azobenzene490:

(C,H,),SiCl, + C,H6NLiNLiCtH, - [(C.H.), SiNC,H,NC,H,], + 4 LiCl .

The chemical properties of the cyclic disilatetrazines
depend on the degree of substitution at the nitrogen atoms.
Tetraphenylcyclodisilatetrazine [(CeH5)2SiNHNH]2 is very
sensitive to hydrolysis, hexaphenylcyclodisilatetrazine
[(C6H5)2SiNCeH5NH]2 is not hydrolysed by water or dilute acids,
and octaphenylcyclodisilatetrazine [(CeH5)2SiNCeH5NCeH5]2

is completely stable in air and in the presence of water.

4. CYCLOSILTHIANES

A number of inorganic and organic derivatives of the
four-, six-, and eight-membered rings containing 2, 3,
and 4 SiS units respectively have been described:

R,Si SiR,

(XV)

Ri

/ S i \

s s
R.Si SiR,

(XVI)

R,Si—S—SiR,

s s
I I

R,Si—S—SiR,

(XVII)

Fig.3.

In the known inorganic compounds the silthiane rings
are substituted by halogen atoms. The first representa-
tive of this type of compound, silicon thiochloride C^SiS,
was obtained, together with ClgSiSH, from silicon tetra-
chloride and hydrogen sulphide494,495. In the presence of
pyridine, silicon tetrachloride reacts with hydrogen sul-
phide to form the cyclic dimer [ClaSiS^.496 In the
gaseous state SiClj reacts with hydrogen sulphide only
above 500° (optimum temperature 650°) to give Cl3SiSH,
ClgSiSSiCla, and [ClgSiS^ (XVH) (R = Cl).4 9 7 The complex
nature of this reaction was elucidated by studying it at
700°-1000°; it was shown498 that the reaction products
depend on the temperature (Fig. 3).

The compound Si3S4Cl4 has also been isolated, and has
been given structure (XVT£[):

(XVIII)

On heating at 180° the crystal l ine d i m e r [CLjSiS^ i s con-
verted into a liquid polymer of molecular weight near that
of the t e t r a m e r [ClgSiS^, but the t e t r a m e r could not be
isolated in the pure s tate . I ts Raman spectrum has con-
firmed the cyclic s t ructure of the d imer [CLjSiSjj, with a
planar SLJ&J r i n g 4 9 9 .

Organocyclosilthianes were first described in 1952. 50°
The passage of hydrogen sulphide through a solution of
(C2Hs)2SiCl2 in petroleum ether in the presence of pyridine
gives the cyclic d imer [(C2H5)2SiS]2 (XV) (R = C 2H 5). This
reaction,

R,SiCl, + H.S + 2 C,H»N ·- 1/n [R,SiS]n + 2 C,H»N • HC1,

has since been used to p r e p a r e cyclosilthianes substituted
by m e t h y l 5 0 1 " 5 0 3 , e thy l 5 0 0 , 5 0 4 , n-propyl 5 0 1 » 5 0 4 , and phenyl 5 0 5

groups.

This thiohydrolysis of dimethylchlorosilane at normal
t e m p e r a t u r e s produces the cyclic t r i m e r [(CH 3) 2SiS] 3, 5 O Z^ 0 3

which on heating in a s t r e a m of hydrogen sulphide 5 0 3

undergoes an interest ing change in the silthiane ring, with
formation of the d imer [(CH3)2SiS]2. The conversion of
the t r i m e r to the d imer on heating has also been observed
with the ethyl- and propyl-derivatives; the r e v e r s e change
of d imer to t r i m e r i s also possible 5 0 4.

Tetraethyldisi lthiane 5 0 1 and tetramethyldis i l thiane 5 Ο β

have also been obtained from the dialkyldiiodosilane and
silver sulphide:

2R,SiI, + 2Ag,S -

Cyclosilthianes can be obtained by the thermal decomposi-
tion of mercaptosilanes; thus heating (C2H5)2Si(SC2H5)2 at
350° gives tetraethylcyclodisilthiane507:

2 (CH,), Si (SC.H,), - = 2 - * (CH,), S i / s j>Si (C.H,), + 2S (C,H,)».
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and heating tetra-(ethylmercapto)silane yields another
substituted cyclodisilthiane507:

2Si(SC,H 5) 4

as well as a product of composition Si

SC,HS

which is an intermediate in the production of silicon sul-
phide [SiS2]x by the decomposition of mercaptosilanes.

Organocyclosilthianes are colourless liquid or crystal-
line substances, which in the presence of water (or even
atmospheric moisture) are readily hydrolysed to the cor-
responding organosilanols or organosiloxanes and hydrogen
sulphide.

Various physical methods have been used to investigate
the structure of the organocyclosilthianes. The dipole
moments of the methyl compounds have been determined228

as μ = 0.0 Dfor [(CH3)2SiS]2 and μ = 1.03 Dfor [(CH^SiS],,;
consequently the four-membered S i ^ ring is planar and
the six-membered SigSg ring is non-planar. Electron dif-
fraction has confirmed the cyclic structure of the dimer and
trimer, and has given the following interatomic distances
and bond angles: Si-S 2.18 ± 0.03 A (dimer) and 2.15 +
± 0.03 A (trimer), Ζ SSiS 105° (dimer) and 115° (trimer),
and L SiSSi 75° (dimer) and 110° (trimer)f.

The infrared spectra of the methylcyclosilthiane dimer
and trimer 5 0 2 and the Raman spectrum of the dimer4 9 9

[(CH3)2SiS]2 have also confirmed their cyclic structure.
The "boat" conformation has been suggested for the six-
-membered SigSj, ring5 0 2.

The possible utility of organosilthianes is limited,
because of their low resistance to hydrolysis. However,
the patent literature indicates the possibility of using them
as additives for organosiloxane and hydrocarbon oils and
as insecticides and fungicides505.

5. CYCLOSILSELENANES

Only methyl derivatives of ring compounds containing
silicon and selenium have been obtained509, by the reaction
of dimethyldichlorosilane with sodium selenide:

(CH3), SiCl, + NaaSe — l//t [(CH3), SiSe] n + 2 NaCl.

Two products were isolated, the dimer and trimer:

(CH,),
/ \

Si Si(CH s

N/

(CH,),

Se Se
I
Si(CH,)a

/

The dimer is a crystalline solid, and the trimer is a
liquid of unpleasant smell. Both have low stability to
hydrolysis.

t These data are contained in a paper by M. Yokoi, T. Nomura,
and K. Yamasaki, J. Amer. Chem. Soc, 77, 4484(1955) (Ed. of
Translation).

ΙΠ. MIXED CYCLIC SILICON COMPOUNDS

The structure and properties of organocyclosiloxanes
show them to be prototypes of inorganic silicon rings,
partial replacement of silicon and oxygen atoms in these
rings by other elements producing rings containing alu-
minium, boron, phosphorus, titanium, nitrogen, or other
elements, in addition to silicon. Thus oxygen may be
partially replaced by nitrogen or sulphur to obtain cyclo-
silazoxanes or cyclosilthioxanes respectively, and silicon
may be partially replaced by boron, aluminium, phos-
phorus, arsenic, antimony, or titanium to form the cor-
responding organocyclo("elemento")siloxanes. These
mixed heterocycles are transitional between organocyclo-
siloxanes and other inorganic rings.

O r g a n o c y c l o s i l a z o x a n e s were obtained by the
low-temperature ammonolysis of αω-dichlorosilox-
anes 7 5 J 1 2 2 » 5 1 0 :

—SiRjCI + 3 NH3 -

The reaction had previously been described in a patent5 1 1,
but the pure cyclic compounds had not been isolated. The
organocyclosilazoxanes

Rt

/ S i \
ο ο

R,Si SiR,
\ N /

Η
(XIX)

RjSi—Ο—SiRJ

ΗΝ ΝΗ
I

Si—O—SiRs

(XX)

RsSi—O—SiRj—O-SiR,

ΗΝ ΝΗ

R,Si—O—SiR,—O—SiR,,

(XXI)

where R = CH3 and R' = C2H5 or CH3, have been des-
cribed75»510. These compounds are colourless, except for
octamethylcyclotetrasiladiazadioxane; this forms pris-
matic or acicular crystals melting at 40°. They are all
readily soluble in the usual organic solvents.

O r g a n o c y c l o s i l t h i o x a n e s were obtained by the
thiohydrolysis of αω-dichlorosiloxanes in the presence of
pyridine512:

Cl [RjSiO]n_x—SiR,Cl + H,S

The compounds

+ 2C,H,NHCI,.

RsSi SiR,

(XXII)

R»Si—O—SiR,

I I

s s
R,Si—O—SiR,

(XXIII)

where R = CH3, have been prepared. Hexamethylcyclo-
trisilthiadioxane is a transparent colourless liquid boiling
at 172.5°; octamethylcyclotetrasildithiadioxane is a
crystalline solid melting at 38°-42°. Both dissolve well
in various organic solvents.

C y c l o d i b o r a s i l t r i o x a n e s of structure (XXIV)
have been prepared by heating 2—3 moles of an aryl or
cycloalkyl boric acid with a diarylsilanediol in the pre-
sence of an acid catalyst513. It is interesting that, if the
reactants are taken in proportions to give Si: Β = 1:1, no
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rings containing these elements in this proportion are ob
tained, but only the cyclodiborasiltrioxane, part of the
diarylsilanediol remaining iinreacted.

R,

So

—Β

(XXIV)

The organocycloborasiloxanes produced are said to be of
use as additives to polymers to render them incombustible
and neutron-absorbing, and as scintillators, active com-
ponents of fungicidal, bactericidal, and insecticidal com-
positions, heat-exchange media, lubricant additives, etc.5 1 3;
these claims are probably exaggerated.

There is a report 1 9 8 of the preparation514 of the bicyclic
borasiloxane (XXV)

^ O - S i R , — O ^

B—O—SiR,—Ο—Β

(XXV)

but the method of preparation and properties were not des-
cribed.

C y c l o a l u m i n o s i l o x a n e s . The first reports on
the preparation of cycloaluminosiloxanes appeared in the
patent literature2 6 4, where it was stated that the reaction
of aluminium trichloride with organocyclotetrasiloxanes
produces cyclic aluminosiloxanes of structure (XXVI):

Cl—ΑΙ—Ο—SiR s

h <|
RjSi—O-Al—Cl

(XXVI)

CI Cl

/ A 1 \ / A 1 \
Ο Ο Ο Ο
I I -A1CI,· I |

RjSi SiR, R,Si SiR,

(XXVII)

where R = CR, or C2H5.

Others have said5 1 5 that AlCia reacts with cyclotetra-
siloxanes to form the l,3-dichloro(tetraalkyl)disiloxane and
a complex compound of structure (XXVII).

Rings made up of aluminium, silicon, and oxygen atoms,
but not containing organic substituents, are found in certain
natural silicates. The monocyclic anion [AlSi5O18]

13", ob-
tained by replacing one silicon atom in the ring of [Si^g] 1 2 "
by aluminium, has been found in cordierite a-Mg2Alg.
.[AlSi5O18]

 5 1 β and indialite y-Mg2Al3[AlSi5018]. 5 1 7

C y c l o t i t a n o s i l o x a n e s . Although several titano-
siloxane compounds have been described, there has been
only one report 5 1 8 of the preparation of an organocyclo-
titanosiloxane: tetrabutoxytitanium reacts with diphenyl-
silanediol to give the compound of structure (XXVIII):

Ri
—O-SL

R> R,
^Si—O—Si—O. X>—Si—O-SL

O^ Ti Ο

\ i _ O - S i — c / N)—Si—O—Si/
Ri Ra Ri R»

(XXVIII)

The reaction between αω-diethoxydimethylsiloxanes and
methylphosphonic acid has given a number of cyclophos-
phorosiloxanes519:

Ο,Η,Ο- [Si (CH,), OJn-C,H, + CH3P (0H)2

Ο

+20,Η8ΟΗ,

where η - 1-5. The following types of compounds in this
new class of inorganic rings with organic substituents have
been isolated519:

Ο R

R,Si SiR,

O = P — O — S i R , R,Si—O—SiR,

(XXIX)
Oy Λ

R,Si—O—P=O

R
(XXX)

R,Si -O-P =0

R
(XXXI)

R,Si

Ο

SiR,

R.Si
|

SiR,

(XXXII)

—SiR,—O—SiR2—O.
< >SiRo
x O - S i R 2 — 0 - S i R s - O /

(xxxnn

These compounds are very readily hydrolysed by water to
form methylphosphonic acid and polydimethylsiloxanes.

Unlike dimethylcyclosiloxanes, dimethylcyclophosphoro-
siloxanes have been shown to polymerise very poorly in the
presence of an acid or alkali as catalyst520; however, they
copolymerise smoothly with octamethylcyclotetrasiloxane
to give a dimethylsiloxane polymer containing phosphorus
in the chain. Rubbers obtained from such polymers con-
taining 0.02—0.03% of phosphorus in the polymer chain
have a higher resistance to rupture and a larger relative
elongation than dimethylsiloxane rubber.

The reaction between aco-diethoxydimethylsiloxanes
and methylphosphonic acid was also studied by Orlov and
Voronkov521, who obtained viscous or rubber-like poly-
mers of high molecular weight. Different products were
obtained because of the different reaction temperatures
used.

Cyclic compounds containing arsenic have been des-
cribed198»522. Phenyldiiodoarsine and diphenylsilanediol
react to produce a compound having an eight-membered
arsinosiloxane ring:

R—As—O—SiR,

li™ Ο Ο + 4 Ν Η 4 Ι .
I I

+ 2R,Si(OH)11

I
R2$i—O—As—R

(XXXIV)

This is a crystalline product, melting at 145°.

The reaction between arsenic trichloride and diphenyl-
silanediol has given the bicyclic compound

/ ^
As—O—SiR,—O—As

N)—SiR,—θ/

(XXXV)

The only antimony-containing compound of this type
described in the literature is the product obtained from
triethoxyantimony and dimethyldiacetoxysilane, which has
been assigned the structure5 2 3

X>—SiR,—Ov

Sb—O—SiR,—O—Sb

N ^
(XXXVI)

The reaction of dimethyldichlorosilane with 100% sul-
phuric acid yields a compound which by composition and
molecular weight corresponds to the cyclic structure 52*-Β

{> i
R,Si-O-SO,

(XXXVII)
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Tetramethylcyclodisulphatodisiloxane is a crystalline sub-
stance melting at 103°-120°. Above 150° it decomposes
to polydimethylsiloxane and SO3. Compounds of this class
are very sensitive to hydrolysis; water destroys the cyclic
structure, giving sulphuric acid and polysiloxanes.

The rings may condense in a single direction, producing
ribbon (cyclolinear) polycyclic polymers:

R ,Ο. R XX R R Ο

IV. POLYCYCLIC SILICON COMPOUNDS

Polycyclic silicon compounds can also be divided into
homocyclic and heterocyclic compounds2"5.

Homopolycyclic compounds contain rings made up of
silicon atoms only; few such compounds are known at pre-
sent. An example is persilicochlorodecalin Si10Cl18, ob-
tained by heating Si10Cl20H2:

527

Cl Clj
I

x SiCl,

Cl2Si Sr

\si
Cl,

/ci\SJ/
Cla

SiCl,

Substances of formulae [SiCl]* and [SiH]# are known,
which are polycyclic compounds of high molecular weight
containing condensed six-membered rings.

Many more heteropolycyclic compounds, containing
rings made up of silicon atoms alternating with atoms of
other elements, such as oxygen, nitrogen, and sulphur,
are known, as well as polycyclic structures containing both
homocyclic and heterocyclic rings, e.g. the siloxene
[SieO3He] n and its derivatives 528-53s> which are made up of
six-membered SigHe rings joined by oxygen bridges:

The known polycyclic silicon structures can be classi
fied thus 3" 5 :

(a) linear or cyclic chain polycyclic compounds:

R?
/ S i \

ο ο

(b) spirane compounds, in which the rings have one
common atom:

Ri R3 R s

Si Si—O—Si—Ο Ο-

>O O< >Si<

Si Si-O-Si—Ο Ο-
I\2 *V2 *^3

Si
R2

(XL)

(c) condensed polycyclic compounds, in which the rings
have two or more common atoms.

(XLI)

or in two directions (in a plane), producing reticular struc-
tures:

I i ii /
O \ R Ο iC^O^ R O^ R Ov. R J* R Ο R ^ 0

Sr SK ^ S r Sr

R X R X R

L 4 }

(XLII)

or in three dimensions, producing complex cross-linked
three-dimensional structures.

All these types of polycyclic compounds are found in
natural silicates2 6 and in the synthetic organic siloxane
derivatives. We have not the space to discuss the poly-
cyclic silicates here.

Polycyclic compounds of low and high molecular weight
are known; most of the former are based on a silicon-
oxygen skeleton. Polycyclosiloxanes give all the above
types of polycyclic structure.

Compounds in which the rings are joined by bridges are
obtained by condensation536:

— O H + B r -

C.H.N

— 0 —

where • _ = (CH3)7Si404, or by the action of high-energy

particles (irradiation) on octamethylcyclotetrasiloxane,
which gives products in which the rings are joined by oxy-
gen, methylene, or ethylene bridges:

— 0 — - C H . - — C H 2 — C H , —

Polycyclosiloxanco h a v e been obtained by alkaline hydro-
lysis of hydrocyclosiloxanes air* ««ndensation of the result-
ing hydroxycyclosiloxanes537:

-CjH B NaOH 40%

H,O

C t H , C a H s

•o-

1. NaOH. H,0

C,H»

C.H,

- - O

C a H,

C S H S

where D is the methyl-substituted Si4O4 ring.

The simultaneous hydrolysis of (CHg^SiCLj w
(where R = CILjCHaCN)427 yields monocyclic products and
also a polycyclic compound which analysis and infrared
spectroscopy indicated to be tricyclic.
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Spirocyclosiloxanes (XXXLX) and (XL) have been obtained
in the thermal decomposition of the product of simultaneous
hydrolysis of dimethyldichlorosilane with silicon tetrachlor-
ide538»539. The structure of octamethylspirocyclopenta-
siloxane has been confirmed by X-ray diffraction540»541,
which gave Si-O = 1.64 ± 0.03 A.

Hydrolysis of methyl- and ethyl-triethoxysilane 542,54a·
has yielded compounds corresponding to (XLm)and(XLIV).
The bridged structure (XLV) is also possible:

Ό-Si—ιR'O

R R
I I

O—Si—O—Si—OR'

O O O

I I I
R Ό—Si—O—Si—O—Si—OR'

(XL1II)

(XLV)

The hydrolysis of trisubstituted derivatives produces
various types of poly eye lie organosiloxanes. Compounds
with the hexamethylenetetramine type of structure have
been described — (XLVI) (R = iso-CgH,, t-QHg)544»545:

(XL VI)

The interesting three-dimensional polycycilic compounds
(XLVII), (XLVTII), and (XLIX) were obtained by the thermal
degradation of the hydrolysis products of RSiXg: s42-548

P ^
R--Si- Si—R R—Si

L<\1 0—1 Si-R

R— S i Ο 's'i-R R-s',- Ο Si—R

(ΧΙΛΉ)1"··4· (XLVffl)·42·141··4·-'4· (χυχΓ*

Polycyclic compounds containing Si-Ν and Si-S bonds
have also been described.

Ammonolysis of CHaSiHCL, ha*i" octuced compound (L):4 β 2

The reaction of alkyltrichlorosilanes with hydrogen sul-
phide produces the polycyclic compounds (LI):550»551

Cyclolinear macromolecular compounds (XXXVin) are
obtained by simultaneous hydrolysis of organotrichloro-
silanes and a diorganodichlorosilane552"555, by oxidation of
the ethyl groups in [(C6H5)(C2H5)SiO]3, or by splitting-off
of phenyl groups from the same compound by the action of
sulphuric acid3 7 4"3 7 7.

Simultaneous hydrolysis of hexamethyl-l,5-dichloro-
cyclotetrasiloxane and dimethyldichlorosilane556 produces
polymers of the following structure:

CH,

;sr—ο—έ.—

Simple hydrolysis of hexamethyl-l,5-dichlorocyclotetra-
siloxane gives the linear polymer

j o ^ l

Cyclolinear condensed polysiloxanes of structure (XLI)
are obtained by hydrolysis of organotrichlorosilanes RSiClg
(where R = H, alkyl, or aryl). The inorganic prototypes
of this class are known557, as well as organic derivatives.
The phenyl-substituted polysiloxanes [CeH5SiO1#s]* are said
to have a stereoregular structure558»559 (cis-syndiotactic).
The poly organosiloxanes obtained by simultaneous hydro-
lysis of organotrichlorosilanes with aluminium, titanium,
or tin halides have the same polycyclic structure 1>2»5β0:

sVsV%V
ο ο ο
I I

Q

-ι ι—« Γ
ΗΝ HS,-CH3 H-Si-CHj

II Hi
H 3 C—Si N-

Η
(L) u

Catalytic rearrangement of a mixture of hexamethyl-
cyclotrisilazane and octamethylcyclotetrasilazane in the
presence of KOH has given the tricyclic compound *®

i(CH,),S,NH], + K

r + , ~ ^ ^
[(CHj)2SiNH], -NH,

where Q = Al, Ti, or Sn. Thermogravimetric data show
that these polymers are highly thermostable.

Polycyclosilazanes are produced by ammonolysis of the
silicon polychlorides HSiClg or SiCl^; the latter gives
"silicodiimide" [Si(NH2]*, which has the polycyclic struc-
ture (L1I) 5βι-5β3} a n ( j i t c a n jjg a s s u m e d that trichlorosil-
anes also yield a polycyclic product.

ΊΗ—ίί—NH——Si—Ν Η—Si—Ν

NH NH

—Sr—NH—Si—NH—Si—NH—

NH NH N"

—Si—NH—Si—-NH—S

NH

i—NH—

(CHj),
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The reaction between silicon tetrachloride and nitrogen
under the action of an electric discharge produces mono-
cyclic and linear products, and also complex polycyclic
polymers454»455:

The inorganic cyclic silicon compounds and their organic
derivatives form a large group of substances, which fall
into various classes of inorganic and organic-inorganic
compounds. The inorganic rings which form the basis of
their molecules impart to them a range of specific pro-
perties which are greatly different from those of cyclic
organic compounds. The high reactivity towards nucleo-
philic and electrophilic reagents shown by inorganic rings
containing silicon is a characteristic of all inorganic cyclic
compounds known at present; this is not shown by organic
carbocyclic compounds, and opens up great possibilities in
respect of their use in the preparation of organic-inorganic
and inorganic compounds, particularly polymers, by various
methods.

Inorganic cyclic compounds containing silicon are of
special significance for the production of polymers whose
main chains are composed of inorganic atoms. Further-
more, the study of the structure, properties, and reacti-
vity of inorganic cyclic silicon compounds and their organic
derivatives may help in solving many theoretical problems
in organic—inorganic and inorganic chemistry.

Not all the preparative methods possible in this interest-
ing branch of chemistry have yet been applied; very little
has been done, but there are great prospects for the future.
These compounds lie on the boundary between organic and
inorganic chemistry, and further studies may exert a fruit-
ful influence on the development of this little-studied branch
of chemistry.

1. K.A.Andrianov, Khim.i Tekhnol. Polimerov, 4_, 26 (1960).
2. K.A.Andrianov, J . Polymer Sci., j>2, 257(1961).
3. I.Haiduc, Zhur.Strukt'.Khim., 2, 374(1961).
4. I.Haiduc J.Chem.Educ, 3_8, 135 (1961).
5. I.Haiduc "Introducere in Chimia Ciclurilor Anorganice"

(Introduction to the Chemistry of Inorganic Rings), Edit.
Acad.RPR, Bucharest, 1960.

6. F.S.Kipping and J.E.Sands, J.Chem.Soc, 119, 830 (1921).
7. F.S.Kipping and J.Ε.Sands, J.Chem.Soc., 119, 848(1921).
8. F.S.Kipping J.Chem.Soc., 123, 2590(1923).
9. F.S.Kipping, J.Chem.Soc, 123_, 2598 (1923).

10. A.R.Steele and S.Kipping, J.Chem.Soc, 2545(1929).
11. F.S.Kipping, J.Chem.Soc. 2291 (1924).
12. F.S.Kipping, J.Chem.Soc, 2978 (1927).
13. F.S.Kipping, ProcRoy.Soc, 159A, 239(1957).
14. H.Gilman, D.J. Peterson, A.W.P. Jarvie, andH.J.S.Winkler,

J.Amer.Chem.Soc, 82, 2076 (1960).
15. A.W.P.Jarvie, H.J.S.Winkler, D.J.Peterson, and H.Gil-

man, J.Amer.Chem.Soc, £3, 1921 (1961).
16. H.Gilman, D.J.Peterson, A.W.P.Jarvie, andH.J.S.Winkler,

Tetrahedron Letters, 5 (1960).
17. H.J.Winkler. A.W. P. Jarvie. D.J.Peterson, and H.Gilman,

J.Amer.Chem.Soc, 83_, 4089 (1961).
18. H.Gilman and A.W. P. Jarvie, Chem.and Ind., 965(1960).

Compt.rend., 73, 568 (1871).
Ann.Chim.(France), [5], !_,

19. A.W.P.Jarvie. H.S.Winkler, and H.Gilman, J.Org.Chem.,
27, 614 (1962).

20. A.W.P.Jarvie and H.Gilman, J.Org.Chem., 26, 1999 (1961).
21. F.S.Kipping and A.G.Murray, J.Chem.Soc, 360 (1929).
22. C.A.Burkhard, J.Amer.Chem.Soc, TL, 963 (1949).
23. C.A.Burkhard, U.S.P. 2 554 976 (1950);Chem.Abs., 45,

8809 (1951).

24. G.Urry, Angew.Chem., J70, 379(1958).
25. I.Haiduc, Zhur.Obshch.Khim., 30, 1395 (1960).

26. H.Strunz, "Minerallogische Tabellen", Akad.Verlag, Leip-
zig, 1957.

27. W.H.Zachariasen, Z.Krist., 74, 139(1930).
28. D.E.Henshaw, Mineralog.Mag., 30, 585 (1953).
29. B.K.Brunowski, Acta Physicochim, U.R.S.S., J5, 863(1936).
30. B.Gossner and F.Mussnung, Zentr.Min., 81(1930).
31. F.Liebau, M.Sprung, andE.Thilo, Z.anorg.Chem., 297,

213 (1958).
32. B.Gossner and F.Mussnung, Zentr.Min., 274(1938).
33. T.Ito and Y.Takeuchi, Acta Cryst., £, 202 (1952).
34. W.L.Bragg and J.West, ProcRoy.Soc, 1Π_, 691 (1926).
35. Ν. V. Belov and R. G. Matveeva, Dokl. Akad. Nauk SSSR, 73,

299 (1950).
36. Ν. V. Belov, I. Ρ. Butuzov, and Ν. V. Golovastikov, Dokl. Akad.

Nauk SSSR, 87, 953 (1952).
37. H.G.Heide, K.Boll-Dornberger, E.Thilo, and E.M.Thilo,

Acta Cryst., 8, 425 (1955).
38. H.G.Heide, Abhandl.Deut.Akad.Wiss., Chem.BioLGeol.,

104, 1955 (1957).
39. V.V.Ilyukhin and N.V.Belov, Dokl. Akad.Nauk SSSR, 131,

176 (1960).
40. R.Schwarz, Z.anorg.Chem., 276, 33 (1954).
41. L.Troost and P.Hautefeuille,
42. L. Troost and Ρ. Hautefeuille,

452 (1876).
43. H.Rheinbold and W.Wisfeld, Annalen, 517, 197(1955).
44. W. C. Schumb and D. Holloway, J. Amer. Chem. Soc, 63_,

2753 (1941).
45. W.C.Schumb, Chem.Rev., 31, 587(1942).
46. D.W.S.Chambers andC.J.Wilkins, J.Chem.Soc, 5088(1960).
47. W.C.Schumb and A.Klein, J.Amer.Chem.Soc, _59, 261

(1937).
48. D.L. Bailey and E.R.York, U.S.P. 2 810626 (1957); Chem.

Abs., 52, 1516 (1957).
49. W.Patnode and D.F.Wilcock, J.Amer.Chem.Soc, 68, 358

(1946).
50. M.J.Hunter, J.F.Hyde, E.L.Warrick, and H.J.Fletcher,

J.Amer.Chem.Soc, (58, 667(1946).
51. S.D.Brewer, J.Amer.Chem.Soc, 70, 3962(1948).
52. R.Okawara, E.Asada, and T.Watase, Bull. Chem. Soc Japan,

26, 141 (1953).
53. J.F.Hyde, U.S.P. 2438478 (1948); Chem.Abs., 42, 5264

(1948).
54. J.F.Hyde, U.S.P. 2455 999(1948); Chem.Abs., 43_, 3441

(1949).
55. J.Jack, B.P. 857343(1960); Chem. Abs., 5_5, 15 999(1961).
56. N.B.Baranovskaya, Russ.P. 125 252 (1960); Chem.Abs.,

54, 12 651 (1960).
57. Midland Silicones Ltd., B.P. 817237 (1959); Chem.Abs., 54,

8635 (1960).
58. J.Jack, U.S.P. 2934550 (1960); Chem.Abs., 54, 14 777

(1960).
59. H.J.Fletcher, U.S.P. 2 860152(1958).
60. E.R.York, B.P. 774040 (1957); Chem.Abs., 51, 15 619

(1957).
61. E.R.York, U.S.P. 2 816124(1957); Chem.Abs., 5J2, 2940

(1958).
62. Midland Silicones Ltd., B.P. 799 917 (1958); Chem.Abs.,

53, 5131 (1951).

261



Vol.32 No.5 RUSSIAN CHEMICAL REVIEWS May 1963

63. Α.Γ.Gordon, U.S.P. 2 884 432 (1959); Chem.Abs., 53, 98.
17 904(1959).

64. Midland Silicones Ltd., B.P. 832487 (1960); Chem.Abs., 99.
55_, 381 (1961).

65. Midland Silicones Ltd., B.P. 835 523 (1960); Chem.Abs., 100.
55_, 1445 (1961).

66. O.R.Pierce and G.W.Holbrook, German P. 1044814 (1958); 101.
Chem.Abs., 55, 3433 (1961).

67. Midland Silicones Ltd., B.P. 804098 (1958); Chem.Abs., 102.
153, 9060 (1959). 103.

68. K.A.Andrianov and N.N.Sokolov, Dokl.Akad.Nauk SSSR, jjOl 104.
81 (1955). 105.

69. K.A.Andrianov and N.N.Sokolov, Khim.Prom., 329 (1955). 106.
70. C.W.Lewis, J.Polymer Sci., 33, 153 (1958). 107.
71. H.Babaand S.Nishizaki, Jap.P. 14-14 (1S57); Chem.Abs., 108.

52, 4678 (1958).
72. E.Inaba, Jap.P. 961 (1957); Chem.Abs., 52, 4679 (1958). 109.
73. P.D.George, L.H.Sommer, and F.C.Whitmore, J.Amer.

Chem.Soc, J75, 1585 (1953). 110.
74. G.R.Lucas and R.W.Martin, J.Amer.Chem.Soc, 74, 5225

(1952). in.
75. N.N.Sokolov, "Metody Sinteza Poliorganosiloksanov" 112.

(Methods for the Preparation of Polyorganosiloxanes), Gos- 113.
energoizdat, Moscow, 1958.

76. Κ. A. Andrianov and Ν. Ν. Sokolov, Dokl. Akad. Nauk SSSR ,82, 114.
909 (1952).

77. Κ. A. Andrianov and Ν. Ν. Sokolov, Dokl. Akad. Nauk SSSR, 115.
101, 81 (1955). 116.

78. K.A.Andrianov, I.A.Zubkov, Τ.A.Krasovskaya, and M.A. H7.
Kleinovskaya, Zhur.Obshch.Khim., Th, 491 (1957).

79. D.G.Dobay, U.S.P. 2 769 829 (1956); Chem.Abs., 5_1, 7403 118.
(1957).

80. J .G.E. Wright, U.S. P. 2426 912 (1947); Chem.Abs., 41, 119.
7809 (1947).

81. E.G.Rochow and W.F.Gilliam, J.Amer.Chem.Soc., j>3, 120.
798 (1941).

82. J.F.Hyde and R.C.De Long, J.Amer,Chem.Soc, 63, 1194 121.
(1941).

83. L.F.Frevel and M.J.Hunter, J.Amer.Chem.Soc, C57, 122.
2275 (1945). 123.

84. B.A.Bleunstein, U.S.P. 2793198 (1957); Chem.Abs., J53,
5726 (1959). 124.

85. R.Okawara and S.Imaeda, Bull. Chem.Soc Japan, "Q, 194
(1958). 125.

86. R.O.Sauer, W.J.Scheiber, and S.D.Brewer, J.Amer.
Chem.Soc, 68, 962 (1946). 126.

87. N.N.Sokolov, K.A.Andrianov, and S.M.Akimova, Zhur.
Obshch.Khim., 26, 933 (1956). 127.

88 R.A.Sauer, U.S.P. 2 595 891(1952); Chem.Abs., 46, 7821
(1952). 128.

89. British Thompson-Houston Co., B.P. 632 955 (1949);
Chem.Abs., 44, 7866 (1950). 129.

90. C.W.Young, P.C.Servais, C.C.Currie, and M.J.Hunter,
J.Amer.Chem.Soc., 7Ό» 3758 (1948). 130.

91. S.D.Brewer and C.P.Haber, J.Amer.Chem.Soc, 70,
3888 (1948). 131.

92. D. Τ. Hurd and R. C. Osthoff, J . Amer. Chem. Soc, 75, 234
(1953). 132.

93. D.G.Dobay, U.S.P. 2 769 830(1956); Chem.Abs., £1, 7403
(1957). 133.

94. R.Okawara, E. Asada, and T.Watase, Bull.Chem.Soc. Japan, 134.
26, 141 (1953).

95. N.N.Sokolov and S.M.Akimova, Zhur.Obshch.Khim., 26, 135.
2276 (1956).

96. Dow Corning Ltd., B.P. 659011(1949); Chem.Abs., 46, 136.
4853 (1952).

97. K.A.Andrianov. Μ.A.Sipyagina, and T.A.Ugarov, Zhur. 137.
Obshch.Khim., £9, 4059 (1959).

P.L.Brown, U.S.P. 2 911427(1959); Chem.Abs., 54,
5467 (1960).
Midland Silicones Ltd., B.P. 812 252 (1959); Chem.Abs.,
53_, 19 880 (1959).
Soc.Usines Rhone-Poulenc, French P. 1142551 (1957);
Chem.Abs., 54, 1303 (1960).
A.N.Pines, German P. 1023463 (1958); Chem.Abs., 54,
14125 (1960).
C.A.Burkhard, J.Amer.Chem.Soc, 67, 2173 (1945).
V.Bazant and M.Vavruska, Chem.Listy, J50, 1786(1956).
R.N.Lewiss, J.Amer.Chem.Soc, 7̂0, 1115 (1948).
J.F.Hyde, U.S.P. 2 371050(1945).
G.Schott and H.Berge, Z.anorg.Chem., J297, 44 (1958).
C.A.Burkhard, J.Amer.Chem.Soc, 74, 6275 (1952).
C.A.Burkhard, German P. 944 903(1951); Chem.Abs.,
4_7, 5966 (1953).
R.Robison. and F.S.Kipping, ProcChem.Soc, 24_, 25
(1908).
J.M.Hersh, U.S.P. 2464231 (1949); Chem.Abs., 43, 8210
(1949).
N.W.Cusaand F.S.Kipping, J.Chem.Soc, 2205 (1932).
H.H.Anderson, J.Amer.Chem.Soc, 81, 4785 (1959).
K.A.Andrianov, A.A.Zhdanov, and V.A.Odinets, Izv.
Akad.Nauk SSSR, Otd.Khim.Nauk, 1615(1961).
P.Simons, German P. 888851(1953); Chem.Abs., 52,
12 895(1958).
W.H.Nebergall, Angew.Chem., 72, 172(1960).
J.W.Ryan and J.L.Speier, J.Org.Chem., 24, 2052 (1959).
G.M.Guzman and J.L.Orbiso, Anales real Soc.espan.Fi's.
Quim., 52B, 745 (1956).
M.Momonoi and N.Suzuki, J.Chem.Soc.Japan, 78_, 581
(1957); Chem.Abs., 53, 5169 (1959).
M.Momonoi, N.Suzuki, and O.Yamaguki, J.Chem.Soc
Japan, 78, 1600 (1957); Chem.Abs., 54, 1376 (1960).
G.W.Holbrook, A.F.Gordon, and O.R.Pierce, J.Amer.
Chem.Soc, 82, 825 (1960).
P.Tarrant, U.S.P. 2911428 (1959); Chem.Abs., 54, 5465
(1960).
N.N.Sokolov, Zhur.Obshch.Khim., 29, 258(1959).
R.R.McGregor and E.L.Warrick, U.S.P. 2 384384(1945);
Chem.Abs., 40, 730 (1946).
R.R.McGregor and E.L.Warrick, B.P. 572 331 (1945);
Chem.Abs., 42, 793 (1948).
R.R.McGregor and E.L.Warrick, B.P. 572401 (1945);
Chem.Abs., 42, 922 (19*48).
R.R.McGregor and E.L.Warrick, U.S.P. 2 439 856(1945);
Chem.Abs., 42, 5267 (1948).
R.R.McGregor and E.L.Warrick, U.S.P. 2 465 547(1949);
Chem.Abs., 43_, 5791 (1959).
M.Matsui, J.Sci.Res.Inst., Tokyo, 51, 225 (1957); Chem.
Abs., 57, 12 446 (1958).
Z.Lasocki, Roczniki Chem., 31, 837(1957); Chem.Abs.,
52, 10 005 (1958).
S.W.Kantor, R.C.Osthoff, and D.T.Hurd, J.Amer.Chem.
Chem.Soc, 77, 1685 (1955).
General Electric Co., B.P. 785 384(1957); Chem.Abs., £2,
4229 (1958).
F.M.Precopio, U.S.P. 2 867553 (1959); Chem.Abs., 53_,
5736 (1959).
S.W.Kantor, J.Amer. Chem.Soc, 75, 2712(1953).
R.L.Schaaf, P.T.Kan, andC.T.Lenk, J.Org.Chem., 26,
1790 (1961).
M.Matsui, Sci.Papers Inst.Phys.Chem.Res., Tokyo, 54,
142 (1960); Chem.Abs., 55, 3112 (1961).
Dow Chemical Co., B.P. 618459 (1959); Chem.Abs., 43,
6221 (1949).
K.C.Frisch and R.B.Young, U.S.P. 2 671101(1954);
Chem.Abs., .49, 2499 (1955).

262



Vol.32 No.5 RUSSIAN CHEMICAL REVIEWS May 1963

138. D. L.Bailey and E.R.York, B. P. 788983 (1958); Chem.
Abs., 52, 14 652 (1958).

139. N.N.Sokolov, Zhur.Obshch.Khim., 29, 248 (1959).
140. R.Okawara, U.Takahashi, and M.Sakiyama, Bull.Chem.

Soc.Japan, 30, 608 (1957).
141. K.A Andrianov, L.M.Khananashvili, andYu.F.Konopchenko,

Vysokomol.Soed., 2, 719 (1960).
142. A.N.Pines, R.Y.Mixer, D.L.Bailey, and W.T.Black,

German P. 1060 862 (1959); Chem.Abs., 55, 13 316 (1961).
143. A.N.Pines, R.Y.Mixer, D.L.Bailey, and W.T.Black,

B.P. 847082 (1960); Chem.Abs., 55_, 17079 (1961).
144. K.A. Andrianov and S.E.Yakushkina, Izv.Akad.Nauk SSSR,

Otd.Khim.Nauk, 457 (1960).
145. K.A. Andrianov and S.E. Yakushkina, Vysokomol.Soed.,^.

613 (1959).
146. M.Sasin and J.Cermak, Chem.Listy, 51, 1766 (1957).
147. D.L.Bailey and W.T.Black, U.S.P. 2 975 203(1961);

Chem. Abs., 55_, 17 079 (1961).
148. D.L.Bailey and W.T.Black, U.S.P. 2 849473(1958);

Chem.Abs., 53_, 13 081 (1959).
149. L.R.Vyle and F.S.Kipping, J.Chem.Soc, 125, 2616(1924).
150. C.Shaw, W.E.Smith, and H.G.Emblem, U.S.P. 2580852

(1952); Chem.Abs., 46, 3327 (1952).
151. J.F.Hyde, U.S.P. 2629725 (1953); Chem.Abs., 47, 5720

(1953).
152. T.Takiguchi, M.Sakurai, T.Kishi, J.Ichimura, and

Y.Iizuka, J.Org.Chem., 25, 310 (1960).
153. J.F.Hyde, U.S.P. 2 629 726(1953); Chem.Abs., 47, 5720

(1953).
154. E.Frainnet, R.Calas, and C.Fritsch, Bull.Soc.chim..

France, 1480 (1960).
155. K.A.Andrianov, L.M.Khananashvili, Khan' En'-Dze, and

V.S.Tikhonov, Zhur.Obshch.Khim., 3j2, 3951 (1960).
156. J.J.Duane, B.P. 683182 (1952); Chem.Abs., 47, 5720

(1953).
157. M.Kumada and H.Hattori, J.Inst. Polytechnics, Osaka City

Univ., 3, 77 (1952); Chem.Abs., 48, 7542 (1954).
158. R.O.Sauer, U.S.P. 2 534149(1950); Chem.Abs., 45, 4739

(1951).
159. H.Frost, J.Inorg.Nuclear.Chem., J5, 207(1958).
160. N.S.Leznov, L.A.Sabun, and K.A.Andrianov, Zhur.Obsch.

Khim., 29_, 1514 (1959).
161. T.Takiguchi, J.Org.Chem., 23_, 1216 (1958).
162. T.Takiguchi, J.Org.Chem., 24, 861 (1959).
163. E.G.Rochow and K.Gingold, J.Amer.Chem. Soc, 76, 4852

(1954).
164. T.Takiguchi, J.Chem.Soc.Japan, Ind.Chem.Sect., 62, 148

(1959).
165. C.E.Reed and J.M.Tome, U.S.P. 2 741630(1955).
166. V.S.Fikhtengol'ts, A. L.Klebanskii, and K. A.Rzhedzin-

skaya, Zhur.Obshch.Khim., 27, 2984 (1957).
167. E.C.Britton and L.F.Berhenke, U.S.P. 2521673 (1950);

Chem.Abs., 45, 2265 (1951).
168. C.D.Doyle, U.S.P. 2542641 (1951); Chem.Abs., 45, 4484

(1951).
169. Frabenfabriken Bayer AG, B.P. 722441 (1954); Chem.

Abs., 49, 9324 (1955).
170. W.Dilthey, Ber., 38, 4132 (1905).
171. F.S.Kipping, Proc.Chem.Soc, 24, 25 (1908).
172. R.Robisonand F.S.Kipping, J.Chem.Soc, im, 2142(1912).
173. F.S.Kipping, J.Chem.Soc, 101, 2125 (1912).
174. R.Robison and F.S.Kipping, J.Chem.Soc, 105, 40 (1914).
175. H.S.Pink and F.S. Kipping, J.Chem.Soc, 123, 2830(1923).
176. J.F.Hyde, L.K.Frevel, N.S.Nutting, P.S.Petrie, and

M.A.Purcell, J.Amer.Chem.Soc, 69, 488 (1947).
177. N.S.Leznov, L.A.Sabun, and K.A.Andrianov, "Khimiya i

Prakticheskoe Primenenie Kremniiorganicheskikh Soedin-
enii Trudy II Konf. " (Proceedings of the Second Conference

on the Chemistry and Practical Application of Organosilicon
Compounds), Vol.2, 1958, p. 124.

178. G.Schott and H.Berge, Z.anorg.Chem., 297, 32(1958).
179. Z.Lasocki and S.Chrzczonowicz, "International Symposium

on Macromolecular Chemistry", Sec 2, Moscow, 1960,
p.521.

180. C.A.Burkhard, J.Amer.Chem.Soc, £7, 2174 (1945).
181. T.Takiguchi, J.Org.Chem., 24, 989 (1959).
182. H.Kunowski, German P. 1069388 (1959); Chem. Abs., 55,

12 297 (1961).
183. G.H.Wagner and C.E.Ereckson, U.S.P. 2 731485(1949).
184. N.S.Leznov, L.A.Sabun, and K.A.Andrianov, Zhur.Obshch.

Khim., .29, 1508 (1959).
185. N.S. Leznov, L. A. Sabun, and K.A. Andrianov, Zhur. Obshch.

Khim., 29, 1270 (1959).
186. N.S.Leznov, L.A.Sabun, and K.A.Andrianov, Zhur.Obshch.

Khim., 29, 1514 (1959).
187. N.S.Leznov, L.A.Sabun, and K.A.Andrianov, Zhur.Obshch.

Khim., J29, 1518 (1959).
188. K.A.Andrianov, A.A.Zhdanov, and S.A.Pavlov, Dokl.

Akad.Nauk SSSR, W2, 85 (1955).
189. K.A.Andrianov and V.M.Mantrova, Zhur.Obshch.Khim.,

£7, 1243 (1957).
190. P.C.Servais, U.S.P. 2485928 (1949); Chem.Abs., 44,

3007 (1950).
191. K.A.Andrianov, N.N.Sokolov, and E.N.Khrustaleva, Zhur.

Obshch.Khim., £6, 1102 (1956).
192. D.T.Hurd, J.Amer.Chem.Soc, 77_, 2998 (1958).
193. W.J.Haggerty and L.W.Breed, J.Org.Chem., 26, 2464

(1961).
194. L.J.Tyler, U.S.P. 2 605 274 (1952); Chem.Abs., 4_6, 11770

(1952).
195. R.M.Pike, J.Polymer Sci., Ji^, 151(1961).
196. P.A.McCusker and T.Ostdick, J.Amer.Chem.Soc, i*0,

1103 (1958).
197. P.A.McCusker and T.Ostdick, J.Amer.Chem.Soc, J51,

5550 (1959).
198. B.L.Chamberland and A.G.MacDiarmid, J.Amer.Chem.

Soc, 82, 4542 (1960).
199. E.D.Hornbaker and F.Conrad, J.Org.Chem., 24, 1858

(1959).
200. L.H.Sommer, R.P.Ploch, N.S.Marans, G.M.Goldberg,

J.Rockett, and J.Kerlin, J.Amer.Chem.Soc, 75_, 2923
(1953).

201. J.L.Speier, B.F.Daubert, and R.R.McGregor, J.Amer.
Chem.Soc, 71, 1474 (1949).

202. A.F.Plate, N.A.Belikova, and Yu.P.Egorov, Izv.Akad.
Nauk SSSR, Otd.Khim.Nauk, 1085(1956).

203. C.B.Hurd, J.Amer.Chem.Soc, 68, 364 (1946).
204. D.F.Wilcock, J.Amer.Chem.Soc, 68, 691 (1946).
205. M.Takeda, A.Yamada, Chem.High Polymers (Japan), Jj2,

86(1955); Chem.Abs., 51, 1695 (1957).
206. M.Nakamuta, J.Chem.Soc.Japan, 76, 257(1955).
207. M.Nakamuta, J.Chem.Soc.Japan, 76_, 1279 (1955).
208. M.Nakamuta, J.Chem.Soc.Japan, 77. 858 (1956).
209. O.Z.Golik and P.P.Cholpah, Ukrain.Fiz.Zhur., 5, 850

(1960). ~"
210. R.Kiyama, H.Teranishi, and K.Inoue, Rev.Phys.Chem.,

Japan, 23, 20 (1953); Chem.Abs., 48, 4913 (1954).
211. K.Shinoda and J.H.Hildebrand, J.Phys.Chem., 65_, 183

(1961).
212. M.J.Hunter, J.F.Hyde, E.L.Warrick, and H.J.Fletcher,

J.Amer.Chem.Soc, 68, 667 (1946).
213. T.Tanaka, U.Takahashi, R.Okawara, and T.Watase,

Chem.Phye., 19, 1330 (1951).
214. T.Tanaka, U.Takahashi, R.Okawara, and T.Watase, Bull.

J.Chem.Phys., 19, 1330 (1951).
215. T.Tanaka, Technol.Reports Osaka Univ., £, 437 (1958);

263



Vol.32 No. 5 RUSSIAN CHEMICAL REVIEWS May 1963

Chem.Abs., 53, 18 850 (1959).

216. T.Tanaka, Bull.Chem.Soc.Japan, 33_, 282 (1960).

217. K.B.Goldblum and L.S.Moody, Ind.Eng.Chem., £7, 847

(1955).

218. R. C. Osthoff and W. Τ. Grubb, J . Amer. Chem. Soc., 76, 3 99

(1954).

219. R.C.Osthoff, W.T.Grubb, and C.A.Burkhard, J.Amer.

Chem.Soc, 75, 2227(1953).

220. A. C. Jenkins and G. F. Chambers, Ind. Eng. Chem., 46, 2367

(1954).

221. D.F.Othmer and D.Zudkevitsch, Ind.Eng.Chem., jtt, 791

(1959).

222. H.Reuther and E.Rosenbaum, Chem.Tech.(Berlin), J7» I 2 4

(1955). "*

223. H.Reuther and E.Rosenbaum, Chem.Tech.(Berlin), 1_, 333

(1955).

224. G.Ferreol and A.Saillard, Bull.Soc.chim.France, 848

(1961).

225. J.D.Hoffman, J.Amer.Chem.Soc, 75, 6313 (1953).

226. M.Joerges-Heyden, H.G.Margraf, A.Nikuradze, andR.Ul-

brich, Z.Naturforsch., 10A, 10 (1955).

227. O.B.Young and C.E.Dickermann, Ind.Eng.Chem., 4(5, 346

(1954).

228. R.O.Sauer and D.J.Mead, J.Amer.Chem.Soc, 6£, 1794

(1946).

229. R.M.Mathur, Chem.and Ind., 1125(1957).

230. H.Kriegsmann, Z.anorg.Chem., 298, 223 (1959).

231. H.Kriegsmann, Z.anorg.Chem., .298, 232 (1959).

232. R.E.Richards and H.W.Thompson, J.Chem.Soc, 124(1949).

233. H.Kriegsmann and K.H.Schowtka, Z.phys.Chem.(Leipzig),

209, 261 (1958).

234. M.Sakiyama, J.Chem.Soc.Japan, Ind.Chem.Sect., 60, 1385

(1957).

235. M.Sakiyama, Bull.Chem.Soc.Japan, 31, 67 (1958).

236. M.Sakiyama, Technol.Reports Osaka Univ., 8_, 163(1958);

Chem.Abs., 53_, 7763 (1959).

237. I.I.PlyusninaandG.B.Bokii, Kristallografiya, 3, 752(1958).

238. I.I.Plyusnina, Zhur.Strukt',Khim., 2, 330(1961).

239. N.Wright and M.J.Hunter, J.Amer.Chem.Soc, 6£, 803

(1947).

240. H.Murata, J.Chem. Phys., .19, 659(1951).

241. M.Slobodin, Ya.E.Shmulyakovskii, and K.A.Rzhedzinskaya,

Dokl.Akad.NaukSSSR, .105, 958 (1955).

242. L.Savidan, Bull.Soc.chim.France, 411 (1953).

243. R.Ulbrich, Z.Naturforsch., 9B, 380(1954).

244. C. A. Burkhard and Ε.Η. Winslow, J. Amer.Chem. Soc., 72,

3277 (1950).

245. E.G.Rochow and H.G.Le Clair, J.Inorg.Nuclear Chem., 1,

3 (1956).

246. E.G.Rochow and H.G.Le Clair J.Inorg.Nuclear Chem.. 1,

92 (1956).

247. H.E. Weaver, B.M.Tolbert, and R. C . LaForce, J.Chem.

Phys., 23, 1956 (1955).

248. G. R. Holzmann, Ρ. C. Lauterbur, J . Η. Anderson, and

W.Koth, J.Chem.Phys., .25, 172 (1956).

249. E.H.Aggarwal and S.H.Bauer. J.Chem.Phys., ^8, 42

(1950).

250. K.Yamasaki, A.Kotera. M.Yokoi, andY.Ueda, J.Chem.

Phys. .18, 1414 (1950).

251. M.Yokoi and K.Yamasaki, J.Amer.Chem.Soc, .75, 4129

(1953).

252. M.Yokoi. Bull.Chem.Soc.Japan, 30, 100(1957).

253. M.Yokoi. Bull. Chem. Soc. Japan. 30, 106(1957).

254. G.Peyronel, Atti Accad.naz. Lincei, Rend.Classe Sci.fis.

mat.nat.. 1£. 402 (1953).

255. G.Peyronel, Atti Accad.naz. Lincei, Rend.Classe Sci.fis.

mat.nat., .16, 78 (1954).

256. G.Peyronel, Atti Accad.naz. Lincei, Rend.Classe Sci.fis.

264

mat.nat., JL6, 231 (1954).

257. H.Steinfink, B.Post, and W.Fankuchen, Acta Cryst., jj, 420

(1955).

258. A.F.Skryshevskii, V. Ρ.Klochkov , and Yu, V.Pasechnik,

Zhur.Strukt'.Khim., 2, 140 (1961).

259. D.W.J.Cruickshank, J.Chem.Soc, 5486(1961).

260. H.S.Booth and M.L.Freedman, J. Amer.Chem. Soc., 72,

2847 (1950).

261. G.Fritz, Naturforsch., jLOB, 423 (1955).

262. F.S.Kipping and J . E.Hackford, J.Chem. Soc, 99, 138

(1911).

263. Μ. F. Shostakovskii and Ν. V. Komarov, Zhur. Obshch. Khim.,

32, 320 (1962).

264. J.F.Hyde, U.S.P. 2 645 654(1953); Chem.Abs., 48, 7050

(1954).

265. W.E.Evison and F.S.Kippling, J.Chem.Soc, 2774(1931).

266. S.Maeda, E.Nojimoto, and M.Nagata, Jap.P. 3860(1957);

Chem.Abs., 52, 5880 (1958).

267. Μ. G. Voronkov and L. Μ. Chudesova, Zhur. Obshch. Khim.,

29, 1534 (1959).

268. J.F.Hyde, U.S.P. 2 756 982(1956); Chem.Abs., 51, 1247

(1959).

269. M.G. Voronkov, Izv.Akad.Nauk SSSR, Otd.Khim.Nauk, 882

(1957).

270. M.G.Voronkov, Zhur.Obshch.Khim., £9, 907(1959).

271. M.G. Voronkov and Z.I. Shabarova, Zhur. Obshch. Khim.,

29, 1528 (1959).

272. Μ.G. Voronkov, "Geteroliticheskie Reaktsii Rasshchepleniya

Siloksanovoi Svyazi " (Heterolytic Splitting of the Siloxane

Bond), Izd.Akad.Nauk SSSR, Moscow, 1961.

273. N.F.Orlov and M.G.Voronkov, Zhur.Obshch.Khim., _32,

608 (1962).

274. K.A.Andrianov, Sh.V.Pichkhadze, and V.V.Komarova,

Izv.Akad.Nauk SSSR, Otd.Khim.Nauk, 724(1962).

275. F.S.Kipping and R.Robison, J.Chem.Soc, ^05, 484 (1914).

276. H.Jenkner, Z.Naturforsch., 14B, 133 (1959).

277. R.O.Sauer, U.S.P. 2421653 (1947); Chem.Abs., 41, 5544

(1947).

2 78. Κ. A. Andrianov and V. V. Severnyi, Dokl. Akad. Nauk SSSR,

134, 1347 (1960).

279. K. A. Andrianov, V.V.Severnyi, and B.G. Zavin, Izv. Akad.

Nauk SSSR, Otd.Khim.Nauk, 1456(1961).

280. Κ. A. Andrianov and V. V. Severnyi, Izv. Akad. Nauk SSSR,

Otd.Khim.Nauk, 1788(1961).

281. K. A. Andrianov, V.V.Severnyi, and Β .G. Zavin, Izv. Akad.

Nauk SSSR, Otd.Khim.Nauk, 1610(1961).

282. Κ. A. Andrianov and A. I. Petrashko, Dokl. Akad. Nauk SSSR,

131, 561 (1960).

283. E.L.Warrick, U.S.P. 2 607 792 (1952); Chem.Abs., 47,

9346 (1953).

284. W. I. Patnode, U.S. P. 2 469 888 (1949); Chem.Abs., 43,

6220 (1949).

285. D.W.Scott, J.Amer.Chem.Soc, (58, 2294 (1946).

286. S.W.Kantor, W.T.Grubb, and R.C.Osthoff, J.Amer.Chem.

Soc, 76, 5190 (1954).

287. G.F.Roedel, J.Amer.Chem.Soc., 71, 269(1949).

288. T.Ishizuka and T. Aihara, J.Chem.Soc. Japan, Ind.Chem.

Sect., 59, 1198 (1956); Chem.Abs., 52, 13 307 (1958).

289. S.Sliwinski, East German P. 14 309 (1958); Chem.Abs.,

53, 7469 (1959).

290. H.Manami, J.Koyama, and S.Nishizaki, J.Chem.Soc.

Japan, Ind.Chem.Sect., 61, 219 (1958); Chem.Abs., 53, .

23 066(1959).

291. M.Momonoi and N.Suzuki, Jap.P. 4842 (1959); Chem.

Abs., 16 915 (1960).

292. General Electric Co., B.P. 788 748 (1958); Chem.Abs., 53,

18 533 (1959).

293. K.Hizawa and E.Itsugi, Jap.P. 3738 (1958); Chem.Abs.,



Vol.32 No. 5 RUSSIAN CHEMICAL REVIEWS May 1963

294.

295.

296.

297.

298.

299.

300.

301.

302.

303.

304.

305.

306.

307.

308.

309.

310.

311.

312.

313.

314.

315.

316.

317.

318.

319.

320.

321.

322.

323.

324.

325.

326.

327.

Chem.Abs.,

B.P. 757 855 (1956); Chem.Abs.,

B. P. 758 168 (1956); Chem.Abs.,

2 783 263(1957); Chem.Abs., 51,

53, 5735 (1959).
E.Itsugi and T.Tamura, Jap.P. 3395 (1957);
52, 5880 (1958).
J.L.Speier, J.Amer.Chem.Soc, ^71, 273 (1949).
R.R.McGregor and E.L.Warrick, U.S.P. 2507316 (1950);
Chem.Abs., 44, 7343 (1950).
K. A. Andrianov, I.A.Zubkov, T. A.Krasovskaya, and M.A.
Kleinovskaya, Zhur.Obshch.Khim., £7, 491 (1957).
K.Hizawa and E.Nojimoto, Jap.P. 4700(1956); Chem.
Abs., 51, 18 697 (1957).
L.H.Sommer and R.P.Pioch, J.Amer.Chem.Soc, jT5, 6337
(1953).
L.H.Sommer, French P. 1060 089(1954).
R.L.Merker, U.S.P. 2 770 632(1956); Chem.Abs., 5JL,
7403 (1957).
Midland Silicones Ltd.
51, 15 600 (1957).
Midland Silicones Ltd.

51, 15 599 (1957).

R.L.Merker, U.S. P.

10 573 (1957).

R.L.Merker, U.S.P. 2 783 262(1957); Chem.Abs., 51,
10 572 (1957).

R.L.Merker, U.S.P. 2 863 898(1958); Chem.Abs., 53,

9060 (1959).

J.E.Noll, U.S.P. 2732391 (1956); Chem.Abs., 50, 8126

(1956).

R.L.Merker, U.S.P. 2 770 631 (1956); Chem.Abs., 51,

6683 (1957).

L.H.Sommer, U.S.P. 2 770 633 (1956); Chem.Abs., 51,

6683 (1957).

L.H.Sommer, W.D.English, G.R.Ansul, and D.N.Vivona,

J.Amer.Chem.Soc, 77, 2485 (1955).

J.L.Speier, U.S.P. 2550205 (1951); Chem.Abs., 45, 9074

(1951).

Dow Corning Ltd., B.P. 706 290 (1954); Chem.Abs., 49,
6300 (1955).
R.L.Merker, U.S.P. 2 770632 (1956); Chem.Abs., 51,
15 600 (1957).
O.R. Pierce and G.W.Holbrook, U.S. P. 2 961425(1960);
Chem.Abs., 55, 14309 (1961).
K. A. Andrianov and L.I.Makarova, Dokl. Akad.Nauk SSSR,
135, 595 (1960).
D.T.Hurd, R.C.Osthoff, and M. L.Corrin, J.Amer.Chem.
Soc, 16., 249 (1954).
W.T.Grubb and R.C.Osthoff, J.Amer.Chem.Soc, 77, 1405
(1955).
Μ. Kucera, "Khimiya i Prakticheskoe Primenenie Kremnii-
organicheskikh Soedinenii, Trudy II Konf. " (Proceedings of
the Second Conference on the Chemistry and Practical
Application of Organosilicon Compounds), Vol.2, 1958,
p.71.
M.Kucera and M.Jelinek, "International Symposium on
Macromolecular Chemistry", Sec.2, Moscow, 1960, p.232.
M.Kucera and M.Jelinek, Vysokomol.Soed., 2, 1860(1960).
M.Kucera and M.Jelinek, Coll.Czech.Chem.Comm., J25,
536 (1960).
J.F.Hyde and W.H.Daudt, U.S.P. 2443353 (1948); Chem.
Abs., 42, 7573 (1948).
J.F.Hyde and O.R. Johannson, U.S. P. 2 453 092 (1948);
Chem.Abs., 43, 3657 (1949).
J.Marsden, U.S.P. 2 546 036(1951); Chem.Abs., 45, 5966
(1951).
J.F.Hyde, U.S.P. 2 634 284(1953).
T.Araki and K.Ohsuga, Reports Govt. Chem.Ind. Res.Inst.,
Tokyo, 50, 161 (1955); Chem.Abs., 50, 596 (1956).
T.Araki and K.Ohsuga, J.Chem.Soc.Japan, Ind.Chem.
Sect., 58, 302 (1955); Chem.Abs., 49, 14 369 (1955).

328. V.Chvalovsky, V.Matousek, andV.Bazant, Chem.prumysl,
T_, 377 (1957).

329. K.A.Andrianov, S.I.Dzhenchel'skaya, and Yu.K.Petrashko,
Zhur.Obshch.Khim., 28, 685 (1958).

330. A.R.Gilbert and S.W.Kantor, J.Polymer.Sci., 40_, 35
(1958).

331. B.A.Buestein, German P. 1066 749 (1959); Chem.Abs.,
55, 19 298 (1961).

332. O.R.Pierce, G.W.Holbrook, O.K.Johannson, J.C.Saylor,
and E.D.Brown, Ind. Eng.Chem., 52, 783 (1960).

333. B.E.Neimark, I.K.Stavitskii, and A.V.Karlin, Russ.P.
134 668(1961); Chem.Abs., 55, 13905(1961).

334. S.N.Borisov, A.V.Karlin, and I.A.Malysheva, Vysokomol.
Soed., 4, 74 (1962).

335. K. A. Andrianov and S.E.Yakushkina, Vysokomol.Soed., _3,
1554 (1961).

336. O.K.Johannson and J.F.Hyde, German P. 886075(1953)
337. W.H.Daudt and J.F.Hyde, 872 087 (1953); see Ref.371.
338. Midland Silicones Ltd., B.P. 791370 (1958); Chem.Abs.,

52, 15125 (1958).
339. O.R.Pierce, G.Holbrook, and O.K.Johannson, Ind.Eng.

Chem., 5j2, 785 (1960).
340. Midland Silicones Ltd., B.P. 794 629 (1958); Chem.Abs.,

52, 19 237 (1958).
341. General Electric Co., B.P. 803 288 (1958); Chem.Abs., 53,

5735 (1959).
342. J.F.Hyde and J.R.Wehrly, U.S.P. 2 891920 (1959); Chem.

Abs., J53, 19449 (1959).
343. General Electric Co., B.P. 794119 (1958); Chem.Abs., 52,

21227 (1958).
344. S.W.Kantor and A.R.Gilbert, U.S.P. 2 883 366(1959);

Chem.Abs., 53, 20 886 (1959).
345. M.Kucera and M.Jelinek, Czech.P. 89809(1959); Chem.

Abs., 54, 8145 (1960).
346. E.L.Warrick, U.S.P. 2 634 252(1953).
347. N.N.Sokolov, Zhur.Obshch.Khim., 28, 3328 (1958).
348. D.T.Hurd, J.Amer.Chem.Soc, 77, 2998 (1955).
349. K.Kojima, N.Tarumi, and S.Wakatusi, J.Chem.Soc. Japan,

76, 1205 (1955); Chem.Abs., 51, 17369 (1957).
350. I. Κ. Stayitakii, Β. Ε. Neimark, and Ζ. Μ. Kryukovskaya,

R u s s . P . 115 674 (1958); Chem.Abs., 53, 12 739 (1959).
351. I.K.Stavitskii, B.E.Neimark, Z.M.Kryukovskaya, V.A.

Kirichenko, and V.N.Churmaeva, "Khimiya i Prakticheskoe
Primenenie Kremniiorganicheskikh Soedinenii, Trudy II
Konf. " (Proceedings of the Second Conference on the Chem-
istry and Practical Application of Organosilicon Compounds),
Vol.2, 1958, p.57.

352. J.F.Hyde, U.S.P. 2 467 976(1949); Chem.Abs., 43, 5639
(1949).

353. M.Morton, A.Rembaum, and Ε. Ε. Bo stick, J. Polymer. Sci.,
32, 530 (1958).

354. B.N.Gruber and L.S.Mukhina, Vysokomol.Soed., j . , 1194
(1959).

355. B.N.Gruber and L.S.Mukhina, Vysokomol.Soed., 3, 84
(1961).

356. B.N.Gruber, K.V.Nel'son, N.V.Kozlova, T.A.Mikhailbva,
and L.S.Mukhina, Vysokomol.Soed., 3, 89 (1961).

357. B.N.Gruber and L.S.Mukhina, Vysokomol.Soed., 3, 174
(1961).

358. E.C.Britton, H.C.White, and C. L.Moyle, U.S.P. 2460805
(1949); Chem.Abs., 43, 3238 (1949).

359. K. A. Andrianov and T. A.Krasovskaya, Khim.Prom., 462
(1956).

360. S.Ishizuka, T.Aihara, and Κ. Yoshida, Jap.P.3647 (1958);
Chem.Abs., J53, 8703 (1959).

361. "Gmelins Handbuch der anorganischen Chemie. 8 Auflage.
Syst.-Nr.15. Silicium, Teil C ", Verlag Chemie, Weinheim,
1958.

205



Vol.32 No.5 RUSSIAN CHEMICAL REVIEWS May 1963

362.

363.

364.

365.

366.

367.
368.

369.

370.

371.

372.

373.

374.
375.

376.

377.

378.
379.

380.

381.
382.

383.
384.

385.

386.

387.

388.

389.

390.

391.

392.

393.

394.

395.

396.

397.

Chem.Abs., 43, 432

Chem.Abs., 6450

2 386 466(1945); Chem.Abs., 40, 1062

2 371050 (1945); Chem.Abs., 39, 4888

K. A. Andrianov and S. Ε. Yakushkiia, Vysokomol.Soed., 2,
1508 (1960).
M.L.Corrin, U.S.P. 2 803 617(1957); Chem.Abs., 52,
4230 (1958).
M.G.Agens, U.S.P. 2448 756(1948);
(1949).
S.Nitzsche, German P. 831098 (1949);
(1952).
I.K.Stavitskli and B.E.Neimark, Rues.P. 14968 (1955)
[wrong reference, possibly 104 968 (1955) (Ed. of Trans-
lation)].
I.K.Stavitskii, Khim.Naukai Prom., 2, 331 (1957).
B.N.Gruber, M.M.Fomicheva, and L.S.Mukhina, Russ.P.
122874(1959); Chem.Abs., 54, 10 375(1960).
W.Noll and P.Simons, German P. 895 651 (1953); Chem.
Abs., 52, 6840 (1958).

M.L.Dunham and G.H.Wagner, U.S.P. 2 759 006(1956);
Chem.Abs., 51, 2322 (1957).
W.Noll, "Chemie und Technologie der Silicone", Verlag
Chemie, Weinheim, 1960.
M.L.Dunham and G.H.Wagner, U.S.P. 2 759 007(1956);
Chem.Abs., 51., 2322 (1957).
M.L.Dunham and G.H.Wagner, U.S.P. 2 759 008(1956);
Chem.Abs., £il, 2323 (1957).
R.R.McGregor and E.L.Warrick, Canad.P. 515 205 (1955).
J.E.Hyde, U.S.P. 2467976 (1949); Chem.Abs., 43, 5639
(1949).

J.F.Hyde, U.S.P.
(1946).
J.F.Hyde, U.S.P.
(1945).
E.L.Warrick, Ind.Eng.Chem., 47, 2388 (1955).
S.W.Kantor, U.S.P. 2 766 220 (1956); Chem.Abs., jil,
3181 (1957).
General Electric Co., B.P. 783313 (1957); Chem.Abs.,
52, 790 (1958).
W.J.Burlant and C.Taylor, J.Polymer Sci., 41, 547(1959).
Yu.D.Tsvetkov, Yu.N.Molin, and V. V.Voevodskii, Vyso-
komol.Soed., JL, 1805 (1959).
A.A.Miller, J.Amer.Chem.Soc, J32, 3519 (1960).
E.J.Lawton, W.T.Grubb, and J.S.Balwit, J.Polymer
Sci., 19, 455 (1956).
E.J.Lawton and W.T.Grubb, U.S.P. 2 904 481(1959);
Chem.Abs., 54, 961 (1960).
Ε. J. Lawton and W. Τ. Grubb, B.P. 810 684 (1959); Chem.
Abs., 53, 17 568 (1959).
C.A.Berridge, U.S.P. 2857343 (1958); Chem.Abs., 53,
8681 (1959).
J.T.Goodwin, U.S. P. 2 857 356 (1958); Chem.Abs., 53,
1857 (1959).
R.M.Savage, U.S.P. 2891033 (1959); Chem.Abs., 53,
20 883 (1959).
General Electric Co., B.P. 847556 (1960); Chem.Abs.,
55, 5008 (1961).
S.N.Borisov, I.K.Stavitskii, A.V.Karlin, andl.A.Maly-
sheva, Russ.P. 132405 (1960); Chem.Abs., J55, 8914
(1961).
D.T.Hurd andR.C.Osthoff, U.S.P. 2 737 506(1956);
Chem.Abs., 50, 9054 (1956).
Midland Silicones Ltd., B.P. 750 534 (1956); Chem.Abs.,
50, 16 170 (1956).
D.L.Bailey, W.T.Black, and M. L. Dunham, B.P. 819245
(1959); Chem.Abs., 54, 12 638 (1960).
Midland Silicones Ltd., B.P. 790182 (1958); Chem.Abs.,
52, 17 793 (1958).
A.R.Gilbert, U.S.P. 2867606 (1959); Chem.Abs., 53,
12 738 (1959).
O.K.Johannson, U.S.P. 2 868 766(1959); Chem.Abs., 53,

7672 (1959).
398. R.L .Merker and M.J.Scott, J.Polymer Sci., 43, 297

(1960).
399. S.N.Borisov, I.K.Stavitskii, A.V.Karlin, andl.A.Maly-

sheva, Vysokomol.Soed., £}, 1377(1961).
400. V.O.Reikhsfel'd and A.G.Ivanova, Vysokomol.Soed., 4,

30 (1962).
401. Κ. A. Andrianov and L. Μ. Volkova, Izd. Akad. Nauk SSSR,

Otd.Khim.Nauk, 264(1962).
402. K.A.Andrianov, K.M.Volkova, and L.Tartakovskaya, Izd.

Akad.Nauk SSSR, Otd.Khim.Nauk, 294(1963).
403. I.Fukukawa, J.Chem.Soc.Japan, Ind.Chem.Sect., j>8, 940

(1955).
404. M.M.Sprung and F.O.Guenther, J.Amer.Chem.Soc, T7>

4173 (1955).
405. Μ. Μ. Sprung and F. Ο. Guenther, J . Amer. Chem. Soc., T7 >

6045 (1955).
406. R.Okawara and I.Ishimaru, Bull.Chem.Soc.Japan, £7, 582

(1954).
407. R.Okawara, G.Minami, and Z.Oku, Bull.Chem.Soc.Japan,

3JL, 22 (1958).
408. O.Okawara and M.Katayama, Bull.Chem.Soc. Japan, 3_3,

659 (1960).
409. K.A.Andrianov and L.M.Volkova, Vysokomol.Soed., jJ,

1580 (1961).
410. L.Troost and P.Hautefeuille, Bull.Soc.chim.France, Π>>

255 (1873).
411. Τ.Takatani, J.Chem.Soc. Japan, 74, 892 (1953); Chem.

Abs., 49, 3784 (1955).
412. T.Takatani, J.Chem.Soc.Japan, Ή3, 7(1955).
413. T.Takatani, J.Chem.Soc.Japan, J6, 697 (1955).
414. R.Schwarz and A.Kessler, Z.anorg.Chem., 263, 15(1950).
415. R.K.Iler andP.S.Pinkney, Ind.Eng.Chem., £9, 1384(1947).
416. R.K.Iler, U.S.P. 2 547 944 (1951); Chem.Abs., 45, 8027

(1951).
417. R.Okawara, S.Hotta, and T.Watase, Bull.Chem.Soc.

Japan, 28, 541 (1955).
418. R.Okawara, S.Hotta, and T.Watase, J.Chem.Soc.Japan,

75, 759 (1954); Chem.Abs., 51, 13 746 (1957).
419. T.Takatani, J.Chem.Soc.Japan, T±, 890 (1953); Chem.

Abs., 49, 3784 (1955).
420. R.Okawara, S.Hotta, and T.Watase, J.Chem.Soc.Japan,

Ind.Chem.Sect., 27, 785 (1953).
421. Κ. A. Andrianov and Ν. A. Kurasheva, Dokl. Akad. Nauk SSSR,

126, 996 (1959).
422. P.D.George, M.R.Prober, and J.R.Elliott, Chem.Rev.,

56, 1065 (1956).
423. A.D.Petrov, V.F.Mironov, V.A.Ponomarenko, and E.A.

Chernyshev, "Sintez Kremniiorganicheskikh Monomerov"
(Preparation of Organosilicon Monomers), Izd. Akad. Nauk
SSSR, Moscow, 1961.

424. V.B.Jex and J.E.McMahon, U.S.P. 2 911426(1959);
Chem.Abs., 54, 4390 (1960).

425. V.B.Jex and J.E.McMahon, U.S.
Chem.Abs., 54, 4388 (1960).

426. R.P.Cahoy, R.N.Meals, B.A.Ashby, and Ρ. F.Silva,
J.Org.Chem., 26, 2008 (1961).

427. K.A.Andrianov, L.M.Volkova, and N.V.Sokolova, Vyso-
komol.Soed., 4, 401 (1962).

428. R.H.Krieble and J.R.Elliott, J.Amer.Chem.Soc, 68, 2291
(1946).

429. J.R.Elliott and R.H.Krieble, U.S.P. 2 513 924(1950);
Chem.Abs., 44, 9978 (1950).

430. K. A.Rzhendzinskaya and I.K.Stavitskii, "Khimiya i Prakti-
cheskoe Primenenie Kremniiorganicheskikh Soedinenii, Trudy
II Konf. " (Proceedings of Second Conference on the Chem-
istry and Practical Application of Organosilicon Compounds),
Vol.2, 1958, p.82.

P. 2 907 784 (1959);

266



Vol.32 No.5 RUSSIAN CHEMICAL REVIEWS May 1963

431. R.R.McGregor and E.Warrick, U.S.P. 2522053 (1950);
Chem.Abs., 45, 2266 (1951).

432. R.L.Prochaska, U.S.P. 2 763 675(1956); Chem.Abs., 51,
5848 (1957).

433. A.L.Klebanskii, A.I.Ponomarev, and V.I.Kudina, Khim.
Naukai Prom., 3_, 285 (1958).

434. M.Prober, U.S.P. 2837550 (1958); Chem.Abs., 52,
15 958 (1958).

435. M.Prober, J.Amer.Chem.Soc, 77, 5180 (1955).
436. M.Prober, J.Amer.Chem.Soc, J77, 3224 (1955).
437. General Electric Co., B. P. 781519 (1957); Chem.Abs.,

52, 10148 (1958).
438. G.D.Cooper and M.Prober, J.Amer.Chem.Soc, 76, 3943

(1954).
439. R.L.Merker, U.S.P. 2793223 (1957); Chem.Abs., 51,

12 541 (1957).
440. L.H.Sommer, J.M. Master son, O. W. Steward, and R.H. Lei -

theiser, J.Amer.Chem.Soc., 78, 2010 (1956).
441. P.D.George and J.R. Elliott, J.Amer Chem Soc, 7J7,

3493 (1955).
442. J.R.Elliott, U.S.P. 2754311 (1956); Chem.Abs., 51, 4423

(1957).
443. J.R.Elliott, U.S.P. 2 754 312(1956); Chem.Abs., 51, 4424

(1957).
444. G.D.Cooper,J.Amer.Chem.Soc, 76, 2500(1954).
445. G.D.Cooper, J.Amer.Chem.Soc, .76, 3713 (1954).
446. A.R."Gilbert, U.S.P. 2 768193 (1956); Chem.Abs., 51.,

5816 (1957).
447. G.D.Cooper, J.Org.Chem., J21, 1214(1956).
448. G.D.Cooper, U.S.P. 2 789121 (1957); Chem.Abs., 51,

12129(1957).
449. O.K.Johannson, U.S.P. 2762827 (1956); Chem.Abs., ^ 1 ,

5848 (1957).
450. R.Fessenden and J.S.Fessenden, Chem.Rev., (51, 361

(1961).
451. A.Stock and K.Somieski, Ber., 54, 740(1921).
452. A.Stock and F. Zeidler, Ber., 56, 986 (1923).
453. W.C.Schumb and L.H.Towle, J.Amer.Chem.Soc, J75, 6085

(1953).
454. A.Pflugmacher, H.Dahmen, and H.Knoblauch, Angew.

Chem., 69, 97 (1957).
455. A. Pflugmacher and H.Dahmen, Z.anorg.Chem., 290, 184

(1957).
456. E.Larsson and B.Smith, Acta.Chem.Soand., 3, 487(1949).
457. C. P.Haber, U.S. P. 2462 635 (1949); Chem.Abs., 43, 5033

(1949).
458. C.P.Haber, U.S.P. 2 553 314(1951); Chem.Abs., 45, 6777

(1951).
459. K.Hizawa and E.Nojimoto, J.Chem.Soc. Japan, Ind.Chem.

Sect., E>9, 1445 (1959); Chem.Abs., 53, 4176 (1959).
460. E.Larssonand L.Bjellerup, J.Amer.Chem.Soc., 7̂5, 995

(1953).
461. L.H.Sommer and L.J.Tyler, J.Amer.Chem.Soc, 76, 1030

(1954).
462. E. A.Semenova, D.Ya. Zhinkin, and K. A. Andrianov, Izv.

Akad.Nauk SSSR, Otd.Khim.Nauk, 269(1962).
463.. V.S.Chugunov, Zhur.Obshch.Khim., 23, 777(1953).
464. L.Rosnati, Gazzetta, 78, 516 (1948); Chem.Abs., 43, 1005

(1949).
465. R.Schwarz and F.Weigel, Z.anorg.Chem., J268, 291(1951).
466. F.Weigel and K.Knoll, German P. 901174 (1954); Chem.

Abs., 52, 12 936 (1958).
467. E.Larsson and B.Smith, Svensk kem.Tidskr., §2, 141

(1950); Chem.Abs., 45, 2858 (1951).
468. L.Tansjo, Acta Chem.Scand., 14, 2097(1960).
469. K. A. Andrianov and N.V.Delazari, Izv.Akad.Nauk SSSR,

Otd.Khim.Nauk, 2169(1961).
470. W.Fink, Angew Chem., 73, 736 (1961).

U.S.P. 2566 363 (1951);

Chem.Abs., 52,

471. P.D.George, L.H.Sommer, and F.C.Whitmore, J.Amer.
Chem.Soc, 75, 6308 (1953).

472. H.Kriegsmann, Z.anorg.Chem., 298, 223 (1959).
473. G.V.Tsitsishvili, G.D.Bagratishvili, K.A.Andrianov, L.M.

Khananashvili, and M.L.Kantariya, Izv.Akad.Nauk SSSE,
Otd.Khim.Nauk, 1197(1962).

474. G.R.Holzman, P.C. Lauterbur, J.H.Anderson, andW.Koth,
J.Chem.Phys., 25, 172 (1956).

475. H.Kriegsmann, Z.Elektrochem.,.61, 1088 (1957).
476. K.A.Andrianov and T.Ya.Rumba, Zhur.Obshch.Khim., 31,

4038 (1961).
477. K.A.Andrianov and T.Ya.Rumba, Zhur.Obshch.Khim., 32,

1993 (1962).
478. U.Wannagat and H.Niederprum, Angew.Chem., 7̂0, 745

(1958).
479. S.J.Groszos and J. A.Hall, U.S.P. 2 885 370(1959); Chem.

Abs., 53, 16 586 (1959).
480. J.L.Speier, U.S.P. 2676163 (1954); Chem.Abs., 48, 9746

(1954).
481. E.G.Rochow, Chimie et Industrie, 85, 897(1961).
482. N.G.Belen'kaya, M.G. Voronkov, and V.N.Dolgov, Zhur.

Prikl.Khim., 2£, 886 (1955).
483. Midland Silicones Ltd., B.P. 749 958 (1956); Chem.Abs.,

50, 15 123 (1956).
484. G.W.Pedlow and C.S.Miner,

Chem.Abs., 46, 3068 (1952).
485. K.Knoll, German P. 940 545 (1956);

15 092 (1958).
486. F.Weigel, German P. 1035 897(1959).
487. U.Wannagat and H.Niederprum, Angew Chem., J70, 745

(1958).
488. H.Niederprum and U.Wannagat, Z.anorg.Chem., £11, 270

(1961).
489. U.Wannagat and W.Liehr, Angew Chem., 69, 783 (1957).
490. M.V.George, D.Wittenberg, andH.Gilman, J.Amer.Chem.

Soc, 81, 361 (1959).
491. J.Pierre, Compt.rend., 24, 814(1847).
492. J.Pierre, Compt.rend., 26, 523 (1848).
493. C.Friedel and A.Ladenburg, Annalen, 145, 179(1868).
494. M.Blix, Ber., 36, 4218 (1903).
495. M.Blix and W.Wirbelauer, Ber., 36, 4220(1903).
496. Y.P.Etienne, Bull.Soc.chim.France, 791(1953).
497. W.C.Schumb and W.J.Bernard, J.Amer.Chem.Soc, J77,

862 (1955).
498. D.J.Panckhurst, C.J.Wilkins, and P. W. Craighead,

J.Chem.Soc, 3395 (1955).
499. J.Goubeau and W.D.Hiersemann, Z.anorg.Chem., J29O, 292

(1957).
500. G.Champetier, Y.P.Etienne, and R.Kulmann, Compt.rend.,

234, 1985 (1952).
501. Y.P.Etienne, Compt.rend., 235, 966(1952).
502. H.Kriegsmann and H.Clauss, Z.anorg.Chem., 300, 210

(1959).
503. T.Nomura, M.Yokoi, and K.Yamasaki, ProcJapan Acad.,

29, 342 (1953).
504. E.Wiberg and C.Dathe, "Diplomarbeit", Munich, 1955; see

Ref.361.
505. L.S.Moody, U.S.P. 2 567 724(1951); Chem.Abs., 47, 7534

(1953).
506. C.Eaborn, J.Chem.Soc, 3077(1950).
507. M.Schmeiser and H.Muller, Angew Chem., £9, 781 (1957).
508. M.Yokoi, T.Nomura, and K.Yamasaki, J.Amer.Chem.

Soc, 77, 4484 (1955).
509. M.Schmidt and H.Ruf, Angew Chem., 73, 64 (1961).
510. N.N.Sokolov, "Khimiya i Prakticheskoe Primenenie Krem-

niiorganicheskikh Soedinenii, Trudy II Konf." (Proceedings
of the Second Conference on the Chemistry and Practical
Application of Organosilicon Compounds), Vol.2, 1958, p. 130.

267



Vol.32 No.5 RUSSIAN CHEMICAL REVIEWS May 1963

511. W.J.Patnode, U.S.P. 2 503 919(1950); Chem.Abs., 44,
5899 (1950).

512. K.A.Andrianov, I.Haiduc, L.M.Khananashvili, and
N.Nekhaeva, Zhur.Obshch.Khlm., 32, 3447(1962).

513. S.J.Groszos, U.S.P. 2 957 900(1960).
514. R.P.Anderson and M.M.Sprung, WADC Techn.Report,

59-61, March, 1959; cited by Chamberland and MacDiar-
mid inRef.198.

515. A.A.Zhdanov, K.A.Andrianov, and A.A.Bogdanova, Izv.
Akad.NaukSSSR, Otd.Khim.Nauk, 1261(1961).

516. A.Bystrom, Arkiv Kerni, Min., Geol., JL5B, 12 (1942).
517. G. Bergerhoff and W. Nowacki, Schweiz. Min. Petr. Mitt., £5,

410 (1955).
518. V.A.Zeitler and C. A.Brown, J.Amer.Chem.Soc, 79, 4618

(1957).
519. K.A.Andrianov, T.V.Vasil'eva, and L.M.Khananashvili,

Izv.Akad.NaukSSSR, Otd.Khim.Nauk, 1062(1961).
520. K.A.Andrianov, T.V.Vasil'eva, and L.M.Khananashvili,

Vysokomol.Soed., 4, 708 (1962).
521. N.F.Orlov and M.G.Voronkov, Zhur.Obshch.Khim., 32,

608 (1962).
522. Β. L. Chamberland and A. G. MacDiarmid, J . Amer. Chem.

Soc, 83, 549 (1961).
523. F.A.Henglein, R.Lang, and K.Scheinost, Makromol.Chem.,

18, 102 (1956).
524. M.Schmidt and H.Schmidbaur, Angew Chem., 7_0, 470(1958).
525. M.Schmidt and H.Schmidbaur, Chem.Ber., 93, 878 (1960).
526. M.Schmidt and H.Schmidbaur, Chem.Ber., 94, 2446 (1961).
527. R.Schwarz, Angew Chem., 67, 117(1955).
528. H.Kautsky, Z.anorg.Chem., 1Γ7, 209 (1921).
529. H.Kautsky and G.Herzberg, Z.anorg.Chem., 139, 135

(1924).
530. H.Kautsky and G.Herzberg, Ber., 57, 1665 (1924).
531. H.Kautsky, Z.Elektrochem., 32, 349 (1926).
532. H.Kautsky and O.Gaubatz, Z.anorg.Chem., 191, 382(1930).
533. H.Kautsky, Z. Naturforsch., 76, 174 (1952).
534. H.Kautsky and H.P.Siebel, Z.anorg.Chem., 273, 113(1953).
535. H.Kautsky and T.Richter, Z.Naturforsch., UB, 365(1956).
536. D.W.Riley and R.Y.Mixer, U.S.P. 2954391 (1960); Chem.

Abs., 55, 3434 (1961).
537. K.A.Andrianov, L.M.Khananashvili, and I.S.Belen'kaya,

Vysokomol.Soed., 4, 591 (1962).
538. D.W.Scott, J.Amer.Chem.Soc, 68, 356 (1948).
539. D.W.Scott, U.S.P. 2418051 (1947); Chem.Abs., jil, 4508

(1947).
540. W.L.Roth, J. Amer.Chem.Soc, 69, 474 (1947).
541. W.L.Roth and D.Harker, Acta Cryst., 1, 34 (1948).
542. M.M.Sprung and F.O.Guenther, J.Amer.Chem.Soc, 77»

3990 (1955).
543. M.M.Sprung and F.O.Guenther, J.Amer.Chem.Soc, 7_7,

3996 (1955).
544. E.Wiberg and W.Simmler, Angew Chem., 67, 723(1955).
545. E.Wiberg and W.Simmler, Z.anorg.Chem., 282, 330(1955).
546. A.J.Barry, W.D.Daudt, J.J.Domicone, and J.W.Gilkey,

J.Amer.Chem.Soc, 77, 4248 (1955).
547. K.A.Andrianov and V.A.Odinets, Izv.Akad.Nauk SSSR, Otd.

Khim.Nauk, 460 (1959).
548. K.Olsson and C.Gronwall, Arkiv Kemi, Γ7, 529 (1961).
549. K.A.Andrianov and T.Ya.Rumba, Izv.Akad.Nauk SSSR,

Otd.Khim.Nauk, 1313 (1962).
550. Y.P.Etienne, Bull.Soc.chim.France, 791(1953).
551. Y.P.Etienne, Angew Chem., 67, 753 (1955).
552. K. A. Andrianov and A. A. Zhdanov, Izv. Akad. Nauk SSSR,

Otd.Khim.Nauk, 1033 (1954).
553. S.I.Dzhenchel'skaya, K.A.Andrianov, and Yu.K.Petrashko,

"Khimiya i Prakticheskoe Primenenie Kremniiorgani-
cheskikh Soedinenii, Trudy II Konf. " (Proceedings of the
Second Conference on the Chemistry and Practical Appli-

cation of Organosilicon Compounds), Vol.2, 1958, p.46.
554. K.A.Andrianov, S.I.Dzhenchel'skaya, and Yu.K. Petr ashko,

Zhur.Prikl.Khim., 32, 1344 (1959);
555. K.A.Andrianov, D.Ya. Zhinkin, and A.S.Kuznetsova, Zhur.

Obshch.Khim., 29, 1504 (1959).
556. N.N.Sokolov, Zhur.Obshch.Khim., 29, 253 (1959).
557. G.Becherer and O.Duhring, Naturwiss., 43, 300 (1956).
558. Anon., Chem.Eng.News, 313, 47(1960).
559. J.F.Brown, L.H.Vogt, A.Katchman, J.W. Eustance, K.M.

Kiser, and K.W.Kranz, J. Amer.Chem.Soc, 82, 6194
(1960).

5 60. Κ. A. Andrianov and I. F. Manucharova, Izv. Akad. Nauk SSSR,
Otd.Khim.Nauk, 420(1960).

561. M.Billy, Compt.rend., 246, 433 (1958).
562. I.Haiduc, Bull. Soc chim. France, 489(1960).
563. M.Billy, Bull.Soc.chim.France, 489(1960).
563. M.Billy, Bull.Soc.chim.France, 1653(1960).

Lomonosov Institute of Fine-Chemical
Technology, Moscow

546.137

PERCHLORIC ACID

A. A . Z i n o v ' e v

CONTENTS

1. Introduction 269

2. Brief historical outline 269

3. Forms of perchloric acid 270

4. Properties of perchloric acid hydrates 271

5. Molecular structure of perchloric acid hydrates 272

6. Volatility of perchloric acid 273

7. Perchloric acid as an electrolyte 273

8. Perchloric acid in the formation of acidium salts 274

9. Chlorine heptoxide 275

10. Molecular structure of perchloric acid and of

chlorine heptoxide 276

11. Melting-point diagram of the C12O7-H2O system 277

12. Density of the C12O7-HC1O4 systems 278

13. Viscosity of the C12O7-HC1O4 systems 278

14. Integral heats of solution in the C12O7-HC1O4 system 279

15. Thermal stability of perchloric acid 279

268


