
Synthesis of Heterocyclic Organosilicon Di- and
Polyfunctional Compounds

O. Mukbaniani,1 G. Zaikov,2 T. Tatrishvili,1 N. Mukbaniani1

1I. Javakhishvili Tbilisi State University, 0128 Tbilisi, Georgia
2Institute of Biochemical Physics Russian Academy of Sciences, Moscow 119991, Russia

Received 22 March 2006; accepted 30 May 2006
DOI 10.1002/app.25478
Published online in Wiley InterScience (www.interscience.wiley.com).

INTRODUCTION

The present state of the synthesis of cyclic organosi-
loxanes and organocarbosiloxanes with assigned dis-
position of various functional groups is reviewed.

Organosilicon monomers containing functional groups
at silicon atoms are extremely inclined to various reac-
tions of transformation, which produce:Si��O��Si:
bonds.1 At the present time, the most practically sig-
nificant organosilicon polymers are industrially pro-
duced from organochlorosilanes of various function-
alities.2 To carry out directed synthesis of oligomers
and block-copolymers with cyclic and polycyclic frag-
ments in the macromolecular backbone, methods of
linear di- and polyfunctional oligochlororganosilox-
anes synthesis have been developed,3,4 on the basis of
which organocyclosiloxanes with the given disposi-
tion of chlorine atoms and other functional groups at
atoms of silicon may be derived.

ORGANOCYCLOSILOXANES WITH GIVEN
DISPOSITION OF FUNCTIONAL GROUPS

AT ATOMS OF SILICON

Synthesis of organocyclosiloxanes with different dispo-
sition of functional groups at atoms of silicon is mainly
reduced to two methods: hydrolytic condensation of
chlorine-containing organosilanes and alkoxyorganosi-
lanes and heterofunctional condensation reaction (HFC)
of silanes with siloxanes containing functional chlorine-,
alkoxy-, amino, and hydroxyl groups or to modification
of previously prepared organocyclosiloxanes.

Hydrolytic condensation of dibutoxydichlorosilane
in the presence of hydrogen chloride acceptor (tertiary
amine) was used for synthesizing organocyclosilox-

anes with butoxyl groups.5,6 Similarly, hydrolytic con-
densation of diethoxydichlorosilane proceeds in the
presence of pyridine.7 Partial hydrolytic condensation
of tetraethoxysilane and hexaethoxydisiloxane8,9 in-
duces the formation of organocyclosiloxanes with
ethoxy groups at silicon atoms.

Hydrolytic condensation of alkylalkoxydichlorosi-
lanes in the presence of pyridine also produces orga-
nocyclosiloxanes containing, besides alkoxy groups,
alkyl ones at silicon atoms.10,11

Joint reactions of SiCl4 etherification and hydrolytic
condensation with isopropyl alcohol produce organocy-
closiloxaneswith isopropyloxy groups at silicon atoms.12

Joint hydrolytic condensation between dimethyldi-
chlorosilane and methylalkoxydichlorosilanes in the
presence of pyridine has produced organocyclosilox-
anes with two alkoxy groups at different silicon atoms
(Scheme 1).13

Hydrolytic cocondensation between diphenyldi-
chlorosilane and phenyltrichlorosilane at 1 : 4 molar
ratios of the initial components produces hydroxypen-
taphenylcyclotrisiloxane and 1,5-dihydroxyhexaphe-
nylcyclotetrasiloxane (Scheme 2).14

However, it should be noted that the yield of indi-
vidual phenylcyclosiloxanes is negligible.

Joint hydrolysis of dimethyldichlorosilane and methyl-
vinyldichlorosilane produced divinylhexamethylcy-
clotetrasiloxane.15 Despite the application of efficient
rectification towers as well as analytical chromato-
graph with preparative attachment, the authors have
not managed to separate isomeric 1,3- and 1,5-divinyl-
hexamethylcyclotetrasiloxanes, which may be pro-
duced by joint hydrolysis. The reaction proceeds in
accordance with Scheme 3.

In accordance with the scheme as follows,16 1-
hydride-3-vinylhexamethylcyclotetrasiloxane was syn-
thesized in cohydrolysis reaction between 1,3-dichloro-
tetramethyldisiloxane and 1,3-dichloro-1-hydro-3-vinyl-
dimethyldisiloxane (Scheme 4).

Hydrolytic condensation of phenyltrichlorosilane in
aqueous solution of acetone, in acidic medium has
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synthesized cis-1,3,5,7-tetrahydroxy-1,3,5,7-tetraphenyl-
cyclotetrasiloxane (tetrole) with high yield.17 Scheme 5
shows how the reaction proceeds.

Later on, mutual configurative transformations of
four stereoisomers of tetrole were detected. These ste-
reoisomers are shown in Scheme 6.

It has been shown18 that isomerization of tetrasilox-
ane ring may proceed both with reversal of silicon
atoms configuration and without it.

Tetrole-like compounds were also synthesized by
hydrolytic condensation of (b-phenyl)phenethyltri-
chlorosilane, stilbene trichlorosilane, and (a-phenyl)
phenethyltrichlorosilane.19

At 20–508C in acetone, partial hydrolytic condensa-
tion of 1,1,3,3-tetrachloro-1,3-diphenyldisiloxane20 pro-
ceeds with 20% yield of cyclotetraandcyclohexasilox-
ane products, [PhClSiO]4 and [PhClSiO]6. Low yield

of cyclic products is explained by formation of a sig-
nificant quantity of linear products.

Besides 1,5-dimethyl-1,5-divinyl-3,3,7,7-tetraphenylcyclo-
tetrasiloxane, the interaction between equimolar amounts
of diphenylsilanediol and methylvinyldichlorosilane
also synthesizes 1,3-dimethyl-1,3-divinyl-5,5-diphenyl-
cyclotrisiloxane, 1-methyl-1-vinyl-3,3,5,5-tetraphenyltri-
siloxane, and high-molecular products in accordance
with Scheme 7.21

HFC reaction is more suitable for synthesizing orga-
nocyclosiloxanes with functional groups at silicon
atoms. High yields of organocyclosiloxanes with a sin-
gle functional group are produced in double replace-
ment reaction of disodium salts of dimethylsiloxanes
with ethylbutoxydichlorosilane,14 methylbutoxydi-
chlorosilane,22 and methyltrichlorosilane.23

The HFC reaction between 1,1,3,3-tetrachlorodiphe-
nyldisiloxane and dihydroxydiorganosilanes in the
presence of hydrogen chloride acceptor causes the for-
mation of 1,3-dichlorotetraorganocyclotrisiloxanes24

in accordance with Scheme 8.

Scheme 2 Structure of obtained products during hydro-
lytic cocondensation between diphenyl-dichlorosilane and
phenyltrichlorosilane at 1:4 molar ratios of the initial com-
ponents.

Scheme 1 Hydrolytic condensation between dimethyldi-
chlorosilane and methylalkoxy-dichlorosilanes in the pres-
ence of pyridine.

Scheme 3 Joint cohydrolysis of dimethyldichlorosilane
and methylvinyldichlorosilane.

Scheme 4 Cohydrolysis reaction between 1,3-dichlorote-
tramethyldisiloxane and 1-chloro-3-chloro-3-vinyltetrame-
thyldisiloxane.

Scheme 5 Hydrolytic condensation of phenyltrichlorosi-
lane in aqueous solution of acetone, in acidic medium.

Scheme 6 Mutual configurative transformations of four
stereoisomers of tetrole.

Scheme 7 HFC of equimolar amounts of diphenylsilanediol and methylvinyldichlorosilane.
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Hydrolysis of synthesized 1,3-dichlorotetraorgano-
cyclotrisiloxanes has produced appropriate dihydroxy
derivatives.

Condensation reactions of dihydroxydiphenylsilane
ordihydroxydimethylsilanewithmethylvinyldichloro-
silane and methyldichlorosilane25,26 in the presence of
pyridine (1 : 1 molar ratio of the initial components)
have given high yields of organocyclotetrasiloxanes
with 1,5-disposition of functional groups at silicon
atoms. The reaction proceeds as shown in Scheme 9.

The study of HFC reaction of 1,3-dihydroxytetra-
phenylsiloxane with silicon tetrachloride at equimolar
ratio of the initial components has indicated27 that
besides organocyclosiloxanes, linear polyfunctional
organosiloxane are also produced in accordance with
Scheme 10.

The yield of linear products is increased with the
quantity of silicon tetrachloride. In a similar manner,
equimolar HFC reaction of silicon tetrachloride with
1,3-dihydroxy-1,3-divinyl-1,3-diphenyldisiloxane has
been studied.27

The HFC reaction of 1,3-dihydroxytetraphenyldisi-
loxane or 1,5-dihydroxyhexaphenyltrisiloxane with
organochlorosilanes at 1 : 3 ratio of initial components
in anhydrous toluene solution at �58C in the presence
of pyridine under the above-mentioned conditions

proceeds ambiguously, and besides linear organo-
chlorosiloxanes, the yield of which equals 70–87%,
organocyclotrisiloxanes and organocyclotetrasiloxane
are also produced in low amounts (4–6%). As a conse-
quence, the reaction proceeds in accordance with the
Scheme 11.28,29

The HFC reaction between methyldichlorosilane,
dihydroxydimethylsilane and dihydroxytetra(hexa)-
methyldi(tri)siloxane at 1 : 1 molar ratio of initial com-
ponents in the presence of acceptor (amine) mainly
proceeds with formation of linear tetrachlororganosi-
loxanes30 (Scheme 12).

The same investigators31 have also obtained linear
tetrachloroethylsiloxanes and cyclic ethylsiloxanes by
the HFC reaction of ethyltrichlorosilane with dihy-
droxydiethylsilane or 1,3-dihydroxytetraethyldisilox-
ane in chlorosilane excess.

The HFC reaction of dihydroxydiorganosilanes di-
sodium salts with organochlorosilanes causes the
formation of linear, cyclic, and star-shaped sil-
oxanes.32–35

Investigation of the HFC reaction between 1,3-dihy-
droxy-1,3-dimethyl-1,3-diphenyldisiloxane and 1,5-
disodiumoxyhexamethyltrisiloxane and silicon tet-
rachloride, methyl- and phenyltrichlorosilanes has
displayed that with regard to the ratio of initial com-
ponents both linear and cyclic compounds may be
produced. The yield of linear reaction products is
increased with excess of chlorosilanes in the primary

Scheme 8 HFC reaction between 1,1,3,3-tetrachlorodiphe-
nyldisiloxane and dihydroxydiorganosilanes in the pres-
ence of pyridine. R ¼ R0 ¼ Ph, p-CH3C6H5; R = R0; R ¼
Ph, R0 ¼ Me.

Scheme 9 Condensation reactions of dihydroxydiphenyl-
silane or dihydroxydimethylsilane with methylvinyldi-
chlorosilane and methyldichlorosilane. R ¼ Me, Ph, Et; R0
¼ Vin, H.

Scheme 11 HFC reaction of 1,3-dihydroxytetraphenyldisi-
loxane and 1,5-dihydroxyhexaphenyltrisiloxane with orga-
nochlorosilanes at 1 : 3 ratio of initial components. m ¼ 2,
3; R ¼ Ph, Me, Vin, CI; R0 ¼ CI, H, Vin.

Scheme 10 HFC reaction of 1,3-dihydroxytetraphenylsi-
loxane with silicon tetrachloride.

Scheme 12 HFC reaction between methyldichlorosilane,
dihydroxydimethylsilane and dihydroxytetra(hexa)methyl-
di(tri)siloxane. n ¼ 1, 2, 3.

Scheme 13 HFC reaction of 1,3-dihydroxyorganodisilox-
anes with 1,3-dichlororganodisiloxanes in the presence of
pyridine. R ¼ R0 ¼ Me, Ph; R = R0.
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reaction mixture, and the yield of cyclic compounds is
decreased.

Divinyl- and dihydride-containing organocyclosi-
loxanes with different disposition of functional
groups at silicon atoms were synthesized by the HFC
reaction of 1,3-dihydroxyorganodisiloxanes with 1,3-
dichlororganodisiloxanes in the presence of pyridine
in accordance with Scheme 13.25,36

By analogy, heterofunctional condensation of dihy-
droxydiphenylsilane with methyltrichlorosilane,36,37

silicon tetrachloride,38 and phenyltrichlorosilane,39,40

as well as between diethyldihydroxysilane and ethyl-
vinyldichlorosilane and ethyldichlorosilane, proceeds
at equimolar (1 : 1) ratio of the initial components, in
the presence of pyridine. The yield of target products
with 1,5-disposition of chlorine atoms at silicon ones
is varied from 41 to 55% (Scheme 14).

As shown in the earlier scheme, besides isomeric
organocyclosiloxanes, linear tetrachlororganotrisilox-
anes are also synthesized with the yield of 15–20%.
For methyl-containing organocyclotetrasiloxanes, two
singlet signals with almost equal peak ratio (53–47%)
at 0.38 and 0.42 ppm have been detected in 1H-NMR
spectra. These ranges are typical of cis- and trans-
forms of methyl groups. Shift for methyl protons to a
weak field testifies about the electron acceptor type of
functional groups at the same silicon atom, where
methyl groups are disposed. To increase the yield of

organocyclosiloxanes with 1,5-disposition of chlorine
atoms at silicon ones, the two-stage synthesis method
was suggested.41,38,40 At the first stage, HFC of dihy-
droxydiphenylsilane with excess of organotrichlorosi-
lane is carried out. At the second stage, HFC of
obtained tetrachloroorganotrisiloxanes with dihydro-
xydiphenylsilane proceeds (Scheme 15).

It is shown42 that depending on the ratio of initial
reagents, diorganodiaminosilanes mixed with diorga-
nodichlorosilanes interact with diphenylsilanediol
giving cyclic or linear siloxanes. The yield of mixed
cyclotetrasiloxanes is quantitative and almost inde-
pendent of the type of framing at silicon atoms in
amino- and chlorosilanes. Trisiloxane is synthesized

Scheme 14 HFC reaction of dihydroxydiphenylsilane with organochlorosilanes. R ¼ Me, Ph, Et; R0 ¼ Me, Ph, Et, CI, Vin;
R00 ¼ CI, H, Vin.

Scheme 15 Synthesis of organocyclosiloxanes by two stage HFC reaction. R ¼ Me, Ph, CI.

Scheme 16 HFC reaction of diorganodiaminosilanes mixed
with diorganodichlorosilanes with diphenylsilanediol.
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with lower yield (�70%) due to a noticeable formation
of secondary products, which are long-chain a,o-
dichlorosiloxanes.

Formation of long-chain siloxanes is much more
typical of the condensation reaction proceeding with
dihydroxydiphenylsilane excess. In this case, the yield
of trisiloxane does not exceed 50%. The reaction pro-
ceeds as shown in Scheme 16.

For obtaining high yields of synthesized methylcy-
closiloxanes with given disposition of functional
groups at silicon atoms, the two-stage synthesis was
suggested31,43,44 in accordance with Scheme 17.

Two-stage reaction proceeding resulted in the yield
of organocyclotetra(penta, hexa)siloxanes equal 28–
51%. The ratio of dichlorocyclosiloxane isomers was

monitored by NMR and mass-spectrometry methods.
Basically, dichlororganocyclosiloxanes of 96.0–99.5%
purity were produced. Separation of dichlororgano-
cyclotetra(penta, hexa)siloxanes to stereoisomers was
made and majority dichlororganocyclotetra(hexa)si-
loxanes are separated to cis- and trans-isomers. All
attempts to separate stereoisomers of dichloroctaorga-
nocyclopentasiloxane and dichlorododecaorganocy-
cloheptasiloxane to cis- and trans-isomers have failed.
Hydrolysis and aminolysis of dichloromethylcyclote-

Scheme 18 HFC reaction of organodichlorosilanes or organotrichlorosilane with 1,3-dihydroxytetraphenyldisiloxane. R ¼
Me, Ph, CI; R0 ¼ CI, Vin, H.

Scheme 19 Transient complex with pyridine.

Scheme 20 Structural isomer of 1,7-dichloro-1,7-dimethy-
loctapenylcyclohexasiloxane.

Scheme 22 HFC reaction of hexa(tetra, di)chlororgano-
tetra(penta)siloxanes with dihydroxydiphenylsilane. n ¼ 2, 3;
R ¼ Me, Ph, CI; R0 ¼ CI, H, Vin.

Scheme 21 HFC reaction of tetrachloro- or dichlororgano-
tetrasiloxanes with dihydroxydiphenylsilane or 1,3-dihy-
droxytetraphenyldisiloxane. n ¼ 1, 2; R ¼ Me, Ph; R0 ¼ CI,
H, Vin.

Scheme 17 Synthesis of methylcyclosiloxanes with given disposition of functional groups at silicon atoms, by two-stage
HFC reaction. m ¼ n ¼ 1, 2, 3; m = n; R ¼ Me, Ph.
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tra- (penta, hexa, hepta, octa)siloxanes proceeding in
the presence of hydrogen chloride acceptors have pro-
duced corresponded dihydroxy- and diaminomethyl-
cyclosiloxanes. Inversion of isomers configuration
during hydrolysis was separation methylcyclosilox-
ane dihydroxy-derivatives to cis- and trans-isomers
was performed for 1,5-dihydroxyhexamethylcyclote-
trasiloxane and 1,7-dihydroxydecamethylcyclohexasi-
loxane by recrystallization from heptane; under simi-
lar conditions, the rest hydroxy derivatives cannot be
separated. X-ray diffraction studies of the crystalline
structure of 1,5-dihydroxydecamethylcyclohexasilox-
ane cis- and trans-isomers show that :Si��O��Si:
bond angle in cis-isomers displays two values: 145.78–
150.28 and 173.68–174.18. The ring is tub-shaped with
silicon atoms in the hydroxyl group distant from the
middle atom plane by 0.96–0.98 Å. This allows OH-
groups in cis-isomers forming intra- and intermolecu-
lar hydrogen bonds.45

In the range of 3200–3800 cm�1 typical of valence
oscillations of OH groups, IR spectra of dihydroxy-
methylcyclo(tetra, hexa)siloxanes, mold with KBr
and in CCl4 solutions of various concentration dis-
play the absence of a broad absorption band at
3300–3500 cm�1, which is present in spectra of all
dihydroxymethylcyclosiloxanes mold with KBr, and
the presence of a narrow band at 3700 cm�1 typical
of hydroxyl group with intermolecular hydrogen
bonds, which confirms separation of pure trans-iso-
mer of dihydroxymethylcyclosiloxanes. For cis-iso-
mers, IR spectra of diluted solution possess two
bands: a broad one in the range of 3300–3500 cm�1

typical of intramolecular hydrogen bond and a nar-
row one at 3700 cm�1.

Based on 1H-NMR spectra, chemical shifts and mul-
tiplicity of methyl protons of chloro(hydroxy)-substi-
tuted methylcyclotetra(penta, hexa)siloxanes were
studied.46

By similar two-stage HFC method, difunctional methyl
(ethyl)cyclotetra(penta, hexa)siloxanes with defined
disposition of chlorine, hydride, or vinyl groups at
silicon atoms were produced.47,48

HFC reaction of organodichlorosilanes or organotri-
chlorosilane with 1,3-dihydroxytetraphenyldisiloxane
under usual conditions (equimolar (1 : 1) ration of ini-
tial reagents, presence of hydrogen chloride acceptor––
pyridine, diluted toluene solution, 0–58C temperature
range) mainly produces both linear organochlorosi-
loxanes and cyclic compounds. The presence of linear
organochlorosiloxanes, the content of which in the
reaction mixture did not exceed 6%, was confirmed
by GLC analysis. The reaction proceeds as shown in
Scheme 18.49,50

To the authors’ point of view, similar to the case
described in Ref. 51, the reaction proceeds with the
formation of a transient formation (Scheme 19), which
is then subject to intramolecular condensation, pro-
ducing a hexatomic rings and intermolecular conden-
sation with further cyclization of condensation prod-
ucts. The latter leads to the formation of dodecatomic
rings and higher boiling products. The study of NMR
spectrum of 1,7-dichloro-1,7-dimethyloctapenylcyclo-
hexasiloxane has indicated that HFC reaction of 1,3-
dihydroxytetraphenyldisiloxane produces cyclohexa-
siloxane and its structural isomer (Scheme 20).

A singlet at 0.27 ppm is corresponded to methyl
group of methyldichlorosiloxy-fragment; for methyl
protons in silsesquioxane unit, a singlet at 0.46 ppm is

Scheme 23 Hydrolysis reactions of tetrachlororganocyclotetra(penta, hexa)siloxanes.

Scheme 24 Complex of 1,1,5,5-tetrahydroxytetraphenylcyclotetrasiloxane with pyridine.

Scheme 25 Redistribution of electron density in the com-
plex.
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also observed. Two singlets at 0.38 and 0.41 ppm, cor-
responded to two methyl groups of cis- and trans-
forms, respectively, are observed in spectra. After
recrystallization from toluene–heptane mixture, orga-
nocyclohexasiloxane product was purified from iso-
meric admixtures. The ratio of cis- and trans-isomers
equaled 54% and 46%, respectively. Accordingly, after
fractionation, HFC reaction products of organotri-
chlorosilanes and silicon tetrachloride with 1,3-dihy-
droxytetraphenyldisiloxane were recrystallized from
the toluene–heptane mixture. HFC reaction of dichlor-
odiorganosiloxanes with 1,3-dihydroxytetraphenyldi-
siloxane did not produce isomeric products. At the
single-stage synthesis, the yield of organocyclohexasi-
loxanes equaled 26–43%. HFC reaction of tetrachloro-
or dichlororganotetrasiloxanes with dihydroxyophe-
nylsilane or 1,3-dihydroxytetraphenyldisiloxane under

usual conditions (at equimolar ratio of initial compo-
nents, in the presence of pyridine, in diluted anhy-
drous toluene solution) produced organocyclopenta-
and organocyclohexasiloxanes with 1,5- and 1,7-dis-
position of chlorine atoms at silicon (Scheme 21).52–55

By HFC reaction of hexa(tetra, di)chlororganotetra-
(penta)siloxanes with dihydroxydiphenylsilane under
usual conditions (in the presence of pyridine, at equi-
molar ratio of initial reagents, in diluted anhydrous
toluene solution, in �5 to �08C temperature range),
high yields of difunctional organocyclopentasiloxanes
and organocyclohexasiloxanes with 1,5-disposition of
functional groups were obtained. Therefore, the yield
of organocyclopenta(hexa)siloxanes is increased to
61–70% (Scheme 22).53,56,57

Hydrolysis of tetrachlororganocyclotetra(penta, hexa)-
siloxane proceeding in the presence of hydrogen chlo-

Scheme 26 HFC reaction of dipyridine-1,1,5,5-tetrahydroxytetraphenylcyclotetrasiloxane with diorganodichlorosilanes or
diorganoethoxychlorosilanes. R ¼ Me, R0 ¼ Me, Ph; X ¼ CI, OEt.

Scheme 27 Hydrolysis of tetrachlorine-containing branched cyclic compounds. R ¼ R1 ¼ Me, Ph; R = R1.

Scheme 28 HFC reaction of 1,1,3,3-tetrachlorodiphenyldi-
siloxane with 1,3-dihydroxy-tetraphenyldisiloxane at 1 : 1
molar ratio of initial components.

Scheme 29 HFC reactions of 1,3-dihydroxytetraorganodi-
and xytetraorganodi- and 1,5-dihydroxyhexaorganotrisilox-
anes with silicon tetrachloride in the presence of amine. n
¼ 1, 2; R ¼ R0 ¼ Me, Ph; R = R0.

Scheme 30 Aminolysis reaction of 1,1-dichlorotetraorga-
nocyclotrisiloxanes. R ¼ Me, Et; R00 ¼ R000 ¼ H, Me, Et;
R00 = R000.

Scheme 31 Structure of spirocyclosiloxanes. R ¼ R0 ¼ Me,
Ph; R = R0.
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TABLE I
Physical and Chemical Parameters of Difunctional Organophenylcyclotri(tetra, penta, hexa)siloxanes

No Compound Yield (%)
Tboil (8C)

(P, mmHg) Tmelt (8C)

1H(Me)
chemical shift

Referencecis trans

1 26 136–137 (0.1) – – – [24]

2 29 200–203 (0.001) – – – [24]

3 46 – – – – 24

4 47 – – – – 24

5 20 (66)* 247–250 (0.02) – 0.38 0.42 [36,37]

6 70 – trans 141–142 0.16 0.09 [37]
cis 147–150

7 34.0 (65) 305–310 (0.02) – – – [37,65]

8 77 – (mixture) – – [37]

9 60 147–148 (0.5) trans 116–117 0.42 0.29 [44]
0.16

Journal of Applied Polymer Science DOI 10.1002/app



TABLE I Continued

No Compound Yield (%)
Tboil (8C)

(P, mmHg) Tmelt (8C)

1H(Me)
chemical shift

Referencecis trans

10 70 – trans 126–127 – 0.12 [44]

11 48 (79) 222–224 (760) (mixture) 0.51 0.55 [50,53]

12 68 – (mixture) 67–70 – – [50,53]

13 62 310–320 (0.04) – – – [50,53]

14 73 – (mixture) 84–85 – – [50,53]

15 43 (61) 325–330 (0.01) (mixture) 59–61 0.38 0.41 [49,50,52]

16 74 – (mixture) 209–210 – – [49,50,52]

17 29 (65) 337–340 (0.01) (mixture) 62–64 – – [49,50,52]

18 77 – (mixture) 161–162 – – [49,50,52]
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ride acceptor is described in the literature.41,29,58–61

It is found that hydrolysis proceeding at room tem-
perature produces polyfunctional oligomers, which
are transformed into structured products. However,
as the reaction temperature was decreased to
0�58C, in the presence of sodium bicarbonate, tetra-
hydroxy-derivatives were synthesized as shown in
Scheme 23.

It is also found that 1,1,5,5-tetrahydroxytetraphenyl-
cyclotetrasiloxane forms a stable structure with pyri-
dine59 (Scheme 24).

This was not observed for its isomer, cis-1,3,5,7-tet-
rahydroxytetraphenylcyclotetrasiloxane(tetrole).

It is assumed62 that the structure formation is asso-
ciated with increased acidity of hydrogen in hydroxyl
groups, caused by interaction of p-electrons of oxygen
atoms with silicon. Inertness of the second hydroxyl
group to pyridine is explained by decrease of its acid-
ity as a consequence of redistribution of electron den-
sity in the group (Scheme 25).

Dipyridine-1,1,5,5-tetrahydroxytetraphenylcyclote-
trasiloxane structure enters HFC reaction with diorga-
nodichlorosilanes or diorganoethoxychlorosilanes and

forms corresponded tetrafunctional compounds
(Scheme 26).

The above-mentioned reaction produces quite pure
products and, consequently, their production does
not require repeated fractionation, which is necessary
for the case of HFC of tetrahydroxytetraphenyl-cyclo-
tetrasiloxane with diorganodichloro- or diorgano-
ethoxychlorosilanes.62

Hydrolysis of tetrachlorine-containing branched
cyclic compounds with methyl and phenyl substitut-
ing agents at silicon atoms produced corresponded
tetrahydroxy-derivatives62,63 (Scheme 27).

Hydrolysis proceeds with the water excess at cool-
ing, in the presence of hydrogen chloride acceptor (R
¼ Me) or at room temperature without it (R ¼ Ph).

HFC reaction of 1,1,3,3-tetrachlorodiphenyldisilox-
ane with 1,3-dihydroxytetraphenyldisiloxane at 1 : 1
molar ratio of initial components in the presence of
pyridine synthesizes organocyclotetrasiloxane with
1,3-disposition of chlorine atoms at silicon with �50%
yield, as well as a mixture of extended isomeric-struc-
tured rings. The reaction mainly proceeds in accord-
ance with the Scheme 28.37,64

TABLE I Continued

No Compound Yield (%)
Tboil (8C)

(P, mmHg) Tmelt (8C)

1H(Me)
chemical shift

Referencecis trans

19 62 (65) 346–352 (0.01) (mixture) 96–97 – – [28,29,50]

20 73 – (mixture) 142–143 – – [28,29,50]

21 60 (65) 312–315 (0.01) – 0.34 0.39 [28,29,50]

22 68 – (mixture) 101–102 – – [28,29,50]

* Shown in parenthesis are yields obtained for the two-stage method.
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TABLE II
Physical and Chemical Parameters of Difunctional Ethylcyclosiloxanes

No. Compound Yield (%)
Tboil (8C)

(P, mmHg) Tmelt (8C)

1H(CH3) chemical shift

ReferenceNumber of Si atoms cis trans

1 50 201–203 (760) – 1.5 0.461 0.449 [30]
3.7a 0.170
0.296 0.230

2 89 115–120 (4–5) trans 119–121 1.5 0.065 0.067 [30]
0.084

3.7a,b 0.119 0.099

3 48 222–224 (760) – 1.5 0.428 0.433 [30]
3a 0.161 0.213
3b 0.279
7.9a 0.124 0.140
7.9b 0.199 0.175

4 76 89–91 (3–4) – 1.5 0.065 0.072 [30]
3a 0.091 0.100
3b 0.127 0.100
7.9a 0.082 0.084
7.9b 0.110 0.108

5 24 55–57 (1–2) �6 to 8 1.7 0.422 0.428 [30]
3.5a 0.129 0.140
9.11b 0.192 0.174

6 93 – trans 96–99 1.7 0.065 0.083 [30]
3.5,9.11a 0.096 0.090

cis 36–38 3.5,9.11b 0.111 0.120

7 cis 13 175–177 (1–1.5) – 3.5 0.267 0.192 [44]
trans 15 trans 90–92 0.069 0.134

8 cis 89 – cis 87–88 3.5 0.078 0.110 [88]
trans 90 – trans 72–73 0.115 0.130

9 25 82–84 (1–2) – 3a 0.170 [30]
3b 0.274 0.214
1.5 0.426 0.436

9a 0.085
9a 0.113 0.098
7.11a 0.123 0.130
7.11b 0.181 0.170
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TABLE II Continued

No. Compound Yield (%)
Tboil (8C)

(P, mmHg) Tmelt (8C)

1H(CH3) chemical shift

ReferenceNumber of Si atoms cis trans

10 74 102–104 (0.03) – 3a 0.106 [30]
3b 0.136 0.110
1.5 0.074 0.086
7.11a 0.089 0.091
7.11b 0.125 0.119

9a below the reflex 0.100
96 0.095

a and b indicate detected signals of nonequivalent methyl groups at silicon atoms.

TABLE III
Physical and Chemical Parameters of Difunctional Ethylcyclosiloxanes

No Compound
Yield
(%)

Tboil,
8C (mmHg)
Tmelt 8C n20D

Mþ-C2H5

molecular
mass

29Si NMR spectrum
(d, ppm)

ReferenceSi1 Si2 Si3

1 63 113–115 (1–1.5) 1.4355 391 cis �43,14 cis �15,45 – [31]
421.6 trans �42,87 trans �15,03 –

2 80 32 – – cis 54,44 cis �17,70 – [31]
384.7 trans �55,53 trans �18,60 –

3 39 128–130 (1–2) 1.4385 493 cis �45,78 cis �17,71 cis �19,25 [31]
5238 trans �45,68 trans �17,51 trans �19,33

4 66 120–122 (0.02) 1.4400 – cis �l56,46 cis �18,42 cis �21,08 [31]
486.9 trans �55,34 trans �20,11 trans �20,59

5 39 170–172 (1–2) 1.4425 595 cis �46,85 cis �19,72 – [31]
626 trans �46,90 trans �19,81 –

6 46 160–163 (0.02) 1.4420 – – – – [31]
589.1

*Slashed values indicate calculated values/recorded ones.
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TABLE IV
Physical and Chemical Parameters of Vinyl-Containing Organocyclosiloxanes

No. Structural formula Yield (%)
Tboil (8C)

P (mmHg) Tmelt, 8C n20D d20
4 MR��

D

1H (ppm) (R)

References

1 63 58–60 (8) 1.4017 0.9703 74.35 – [16]
32.65

2 35 70–71 (11) 1.4166 0.9704 83.01 cis �0.146 [25]
82.88 trans-0.133

0.106 (Me2)

3 29 150–153 (1–2) 1.5000 1.0779 121.36 – [25]
122.52

4 35 137–138 (2) 1.5024 1.0700 122.75 – [25]
122.52

5 50 242–243 (1–2) – – – – [25]
88–89

6 75 255–265 (2) – – – – [26]
80–81

7 45 130–131 (2) 1.5017 1.0670 122.95 cis-0.15 [26]
122.52

8 66 87–88 (10) 1.4171 0.9719 82.96 cis-0.156 [26]
82.88 trans-0.141

0.09*(Me2)

9 29 150–153 (1–2) 1.5000 1.0970 – – [25]

10 50 255–260 (0.02) – – – cis 0.20 [41,53,55]
152þ153 trans 0.22
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Hydrolysis of 1,3-dichlorohexaphenylcyclotetrasi-
loxane has synthesized an appropriate dihydroxy-de-
rivative.

HFC reactions of 1,3-dihydroxytetraorganodi- and
1,5-dihydroxyhexaorganotrisiloxanes with silicon
tetrachloride in the presence of amine or hydrogen
chloride blowing off the reaction mixture have synthe-
sized 1,1-dichlorotetraorganocyclotri- and 1,1-dichloro-
hexaorganocyclotetrasiloxanes in accordance with the
Scheme 29.65,66

The yield of cyclotrisiloxanes is decreased with
the size of framing groups at silicon atoms in the
initial disiloxane. Application of an acceptor gives
better results compared with hydrogen chloride
blowing, because in this case, the secondary reac-
tions are noticeably eliminated and the yield of tar-
get cyclosiloxanes is increased. It has been shown
that affinity of 1,3-dihydroxytetraorganodisiloxanes
to homocondensation in HFC reactions increases
with the decrease of the framing group size at sili-
con atoms, which results in reduction of the yield of

hex atomic organochlorocyclosiloxanes. For exam-
ple, if at R ¼ R0 ¼ Ph the yield of 1,1-dichlorotetra-
phenylcyclotrisiloxane equals 62%, then at R ¼ Me
and R0 ¼ Ph the yield of the appropriate cycle does
not exceed 10%.

Hydrolysis of synthesized dichlororganocyclosilox-
anes produces appropriate dihydroxy-derivatives.
However, it has been found that hydrolysis of
dichlororganocyclosiloxanes is not limited by the for-
mation of dihydroxyorganocyclosiloxanes, because
besides the main reaction, intermolecular condensa-
tion of the target product with formation of more
complex cyclic structures does also proceed.67

It has been shown68,69 that 1,1-dichlorotetraorgano-
cyclotrisiloxanes easily enter reactions of chlorine sub-
stitution by alkylamino groups (Scheme 30).

The HFC reaction of 1,1-dichloorganocyclosiloxanes
with 1,3-dihydroxytetraorganosiloxane at 1 : 1 ratio of
initial components in the presence of pyridine has
synthesized spirocyclosiloxanes of the structure70,71

(Scheme 31).

TABLE IV Continued

No. Structural formula Yield (%)
Tboil (8C)

P (mmHg) Tmelt, 8C n20D d20
4 MR��

D

1H (ppm) (R)

References

11 23 (62) 300–305 (0.02)
– – –

cis 0.20 [53,56]
62–65 trans 0.23

12 68 290–294 (0.02) – – – cis 0.17 [29,57]
152þ154 trans 0.19

13 49 180–182 (1) 1.4443 – – 0.45 q [47]
0.85 t

14 64 83–85 (1–2) 1.4128 – – cis 0.157 [47]
trans 0.150

15 31 119–122 (2) 1.4139 – – cis 0.23 [47]
trans 0.25

* Slashed values indicate values/recorded ones.
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TABLE V
Physical and Chemical Parameters of Hydride-Containing Organocylosiloxanes

No. Structural formula Yield (%) Tboil (8C) P(mmHg) Tmelt (8C) n20D d20
4 MR��

D
1H (ppm) Reference

1 79 245–250 (3–4) – – – (mixture) [25]
87–88

2 35 270–280 (3)
60–61

– – – (mixture) [26]

3 34 95–98 (2) 1.42 – – (mixture)
0.62 k

[47]

30 1.07 T

4 21 57–58 (18) 1.39 0.9680 65.88 – [72]
�40 30 65.82

5 27 140–145 1.49 1.0907 – (mixture) [25]
14

6 18 154–155 1.39 0.9709 – (mixture) [73]
27

7 14 137–139 (1–2) 1.48
76

1.0698 – (mixture) [74]

8 67 235–242 (0.02) – – – (mixture)
cis-0.25

trans-0.28

[49,52]

9 23 (67) 263–267 (0.01)
162–163

– – – (mixture)
cis-0.26

trans-0.30

[47]

10 59 66–68 (1) 1.39 – – (mixture)
cis-0.14

[46]

71 trans-0,15

11 53 175–178 (1) 1.43 – – (mixture)
0.6 q

[46]

41 1.0 t

* Slashed values indicated calculated values/recored ones.
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Further on, synthesized spirocyclosiloxanes were
used for synthesizing cyclolinear polymers. Some phy-
sical and chemical parameters of synthesized organo-
cyclotri(tetra, penta, hexa)siloxanes with different

framing and functional groups are shown in Tables I–
VI. Where hereinafter, cyclotetra-, cyclopenta-, and
cyclohexasiloxane fragments are denoted as shown in
Scheme 32.

TABLE VI
Physical and Chemical Parameters of Tetrafunctional Organophenylcyclosiloxanes

No. Compound Yield (%) Tboil (8C) (P mmHg) Tmelt (8C) Reference

1 53 206–210 (0.002) – [41,58,75]

2 64 – 157–158 [41,58]

3 52 (70) 255–260 (0.02) – [41,50]

4 73 – 191–192 [41,50]

5 26 325–330 (0.06) 83–87 [49,50,54]

6 75 – 251–252 [50,54]

7 67 307–311 (0.01) 71–73 [29,50]

8 64 – 161–162 [29,50]
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ORGANOCYCLOCARBOSILOXANES WITH
FUNCTIONAL GROUPS AT SILICON ATOMS

For the purpose of synthesizing organocyclocarbosi-
loxanes with defined disposition of functional groups
at silicon atoms, HFC reaction of 1,2-methylchloro-
silyl-substituted ethane with dihydroxydiphenylsilane
and 1,3-dihydroxytetraphenyldisiloxane in diluted an-
hydrous toluene solution in the presence of pyridine
at 1 : 1 molar ratio of the initial components was stud-
ied (Scheme 33).30,76

The yield of organocyclocarbosiloxanes is seriously
dependent on the reaction temperature. It is found
that if the process proceeds at 20–258C, total yield of
cyclocarbosiloxanes does not exceed 70%, the yield
of dichlorocarbosiloxanes being equal 55%. Reduction
of the reaction temperature to �5 to �108C allows
increase of total yield of cyclocarbosiloxanes up to
85% and dichlorocarbosiloxanes up to 68%. The yield
of tetrachlorocyclocarbosiloxane equals 44%. Hydro-
lysis of di(tetra) chlorocyclocarbosiloxanes has synthe-
sized corresponded di- and tetrahydroxyderivatives
in accordance with Schemes 34 and 35).

HFC reaction of 1,3-bis(dichloromethylsilyl)ethane
and 1,3-bis(dichloromethylsilyl) propane with dihy-
droxydimethylsilane proceeded in diluted anhydrous
ether solution, in the presence of pyridine at �58C.
However, the yields of produced methylcyclocarbosi-
loxanes are low, giving 10–22%.

The reaction is shown in77 Scheme 36.
Extended dichloromethylcyclocarbosiloxane was

synthesized by condensation of 1,1,7,7-tetrachloro-
1,3,3,5,5,7-hexamethylcarbotetrasilocane with 1,3-dihy-
droxytetramethyl-disiloxane under similar conditions
in accordance with Scheme 37.77

The yield of the above-mentioned dichloromethyl-
cyclocarbosiloxane equals �40%. Dihydroxy-deriva-
tives were synthesized by the hydrolysis of dichloro-
methylcyclocarbosiloxanes.

Physical and chemical parameters of di- and tetra-
functional organocyclosiloxanes and organocarbo-
cyclosiloxanes are shown in Table VII.

Difunctional organosilicon heterocyclic com-
pounds were successfully synthesized by pyrolytic
ring formation of symmetrical disiloxanes with phe-
nyl radicals. Pyrolysis in the gas phase in the tem-
perature range of 680–6908C proceeds with benzene
extraction, which leads to the synthesis of represen-
tatives of a new class of heterocyclic compounds,
which are organochlorine derivatives of 1,3-disila-2-
oxaindane. This reaction proceeds as shown in
Scheme 38.78,79

By studying hydrolysis of disilaoxaindanes, the
authors of the work80 have detected high reactivity of
:Si��CI bonds, which is explained by the decrease of
:Si��O��Si: valence angle in 1,3-disila-2-oxain-
dane. Lower reactivity of silaindane fragment with

Scheme 32 Denotation of cyclotetra-, cyclopenta- and
cyclohexasiloxane structure.

Scheme 33 HFC reaction of 1,2-methylchlorosilyl-substi-
tuted ethane with dihydroxydiphenylsilane and 1,3-dihy-
droxytetraphenyldisiloxane. n ¼ 1, 2; R ¼ R0 ¼ Me; R ¼
CI, R0 ¼ R00 ¼ Me; R ¼ R0 ¼ R00 ¼ CI.

Scheme 34 Hydrolysis of dichlorocyclocarbosiloxanes.

Scheme 35 Hydrolysis of tetrachlorocyclocarbosiloxanes.

Scheme 36 HFC reaction of 1,3-bis(dichloromethylsilyl)-
ethane and 1,3-bis(dichloromethylsilyl) propane with dihy-
droxydimethylsilane. n ¼ 2, 3.
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Scheme 37 HFC reaction of 1,1,7,7-tetrachloro-1,3,3,5,5,7-hexamethylcarbotetrasilocane with 1,3-dihydroxytetramethyldisi-
loxane.

TABLE VII
Physical and Chemical Parameters of Difunctional Organocyclocarbosiloxanes

No. Compound Yield (%) Tboil (8C) (mmHg) Tmeld (8C) 1H(CH3) chemical shift cis trans References

1 67.9 187–193 (0.01) 77–78 (mixture)
cis–0.47

[29,47]

trans�0.52

2 59.4 218–221 (0.02) 110–111 (mixture)
cis–0.41

[29,47]

trans�0.49

3 56 150–155 (0.01) 159–161 – [47]

4 68 149–520 (0.01) – 0.45 s [29,47]

5 71 – 120–122 [29,47]

6 69 – 169–170 – [29,47]

7 22 61–65 (5) – cis 0.88 [77]
trans 1.23
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phenyl framing at silicon atoms is explained by both
steric and inductive effects of the framing groups.

However, hydrolysis of 1,3-dichloro-1,3-disila-1,3-
diphenyl-2-oxaindane under soft conditions in the
temperature range of �5 to �108C in the presence
of both sodium bicarbonate and aniline has synthe-
sized not appropriate dihydroxy-derivatives, but
oligomeric a,o-dihydroxy-1,3-disila-1,3-diphenyl-2-oxain-
dane. The reaction proceeds in accordance with the
Scheme 39.81

Homocondensation of oligomeric dihydroxy-deriv-
atives, boiled in toluene, has synthesized oligomers
with higher transformation degree.

It is shown82 that the gas-phase pyrolysis of ortho-
dichlorosiloxydiphenyl easily synthesizes pentatomic
silicon-containing heterocycle of 10,10-dichloro-10-
sila-9-oxarophenanthrene with the yield of about
60%, which is caused by high reactivity of hydrogen
ortho-atom.

However, insignificant ring formation with simulta-
neous synthesis of dibenzofuran did also proceed.
The general reaction is shown in Scheme 40.

Contrary to silaoxaindane, 10,10-dihydroxy-10-silaox-
arophenanthrene and oligomeric dihydroxy deriva-
tives have been synthesized in hydrolysis of 10,10-
dichloro-10-sila-9-oxarophenanthrene proceeded in

TABLE VII Continued

No. Compound Yield (%) Tboil (8C) (mmHg) Tmeld (8C) 1H(CH3) chemical shift cis trans References

8 10 66–73 (4–5) – cis 0.38 [76]
trans 0.40

9 40 99–110 – MeSiCI* [76]
45.50

10 71 80–100 (4–5) – 0.05 [76]

11 40 130–134 – 0.04 [76]

12 71 – – MeSi(OH)*
63.02

[76]

Note: *29 S1 spectrum.

Scheme 38 Gas-phase pyrolysis of 1,3-dichloro-1,3-di-
phenyl-1,3-diorganodisiloxane.

Scheme 39 Hydrolysis reaction of 1,3-dichloro-1,3-disila-
1,3-diphenyl-2-oxaindane. x ¼ 4.
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the neutral medium in the presence of aniline. The
process is shown in Scheme 41.83

It is found that dichlorosilaoxarophenanthrene is
not destroyed during boiling with aqueous or alcoholic
alkaline, as well as with concentrated hydrochloric
acid. At the same time, it is well-known that usual
Si��O��C bond is easily degraded by alkali and acids,
and Si��C bond is extremely sensitive to the action of

acids.84 Quantitatively without destruction of :Si��O��
bond, dichlorosilaoxarophenanthrene is alkylated and
arylated by Grignard reagents, restored by lithium
aluminum hydride; when treated by hydrofluoric
acid, it is transformed to difluorosilaoxarophenan-
threne. According to the authors’ point of view, the
high chemical stability of silaoxarophenanthrene indi-
cates a definite fragrance of this compound.85 Some
physical and chemical parameters of heterocyclic
compounds with functional groups are shown in Ta-
ble VIII.

Scheme 40 Gas-phase pyrolysis of orhtodichlorosiloxydi-
phenyl.

Scheme 41 Hydrolysis reaction of 10,10-dichloro-10-sila-
9-oxarophenanthrene.

TABLE VIII
Physical and Chemical Parameters of Heterocycilc Organosiloxanes

No Compound Yield (%) Tmelt (8C) (P, mmHg) d20
4 n20D References

1 16 86–88 (4) 1.2220 1.5152 [78,79]

2 20 220–222 (3) 1.2521 1.6071 [78,79]

3 56 160–161 (1) – – [82]
82–83

4 97 48–54 – – [80,81]

6 86 236–239 – – [83]

7 13 120–126 – – [83]
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CONCLUSIONS

Thus, in the given review basically are considered
synthesis of such organocyclosiloxanes and organo-
carbocyclosiloxanes with various volumes of cyclic
fragments and with various functional groups which
further have been used by different authors for
obtaining of copolymers with cyclolinear structures of
macromolecules. It is shown that joint hydrolytic con-
densation di- and trifunctional organosilanes was not
always possible to receive with high yields organocy-
closiloxane with given disposition of functional. For
the synthesis organocyclosiloxanes and organocarbo-
cyclosiloxanes, more acceptable method is reactions of
heterofunctional condensation; therefore, it is possible
to synthesize cyclic compounds with the given
arrangement of functional groups at silicon. For
obtaining dichlorocyclotetra(penta, hexa, hepta, octa)-
siloxanes with high yields, it is desirable to carry out
reactions to two stages. At attempt of division dichloro-
cyclotetra(penta, hexa, hepta, octa)siloxanes on stereo-
isomers appeared, that most of dichloroorganocyclo-
tetra(hexa)siloxanes are divided shared on cis- and a
trans-isomers. All attempts to divide into stereoiso-
mers the dichlorooctaorganocyclopentasiloxanes and
dichlorododecaorganocyclohexasikloxanes on cis-
and the trans- isomers appeared without result. By
hydrolysis and aminolyzis of dichloroorganocyclosi-
loxanes in the presence of acceptors of hydrogen chlo-
ride, corresponding dihydroxyl- and diaminoorgano-
cyclosiloxanes are obtained.
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