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REACTIOXNS OF OQRGANOCYCLOSILAZAXNES WITH ELECTROPHILIC AND
NUCLEOPHILIC REAGENTS

K. A. ANDRIANOV, B. A. ISMAILOYV, A. M. KONONOV aNxp G. V. KOTRELEYVY
Institute of Qrgano-Element Compounds, Academy of Sciences, Moscow (U.S.S.R.)
{Received March 13th, 1964)

The reactions of dimethyvl- and phenyvlmethylcyclosiloxanes in the presence of
electrophilic and nucleophilic reagents lead to breakage of the rings and formation of
polymers:

m(R,Si0)p, — (R, SiO)pmn (1)

The behaviour of organocyclosilazanes is radically different from that of organo-
cyclosiloxanes. When hexamethylcyclotrisilazane is treated with a catalytic quantity
of an electrophilic reagent redistributions leading to enlargement and reduction in
ring-size occur?!, together with polymerization.

Studies of the rearrangements of hexamethylcyclotrisilazane and octamethyl-
cvclotetrasilazane proved that the yvields of rearrangement and polymerization
products depend essentiallv on the nature of the electrophile and nucleophile used,
as well as on the reaction conditions. Thus, treatment of hexamethylcyclotrisilazane
with 0.3 °; aluminium chloride at r30° results in ring-enlargement, with formation
of more than 8°, of octamethvlcyciotetrasilazan, whereas at 160° over I49% of the
latter compound is produced; the vield of polymers in this case exceeds 16 %.

CH, ?H:\
H’“\S{CHa CH,—Si—NH—Si—CH,
i i
HX” >NH — NH N (2)
H,C. ¢t L_cH . L. L
St Sl CH,—Si—NH-—-S5—CH
H,C % _~CH, 33 7 2
\H CH, CH,

Further addition of aluminium chloride and raising of the reaction temperature
to 240° increases the vield of octamethylcvclotetrasilazane to 1.8 % and the vield of
polymer to 069 %.

\With titanium tetrachloride or tin tetrachloride, hexamethyvlcyciotrisilazane
rearranges to giveoctamethvlcvclotetrasilazane in 5.5 95 and 29 % vields, respectively.
Hexamethylevclotrisilazane when treated with phenvitrichlorosilane gives 31 9; of
octamethvlcyclotetrasilazane.

In presence of aluminium chloride, octamethyvlcyvclotetrasilazane at 160° gives
hexamethvlcyclotrisilazane in 28.6 25 yvield (3).

Change of ring-size of organocyclosilazanes also occurs when they are treated
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with sulfuric and nitric acids®. The reaction with sulfuric acid proceeds vigorously
and the products depend on the conditions and the proportions of the starting
materials. The addition of small quantities of concentrated sulfuric acid to hexa-
methyvlevclotrisilazane causes almost quantitative ring-enlargement, even at room
temperature. It is interesting o note that when hexamethylcyclotrisilazane is
allowed in react with sulfuric acid for 3 h at 175°, the vield of octamethylcyclotetra-
silazane is onlv 8.3 95, whereas octamethyvlcyclotetrasilazane under the same condi-
tions gives hexamethvlcvclotrisilazane in 38 95 vield.

Data concerning the rearrangements of dimethylcyclosilazanes are contained
in Table 1.

Kriiger and Rochow? treated hexamethylcyclotrisilazane with ammonium
bromide and obtained (together with polymers) 24-32 % of distillable oligomers, but
the authors did not describe the physical properties of the products.

The rearrangement reaction in the presence of electrophilic reagents probably
proceeds as follows:

{a) the electrophilic reagent breaks a silicon-nitrogen bond to open the ring:

H,C__CH, H,C_ _CH,
HyC_ CH,s m—\ _Gi-Xx
Si N HX HN
H\/\\H X \H NH, B, x * oam (1)
HC \/sx\cg gsg)xx\ Qx/CI’; HC . oy L CHy
H,C 3H C 3 N CH, T Si—NH--Si1Z CH,

(b) the resulting intermediates recombine to form hexamethvicyclotrisilazane to-
gether with octamethylcyclotetrasilazane. Owing to the strong tendency of organo-
silylamines to cyclize, thesereactions produce not only polymers but also considerable
quantities of ciclic compounds.

Experiments were carried out to confirm this mechanism for catalysis by sul-
furic acid. In these experiments the reaction of bis(irimethyvlsilyvl) sulfate with tri-
ethyvisilvlamine took place as follows:

{CH,),8101,S0. + 6 (C,H ), SiNH, — 2 (CH,),SiNHSI{C,H;), +
2 {C,H,),SiNHSI{C,H;)s + (NH,):SO,

The products were trimethyltriethvldisilazane in 28 ¢ vield, ammonium sulfate
and hexamethvldisilazane. (To confirm the identity of the trimethvltriethvidisilazane,
it was alsc made by co-ammonolyvsis of trimethyvl- and triethyl-chlorosilane.) Forma-
tion of trimethvltriethyvisilazane in this reaction proves that the intermediate prod-
ucts indicated in the rearrangement reaction mechanism can recombine.

The mechanism of polvmerization of organocyclosilazanes by nucleophilic
reagents also differs from that for organocyclosiloxanes. In the presence of catalytic

HLCo g g CH
H,C~ ' l ~CH,
2 N ~g CH ,

H°(C:>T - \ST\CH ,‘<CH (5)

H\‘S N
H,C I \CHS
CH, CH,
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quantities of KOH, dimethylcyclosilazanes polvmerize with evolution of methane and,
at the initial stage, with formation of a crvstalline product?, m.p. 164-165°. The
structure of this material, as determined by X-ray and chemical examinations, Is as
shown in (35).

Further polvmerization leads to hard products having melting points between
go® and 360°.

This great difference between the polymerization reaction of dimethvicyclo-
silazanes and those of dimethvlcyclosiloxanes led us to study this reaction using other
organccyclosilazanes. These experiments included the polymerization of trimethyl-
triphenyicyclotrisilazane which is particulariy interesting because it contains both
methvl and phenyl groups attached to silicon.

The experiments showed that the addition of 12, of potassium hvdroxide at
200° initiates a reaction in which benzene is formed together with trace quantities of
ammonia. The quantity of benzene formed depends on the reaction time (Fig. 1) and
the temperature (Table 2}.

moles of released qos
mole of trim, trlph, cyclotrisllazinn

1 2 3 4 5
Time (hours)

Fig. 1. Quantity of released benzene (curve 1) and ammonia (curve 2) in moles;mole of trimethyl-
iriphenyicyclotrisilazane. Reaction temp., 230°.

The resultant polvmers are readily soluble in organic solvents and their melting
points depend on the corditions of the polvmerization. Studies of the thermo-
mechanical properties of the polvmer obtained after heating for 5 h at a temperature

TABLE 2

PRODUCTS FROM TRIMETHYLTRIPHENYLCYCLOSILAZANE IN PRESENCE OF I °0 OF POTASSIUN
HYDROXIDE

Reaction Time RYS-NY-74 Moles benzene’
temp. {2} bolymers mole reacianr!
£ 3

200 3-5 137 1.01

250 0.3 sSe o.82

280 3.5 152-185 1.25

280 5 233 1.46

400 } 53 — 1.86
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Fig. 2. Thermo-mechanical properties ¢f polymer obtained by heating trimethyvltriphenylcyclo-
trisilazane at 250,

cf 280° showed that it has no region of high elasticity in spite of its high melting
point (Fig. 2).

These data indicate that the properties of these polymers are very different
from those of polyphenylmethyvilsiloxanes. Thev are hard, fragile, glassy products
with relativelv high softening points. The difference between the properties of these
polvmers and those of polyvsiloxanes can hardly be attributed solelv to the substitu-
tion of oxyvgen for the NH-group. It is known that the exchange of oxvgen for the
NH-group in compcunds of low molecular weight does not essentially alter their
physical propertiesS. Furthermore, the polvmers obtained by polymerization of di-
methyvlcvclosilazanes in the presence of electrophilic reagents (Table 1) are viscous
at room temperature, and their properties resemble those of polydimethylsiloxanes.
It i< also known that if the polymerization reaction of dimethylcyclosilazanes pro-
ceed= with ring-cleavage, liquid polvmethylsilazanes are produced?. The formation of
intermediate crystalline products as well as of benzene during the reaction suggests
that formation of polymers on treatment of trimethyvliriphenylcyclotrisilazanes with
catalvtic quantities of alkalis proceeds not through ring-cleavage, but through some
other mechanism. It is probable that a hydroxyl group coordinates with the silicon
atom as follows:

H,Co CH, H,C,_ _CH,
(P, \y [
N N SSNEL g
HY si ROH- Si s o
~si_xH- CHs SSi—NH” ~CH, (©)
H,C-7 ° H,C5.. 7L
C H, H,C, HO——K~

As a result of redistribution of electronic density in forming the transition-state
somplex, one of the bonds to silicon becomes weaker, and it has been shown that it
is the S1-C bond and not the Si—-N bond which breaks. Because of this, benzene splits
off with the formation of a negatively charged ion.

H5C6\ /CH HSCS\ /CH3
_/Sx—_\H _C.H, Y/Sl——-.\H _CH,
HXN Si7 _— H;\ St . C.H -
Ssix H\CH Si—S- 'SCH, + CgH, (7)
H,C- H, C/ 2
H5C OH KT OH K+
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The process then proceeds further through the co-ordination of the resuliant
1on with cyvclic compounds to form another Si-N bond thereby producing the polvmer,
together with benzene.

To determine the general nature of this reaction, polymerization experiments
were performed using non-cyclic compounds, such as hexamethyldisilazane and tri-
methyltriethyldisilazane in the presence of 1 9, of potassium hydroxide. With hexa-
methyldisilazane the reaction proceeds with evolution of methane, whereas with tri-
methyltriethivldisilazane ethane is produced. The formation of methane and ethane
was demonstrated by gas chromatography (Figs. 3, 4); it is due to splitting off of
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Fig. 3. Chromatogram of gas released during reaction of hexamethyvldisilazane with potassium
bhydroxide. The gas is methane.

Fig. 4. Chromatogram of gas released during reaction of trimethylitriethyvldisilazane with po-
tassium hydroxide. The gas is ethane.

methyl and ethyl groups and their stabilization by the abstraction of hydrogen from
nitrogen.

It is noteworthy that the chromatographic examination of the gaseous products
of the reaction of dimethylcyclosilazanes and hexamethyldisilazane with potassium
hydroxide sometimes revealed the presence of trace quantities of hydrogen and ethane
(Fig- 5).

EXPERDMENTAL
{z) Hexamethylevclotrisilazane and aluminium chloride

(@) 10.3 g (0.047 mole)} of hexamethylcyclotrisilazane and 0.03 g of aluminium
chloride were heated for 5 h at 140°. Distillation of the mixture yielded the following

products: 7.74 g of hexamethvlcyclotrisilazane, b.p. 32—40°/1.5 mm, n§ 1.443S;
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Fig. 5. Chromatograms of gas released during polymerization of dimethyvlcyclosilazanes. The
higher peak (a) corresponds to methane. The lower peaks correspond to: (b), hydrogen; (c), ethane.

0.85 g (8.29;) of octamethylcyvclotetrasilazane, m.p. g6°, and 1.67 g (16.29%) of
polvmer.

(6) 10 g (0.0456 mole) of hexamethylcyclotrisilazane and 0.03 g of aluminium
chloride were heated for 5 h at 160°. Distillation of the mixture vielded the following
products: 6.9 g of hexamethylcyclotrisilazane, b.p. 32-40°/1.5 mm, n5 1.443S;
1.43 g (14.39) of octamethylcvclotetrasilazane, m.p. 96°, and 1.67 g (16.7 %) of
polymer.

(¢) 10 g (0.0456 mole) of hexamethyvleyclotrisilazane, and 0.38 g of aluminium
chloride were heated for 5 h at 240°. Distillation of the mixture vielded the following
products: 1 g of hexamethyvlcyclotrisilazane, b.p. 32—40°1.5 mm, #§ 1.4438; 1.98 g
(19-8 9,) of octamethylcyvclotetrasilazane, m.p. 96°, and 6.qc g (69.095) of polymer.

2) Hexamethvicyclotrisilazane and titaniwm tetrachloride

10 g (0.0456 mole) of hexamethyvlcyclotrisilazane and 0.19 g of titanium tetra-
chloride were heated for 6 h at 240°. Distillation of 9.4 g of the mixture vielded the
following products: 2.27 g of hexamethylcvclotrisilazane, b.p. 32—40°/1.5 mm, n§y
1.4438; 0.55 g (5.5 %) of octamethvlcyvelotetrasilazane, m.p. 96°, and 6.5 g (059,
of polvmer.

(3) Hexamethyvicvelotrisilazaie and tin tefrachloride

10 g (0.0456 mole) of hexamethyvleyclotrisilazane and o.11 g of tin tetrachloride
were heated for 8 h at 1g5°. Distillation of the mixture vielded the following products:
5.88 g of hexamethyleyvclotrisilazane, b.p. 32-10°x.5 mm, 2}y 1.443S; 2.9 (29 %) of
octamethylcyclotetrasilazane, m.p. g6°, and 1.32 g (13.2 %) of polvmer.

{4) Hexamethvicvelotrisilazane and phenylirichlorostlane
10 g (0.0456 mole) of hexamethylcyclotrisilazane and 0.2 g of phenyltrichloro-
silane were heated for 5 h at 230°. Distillation of the mixture vielded the following
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products: 6.07 g of hexamethylcvclotrisilazane, b.p. 3”—-.10°/I S mm, ny 1.4435; 3.1 ¢
(3£ °) of octamethylcy clotetrasilazane, m. p- 96>, and 0.8 g (S 2;) of polymer.

(5) Octamethylcyclotetrasilazane and alumsaium chioride

10.8 g (0.037 mole) of octamethylcyclotetrasilazane and 0.05.4 g of aluminium
chloride were heated for 6 h at 160°. Distillation of the mixture yielded the following
products: 3.1 g (28.69,) of hexamethylcyclotetrasilazane, b.p. 32—40°/1.5 mm, #§>
1.4138; 7.2 g of octamethylcyclotetrasilazane, m.p. g6°, and 0.35 g (3-2 %5) of polyvmer.

(6) Hexamethylcvclotrisilazane and sulfuric acid

(a) 11.27 g of hexamethylcyvclotrisilazane and 0.17 g of sulfuric acid were stirred
for 30 min at room temperature. The mixture was allowed to settle for 24 h and the
products obtained after vacuum distillation were as follows: 0.36 g (3.2 %) of hexa-
methylcyvclotrisitazane, b.p. $595°/15-16 mm, n5 1.4445; 10.I g (9o %) of octa-
methvlcvclotetra_silazane m._p. 96°, moi. wt. 29T (cryvoscopically in benzene), N, 18.6
and 18. 4 » (found). Calculated for octamethylcyclotetrasilazane: mol. wt., 2g2;
N, 19.29%

() 14.75 g of hexamethylcyclotrisilane and 0.22 g of sulfuric acid were heated
for 3 h to vield the following products: 7.4 g of hexamethylcvclotrisilazane, b.p.
35—05°/15~16 mm, ng r.1450; 1.23 g (8.3 %) of octamethvlcyclotetrasilazane, m.p.
g6°, and 2.43 g (6.5 °;) of polvmer.

{7) Octamethvicvclotetrasilazane and sulfuric acid

13.54 g of octamethvlcyclotetrasilazane and o.2 g of sulfuric acid were heated
for 3 h at 1757 and gave the following products: 5.2 g (33 %;) of hexamethviciclo-
trisil‘.zanc, b.p. 182-196°, n{ 1.4415; 2.5 g of octamethvicyclotetrasilazane, m.p. g6°,
and 1.6 g (1.8 9;) of polymer.

(8) Co-wmmonolvsis of trimethvichiorostlane and tricthvichiorosilane

Aminonia was passed through 41.8 g of trimethylchlorosilane and 58.5 g of tri-
ethylchlorosilane dissolved in benzene, and the precipitate of ammonium chloride was
separated by filtration. The intermediate reaction products obtained after distilling
oft ¢f the solvent were mainly hexamethyldisilazane and aminotriethylsilane, (22.4 g),
b.p. 100-160°. The residual product (55.7 g) was vacuum distilled:

Boiitrg range Werght  Refr.

(7} ig) rdex
I 45~70I5 mm 3.3 I.2302
H 70-76.5/13 mm 3.3 I.4339
F334 T6.5/13 mm 16.0 1.4349
IV 76.5-93/13 mm It 1.4354
Ay GH—135/11 mm 3.1 1.2401
XTI Residual oil 2.3

The repeated distillation of fractlons I II and IV re:ulted in .5.9 g of a product,
b.p. 72—75°%/11-13 mm, n5 1.4346, d 0.8200, vield 41.7 9. (Found: MR, 64.56;

J- Organometal. Chem:., 3 (1965) 129-137
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C,53.97: H, 13.1, 12.7; X\, 6.45.6.7 %. Caled.: MR, 65.31; C, 53.2; H, 12.3; N, 6.9 9%.)

3.1 g of bis(trimethylsilyl) sulfate and 10 g of triethvlaminosilane vielded 1..46 g
of a product, b.p. 70-73°/10-12 mm, 7y’ 1.4326. The boiling point and the refractive
index show that this product is identical with the trimethvltriethvldisilazane ob-
tained earlier.

(9) Polymerization of trimethyitriphenvicyclotrisilazane

10 g trimethyltriphenylcyclotrisilazane and 0.1 g of potassium hydroxide were
heated in a 50-ml flask. Benzene produced during the reaction was distilled off and
collected in a graduated test tube and ammonia was absorbed in a Titohshenko bottle
filled with dilute sulfuric acid. The temperature and duration of the reaction in various
experiments are indicated in Table 2. The resultant polymers were tested for softening
point using a2 thermo-mechanical curve and for melting point using the capillary
method.

SUMMARY

Treatment of dimethylcyclosilazanes with catalytic quantities of electrophilic
reagents leads to ring-expansion and ring-contraction.

In polyvmerization of trimethyltriphenylcyclotrisilazane catalysed by alkali, the
polvmer-forming reaction proceeds without ring opening.
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