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Methods of synthesis, properties, and likely applications of silicon-containing derivatives of carbamic acid—silylurethanes—are
discussed for the first time. Together with monomeric compounds, oligomeric and polymeric products as well as various compo-
sitions based on them, containing silicon and urethane groups, are considered. The review includes studies which have been

published up to the middle of 1975.
The bibliography consists of 527 references.

CONTENTS

I. Introduction 227
1. Compounds with the urethane group at the silicon atom 227
It1. Organosilicon urethanes containing carbon-based functional groups 230
IV. Other types of silylurethanes 234
V. Applications 235

I. INTRODUCTION

The chemistry of silyl derivatives of carbonic acid,
i.e. of organosilicon carbonates, chloroformates, isocya-
nates, ureas, urethanes, carbodiimides, etc. began to
develop only in the last decade in connection with the sug-
gested applications of such compounds.

The present review completes a series of surveys of
new organosilicon materials 1719 and is closely related to
the previous surveys devoted to silyl derivatives of car-
bonic acid~organosilicon isocyanates ! and ureas 2,

In terms of structural features, silyl derivatives of
carbamic acid can be divided into three main types. In
the first type of silylurethanes, the so called O-silylure-
thanes, we include compounds with the structural ele-
ment =Si-0-C(0)-N=. The second type incorporates
N-silylurethanes, characterised by the fragment

=8i-N-C(0)-O-., Finally, we have silicon-containing
urethanes with a carbon-based functional group in which
the carbamic acid group is linked to the silicon atom via a
hydrocarbon bridge. In the last case it is useful to intro-
duce a subdivision of the silylurethanes into independent
groups containing the bond sequences =8i-R-0-C(0O)-N=

and =Si-R-N-C(0)-. Very many examples of each of
these groups are now known,

. COMPOUNDS WITH THE URETHANE GROUP AT THE
SILICON ATOM

There are 12 theoretically possible structures of this
type:

RySiOC (O) NH, (I); R, Si0C (0) NHSIR, (11); R,SiOC (O) N (SiRy),  (111);

R,SiOC(O) NHR (IV)T R, SIOC(O)N (R)SiRy (V) R,SiOC (O) NR, wn
RySiNHC (0) OH (V1) RgSiN(R)C(0)OH (V1)  (R.Si),NC (O) OH (1X)
RgSINHC(O)OR (X)  RySIN(R)C(O)OR (XI)  (R,Si),NC () OR (X11)

but only nine are actually known: (I)-(VI) and (X)~(XII),
Incidentally, the carbamic acids (VII)-(IX) can hardly
exist in a free state, since, owing to the ease of the silyl—
proton exchange, they must be immediately converted into
the O-silyl derivatives (I)-(VII).

1. METHOD OF SYNTHESIS
N-Silylurethanes

N-Monosilyl-substituted carbamic acid esters were
obtained for the first time in 1959 13,14 by the silylation
reaction

Q—NHSiMe, - ROC (O NH, — ROC (0) NHSiMe; - Qq—NH,;
Q=Alk, Ar, AIkC (0), ArC (0).

The silylation of the urethane EtOC(O)NH, by chlorotri-
organylsilanes in the absence of acceptors for the HC1
released apparently does not occur and the authors claim
concerning the possibility of the conversion of the resulting
N-silylurethanes with boiling water or alkali into the
water -soluble acids R,SiINHC(O)OH is clearly erroneous,
since no account is taken of the susceptibility of the N-Si
bond to hydrolysis and the instability of free carbamic
acid s,

The interaction of urethane with SiCl, leads to the for-
mation of the complex SiCl,.6CO(NH,), (Wannagat etal. 16),
tentatively via the following mechanism:

2 EtOC (0) NH, — NH,C (0) NH, -+ CO (OEt)y;
SiCly + 6CO (NHy), ~ SiClg - 6 CO (NHy),;
SiCl, + 4CO (OEt), — Si (OEt), - 4 E{Cl - CO,.

Subsequently, when Me SiCl or Me,SiCl/HN(SiMe,),
were used as the silylating systems in the presence of
organic bases and the reaction was carried out in aprotic
organic solvents, N-silylurethanes became readily avail-
able. Numerous N-silyl derivatives of both linear and
cyclic urethanes were obtained by this procedure 17-34¢;

RySi (CH,),N (SiMey) C (0) OR (R;Si); NC (O) OR;

Me,Siffl\l——(IZHR /NIC(O) OR] CHy, R—CHC (0) OSiMe,
0-C c=0 MaS /SiM“z N—SiMe,
No” CH, [RO (0) CI N |
O=C—0R

| | |
Me,Si (CHy)4OC (O) N (R) Me,Si (CH,),NC (O) OR.

The expected urethane could not be isolated after the
reaction between Ph,SiCl and NaNHC(O)OEt, since its
B-decomposition resulted in the formation of Ph,SiNCO in
489 yield %:

PhySiNHC (O) OEt — PhSiNCO - EtOH.
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N-Silylurethanes have been synthesised in high yields by
the reactions of alkylbis(trimethylsilyl)amines and alkyl
chloroformates 2%:

RN (SiMeg), + ROC (0) CI — RN (SiMey) C (0) OR.
The reaction of chloroformates with hexamethyldi-
silazane (HMDS) and R'NHSiR,, which proceeds prefer-
entially via the Si~N bond rather than N-H, is of limited
importance 36,37;

(Me,Si);NH -+ ROC (0) CI —» Me,SiNHC (0) OR - MegSiCl
R’NHSiMe, - ROC (0) Cl — R'NHC (0) OR + Me,SiCl.

The attempt to synthesise N-silylurethanes via the reac-
tions of isocyanatosilanes with alcohols 11526,% -4 and
silanols 5! was unsuccessful owing to the ease of the
alcoholysis of the N-Si bond and the inertness of silanols,
The reaction with alcohols can be represented by the fol-
lowing mechanisms of which the second is to be preferred:

——— R,SiOR’ -+ HNCO X R'0C (0) NH,

R,SiNCO - R'OH——

L reSiNHC (0) OR” ¥ R SIOR’ + R'OC (0) NH,.

An increase in the size and branching of the groups in
both the silane and the alcohol leads to a fall of the rate of
alcoholysis ,% and PhySiNCO does not change at all in
boiling benzene in the presence of alcohol 3,

N-silyl-substituted esters of carbazic acids, which have
been obtained from mercury-containing reagents52-5¢
constitute a group of N-silylurethanes having the same
structure:

EtOC (0) —N

I+
EtOC (0) —N

_C (0)—N—SiM
Me,s.\H e EtO—C (0) 1I\1 iMe,

(95%).
MM/ & F=SIGE E4OC (0)—N—MMe,

They have also been obtained on the basis of equilibrium
mixtures of tautomeric froms of disilyl-substituted hydra-

zines 5, for example:

T Me,Si—NH '—Me,si_N_c (O) OEt

| _MeSi—NH 7] nc(oyoEt | _Me,Si—N—C (0) OEt
4[ NC (O) OEt|
2

T Me,Si
* ON—NH, L. I &S \N NHC (O)OEt .

Me2

Me,Si
Silylurethanes of the type ROC(O)N(SiR}), are not formed
by the above reactions. They have been synthesised by the
reaction of NaN(SiMe,), with alkyl chloroformates® and,
by analogy with bis(trimethylsilyl)amides of carboxylic
acid, the imide structure (XIII) has been attributed tothem:

ROC (0) C1 BELER: . 0C (0) N (SiMey), ——— ROC (=NSiMey) OSiMe; .
(X1
When these compounds were hydrolysed with an equimolar

amount of water, N-monosilylurethanes were obtained:

2ROC (=NSiMe;) OSiMe, 7 2ROC (O) NHSiMe, 4 Me,SiOSiMe,

O-Silylurethanes

The principal method for the synthesis of these com-
pounds is carboxylation of aminosilanes57~7:;

(R'RN),SIRT_, 2t [R'R'NC () O—LSIR] 1
R’, R"=H, Alk, AIkO, Ar; R"=Alk, Ar ,
which proceeds via an ionic-chain mechanism $2563,70-73 gnd

as a rule leads to the formation of the desired product in
quantitative yield.
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Compounds with a reduced basicity constitute exceptions
to the general series of aminosilanes 8°,81,69,73,76,77,
MeN(SiH ;),, HN(SiMe,),, AkN(SiMe,),, AIKN(SiMe,H),,
PhNHSiMe;, MeC(O)NHSiMe;, and MeC(O)N(SiMe,),. Inci-
dentally under severe conditions the following reaction
takes place®:

RN (SiMeg); s~ [R—N (SiMey) C (0) OSiMe;] —» RNCO -+ (Me;Si),0.

However, when a mixture of a weakly basic amine and
the silylating agent is carboxylated, it is nevertheless
possible to obtain the corresponding O-silylurethanes,
since in this case the species silylated is the inter mediate
carbamic acid in which the hydrogen atom is dissociated
to an incomparably greater extent’®, For example:

PhNH, - CO, - PENHC (0) OH Z=NEMesk , ppNpC (0) 0SiMes:

Urethanes are then formed rapidly and in high yields.

In many instances carboxylation of compounds with
several Si~N bonds proceeds in steps and leads to adducts
with both one and two CO, molecules 86,7¢,78-80;

TN (Me iN(Me)C(O) O
MO e, [N O o,

I
N (Me)” LN (Me)— st Me,

N (Me) € (0) O,
Nsi
| N Me)C(0)0”
SOCONR o,

N (R)—

s

Me,Si
N—®R)N ——(R)l\/l 6

/SlMc2—> M2 i
e, /OC(O)N(R)——\

S ——RIN(©O) 0"
N—SiMeg co, N—C (0) OSiMe; o, N—C(0)OSiMe,
[ = .
N—SiMe;, ~ N—SiMe, N—-C(0)OSiMe,

Aminoacids containing silicon-substituted carbamic
acid groups are obtained with the aid of a wide variety of
silylating agents 2°;81787; Me,SiC1/NEt;, HN(SiMe,),,
organosilylcarbonates, etc. For example:

Si Meg

L-tyrosine - MegSi

O-Silylurethanes can also be obtained by the silylation of

carbamic acids or their salts by the usual proce-
dures 3¢,54,66,8,87;

RyNC/(O) OH -- Me,SiCl -+ RN —> R,NC (0) OSiMe, + RyN - HCl3
H,NC (0) ONH, - Me,SiCl — H,NC (O) OSiMe, + Me;SiNHC (O) OSiMe,.

We believe that the reaction of silylated alkali metal
amides with CO, followed by the reaction of the intermedi-
ate sodium salts, for example of NO-disilylated carbamic
acids, with chlorosilanes 879 may become a convenient
method for the synthesis of such compounds:

Me,SiCl

(Me,Si);NNa 3¢ (Me;Si),NC (0} ONa 22251, (Me,i),NC (0) OSiMe, -

This view is supported by the successful reaction with the
lithium salt of carbazic acid®®:
SiMeg

Me,SiCl

|
(MegSi);N—N (SiMe,)Li %2 (Me,Si)N—N (SiMe;) COJOLITE (e, 51),N—N—C(0) OSiMe,

In order to obtain Osilylurethanes, the interaction of
silanols with organic and organosilicon isocyanates has
been investigated and it has been shown that Ph,SiOH and
Ph,Si(OH), do not interact with Me,SiNCO owing to steric
hindrance and the reduced nucleophilic properties of the
nitrogen atom in isocyanatosilane #,%¢, On the other hand,
it has been established that Me,Si(NCO), acts on Ph,Si(OH),
as a dehydrating agent. The reaction of monofunctional

T It has been stated % that Me,SiNHC(0O)OSiMe, is
formed in a negligible yield on carboxylation of HMDS in
tetrahydrofuran,
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organic isocyanates with silanediols and oligosiloxanes
containing terminal hydroxyls proceeds similarly 4°,%4798,

Even if organosilicon polyurethanes [-OSiR,0C(O).
NHR*NHC(O)~1,, (OSPU) are formed in the polycondensation
of dialkylsilanediols and polyalkylsiloxanediols with hexa-
methylene and tolylene diisocyanates, oligourethanes with
terminal isocyanato-groups, and other similar prepoly-
mers, their yields are insignificant’!/%9-1% and the reac-
tion results mainly in the evolution of CO, and water and
the formation of organic polyureas and polysiloxanesj :

HOSiR,0H 4 OCN—R’—NCO - [—NHC (0) NHR'—],, + — [ — SiR;0], +- CO;.

It has been suggested that the reaction of =SiOH groups
with PhNCO be used for the quantitative determination of
OH groups in polyorganylsiloxanes 1%, Subsequently it
proved possible to find conditions in which O-silylure-
thanes can be obtained from aromatic diisocyanates and
trialkylsilanols 107-109;

R,SiOH + Q (NCO), — Q [NHC (0)OSiRgl,.

In this connection one should note that, since the reac-
tion of silanols with isocyanates was carried out in most
cases at high temperatures or in the presence of alumin-
ium Cthl‘ide 46,47,51,97 ,98,104-106 ,111‘128’ thiS may have been
the reason why the reactions did not yield the correspond-
ing polyurethanes, their decomposition products being
formed instead: CO,, H,O, and mixtures of organic and
organosilicon high-molecular-weight compounds. How-
ever, since such materials possess properties of practical
value, some of them will be considered in Section V.

In conclusion we may note that the study of the sorption
of BUNCO 129,13¢ and PhNCO '3 vapours by aerosil showed
that two processes occur: physical sorption and chemi-
sorption. The former is due to the hydrogen bonds formed
between the isocyanate and the free silanol groups of the
adsorbent, which probably creates conditions for the
occurrence of a chemical reaction between the isocyanates
and the hydroxy-groups with formation of urethane groups.

2. PHYSICAL PROPERTIES OF N- ANDO -SILYL URETHANES

O-Silylurethanes

Urethanes of this type are high-boiling liquids or white
crystalline, sometimes wax-like, substances which are
more readily soluble in aprotic organic solvents 26s32,52,
63766,69,76,77,107-109,114¢  Thixotropic properties are charac-
teristic of organosilyltriscarbamates 58,

The combination of infrared, ultraviolet, and 'H, N,
and 2%Si NMR data has shown that the N-Me groups in
Me,NC(O)OSiH ; are equivalent, which is caused either by
the rapid migration of the silyl group between the neigh-
bouring oxygen atoms or by the ease of rotation about the
C-N bond in consequence of its weak double bond charac-
ter 60-62 ’76_

However, it was subsequently shown that trimethylsilyl
esters of carbamic, thiocarbamic, and dithiocarbamic
acids are characterised by different amounts of double
bond character of the C-N linkage. For example, the
study of the effect of the hindered internal rotation about

}Aniline, PhgSiOSiPh;, symmetrical diphenylurea,
and unidentified silicon-containing polyurethanes have been
isolated after the reaction of Ph,SiOOH and PhNCO, ¢
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the C-N bond in compounds described by the general for-
mula Me,Si-Y-C(=X)-NR,, where X, Y =0, O, or S,

S and R = Me or Et showed that it depends on tempera-
ture 132,133, The experimental effective lifetimes of the
rotational isomers made it possible to determine the acti-
vation energy and the free energy for the intramolecular
rotation process and to compare them with the types of
substituents surrounding the carbamic acid groups.

The infrared spectra of O-silylurethanes with an exo-
cyclic carbamic acid group are characterised by absorption
bands at 1020-1080, 1665-1690, and 3340-3350 cm™,
which are due to the stretching vibrations of the Si-O-C,
C=0, and N-H linkages 26,56,80762,84,73,76,77_  One must note
that the intensity of the Si—OC absorption band is very low.

We believe that the moderate solubility of O-silylure-
thanes, their high boiling and melting points despite their
comparatively low molecular weights, the degenerate
nature of the Si—-O-C absorption band, and the specific
features of the 'H NMR spectra discussed above can be
accounted for by their existence in equilibrium with the
ylid form (XIVd):

o [0} 0 0.8 .0

I I [ \C»'
ey’ \;’ik] e RH:Q‘ER
SiMe, _

(XIVe)

Under electron impact conditions, the molecules of the
O-silylurethanes Me SiOC(O)NH, and Me, ;SiOC(O)NHSiMe,
each lose an electron and their mass spectra are charac-
terised by molecular ion peaks 54,

(g}
O=

C
~
O/ }_N O/ \,N

Me,Si 47

(X1Vb)

RQ RZ
Me,Si

(XIVa)

SiMe,
(XIvd)

N-Silylurethanes

Compounds of the type R’N(SiRy)C(O)OR", where
R’ = Me, Bz§, o-naphthyl, or N(SiMe,),, R” = Me or Et,
and R” = Me, Et, or Ph are mobile liquids or low-melting
crystalline solids, readily soluble in the majority of the
usual aprotic organic solvents 23,26,36,66  wjth the exception
of n-hexane, petroleum ether, and carbontetrachloride?®,%,
Their infrared spectra agree well with the amide struc-~
ture®,%, The molar refractions of N-silylurethanes
correspond rigorously to the theoretical values 26,

NO-Disilylurethanes

Disilyl-substituted urethanes and carboxylic acid amides
are very close analogues. The non-equivalence of the
Me,Si protons in the 'H NMR spectra at low temperatures
is characteristic of the latter compounds, disappearing
when the temperature is raised to a particular value in
each specific case. On this basis and also on the basis of
infrared spectroscopic data and certain chemical reac-
tions, the structure of N-trimethylsilyl-O-trimethylsilyl-
iminoesters (XVb) with rapid intramolecular two-centre
exchange of the partially ionically bound Me,Si groups
between the N and O atoms in (XVD) at elevated tempera-
tures, rather than the structure of NN-bis(trimethylsilyl)-
acylamides (XVa), was attributed to these compounds®6,13¢-138

R—C () N (SiMe,), == R—C(-=NSiMeg) OSiMe, .
(XVa) (XVb)

Depending on the nature of the substituents linked to the
silylamide group, the rate of migration of the Me;Si group
varies, which many investigators 13¢,13 believe to be a
manifestation of the different degrees of hindrance of the

§ Bz = benzyl
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intramolecular rotation about the C~N bond. On passing
from the disilyl amides RC(=NSiMe,)OSiMe, to the disilyl-
urethanes ROC(=NSiMe,)OSiMe,, the rate of exchange of
the silyl groups increases and remains high even at low
temperatures ®®, while the SiMe, group is revealed by a
singlet in the 'H NMR spectrum.

3. CHEMICAL PROPERTIES OF N- AND O -SILYLURETHANES

O -Silylurethanes

O-Silylurethanes monoalkyl(aryl)-substituted at the
nitrogen atom are extremely sensitive to hydrolysis,
which proceeds via the formation of unstable carbamic
acids, decomposing into CO, and amines®7759,65,70,72,106-109

The reactions with alcohols lead to the formation of
CO,, amines, and orthosilicate esters °¢, The authors
suggest that hydrolysis (initially by traces of water in the
alcohol), leading to the formation of trialkylsilanols,
amines, and CO,, takes place in the first stage. The tri-
alkylsilanols then react with alcohols to form the corre-
sponding orthosilicate esters and water 1, However, we
believe that a more convincing hypothesis is, for example,
that the first stage involves the familiar decarboxylation
reaction of urethanes ©3,%,89,77 with subsequent alcoholysis
of the resulting aminosilane:

0

R’ (NH(IZYOSiMes)z 5.~ R'(NHSiMe,), RO, R*(NH,), + Me,SiOR”.

This conclusion is also confirmed by the finding that
urethanes of the type R,NC(O)OSiRj, which are no less
susceptible to hydrolysis than those discussed above but
which do not undergo decarboxylation, fail altogether to
react with alcohols,

When the urethanes RNHC(O)OSiMe, are heated to
100-130°C, they undergo complete and irreversible
decomposition to the corresponding disiloxanes and sym-
metrical ureas%®,77, Pyrolysis in the presence of reactive
chlorosilanes, for example SiCl, or RSiCl,, alters the
nature of the side reactions and the final products are an
organic isocyanate, HCl, Me;SiCl, and chlorosiloxanes®,™%

RNHC (0) OSiMe, + SiCly — RNHC (0) OSICl; 4 Me,SiCl;
RNHC (0) OSiCly ~ RNCO + [HOSICl,] etc.

It has been noted that the use of other chlorosilanes
(Me,SiCl,, Ph,SiCl,) is less effective, since decarboxyla-
tion of O-silylurethanes is observed in this case.

The formation of isocyanates proceeds satisfactorily
in the presence of SOCI, and PCl,.

When urethanes of the type RR’NC(0)OSiMe, were
treated with COCl,, SOCl,, PBr,,8:3%° and PCl,,'¥the corre-
sponding carbamoyl chlorides were obtained. It is note-
worthy that, when the molecule contains both N- and
C-siloxycarbonyl groups, the carbamic acid group reacts
first %8,83,1%  for example:

Me;SiOC (O) N (RYCHR'],C (O)OSiMe, —maniz~>
- XC (0) N (R)(CHR"),C (0) OSiMes;
R=H, Alk, SiMey; R'=H, Alk; X=Cl, Br;
Y=>so, >co, >pBr,>Pcr,; n=1,2.

Apart from the thermally initiated decarboxylation
noted above #3,65,%9  the possibility of the disproportiona-
tion reaction has been demonstrated ®¢ for Me ;SiOC(O)NH ,:

2 Me,SiOC (O) NH, — Me;SiOC (O) NHSiMe; + [H,NC (0) OH};
[H,NC (O) OH] — NH, + CO,.
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The cyclic O-silylurethane (XVI) is formed most readily
when 1,1,2,5-tetramethyl-1-silaimidazolidine is treated
with CO,, being subsequently converted into polydimethyl-
siloxane, CO,, and the corresponding imidazolidinone,
probably via the following mechanism:

l'l\de

N _

¢ e)>c=o-1-| —Simo—] +CO,
LN (Me) Lot n

N o
(Me) C{O) >Si e =
|_N (Me)C(0) O
(XVI)

Me

N-Silylurethanes

Urethanes of the type MeN(SiMe;)C(O)OR, where R =Me
or Et, are known not to interact with keten, but they do react
with triethylsilylacetyl chloride to form Et,SiCH,C(O).
.N(Me)C(O)OR in moderate yields ¢,

N-Monosilyl-substituted amidals, which are at the same
N-silylurethanes, undergo a symmetrisation reaction on
heating and are then converted via S-decomposition into
methylene diisocyanate 27,142;

2.CH, [NHC (0) OR] N (SiMe) C (O) OR — CH, [N (SiMeg) C (0) OR], - OCN—CH,—NCO.

Other reactions of N-silylurethanes, for example
tvans -silylation and f-decomposition, are discussed in
Section III (Subsections 3 and 4 respectively).

II. ORGANOSILICON URETHANES CONTAINING CAR-
BON-BASED FUNCTIONAL GROUPS

1. METHODS OF SYNTHESIS

O-8ilylorganyl Derivatives of Carbamic Acid

The reactions of organosilicon alcohols, glycols, and
phenols (in which the functional groups are linked to carbon
atoms) with isocyanates constitute a general method for
the synthesis of O-silylorganylurethanes, For example,
monohydric organosilicon alcohols 1437152 and phenols 52
readily give rise to the corresponding urethanes on reac-
tion with both aliphatic and aromatic isocyanates:

R38i—Q—OH + R'NCO — R,;Si—Q—OC (O) NHR’ (Q = alkylene or arylene).

It has been established that the reactivity of the
hydroxy-group in homologous series of the alcohols
R, Si(CH,),OH and glycols O[SiR,(CH,),OH], withn =1-3
decreases as it becomes more remote from the silicon
atom in the reactions with phenyl, octadecyl, and a-naph-
thyl isocyanates 148,149,151,152,18¢ Thijs is probably due to
the rapid decay of the +I effect of the electron-donating
silyl group and the effect of the (0~p) conjugation of the
Si-C bonds with the lone electron pair of the oxygen atom.,

Polymeric urethanes have been obtained from the above
glycols and organic diisocyanates, for example, hexa-
methylene (HMDI), p-phenylene (p-PDI), 1,5-naphthylene
(1.5-NDI), tolylene (TDI), pp’-diphenylcyclohexyl, and
pp’-diphenylmethylene diisocyanates 154-176;

T{ (I) R R o o)
_— | L | I3
o [—?i (CHQ),IOH} + Q (NCO), =24, [—oc (CH,),,SiOSi (CH,),,O(':NHQNHCHJ .
[ &
R * R R
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Polyurethanes with a high silicon content (compounds
(XVII) and XVIM)] are formed from oligosiloxanes contain-
ing hydroxyalkyl groups at the ends of the siloxane chain's®
160,165,167,169,171,173,177-181 oy jp the side groups surrounding
the Chain 159,161'165,182:

HO (CH,),Si (Ry) [ OSiR;—],,,— (CHp),OH —[—05i (Ry) (CHy),OH—]—-
(XVID (XVII)

Treatment of the products (XVII) and (XVIII) with mono-
isocyanates leads to oligosiloxanes modified by urethane
groups '8, Oligourethanes with terminal OH or OCN
groups have been obtained by combining the glycols (XVII)
with silicon-containing diisocyanates having carbon-based
functional groups 175,183,

Apart from polyurethanes with an oxygen atom between
silicon atoms, products with methylene, polysilamethyl-
ene, and ferrocenyl bridges or altogether without any
bridges are also known 269,169,171,179

More complex compositions are produced when the
above glycols are initially converted by standard proce-
dures into oligoesters and are then cross-linked by diiso-
cyanates or the structures are modified by a polyisocya-
nate adduct containing biuret groups 157,168,174

The synthesis of O-silylorganylurethanes by the aminol-
ysis of organosilicon chloroformates 2,26,31,184=187 jg g3]50 a
general procedure. Condensation of bischloroformates of
the disiloxane series with organic di- and poly-amines
leads to the corresponding polyurethanes 2,151,188=191,

R
ko[*li—R'—OC ©) Cl—] — £Q (NHR"), —
k 2
F
- [—oc ©) R’SliOSIiR’OC (O)NR") QN (R")C (0)—] .
k
R R

Instead if diamines, hydrazines, dihydrazines, pipera-
zine, and polyamines of the general type H(R)N [-(CH,)p,.
N®R)-],H, whereR =M, n =2 or 3, andm =1or 2,
have also been used.

When the above starting compounds are replaced by
their aw-bis(trimethylsilyl) derivatives, the polycondensa-
tion is significantly simplified, since Me SiCl formed in
the reaction is inert and can be readily removed?,1%0,192;

Me
kMeySi—N—[—(CH,),N—],, — SiMey + £O [—éi—R'OC ©) Cl] I
R I‘Q I‘Vle :
P e ;
- [ OCR’—Si0Si—R'OCN— [—(CHg)"N—]me-—:l —.
I‘Vle I\We l|2 l\Q k

The reactions involving the aminolysis of organosilicon
carbonates with carbon-based functional groups are of
preparative value for the synthesis of O-silylorganylure-
thanes 1.93-198:

R Me, Si—[—(CHj),,0C (0) OPh, _,, M5 RMe, Si—[—(CH) ,OC (0) NH,];_s,

as well as the reactions of silicon-containing alcohols with
alkali metal cyanates in CF;COOH 26,198,199;

CF, COOH
n=1+3

= Si (CH,),0H + KOCN - = Si (CH,),0C (0) NH,.

The hydrosilylation of O-alkenylurethanes, whereby it is

possible to obtain urethanes with different numbers of
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functional substituents at the silicon atom 26,31,200-202 " ¢on-
stitutes an interesting addition to the above procedures, for
example:

X=Cl,OR
8-n n=1+3

RR’NC (O) OCH,CH=CH,+ HSIR}X, — RR'NC (0) O (CHy)sSiR X, _p,-

N-Silylorganylcarbamic Acid Derivatives

The reaction of organosilicon isocyanates containing
carbon-based functional groups with alcoholsT leads to
urethanes with the silicon atom in the imide component of
the molecule 26,178,183 ,203=211,

=1

R,Si (CH,),NCO + R'OH ZZ RySi (CH,),NHC (0) OR".

A modification of this method involves the interaction of
halogenoalkylsilanes with alkali metal cyanates and the
alcohol in molar aprotic solvents in the presence of
[(Alk) N]I as the catalyst26,184,198,202,212,21¢ gince organo-
silicon isocyanates are intermediates in this reaction:

MOCN, R”OH
solvent catalyst
o
- (RO),R;_,Si (CsH) (CH,)mNHgOR’;
R, R'=Alk, Ar; M=K, Na; X=Cl, Br; k=1 = 3; /=0, 1; m=1 ~ 3.

The reactivity of bromoalkylsilanes is higher than that
of the chloro-derivatives and among the latter a-chloro-
alkylsilanes are the most reactive. On the other hand,
the reactivity of the corresponding silyl isocyanates falls
as the silyl and isocyanato-groups approach one another.
Indeed, it has been shown in a number of investi-
gations?,178,183,208,205,207 =210 213,215 =217 that the reactivities of
(EtO)4Si(CH,);NCO, Et,8i(CH,),NCO, and organic aliphatic
isocyanates are comparable and approximately 20 times
higher than that of Et,SiCH,NCO. The side products in
the above reaction are organosilicon ureas and dimers
(uretidinediones) and trimers (isocyanourates) of organo-
silicon isocyanates 26,212,213

Polyurethanes with a silicon atom in the ester and
amide components of the macromolecule simultaneously
have been obtained by the condensation of silicon-contain-
ing diisocyanates and organosilicon glycols 178,183,208

The interaction of alkyl(aryl)aminoalkylsilanes with
organic chloroformates also leads to N-silylorganoure-
thanes 201,21.8'-220:

=Si(RNHR"),,,

-

(RO)Ry_Si (CeHa); (CH,) ,,X

R"OC(O)CL

2Ol =Si[RN (R") C (0) OR"] 1,

but this method of synthesis holds out little promise, since
half of the aminosilanes is consumed in binding HCI.

A modification of this reaction involving the treatment
of N-silyl-substituted alkyl(aryl)aminoalkylsilanes with
chloroformates is more important 2,27,%7;

SliMes
R;SiCH,N (SiMey), + R'OC (0) CI — RySiCH,NC (0) OR’ -+ Me,SiCl;

Me
kO[—%i—R~OC ©) C\] +sz'lxlr—[—((:1{2),,1\1—1,”suvses e
Me 2 SiMe, R
(o] Me Me (¢}
- {—(HZO—R—Sliosli—R—O—éI—-N—L—(CHz)”N—]m—} —
Me Me ke koo

T Organic peroxides react with isocyanatoalkylsilanes
similarly to alcohols 27

(e}

(Me0),Si (CH,),NCO -+ HOOCMe,Ph ma (Me0)ySi (CH,)NHCOOCMe,Ph.
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R=—CH,—, — (CH,); —, —CH;0 (CH,), —;
Me Me
| !
- [ — Si (CH,)sN (SiMe,H)— J,‘— +4R'OC(Q)Cl—n Cl?i (CH,)sNC (O) OR’.
) IIWe Me SiMe,H

The hydrosilylation reaction, the use of which in the
synthesis of N-silylorganylurethanes makes it possible to
obtain monomeric, oligomeric, and polymeric products
with partial or complete blocking of the Si—H bonds by
N-alkenylurethanes 26,202,221 ' jg of independent importance,
for example:

Me Me Me Me
HS:iOS'liH + CH2:CH—CH.ENH(ﬁOR —aatayst HS:XOS:i (CH;)SNH%OR -
Me Me (o} Me Me
Me
-0 [—|Si (CH,);,NHC (O) OR ] .
e :

The interaction of alkenylsilanes with azodiformic acid
ester is accompanied by the migration of the double bond
of the silane and leads to the formation of a mixture of
addition products %2%;

C(0) OEt
Me,SiCH,CH =CH, ~——-» Me,SICH=CHCH,N~C (O) OEt
N:[C(O)OEL].
_/CH,—CH CH,—CHN [C (0) OEt] NC (0) OE.
Me.,SJ\ 1 .
CH,—CH L MesiC
CH=CH

Silicon-containing glycol carbamates are obtained by
the aminolysis of alkylene carbonates by alkyl(aryl)amino-
alkylsilanes 223,224;

|
RySi (CH,) NHR' + J)CH,CH,OC (0) — RSi (CH,),N (R) C (0) O (CH,);0H;
R=0Alk, Alk; n=1,3; R'=H, Alk, —CH,CH,0CH=CH,.

The reactivity of y-amines (u = 3) is higher in this
reaction than that of a-amines (» = 1) and (Me,Si),NH does
not undergo this reaction at all.

It has been found that the amides of C-silyl-substituted
carboxylic acids can be converted into N-silylorganylure-
thanes with retention of the Si—C bonds ?25-227;

MeONa/Br,

MeySi (CHy),C (O) NH, 2222~ Me,Si (CH,),,NHC (O) OMe.

2. PHYSICAL PROPERTIES OF SYLYLORGANYLURETHANES

Organosilicon urethanes with carbon-based functional
groups are colourless, transparent, mobile, and readily
distilled liquids, which have been as a rule characterised
by distinct melting points, refractive indices #}3, densities
a?®, molar refractions MRy, and infrared and TH NMR
spectra 2,26,27,

The first amide band in the infrared spectra is in the
range 1695-1733 cm-? as for other organic urethanes?s,6,228
while the second amide band is located in the wider range
1500~1625 cm=!, The stretching vibrations of the free
N-H group are manifested by shoulders of low and moder-
ate intensity (3410-3450 ¢cm™!) on the more intense absorp-
tion band at 3328-3350 cm™! corresponding to associated
groups 5,26, It is noteworthy that vibrations of the first
type due to this group are characteristic of @-substituted
urethanes alone. On passing from urethanes with an N-H
group to N-SiMe; derivatives, the second amide band
vanishes, but an intense absorption appears in the form of
two bands at 1348 and 1321 ¢cm™! and there is a simulta-
neous increase in absorption intensity at 1400-1410 and
1440-1450 cm=™1, 25,28
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The 'H NMR spectra of the urethanes Me,(RO);.p,.
.Si(CH,),NHC(O)OR, where R = Alk, n =0 or 3, show
the signal of the N—CH, groups split into two independent
doublets, which can be explained (by analogy with dimethyl-
formamide) by the double bond character of the linkage
between the N and -C(=0)- atoms and the existence of
these compounds in the cis- and trans-forms?,

3. CHEMICAL PROPERTIES OF SILYLORGANYLURETHANES

Both N- and O-silylorganylurethanes with halogeno- or
alkoxy-groups at the silicon atom are readily hydrolysed to
the corresponding siloxanes 26,31,202;

O[SiMe, (CH,);NHC (O) OR}y;
O[SiMe; (CHy);0C (O) NR,,.

When acted upon by high-boiling alcohols, they undergo
the transesterification reaction 223,224,

o}
(RO),Si (CH),NHC (0) O (CHy),0H =X [ (RO),Si _(CH,)sNHl(IZO (CHp):0—e—-
Depending on the conditions and the structure of the
initial silylorganylurethane, the hydrolysis may involve
either the carbamic acid group or the Si-C bond with for-
mation of aminoalkyl(aryl)silanes or desilylation pro-
ducts 209,225,227,

0 0

. Hy i
P-MegSiCeH NH, «NCHH0 pae oic,HNHCOR B0, PhNHgOR ;
Me,Si (CH,);NHC (0) OMe LMOH/KOH 5 HOL 9 KOH _, \te SiCH,CH,NH,.

The reactions of a- or y-silylurethanes containing
N-H and Si-OAlk groups with SOC1, proceed only via the
Si-O bond 26-28,31,184,228;

ROMe,Si (CH,);NHC (O) R ;f_f_‘;.. CIMe,Si (CH,),NHC (O) OR.

Disiloxanes with two and four urethane groups have been
obtained by the Sommer reaction !°¢;

(o]
conc. HpS04 ) It
RMe,Si [CH,0C (0) NiL,],_, PR (¢] [—SlMen (CHZ—OCNHz)a_”] -
R=Alk.

N-Silylorganylurethanes are nitrosated in accordance
with the classical mechanism 220,229,

NO

NaNO,/HNO, |

R,SiCH,NHC (O) OR’ > RySiCH,N~C (O) OR".

On silylation with the Me;SiCl/NEt, mixture, they are
converted into disilylurethanes 26,27:
o SiMey

A U e
RySi (CH),NHCOR "398 o o (CH,),N—C (O) OR'.

In many instances the silylation is intramolecular!!,2s-2s,
31,67,184,230,231:

CIMe,Si (CH,);NHC (0) OR 22X

|
— Me,Si (CHz),,NIc (O) OR;

ELN

ClMe,Si (CH,);0C (O) NHR - Mezéi (CH,);0C (O) AR.

The formation of 2,5-disilylpiperazine derivatives is an
exception?7:

EtyN

CIMe,SiCH,NHC (0) OR —*—> {—SiMe,CH,N [C (O) OR] —},.

N-Silylated organosilicon urethanes with carbon-based
functional groups can undergo {7ans-silylation reac-
tions 22 ,25 -28 ,67 ,232 ’233 H

o |
XMe,Si (CHy)aN (SiRy) € (O) OR’ 3=grom Me,Si (CH,)NC (0) OR’

ROMe,SICH,N (SiMeg) C (0) OR’ 5> {—Me,SiCH,N [C (0) OR']—}, ,
ROMe,SiCH,N (R) C (O) OSiMey 2> [—Me;SiCH,N (R) C (O) O—J, .
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Since the thermolysis of N-silylurethanes, like that of
other organosilicon urethanes, constitutes a new method
for the synthesis of a wide variety of isocyanates and
illustrates the theoretically important mechanism of 8-
decomposition in the =Si—-N-C-X system of conjugated
double bonds, data on this problem are reviewed in the
next section.

4, THERMAL DECOMPOSITION OF ORGANOSILICON URE-~
THANES

Sufficient data have now accumulated to reach definite
conclusions concerning the factors controlling the g-
decomposition in the =Si-N-C-X.(X is an electronegative
group) system of g,0 conjugated bonds!!,!2,26,28,31,151,184,
230,234,235

Like their purely organic analogues RNHC(O)OR,
N-silylorganylurethanes decompose into isocyanates and
alcohols on heating to 150-300°C, the decomposition taking
place more readily the higher the acidity of the alcohol

o] 26,145 4186 y194,201,218,219,234 =238
producad 26,145,186,194, .
R,Si—Q~NHC (0) OR’ 2 RgSi—Q—NCO -+ R'OH.

The reaction is reversible and alcohol is removed from
the reaction zone in order to drive it to the right. The
reaction then obeys first-order kinetics 194,237,

N-Silylurethanes containing the 8i—-N-C(0)-OR system
of conjugated bonds decompose irreversibly on heating into
an isocyanate and an alkoxysilane 11,12,20722,24-28,31,32,36,56,
68,14,2 145 ,151,184,228,230 ,232 ,234"249:

R
|

=8i—N—C (0) —OR’ - = $i~OR’ + R—N=C=0.

With the exception of the special instances discussed
below??,28,31,32,239,241-248  the reaction is irreversible, obeys
first-order kinetics, andhasE 40t =22-30 kecal mole™.

The pyrolysis is intramolecular, which follows from
the analysis of the product obtained as a result of the
pyrolysis of a mixture of different urethanes® 127,28,431y240;

HMe,SiN (All) C (0) OAlLL
+ -t
Me,SIN (CH,SiMe,) C (O) OMe

> HMe,SiOAll 4 All—_N=C=0

L, Me,SiOMe + Me,SiCH,N=C=0.

This finding suggests the intermediate formation of the
following four-membered transition states involving the
amide (XIXa) or imide (XIXb) forms of the N-silylure-
tha.ne 25 ,26 ,28’31 ’280:

R-N—C=0  R—N=CTO—R’
L = \ N 7
| R
=Si :0—R’ O Si
(XIXa) (XIXb)

However, according to the infrared spectra of N-sila-
cyclourethanes 22 (the absence of the absorption due to the

>C=N bonds at 1540-1640 ¢cm™!) and *H NMR (the singlet

due to the Si—CH, protons), preference must be given to
the amide form (XIXa). The strain in the four-membered
transition complex does not rule out this mechanism,
bearing in mind the possibility of the intense polarisation
of the bonds involved in the electron redistribution??,28,3,240,
This assumption is confirmed, for example, by the higher
reactivity of the Si~N bond in the thermally less stable
N-silylurethanes in relation to electrophilic agents of the
type RC(0)C1, RC(O)OC(O)R, PhNCO, 22,'#  etc.
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Depending on the exo- or endo-location of the =8i-N-
C(0)-OR atomic group, silacyclourethanes form various
B-decomposition products. For example, ring opening
takes place in one instance 22,28,29,81,32,184,230,234,239;

(CHa)y Me
Me,Si N_c(o0r & RO_S$i— (CH,)y]N=C=0;
| ke
q *T— SlMes—ﬁ Q/ ¥N:C:O~ Q==RCeH,{ , — (CHR),~,, —
N C=0 N_osinte, TN Sl
o/ s

in an other the urethane decomposes into two isocyanate
molecules 25 ,27,28,31,68,142 ,234:

Me
S'/N[C (O) OR] CHZ\

t !
€,Si SiMe, — 2RO—Si—CH,N==C=0,
Nen, [roC QNS ;o

Me

and in the third case, the ring contraction reaction takes
place 26 ’28,31,184,230,234:

o |
Megi (CHy)N (R)C=0 > Me,Si (CH,),0 -- R—N=C=0.

The g-decomposition (D) of the urethanes (XX) is
accompanied by the simultaneous t7ans-silylation reaction
(T):

(¢] { O:C‘OMel
il
XMe,Si (CH,),NCO - XMe,Si (CHy),N (SiMey) COMe — |—Me,Si (CHy), § .
‘ Reaction, %
m n X S ——
D T
a 2 1 Cl 0 100
b 2 1 EtO 13 87
[ 1 3 EtO 70 30

Evidently the D/T ratio is influenced not only the nature
of the substituents at the silicon atom but also by the rela-
tive positions of the silyl groups in the urethane molecule®’s
28,31,184,232,247  This is why the study of the kinetics of the
B-decomposition of the urethanes Mep(MeO),_,Si(CH,)N.
.(SiMe,)C(O)OR does not yield a direct answer to the
question of the C-silyl group on the S-decomposition
proper when » varies from 0 to 3, 2¢-26,18¢

The influence of the substituents in the urethanes having
the general formula RN(SiMe,;)C(O)OR’ on the temperature
of the onset of appreciable decomposition is clearly illus-
trated by the Table below 21,22,25,25,28,29,31’56,68,184,230,250"254.

The influence of the substituents R and R’ in the urethanes
RN(SiMe,)C(O)OR’ on the temperature of the onset of
appreciable decomposition (Tdecomp)°

R |
. R Taecomp € R i 0 ‘Tdecnmp’ °c
Alk CHs 170 Ph C,H, I o0
Alk CeHy 110 Ph [N =C(CHy), 60
Alk CH.Clp 60 Ph C,Hs 20
Alk CeH,NO,-p 0 Ph cGiCa, 0
Alk & <0 SiMe, SiMe, <20
1

The aliphatic oxa(thia)zolidinones Me,SiNC(X)OCH(R')C.
{R”)H (XXI) [a) R* = R” =H, X =0; b)R'=R” =H,
X = S]are converted into isocyanates under more severe
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conditions (>>180°C) than the analogous oxa(thia)azolidine-

[ ]
2,5-diones Me,SiN—-C(=X)0~C(=0)CHR (XXII) and the
benzo-derivatives (XXII) [¢)R’+ R"=CgH,; d)R’+ R”=5-
MeCeH,; e)R’+R" =5-CICsH,; X = O throughout],
corresponding to the oxa(thia)azolidinones (XXI). The
latter compounds form isocyanates at 125-130°C, and the
content of the B-decomposition product in the equilibrium
mixture decreases in the sequence (XXIile) > (XXIlc) >
(XXIIId) and increases with rising temperature and also
when it is removed from the reaction sphere??, On the
other hand, compounds (XXIII) with X = O and R+ R" = 4-
NO,C¢H, (f) or 5-NO,C¢H; (g) do not form isecyanates even
at 165°C. 22,28,31,32 For comparison, we may note that
N-(trimethylsilyl)benzothiazolidin-2-one is stable on heat-
ing to 260°C, while its very close analogues N-(trimethyl-
silyl)benzoxalidine-2-thione and 5-nitro-~N-(trimethylsilyl)-
benzoxazolidine-2-thione undergo f-decomposition even in
the course of the introduction of silyl protecting groups
into the heterocycles 22,2%9,242,2447246,255  Fyrthermore, it is
striking that in all cases thiazolidine derivatives show a
small tendency towards isomerisation, while silylated
oxazolidine-2-thiones rearrange irreversibly and quanti-
tatively and N-(trimethylsilyl)oxazolidinones rearrange
reversibly 22 ,239 ,242 ’244"246 ,255°

One may therefore conclude that the thermal stability of
N-silylurethanes decreases when (a) the electronegativity
of the RO group increases, (b) the N-alkyl group is
replaced by an aromatic group, in particular by a group
containing electronegative substituents, (c) on passing
from aliphatic N-silacyclourethanes to benzo-derivatives,
and finally (d) following the introduction of the thiocarbonyl
group in place of the carbonyl group 2!,%2,24729,31,32,56,68,77,
91,142,184,230-234, 239,242 =256 _

Indeed the introduction of an electronegative substituent
lowers the basicity of the nitrogen atom as a result of
which the amount of double bond character of its linkage
with neighbouring Si and C atoms falls:

sl

70
Nl d
Meysi-NYC "

| VA R, .

R

Therefore the f-decomposition reaction involves prefer-
entially compounds containing o, 0 conjugated bond systems
=8i-N-C(0)-OR’, i.e, in the amide form of the transition
complex (XIXa) mentioned above and not in the correspond-
ing imide form =Si-N=C-OR’ (XIXD), 26 Experiment con-
firmed this conclusion: the model compound MeC(=N-
SiMe,;)OEt decomposes into MeCN and ethoxytrimethyl-
silane only above 250°C. 2¢

In the light of the foregoing, the instability of
(Me,Si),NC(O)OR (decomposition temperature of about
20°C) becomes understandable, since the degree of degen-
eracy of the basic properties of the nitrogen atom owing to
the (p—d)w interaction via two Si—~N bonds is in this case
still greater 56,

The analogous effect of two silyl groups in combination
with the high electro-negativity of the NaO~ substituent is
the cause of the easy g-decomposition of compounds of the
type (Me,Si),NC(O)ONa even in the synthesis of bistri-
methylsilylcarbodiimide 892,

Furthermore, since the Me Si group enhances the
nucleophilic properties of the nitrogen atom in the a-posi-
tion®7, it was to be expected that the thermal stability of
the compounds Me,SiN(CH ,SiMe,;)C(O)OR will be higher
than that of Me,SiN(Me)C(O)OR, which, however, conflicts
with experiment. The apparent inconsistency is probably
a consequence of the superposition of the o, 0 conjugation
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effects in the =8i-C-N-C=, =8i~C-N~-Si=, and =Si-N-
C-OR bond systems or is a result of the transannular
interaction of the C-SiMe, group with one of the oxygen
atoms:

O=C — -
T OR _/CH, CH,
N MeySi N SiMe, Me,Si /NSiMeS
MeySi CH,SiMe, *0=c~0R R\d—cm

An appreciable decrease of the thermal stability of N-
silylurethanes is observed not only after the interaction of
aryl or silyl substituents at the nitrogen atom but also
after the introduction of acyl groups. For example, the
acylurethanes MeC(O)N(SiMe;)C(O)OMe and PhC(O)N.
.(SiMe,)C(O)OMe decompose readily at 85-100°C, 257

IV. OTHER TYPES OF SILYLURETHANES

This section surveys mainly the available information
about systems in which the silicon atom and the carbamic
acid fragment are separated by a bridge which does not
consist of carbon atoms alone, We have divided the meth-
ods for the introduction of silicon into the polyurethane
macromolecule into six independent groupsft.

1. The polycondensation reactions of a wide
variety of monoisocyanates with silicon-containing glycols
lead to the synthesis of adducts with terminal urethane
groups, for example 260286,

HO—R—OH -} 2R”NCO — R”NHC (0)0O—R—0C (O) NHR”,
where
SRR s
R= —CH,CH,0CH,Si0Si— [ —ZSi0Si— } —ZSliOS‘iCH2OCH2CH2—,
o] |
R'R " R Me
Me Me

| |
Me R’

Il
—CH,CH,0CH, SiOSiCH,0CH,CH,—,
|
Me Me
R’, R", R”=Alk, Ar; Z = arylene or hydroxyarylene; n=0or 1.

The replacement of monoisocyanates by di- and poly-
isocyanates leads to polyurethanes with terminal isocya-
nato-groups capable of further structure for mation?63,267-281,
Polyurethanes with a cross-linked structure are obtained
when the structure-forming agent is a polyisocyanate
having the biuret structure?7®,282-28  ag already noted
above for organosilicon diols with purely carbon-based
functional groups. In practice adducts of 2,4-TDI or
2,6-hexamethylene diisocyanate (2,6-HMDI) with tri-
(hydroxymethyl)propane are most frequently used as the
polyisocyanates and the glycol components consist of
ester -alcohols of the series 263,274,275,287-289,302

Similar products have been obtained from glycols with
8i—-OC bonds of the general type R;,Si(OZOH),.n (XXIV)
and Q(SiMe,0ZOH), (XXV), where R = alkyl or aryl,

Z = alkylene, arylene, hydroxyalkylene, or oligohydroxy-
alkylene, Q = arylene, hydroxyarylene, or oligosiloxane,

18Since studies on the utilisation of organosilicon com-
pounds in industry and in the processing of polyurethanes
(for example as surfactants, stabilisers, pore regulators,
etc., i.e, in processes without the obligatory formation of
chemical bonds with the polyurethane) are of great practi-
cal importance, they merit independent consideration.
Certain data on this problem have been reviewed by
Adamowski et al, %8 and Zwolinski et al, 25°
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and n= 1_4. 66,61,113,261'265,274,282,286,290“807 By varying the
reactant ratio, the polycondensation process can be
arrested in many cases, at the stage involving the forma-
tion of the oligomer with terminal hydroxy- or isocyanato-
groups, which are responsible for the hardening of pre-
polymers when suitable reagents are chosen.

2, The condensation reactions of polyethers,
which do or do not contain urethane fragments but always
have hydroxy-groups in side substituents or at the ends of
the chain, with silanes or polysiloxanes containing
hydroxy-, alkoxy-, acyloxy-, or amino~-groups at the
silicon atoms and subsequent condensation of the products
with polyisocyanates make it possible to synthesise
copolymers with a wide variety of compositions and struc-
tures 115 ’166 4180 ,267 9275 ,290 ,SDB -850.

The silicon content in polyurethanes is then regulated by
the type and size of the siloxane blocks and their amount in
the reaction mixture. In a typical instance of this method,
the polysiloxane containing =SiOEt groups undergoes
transesterification with poly(ethyleneglycol adipate) having
terminal hydroxy-groups and is treated with TDI in the
presence of a special plastisol composition. Structure
formation in the copolymer is completed by heating the
mixture at 150°C for 5 min, 322

Sulphur-containing organosilicon glycols, for example
aw-bis-(8-hydroxyethylthiomethyl)polydimethylsiloxanes,
behave in the polycondensation reactions like their oxygen
analogues 272,%517353 an( in the case of glycols based on
diethanolamine, particularly bis-(g-hydroxyethylamino-
ethyl)dimethylsilane, both N~H and H-O bonds are involved
in the reaction 354355,

3. The hydrosilylation or catalytic
dehydrocondensation reactions 222,223,348,356-373
involving polysiloxanes with =Si—~H bonds and oligoure-
thanes containing C=C and OH groups make it possible to
obtain various block-copolymers. For this purpose,
oligomers containing free OH or OCN groups are usually
treated with the corresponding alkenyl isocyanate or an
unsaturated alcohol with subsequent addition of the prepoly-
mer to polysiloxanes with =Si~H bonds. Copolymers
obtained from silicon-containing glycols or diisocyanates
with carbon-based functional groups have similar struc-
tures. However, the first version of the synthesis is based
on a more readily available starting material?2,26,%97103,
368'310’374,375.

The method of synthesising oligourethanes by the reac-
tion of alkyl(aryl)aminoalkylsilanes with chlorocarbonate
esters is still less suitable owing to the difficulty of
removing the HClevolved, which causes side reactions®%®,377,

Another variety of block -copolymers is obtained by the
reaction of aw-dihydroxy-derivatives of polyesters,
polyester-amides, and poly(alkylene glycols) with di- and
poly-isocyanates having different ratios of the functional
groups =Si-H, OH, and OCN to form adducts. The
synthesis can involve any of the above groups, for example
the isocyanato- or silamethylidyne groups in the poly-
siloxane 32,355,378,379;

MeSSiOv—[—SiHMeO—]MA [—SiMeO—]p—[—SiMe.,O—]q——OSiMe,
(CH,);0C (O) NHCgHg (3-Me) NCO §
m=2—4.5; p=1~6.5; g=5--22,

and the hydroxy-groups in the polyester.

In view of their ready availability and high chemical
reactivity, the isocyanates R;Si[O(CH,),,NCO],_, with
R = NCO and particularly with R = H or CH,=CH (n=0-2
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and m = 1) may become suitable for the same purposes
and may replace glycoxysilanes of type (XXIV)46,47,380,

Silyl esters of isocyanatocarboxylic acids can also be
used to synthesise silicon-containing urethane intermedi-
ates 38,

4, Hydrolysis of organosilicon urethanes with
SiOR (R = alkyl) and carbon-based functional groups leads
to di- and poly-siloxanes containing carbamic acid groups.
This property of urethanes is used in the manufacture of
polyurethane compositions for cold vulcanisation?,26,27,382,383,

The low-temperature adducts (XXVI) can harden as a
result of hydrolysis involving the SiOMe and OCN groups
simultaneously or separately 260,271,273;

REtC(CH,OH), 4+ TDI — REtC—[—CH,0C (0) NHC,H; (4-Me) NCO],,
(XXVI)
where

R= (Me0),Si (CH,),S (CH,);0CH,—, (Me0),Si (CH,);OCH, — etc.

5. Radical polymerisation reactions are
used to a limited extent for the synthesis of polyure-
thanes 3%0,339,384=388  For example, copolymers of o8-
unsaturated urethanes and products of the transesterifica-
tion of oligosiloxanes with the HO and AlkO terminal groups
of acryloyloxy- and methacryloyloxy-derivatives of ester-
alcohols, which are hardened by ionising radiation, have
been obtained by this method. Styrene is used as a reac-
tive diluent 387,38, It appears useful to employ in this
reaction vinyloxyalkyland vinylthioalkoxyalkyl carbamatesse,

In the presence of aa’-azobisisobutyronitrile, it proved
possible to copolymerise vinyltriethoxysilane and 5-
methyl-N-vinyl-2-oxazolidinone 38,

6, Graft copolymers have been obtained with the
aid of the polycondensation reactions already considered
from block- or homo-polymers. For example, dyed
wear-resistant articles have been obtained by grafting
polysiloxane to an organic polyurethane %%°-392, Graft
copolymers have been synthesised in which low-molecular
weight hydroxylated oligoisoprene and oligobutadiene are
linked to a polysiloxane block directly or via a bond sys-
tem incorporating carbamic acid groups 114,%16,393,394,

In another instance hydrated silica (or corundums3e®) ig
incorporated in polyurethane compositions via a trans-
esterification reaction involving the terminal hydroxy-
groups of polyesters [for example, the copolymer of
poly(ethylene glycol) and pentaerythrityl adipate ] with the
corresponding structured tolylene diisocyanate3?4,395,39%

It has been shown that polysiloxanes may be grafted to
carboranephthalocyanine derivatives 37, thiocol, and
aw-dihydroxypolyfurite [poly(tetrahydrofuran)diol-oaw-
bis-(3-hydroxypropane)] 18,8  polyamides 5, polyamido-
urethanes 3*°  polyamide— polylmldes sz lass 302,317,400
f1breg1ass“°1 leather and poly(vinyl chlorxde)269 270 311,
derivatives of castor oil and metallocene compounds°2-40¢,
polyester fibres #5797 and other materials containing
different for ms of urethane groups.

V. APPLICATIONS
1. N- and O-Silylurethanes

Like silylated ureas**, N-silylurethanes are used for
the treatment of fabrics, paper, leather, cellophane, and
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other materials in order to make them hydrophobic,

reduce their brittleness, impart to them crease resistance,
make them electrically insulating, and improve other
technical characteristics 13-5, Organylsilyl tricarbamates
RSi[OC(O)NR,], have been suggested for the low-tempera-
ture hardening of organosilicon oligomers with terminal
silanol groups 5775972,

Although the mode of the reactions of organic diisocya-
nates with silanediols and oligosiloxanes having terminal
OH groups is not always clear, the polymeric products
formed are capable of hardening on heating and of giving
rise to a film which hardens spontaneously in air 2°; such
compounds have a fairly high thermal stability and elastic-
ity 2!, They have therefore been recommended for the
preparation of fibres, plastics1%¢, and for other pur-
poses °7,111,115,128 T those cases where the principal mode
of reaction involves the dehydrocondensation of silane-
diols 118,122,408  the polysiloxanes formed act as plasticisers
on the polymeric ureas produced.

The products of the condensation of aw-diisocyanato-
polyurethanes and polysiloxanes with terminal hydroxy-
groups impart to textiles antipilling properties and resis-
tance to shrinking, improve physicomechanical properties,
give rise to a pleasant feel, etc., and withstand frequent
washing and dry-cleaning as well as prolonged action of
light; they also make textiles elastic V7,

Powdered polyurethanes can be pressed into articles
with satisfactory electrical insulating properties and high
mechanical strength5!,!%, Silyl esters of N-alkyl(aryl)-
carbamic acids are important intermediates in the synthe-
sis of isocyanates by phosgene-free methods °,73,77, The
products of the condensation of alcohols with R,Si(NCO),
are used to stabilise poly(vinyl chloride). ' Certain N-
silylcarbamates exhibit anticholinesterase and insecticidal
activities 8,409, They are isolated in a pure form by a
chromatographic procedure 18,19,%,

2. Compounds with Silyl and Urethane Groups Separated
by a Bivalent Group

These are extremely numerous and have a wide variety
of practical applications, We shall mention some of the
most important of these,

Polyurethane film-forming compositions obtained by
both cold and hot drying adhere to glass, wood, metals,
plastics, and other constructional materials 158,159,162,163,
166,183 ,217 ,213,287 ,288,290 ,292 ,294,308,307 ,311,313,316 ,334’844,852,356’363,
373,390,405, They have a very attractive outward appearance
(smooth, transparent, and elastic or solid and lustrous
films), are resistant to water, oil, petrol, corrosion,
wear, and the atmosphere, their colours are fast, and
their useful characteristics are retained under the condi-
tions of high temperatures and humidities. These remark-
able qualities have been used in the manufacture of decora-
tive fmlshing materials 113,168’174’284,265’215 ,277—282 ,287-2,
298-307’347 ’409"413'

Various polyurethane compositions are used to treat
textile and leather articles in order to make them wear
resistant and impart to them dirt-, water-, and oil-repel-
lent properties 161,177,182,212,268,309,310,383,405 It j5 jmportant
to note that, after treatment, fabrics, paper, and leather
articles remain permeable to vapours and gases, are
elastic, and are not sticky.

One-component oligopolyurethanes which undergo self-
vulcanisation in air are used as cements, fillers, hermeti-
cally sealing compounds, gaskets, and shock absorbers in
building, automobile, and avaiation industries, and as
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potting compounds which adhere to glass, wood, porcelain,
metals, and plastics. The advantage of coatings based on
them (apart from the unique combinations of different
types of stability to external influences already mentioned
in connection with fancy leather goods and decorative
articles) consists also in their capacity to form remark-
able gas-filtering and vapour permeable films which are
used for encapsulation for the purpose of conservation and
storage of specific materials 29%,334,352,361,363,367,382 ~284,405

In certain cases urethane-siloxane adducts are used as
primers which improve the adhesion of polyurethanes to
the support 260,271,%62,376,317,d14 | a5 binders for glass and
textile fibres 32, as surface -plasticising coatings 269,270,

as electrically insulating articles 222,272,292,315,320~ 322’325'32’»
333,334,387,351,358,368,371,372 a5 sensitisers for heat-sen31t1ve
latexes 222,272 ,315 ,321 ’322 93277329 ,332 ,333,343,351’358,371,372 ,403,404,407’
as antioxidant additives to anti-detonators ¢°3,%¢ and as
catalysts of the combustion of rocket fuels 3¢, Silicon-
containing stabilised liquid, semi-liquid, and elastic
resins, rubbers, plastics, and other materials with pro-
longed resistance to water, heat, and fire with retention
of geometrical dimensions are manufactured on their
basis 59,115 ,165’183’323,330,831 ’885 ,336,342 ,344,354,355 ,360,362 ,378,319,

396 ’415‘

The wide variety of the physicochemical characteristics
of polysiloxane-polyurethane materials gives rise to the
possibility of using them as liquids with very low glass
temperatures (dOWn to _125°C) 180,183’190,287,294,296,306,356
and in the form of corundum-filled and mould-hardened
grinding discs or other types of abrasive devices 388,416

Polyurethanes with a siloxane-hydroxyalkylene base
can be used as liquid heat exchangers, emulsifiers, wett-
ing agents, lubricants facilitating the removal of articles
from moulds, for the formation of completely smooth sur-
faces of polymers, as well as other purposes 267,269,270 292,
334,352,362 Laminated products used as splinter- proof
glass 3" in which the linking element is polyurethane
based on an organic oligoisocyanate and an organosilicon
polyfunctional alcohol, have been reported,

Compositions comprising silicon-containing products
with organic polyurethane materials in which the individual
components are not necessarily chemically combined but
the formation of chemical linkages via residual functional
groups is quite likely and even inevitable under certain

conditions, have assumed considerable practical impor-
tance 150’151-134,237,259,269,290,308,311,323—327,329 —333,338-340,342, 345,

346,358,364,365,371’372’396’401’406 ,407,412,416 —517.

The siloxane component has become particularly impor-
tant in the manufacture of polyurethane foam plastics 237,
308’326,327’329,331,332 ,338,340,342,346,358,365 ,386’871,372 ,407,419,440 "'4790
It plays a versatile role which involves a decrease of the
surface tension of the system, the emulsification of the
reaction mixture (isocyanate-polyester —catalyst), the
stabilisation of the foam before its hardening, and the
regulation of the structure and size of the cells; at the
same time it abolishes the inevitable imbalance between
the functional groups of the starting materials without
impairing the quality of the polyurethane foam plastic.

However, mechanical mixtures exhibit only a weak
stabilising effect, probably owing to the insufficiency and
random nature of the chemical linkages between the com-
ponents of the reaction mixture, which in certain cases
complicates the technology owing to the poor compatibility
of the individual components and leads to polyurethane
foam plastics having inhomogeneous compositions and
variable quality 237,338,486,488,489

Polyester ~polysiloxane block-copolymers 287,308,326,327,
329,331,332’338,340’342,346,358,885,366,371,372’40‘1, Which eXhiblt a
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more pronounced stabilising effect, are more compatible.
The overall favourable effect is greater the greater the
uniformity of the alternation of polyester and polysiloxane
blocks in the copolymer 340,485,489, Under these conditions,
the presence of =Si-OC groups in the macromolecule is
less preferable compared to Si—C bonds 329,331,340 407 464,
48,485, Because of this and the difficulty of synthesising
such copolymers, they have been replaced by polysiloxane
compounds with free hydroxy-groups attached to carbon
atoms 36,4848 particularly those in which the hydroxyl-
containing group is joined to silicon via the =Si-C link-
age 355 ,487.

Nevertheless the degree of order among the component
macromolecular units and the concentration of OH groups
relative to the total number of functional groups of the
polyester proved to be insufficient. The preparation of
polysiloxane—polyurethane copolymers with rigorously
alternating functional groups by the successive introduction
into the reaction zone of the diisocyanate, the organic
polyester, and the polysiloxane with OH (SH) groups
attached to carbon atoms did not solve the problem com-
pletely either, since the resulting surface-active sub-
stances contained only random chemical linkages with the
main polymeric mass,

The optimal version of this synthesis now provides for
the use of organosilicon oligoisocyanates with carbon-
based functional groups in a pure form or in combination
with organic di- or poly-isocyanates. After such a sub-
stance is brought into contact with an organic polyester, a
homogeneous, high-quality, self-stabilising system is
produced. The use in the synthesis of organosilicon alco-
hols, glycols, isocyanates, etc. with carbon-based func-
tional groups as part of the glycol or isocyanate compo-
nents of the reaction mixture made it possible to obtain,
as already described above to some extent, polyurethanes
with an exceptionally favourable combination of technically
useful characteristics 159,162,309,355,409,412 518-523

Monomeric derivatives of carbamic acid are used as
additives which improve the properties of polysiloxane
lubricants for high-temperature high-speed bearings %2,
as dispersing additives improving the thickening capacity
of silica gel in the manufacture of greases 43, for the
vulcanisation of silicone rubbers 27,44~4%_ and for other
purposes 28,497-49%

The widely variable physiological activity of organo-

silicon urethanes is striking 8!,8,153,166,178,193,105 198,204,362,
386,399,402 ,409 524 =527
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