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In the review an attempt is made for the first time to survey studies on the synthesis, properties, and likely practical
applications of silylureas. In view of the significant differences in the methods of their synthesis and properties,
jV-silylureas are examined separately from the carbofunctional compounds in which the urea moiety and the silicon
atom are separated by a group of atoms.
The bibliography includes 230 references.
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I. INTRODUCTION

Urea (carbamide) and its derivatives are some of the
most widely used organic compounds. In recent years
there has been a vigorous development of the chemistry of
organic derivatives of the elements based on urea and in
particular of its organosilicon derivatives. The introduc-
tion of an organosilyl substituent into the urea molecule
alters sharply its physical and chemical properties. This
applies especially to N-silyl derivatives. In particular,
the hydrogen bonds are greatly weakened, which has found
practical applications in the chromatography and separa-
tion of many urea derivatives. The high silylating capa-
city of Λ-silylureas has made them some of the most
important auxiliary reagents in organic syntheses. There
are good prospects also for practical applications of
polymeric materials based on silicon-containing ureas.

Λ -Silylureas are of independent interest for the develop-
ment of theoretical ideas on the tautomerism of amides,
since, in contrast to organic derivatives of urea and
amides, many physical properties of these compounds
suggest that they exist in both the amide and isoamide
forms.

II. Λ-SILYLUREAS

1. METHODS OF SYNTHESIS

a. Interaction of Silanes and Halogenosilanes with Ureas

The ΝΉ group in amines is known to react with halo-
genosilanes to form the corresponding Λ-silyl derivatives.
However, this reaction is greatly hindered in the presence
of the C=O group next to the amino-group1"3, as happens
in ureas, amides, urethanes, semicarbazides, and other
similar compounds. When urea is acted upon by trior-
ganohalogenosilanes under moderately mild conditions,
silicon-substituted ureas are not formed2'3 and the latter
can be obtained only when metallated urea derivatives are
used4:

Me3SiCl + Κ [NHCONH2] -^ Me3SiNHCONH2 + KCI ,

or when the reaction is carried out in the presence of
hydrogen halide acceptors5"7.

Under severe conditions, the interaction of triorgano-
halogenosilanes with urea apparently leads to the formation
of isocyanatosilanes in consequence of the decomposition of
the intermediate quaternary salts 8:

ο ο
R3SiCl + H2NCNH2 -> [R3SiNHaCNH2]+Cl- -* R 3 S i N = C = O + NH4CI,

(when R = Ph, the reaction was carried out in the melt and
for R = Me in an autoclave at 280-300°C).

When organotrihalogenosilanes, SiCLt, and SiBr-i, react
with urea or its alkyl and aryl derivatives, only hydrolyti-
cally unstable complexes are formed, for example9'10:

SiCl4 · 6H,NCONH2; SiBr4 • 6H2NCONH2; Si2CIe • 10H2NCONH2

SiCI4 · 6H2NCONHMe; SiCl4 · 6HaNCONHPh; SiCl4 · 6H2NCONMe2.

The complexes do not have a distinct melting point and
decompose into the initial components on dissolution in
organic solvents, subliming with decomposition on heating
to 150-200°C. The replacement of a halogen atom in
silicon tetrahalide by an alkyl or alkoxy-group (but not by
a hydrogen atom) reduces the coordination number with
respect to urea by unity10:

MeSiCl3 · 5H2NCONH2; PhSiCl3 • 5H2NCONH2; SiHCl3 · 6H,NCONHa .

The type of bond in the complexes formed has been
studied inadequately because of the difficulties in the
determination of their molecular weight and conductivity
and in carrying out an exact X-ray diffraction analysis due
to the decomposition of the complexes in solution and on
fusion and also because of the difficulty of growing their
crystals. X-Ray diffraction analysis of SiCl4.6H2NCONH2
powder indicates a cubic crystal lattice with 7.79 1
faces10. The adducts of other halogenosilanes with urea
have a similar lattice, which in the case of SiBr4 has
somewhat greater dimensions (8.11 A). Bearing in mind
the branching and considerable bulk of halogenosilane
molecules and also the polarity of the silicon-halogen
bond, the formation of clathrate compounds of the lattice
type channel variety (the channel diameter is usually
5.1 A), in which the halogenosilane molecule would be
located within the crystal lattice of urea, is unlikely. The
large number of urea molecules per halogenosilane mole-
cule also rules out the possibility that they are incorpo-
rated as additional electron-donating ligands in the inner
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sphere of the complex, partly with retention of Si-Cl
bonds, as happens, for example, in the complex S1CI4.
.C5H5N.9

On the basis of infrared spectra, which indicate a
weakening of the N-H bond in the adducts, and also the
identical compositions of the complexes of halogenosilanes
with urea and Nl\ -dimethylurea (1 :6 in both cases for
S1CI4), it has been suggested10 that ureas are linked to
halogenosilanes only by one of the two amino-groups,
while the other is probably involved in the formation of a
hydrogen bond with another urea molecule.

In contrast to halogenosilanes, monoalkylsilanes RS1H3,
starting from n-hexylsilane, and di-n-alkylsilanes R2S1H2,
starting from diethylsilane, form with urea true crystal-
line clathrate compounds In the first case the RS1H3
molecules are located in the channels of the hexagonal
crystal lattice of urea, like carboxylic acids, in the form
of oriented double molecules The occluded di-n-
alkylsilane molecules are distributed in a sequence, like
their hydrocarbon analogues (paraffins)11. The lowest
members of the above series do not form adducts with urea
even at low temperatures (-15°C). Both types of clath-
rate compounds (with RS1H3 and R2S1H2) are less stable
than the analogous paraffin compounds, which is mani-
fested by their dissociation into the initial components at
a lower temperature. Unbranched di-n-alkoxysilanes
form with urea analogous but more stable clathrate com-
pounds 1 4. Thioureas do not form adducts with the above
organosilicon compounds13'14.

Unbranched silanes such as trisilane, tetrasilane, and
others (in contrast to the branched isomers) form clath-
rate compounds with both urea and thiourea15, which are
stable in air below their dissociation temperatures (-15°C
for Si3H8 and 5°C for S14H10 in the adducts with urea).
The stability of the adducts increases with increases in the
silane chain length and falls on passing to urea and thio-
urea.

The clathrate compounds of higher silanes (starting
from S15H12) are stable even at room temperatures and the
silanes in such compounds lose their capacity for self-
ignition in air. In terms of their relative stabilities,
compared with other organic and organosilicon clathrate
compounds, they occupy the last place1 5: aliphatic acids >
paraffins > di-n-alkoxysilanes > di-n-alkylsilanes >
mono-n-alkylsilanes > silanes. The molecular diameters
of certain types of silanes and their ability to form clath-
rate compounds with urea are indicated in the Table11.

The formation of clathrate compounds by halogenosilanes
with urea.

Silane

RSiH3

RSiHoR
RSiHCl2

RSiCl.,
RSiHClR

Molecular diameter

max.

5.1
5.1
6.6
6.6
6.6

min.

4.3
4.3
5.4
5.7
5.4

of clathrate
compounds

+

.—
—
—

Silane

RSiCl2R
RSiH,>OMe
RSiH (OMe)2

RSiH (OMe)R
RSiH2Cl

Molecular diameter

max.

6.7
5.1
8.5
8.5
5.3

min.

5.4
4.3
4.3
4.3
4.3

of clathrate
compounds

+
—
*

Note: the + and - signs denote that the clathrate compounds
are or are not formed; the asterisk (*) shows that the
clathrate compounds can be formed in a non-solvating
medium.

The selectivity of the action of urea with respect to
normal (unbranched) silanes can be used for the prepara-
tive separation or purification of a mixture of normal
silanes and isosilanes15 as well as their alkyl and alkoxy-
derivatives u .

b. Transamination Reactions

The transamination reaction by Larsson's method16,
applied for the first time to the silylurea series in 1959 by
Benneville and coworkers5'17, proved to be a convenient
procedure for the introduction of an organosilyl residue
into urea with formation of the Si-N bond:

H2NCONH2 + Me3SiNHCMe3 Me3SiNHCONH2 (89%) + Me3CNH2

MeNHCONHMe + Me3SiNHCMe3 -> Me3SiNCONHMe + Me3CNH2 .
|

Me

Subsequently the thermally unstable AJV '-bis (trim ethyl -
silyl)urea was obtained similarly in 95% yield, but the
starting material was hexamethyldisilazane (HMDS)18:

H2NCONH, + (Me3Si)2NH -> Me3SiNHCONHSiMe, + NH3 .

Monosilylurea could not be obtained by this method.
The mechanism of this reaction, which involves the

cleavage of the Si-N bond in the silazane and the substi-
tution of a urea hydrogen atom by the trimethylsilyl group
(and not the exchange of a urea NH2 group for the Me3SiNH
residue of the silazane, as was postulated initially18) was
established with the aid of the [lSN] silazane1 9 '2 0.

AiV-Dimethyl-JV'-trimethylsilylurea could not be
obtained by heating HMDS with ΛΛ -dimethylurea;
Me3SiNCO, dimethylamine, and ammonia were detected
instead in the reaction products18.

Silylation of semicarbazide with HMDS results in the for-
mation of the silylsemicarbazide Me3SiNHNHC (O)NHSiMe3.

21

Thiourea does not react with HMDS even on prolonged
refluxing of the components.

It is noteworthy that under mild conditions HMDS and
trialkylsilylamines are ineffective silylating agents for the
substitution of the hydrogen atoms in urea and its deriva-
tives. Thus ΑΛ ' -dimethylurea altogether fails to react
with HMDS at room temperature in acetonitrile, while the
yield of JVA ' -dimethyl-N-trimethylsilylurea in the reaction
with Λ -trimethylsilylaniline under the same conditions was
only 3% after 75 h.2 2

It was found recently that the Λ-trimethylsilylamides of

carboxylic acids [RCON(R')Si-^; R' = Η alkyl or aryl]2 2"2 6,

particularly Nl\ -bis(trimethylsilyl)acetamide27'28, are more
powerful silylating agents than HMDS. Nevertheless the
substitution of protons in amides and ureas when mono-
silylamides are used as silylating agents is incomplete
owing to the reversibility of the reaction27. In this case
the most suitable donor is AN-bis(trimethylsilyl)acetamide,
described for the first time by Birkofer et al.,2 9 having the
structure of an iV-silyl-O-silyliminoether CH3C(OSiMe) =
NSiMe3, according to XH NMR data3 0. The study of
reversible exchange reactions involving AiV -bis (trimethyl-
silyl)acetamide has shown that it is an approximately 50
times stronger silylating agent than A-monosilylaceta-
mides2 5.

The silylation of amides and ureas with the aid of this
compound proceeds rapidly and quantitatively on heating the
components in acetonitrile at 70-80°C for 10-30 min
(until a transparent solution is obtained)27, for example:

ο
I!

p-MeC,H4NHCNHMe + MeC

,OSiMe,

• p-MeCeH4NCNHMe + MeC
I \
SiMe3 NHSiMe3

One equivalent (or a slight excess) of AA-bis(trimethyl-
silyl)acetamide for each active hydrogen atom capable of
being substituted is usually employed in the reaction. The
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resulting monotrimethylsilylacetamide can be readily
removed at the end of the reaction by vacuum distillation27.

It is noteworthy that the possibility of the rapid and
quantitative silylation of urea, amines, amides, and other
compounds with extensive hydrogen bonding is important
for organic and biological chemistry, since it makes it
possible to convert high-melting non-distilling and
sparingly soluble compounds into stable and volatile silyl
derivatives, which are readily soluble in organic solvents
and are susceptible to separation and chromatographic
analysis28'31. The introduction of the trimethylsilyl resi-
due as a temporary protecting group is extensively used in
a wide variety of organic syntheses32"35.

Ν -Silylureas, particularly those of the aromatic series,
are themselves powerful silylating agents like carboxylic
acid silylamides22'25'26'36 (see also the chemical properties
of Λ -silylureas). JVA ' -Diphenyl-Λ -trimethylsilylurea is
particularly suitable as a donor of the trimethylsilyl
group22.

The resulting diphenylurea does not dissolve in the
majority of organic solvents and therefore can be readily
removed from the reaction mixture by filtration. The
insolubility of diphenylurea is apparently also the reason
why the equilibrium in silyl-proton exchange reactions is
in this case almost wholly displaced to the right. Silyl-
ureas which could not be obtained with the aid of HMDS18

are readily formed when a mixture of NN' -diphenyl-Λ -
trimethylsilylurea is stirred with the corresponding urea
derivative in acetonitrile at 30-35°C.22 The reaction
reaches completion in the course of several minutes or
several hours for particularly sparingly soluble compounds.
In particular, JVJV' -bis(trimethylsilyl)thiourea and NN-
dimethyl-Λ ' -trimethylsilylurea were obtained in this way
in yields of 82 and 79% respectively. A series of cyclic
analogues of urea were also synthesised by the silylation
of the amide group. Thus, when uric acid is heated in
triethylaminosilane, tetra(triethylsilyl)uric acid, which
can exist in both lactam and lactim forms, is formed in
90% yield37:

SiEt,

= 0 + 4Et,SiNH2

OSiEt3

Et,Si,.

—OSiEt3

SiEt,

When 5,6-diaminouracil reacts with HMDS, the product
is 2,4-bis-(O-trimethylsilyl)-5,6-bis(trimethylsilylamino)-
uracil, which cyclises on reaction with phosgene to form
a uric acid derivative38; the latter cannot be obtained
without using a silyl protecting group:

OSiMe, OSiMe. /SiMe3

Me,SiO N N ^
SiMe·

N / \ N /

C = O HOH
/

SiMe3

HN J^ - N H .

—NH

C=O

c. Reactions of Isocyanatosilanes with Amines

Organosilicon derivatives of urea of different struc-
tures, R3SiNHCON<(, R2Si(NHCON<)2, RSi(NHCON<^)3,

and Si(NHCON<^)4 (where R = alkyl, aryl, or alkoxy-

group), are as a rule formed in high yields by the reaction
of the corresponding mono- or poly-isocyanatosilanes with
aliphatic and aromatic primary and secondary aminest1 8 '"

for example:39-50

Me,SiN=C=

Ο
II

• Me3SiNHCNEta (91%)

Exceptions are amines of low basicity (diphenylamine,
HMDS) which do not react with MesSiNCO even under
severe conditions41, and the reaction of HsSiNCO with
NH3 at -78°, which leads to the formation of monosilanes
S1H4 and an involatile solid residue48.

Amines can be arranged in the following sequence in
terms of their reactivities in the reaction with isocyanato-
silanes40: AlkNHa > AlkaNH > ArNHa > ArNHR > AraNH.
In the series of isocyanatosilanes Si(NCO)4 is more reac-
tive than in its alkyl and aryl derivatives41'45'49.

Silylsemicarbazides were obtained by the reaction of
isocyanatosilanes with hydrazines21:

ο
II

M e 3 S i N = C = O + HaNNHj-» HjNNHCNHSiMe, (90%)

d. The Interaction of Aminosilanes and Silazanes with
Organic Isocyanates

R e a c t i o n s with m o n o i s o c y a n a t e s . The
reactions of organoaminosilanes and silazanes with orga-
nic isocyanates, discovered in 1964 independently by
several groups of workers (Zhinkin52, Klebe53, Oertel5 4 '5 5,
and Fink and coworkers56'58), constitute a convenient
method for the preparation of JV-silylureas. According
to the reports of Wannagat and coworkers18'21'59'60 con-
cerning the interaction of organic isocyanates with com-
pounds containing simultaneously Si-N and N-H bonds
(silylamines, silylhydrazines, and silylhydroxylamines)
published before 1964, it was believed that the reaction
involves only the N-H bond with migration of the hydrogen
atom to the nitrogen atoms of the isocyanate group, for
example:

(Me3Si)2NH + PhNCO -> (Me3Si)2NCONHPh .

However, the evidence quoted in this connection for the
structure of the resulting compound, i.e. data obtained
from their hydrolysis to the corresponding organic urea
derivatives, cannot be regarded as convincing, since even
when the reaction involves the Si-N bond, hydrolysis
should yield the same results owing to the silyl-proton
exchange in the Λ-silylureas53.

A detailed study of this reaction by the above workers 2 6 '~
se,52-58,61-65 and p r i m a r i l y ty zhinkin and coworkers52'61"
63,66,67 s n o w e ( j that organoaminosilanes and silazanes con-
taining not only primary but also secondary and tertiary
hydrogen atoms, i.e. compounds without N-H bonds, react
with isocyanates. When Si-N and N-H bonds are present

t In early studies on reactions of isocyanatosilanes with
amines it was concluded erroneously that the reaction pro-
ceeds via the elimination of the silyl group with formation
of organic urea derivatives49'51.
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simultaneously, the latter does not take a direct part in
the reaction with isocyanate, which involves preferentially
the Si-N bond. The only exceptiont is the reaction of
isocyanates with aminosilanes containing a primary nitro-
gen atom, which was shown by a study of the structure of
the final product to proceed via the classical isocyanate
condensation mechanism, i.e. with migration of the hydro-
gen atom from the nitrogen atom of the aminosilane to the
nitrogen atom of the isocyanate group6 2 '6 6 '7 0:

ο
Rs-SiNHj + PhNCO-» RsSiNHCNHPh (R=Et, Bu, Ph) .

When other organoaminosilanes and organosilazanes
react with isocyanates in 1 :1 proportion, the Si-N bond
dissociates and the triorganosilyl group migrates to the
nitrogen atom of the isocyanate with formation of organo-
silicon urea derivatives 2 6 ' 3 6 ' 5 2 " 5 6 ' 5 8 ' 6 1 - 6 3 ' 6 6 ' 7 1 ' 7 2 :

R2NSiMe3 + R'NCO -> RjNC (Ο) Ν (R') SiMe3 ,

(Me3Si)2NH + R'NCO -> Me3SiNHC (Ο) Ν (R') SiMe3 ,

RNHSiMe3 + R'NCO -> RNHC (Ο) Ν (R') SiMe3 ,

(Me3Si)i,NR -f R'NCO -* Me3SiN (R) C (Ο) Ν (R') SiMe,.

The reaction mechanism apparently involves the forma-
tion of an unstable complex comprising four units, in which
the shift of electron density to the nitrogen atom of the
aminosilane or silazane weakens the Si-N bond and leads
to its dissociation as well as the dissociation of the C=N7r
bond in the isocyanate group 6 3 ' 6 6 ' 7 3 ' 7 4:

R' R ' R1

„ ι „ U „ I
R1— N—SiR, R — rP-SiR3 R"—Ν SiR,

O=C=N—Ph O=C=i\—Ph O=C—N—Ph

where R' = Η or alkyl and R" = H, alkyl, aryl, or S1R3.
It follows from 1H NMR data that silylureas with a pro-

ton and a triorganosilyl group at the Ν and N' atoms
respectively can be involved in the presence of a solvent
in intramolecular (Scheme 1) or intermolecular (Scheme 2)
proton-trimethylsilyl exchange53:

PhNCONMe ς ! PhNCONMe

II II
Me3Si Η Η SiMe3

SiMe3

I
2 PhNCONMe ̂  PhNCONMe + PhNHCONHMe •£. 2 PhNCONMe

I I I I I
Me3Si Η Me3Si Η SiMe3

(1)

(2)

Depending on the solvent and the nature of the groups at the
silicon and nitrogen atoms, the equilibrium can be dis-
placed towards one of the isomers.

The occurrence of silyl-proton exchange was also con-
firmed by a study of the products of the addition of optically
active Λ -(methylphenyl-α -naphthylsilyl)methylamine to

% According to Haas's data68'6^, the reaction of trifluoro-
methylsulphenyl isocyanate with HMDS also involves the
cleavage of the N-H bond and not the Si-N bond:

(Me3Si)2NH + F3C(S)NCO -» F3C(S)NHC (Ο) Ν (SiMe3)2 .

Although the *H NMR spectrum of the resulting urea has
two kinds of resonances due to the Me3Si groups, like JSiN-
bis-silylamides, the authors attribute this to the hindered
rotation about the C -N bond and believe that the product
has structure (I) and not (II):

OSiMe3

F3CS—NH—CO—Ν (SiMe3)2 ^ F3CS—NH—C=NSiMe3 .

(I) (")

This conclusion was also confirmed by infrared spectro-
scopic data.

phenyl isocyanate73'74. It was shown that the reaction
proceeds with retention of the configuration at the silicon
atom (its stereospecificity is greater than 90%) and the
resulting optically active silylurea (Ilia) undergoes rapid
racemisation in tetrahydrofuran (THF) solution and slow
racemisation in benzene solution, the latter being greatly
accelerated on heating§.

After compound (Ilia) has been allowed to stand for
many hours, its *H NMR spectra show that it has been con-
verted into (nib) as a result of the intermolecular exchange
of the MesSi groups:

R3SiNHMe + PhNCO- • R3S;NC (O) NHMe;

Ph
(Ilia)

: R3SiNC(O)NHPh

Me

(Hit.)

where R3Si = (c--C10H7)(CeH5)(CH3)Si.
In view of the possibility of the silyl-proton exchange

in silylurea, one cannot rule out the possibility that the
above anomalous reaction (in the series of reactions of
isocyanates with aminosilanes) with primary aminosi-
lanes 6 2 ' 6 6 ' 7 0 in reality involves the Si-N bond and not the
N-H bond, the final reaction product being formed as the
result of the fast intermolecular or intramolecular silyla-
tion of the A-phenyl-iV-trimethylsilylurea produced initially,
which is in the present case facilitated by the presence of
the free NH2 group:

R3SiNH2 + PhNCO -> R3SiNC (O) NH2 j± R3SiNHC (O)NHPh .

Ph

A-Silylureas formed on interaction of equimolar
amounts of isocyanate and aminocyanate (or silazane) can
readily enter into further reaction with the excess iso-
cyanate and, depending on whether the urea contains only
Si-N bonds or both Si-N and N-H bonds, the reaction
proceeds in different ways. Silylureas without N-H bonds,
obtained from tertiary silylamines R2NSiMe3, react with
isocyanate in the same way as the initial silylamines, i.e.
with migration of the triorganosilyl group to the nitrogen
atom of the isocyanate. High yields of the corresponding
silyl derivatives of biurets are then formed 3 6 ' 5 7 ' 6 3 ' 6 5 :

R3SiNEt3 + R'NCO -» R3SiN (R') CONEta

 R > N C O . - > RgSjN (R') COM (R') CONEt 2 .

The same compounds can be obtained also when an excess
of isocyanate reacts directly with tertiary silylamines63.

When silylbiurets are heated (for example in the course
of their distillation), they decompose into the initial com-
ponents57, so that, depending on the temperature condi-
tions, the compounds can be in equilibrium with the initial
silylurea and isocyanate, the equilibrium can be estab-
lished several times but does not result in racemisation74.

A mechanism similar to that for the reaction of isocya-
nates with aminosilanes was proposed for the formation of
silylbiurets and the reverse reaction involving the elimina-
tion of the isocyanate74:

Ph

R,Si N—CONMe, R,Si ·*---- N—CONMe,

The Si-N bond in silylbiurets is more resistant to
hydrolysis than in silylureas and further reaction involving
this bond with the excess isocyanate does not proceed or
proceeds with difficulty57. Fink explains this finding by

§ Kaufmann et al. 7 4 showed for the 1 :1 adduct of PhNCO
and the optically active silylamine (a-CioH7)(C6H5)(CH3)SiN.
.(CH3)2 that silylureas without N-H bonds do not racemise.
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the stabilisation of the molecule due to intramolecular
coordination with formation of the following stable cyclic
structure 5 7 ' 6 4:

R-NT

o=c

R"l

Since these compounds regenerate free isocyanate on
heating and exhibit all the reactions characteristic of the
isocyanate group, they have been patented as "latent" iso-
cyanates, which are less susceptible to hydrolysis and are
less volatile than free isocyanates64.

Silylureas without N-H bonds, formed from Λ -alkyl-
silazanes, react with isocyanates via the same mechanism
as tertiary silylamines52'*3'62'63'66:

ο
II

: + PhNCO -» Me3SiNCNSiMe3

 :

I I
MePh

• Me3SiNCONCONSiMe3

I I I
Ph Me Ph

The interaction of isocyanates with diphenylmethylene-
i\T-trimethylsilylamine proved to be specific . For a 1 :1
reactant ratio, the reaction proceeds selectively with
cleavage of the Si-N bond to give silylureas, but, in the
presence of an excess of the isocyanate, the products are
not silylbiurets, as usually happens, but triazinone deri-
vatives. The authors75 explain this by 1,4-cycloaddition
of the isomeric (imide) form of silylurea (IVb) to the C -N
bond of the isocyanate via the mechanism

-*CPh2

-20° ψ
RNCO + Ph2C=NSiMe3 *-

~-NR

(IVa) SiMe3 (IVb)

Ph Ph

NR

Me3SiCT

Ο

where R = Me, Ph, or PhC. This reaction confirms the
possibility of the existence of silylureas in the isoamide
form. The occurrence of the tautomeric equilibrium
(IVa) ^ (IVb) has also been confirmed by a study of the
temperature-induced changes in the *H NMR spectrum of
compound (IV).75

The mode of reaction involving ureas containing both
Si-N and N-H bonds has been studied inadequately, in
many cases not at all owing to the instability of the addi-
tion products. Thus, according to the data of Kaufmann
et al., 7 3 when an excess of isocyanate is allowed to react
with the optically active silylurea (V), the reaction
involves the N-H bond with retention of the configuration
and the formation of an optically active silylbiuret:

R3SiNC (O) NHMe + PhNCO -> R3SiNC(O)NC (O) NHPh ,

I I I
Ph Ph Me

(V)
R3Si = (α-CjoH,) PhMeSi* .

However, in the case of the silylurea containing the N-H
bond and obtained from HMDS and PhNCO (1:1), further
reaction with a second isocyanate molecule under the same
mild condition leads to the formation of isocyanatotri-
methylsilane and diphenylsilylurea52'53'66:

Me3SiNHC (O) NSiMe3 + PhNCO
I

Ph

PhNHC (O) NSiMe3 -f Me3SiNCO.
I
Ph

The same products were isolated also after the direct
interaction of HMDS with PhNCO in proportions of
1 . η 52,63,66

At an elevated temperature the composition of the
products of the reaction of aminosilanes with isocyanates
is as a rule anomalous, which is evidently due to the
thermal instability of the intermediate silylureas, their
tendency towards tautomeric transformations, and a num-
ber of other factors.

Thus at about 120°C HMDS reacts with PhNCO to form
MeaSiNCO and PhNHSiMe3.

61'66 Since the same products
are formed on heating N-phenyl-AN'-bis(trimethylsilyl)-
urea to 120°C,61 the reaction evidently proceeds via the
intermediate formation of this compound:

(Me3Si;2NH + PhNCO - > Me3SiNHCNSiMes

Ph

• Me3SiNCO -f- Me3SiNHPh

Other hexaorganodisilazanes, with the exception of
hexaethyldisilazane, react similarly with PhNCO at ele-
vated temperatures, silazanes containing different groups
at the silicon atoms forming two isocyanates and two tri-
organosilylamines in approximately equal amounts67:

2R.2R'SiNHSiR2R'" + 2PhNCO -» R2R'SiNCO + R2R"'SiNCO -j- R2R'SiNHPh+R"2R'"SiNHPh,

where R and R" = Me or MeO and R' and R'" = Me, MeO,
or Ph. The nature of the organic group linked to the sili-
con atom does not have a significant influence on the course
of this reaction.

Hexaethyldisilazane reacts differently with PhNCO.
Regardless of the temperature conditions, the interaction
of equimolar amounts of the reactants leads to the forma-
tion of Et3SiNCO and JW-diphenyl-i^'-triethylsilylurea,
half of the silazane taken for the reaction remaining
unchanged67:

2 Et3SiNHSiEt3 + 2PhNCO :
• Et3SiNCO + Ph (SiEt s) NC (O) NHPh + Et sSiNHSiEt s

The authors explained this course of reaction by the
fact that the rate of interaction PhNCO withiV-phenyl-AW-
bis(triethylsilyl)urea formed in the first stage is faster than
the rate of interaction with hexaethyldisilazane:

Ph SiEt 3

(Et3Si)2NH + PhNCO -* Et3SiNHC (O) NSiEt3 • Et3SiNCO + PhNC (O) NHPh

The reaction of isocyanates with Λ-alkylated disilazanes
at elevated temperatures is unusual. For example, Itoh
et al . 7 6 showed that heptamethyldisilazane reacts with an
excess of PhNCO to form the triazine derivatives (VI) and
(VII):

(Me 3 Si) 2 NMe+ 6PhNCO"

NMe
II

' / \
PhN NPh NPh

Ph

(VI, 56%; (VII, 43%)

They suggest that the formation of (VI) is due to the jS-
elimination of the iso-form of the initial silylurea (1 :1
adduct) to give methylphenylcarbodiimide:

Ph v -Me P h v -Me
\ N V -

X X

Ο

Me3Si

> (MesSi)8O + MeN=C=NPh
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which then undergoes a cyclisation reaction with two mole-
cules of PhNCO to give compound (VI). The formation of
compound (VII) can be accounted for in two ways: (1) the
1 :2 adduct of heptamethyldisilazane with PhNCO undergoes
a similar decomposition (with decarboxylation) to diphenyl-
carbodiimide, which then trimerises and (2) PhNCO is
decarboxylated with subsequent trimerisation of the
resulting diphenylcarbodiimide.

Fink showed 6'77>78 that the interaction of organic iso-
cyanates with cyclic silazanes proceeds in the same way
as the interaction with silylamines via the Si-N bond,
while in the presence of the N-H bond the latter is not
involved in the reaction. Thus the cyclosilazanes (VIII)
and (IX) react vigorously with organic isocyanates, forming
derivatives of l,3,5-triaza-2-silacyclohexanediones56'77'78,
which are cyclic analogues of silylbiurets:

(Me2SiNH)n + 2RNCO

n = 3 (VIII)

n = 4 (IX)

Me Me

Si

R_N N—R

O=C C=O

\Νκ
Η (Χ)

The structures of the compounds obtained were demon-
strated by hydrolysis (when R = Ph, 1,5-diphenylbiuret is
formed), *H NMR spectra, and X-ray diffraction79.

According to the proposed reaction mechanism56'77,
there is initially a cycloaddition to the Si-N bond of the
silazane via the following scheme:

Me,

Me2Si.

- ^

PhNCO Η

iMe, Me2

Τ
Η (VIII)

Me2 f

Λ L ·<3>
(XI)

The heterocycle (XI) formed can react further in two ways:
by combining with another molecule of PhNCO via the Si-N
bond adjoining the PhN-Si group or it can react via
Scheme 4, where the transannular interaction between the
Si* and N* atoms lead to ring contraction and the elimina-
tion of cyclosilazane:

(R 2SiNH)n_,

c

Η (Χ)

When an excess of the isocyanate (in relation to two
moles of PhNCO per MesSiNH structural unit) is used, the
number of moles of compound (X) formed is inconsistent
with the theoretical value. Depending on the ratio of the
initial reactants and the type of silazane, a greater or
smaller amount of unidentified product is formed, which
has been interpreted as supporting a stepwise reaction
involving the Si-N bonds of the silazane, since the forma-
tion of such products on simultaneous reaction via all the
Si-N bonds could not be explained.

At an elevated temperature (120-160°C) further reaction
of the isocyanate with l,3,5-triaza-2-silacyclohexanedi-
ones (X) or the direct reaction of cyclosilazanes with a
large excess of the isocyanate leads to the formation, via
a stage in which unstable macrocyclic compounds are pro-
duced, of 1,3,5-trisubstituted derivatives of 2,2-dimethyl-
l,3,5-triaza-2-silacyclohexanediones (ΧΠ)56' . The

reaction can be regarded as cycloaddition to the RNSi-N
bond in accordance with Eqn. (3) or as transacylation by the
isocyanate [reaction (5)] via the formation of an eight -
membered ring with subsequent elimination of cyanuric
acid:

Me Me Me Me

R>T >JR R N ^ ^ N R
(X)+ RNCO *- | 1

O=C^ C=O

V"
Me R (5)

The use of an excess of diisocyanate in this reaction
leads to compounds (ΧΠ) with free NCO groups56'80*1 [for
example, R-3-NCO-4-MeC6H3, -(CHaJeNCO, or
-C6H4CH2C6H4NCO respectively for £-tolylene, hexamethyl-
ene, and diphenylmethylene diisocyanates].

Cyclic aminosilanes, derived from the recently dis-
covered heterocyclic 2,5-disilapiperazine system82, react
vigorously with isocyanates to form five-membered sila-
cycloureas. Ten-membered products resulting from the
insertion of two molecules of isocyanate, which rearrange
to five-membered rings by virtue of the ease of the trans-
annular interactions between the Si and Ν atoms, are evi-
dently formed in the first stage82:

Me Me

X
H2C N—R

R - N CH2

Me Me

Me2Si
\

R' Ο R
I I! I

Ν — C — N C H 2

\ Si Me»

C H 2 — N - C — Ν

I I! I
R Ο R' —

Me Me

X
H2C N - R

r-N—c=o

R e a c t i o n s with d i - i s o c y a n a t e s . The reac-
tions of organoaminosilanes and silazanes with diisocya-
nates proceed similarly to the reactions with these com-
pounds with monoisocyanates and lead to the formation of
monomeric or polymeric silylureas and silylbiurets
depending on the conditions, the reactant ratio and the
functional groups in the aminosilane63'66'78'83 , aromatic
diisocyanates being more reactive than aliphatic diiso-
cyanates M .

It has not been possible to achieve the reaction between
hexamethylene diisocyanate and HMDS63. At 30-35°C
there is no interaction and at 80°C the diisocyanate poly-
merises. Under these conditions, HMDS is completely
recovered from the reaction. When an excess of the diiso-
cyanate (up to tenfold) is used, a polyisocyanate is also
formed. Evidently at elevated temperatures HMDS
behaves merely as a catalyst for this process. The
following mechanism has been proposed63:

ο

(Me3Si)2NH + OCNRNCO • OCNRNCNHSiMe3 -
I
SiMe3

Ο

— OCNRN—C—NRNCO -

C = O SiMe,

Me3SiNH

OCNRN—C—NRNCO
I I

O = C O = C , etc.

Me,SiNH NRNCO

SiMe,
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The reaction of hexamethylcyclotrisilazane with diiso-
cyanates at 110°C leads to the formation of transparent,
elastic, linear polymers with structural units (ΧΙΠ), which
decompose on heating above 110°C with elimination of
cyanuric acids, giving cross-linked polymers with the
structural units (XIV), exhibiting a high resistance to the
action of acids7 7:

Me Me Me Me

Si Si

_ R _ N N— —R—Ν Ν—
+ (HNCO)3

o=c c=o o=c c=o
\ N / \ N /

I I

Η (R),/t

(XIII) (XIV)

An interesting reaction with formation of cyclic silyl-
urea derivatives (N-silylimidazolidinones) was discovered
by Scherer and Schmidt88:

ο ο ο
Me || Ο Ο || Me |) Ο

CHjNCO ,NMe s Me 2 NSiN/ X N—CNMe.s+Me 2 NCN/ X N—Si—1^

| +MesSi< -> | I I I
CHjNCO V - i i -

x N M e Me Me

||
NCNMe,

(70%) (20%)

According to the data of the same workers89, deriva-
tives of N-silylimidazolidinone can be obtained also in a
different way: by a thermal rearrangement with the
expansion of the rings of the silylureas formed in the reac-
tion between monoisocyanates andN-silylaziridines:

ο

EtNCO + MejSiN

2 EtNCO +

Me
\ I /

NSiN

/ I \
Me

Ο

Ml

• MesSiNCN
I \
Et

Me Ο

Et-N N-SiMe,

1 /
NCN—Si—NCN

/ I I I \
Et Me Et

Et—Ν

Me
I

-Si—Ν
I

Me

Ν — E t

or via the lithio-derivative of imidazolidinone:

Ο
I1

EtN NH + n-BuLi Et/Vi EtN NSiMe.

R e a c t i o n s with i s o t h i o c y a n a t e s . The,
tion of silylamines and silazanes to isothiocyanates!

57,61,62,66,74,90 p r o c e e ( j s v ia the same mechanism as the
addition to isocyanates but much less vigorously66'90 and
leads to the corresponding organosilicon thiourea deriva-
tives. It has been shown for the reaction of hexam ethyl -
disilazane with PhNCS90 that, in contrast to isocyanates,
under severe conditions there is a possibility of addition
not only to the C=N but also the C=S bond, which has been
confirmed by the composition of the decomposition products
of the intermediates:

(Me3Si)2NMe + PhNCS

Me3SiN-!-C-l

Ph

N

Me

Me3Si-|-N—C-i-S—SiMc3

1 Me NPh 1

(Me3Si)2NPh + Me3NCS

(Me3Si)2S + MeN=C=NP»i

R e a c t i o n s with a c y l i s o c y a n a t e s . A charac-
teristic feature of the reaction of aminosilanes with acyl
isocyanates consists in the ability of the latter to be
involved not only in 1,2- but also in 1,4-addition. Thus
the reaction of dialkyl-Λ -trimethylsilylamines and benzoyl
isocyanate in proportions of 1 :1 gives a high yield of NN-
dialkyl-N' -benzoyl-iV' -trimethylsilylurea (1,2-addition),
which is believed to be involved in the tautomerism (XVa) -
(XVb) on the basis of 'H NMR data9 1"9 3:

MeaSi

I
N

PhN
NMe2

Me3SiNR2 +PhCNCO -> P h — c /
II II

ο ο
(XVa)

XSiMe3

(XVb)

When a second acyl isocyanate molecule acts on the
resulting urea or the silylamine reacts with two moles of
the acyl isocyanate, the products are (in contrast to the
reaction with isocyanates) derivatives of oxadiazinone
[(XVI) and (XVII)], benzoyloxytrimethylsilane, and№V-
dialkylcarbamoyl isocyanate and not silylbiurets:

ο
II

Me3SiNR'R" + 2PhCNCO

Ν Ν
II II

PhC CNR'R"

(XVI)

Ph

• A L
Ν Ν
II I

P h - C C
\

ο
II

+ PhCOSiMes

Ο Ο
II II

PhCOSiMe,+R'R"NCNCO .

(XVII)

This reaction is regarded as proof of the existence of the
iso-form of silylurea. The formation of the oxadiazinones
(XVI) and (XVII) can be accounted for by the 1,4-addition
of precisely this form of silylurea to benzoyl isocya-
nate 9 1 ' 9 2. The reaction mechanism evidently includes the
formation of an unstable 1 :1 adduct (XVIII) and its subse-
quent reactions via the following mechanism91 ' 9 2 :

9 Phŝ  /OSiMe3

I + I -
P I / X> cr ^NR'R"

+ R'R"NCNCO

o^Nr \ J R ' R "

In contrast to dialkyl-JV-(trimethylsilyl)amines, hepta-
methyldisilazane (Me3Si)2NMe forms with benzoyl isocya-
nate 1 :1 (XIX) or 1:2 (XX) adducts depending on the reac-
tant ratio 9 3:

MeMe,Si SiMes

I I
P h — C — N — C — N — M e

II II

ο ο
(XIX)

MesSi Me SiMe3

Ph—C—N—C—N—C—N—C—Ph
II !! II II

ο ο ο ο
(XX)
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According to 1H NMR data, the adduct (XIX) is a mixture
of at least two isomers and the composition of the products
formed on its pyrolysis indicates the possibility of the
existence of three isomers of (XIX)93:

j>-ft
k |->
a j .0—SiMe,

S i M e 3 (XlXa)

t
Me

(14%)

+ SiMe3

Me3SiNC0 (19%)

(XlXb)

Pcf
X OSiMe

MeNCO

(29%)

SiMe3

(XIXc)

(Me3Si)2O (35%)

+
(PhCON=C=NMe)n

R e a c t i o n s with su lphonyl i s o c y a n a t e s .
Sulphonyl isocyanates react with aminosilanes (in propor-
tions of 1:1) to give a quantitative yield of Λ -silyl-substi-
tuted sulphonated ureas, among which the main species is
the carbonyl form (XXIa)94. This is confirmed by infra-
red spectroscopic and 1E NMR data and also by the com-
position of the products of the pyrolysis of the compounds
in which an organic isocyanate (or its trimer) and ΑΛ1-
bis(trimethylsilyl)sulphonamide are formed, in contrast
to the pyrolysis of the analogous adducts of isocyanates
and aminosilanes:

ArSO2NCO + (Me3Si)2NMe *- ArSOjN N—Me

SIM·

Me3Si
Ο (XXIa)

OSiMe3

MeNCO + ArSO2N(SiMe3).

I
trimethyl isocyanurate

NMe (XXI6)

f
(Me3Si)2O

In conclusion of this section, one may note that, apart
from the direct interaction of aminosilanes with isocya-
nates, iV-silylureas are also formed in the reaction of
aminosilanes with carboxylic acid azides 9 \ At a low
temperature in the presence of catalytic amounts of AICI3
or close to the decomposition temperature of the azide,
this reaction proceeds as a double decomposition with
formation of silyl azides and acid amides:

R C (O) N 3 + Me3SiNR'R" -^ Me3SiN3 + RC (O) NR'R"

When this temperature is exceeded, the acid azide decom-
poses with liberation of the isocyanate, which then reacts
further with the silylamine present to give a silylurea. In
particular, high yields of trimethylsilyl-substituted deri-
vatives of A-butyl-AT'-phenyl- and Ν -benzyl-W -phenyl-
ureas were obtained in this way (the position of the silyl
residue in the ureas was not determined).

The interaction of isocyanates with bis(trimethylsilyl)-
mercury in hexametapol yielded bissilylureas96:

2 RNCO + MesSiHgSiMe3 -CO;-Hg

Ο
II

RN-C-NR
I I

Me3Si SiMe3

e. Other Methods of Synthesis

Birkofer et al.3 8 showed in. 1960 that cyclic derivatives
of silylurea are formed in 60-75% yield in the reaction of
phosgene with bissilyl-substituted tri- and tetra-methyl-
enediamines in the presence of triethylamine. In the

hydroxysis or methanolysis of these compounds organic
derivatives of urea, which could not be synthesised by
direct phosgenation of ωω'-diamines, were obtained in
quantitative yields:

SiMe8

^NHSiMes

^NHSiMe3

(CH'>«C,,,.,. + c o a « U j £ - < C H « ) » O c = ° ^-(CH 2) n< \c=O
N

SiMe3

Under the same conditions, NJN ' -bis(trimethylsilyl)-o·
phenylenediamine reacts with COCI2 to give NN-bis (tri-
methylsilyl)benzimidazol-2 -one38:

NHSiMe»
/SW

\ c+ COC12

while benzylbis(trimethylsilyl)imine is converted at -10°C
into the thermally unstable silylimidazoline97, which
decomposes on heating to 4,5-diphenylimidazol-2-one:

Ph Ph
\ κ
c-c

/" \
Ν Ν

Ph Cl
\lc-c

Ph Ph
\ /

C-C

Ph

+ COC12 -

SiMe, Me3Si

In contrast HMDS reacts with phosgene mainly according
to the mechanism

6 (Me3Si)2NH + 3 COC12 -» 2 (Me3Si)2NH + 5 MejSiCI + 3 Me3SiNCO -j- NH4CI

and not to give silyl-substituted ureas as might have been
expected18. The interaction of metallated HMDS with
COCk also did not lead to the formation of the expected
tetrasilylurea18'98'99. The stable bis(trimethylsilyl)carbo-
diimide and hexamethyldisiloxane were isolated as the
main products of this reaction, the mechanism of which
the authors were unable to elucidate:

e 3 SiN=C=NSiMe 3
2 (Me3Si)2NNa + COCI2 -» 2 NaCl +

The attempts to obtain tetrasilylurea via the lithio-
derivative of bis (trim ethylsilyl)urea were also unsuccess
ful98'99. Despite the formation of lithium chloride, the
same products were isolated from the reaction mixture:

(Me3SiNH)2C=O ? • (Me3Si)2O + Me

Tetrasilylureas are nevertheless evidently formed as
intermediates in these reactions, but, owing to their
thermal instability, they decompose to the above com-
pounds. Bearing in mind the tendency of JV -silylureas
(and silylamides in general) to undergo tautomerism and
also the thermal instability of the compounds with the
Si-N-C-X bond system (X = electronegative groups)
observed previously7'100, the following mechanism of the
decomposition reaction appears to be most likely:

ο
(Me3Si)2NCN(SiMe3)2

OSiMe3 )

SI—C=N—SiMe3
(Me3Si)2O + SiMe3N=C=^JSIMe3
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On treatment with oxalyl chloride, 2,4,5-tris(trimethyl-
silylamino)pyrimidines form compounds with a urea moiety
in the ring system—silylpurinesx l:

OR

M e s S i N H -

+ (COC1)2

OR SiMe3

A/N\
Ν ||

\

-NHSiMe 3
Me 3 SiNH-

SiMe3

2. PHYSICAL PROPERTIES

Depending on the substituents at the silicon and nitrogen
atoms, A/-silylureas are liquid, oily, or crystalline sub-
stances, which are in most cases readily soluble in ace-
tone, carbon tetrachloride, chloroform, ether, dioxan,
and THF and more sparingly soluble in benzene, toluene,
xylene, and petrol 1 8 ' 4 1 ' 5 3 ' 6 6 . Their solubility in petroleum
ether is as a rule low. Partly nitrogen-substituted deriva-
tives, suchasSi(NHCONHPh)4and (OCN)2Si(NHCONHPhV,
do not have distinct melting points and like urea are
sparingly soluble in organic solvents.41 Crystalline
products sublime on heating in vacuo, and this can be used
for their purification18'41'53.

The thermal stability of ΛΓ-silylureas was not specially
studied, but it evidently varies within wide limits and
depends mainly on the structure and the presence of secon-
dary impurities. Thus the compounds Me3SiNHC(O)NPh2
and Me2Si(NHCONPh2)2 decompose fully at about 250°C to
isocyanatosilane and diphenylamine. This reaction was
proposed for the synthesis of isocyanatosilanes6. On
heating urea with HMDS at 90-110°C in the presence of
(NH4)2SO4, Me3SiNCO is formed in a yield in excess of 90%,
which is also evidence for the thermal instability of the
intermediate silylurea.

On the other hand, the compound Me3SiNHC(O)NEt2 is
stable in the absence of moisture up to 300°C and
Me3SiNHC(O)NBu2 and Me3SiNHC (O)NMe2 merely sublime
on heating to 220°C.41 On the other hand, according to the
data of other workers1 8, in the presence of HMDS the
complete decomposition of the latter compound to Me3SiNCO
and ΜΘΞΝΗ occurs already at the boiling point of HMDS
(about 126 °C).

Tetrakis(trialkylsilyl)ureas could not be obtained,
probably owing to their thermal instability98'99. The
decomposition of Λ-acyl-JV-silylureas on heating proceeds
with formation of isocyanatosilane andN-(diphenylmethyl-
ene)benzamide n :

Me3Si—ΝΛ .N=CPh,

Ο

Me 3SiN=C=O -f Ph2C=NCPh

By analogy with Λ -trimethylsilylamides of carboxylic
acids, which are capable of amide-isoamide tautomerism
involving the Me3Si group30, Klebe et al. 5 3 suggested the
possibility of the same type of tautomerism also for sili-
con-containing ureas:

O OSiMe3

II I
R 2N—C—NR' ^ R 2 N - C = N R '

I
SiMe3

Comparison of the infrared and ultraviolet spectra of
the compounds 1 1 ' 1 8 ' 4 1 ' 5 2 ' 5 6 ' 6 1" 6 3 ' 6 6 ' 7 0 ' 1 0 2 with those of model
molecules does not, however, allow unambiguous conclu-
sions in this respect. All the compounds have absorption
bands in the range 1500-1700 cm"1, characteristic of
secondary and tertiary amides. The study of a number of
Λ-organosilyl-iV'-phenylureas70 showed that in the solid
state they apparently contain only hydrogen-bonded N-H
groups, while in solution there exist also associated N-H
groups, to which the 3413 and 3517 cm"1 bands correspond.
The 3413 cm"1 band was assigned to the phenyl-NH group
and the 3517 cm"1 band to the silyl-NH group. The 3280,
3323, 3324, 3341, and 3349 cm"1 bands, observed in the
spectra of suspensions of these compounds, were assigned
respectively to bound phenyl-NH and silyl-NH groups.
The comparatively high stretching vibration wavenumbers
of the free NH group and their appreciable displacement on
passing from solutions to suspensions (from 176 to 194
cm"1 for various substituents at the silicon atom), demon-
strates the amphoteric nature of the silyl-NH group and the
greater mobility of its proton compared with that of the
phenyl-NH group (the corresponding shift is 133 cm"1).
One of the explanations of this finding involves the partici-
pation of the lone electron pair of the nitrogen atom in the
formation of a bond with silicon and hydrogen, the degree
of involvement of this pair depending on the nature and
strength of the intermolecular interaction. In the forma-
tion of a hydrogen bond the lone electron pair is probably
located at the silicon-nitrogen bond70.

According to X-ray diffraction analysis, the molecules
of 2,6-di(£-bromophenyl)-l,l-dimethyl-l-sila-2,4,6-tri-
azacyclohexanedione (the product of the reaction of thep-
bromophenyl isocyanate with HMDS) are dimerised in the
crystal by hydrogen bonding79:

C6H4Br-p

Me,Si

Ν

p-BrC,H4

"Ν Ν

SiMe2

I
CeH4Br-p

The spectra of silylureas obtained by tho interaction of
Et2NSiMe3 or silazanes with phenyl isocyanate do not con-
tain the intense band due to the stretching vibrations of the
silicon-nitrogen band, which is observed in the spectra of
the initial compounds at 925 and in the range 900-950 cm"1

respectively. Its disappearance is explained by the fact
that the corresponding vibration in silylureas is no longer
characteristic and is not observed in the same part of the
spectrum63. Other workers assign the bands at 850, 848,
and 840 cm"1 to the fas vibrations of the Si-N bond in
(Me3SiNH)2CO, (Me3Si)2NC(O)NHPh, and Si(NHCONH2)4

respectively18.
The infrared spectrum of tetraureidosilane

Si(NHCONH2)4 has an absorption band at 2175 cm"1, which
is the most intense in the sublimate formed on heating the
urea in vacuo at 160°C. It is assigned to the νΆ3

stretching vibrations of the N=C=N group, the formation
of the latter being explained by partial decomposition via
the reaction18

Si (NHCONH2)! - 4 H2O + Si ( N = C = N H ) 4 .

The :H NMR spectra of a number of silylureas have
been published 52,̂ ,73,75,89,92-94_ T h e g t u d y Q f t h e n a t u r e

of the MeaSi signal as a function of temperature showed
that in the case of a number of silylureas, for example
Me3SiN(Me)C(O)NMe2 and PhSO2N(SiMe3)C(O)NMe2, the
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signal due to the protons of this group does not split at low
temperatures9 2. This is evidence for the absence of
appreciable tautomerism or for the presence of a mixture
of 0 - and Ν -forms with their very rapid interconversion
even at low temperatures. On the other hand, the signal for
other compounds, for example PhC (O)N(SiMe3)C (0)NR2 7 6 '9 2

and Ph2C=NC(O)N(SiMe3)R
 7 5 splits into two at tempera-

tures below -43°C, which has been interpreted as sup-
porting the 1,3-transfer of the Me3Si group, i.e. the pres-
ence of the O-silyl form of ureas (amide-isoamide
tautomerism). As already mentioned above, the formation
of the isoamide form is also indicated by a number of
chemical reactions of silylureas7 5 '7 6 '9 2.

The presence of only the Ο-form has been established
for certain cyclic silylureas. For example, silylation
of uracil derivatives with HMDS results in the formation
of silyl derivatives which have the structure of siloxypyri-
midines and nottf-silyluracils2 3 '1 0 3:

Alcoholysis

When silylureas are treated with an alcohol, solvolysis
takes place with formation of alkoxysilanes and organic
urea derivatives2 5 '8 8 '8 9 '1 0 5, for example:

ο ο
Me3SiNHCNMe2 + EtOH -»-Me3SiOEt + H2NCNMe2 .

The methanolysis of optically active silylureas and
biuret is accompanied, with rare exceptions74, by the
reversal of the configuration at the silicon atom7 , which
indicates an SN2 mechanism for this reaction:

(-).) _R3Si*NCONHMe + MeOH -» ( + ) — R3Si*OMe + PhNHCONHMe ,

Ph

(_) —RgS^NCONCONHPh + MeOH -* ( + ) — R3Si*OMe + PhNHCONCONHPh ,

Ph Me Me

HN

OSiMe3

ι
,R

+ (Me3Si)2NH-

3. CHEMICAL PROPERTIES

The majority of silylureas are unstable with respect to
hydrolysis 1 8 '4 1 '5 2 '5 5 '5 7^ 1"6 3 '6 6 '6 8 '6 9 '7 3 '9 5 ' 1 0 4 and readily deli-
quesce in moist air 6 6 . They are hydrolysed with disso-
ciation of the Si-N bond and the formation of organosilanols
(or organosiloxanes) and organic urea derivatives4 1'6 8'7 3'"
5,95.

where R3Si* = (a-CioH7)PhMeSi*.

Aminolysis

The compounds readily enter into a reversible reaction
with amines, which is fully displaced to the right owing to
the sparing solubility of the resulting urea or biuret
derivatives, and, like alcoholysis, is accompanied by the
reversal of the configuration"75

(+)-RsSi*NCONHMe + Me2NH ;± ( + ) — R3Si*NMe2 + PhNHCONHMe .

Ph

Silylureas react with acids according to the mecha-
nism / 4 :

2 + H 2 0 — (Me8Si)sO + 2H2NC (O) NR2

R3SiNCNMe2 + PhCOOH -> R3Si0CPh + PhNHCNMe2

I
Ph

On the other hand, in contrast to asymmetric ureas,
iW-bis(trimethylsilyl)urea is hydrolysed by water with
considerable difficulty 1 8. According to the authors,
electron density is in this case redistributed in the direc-
tion which lowers the double bond character of the linkage
between the Si and Ν bonds and this ultimately reduces the
susceptibility of the silicon atom to nucleophilic attack.
Incidentally, one cannot rule out the possibility that
hydrolysis is slow because the reaction takes place in a
heterogeneous medium owing to the sparing solubility of
the silylurea in water.

Ν-Silylureas, particularly aromatic derivatives, are
powerful silylating agents, like carboxylic acid silyl-
amides 2 2 ' 2 5 ' 2 6 ' 3 6. Their reactions with amines and
hydroxy-compounds are rapid even at room temperatures
and lead to the quantitative formation of the corresponding
silyl derivatives with removal (or in some cases without
removal) of one of the components of the equilibrium mix-
ture. For example, Me3SiN(Ph)CONHPh and J W -dimeth-
ylurea are completely converted after 1 min at 20°C22:

MesSiN (Ph) CONHPh + MeNHCONHMe -> MejSiN (Me) CONHMe + PhNHCONHPh .

Experiments with compounds containing an active
hydrogen atom at a carbon atom (acetylacetone, nitro-
methane, and malononitrile) showed that these too are
capable of undergoing the silyl-proton exchange with silyl-
ureas 2 2 .

Kaufmann et al. 7 4 showed that, in contrast to silyl -
amines and Λ-silylthioureas, the Si-N bond in silylureas
is not cleaved under the influence of £-nitrobenzoyl chlo-
ride.

1,3-Dihalogenosilazanes react withAN-bis(trimethyl-
silyl)ureas to form cyclic products1 0 6:

R'

R \

Ο
II

RaSiNHCNHSiRg

R' R'

XSiNSiX ->· R3S1N NSiR3

When acted upon by fluorophosphoranes, asymmetric
disilylureas form fluorophosphadiazetidinediones with
cleavage of the Si-N bond107

Me

N—SiMe s

C

Vsi
Me

siMe,

Me

Λ
- O=C PF,R + Me,SiF

Me
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Silyl derivatives of uric acid react with dialkyl sulphates
or methyl iodide to form alkyl derivatives of uric acid1 0 1:

OSiEt3

ΛΧ
I 0 =

^Me

c=o

X S i E t 3

MeI+AgCIO4

Me—Ν

Ef,SiOΛ.

OSiEt3 .SiEt,
ι /

C=0

SiEt 3

Me \ M e

Ο /SIEf,

AX
Me—Ν || \

c=o
N /

4. APPLICATIONS

The interest in silylureas is due to their ability to form
compositions which are self-hardening at the normal tem-
perature, their high silylating activity, and many other
valuable properties.

According to patent data, monomeric Λ -triorganosilyl-
ureas are effective agents for the treatment of fabrics,
paper, leather, and non-fibrous materials (for example,
cellophane) in order to make them hydrophobic and crease-
less, to reduce their brittleness, and to improve other
characteristics5 '1 7. Ν -Silylureas can be used in the syn-
thesis of plastics5 4, lubricating oils, and hydraulic
liquids 3 6 ' , for the stabilisation of poly(vinyl chloride)42,
as vulcanisers for the cold-hardening of polysiloxanes108,
and for other purposes1 0 9 '1 1 0. Some of these compounds
exhibit pharmacological and pesticidal properties 1 7 ' 3 6 ' 5 4 ' 6 5 ' "
in,u2 silylureas with unsaturated groups in the molecule
have been patented in connection with the synthesis of block
copolymers and the vulcanisation of polyorganosiloxane
elastomers7 2.

The polysilylureas formed when isocyanatosilanes react
with poly amines can be thermoplastic or thermoreactive,
depending on the type of the initial reactants; they have
been suggested for the formation of moulded articles,
laminated materials based on fibreglass, and for many
other purposes4 3 '1 1 3"1 1 5. Polysilylurea films have a high
breakdown voltage and tensile strength83'85.

Polysilylureas obtained from organic polyisocyanates
and silylamines have many valuable properties. Poly-
meric materials of this kind can be used to synthesise
elastomers1 1 6, fibres, and films117 and for other pur-
poses 8 7 ' 1 1 8. The susceptibility of the Si-N bond to
hydrolysis does not preclude their employment since, on
being acted upon by atmospheric moisture, the film is only
partly hydrolysed on the surface and the liberated siloxane
plasticises the material.

The polyureidosilazanes, obtained when linear or cyclic
silazanes are treated with organic polyisocyanates, adhere
effectively to metals, glass, and rubber, are resistant to
the action of water, organic solvents, acids, and alkalis,
and have satisfactory dielectric and other properties7 8 '8 6 '1 1 9.

Monomeric and polymeric silylbiurets 6 4 ' 6 5 ' 8 4 ' 1 2 0 have
been patented as antifoaming and anti-ageing agents, as
agents accelerating vulcanisation, and as plasticisers and
herbicides.

ΠΙ. SILYLISOUREAS

Silylisoureas were obtained for the first time in 1968
by the reaction of cyanic acid esters with aminosilanes or
silazanes1 2 1 '1 2 2. This reaction proceeds mainly similarly
to the reaction of aminosilanes with isocyanates, i.e. with
cleavage of the Si-N bond and addition to the multiple bond
of the cyanate. However, in contrast to isocyanates,
cyanic acid esters can also enter into an exchange reaction
involving the Si-N bond of the aminosilane similar to the
Brown cleavage reaction. Dialkylaminosilanes are
known123 to enter into a similar reaction with bromocyano-
gen, forming bromosilane and dialkylcyanamide. When
there is a possibility of competing reactions involving the
Si-N and N-H bonds, as happens in the case of secondary
aminosilanes, the Si-N bond is cleaved first. The inter-
action of cyanates with various types of aminosilanes is to
some extent specific.

The reaction of cyanic acid esters with dialkyl-A -tri-
methylsilylamines in 1:1 proportions results in the quanti-
tative yield of NN -dialkyl-N' -trimethylsilylisoureas121:

ROC=N + R̂ ROC=NSiMe3

where R = aryl and R' = alkyl. The same compounds can
be obtained by the silylation of AA-dialkylisoureas with
chlorotrimethylsilane121.

When the resulting isourea is acted upon further by the
cyanate, the products are 2-dialkylamino-4,6-diaryloxy-
s-triazines and aryl trimethylsilyl ethers:

NR2

Ν Ν
ROC=NSiMe3

N

+ Me3Si0R

R 0 / SOR

Thus, in contrast to isocyanates, cyanic acid esters
do not form 1:2 adducts with dialkyl-A-trimethylsilyl-
amines, since the first stage of this reaction is an addition
process and the second is a process of the type of the
Brown reaction.

The reaction of alkyl-Λ -trimethylsilylamines with aryl
cyanates in proportions of 1 :1 results in the initial for-
mation of Ν -alkyl-0 -aryl-iV' -trimethylsilylisourea
(possibly in a mixture with its isomeric form). However,
these compounds cannot be isolated, since under the
influence of the cyanate they are immediately converted
into Ν-alkyl-0-aryl-A '-cyanoisoureas with elimination of
the Me3Si group:

RNHSiMes + ArOCN -» ["ArO—C—NHSiMe3^ ArO—C=NSiMe,l ^^—*

II I

L NR NHR J

-> ArO—C=N—CN -f ArOSiMe3.

NHR

In addition, phenol, carbodiimide, and polymerisation
products of the latter are formed in small amounts.

The reaction with HMDS proceeds similarly. In this
case too it was impossible to isolate the 1 :1 adduct, which
is converted under the influence of ArOCN into O-aryl-
Λ -cyano-A ' -trimethylsilylisourea. At an elevated tem-
perature a silylated cyanoguanidine is formed in addition.
The reaction can be represented as follows:

ArOCN + (Me3Si)2NH
ArOCN

ArO—C=N—C=N

I
ArO—C=NSiMe3

L NHSiMe3 J [ NHSiMe3

A r O — C - N H - C E S N " ] ^ ΓΑΓΟ—C—N=C=NH'

ii I I ii
NSiMe 3 I I NSiMe,
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On the other hand, the reaction of methyl-iW-bis(tri-
methylsilyl)amine with ArOCN (in proportions of 1 :1 or
1:2) is of the double addition type with formation of the
1:2 adduct—the diaryl ester of J^-methylimino-iV^3-
bis(trimethylsilyl)carbamic acid. Only in the presence
of an up to sixfold excess of the cyanate are the Me3Si
groups exchanged for CN with formation of the diaryl
ester of A1^3-dicyano-JV2-methyliminocarbamic acid,
which tends to polymerise:

(MesSi)2NMe -f- 2PhOCN •

PhO—C=NSiMe,

• Me—Ν

PhO—C=NSiMe s

PhO—C=N—CN

• Me—Ν

P h O — C = N — C N

Silylisoureas are colourless viscous oils, which can be
distilled without decomposition in a high vacuum. Their
infrared spectra contain intense bands in the ranges
1745-1755 and 1685-1698 cm"1, which are characteristic
of the stretching vibrations of the double bond of the silyl-

ated imido-group \)=NSi^.

At high temperatures (for example under the conditions
of gas-chromatographic analysis) the silylisoureas decom-
pose via the mechanism

RO—C=N-biMes ^ ROSiMes+ RaN—GsN

organosilicon isocyanates125. In particular, the first and
simplest representatives of aliphatic silicon-containing
ureas RaSiiCH^nNHCONHa 7 ' 1 2 ( M 3 0 and also ureas with a
disiloxane bond of the type [HaNCONHiCHaJnSiMealaO 6 ' 7

were obtained recently from these compounds.
Carbofunctional organosilicon isocyanates as a rule

react exothermically with amines to form the corresponding
urea derivatives in virtually quantitative yields 6>7>126>127> -
130-136. J

ο
II

RsSi (CH2)nNCO + Bu2NH -> R,Si (CHa)nNHCNBu2 ,

where R = Me, Et, or Ph and η = 1 or 3.
ω-lsocyanatoalkylsilanes with an NCO group in the y-

position are more reactive than a -isocyanatoalkylsi-
lanes 1 3 0 ' 1 3 5.

When isocyanates react with hydrazine and its deriva-
tives, silylsemicarbazides are formed1 3 4 '1 3 7 '1 3 8:

ο
II

[OCN (CH2)3SiMeJ2O + R2NNH2 - [R2NNHCNH (CH2)3SiMe2]2O,

and the reaction with aminoethers gives a high yield of
carbamidoiminoethers139:

On treatment with alcohols or on prolonged standing in
air, they are desilylated to organic isoureas. The reac-
tion with acid chlorides also proceeds with the cleavage of
the Si-N bond and the formation of acyl isoureas and
chlorosilanes121.

IV. CARBOFUNCTIONAL ORGANOSILICON DERIVATIVES
OF UREA

1. METHODS OF SYNTHESIS

Silicon-containing derivatives in which the urea moiety
and the silicon atoms are separated by a group of atoms
have been less thoroughly investigated. The majority of
the methods for their preparation reduce mainly to the
familiar procedures of organic chemistry for the synthe-
sis of alkyl (or aryl)-substituted urea derivatives (iso-
cyanate condensation transamination, and other reactions)
and are based on the employment as the starting materials
of the corresponding isocyanates and amines or com-
pounds containing an amino-group.

a. Isocyanate Condensation Reactions

Two versions of isocyanate condensation via a combi-
nation of organic and organosilicon starting materials are
possible: (1) the interaction of carbofunctional organosili-
con isocyanates with organic or organosilicon amines and
(2) the interaction of organic isocyanates with carbofunc-
tional silicon-containing amines.

Until 1959 the first reaction was illustrated by only
one example :

Mc3Si<

ΜΗ JVCNHCeH4SiMe2H-p

RC + p-HMe2SiCeH4NCO -> RC

where X = Cl, MeO, EtO, or Η and η = 1 or 2.
A wide variety of both mono- and di-silyl-substituted

ureas became available recently after the development of
convenient methods for the preparation of carbofunctional

Organosilicon isocyanates react just as easily with
acid hydrazides to form the compounds R3Si(CEb)n.
.NHCONHNHCOAr. 13°

The interaction with acid amides is more difficult130.
For example, benzamide and sulphonamides form the sub-
stituted ureas R3Si(CH2)nNHCONHCOPh and R3Si(CH2)n.
.NHCONHSO2Ar only after prolonged heating with iso-
cyanate in dimethylformamide (DMF) in the presence of
triethylamine as the catalyst.

Symmetrical silicon-containing ureas have been
obtained on heating carbofunctional organosilicon isocya-
nates with water in DMF 1 4 0 :

[RsSi (CH2)rtNHCOOH] r c o " , " RsSi (CH 2)nNH 2

 R ' S '< C H '>« N C O

Ο

-» RsSi (CH2)nNHCNH (CH2)nSiR,,

where R = Me, Et, or Pr and « = 1 or 3. In the presence
of an excess of water an organosilicon amine is formed in
this reaction.

In contrast to the reactions with amines and alcohols,
where α -isocyanatomethylsilanes have a reduced reactivity
compared with y-isocyanatoalkylsilanes, in the reaction
with water these compounds have virtually the same reac-
tivities 1 4 0 . Evidently the overall electropositive effect of
the R3S1CH2 group in α-isocyanates is manifested in two
ways: on the one hand, the electrophilicity of the carbonyl
carbon atom is reduced and the rate of reaction of the iso-
cyanate with water is diminished and, on the other, the
basicity of the resulting amine is enhanced, as a result of
which the rate of the secondary reaction (the reaction with
the isocyanate) rises.

Isocyanates with other reactive groups or atoms at the
silicon atom can interact with amines via these groups too.
Thus the reaction of ClMe2Si(CH2)3NCO with an excess of a
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primary amine results in the formation of 1-alkylcarba-
mido-l-aza-2-silacyclopentanes (I), which are in a state
of tautomeric equilibrium with l,3-diaza-4-silacyclohep-
tan-2-ones (II) 7 ' 1 4 1 :

ZUcT ClMe2Si (CH2)3NCO + RNH2

Me

RNHSi (CH2)3NCO

Me Me

Si Ο
/ \ II

(CH 2 ) 3 -NCNHR.

(I)

it
Me Me

\ /

Me
I

ο
-CISi (CHS)3NHCNHR

Me

(CH2)3

ΗΝ

NR

C = O

Hydrolysis of such cyclic or linear compounds with alkoxy-
groups at the silicon atom leads to the formation of poly-
siloxanes with urea units in the side chain. Copolymers
of these compounds with silanes and siloxanes containing
hydrolysable groups at the silicon atom have also been
obtained153'154.

Using the transamination reaction, Seyferth and
coworkers155>156 synthesised Λ -nitroso-N-trimethylsilyl-
urea, which is a convenient starting material for the syn-
thesis of the unusually stable trimethylsilyldiazomethane.
The synthesis was carried out in accordance with a scheme
similar to that used in the synthesis of a diazomethane from
JV -methyl-Λ -nitrosourea:

NO

The reactions of organosilicon diisocyanates with
diamines, hydrazines. and dihydrazides yielded respec-
tively polysilylureas 4, polysilylureylenes142'145, and
polyacylsemicarbazides146>1 .

The reaction of organic isocyanates with carbofunctional
organosilicon amines has been little investigated, although
it has been shown for the synthesis of monomeric, oligo-
meric, and polymeric ureas that it is of a general
t y p e 1 4 1 . In particular, compounds having the following
formulae have been obtained:

ο
(EtO),Si(CH2)3NHCNHPh Me3SiO—

Me Ο
I II

—OSi(CH2)4NHCNH—i
I

M e I

- Me -
I

— S i O -

- Me -

- Me 1
—Si Ο

- (CH2)3NHCONHR-l

- S i M e 3

Ο Me
II I

-NHCNH (CH2)4Si0~

A number of oligomeric and polymeric compounds con-
taining in the chain alternating siloxane, urethane, and
urea units have also been synthesised by the isocyanate
condensation reaction using organic diisocyanates150'151:

Me / Me \ Ο Me / Me
I / I \ Q(NCO)2exc II I / I

H X - R — Si— — O S i - —R—XH = > OCNQNHCX—R-Si— — O S i - - R —

I I I I
Me

IMe Me
IMe

Ο

—XCN:HQNCO· polymer,

where R and Q = alkylene or arylene and X = Ο or NH.

b. Transamination Reactions

Silicon-containing ureas are formed in satisfactory
yields on prolonged heating of high-boiling organosilicon
amines with the urea 1 5 2 :

2 (EtO)3Si (CH2)3NH2 + H2NCONH3
[(EtO)3Si (CH2)3NH]2CO + 2NH3.

When organosilicon diamines are used in the reaction,
cyclic silylureas are formed1 5 3 '1 5 4:

c. Silylation of Urea Derivatives

When the products of the condensation of chloral with
urea are acted upon by chlorosilanes in the presence of an
excess of pyridine, high yields of siloxyureas are
formed157:

HOCHNHCONH2 + Me3SiCl -> Me3SiOCHNHCONH2

CCI3 CCI3

[HOCHNH]2CO + 2Me3SiCl -> Me3SiOCHNHCONHCHOSiMe3

CCIS ecu ecu
2HOCHNHCONH2 + Me2SiCl2 -• [H2NCONHCHO]2SiMe2

CCI3 CC1,

(76%) ,

( 9 1 % ) ,

(87%) .

Similar derivatives were obtained by treating mono-
and di-(hydroxymethyl)ureas with chlorotrimethylsilane
and triethylamine104. A study of the reaction of mono(hy
droxymethyl)urea with MesSiCl has shown that, even for
an equimolar reactant ratio, MeaSiCl reacts with the
hydrogen atoms of both OH and NH2 groups:

H2NCONHCH2OH + Me3SiCl _ Ε 1 ^ ' H C I ~* Me3SiNHCONHCH2OSiMe3 (39 %) #

When MeaSiCl is allowed to react with di(hydroxymethyl)-
urea, only the hydrogen atoms in the hydroxy-groups are
substituted:

O=C (NHCH2OH)2 + 2Me3SiCI r i 0 = C (NHCH2OSiMe3)2
(44%).

Silylation of the hydroxymethyl groups inAiV' -di(hy-
droxymethyl)urea proceeds readily also when the latter is
acted upon by HMDS, Λ-trimethylsilylacetamide, NO-
bis(trimethylsilyl)acetamide, diethyl-N-trimethylsilyl-
amine, and dimethyl-iV-trimethylsilylamine at about 35°C
in acetone, pyridine, or ethyl acetate, dialkyl-iV-trimeth-
ylsilylamines being the most effective silylating agents158.
This reaction has been used to silylate the products of the
condensation of urea with formaldehyde in order to decom-
pose intramolecular and inter molecular hydrogen bonds
in aminoplastics, which leads to the formation of products
soluble in organic solvents to which gel-chromatographic
research techniques are applicable 1 .

According to Kreshkov et al.,159 the hydroxy-groups in
urea-formaldehyde resins can react with alkoxysilanes,
probably via the following mechanism:

(MeO)3Si (CH2)3NHCH2CH2NH2 + H2NCONH2
(MeO)3Si(CH2)3N NH+2NH 3

CHj—N—CO—N—CH2OH + CH2—N— CO—N—CHjOSi^EtO),,..,
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By combining urea-formaldehyde resins with polyethoxy-
polysiloxanes, silicon-modified polymers were obtained
using this procedure159.

d. Other Reactions

Montgomery 160>161 synthesised symmetrical silicon-
containing derivatives by heating aminoalkylsilanes with
carbonyl sulphide in an autoclave:

PhMe2SiCH2NH2+COS

Me

Me,SiOSiCH2NH2+COS'

Me

4 h
I a t m [PhMe2SiCH2NH]2CO + H2S ,

Me

oo°; e.gatm^ [ M e 3 S i o s i C H 2 N H ] a C O + H a S #

Me

Linear and cyclic compounds were obtained by treating
piperazine rings with phosgene and by synthesis from Λ -
silylated α-diamines of the disiloxane series 1 6 2:

Me Me

\κ
Si

/ \
H2C N-R

R-N CH2

\ /
Si

/ \
Me Me

Me Me R

Si—CH2—NSiMe3

Me Me

R—N-CH 2SiCl

COCI,

Si—CH2—NSiMe s

Me Me R

O = C —

R—N—CH2SiCl
/ \

Me Me

Me Me R

\ / I

Si-CH2—Ν

Ο C=O-

Si-CH2—W

/ \ I
Me Me R

When urea is acylated with the chlorides of organosilicon
acids, the products are acylureas with a silicon atom in the
acyl residue1 6 3 '1 6 4.

A number of other methods known only in organic
chemistry can be used to synthesise organosilicon ureas.
In particular, ureas are formed when carbofunctional
organosilicon amines are treated with carbamoyl chlo-
rides 6 ' 7 :

ο
Me3SiCH2NH2 + Ph,NC (O) Cl _ Me,SiCH2NHCNPh2 (62%)

and on oxidising the corresponding amines with lead tetra-
acetate in the presence of an amine6 '7:

ο ο
MeJitSi (CH2)SCNHS [EtMe2Si (CH2)SNCO] Me2EtSi (CH2),NHCNHAI1.

A number of cyclic urea analogues having the structure
of uretidinediones were obtained by the reaction of halo-
genoalkylsilanes with metal cyanates in DMF. The forma
tion of these compounds is due to the dimerisation of the
isocyanates, which are the primary reaction products,
under the influence of the cyanate salt1 6 5"1 6 7:

ο
li

When bishalogenoalkylsilanes are used in this reaction,
the analogous oligomeric compounds are formed:

R R R R

Cl (CH 2 ) n Si—O-Si (CH2)nCI + KOCN -» OCN (CH 2 ) n Si—O-Si (CH2)nNCO +

R R R R

o —

+ OCN— - (CH2)n

R R

,Si-_O—Si

I

(CH2)nN N—

R R

— (CH 2 ) n Si—O-Si (CH2)nNCO.

Silicon-containing uretidinediones were obtained in low
yields also by treating carbofunctional organosilicon amines
with phosgene7. Finally, silyl-substituted barbiturates
were obtained by the condensation of urea with organosilyl
malonates1 6 8 '1 6 9:

ΝΗ

C=O ,Me8Si—R— C iR') (COOEt)2 + H 2NCONH 2-* MejSi— R - C — R '

\ C

II

ο
where R = -CHa- and R' = H, Me, or allyl168 or R =
-C6H4- and R' = Η or Et 1 6 9, and with spirobarbiturates170:

where Ζ = SiMea or CEfeSiMea and R = H, Me, or Et.

2. PROPERTIES

Carbofunctional organosilicon ureas are colourless
viscous liquids or crystalline substances. Some decom-
pose appreciably on vacuum distillation171. They are
readily soluble in benzene, acetone, and DMF and are
insoluble in water and petroleum ether 1 3 0 ' 1 7 1.

Silicon-containing acylureas and semicarbazides are
crystalline substances soluble in DMF and alcohol and
sparingly soluble or insoluble in water, benzene, and
carbon tetrachloride130.

The infrared spectroscopic data for silylureas6 '7 '1 3 0 '"
1 3 2 ' 1 3 3 ' 1 4 1 ' 1 4 2 ' 1 7 2 , silylsemicarbazides137, and silylpolyacyl-
semicarbazides146 agree well with the amide structure of
these compounds. The characteristic absorption bands
of the C=O group (amide band I) in the infrared spectra of
asymmetric ureas of the type R3Si(CHa)nNHCONRa are in
the region of 1630 cm"1. The analogous bands in the
spectra of poly silylureas are at 1650 cm" 1. 1 3 2

An appreciable decrease of the carbonyl absorption
wavenumber (1690 cm"1) has been observed for uretidine-
diones (cyclic compounds) R3Si(CH2)nNC(O)N(CO)(CHa)n.
.SIR3 compared with compounds of analogous structure but
without silicon (1780-1790 cm"1). A similar decrease of
the C=O vibration wavenumber is known to occur in the
spectra of organosilicon ketones R3Si(CH2)nC(O)Me.
Evidently, in this case there is an appreciable decrease
of the amount of double bond character of the linkage
joining the carbonyl group owing to the intramolecular

R'R2Si (CH2)nCl ^ g j - - [R'R2Si (CH2)nNCO] - R'R2Si (CH2)nN/ \ N (CHi)nSiR2R' , c o o r d i n a t i o n o f i t s o x y g e n a t o m t o s i U c o n 165 T h e ^ ^

where R and R' = Me, Et, or Ph, η = 1 or 3, and Μ = Κ
or Na.

formed is fairly stable, as shown by the constancy of the
extinction coefficient of the C=O band when the concentra-
tion of the substance is reduced from 0.1 to 0.0001 M.

NMR data for a number of silylureas have been pub-
lished7'1 4 1.
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When organosilicon ureas are pyrolysed, an isocya-
nate and an amine are formed, as from their hydrocarbon
analogues6:

II 260-^SOO"

Me3SiCH2NHCNPha j z z r z i Me3SiCHaNCO (70%) + Ph2NH.

3. APPLICATIONS

Carbofunctional organosilicon ureas are of interest
primarily for the preparation of modified polymeric
materials. The study of various types of polymers
(polyamides, polyimides, etc.) has shown that the
introduction of, for example, polysiloxane units into the
organic polymeric chain in an amount of 3-5% entails a
number of significant changes in the properties (a
decrease of the yield temperature, an improvement in
solubility and dielectric parameters) and makes polymeric
materials hydrophobic and resistant to hydrolysis. When
a large number of siloxane units (from 15 to 20%) are intro-
duced, there is in addition an appreciable improvement in
thermal stability.

The foregoing applies equally to carbofunctional organo-
silicon materials in which the organic and organosilicon
fragments are linked chemically. Polymeric materials of
this kind have been proposed for the preparation of coatings,
resins for laminated plastics, stable water-repellent
impregnation for cotton and paper fabrics152'15 , and self-
vulcanising rubbers174. Monomeric and polymeric silyl-
ureas can be used as adhesives152"154'175 , antifoaming
agents160'161, auxiliary substances in the synthesis of glass
fibre-reinforced plastics135'178'179, surface-active sub-
stances149'175'176'180, hardening agents for epoxy-resins181,
and other purposes149'151-154'1?8'180'182"187. Some of these
compounds exhibit physiological activity163'164'168"170'188.

Silicon-carbamide polymeric materials, obtained by the
copolymerisation of urea-formaldehyde prepolymers with
organosilicon polymers or oligomers159'189, have been
proposed for the preparation of varnish films, adhesives,
cast articles, and laminated plastics with better dielectric
parameters and improved thermal stability and water
resistance compared with the usual urea-formaldehyde
materials. Silyl ethers of hydroxymethyl derivatives of
urea have been recommended for the preparation of rubbers
which undergo self-cross-linking under the influence of
moisture190' and as intermediates in the preparation of
medicines, textiles, and resins192.

The use of compositions of monomeric or polymeric
organic urea derivatives with silicon-containing compounds
(components not linked chemically) is also a promising
application193"225. For example, the introduction of 0.05-
5% of urea, diphenylurea, or tolylurea into a vulcanisate
improves the thermal stability of silicon elastomers203.
The compositions are used to treat textiles in order to make
them hydrophobic and crease-resistant195'219'221'223'225, to
improve the water resistance of aminoplastics208, to bind
polyurethanes to the support213, as coatings220'222, adhe-
sives215, lubricants214' 18, and binders for articles made of
fibreglass140, and for many other purposes.

Studies on the use of organosilicon products as auxiliary
substances in the manufacture of various urea-based
materials are also noteworthy201'206'226. Urea and its
derivatives can be used in their turn as auxiliary products
in the preparation of silicon-containing compounds, for
example as ligands which reduce the activity of platinum
catalysts in the addition of hydropolysiloxanes to olefinic
silicones227 and as solvents in the reduction of halogeno-
silicones with sodium hydride228"230.
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