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Abstract

The synthesis of boron-containing polysilylcarbodi-imides of general type {B[C,H,(R)SINCN},}, [6a R =CH,, 6b R=H, 6¢c
R = (NCN), ] by different reactions and their thermal behaviour are discussed. The title compounds 6a-6¢ can be obtained by a
hydroboration reaction of BH; * S(CH,), (5) with the vinyl-substituted polysilylcarbodi-imides [(H,C=CHXR)SiNCN]_ [3a R = CH,,
3bR =H, 3¢ R = (NCN), 5], which themselves are accessible from the reaction of the vinyl-substituted chlorosilanes (H,C=CH}XR)SiCl,
(1a R=CH;, 1b R=H, 1c R=Cl) with stoichiometric amounts of H,N-C=N (2). Furthermore, a method for the synthesis of
compounds 6a-6¢ is given by treatment of compounds la-lc¢ with (H;C),SIN=C=NSi(CH,); (4). An alternative reaction sequence,
which finally leads to compounds 6a-6¢ is the hydroboration of the monomeric vinyl-substituted chlorosilanes 1a-1¢ with BH, = S(CH ),
(5) to yield the chlorosilylethylboranes B[C,H ,(R)SiCl,], (Ta R = CH,, 7b R = H, 7c¢ R = Cl) at first. Treatment of campounds 7a-7¢
with (H,C),SiN=C=NSi(CH,), (4), even with or without solvent, stoichiometrically or with excess 4, produces the hydroborated
polysilylcarbodi-imides 6a-6¢. The thermogravimetric behaviour of the polysilycarbodi-imides 3a-3c as well as the boron-containing
polymers 6a-6¢ have been determined by simultaneous TGA (20-1100°C, argon, heating rate 2 Kmin!). The ceramic yields of the
polymers are in the range of 53-73%, depending on the structure and the composition of the polymers applied. © 1997 Elsevier Science
S.A.

Keywords: Polysilylcarbodi-imides; Thermogravimetric analysis

1. Introduction the quaternary system Si-B-C-N [1,8-16,18]. To obtain
the ceramic composites, the polymeric precursors are
transformed into amorphous ceramic materials by sub-
sequent thermolyses, which are in general performed in
an inert gas atmosphere. The as-obtained Si-B-C-N
ceramics exhibit excellent thermochemical properties
[1,11,13,15] and are therefore interesting materials for
high temperature applications in industry. Moreover,
solutions of polymers containing silicon, boron, carbon
and nitrogen of convenient viscosity are applicable for
X - . coatings on non-oxide composite materials e.g. C /C-SiC
lazanes [7], is well investigated. in order to protect the substrate efficiently from oxida-

Boron-containing polycarbosilazanes are known as tion and corrosion, especially at very high temperatures
precursor molecules for ceramic composite materials in [1,2,17].

The thermolytic conversion of elementorganic or in-
organic polymers and oligomers into ceramic materials
is a suitable method for the synthesis of inorganic
composite materials [1-3]. In particular, the production
of binary ceramics such as SiC and Si;N, which can be
obtained by thermolysis from polysilanes [4] and poly-
carbosilanes (SiC) [5] or polysilazanes (Si;N,) [6] as
well as the ternary Si-C-N ceramics, which are in
general synthesised from carbon-containing polysi-

There are several reaction pathways described in the

" Comesponding author. lllte_:rature, which finally leaq to polymeirs containing

"In dedication to Professor Dr. Gottfried Huttner on the occasion silicon, boron, carbop and nitrogen. As some selected
of his 60th birthday. examples, the following four routes are described.
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(1) The reaction of cyclic oligomethylsilazanes (A)
as a Si-C-N source with borane dimethylsulphide leads,
under ring opening and elimination of hydrogen, to
silylated borazine derivatives of type B [9,18]:

I}lHR
H3C—Si—H
H\S/CHa ki
i N
HT/ \TH BH3+S(CH,), HBZ B
. _ + BH3» )y ——— | 1l
H3C—/S|\N/S|\—H H\s‘/ > \S_CH3
i B i
CHs HNT A H / N
RHN CH; H HR

R = SiHCH3-NH-SiH,CH,
A B

(2) [(Trichlorosilyl)amino]dichloroborane (C) is a
projecting single source precursor for the synthesis of
Si-B-N and Si-B-C-N [10,11,13] ceramics. Treatment of
this compound with primary and secondary amines
(here methylamine) finally leads to a highly cross-lin-
ked Si-B-C-N polymer (D, idealised structure) [11]:

CHj
: ~Ngion SCHa HaC /
/ Nair NS N
N +H3C-NH;, —— H3;C-N Si B B Si
cLsi” BCl N /N7 NN\
\N/Sl"—N\ Ho 4, H
3
\B/ N, CH4
| H CHj
c D

(3) Treatment of (H,C=CH)(CH ,)SiCl, with borane
Lewis base adducts results in the formation of E.
Amonolysis of this compound leads to the Si-B-C-N
polymer F in which Si-N chains are linked via C-B-C
units [1,14-16]:
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R = C;H4Si(CH3)Cl, R = [C;H4Si(CH;)NH]
E F
N
o S
H HN_ .~ NH
§ He? “BH A \?/
mSi—TwT—H + ] — «Nai—rilmN—H + HSi(CHa)3 + Hy
HNS _NH
i B
H H  Si{CHa); B LN

|
H

(4) Thermal dehydrogenation and dehydrosilylation
of hydridosilazanes in the presence of borazines pro-
duces polymers of type G [12]:

The above-described compounds consist of Si-N
skeletons, which are more or less cross-linked via B,
B-N, B-C or borazine units and which carry different
substituents bonded at the silicon centres. Hence, in this
study we mainly focus on the synthesis of a new class
of Si-B-C-N ceramic precursors. The syntheses of
boron-containing polysilylcarbodi-imides, whose char-
acteristics are repeating Si-N=C=N units, linked via
C-B-C bridges, permit an internal comparison to be
made of the thermal—and possibly chemical—proper-
ties of known Si-B-C-N polymers with this new type of
Si-B-C-N pre-ceramic compound.

2. Results and discussion

2.1. Synthesis of vinyl-substituted polysilylcarbodi-im-
ides

The synthesis of boron-containing polysilylcarbodi-
imides can occur by different reaction sequences. One
possible approach is to synthesise polymeric vinyl-sub-
stituted polysilylcarbodi-imides which are in a second
reaction step hydroborated at the olefinic unit by a
suitable boron compound, e.g. borane dimethylsulphide,
BH, *S(CH,),.

One conceivable exemplary reaction pathway, which
finally leads to vinyl-substituted polysilylcarbodi-im-
ides, was described previously for compound
[(H,C=CH)CH,)SiNCN], (3a) [14,19].

To synthesise the vinyl-substituted polysilylcarbodi-
imides, the chlorovinylsilanes (H,C=CHXR)SiCl, (1a
R =CH,, 1b R=H, 1c R =Cl) are treated with stoi-
chiometric amounts of cyanamide, H,N-C=N (2) in
tetrahydrofurane solutions at 0°C. In the presence of
equimolar amounts of pyridine and after appropriate
work-up, compounds [(H,C=CH)}R)SINCN], [3a R =
CH,, 3b R=H, 3¢ R=(NCN),,] are obtained as
colourless waxy solids (3a, 3b) or as a colourless
powder (3¢), which decompose immediately to silox-
anes and cyanamide on contact with moisture.

H\C//CHZ H\C//CHz
T THF, 0°C '
Cl-Si-Cl! +H,N-CEN+Py —— Si—N=C=N
I - Py+HCI !
R R n
1a R =CH, 2 3aR=CH;
1b § = gl 3bR=H
cR= 3c R=(NCN)ys

While compounds 3a and 3b are obtained in high
yields (3a 78%, 3b 85%), the silylcarbodi-imide 3¢ is
available in maximum 15% yield via this reaction se-



M. Weinmann et al. / Journal of Organometallic Chemistry 541 (1997) 345-353 347

quence. This points to the fact that compound 3¢ is
probably highly cross-linked, which finally results in a
significant product loss during the filtration process due
to the low solubility of this polysilylcarbodi-imide.

An alternative reaction sequence for the preparation
of compounds 3a-3c is given by the reaction of com-
pounds la and 1b in a I:1 molar ratio with
bis(trimethylsilyDcarbodi-imide (4) in the presence of
catalytic amounts of pyridine [20]. In the case of the
synthesis of 3¢, 1c¢ is reacted with 1.5 parts of 4.

Hog#CHe Ho .CH,
3 i ) {Pyl. 25°C i
Cl=Si=Cl  + (HyC);Si-N=C=N-Si{(CH3); —— = Si—N=C=N
I - (H3C)4SiC!
R n
j‘gsfﬁHg, 4 3aR=CHj;
1cR=Cl 3bR=H

3¢ R = (NCN), 5

It turned out that this type of reaction is best per-
formed when the educt bis(trimethylsilyl)carbodi-imide
(4) is obtained from cyanamide, methyltrichlorosilane
and pyridine. As-obtained 4 contains traces of pyridine
which catalyse the reaction sufficiently. On the con-
trary, the addition of pyridine to the reaction mixture of
compounds 1la-l¢ and highly pure bis(trimethyl-
silyDcarbodi-imide in order to catalyse the trans-silyla-
tion reaction is less effective and the reaction times
increase considerably.

The yields of the as-obtained polymers 3a (87%) and
3b (80%) are comparable with those obtained by the
reaction of the vinylchlorosilanes la and 1b with
cyanamide (2) and pyridine whereas
[(H,C=CH)Si(NCN), ], (3c) can be isolated in 85%
yield on this sequence. The most remarkable advantage
of this kind of trans-silylation reaction compared to the
synthesis of compounds 3a-3c¢ from the chlorosilanes
1a-1c and cyanamide (2) is the simplified work-up. The
by-product chlorotrimethylsilane as well as low-weight
oligomeric parts of compounds 3a-3c¢ can easily be
evaporated in high vacuum (10~ mbar) at 70°C. Solids,
which would have to be removed by a filtration step,
are not formed. Moreover, these reactions can effec-
tively be performed without solvent, which makes them
interesting for industrial applications.

The structures of [(H,C=CH)XR)SiNCN], [3a R=
CH,, 3b R=H, 3¢ R=(NCN),] can unequivocally
be assigned by IR spectra, which show the expected
absorption signals. Typical for this type of compound
[20-22] are the very strong and broad asymmetric
N=C=N stretching absorptions at 2219cm” (3a
[14,19]), 2271 cm™ (3b) and 2205 cm™ (3¢), the v _
absorptions at 1596cm™ (3b, 3¢) as well as v in the
area of 2950 to 3060cm™. In addition, compound 3b
has a very strong absorption band at 2144 cm” which

reflects the vg; ; stretching. The absence of absorption
signals in the IR spectra of compounds 3a-3c¢ in the
range of 460-600 cm™, which would correspond to Si-Cl
vibrations (sym. and asym.) indicate that the trans-sily-
lation occurred quantitatively.

Moreover, the expected structures of compounds 3a-
3¢ are confirmed by their NMR spectra. Compared to
the resonance signals of the chlorine-containing starting
compounds (H,C=CHXR)SiCl, (1aR=CH,, IbR =
H, 1c R = C1), the *’Si{'H} NMR resonance signals of
the vinyl-substituted polysilylcarbodi-imides are signifi-
cantly shifted to higher field (3a -36, -33 ppm [19], 3b
-51, -45 ppm, 3¢ -70 ppm) which is due to the substitu-
tion of silicon-bonded chlorine atoms towards nitrogen
atoms. The “C{'H)} NMR spectra of compounds 3a-3c¢
show resonance signals for the olefinic carbon atoms in
the area of 132-138ppm, as well as signals of the
carbodi-imide carbon atoms that in all cases are ob-
served at 120-122 ppm.

2.2. Synthesis of boron-containing polysilylcarbodi-im-
ides from 3a-3c

To transform compounds [(H,C=CH)XR)SiNCN]
[3a R =CH,, 3b R =H, 3¢ R = (NCN), ] into boron-
containing polymers, the as-obtained polysilylcarbodi-
imides can be hydroborated at the vinyl unit by the
reaction with a suitable hydroboration reagent, e.g. bo-
rane-dimethylsulphide (5) in toluene solutions. There-
fore the polymer is suspended in toluene and the bo-
rane-dimethylsulphide is dropwise added at 0°C. After
stirring for an additional 2h, the solvent and dimethyl-
sulphide are removed in vacuum at 50°C. Any further
work-up for the purification of the isolated boron-con-
taining polysilylcarbod-imides {B[C,H ,(R)SiNCN]},
[6a R =CH,, 6b R =H, 6c R =(NCN),.], which are
obtained as colourless powders in 100% yield, is not
necessary and was not performed. The high degree of
cross-linkage of the Si-B-C-N polymers, which is caused
by the hydroboration of the vinyl units, is directly
reflected in the very low solubility of compounds 6a-6¢
in most common polar as well as non-polar organic
solvents.

R
|

H H; .B._. .CH
\cl:/,c /] | . R B CIH CHs
toluene,
Si—-N=C=N + BH3+S(CH —_— - Si~N=C=N—
3 ‘{’ ; + 3+S(CH3); Sy, ;

R n R n
3aR=CH, 5 R’ = [C;H,SI(RINCN]
3bR=H

6aR =CH
3c R =(NCN)ys ebR=H

6c R =(NCN)gs

From the IR spectra of compounds 6a-6¢, one can
conclude that BH, *S(CH;), reacted selectively with
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the vinyl group in a quantitative manner. No v._
absorptions found for 3a-3¢ nor B-H stretching absorp-
tions can be detected in the IR spectra of compounds
6a-6¢. Moreover, B-N absorptions, which should have
been obtained in the case of a hydroboration of the
carbodi-imide units, as was reported by Kienzle and
coworkers [14,22], are not observed.

Identical findings are made in the “C{'H} CP-MAS
NMR spectra of compounds 6a-6¢. Resonance signals,
which may arise from olefinic carbon atoms, are not
found, whereas the carbodi-imide carbon atoms are
observed as broad resonance signals. For a detailed
discussion of the spectroscopic data of 6a-6¢ see Sec-
tion 2.3.

2.3. Synthesis of boron-containing polysilylcarbodi-im-
ides from tris{(chlorosilylethyllboranes

A further possibility for the synthesis of boron-con-
taining polysilylcarbodi-imides is given by the reaction
of bis(trimethylsilyl)carbodi-imide with boron-sub-
stituted chlorosilanes of type B[C,H,(R)SiCl,]; (7a
R =CH,, 7b R=H, 7¢ R = Cl). These molecules are
accessible by the reaction of the according chlorosilanes
la-1c with borane-dimethylsulphide in a 3:1 molar ra-
tio. Therefore, at 0°C a solution of 5 in toluene is
slowly added to the chlorovinylsilane dissolved in
toluene. After purification by distillation in vacuum
(10 mbar; 7a 105°C, 7b 102°C, 7¢ 115°C), com-
pounds 7a-7c are obtained as colourless oils which are
very sensitive to oxygen and moisture.

R
|

HogzCre - CIH,CH3
' luene, 0°C .
3 CI-8i-Cl +BHyS(CHy)p —one, CI-Si-Cl
j TS(CHy; i
R R
1aR=CHs 5 R" = CaH,Si(R)CI,
BR=A
1cR=C

| 7aR =CH,
TbR=H
7cR=Cl

Compounds 7a and 7¢ were first described by Jones
and Myers in 1972 [23] and are therefore not discussed
here in detail. It is remarkable that in contrast to the
hydroboration of alkenes, which are in general borated
in the terminal position, the hydroboration of vinylsi-
lanes is not regioselective [23]. In the case of the
hydroboration of vinylsilanes, there is, depending on the
nature of the silicon-bonded substituents, a mixture of
a- and B-hydroboration products observed. This is re-
flected in the **Si{’ H} NMR spectrum of compound 7b,
where resonance signals at 15.0-16.1 (SiCH), 10.3-11.6
(SiCH) and —6.5-— 7.9ppm (SiCH,) are observed.
This is possibly due to the formation of c¢oa-, aa -,
afBB- and BBB-hydroboration products. Moreover, the

aaa- and aaB-products exist in diastergotopic isomers
which can be distinguished in the NMR spectra.

Because of the different isomers, the "H NMR spec-
trum of compound 7b only shows proton resonance
signals with multiplet character. While the protons of
the C,H, unit are observed in the region of 0.78-
1.86 ppm, the silicon-bonded hydrogen atoms show res-
onance signals at 5.22-5.38 ppm. Both the multiplets of
the carbon-bonded protons as well as the silicon-bonded
proton are obtained in the expected 4:1 ratio. Moreover,
CH, CH, and CH, are observed in a [:1:3 ratio. This
indicates that a-hydroboration occurs in 2/3, while
B-hydroboration is only observed in 1/3. Resonance
signals according to olefinic protons are not found.

Similar observations are made in the *C{'H} NMR
spectrum of compound 7b. The absence of olefinic
resonance signals indicates that the hydroboration oc-
curred quantitatively. The carbon resonance signals of
the C,H, unit are found in the area of 27.9-31.3 (CH),
15.8-21.5 (BCH,), 12.7-14.7 (SiCH,) and 9.0-9.3 ppm
(CH,) whereby the boron-bonded carben atoms show
the typical line broadening.

The observed ''B chemical shift at 85.8 ppm rel.
B(OH), is typical for these types of compound and is
similar to that for B[C,H (CH,)SiCl, ], [14,15].

The molecule ion of compound 7b
B[C,H,(H)SIiCl,]7 is observed in the EI-MS spectrum
with 10% rel. intensity. The most intensive fragment
ions are M *-Cl 359 (100% rel. Intens.), M*-C,H,SiCl,
267 (33% rel. Intens.), C,HSiCl; 127 (18% rel. In-
tens.), HSiCl; 99 (31% rel. Intens.) and HSiCl* 63
(35% rel. Intens.).

The conversion of compounds 7a-7¢ into boron-con-
taining polysilylcarbodi-imides is best performed by
their reaction with bis(trimethylsilyDcarbodi-imide (4)
even with or without solvent, stoichiometrically or with
excess 4. The reactions in toluene solutions have to be
achieved in the boiling solvent from which the products
separate as colourless powders. The most remarkable
disadvantage of this reaction compared to the solvent-
free reactions is the long time the experiment takes
(7 days). On the other hand, the stoichiometric solvent-
free reaction of 7a-7c and 4 in the presence of catalytic
amounts of pyridine produces compounds 7a-7¢ as hard
glass-like materials. This reaction is cheap and is fin-
ished in a few hours. If the chlorosilylboranes 7a-7¢ are
reacted with a ten-fold excess of bis(trimethyl-
silyl)carbodi-imide (4), compounds 6a-6¢ are obtained
first as rubber-like products. We suspect that in this
state the products are oligomeric and not very highly
cross-linked. Heating these compounds to 70°C in high
vacuum produces compounds 6a-6¢ in quantitative
yields under elimination of 4. With regard to industrial
applications of these compounds, it is remarkable that
eliminated chlorotrimethylsilane and bis(trimethyl-
silyDcarbodi-imide can efficiently be recycled.
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In addition, a reaction as described for the synthesis
of compounds [(H,C=CH)R)SiNCN], [3a R = CH,,
3b R=H, 3¢ R =(NCN), ] which makes use of the
cheaper cyanamide is inapplicable for the synthesis of
compounds 6a-6¢ from 7a-7c¢, because the obtained
products have very low solubility in common organic
solvents and therefore are difficult to separate from the
by-product pyridine hydrochloride.

T, T,
B._ .CH _B._ .CH
R CH 3 R’ BCIHC 3
Cl=8i=Cl  + (HyC);Si-N=C=N-Si(CHg); ————= Si-N=C=N
I (HaC)a (CHa)z TS + H +
R R n
R’ = CoH,Si(R)Cl, 4 R’ = [CzHSIR)NCN]
7aR=CH, 6aR =CH,
JoR=H 6bR =H
7eR=C 6 R = (NCN)p 5

The spectra of compounds {B[C,H ,(R)SINCNI,}, [6a
R=CH,, 6b R=H, 6¢c R =(NCN),,] which were
obtained by the reaction of the boranes 7a-7c¢ with
bis(trimethylsilyl)carbodi-imide are similar to these ob-
tained by the reaction of compounds 3a-3¢ with
BH, * S(CH,),.

The IR spectra clearly show vibrations of the differ-
ent groupings: »(C-H) for compounds 6a-6¢ are ob-
served at approx. 2960 and 2880cm™ as medium or
weak absorption peaks, whereas the asymmetric
N=C=N vibrations are reflected in very strong and
broad absorption signals at 2232cm™ (6a), 2236cm’
(6b) and 2168 cm™ (6¢, very broad). Other characteris-
tic group frequencies of compounds 6a-6¢ are 5(CH,)
at approx. 1450cm™ and »(Si-C) at 1260cm™'. In addi-
tion, the IR spectrum of compound
{B[C,H (H)SiNCN],} (6b), shows a very strong ab-
sorption band at 2171 cm’, which is due to the Si-H
stretching vibration. Si-Cl, C=C, B-H or B-N vibrations
are not observed.

Moreover, the molecular structure of compounds 6a-
6c can be assigned by their "C{'H} CP-MAS NMR
spectra where the resonance signals of the methyl,
methylene and methine carbon atoms are obtained in
predicted values. The chemical shifts of the carbodi-im-
ide carbon atoms at 123.0 ppm (6a) 123.5 ppm (6b) and
125.0ppm (6¢) are nearly identical to those of the
polymeric silylcarbodi-imides 3a-3¢ (see Section 2.1).
This indicates that the hydroboration reactions of the
olefinic groupings do not seriously influence the mag-
netic environment of these atoms in the polymeric state.
Likewise, the different silicon-bonded substituents R do
not significantly influence the ''B{'H} CP-MAS NMR
chemical shift of compounds 6a-6¢ at about Oppm rel.
Et,O = BF,. Against this, the *’Si{'H} CP-MAS NMR
resonance signals of the silicon atom of compounds 6a
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Fig. 1. TGA of [(H,C=CHXR)SiNCN], [3aR=CH,,3bR =H, 3¢
R = (NCN), 5]; heating rate 2°Cmin~', argon.

with an SiN,C, environment and 6b with an SiN,HC
environment are observed at -23.0 and -36.2 ppm
whereas the silicon resonance of compound 6c¢ with an
SiN,C environment is observed at & = -55.4.

2.4. Thermogravimetric analysis (TGA) investigations

The general applicability of an organoelement poly-
mer as a pre-ceramic material can be proved by several
analytical and mechanical methods.

First, the thermal conversion of the precursor
molecules into the ceramic material can be monitored
by simultaneous TGA. In this paper TGA was per-
formed in a purified argon atmosphere in a temperature
range of 25-1100°C (heating rate: 2°C min™) for com-
pounds [(H,C=CHXR)SINCN], [3a R=CH,, 3bR =
H, 3¢ R = (NCN), ,; Fig. 1] obtained from the reaction
of (H,C=CH)R)SiCl, (la R=CH,, 1b R=H, 1c
R = CD and (H,C),SiN=C=NSi(CH,), (4) as well as
for compounds {B[C,H,(R)SiNCN],}, [6a R = CH, 6b
R=H, 6¢c R=(NCN),s; Fig. 2] synthesised from
B[C,H,(R)SiCl,], (7]aR=CH,,7bR=H, 7c R = CD)
and (H,C),SiN=C=NSi(CH,), (4).

The thermolysis of 3a-3c (Fig. 1) results in a two

T T T T T
0] e Ny -
~
‘:\
AL
-0 N b 4
% 20| .
& 5l -
....... 6
..... 6 T RE
770 F I 6 o N “
L 1 1 1 It )
200 400 600 800 1000

Tenperaure[°q

Fig. 2. TGA of {B[C,H(R)SiINCN],}, [6a R =CH;, 6b R = H, 6¢
R = (NCN), ;]; heating rate 2°Cmin~', argon.
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step decomposition of these compounds. The ceramic
yields are 3a 73%, 3b 71% and 3¢ 69%. TG-MS studies
indicate that in the temperature range of 150-250°C,
mass losses of 5% (3¢) and 10% (3a, 3b) are observed
which are caused by the elimination of hydrogen and
hydrocarbons. The elimination of nitrogen and dicyan
takes place at temperatures around 450-650°C. Even
though the composition of the pre-ceramic polymers is
different, the mass losses of compounds 3a-3c in this
temperature range are comparable (3a 15%, 3b 13%, 3¢
16%). At temperatures above 900 °C, again the elimina-
tion of nitrogen as well as of dicyan is observed.

While the thermolyses of compounds 3a-3c¢ occur in
two steps, the thermal behaviour of compounds 6a-6c¢ is
characterised by a continuous mass loss over the full
temperature range from 25-1100°C. The ceramic yields
of these polymers are lower (6a 53%, 6b 63%, 6¢ 53%)
than those of the polysilylcarbodi-imides 3a-3c even
though compounds 6a-6¢ are more highly cross-linked.

Due to the absence of reflections in the XRD patterns
of the ceramic materials obtained from the thermolysis
of compounds 3a-3¢ and 6a-6¢ one can suggest that
these ceramics are amorphous up to 1100°C in an argon
atmosphere. Several publications have shown that the
amorphous state is an essential prerequisite to obtaining
ceramic materials that are stable at high temperatures
[1,2,13,16]. The thermal behaviour (crystallisation, de-
composition) at temperatures up to 2300 °C of the amor-
phous ceramics obtained from the thermolysis of 3a-3c
and 6a-6¢ will be published soon [24].

3. Experimental part
3.1. General comments

All reactions were carried out in a purified argon
atmosphere using standard Schlenk techniques. Tetrahy-
drofurane was purified by distillation from
sodium /benzo-phenone ketyl; toluene was purified by
distillation from potassium; pyridine (stored over KOH)
was refluxed with 1wt.% of NaNH, for 1 week and
then distilled. Fourier-infrared spectra were obtained
with a Perkin-Elmer IFS66 spectrometer as KBr pellets
(solids) or as film in NaCl cells (liquids). NMR spectra
were recorded on a Bruker AC250 spectrometer operat-
ing at 250.133MHz (‘H NMR) in the Fourier transform
mode, 62.896 MHz (’C{'"H} NMR), 49.694 MHz
®si('H} NMR) or 80.253MHz (‘''B{'H} NMR).
Chemical shifts are reported in & units (parts per mil-
lion) downfield from tetramethylsilane (8 = 0) with the
solvent as the reference signal): 'H NMR, CD; 6=
7.17; °C NMR, C,D, 6= 127.0; *Si NMR: standard
external rel. tetramethylsilane (6=0), "B NMR: stan-
dard rel. B(OH),. Solid state NMR spectra were ob-
tained on a Bruker CXP 300 spectrometer at a static

magnetic field strength of 7.05T using a 4 mm magic
angle spinning probe head. *’Si and C data were
performed at 59.60MHz and 75.47 MHz respectively,
using the cross-polarization technique with a 'H 90°
pulse length of 4.5 ws, a spin locking field of 55.5kHz
and a contact time of 3 ms. Typical recycle delays were
8s. The sample spinning rates were 6kHz. *’Si and "*C
chemical shifts were determined relative to the external
standards QzM; the trimethylsilyl ester of octameric
silicate, and adamantane. *Si and “C chemical shift
values where then expressed relative to the reference
compound trimethylsilane TMS (0 ppm). The ''B MAS
NMR spectroscopy was carried out at 96.29 MHz. The
samples were spun at speeds of 10 to 12kHz. Single
pulse excitation using a 45° (1.75ws) pulse and a
recycle delay of 3s was employed. All chemical shifts
were determined relative to an aqueous solution of boric
acid, which has a chemical shift of 19.60 ppm relative to
the ''B reference compound BF, *OEt, (0ppm). EI
mass spectra (70eV) were recorded on a MAT 8230
(Finnigan) mass spectrometer at the Anorganisch-Chem-
isches Institut der Universitit Heidelberg operating in
the positive ion mode. TGA was carried out on a
Netzsch STA 409 or STA 410 with coupled MS Balzer
QMG 520 in an argon atmosphere (temperature range
25-1100°C, heating rate 2°C min™'). Microanalyses were
performed by the microanalytical department of the
Max-Planck-Institut fiir Metallforschung in Stuttgart.
The molecular weights M of soluble compounds were
determined by cryoscopic methods in benzene as sol-
vent [25].

3.2. Synthesis of {(H,C=CH)R)SIiNCN], [3a R= CH,,
3b R=H, 3¢ R=(NCN), ] from (H,C=CH)RISiCl,
(IaR=CH,, 1b R=H, Ic R = Cl) and H,N-C=N (2)

At 0°C a solution of 200 mmol (8.4 g) H,N-C=N(2)
and 400 mmol (31.6 g) pyridine in 300 ml of tetrahydro-
furane is dropwise added to (H,C=CHXR)SiCl, (la
200 mmol, 282g; 1b [26] 200 mmol, 254g; lc
133 mmol, 21.6 g) dissolved in 500 ml of tetrahydrofu-
rane. The reaction takes place by the precipitation of
pyridine hydrochloride which clouds the reaction mix-
ture immediately. After the addition of 2 is finished, the
reaction mixture is allowed slowly to warm up to 25 °C.
To complete the procedure, the reaction mixture is
stirred for an additional 3h. The polymer solution is
separated from the precipitate by filtration through 5cm
of Celite. Finally, all volatile components of the filtrate
are removed in vacuum at 70 °C. Compounds
[(H,C=CH)R)SINCN], are obtained as colourless
waxy solids (3a R = CH,, 78%; 3b R = H, 85%) or as
a colourless powder [3¢ R = (NCN),.: max. 15%). The
analytical and spectroscopic data of compound
[(H,C=CHXCH,)SiNCN], (3a) are described else-
where [14,15].
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3.2.1. [(H2C= CH)(H)SI'NCN],, (3b)

Anal. Found: C, 39.4; H, 4.7; N, 27.8. [C,H,N,Si].
([96.12] ) calc.: C, 37.48; H, 4.18; N, 29.13. IR (KBr):
v(=C-H) = 3060 m, 3116 w; 2956 s; » (N=C=N),

v(Si-H) = 2190 vs, vbr; v(C=C)=1596 s; v(=C-H,
in plane) = 1404 s; v(Si-C) = 1254 55 v(=C-H,,, wag-
ging) 1006, & (Si-H) =878 s cm. 'H NMR (C,D,):

§9 4651 (m, 1H, SiH), 5.5-6.1 (m, 3H, CH)
Si{'H} NMR (THF-D,0): 8=-51.0, -49.2, -453.
M=780gmol”; n=8.1. TGA (1100°C, 71% ceramic
yield): 25-300°C, -10%; 300-700°C, -13%; 700-
1100°C, -6%.

3.2.2. [(H,C=CHJSI(NCN), ;] (3¢)

Anal. Found: C, 35.7; H, 3.6; N, 32.1. [C,, ;H,N,Sil,
([115.15] ) calc.: C, 36.5; H, 2.62; N, 36.47. IR (KBr)
v, (N=C=N) = 2205 vs. B! H} CP-MAS NMR: § =
20(SlCH) 121.5 (N=C=N), 131.8 (C=C), 138.4
(C=0). 29sl{ H} CP-MAS NMR: 6=-69.8. TGA
(1100°C, 69% ceramic yield): 25-300°C, -5%; 300-
680°C, -15%; 700-1100°C, -11%.

3.3. Synthesis of [(H,C=CH)(R)SINCN], [3a R = CH},
3b R=H, 3¢ R=(NCN), ;] from (H,C=CH)RJSiCl,
(la R=CH;, Ib R=H, Ic R=Cl) and
(H,C),SiN=C= NSi(CH,), (4)

At 25°C 100 mmol (18.6 g) of
(H,C),SiN=C=NSi(CH;), (4) [14] are added in one
portion to the chlorovinylsilane (H,C=CH)R)SiCl, (1a
100 mmol, 14.1g; 1b 100 mmol, 12.7g; 1le¢ 67 mmol,
10.8 g) under vigorous stirring. After approx. 3-5h an
exothermic reaction starts and the viscosity of the liquid
mixture increases significantly under elimination of
chlorotnmethylsﬂane which can readily be monitored
by ’Si NMR. Two days later, the reaction mixtures of
the polymers are slowly heated up to 70°C to remove
all volatile components (residual chlorotrimethylsilane
and oligomers) in vacuum (10~ mbar). The as-obtained
polysilylcarbodi-imides [(H,C=CH)R)SiNCN], are
colourless waxy solids (3a R= CH,, 87%; 3b R=H,
80%) or a colourless powder [3¢ R = (NCN), 5, 85%].
The analytical and spectroscopic data of compounds
[(H,C=CHXR)SINCN], are identical with those de-
scribed in Section 3.2.

3.4. Synthesis of {BIC,H,(R)SINCN],}, [6a R = CH;,

66 R = H, 6c R = (NCNJy;] from

[(H,C=CH)R)SINCN], [3a R=CH,, 3b R=H, 3¢
= (NCN), ;] and BH, * S(CH,), (5)

At 0°C, a solution of 50 mmol of borane dimethyl-
sulphide (5) in 100 ml toluene is added dropwise to the
appropriate vinyl-substituted polysilylcarbodi-imide
[(H,C=CHXR)SiNCN],(3a 16.5g,3b 14.4¢,3¢c 17.3 g)
in 200 ml of toluene. The reaction mixture, from which

the product precipitates spontaneously, is then allowed
slowly to warm up to 25°C. After stirring for an
additional 2 h at room temperature the solvent as well as
dimethylsulphide are removed in vacuum (10°? mbar).
The residual is dried for 24 h at 70°C /10~ mbar. Com-
pounds 6a-6¢ are obtained in quantitative yields as
colourless powders, which are extremely sensitive to
moisture and oxygen.

34.1. {BIC,H,(CH,)SINCN],} (6a)

Anal. Found: C, 39.8; H, 6.5. [C,H, BN,Si,],
([344.37] ) calc.: C, 41.85; H, 6.15. IR (KBr): v(C-H)
= 2963 m, 2880 w; v, (N=C=N) = 2232 vs; 1636 vs;
y(N=C= N)—1560m 8(CH,) = 1457 m; »(Si-C) =
1260 m; v(B-C)=1051 m; v(Si- C)=788 s cm’!
“C{'H} CP-MAS NMR: =50 (CH,), 10.6 (CH, ),
26.6 (CH), 123.0 (N=C=N). "'B{'H} CP-MAS NMR:
5=-0.1, 8.1. “Si{'H} CP-MAS NMR: §=-230
(C,SiN,), 2.0 (C,SiN). TGA (1100°C, 53% ceramic
yield): 25-1100°C, -47%.

3.4.2. {BIC,H (H)SINCN],}, (6b)

Anal. Found: C, 37.0;, H, 4.8; N, 27.9.
[CyH,sBN(Si, ], ([302.29],) calc.: C, 35.76; H, 5.00; N,
27.79. IR (KBr): v(C-H) = 2961 m, 2873 w:
v, (N=C=N) = 2236 vs, br; »(Si-H)=2171 vs, br;
v(N=C=N) = 1578 m; 6(CH,) = 1457 m; v(Si-C) =
1260 m; V(B-C)= 1090 br; 8(Si-H) = 845 s; »(Si-C)
=756cm™. PC{'"H} CP-MAS NMR: & =3.0 (CH.,),
112 (CH,), 24.1 (CH), 123.5 (N=C=N). ""B{'H}
CP-MAS NMR: 6= -6.5. *Si{'H} CP-MAS NMR: §
=-36.2 (HCSiN,). TGA (1100°C, 63% ceramic yield):
25-1100°C, -37%.

3.4.3. {B[C,H,Si(NCN), 51,1 (6c)

Anal. Found: C, 35.3; H, 5.7. [C,,sH,,BN,Si,],
([359.27],) calc.: C, 35.10; H, 3.37. IR (KBr): »(C-H)
=2962 m, 2877 w; y (N=C=N)=2168 vs, vbr,
8(CH,) = 1488 m; v(Si C)— 1255 m; v(B-C) = 1164
m; V(sl C) =770 vs cm’. “C{'H} CP-MAS NMR:

8=1.7(CH,), 10.7 (CH, ). 125.8 (N=C=N). "' B{'H}
CP-MAS NMR: §=-12.1. ®Si{'H} CP-MAS NMR:
8=-55.4 (CSiN,), -36.2 (SiN,), 2.7 (C,SiN). TGA
(1100°C, 53% ceramic yield): 25-1100°C, *47%.

3.5. Synthesis of BIC, H,(H)SiCl, ] (7b)

At 0°C 137ml (274 mmol) of a 2M BH, *S(CH,),
(5) solution in toluene are added dropwise to 104 g
(820 mmol) (H,C=CH)(H)SiCl, dissolved in 300 ml of
toluene. After the addition of the borane solution has
finished, the reaction mixture is carefully warmed up to
25°C and stirred for an additional 2h. The solvent as
well as dimethylsulphide are evaporated in vacuum
(102 mbar) at room temperature and the residual cloudy
oil is purified by vacuum distillation
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(102°C/107 mbar). B[C,H (H)SiCl,]; (7b) is ob-
tained in 96% vyield as a colourless oil, which is very
sensitive to moisture. Compounds B[C,H ,(CH)SiCl, ],
(7a) and B(C,H,SiCl,); (7c) are synthesised in a simi-
lar manner. Their spectroscopic data are described in
the literature [14,23].

Anal. Found: C, 17.3; H, 3.9; N, 1.0. C(H,;BClSi,
(394.96) calc.: C, 18.25; H, 3.83; N, 0.0. IR (NaCl):
v(C-H) = 2965 m, 2939 m, 2911 w; 2877 m; »(Si-H)
=2207 vs; 8(CH,)=1456 m; »(Si-C)=1285 s;
v, (C-B-C) 1167 vs; 8 (Si-H) = 800 vs; v(Si-Cl) 557 vs
cm”. '"H NMR (C,Dy): 6=0.78-1.10 (m, 7.2 H, CH,),
1.14-1.39 (m, 2.4 H, CH,), 1.57-1.86 (m, 2.4 H, CH),
5.22-5.38 (m, 3 H, SiH). "C{'H} NMR (C,D,): 5 =8.8
(CH,;), 9.0 (CH;), 9.1 (CH;,), 93 (CH,), 12.7
(SiCH,), 13.7 (SiCH,), 14.5 (SiCH,), 14.7 (SiCH,),
15.8 (br, BCH,), 18.3 (br, BCH,), 21.5 (br, BCH,),
27.9 (br, CH), 28.5 (br, CH), 29.0 (br, CH), 31.3 (br,
CH). "B{'H} NMR (THF/D,0): 6=855 (br).
*Si{'H} NMR (THE/D,0): § = —6.5-— 7.9 (SiCH,),
10.3-11.6 (SiCH), 15.0-16.1 (SiCH). M= 400gmol™.
EI-MS [m/e (rel. Int)]: M™ 394 (10), M*-Cl 359
(100), M*-2C1 325 (11), M*-C,H,SiCl, 267 (33),
C,H,SiCl7 127 (18), HSICl; 99 (31), C,H,SiCl™ 92
(14), HSIiCl* 63 (35).

3.6. Synthesis of {BIC,H,(R)SINCNI,}, [6a R = CH;,
6b R=H, 6c R=(NCN), ] from B[C,H(R)SiCl,],
(7a R=CH;, 7 R=H, 7¢c R=Cl) and
(H,C);SiN=C= NSi(CH, ), (4) [14]

Under vigorous stirring 100 mmol (18.6 g) of
(H;0),SiN=C=NSi(CH,), (4) [14] are added in one
portion to compounds 7a-7¢ (7a 33mmol, 14.4¢g; 1b
33 mmol, 13.0 g; 1¢ 22 mmol, 11.0 g) at 25 °C. 30-60 min
later, the reaction mixtures significantly begin to in-
crease their viscosity under elimination of
chlorotrimethylsilane and finally result in hard glass-like
product mixtures. Compounds 6a-6¢ are purified by
heating to 70°C /107 mbar and then by freeze drying at
-178 °C. After repeating this procedure three times 6a-6¢
are obtained as colourless powders in quantitative yields.
The analytical and spectroscopic data of the as-obtained
polymers are identical with those described in Section
34.
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