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Abstract

The formation of the cyclic trisilyloxonium ion is observed by the 2°Si-NMR spectroscopy as a result of hydride transfer reaction
between triethylsilane and Ph;Ct B(Cg¢Fs); in the presence of octamethyl-1,4-dioxatetrasilacyclohexane, ’D,. This ion is
transformed by the reaction with another >D, molecule into the cyclic trisilyloxonium ion at the polymer chain end. The mechanism
of polymerisation of 2D, is discussed in relation with the mechanism of polymerisation of cyclic siloxanes.
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1. Introduction

The mechanism of the cationic ring-opening polymer-
isation (ROP) of cyclosiloxanes has been studied for
many years [1-8], but still some questions are not
definitely answered. One of these unsolved problems is
the role of tertiary cyclic trisilyloxonium ion derived
from monomer as the intermediate in this process.
Formation of tertiary silyloxonium ions generated
from hexamethylcyclotrisiloxane, D3, and octamethyl-
cyclotetrasiloxane, D4, was observed in the NMR
spectroscopy at low temperatures by Olah et al. and
the participation of these ions as active propagation
centres in the cationic ROP of these monomers was
postulated [6]. However, the main objection against this
mechanistic concept is a relatively low rate of polymer-
isation when the initiator able to form persistent tertiary
oxonium ion is used [7]. The results of sequence analysis
in the polymer formed by cationic ROP of a cyclotri-
siloxane with mixed siloxane units were explained by the
mechanism of chain extension with reversible deactiva-
tion, in which the cyclic trisilyloxonium ion is not a
persistent active propagation centre but only a transient
intermediate in each act of monomer addition [8].
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Additional helpful information on the mechanism of
polymerisation of cyclic siloxanes may be deduced from
the studies of other systems involving breaking and
reformation of the siloxane bond. Some time ago we
found that the kinetics of polymerisation of octamethyl-
1,4-dioxatetrasilacyclohexane (permethylated tetrasila-
1,4-dioxane), 2D, initiated with CF3SOsH could be best
understood on the grounds of the analogous mechanism
assuming the formation of cyclic trisilyloxonium inter-
mediate [9—-11]. The most interesting feature of this
polymerisation is that the equilibration of monomer *D,
with its cyclic oligomer homologues, the nine-membered
ring >D; and the 12-membered ring 2Dy, is considerably
faster than the equilibration of the monomer with the
linear polymer [10]. The kinetics of the formation of
these cyclic oligomers and linear polymer indicates that
they are formed via the same intermediate, which most
likely is the cyclic trisilyloxonium ion. These kinetic
features of the polymerisation of *D, make this mono-
mer an interesting model for deeper studies on the cyclic
trisilyloxonium ion question. Polymerisation of °D,
initiated by CF3SOsH occurs purely by opening of the
siloxane bond and shows very close similarity to the
cationic ROP of D,. Being analogue of cyclic ether, 2D,
may form more stable silyloxonium ion compared to
permethylcyclooligosiloxanes which are analogues of
cyclic acetals.
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The proposed mechanism of the cationic ROP of D,
is based on the kinetic results. Since kinetic studies give
only indirect information about the mechanism of such
a complex reaction, the goal of this work is to provide a
direct evidence of the assumed intermediates by spectro-
scopic methods. Therefore, we performed NMR studies
of the system involving such an initiator which could
produce the persistent trisilyloxonium ions derived from
D,.

Since the ability of the formation of the silyloxonium
ion is related to the ability of siloxane oxygen to bind a
cationic species we also performed theoretical studies to
compare the basicity of this monomer with the basicities
of D3 and Dy.

2. Results and discussions

The cationic ROP of permethyl-1,4-dioxatetrasilacy-
clohexane, “D,, shows close similarity to the cationic
ROP of permethylcyclotetrasiloxane, D4, which is the
most common monomer for ROP of siloxanes. Rings of
both these monomers are almost strainless [13,14] and
their ability to form polymer results from unusual
flexibility of their chains leading to positive entropy of
the ring-chain transformation [11,12]. Although the
ROP of °D, initiated by CF;SO;H is faster than that
of Dy, rates and activation parameters of these reactions
exhibit similar dependences on the initial water concen-
tration in the polymerisation system [9]. The higher
reactivity of 2D, could be well explained by a higher
basicity of this monomer and consequently easier
formation of the tertiary silyloxonium ion intermediate.
We verified the assumption of higher basicity of *D, by
quantum mechanical ab initio calculations of proton
affinity and basicity of hydrogen substituted analogues
of D, and D,. Some other hydrogen substituted
oligosiloxanes were also subjects of these calculations
for comparison. The results, which fully confirm our
assumption, are presented in Table 1.

Table 1

Calculated proton affinity, i.e., negative enthalpy (PA), and basicity,
i.e., negative Gibbs free energy (AG) of the protonation reaction, both
in the gas phase

Siloxane B3LYP/6-311+G(2d,p)//B3LYP/6-31G*
PA/kcal mol ™! AG/kcal mol !

H;SiOSiH; 182.3 174.2

(H,Si0), 189.0 182.6

(H,Si0); 182.4 178.3

(H,SiO), 185.7 177.6
(H,SiH,Si0), 190.6 183.6

(D3

The proton affinity and the basicity of D, are
significantly higher than those for all other siloxanes,
including very reactive cyclotrisiloxane. Although the
calculation results concern isolated molecules in vacuum
or in the gas phase, it is reasonable to assume that the
interactions of siloxanes having similar structures with a
solvent should not affect much the basicity order, at
least in weakly interacting solvents [15].

The reason for a higher basicity of D, compared to
Dy is a different orbital interaction pattern involving the
lone electron pair of oxygen, due to the difference in the
structures of their ring skeletons. Contribution from
hyperconjugation effect n(O) — o*(Si0O) in polysiloxanes
significantly reduces the electron density on oxygen.
This effect is less important in the case of polyoxymul-
tisilylenes [14], because the n(O) — o*(SiSi) interaction is
much weaker. Thus, ?D, is expected to be more basic
and to form the cyclic trisilyloxonium ion in cationic
polymerisation systems easier than D,. Therefore, direct
observation of these cations derived from 2D, should be
possible in a system similar to that in which the
corresponding cations derived from D, and D3 were
observed.

The reaction between a triphenylmethylium (trityl)
salt and a hydrosilane leads to the hydride transfer from
the silane to the carbenium ion. If a fully ionized trityl
salt is used, the rate of the reaction in dichloromethane
solution is independent of the structure of counter-ion,
which means that at least a transient formation of a
complex of tricoordinate silicon cation with solvent
occurs [16]. Lambert et al. [17] showed that if a stable
counter-ion of very low nucleophilicity is used, the
complex of silylenium ion with solvent is a persistent
species. Tetrakis(pentafluorophenyl)borate was success-
fully explored for this purpose [18] and this system was
later used by Olah et al. [6] for generation of trisilylox-
onium ions derived from D, and D; which were
observed by the NMR spectroscopy at very low
temperatures (—70 °C). Following this concept and
performing the hydride transfer from a hydrosilane to
the trityl ion in the presence of 2D, should lead to the
immediate formation of cyclic trisilyloxonium ion de-
rived from °D5 according to Eq. (2) and Eq. (3).

Ph,CCl + KB(C(Fs), — Ph,C* B(CF,); (1)
Ph,C* B(C,F); + HSiEt,— Ph,CH
+ [Et;Si"B(C¢Fy), ] (2)
it \/S/i—\s/i
[ELSi BCeFs)] + d 0 —» EnS0® O BCeFs)
o/ N
Si—S1 Si—Si1
/N / N\ /N / N\

Et:Si"-?Dy  B(CeFs)s

(3)
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The best tool to observe trisilyloxonium ions is 2°Si-
NMR [6]. The Eq. (2) was performed in the presence of
’D, in dichloromethane solution at —45 °C, which was
almost the monomer solubility limit. The *’Si-NMR
spectrum, taken shortly after the reaction mixture was
prepared, is shown in Fig. 1A. Then the temperature
was raised and the spectra at —30 °C (Fig. 1B) and at
0 °C (Fig. 1C) were registered. In the presence of D5 the
formation of the trisilyloxonium ion should immediately
follow the hydride transfer. The rate of the generation of
this ion is, however, limited by the rate of hydride
transfer which at —45 °C occurs relatively slowly.

Assignment of the signals on the spectra was not
straightforward. Chemical shifts for the trisilyloxonium
ion formed by Eq. (3) may be predicted on the basis of
theoretical calculations. We applied two methods of
NMR calculations: GIAO [19] and IGLO [20]. The
obtained values of the 2’Si isotropic chemical shifts for
the trisilyloxonium ion produced in reaction 3 and for
Et;SiH and °D, are listed in Table 2.

One should be aware of the limitation of the
theoretical methods for evaluation of NMR parameters.
Results of NMR calculations are very sensitive to

Table 2
Experimental and calculated 2°Si-NMR chemical shifts in ppm relative
to TMS for model compounds

GIAO IGLO Exp.
Et;SiH (A)  —10.6
Et;SiH (B) 0.2 —04 0.2 [21]
D, 1.7 73 3.9 [10]
50.0(1c), 51.1(1b)  70.5(1c), 67.6(1b)  56.4(1c)*
’D,-SiEt§")  53.4(1b), 6.4(1a)  63.4(1b), 17.1(1a)  48.8(1b)*
7.4(1a) 17.8(1a) 9.6(1a)

For assignment of signals in Et;Si* —?D, see Fig. 1.
* At —45°C.

geometry. For example, two stable conformations found
for Et3SiH (Fig. 2), differing in energy by ca. 2.5 kcal
mol !, show ?’Si-NMR chemical shifts different by
more than 10 ppm (Table 2). Chemical shift calculations
are usually carried out for the structures of the lowest
energy. The real chemical shift in solution, however,
reflects averaging between rapidly inter-converted con-
formations. It is also affected by the interactions of the
solute with a medium, which can be particularly strong

b 1a 2b 2a 2p,
e 27Si 2e 22 P
2b Et;Si— O\@ /O Et;SiOSiSiOSiSi— O\@ /O
Si—Si Si-Si
2a
2c
2e+cyclics
C 2d
°c Et;SiCl i
Lu.u e A A L_A_J.
2b1b '
2¢
B :
-30°C 1c J L
A -
-45°C le : 2d
60 50 40 30 20 10 0

ppm

Fig. 1. Si-NMR spectra of the reaction system of Et;Si* B(CgFs)s~ with 2D, taken at (A) —45 °C; (B) —30 °C and (C) 0 °C.
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A

B

Fig. 2. B3LYP/6-31G* optimised geometries of Et;SiH. Given are Si—H, Si—C bond distances in A and CSiC bond angle in (°). Conformation A is

by 2.5 keal mol~! more stable than conformation B.

for ionic species. Theoretical estimation of these effects
is very difficult and time consuming. Despite these
limitations, theoretical NMR calculations have been
often used to support the NMR assignment in the case
of short-living, reactive intermediates. For example,
they helped to identify silyloxonium ions formed from
cyclosiloxanes in 2’Si-NMR spectra [6].

Unfortunately, because of the large size and complex
structure of the silyloxonium ion Et;Si™ —*D,, we were
not able to perform full conformational analysis. Such
analysis was made for Et3SiH and for the hydrogen-
substituted analogue of the monomer, *D}. The opti-
mised structure of the latter served as the starting point
to find the lowest energy structure of its methylated
analogue, “D,. The ring of D, has a twisted geometry,
very similar to that found for *D}. The starting
geometry of Et;SiT—?D, was constructed by substitut-
ing the optimised structure of *D, to the optimised
structure of Et3SiH in place of hydrogen atom directly
bound to silicon. Further optimisation was performed
on so constructed structure of silyloxonium ion. Opti-
mised conformation of trisilyloxonium ion Et;Sit—2D,
is shown in Fig. 3. The calculated *’Si chemical shifts are
shown in Table 2. Since calculations were performed for
fixed geometry, all silicon atoms in the molecule have
different chemical shieldings. As already mentioned, the
calculations were made for isolated structures, while
oxonium ions in solution are strongly solvated, which
affects their conformations and the magnetic environ-

ment. There are also differences between the results of
the two computational methods, due to different
approximations assumed.

Nevertheless, the observed positions of signals on the
spectra of the reaction mixture correspond reasonably
well to those obtained from theoretical calculations.
Four peaks appear in the region about 50 ppm predicted
for the resonance of the trisilyloxonium species. This is
reasonable to assume that those which tend to disappear
on rising the temperature belong to the Et;Si™—2D,
species and the two others, which increase with tem-
perature correspond to the product of its reaction with
monomer, according to Eq. (4). Thus, the signal at the
lowest field, at 56.3 ppm, is assigned to exocyclic ethyl-
substituted silicon in Et;Si*—?D,, while the stronger
peak at 48.9 ppm is assigned to the endocyclic silicon
atoms in the oxonium centre. Two other signals at 49.2
and 50.0 ppm (—45 °C) represent silicon atoms at the
oxonium centre in the chain end in the product of Eq.
(4). After rising the temperature to —30 °C all these four
signals are preserved, although the proportions change.
The signals attributed to the product of Eq. (4) become
relatively stronger. Two other endocyclic silicon atoms
neighbouring to the oxonium silicons show resonance at
9.6 and 8.8 ppm for Et;Sit—’D, and ~ SiSi*—°D,
species respectively. At 0 °C, signals of the primary
Et;Si ™ —°D, species almost disappeared, while these
corresponding to trisilyloxonium ion-ended chain re-
main.
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2D2

°D,-SiEt,’

Fig. 3. B3LYP/6-31G* optimised structures of octamethyl-1,4-dioxatetrasilacyclohexane, ’D,, and trisiloxonium ion Et;Si* —>D,. Bond distances

are in A and bond angles are in (°).

It is worth mentioning that the chemical shifts of the
trisilyloxonium ions are temperature sensitive. With the
temperature increase from —45 to 0°C they move
downfield about 1 ppm. This may be due to a change
in solvation and in conformational equilibrium of these
species.

it Y
/ \ - / \ N N 4 \ R
EsSio® 0 B(C¢Fs)y + 0 /0——>Etgsxolsl§lo§llslo\(+) 0 B(CFs)s
Si—Si Si—Si i—Si
/N /\ /N 7/ \ /N 7/

N/ \/

3. Experimental part

3.1. Monomer

Octamethyl-1,4-dioxatetrasilacyclohexane (*D,) was
synthesised by hydrolytic condensation of 1,2-dichloro-

(4)

~SiSi*-’D; B(C4Fs)s"

Thus, the spectra show that the original trisilylox-
onium ion formed by Eq. (2) is transformed by Eq. (4)
into the cyclic trisilyloxonium ion at the polymer chain
end. This ion is therefore likely to be the active
propagation centre, or one of the possible propagation
centres, in the cationic ROP of ?D,.

It may be concluded that ’D,, due to its higher
basicity and nucleophilicity, forms much more stable
oxonium ion than permethylcyclosiloxanes. Thus, it is a
good model for the study of the role of cyclic trisilylox-
onium ions in the cationic polymerisation of cyclic
siloxanes.

tetramethyldisilane [22]. It was purified by recrystallisa-
tion from ethanol and sublimation.

3.2. Solvents

Dichloromethane (Fluka) was shaken with conc.
H,SO,4, then washed with water and Na,COs;, dried
with CaCl, and distilled from CaH,. It was stored in
dark in a glass ampoule with Rotaflo stopcock over
CaH,. n-Hexane was distilled from CaH,. Dichloro-
methane-2D (Dr Glaser AG) was stored over calcium
hydride and distilled from it in vacuum line before use.



378 M. Cypryk et al. | Journal of Organometallic Chemistry 686 (2003) 373-378

3.3. Reagents

Triphenylmethylium chloride (Aldrich, 98%) was
crystallised from dry hexane. Potassium tetrakis(penta-
fluorophenyl)borate, K+ B(C¢Fs), , was obtained from
Drs D. Cardinaud and C. Priou (Rhodia Silicones). It
was dried by keeping at 60 °C under high vacuum for 24
h.

Triphenylmethylium tetrakis(pentafluorophenyl)bo-
rate, Ph;C"B(C¢Fs); , was prepared from triphenyl-
methyl chloride and K B(C4Fs); according to [23].

Et;SiH (Fluka, pure grade, >97%) was dried over
CaH,, distilled under vacuum to an ampoule with
Rotaflo stopcock and stored under argon.

3.4. NMR studies

Trityl salt (80 mg, 0.083 mmol) and 0.5 mmol of D,
was dissolved in 0.5 ml of CD,Cl, in a 5 mm NMR tube
sealed with rubber septum. The tube was cooled to —
70 °C under the flow of argon and 0.035 mmol of
triethylsilane was added with a microsyringe to start the
reaction. The ??Si-NMR spectra were made at the lowest
possible temperature, —45 °C. Below this temperature
the sample solidified. NMR spectra were recorded with
Bruker DRX 500 spectrometer using INEPT technique
assuming %)y of 7.5 Hz.

3.5. Theoretical methods

Geometries of model compounds (DY, 2DI-H),
’D,, ’D,-SiEt{"), Et;SiH) were calculated at the
B3LYP/6-31G* level. Stationary points were confirmed
by vibrational analysis. Final electronic energies were
calculated at B3LYP/6-311+G(2d,p). Vibrational en-
ergies at 298 K were scaled by 0.98. Calculations were
performed for the gas phase conditions, using the
GAUSSIAN 98 package [24].

NMR calculations were performed for B3LYP/6-
31G* geometries with two methods: GIAO-HF/6-
311+ G(2d,p) [19] and IGLO 1II [20]. IGLO II was
applied using the A2 auxiliary basis set and PW9l
functional, as implemented in DEMON ver. 1.0 program
[25].

Acknowledgements

The work was supported by the State Committee for
Scientific Research (KBN), Grant No PBZ-KBN/01/
CD/2000. Authors are grateful to Drs D. Cardinaud and
C. Priou from Rhodia Silicones for a kind gift of
K *B(CgFs)s .

References

[1] J. Chojnowski, L. Wilczek, Makromol. Chem. 180 (1979) 117.

[2] G. Sauvet, J.J. Lebrun, P. Sigwalt, in: E. Goetals (Ed.), Cationic
Polymerisation and Related Processes, Academic Press, London,
1984, p. 237.

[3] J. Chojnowski, S. Rubinsztajn, L. Wilczek, Actual. Chim. 3 (1986)
56.

[4] P. Sigwalt, Polym. J. 19 (1987) 567.

[5] P. Nicol, M. Masure, P. Sigwalt, Macromol. Chem. Phys. 195
(1994) 2327.

[6] G.A. Olah, X.-Y. Li, Q. Wang, G. Rasul, G.K.S. Prakash, J. Am.
Chem. Soc. 117 (1995) 8962.

[71 G. Toskas, M. Moreau, M. Masure, P. Sigwalt, Macromolecules
34 (2001) 4730.

[8] J. Chojnowski, M. Cypryk, K. Kazmierski, Macromolecules 35
(2002) 9904.

[9] J. Kurjata, J. Chojnowski, Makromol. Chem. 194 (1993) 3271.

[10] J. Chojnowski, J. Kurjata, Macromolecules 27 (1994) 2302.

[11] J. Chojnowski, M. Cypryk, J. Kurjata, Prog. Polym. Sci. 28
(2003) 691.

[12] J. Chojnowski, M. Cypryk, in: R.G. Jones, W. Ando, J.
Chojnowski (Eds.), Silicon-Containing Polymers (Chapter 1),
Kluwer Academic Press, Dordrecht, 2000, p. 3 (Chapter 1).

[13] T. Takano, N. Kasai, M. Kakudo, Bull. Chem. Soc. Jpn. 36
(1963) 585.

[14] M. Cypryk, Macromol. Theory Simul. 10 (2001) 158.

[15] M. Cypryk, Y. Apeloig, Organometallics 16 (1997) 5938.

[16] J. Chojnowski, W. Fortuniak, W. Stanczyk, J. Am. Chem. Soc.
109 (1987) 7776.

[17] J.B. Lambert, S. Zhang, C.L. Stern, J.C. Huffman, Science 260
(1993) 1917.

[18] J.B. Lambert, S. Zhang, S.M. Ciro, Organometallics 13 (1994)
2430.

[19] K. Wolinski, J.F. Hilton, P. Pulay, J. Am. Chem. Soc. 112 (1990)
8251.

[20] W. Kutzelnigg, U. Fleischer, M. Schindler (Eds.), NMR —Basic
Principles and Progress, vol. 23, Springer—Verlag, Heidelberg,
1990, p. 165.

[21] H. Marsmann, 2*Si-NMR spectroscopic results, in: P. Diehl, E.
Fluck, R. Kosfeld (Eds.), NMR —Basic Principles and Progress,
vol. 17, Springer—Verlag, Berlin, 1981, p. 66.

[22] M. Kumada, M. Yamaguchi, Y. Yamamoto, I. Makajima, K.
Shina, J. Org. Chem. 21 (1956) 1264.

[23] J.C.W. Chien, W.-M. Tsai, M.D. Rausch, J. Am. Chem. Soc. 113
(1991) 8570.

[24] M.J. Frisch, G.W. Trucks, H.B. Schlegel, G.E. Scuseria, M.A.
Robb, J.R. Cheeseman, V.G. Zakrzewski, J.A. Montgomery, Jr.,
R.E. Stratmann, J.C. Burant, S. Dapprich, J.M. Millam, A.D.
Daniels, K.N. Kudin, M.C. Strain, O. Farkas, J. Tomasi, V.
Barone, M. Cossi, R. Cammi, B. Mennucci, C. Pomelli, C.
Adamo, S. Clifford, J. Ochterski, G.A. Petersson, P.Y. Ayala, Q.
Cui, K. Morokuma, N. Rega, P. Salvador, J.J. Dannenberg, D.K.
Malick, A.D. Rabuck, K. Raghavachari, J.B. Foresman, J.
Cioslowski, J.V. Ortiz, A.G. Baboul, B.B. Stefanov, G. Liu, A.
Liashenko, P. Piskorz, I. Komaromi, R. Gomperts, R.L. Martin,
D.J. Fox, T. Keith, M.A. Al-Laham, C.Y. Peng, A. Nanayak-
kara, M. Challacombe, P.M.W. Gill, B. Johnson, W. Chen, M.W.
Wong, J.L. Andres, C. Gonzalez, M. Head-Gordon, E.S.
Replogle, and J.A. Pople, Gaussian 98, Revision A.11.2, Gaus-
sian, Inc., Pittsburgh PA, 2001.

[25] V.G. Malkin, O.L. Malkina, D.R. Salahub, J. Am. Chem. Soc.
116 (1994) 5898.



	Tertiary trisilyloxonium ion in cationic ring-opening polymerisation of a model cyclic siloxane, octamethyl-1,4-dioxatetrasilac
	Introduction
	Results and discussions
	Experimental part
	Monomer
	Solvents
	Reagents
	NMR studies
	Theoretical methods

	Acknowledgements
	References


