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Ring-Opening Polymerization of a Model Cyclotrisiloxane with Mixed
Siloxane Units?!
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ABSTRACT: Sequencing of siloxane units was studied in the copolymer chain formed by anionic
polymerization of 2,2,4,4-tetramethyl-6,6-diphenylcyclotrisiloxane. The study involved three polymerization
systems: lithium silanolate in THF, potassium silanolate complexed with 18-crown-6 in toluene, and
tetramethylammonium silanolate in toluene. The sequencing proved to be a very good diagnostic tool for
the studies of polymerization chemoselectivity. In all the three mentioned systems the chemoselectivity
was high. In particular, processes leading to chain cleavage, such as backbiting and chain fragment
interchange, occurred at a much lower rate than propagation, which allowed for quantitative studies of
regioselectivity in polymerization. The pentad analysis, performed using the first-order Markov statistics,
completed by the determination of the unit sequence at chain extremities, permitted the determination
of the contributions from the monomer ring openings at three nonequivalent sites. The regioselectivity
is poor as the ring is opened in each of these three places with a significant probability. The results
provide important information on the mechanism of the chain propagation. They point to the role of the
counterion assistance to the monomer ring opening. The generation of a more stable silanolate propagation
center may also be important for choosing the site of the ring-opening. Ab initio calculations suggest the
direct interaction of the phenyl group with the metal cation.

Introduction

Controlled synthesis of siloxane—siloxane copolymers
has attracted considerable attention, as the mixing of
two or more types of siloxane units in a polymer chain
is often necessary to obtain a material with the required
properties.2~* However, the generation of these copoly-
mers of well-defined structure may be a difficult task.

There are three general routes to siloxane—siloxane
copolymers based on the ring-opening polymerization.
The equilibrium copolymerization, often referred to as
coequilibration, is the most commonly used route.r™”
This process produces copolymers with a random® or
nearly random? distribution of siloxane units, obeying
Bernoulli statistics. The copolymerization leads to a
considerable amount of cyclic oligomers, particularly, if
substituents at silicon are bulky or polar,8® or if the
process is carried out in solution. Although the molec-
ular weight may be controlled using a chain stopper,
the polydispersity is large, Mw/M;, = 2. The process does
not give any possibility for selective functionalization
of one chain end, either.

The Kinetically controlled, quenched copolymerization
of two comonomers has been exploited.1=410-13 This
process is difficult to control, as a usually large differ-
ence in the reactivity of comonomers leads to a kinetic
preference of one monomer over the other in addition
to the growing polymer chain.®1.13 A block or gradient
copolymer structure is usually obtained.

The siloxane—siloxane copolymers are also generated
in the homopolymerization of cyclic siloxanes having at
least two types of siloxane units. This method is
particularly attractive when cyclotrisiloxanes are used
as monomers. The anionic polymerization of these
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cyclics, quenched at a suitable moment, may lead to a
high yield of copolymers with a narrow molecular weight
redistribution.®14-21 The copolymers have a uniform
composition of siloxane units which also are uniformly
spread along the copolymer chain. In addition, the
copolymers selectively functionalized at one chain end
may be obtained by using a functional initiator or a
functional terminator.

Although the polymerization of cyclotrisiloxanes with
mixed units has been exploited in the synthesis of
various siloxane copolymers,214=21 there is little data
on the microstructures of copolymer chains formed by
this reaction. It was suggested in some earlier re-
portsl®17 that the polymerization led to copolymers of
regular alternating structures, which implied that the
monomer was always opened at the same site during
propagation of the polymer chain. Our experience shows
that this must have been a rather rare case.!%1520

The purpose of this work is to study the polymeriza-
tion of a model cyclotrisiloxane with two different units,
initiated by some typical initiators of anionic polymer-
ization, to check to what extent the copolymer sequenc-
ing may be controlled in this polymerization system.
Studies of the sequencing of siloxane units give infor-
mation about chemoselectivity and regioselectivity of the
polymerization, thus providing valuable knowledge on
the mechanism of this reaction.

Results and Discussion

Model. The model monomer was 2,2,4,4-tetramethyl-
6,6-diphenylcyclotrisiloxane, 1. The monomer is a crys-
talline compound relatively easy to synthesize and
purify.1? Phenyl substituents are electron-withdrawing
by an inductive effect, showing the value of the Taft
parameter Yo* = 1.2, compared to Y o* = 0 for methyl
substituents. Thus, the presence of two phenyl groups
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was expected to significantly differentiate the electro-
philicities of the silicon centers in 1. Using a monomer
symmetrically substituted at silicon avoided complica-
tions related to stereochemistry. Sequences of the
diphenylsiloxane and dimethylsiloxane units, denoted
by X and D, respectively, were studied by 2°Si NMR
spectroscopy using a technique ensuring quantitative
integration. The copolymer of diphenylsiloxane and
dimethylsiloxane has already been the subject of earlier
29Si NMR studies.?22 Peaks of pentads were found to
be well-resolved and the assignment of these peaks was
performed giving access to study of the sequencing of
siloxane units in this copolymer.

Three initiating systems of the anionic polymerization
were used in this study, that is, a lithium silanolate in
THF, a potassium silanolate with 18-crown-6, and a
tetramethylammonium silanolate. All of them are known
to promote the selective polymerization of hexamethyl-
cyclotrisiloxane.2*> Thus, we hoped that the polymeri-
zation of monomer 1 could be chemoselectively per-
formed, avoiding side processes of chain cleavage, such
as backbiting and chain fragment interchange which are
known to occur in equilibration of polysiloxanes.
Chemoselectivity was required to make a deeper quan-
titative analysis of the sequencing of siloxane units,
providing information about the regioselectivity of poly-
merization.

Chemoselectivity of Polymerization. Studies on
the sequencing of siloxane units in the polymer, based
on precision 2°Si NMR investigation, may provide a
diagnostic tool for the chemoselectivity of polymeriza-
tion. In the chemoselective process, the sequencing is
exclusively controlled by the way in which the monomer
ring is opened and added to the growing polymer. There
are three nonequivalent sites of the ring opening,
marked in Scheme 1 by a, b, and ¢, which leads to three
arrangements of siloxane units in the open monomer
segment added to the polymer chain (Scheme 1).

In any case, the cyclic trimer enters the open polymer
chain undivided. Thus, even if the addition occurred
completely at random, with an equal probability for all
three modes of the ring opening and independently of
the structure of the chain end, the sequencing of the
siloxane units in the copolymer would be much more
specific than that in the copolymer obtained by the
equilibrium polymerization of monomer 1. The sche-
matic representations of the 2°Si NMR spectra of the
copolymers, generated on those two routes, are com-
pared in Figure 1. These spectra were calculated for the
Ph,SiO resonance region on the basis of the assignment
of peaks determined earlier.?? The spectrum of the
copolymer formed by equilibration contains 10 signals
representing the 16 Ph,SiO-centered pentads. Six out
of these 10 signals do not appear on the spectrum of
the copolymer obtained by quenched chemoselective
polymerization of 1 with the random monomer addition.
Thus, the absence of these signals is the criterion of the
chemoselectivity of the process.
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Figure 1. Schematic representation of 2°Si NMR spectra of
dimethylsiloxane-co-diphenylsiloxane in the range of the
Ph,SiO resonance region. D and X denote the Me,SiO and
Ph,SiO units, respectively: (A) copolymer obtained by the
equilibrium polymerization of monomer 1, assuming that full
randomization of the distribution of siloxane units occurred,;
(B) copolymer obtained by quenched anionic chemoselective
polymerization of 1, assuming that random ring opening
occurred in the polymerization.
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Figure 2. 2Si{*H} NMR spectrum of poly[Me,SiO-co-Ph,SiO]
obtained by chemoselective-quenched polymerization of mono-
mer 1 initiated by BuMe,SiOLi in THF.

The 2°Si NMR spectrum of the copolymer obtained by
guenched polymerization of 1 in THF, initiated with
BuMe,SiOLi, is shown in Figure 2. The signals of the
forbidden pentads are absent, although the spectrum
was taken at a high monomer conversion. The signal
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Table 1. Chemoselectivity of the Anionic Polymerization of Monomer 1 and Pentad Composition in the Copolymer?

contribution from allowed pentads (in % of total allowed pentads)
values computed by Monte Carlo method are given in parantheses®

percent of X X D X D X D D X X D
allowed D D X X X X X D D D D
pentad for D D D D D D D X X X X
polymerization system propagation chemoselective D D D D D D X D D D X
center/solvent/temp. process D X D D X X D D D X D
~Me,SiOLI/THF/50 °C 100 20 75 167 O 322 0 83 171 150 12 O
(1 9) (7 2) (16 0) (0 4) (32 4) (0 2) (8 6) (16 5) (15.5) (0 8) (0 5)
~Me,SiOK +18-crown-6, 1:1/toluene/50 °C 99 7.8

(6 1) (3 9) (10 8) (3 1) (35 8) (2 5) (4 4) (19 5) (7.6) (o 6) (5 6)
~Me;SiONMeg/toluene/30 °C 99 81 52 144 48 249 42 515 145 985 24 65
(8.6) (5.1) (14.7) (4.1) (24.6) (3.4) (6.2) (14.8) (9.7) (1.3) (7.5)

a Polymerization was quenched at 60—90% of monomer conversion. Molecular weight of copolymer M, was about 2 x 104 g mol~1. ® For
details see Experimental Section.
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Figure 3. Schematic representation of 2°Si NMR spectra of poly[MeZSiO—co—Ph28|O] obtalned by the quenched polymerization of
monomer 1 initiated by a potassium silanolate —18-crown-6 complex in THF. Sequences allowed and forbidden for the regioselective
polymerization are marked by “a” and “f”, respectively: (A) resolution at triad level; (B) resolution at pentad level.

pattern does not change with conversion up to at least structure of the counterion which makes the multicenter
90%. The process is highly selective. The absence of interaction with polysiloxane impossible. Tetramethyl-
signals for the forbidden pentads provides evidence that ammonium cation is an example of such an ion.

links between diorganosiloxane units in the copolymer
chain are preserved during polymerization. Thus, back-
biting and chain scrambling occur at a much lower rate
than propagation. The sequencing of siloxane units in
the polymer chain is not affected by the cleavage of the
terminal diorganosiloxane unit either.

The chemoselectivity is high for all three systems of
the anionic polymerization of 1 studied here. The
comparison is made in Table 1 in terms of the percent-
age of the allowed pentads. Polymerization on potassium
silanolate without any promoter occurs with a some-

Regioselectivity of Polymerization. Because the
electrophilic character of silicon centers in monomer 1
is differentiated by the inductive effect of phenyl sub-
stituents, one could expect a high regioselectivity of
polymerization. If the monomer was opened exclusively
in one of the three nonequivalent places, then the
process would occur fully regioselectively, producing a
copolymer with a perfectly regular arrangement of units
with phenyl substituents at every third silicon atom.
The impression that the structure of the copolymer is

what lower selectivity, 94%, which is in agreement with close to regular may, sometimes, arise from the shape
the previous results,® where significant amounts of cyclic of a low-resolution 2°Si NMR spectrum of the copolymer,
oligomers were observed in a similar polymerization where only triads are resolved (see Figure 3A). The
system. This lower selectivity corroborates the concept signals of the triads characteristic for a regular struc-
of multicentered interaction of the potassium cation ture may overwhelm those forbidden for this structure.
with polysiloxane, promoting backbiting and chain However, in a high-resolution spectrum, the signals of
randomization.2324 In a chemoselective polymerization the triads are split into signals of pentads, some of
system this interaction is reduced either by a competi- which are forbidden. An example is schematically shown
tive interaction of the counterion with a stronger in Figure 3B. It may be deduced from the inspection of

nucleophile, that is, promoter or solvent, or by the the high-resolution spectra of the copolymers that, for
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Table 2. Dependencies of Triad Contents on Probabilities of Ring Opening at a, b, and c Based on the Bernoulli
Statistics

percent contribution

dominating addition

from triads a b c

[DDD] 100/3 (2Py + Pc) 100/3 (2P + Pe) 100/3 (2P + Py)

[XDD] + [DDX] 200/3 P, 200/3 Py 200/3 P

[XDX] 100/3 P, 100/3 P, 100/3 (P4 + Py)

[XXX] 0 0 0

[DXX] + [XXD] 200/3 Py, 200/3 P, 0

[DXD] 100/3 (Pa — Pp+ Py) 100/3 (Py — Pa+ Py) 100/3 (P4 + Py + Pg)
all the polymerization systems studied here, the regio- 0.60
selectivity is rather poor and the monomer ring is 0.55 oo g ame moo a0 0
opened at various sites. > 0.50 - & e ® %, @;ﬁ;w

Determination of the relative rates of monomer 1 ring £ ooy e
opening at a, b, and c in the chain propagation requires g 0451 B
precise data on the sequence composition and tedious §> 0.40 5 ¥ em vo, &
calculations based on statistical methods, completed by = | ca ™ ° = .
some additional experiments. o 9% B
Statistical Methods of Determination of the 2 030 @w”ﬁ“ o O

Siloxane Unit Sequencing. In the most simple ap- = 0.25 1 T g‘m"mm@ S omo moes an .
proach, an addition of a monomer, independent of the 20 aebt At s socublin W Sasts pos
active propagation center, was assumed. Further sim- 0.20 1
plification was accepted that the chain was almost 015 A ‘ ‘ ‘
regular; that is, one way of the ring opening was 0.000450  0.000455 0.000460  0.000465  0.000470

strongly preferred and its probability Pmain &~ 1, where
the main opening might have been at a site a, b, or c.
The remaining two additions occur with probabilities
Ppert low enough to be regarded as isolated perturbations
along a chain, that is, Ppert << Pmain, and the conditional
probability Pmainpert = 1. The above assumptions lead
to simple equations for the triad distribution in a chain,
as shown in Table 2. From these equations, it is clear
that the presence of the XXD triad implies the main
opening at a or b, while the lack of this triad implies
the main opening at c. However, the equation sets are
symmetrical with respect to P, and Py; hence, two or
more equivalent solutions exist for each triad distribu-
tion. Thus, the simplified Bernoulli model cannot pro-
vide any univocal information on the site of the mono-
mer ring opening. The numerical solution of equations
given in Table 2 with respect to P,, Py, and P, using
experimental triad distributions showed that neither in
the polymerization system in question is the condition
Pmain ~ 1 fulfilled (Table 4). Therefore, this simple
approach may be used when the regioselectivity is
relatively high.

A more rigorous analysis was made on the basis of
Markov statistics. According to the first-order Mark-
ovian chain, the way of the monomer opening depends
only on the ultimate monomer unit in the polymer chain
(Schemes 1 and 5). An additional simplification has been
made that only the last siloxane group (X or D) affects
the probability of monomer addition. Thus, the condi-
tional probabilities of monomer addition to the ~XDD
and ~DXD chain ends are the same. On the basis of
these assumptions, sets of equations (Scheme 6) were
derived for triad and pentad distributions. To analyze
the pentad distribution, two subsequent additions of
monomer were considered (Scheme 5).

The equations were solved with respect to the condi-
tional probabilities of ring opening by a numerical
minimization of the sum of squared deviations of
calculated triad or pentad fractions from the corre-
sponding experimental values (see Experimental Sec-
tion). The fractions of monomer openings, Pa, Py, and
P¢, were calculated from the conditional probabilities.
An analysis of the triads did not provide any sufficient

Sum of square deviations f(p)

Figure 4. Dependence of fractions of ring opening, Pa, Py, and
P., on the sum of squares deviation f(p), obtained by numerical
simulation (see Experimental Section) for the polymerization
of 1 initiated by —SiONMe, in toluene: O, P,(XDD); O, Py-
(DDX); A, P(DXD). The most likely fractions of ring openings
for a given experiment are those for which the sum f(p) reaches
minimum. Two approximately equivalent symmetrical solu-
tions are present in which the values of P, and Py, are
interchanged, that is, 0.50, 0.28, and 0.22 and 0.27, 0.51, and
0.22 for P,, Py, and P, respectively.

information to obtain a unique solution of the equation
system. Therefore, a more precise analysis was per-
formed at the pentad level. Because the solution de-
pends on the accuracy of the experimentally measured
polymer sequencing, the shape of the deviation function
was examined by a partial minimization procedure. In
this way, a global minimum for each experiment was
found (see Experimental Section). An example of this
procedure is presented in Figure 4.

Because of the symmetry of the function, if P(DDX)
#= P(XDD), there is a pair of symmetrical solutions in
which the values of both fractions of ring opening are
interchanged. In some cases, more than two sym-
metrical solutions exist. For example, when P, or Py, is
equal to O, four sets of the P,, Py, and P lead to the
same sequence distribution. Thus, the Markov statistics,
as the Bernoullian ones, do not permit unequivocal
determination of the fractions of openings at a, b, and
c. A method, complementary to the statistical analysis,
was used to select the solution, according to which the
chain propagation occurred. It was based on the deter-
mination of the sequences at the termini of the polymer
chain.

Analysis of the Sequence Unit Order at the
Termini of the Polymer Chain. For anionic poly-
merization of 1, initiated with lithium or potassium
silanolate, experiments of labeled initiation and termi-
nation were performed. In the initiation experiment, the
polymerization was initiated with trimethylsilanolate
which introduced the trimethylsiloxane group at the
beginning of the chain (Scheme 2).
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Table 3. 2°Si{*H} NMR Spectra of Model Compounds; Assignment of the Me3SiO Signal for Various Neighborhoods and
Tests of Quantitative Integration

chemical shifts (ppm)

percentage of total integration of
signals found and theoretical

no. compound formula o) 0(2) 0 (3) 1 2 3
1 Me3SitOPh,Si?0SitMes 10.17 —46.73 33.46 66.69
(33.33) (66.67)
2 (Me3SitOMe,Si?0),Si®Ph; 7.54 —20.39 —48.58 39.01 40.71 20.27
(40.00) (40.00) (20.00)
3 [Me3SitO(Me,SiO),],Si2Ph, 7.31 —48.44
4 (Me3SitOMe;Si?0),SicMe; 7.14 —21.59 —22.35 39.90 39.83 20.27
(40.00) (40.00) (20.00)
5 I . o —6.63 —36.72 66.54 33.46
[(Me28|10)2Ph28|20] (66.67) (33.33)
6 — : : — —17.45 -18.43 —46.34 49.90 25.00 25.10
[MEZSIJ‘OMEZSIZOMEQSI]'OthSIBO] (50.00) (25'00) (25.00)
7 ~[(Me3Si0),Ph,Si20]n~ -19.3 —47.4 67.18 32.82
—21.9 —48.4 (66.67) (33.33)

Table 4. Comparison of Results of Statistical Analysis and Analysis of Chain Termini of Sequences of Siloxane Units in
Poly(Me,SiO-co-Ph;SiO) Obtained by Anionic ROP of Monomer 1 (Fractions of Openings at a, b, and c (Schemes 1 and
2); Underlined Are Selected Solutions)

analysis of triads
Bernoulli statistics

polymerization system propagation

analysis of
chain termini2

analysis of pentads
Markov first-order statistics

no. center/solvent/ temp. a b c a b c a b c
1 ~R,SIiOLIi/THF/50 °C 0.73 0 0.26 017 0.35 0.48 0.33 0.18 0.49
0 0.73 0.26 0.35 0.17 0.48
0-0.27 0-0.27 073 ~— - T
2 ~R;SiOK + 18-crown-6 1:1/toluene/50 °C ~ 0.79 0.09 011 0.72 0.13 0.15 0.10 0.73 0.17
0.09 0.79 0.11 0.13 0.72 0.15
3 ~R;SiONMe4/toluene/30 °C 0.73 0.10 0.17 050 0.28 0.22
0.10 0.73 0.17 0.28 0.50 0.22
a From initiation experiment.
Scheme 2 Table 5. Comparison of Instantaneous Relative Orders of
Units at Active Propagation Center Found from
Me;Si—XDDaw Termination Experiment with Relative Orders of Units
inside the Chain from Markov Analysis
L fraction
Me;SiO Li /THF  + 1 Me;3Si-DDX fraction of order approximate
of order at the active relative rates
| Me;Si0” K - 18-crown-6 } inside the propagation Ksime,oLi*/
K Me:Si0” NMey” ) Me;Si—-DXD chain center Ksiph,oLi*
Pho |
*§iOSiOSiO > 0.35 0.22
The polymerization was quenched by washing out the Ph
base with a large amount of water which transformed ., Ph
the active propagation center into the silanol group. The »SI0SI0Si0 > 0.17 0.46 ~4
29Si chemical shift of the MesSi extremity of the polymer Ph
depends on the order of siloxane units in the neighbor- PRLNE
. . » SiIOSIOSIO 0.48 0.32
ing triad, formed from the monomer added to the Ty !

initiator. Thus, the fractions of the opening of the
monomer ring at sites a, b, and ¢ by the initiator may
be directly determined. The assignment of signals of the
MesSi group, bonded to the three respective triads, was
made using model oligomers, see Table 3.

Because the structure of the initiator is similar to that
of the active propagation center, the results of the
initiation experiment may be used to select the set of
Pa, Pp, and P values, according to which the chain
propagation occurs, from the two solutions provided by
the Markov analysis. The results of the initiation
experiments are compared with those obtained from the
statistical methods in Table 4. Indeed, for each of the
systems studied there is one numerical solution of
equations, which fits the initiation experiment.

The termination experiment with MesSiCl, which
introduced the Me3Si group at the end of the chain, was
performed for the polymerization of 1 initiated with
dilithium disiloxanolate. Because termination is much

faster than propagation, see for example ref 25, the
experiment permits estimation of the relative stationary
concentrations of the active propagation centers. The
results do not agree with those obtained by the statisti-
cal method, representing the order of siloxane units in
monomer units inside the chain (Table 5), because the
stationary concentrations of active propagation centers
also depend on their reactivities. Thus, the fraction of
monomer units —DDX— obtained from the quenching
experiment, 0.46, is much higher than that from the
initiation experiment, 0.18, and that from the statistical
analysis, 0.17, because of a lower reactivity of the
~Ph,SiO~Li™ propagation center. The latter reacts ~4
times slower than the former, as may be estimated by
comparison of the results of both the initiation and
guenching experiments.

The Mechanism of Propagation. As was discussed
in Mazurek et al.’s paper,® phenyl substituents in
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monomer 1 are expected to affect the site of the ring
opening by (1) making the nucleophilic attack at silicon
easier, (2) stabilizing the new silanolate center formed
in the reaction, and (3) modifying the interaction of the
monomer with the counterion of the propagation center.
The site of the opening depends on which of these factors
is the most important.

On the basis of inductive effects, the nucleophilic
attack of the silanolate anion is expected to be directed
to the most electrophilic silicon center which is the
silicon bonded to phenyl groups. However, only 35% of
the propagation on lithium silanolate proceeds by this
route. (Scheme 3) The attack on the dimethylsilyl group
is privileged. The attack results mostly in the cleavage
of the siloxane bond opposite to the diphenylsilyl group
(route c), thus forming a symmetrical DXD arrangement
of siloxane units in the added open chain monomer. This
is evidence for the role of the lithium counterion in the
propagation. The cation assists ring opening by interac-
tion with siloxane oxygen. The assistance was postu-
lated earlier® and was confirmed by recent ab initio
calculations.?627 Considering the inductive effect of
phenyl groups, the most effective interaction of the
lithium cation should be the one with oxygen bridging
two dimethylsilyl groups, which would explain the
observed tendency to symmetrical ring opening. How-
ever, the attack on the Me,Si group proceeds partially
with the cleavage of the siloxane bond linking the
diphenylsilyl group with the Me,Si one, which leads to
a —DDX— arrangement. The driving force for this ring
opening is a higher stability of the siloxydiphenyl-
silanolate.

The potassium cation in a complex with a crown ether,
as well as the tetraammonium cation, may interact with
cyclosiloxane in a way more restricted than the lithium
cation in THF. Thus, the symmetrical opening, driven
by the monomer—cation interaction, is less important
in these cases. However, the nucleophilic attack of
silanolate is again predominantly directed toward the
dimethylsilyl group, leading to the DDX opening. This

1\ ) /O 35%
0—Si1
/\

Nu w %)im \S/,
Ph —
A \
S
Ph

result shows that the stabilization of the silanolate
product may be more important than the electrophilicity
of the silicon in the siloxane substrate as a factor
governing the direction of the nucleophilic attack of
silanolate on a cyclosiloxane which suggests a late
transition state. A similar conclusion may be drawn
from the observation of Kawakami et al. that in the
anionic polymerization of 2,2-dimethyl-5-naphthyl-5-
phenyl-1-oxa-2,5-disilacyclopentane the ring opening
predominantly occurs with the formation of a more
stable naphthylphenylalkylsilanolate.?®

To better understand the role of the monomer—cation
interaction, ab initio calculations were performed for the
two structures of the monomer—metal cation complex,
that is, the structure involving potassium or lithium
coordinated to oxygen, bridging two dimethylsilyl groups,
and the one with potassium or lithium interacting with
oxygen at the diphenylsilyl group. The structures,
optimized at HF/3-21G* to the lowest energies, are
presented in Scheme 4.

Unexpectedly, the isolated structures with a cation
at oxygen bonded to the diphenylsilyl group proved to
be more stable, because of a direct interaction with the
phenyl group. The interaction of the lithium cation is
of o-type, involving the ipso carbon of the phenyl group.
A similar interaction of the lithium cation with the
phenyl ipso carbon was observed by Eaborn et al. in a
tris(phenyldimethylsilyl)methyllithium complex.?® The
excess energy of the unsymmetrical structure, due to
this interaction, is perhaps overestimated at this level
of theory. The interaction of phenyl with the potassium
cation is of z-type (1%7), involving the entire phenyl ring
(structures C and D in Scheme 4). In contrast to lithium,
the potassium cation, coordinated to oxygen between the
dimethylsilyl groups, is also able to interact with phenyl.
Although this interaction is weaker, it distorts the
nearly planar geometry of the monomer ring (Scheme
4, structure C). The significance of these calculations
should not be overestimated as they were made for
isolated molecules in a vacuum. lon interaction with a
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Scheme 4
r(Li-C) = 4.80A r(Li-C) = 2.29A
H;C CH;
T . [T
1\ S o H;C 0/‘51\/10 p
0% . /[ \
HC N\ PN — /S'ECT-O\Sl
3% 3
HyCg,—O @ H;C
H;C
A AE =-12.0 kcal/mol B

(K-C)=3.18-3.41A

r(K-C) = 2.99-3.64A

C AE = -3.0 kcal/mol D

Table 6. Comparison of the Cleavage of the Model
Monomer Ring by ~SiMe,O~Mt* and ~SiPh,O"Mt*"

percentage opening

Mt* silanolate anion a b c
Lit (THF) ~SiMe,0 ~ 41 8 51
~SiPh,0O~ 4 61 35

K™ (crown) ~SiMe,0 ~ 16 74 10
~SiPh,0~ 12 73 15

NMeg+ ~SiMe,0 ~ 35 43 22
~SiPh,0~ 23 56 21

solvent or promoter may considerably change the char-
acter and the role of the cation—monomer interaction
in the polymerization process. Anyway, the results of
the calculations point to a possible role of the interaction
of counterions with substituents at silicon in the ring
opening. In particular, they may stabilize the transition
state of the ring opening at site b (Schemes 1 and 2),
leading to the formation of the more stable silanolate
structure.

The values of conditional probabilities are worth a
closer analysis as they give information about the
preferences in an attack of dimethylsilanolate and
diphenylsilanolate propagation centers on various sites
of the monomer ring. Conditional probabilities paa+c),
Pbia+c)s Peia+c) Pasby Poib, and pep, in terms of the respective
percentage of the ring opening at a, b, and c¢ are
presented in Table 6. The data indicate that the lithium
siloxydiphenylsilanolate choses main route b, leading
to the reformation of the same silanolate while the
lithium siloxydimethylsiloxanolate prefers to open the
monomer ring at site a. This crossover in the reactivity
order may be explained by the different characters of
the ion pairs of both propagation centers. The siloxy-
dimethylsilanolate—lithium ion pair is intimate where
the ions are bonded by strong electrostatic attractive
forces. The assistance of the counterion in the ring
opening is more important; thus, the transition state
occurs earlier than that in the case of the siloxane
cleavage by siloxanediphenylsilanolate. In the latter, the
cation is bonded more loosely and, consequently, the
transition state occurs later, according to route b, that
is, in the place where the most stable center is formed.
In the crown ether complex of both potassium silano-
lates the counterion is only loosely bonded and both
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siloxydimethylsilanolate and siloxydiphenylsilanolate
prefer route b.

An alternative explanation invoking the steric effect
must also be taken into account as the lithium cation
coordinated to oxygen and the phenyl group of the
monomer may make the nucleophilic attack of the
siloxydiphenylsilanolate at diphenylsiloxane unit more
difficult.

This crossover in the reactivity order of lithium
silanolates does not contradict the conclusion drawn
from the initiation experiment. The structure of the
initiator used in this experiment, Me3SiO~Li™, is close
to that of ~SiMe,O~Li* propagation centers which
accounts for 83% of the building of the monomer.

Conclusions

The sequential analysis of siloxane units in a copoly-
mer, formed in the ring-opening polymerization of a
cyclotrisiloxane with mixed units, is a good diagnostic
tool for the chemoselectivity of polymerization. The
anionic polymerization of 2,2,4,4-tetramethyl-6,6-di-
phenylcyclotrisiloxane in the three systems studied
here, that is, with propagation on lithium silanolate in
THF, on potassium silanolate-18-crown-6 complex in
toluene, and on tetramethylammoniumsilanolate in
toluene, proceeds chemoselectively and is not affected
by the processes of polymer chain cleavage, up to a high
conversion of the monomer.

A precise analysis of the composition of sequences at
the level of pentads for the copolymer obtained by the
chemoselective process allows estimation of the regio-
selectivity of the polymerization. Calculations were
based on the Markov chain statistics, using sequences
at the pentad level. An additional experiment of initia-
tion of the polymerization by trimethylsilanolate ion,
having the structure corresponding to that of the
propagation ion, made it possible to select the solution
obtained from the Markov statistics, according to which
the propagation occurs.

The quantitative analysis of the regioselectivity gives
precise information about the site of the opening of the
monomer ring in propagation, thus providing important
information on the mechanism of polymerization. In
particular, the results point to a considerable role of the
two kinds of interactions of the counterion with a
monomer, giving assistance to the ring opening, that
is, the association with siloxane oxygen and the coor-
dination to the phenyl group. The stabilization of the
silanolate product by phenyl groups may also be impor-
tant in choosing the method of monomer addition to the
growing polymer chain.

Experimental Section

Chemicals. (1) Solvents Used for Syntheses. THF,
toluene, and n-heptane were purified according to standard
methods described in ref 30. They were stored in an ampule
with a Rotaflo stopcock under dry argon.

(2) Monomer. 2,2,4,4-Tetramethyl-6,6-diphenylcyclotri-
siloxane, 1, prepared according to the procedure described in
ref 31, was purified by recrystallization from n-heptane and
distillation on a high vacuum line (10~ mmHg, bp 80—85 °C).

(3) Initiators. All operations with initiators were performed
with care to prevent any contact with the atmosphere, using
a high vacuum or inert gas techniques. Potassium trimethyl-
silanolate was prepared by reaction of trimethylsilanol with
potassium in toluene. The complex with 18-crown-6 was
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prepared by mixing the crown ether in equimolar proportion
with MesSiOK in toluene.

(4) Lithium Trimethylsilanolate. Lithium trimethyl-
silanolate was synthesized by reacting hexamethylcyclotri-
siloxane with methyllithium solution in diethyl ether (Aldrich)
according to the method described in ref 30.

(5) 1,3-Dilithium Tetramethyldisiloxane-1,3-diolate.
1,3-Dilithium tetramethyldisiloxane-1,3-diolate was prepared
in an analogous way to that used in the preparation of Me,Si-
(OLi),.%2

(6) Bis-tetramethylammoniumoligodimethylsiloxane-
o,o-diolate. MesN(OSiMe;),ONMey, n = 4, was synthesized
according to the description in ref 33.

(7) Model Oligosiloxanes for °Si NMR Studies. 1,1,1,
5,5,5-Hexamethyl-3,3-diphenyltrisiloxane, 1,1,1,3,3,7,7,9,9,9-
decamethyl-5,5-diphenylpentasiloxane, 1,1,1,3,3,5,5,9,9,11,
11,13,13,13-tetradecamethyl-7,7-diphenylheptasiloxane, and
2,2,4,4,6,6-hexamethyl-8,8-diphenylcyclotetrasiloxane were ob-
tained by heterofunctional condensation from Ph,SiCl, and the
corresponding oligopermethylsiloxanol using Et;N as the
hydrogen acceptor and 4-dimethylaminopyridine as the cata-
lyst.3

Polymerization. Polymerization of monomer 1 was carried
out in a thermostated 50-mL glass Schlenk type reactor under
prepurified argon. The solution of 1.2 mol dm~2 of monomer 1
in toluene or in THF was placed in the reactor thoroughly
purged with argon. The solution contained a known amount
of n-dodecane which served as a standard for gas chromato-
graphic analysis. The initiator (10-2 mol dm~3) was introduced
with a Hamilton precision syringe to the solution under a flow
of argon at 30 °C. The polymerization was followed by
sampling and gas chromatographic analysis. The reaction was
guenched at the monomer conversion of 60—90% by introduc-
tion of a small excess of MesSiCl. In the case of fast reactions,
the time of quenching was determined in separate polymeri-
zation experiments. The polymer solution was washed several
times with water and dried over CaCl,.Then the solvent was
evaporated and the polymer was dissolved in CH,ClI,. Cyclics
were separated from the linear polymer by repetitive precipi-
tation with methanol. The polymer was dried by heating on a
vacuum line and was characterized by SEC and NMR spec-
troscopy. The molecular weight of the polymers, M, was about
2 x 104

In the initiation experiment the polymerization was initi-
ated by 5 x 1072 mol dm~2 of lithium trimethylsilanolate and
guenched by adding a large excess of distilled water to the
polymerization system vigorously stirred by means of a
magnetic stirrer.

In the quenching experiment the polymerization was initi-
ated with dilithium tetramethyldisiloxanolate and quenched
with an excess of trimethylchlorosilane—triethylamine mix-
ture.

Analysis. 2°Si NMR spectra were taken with a Bruker MSL
300 spectrometer using CDCl; as the solvent. A good resolution
of pentads and quantitative integration was achieved by the
addition of Cr(acac); and use of a gated decoupling technique.
The spectral parameters were selected using model compounds
(Table 3). A pulse delay of 15 s and pulse length of 15 us were
typically applied.

Gas chromatography analysis and SEC analysis were made
using the procedure described earlier.%®

Computational Methods. (1) Numerical Analysis. Equa-
tions describing triad and pentad distribution were numeri-
cally solved with respect to the conditional probabilities of the
three ways of monomer addition. The equation sets for triad
and pentad distribution, derived assuming first-order Markov
statistics, are presented in Schemes 5 and 6.

Algebraic transformations with the Mathematica program
(Wolfram Research, Inc.) allowed reduction of the number of
independent variables (conditional probabilities of ring open-
ing) to four (Scheme 6). The optimization algorithm utilizes a
nonlinear least-squares approach with the nongradient
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Scheme 5
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Rosenbrock method¢ to minimize the squared deviation func-
tion, f, defined as

f(p) = Z ([Y1Y2Y3Y4Yslcae — [Y1Y2Y3Y4Y5]exp)2
all pentads

where [Y1Y2Y3Y4Ys]cae are fractions of pentads calculated,
according to the above equations, and [Y1Y2Y3YsYs]ep are
fractions of pentads in a polymer, estimated by 2°Si NMR; p
is a set of conditional probabilities for a given model.

The absolute deviations, instead of relative values, are taken
to the function f, which implies that highly populated pentads
are treated with a greater weight by the optimization proce-
dure. This is reasonable since the measured concentrations of
low-populated pentads are charged with larger error.

The user provides a starting estimate solution which is then
automatically optimized, giving the values of the conditional
probabilities as well as the total fractions of the three monomer
openings, Pa, Py, and P.. Numerical analysis shows a fairly
good agreement with the experimental pentad distribution for
most of the experiments. However, the minimized function
depends on the accuracy of the experimentally measured
polymer sequencing.

To ensure that all the possible solutions were correctly
found, the behavior of the function was examined over the full
space of conditional probabilities, using two independent
procedures. In the first one, the squared deviation function,
f(p), was minimized for the starting parameters, which varied
regularly from 0 to 1, with a constant step of 0.1. Depending
on the starting parameters, the program stopped the search
for the minimum, according to the defined convergence
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Scheme 6
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criterion, at different points close to the local minima. The
resulting values of f(p) were then stored together with the
corresponding optimal values of conditional probabilities and
fractions of ring opening. A global minimum of the function
f(p) could be found in this way. An example of the dependence
of Py, Py, and P. on f(p) for the experiment, using the
—SiONMe, propagation center in toluene, is presented in
Figure 4.

The second verification procedure involved the generation
of a polymer chain by the Monte Carlo method, using numeri-
cally calculated conditional probabilities.

(2) Monte Carlo Simulation. In that procedure, the
polymer chain growth was simulated, assuming the conditional
probabilities of monomer ring opening.

The resulting triad and pentad distributions agreed very
well with the values optimized by the numerical method. The
calculated pentad fractions are compared with those found
experimentally in Table 1.

Both the numerical analyses and Monte Carlo simulations
were run on a PC computer, using programs written in
Borland Pascal (Borland, Inc.).

(3) Quantum Mechanical Calculations. Ab initio calcu-
lations were carried out using standard techniques,® as
implemented in the Gaussian 94 series of the programs.3
Equilibrium geometries and energies of cyclic siloxonium ions,
resulting from an addition of the metal cation to the monomer,
were calculated at the Hartree—Fock level, using the polarized
3-21G* basis set.
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Appendix

A general scheme of reactions considered in the first-
order Markov analysis of triads and pentads is shown
in Scheme 5. The conditional probabilities of monomer
addition are marked under arrows. Assumption is made
that the probabilities depend on the structure of the last
siloxane unit only.

The analysis of the reactions in Scheme 1 leads to the
equations for triad and pentad distributions presented
in Scheme 6.
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