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Polymerization of Monomers Containing
Functional Silyl Groups. 4. Anionic
Polymerization of
2-(Trimethoxysilyl)-1,3-butadiene

Introduction. Anionic living polymerization is one of
the most elegant tools for the preparation of polymers
having well-defined chain structure.! Unfortunately, it is
generally considered that the monomers applicable to this
method have so far been limited to nonfunctional conju-
gated hydrocarbon monomers such as styrene and buta-
diene.

Recently we have found?? that the anionic polymeriza-
tion of para-substituted styrenes with alkoxysilyl func-
tionality proceeds without chain transfer and termination
reactions to afford stable living polymers at —78 °C. As
a result, we have obtained well-defined polymers with
controlled molecular weight and with narrow molecular
weight distributions. In addition, the resulting polymers
have an alkoxysilyl group in each monomer unit and
therefore may be used for grafting onto inorganic materials
as well as for cross-linking between polymer chains by
hydrolysis of alkoxysilyl group and subsequent conden-
sation of the silanols formed.

In this paper, we wish to report the anionic polymeri-
zation of 2-(trimethoxysilyl)-1,3-butadiene, which has a
similar hydrolyzable alkoxysilyl functionality.

Experimental Section. 2-(Trimethoxysilyl)-1,3-buta-
diene (1) was synthesized by the reaction of 1,4-dichloro-
2-(trichlorosilyl)-2-butene with methanol, followed by
dechlorination with Zn powder.* The resulting colorless
liquid was purified by fractional distillation under reduced
pressure; bp 70-71 °C at 20 mmHg, vield 67% based on
the chlorosilane used. 'H NMR 3.53 (s, 9 H, CH;0); 5.10,
5.40 (2d, 2 H, J = 10, 17 Hz, CH,==CH); 5.73, 5.89 (2s, 2
H, CH,=C); 6.44 ppm (dd, 1 H, J = 10, 17 Hz, CH,=~=CH).
The anionic polymerization of 1 was carried out under
high-vacuum conditions (~10"% mmHg) according to the
previously described procedures.?®
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(E)-4-(Trimethoxysilyl)-4-octene and the E,Z mixture,
which imitate the 1,4-structure of monomer unit in the
polymer, were synthesized. The E isomer was prepared
by hydrosilylation of 4-octyne with trimethoxysilane cat-
alyzed by chloroplatimic acid.> The E,Z mixture was ob-
tained by the photoisomerization of the E isomer.’

'H and 3C NMR spectra were recorded with a JEOL
GX-400 instrument in CDCl;. Gel permeation chroma-
tography (GPC) utilized a Toyosoda HL.C-802 instrument
with differential refractive index detection, THF being the
elution solvent. The number-average molecular weight was
measured by vapor pressure osmometry (VPO) using a
CORONA 117 instrument in benzene solution.

Result and Discussion. Although 2-(trimethoxy-
silyl)-1,3-butadiene (1) and the related compounds have
been recently synthesized by Sato and his co-workers? as
new silane coupling agents, polymerization of this mono-
mer has not been published up to now. Since we have been
carrying out the anionic polymerization of styrenes with
functional silyl groups,?® this compound is one of the most
attractive diene monomers in the series of our study.

The polymerization of 1 was carried out in THF at -78
°C with oligo(a-methylstyryl)dipotassium as initiator. The
polymerization appeared to be extremely slow and to be
completed after 90-160 h. Sticky polymers were obtained
quantitatively by adding the polymerization mixture into
a large excess of water. Alkoxysilyl groups on the polymer
chain were stable throughout the anionic polymerization
and the workup process. This was confirmed by H NMR
analysis of the polymer.

The results of anionic polymerization of 1 are summa-
rized in Table I. As can be seen, there is fairly good
agreement between the predicted molecular weights based
on the ratios of monomer to initiator and the observed
values measured by VPO. For each polymer, analysis by
GPC reveals a unimodal molecular weight distribution of
very low polydispersity. These results are consistent with
relatively rapid initiation and the absence of chain-transfer
and termination reactions during the course of the po-
lymerization of 1.

The microstructure of the resulting polymers is of con-
siderable interest since physical properties of polydienes
depend upon the structure of the repeating units. For
poly(1) obtained here, we have determined the mode of
polymerization (1,4, 1,2, or 3,4) and geometry of the mo-
nomer units (E or Z) by 'H and 3C NMR spectroscopy.
Figure 1 shows the 'H NMR spectrum of poly(1), where
signals due to methylene protons of the main chain and
methoxy protons appeared at 2.2 and 3.5 ppm, respectively.
In the olefinic proton region, only two individual peaks
centered at 6.14 and 6.21 ppm were observed. The relative
integrated intensity of this spectrum showed that the
proton ratio was exactly 1 (=CH):4 (—CH,):9 (—OCH,).
This strongly suggests that poly(1) prepared in this study
consists of 1,4-adducts. The appearance of two peaks in
the olefinic region in Figure 1 indicates that monomer units
are incorporated as a mixture of geometric isomers, E and
Z. These peaks were assigned by comparing their chemical
shifts with those of well-defined, low molecular weight
model compounds, (E)-4-(trimethoxysilyl)-4-octene and the
E,Z mixture. The chemical shifts of olefinic protons in
these model compounds are summarized in Table II. As
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Figure 1. 'H NMR spectrum of poly(1).

Table I
Anionic Polymerization of 1 in THF at -78 °C -
K-Neph,  aMest, _ MaX10%
1 mmol mmol mmol caled®  obsd® M, /M,
3.95 0.205 0.358 0.71 0.79 1.09
12.10 0.300 0.576 1.4 14 1.10
13.00 0.112 0.280 4.1 4.6 1.14

2 My(caled): calculated from the monomer to initiator ratio.
b M, (obsd): calculated by vapor pressure osmometry in benzene.

Table II
'H and 3C Chemical Shifts of Olefinic Proton and Carbons
of 4-(Trimethoxysilyl)-4-octene and Poly(1)®

model compounds poly(1)

E form Zform Eform Zform
H =CH 6.09 6.15 6.14 6.21
13C =CSi 131.6 1274 131.1 127.8

=CH 146.4 148.3 146.4 1485

%Solvent CDCl;; ppm from internal tetramethylsilane.

—C C— —cC Si
~ =C/ \'C=C<
H/ i H/ cC—
£ form Z form

can be seen, the olefinic proton of the Z isomer resonates
at lower field than that of the E isomer. A similar tendency
was also reported for trialkylsilyl-substituted olefins.”
Accordingly, the olefinic proton signals centered at 6.14
and 6.21 ppm in Figure 1 can be assigned to E and Z forms
of monomer units incorporated in the polymer, respec-
tively. The estimated E:Z ratio was about 70:30.
Further information about the microstructure of poly(1)
was provided by 3C NMR analysis. Figure 2 shows olefinic
region of the proton-decoupled *C NMR spectrum of the
resulting polymer, where two pairs of olefinic carbons are
observed. Detail assignments of the signals were carried
out by comparing the chemical shifts with those of the
corresponding model compounds. They are summarized
in Table II. Two major peaks at 146.4 and 131.1 ppm in
Figure 2 can be assigned to carbons of 1,4-E configuration,
and the other minor peaks at 148.5 and 127.8 ppm are
attributable to those of 1,4-Z form. Based on the as-
sumption that nuclear Overhauser enhancement is equally
effective to both carbons of isomeric forms, the E:Z ratio
of monomer units in the polymer chain is estimated to be
67:23 from relative intensities of the signals at 146.4 and
148.5 ppm, which agrees with the result of the '!H NMR
study. It should be noted that no other peaks which can
be assigned to 1,2- or 3,4-structure were observed within
the detection limits of our 3C NMR spectrometer. This
is in contrast to the anionic polymerizations of butadiene
and isoprene®® where dangling vinyl structures were main
components under the conditions employed here. Detail
study of polymerization of this monomer and its deriva-
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Figure 2. Olefinic region of proton-decoupled *C NMR spectrum
of poly(1).

tives will be published in the near future.

Registry No. 1, 104955-47-7; HyC(CH,),C(Si(OCH,))=C-
H(CH,),CH,, 109432-67-9.
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8-Hydrogen Abstraction and Regiospecific
Insertion in Syndiotactic Polymerization of
Styrene

In this paper are reported some results concerning the
mechanism of polymerization of styrene to a highly syn-
diotactic polymer.'?2 In particular the insertion of the
monomer into the active bonds of the catalytic complexes
is investigated, both in the initiation and the chain prop-~
agation steps. .

In a previous paper® it was reported that a sharp
methylene resonance at 18.4 ppm is observed in the 3C
NMR spectrum of highly syndiotactic polystyrene pre-
pared in the presence of the homogeneous catalytic system
tetrabenzyltitanium (TBT)/methylalumoxane (MAQ)/
triethylaluminum 70% enriched with *C on the methylene
carbon (**TEA). The resonance considered was assigned
to the presence of [4-13C]-2-phenylpentyl end groups ar-
ising from secondary insertion of styrene on active met-
al-13C enriched ethyl bonds (chain initiation step) formed
either via exchange between the catalytic complexes and
3TEA or via chain transfer with *TEA:

M_130H20H3 + CsHs - M_CH(CGH5)CH213CHQCH3
where M = metal of the catalytic complex. According to

ref 3, in the considered chain initiation step, secondary
insertion occurs exclusively since no methylene resonance
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