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The synthesis of hydrocarbon polymers with an ali-
cyclic structure in the main chain is one of the most
interesting subjects in basic and practical aspects, since
a dramatic improvement of thermal stability, chemical
stability, and mechanical strength is expected for such
polymers.

Although the synthesis of the above-mentioned poly-
mers by the polymerization of cycloolefins,! bicyclic
olefins,? and cyclodiolefins®# has been reported, ex-
amples of polymers with directly connected alicyclic
structures have been limited to those of cycloolefins or
cyclodiolefins by addition polymerization. However, in
all of these cases, polymers with narrow molecular
weight distribution and controlled molecular weight
have not yet been obtained. Among the monomers
examined, a number of studies on the polymerization
of 1,3-cyclohexadiene, one of the typical cyclodiolefins,
has been carried out by ionic polymerization, radical
polymerization, and coordination polymerization. In
contrast to butadiene and isoprene, however, the po-
lymerization of 1,3-cyclohexadiene was found difficult
in all these studies including the case of anionic poly-
merization with n-butyllithium (n-BuLi) as initiator.
Obtained polymers were of low molecular weight or in
low yield.*

In the polymerization initiated with n-BuLi, the
formation of 1,4-cyclohexadiene and benzene was ob-
served, due to abstraction of the allylic hydrogen of 1,3-
cyclohexadiene by organolithium species competing with
the propagation reaction.> Thus, there have been no
successful examples of living anionic polymerization of
1,3-cyclohexadiene so far.

Recently, we have studied the organometallic system
consisting of alkyllithium and amine as initiator for the
polymerization of 1,3-cyclohexadiene. As a result, a
specific organometallic system consisting of n-butyl-
lithium (n-BuLi) and N,N,N’',N'-tetramethylethylene-
diamine (TMEDA) was found to be particularly active
as initiator for the polymerization of 1,3-cyclohexadiene.
The present communication describes the first success-
ful example of living anionic polymerization of 1,3-
cyclohexadiene by this initiator (Scheme 1).

T All correspondence should be directed to the Asahi Chemical
Industry address.
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Figure 1. Polymerization of 1,3-cyclohexadiene with n-BuL.i/
TMEDA (4/5) system in cyclohexane at 40 °C ([1,3-cyclohexa-
diene]o/[n-BuLi]o = 5000/20) with a Mn(Mw/M,) conversion
relationship. M;,, M./M, were obtained by GPC calibrated
with standard polystyrenes. Dashed line represents the degree
of polymerization of the polymer calculated from the mole ratio
of the monomer reacted to the initiator, assuming that every
initiator (n-BuLi) produces one polymer molecule.
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A typical example of the synthesis of the 1,3-cyclo-
hexadiene polymer is shown as follows. First, cyclo-
hexane (2570 mL), n-BuLi (20 mmol as a 1.44 M
n-hexane solution), and TMEDA (10 mmol) were placed
in a 5 L stainless steel autoclave equipped with an
electromagnetic induction stirrer. The solution was
stirred for 10 min at room temperature (~25 °C) under
dry nitrogen atmosphere (about 4 kg/cm?), then was
warmed up to 70 °C, and was stirred for another 10 min
and cooled to 40 °C. Additional TMEDA (15 mmol) and
1,3-cyclohexadiene (5.0 mol) were supplied to this solu-
tion in the autoclave, and polymerization was carried
out under a dry nitrogen atmosphere at 40 °C for 120
min. At an appropriate time interval, part of the
reaction mixture was taken out and was poured into a
large amount of acetone to precipitate the polymer,
which was separated by filtration. The product was
dried in vacuum for 8 h at 50 °C, to give a white,
powdery polymer. The polymer was soluble in cyclo-
hexane, tetrahydrofuran (THF), and chloroform. A
transparent colorless film could be obtained by casting
from the cyclohexane solution of this polymer.

The produced polycyclohexadiene showed a sharp
GPC chromatogram (THF) and had a narrow molecular
weight distribution (MWD) (M\/M, = 1.08—1.09, poly-
styrene standard). In the example of the synthesis
described above ([1,3-cyclohexadiene]o/[n-BuLi]o = 5000/
20), the conversion of 1,3-cyclohexadiene estimated by
gas chromatography to polycyclohexadiene was 23% (5
min), 47% (10 min), 58% (15 min), and 99% (120 min),
respectively. The number average molecular weight
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Figure 2. Block copolymerization of 1,3-cyclohexadiene and
styrene with a n-BuLi/TMEDA (4/5) system ([1,3-cyclohexa-
deien]o/[styrene]o/[n-BuLi]o=1250/3840/10). GPC chromato-
grams of the prepolymer of 1,3-cyclohexadiene (I, M, = 12 400,
Mw/M, = 1.09) and the block copolymer of 1,3-cyclohexadiene
and styrene (11, M, = 51 800, Mw/M, = 1.09). Mp, Mu/M, were
obtained by GPC calibrated with standard polystyrenes.

(M) of these polymers increased linearly with conver-
sion of 1,3-cyclohexadiene to polycyclohexadiene, retain-
ing the narrov MWD (Figure 1). The degree of poly-
merization of the polymers was in good agreement with
the mole ratio of the monomer reacting with the
initiator, indicating that every initiator (n-BuLi) pro-
duces one polymer molecule. The polycyclohexadiene
obtained by the polymerization for 120 min had a
structure of the main chain consisting of units formed
by 1,2-addition (1,2-PCHD) and 1,4-addition (1,4-
PCHD). The ratio of 1,2- and 1,4-units was 52/48 as
estimated by 2D-NMR. In order to confirm the living
character of the polymerization of 1,3-cyclohexadiene
with the n-BuLi/TMEDA system, we attempted the
synthesis of the block copolymer of 1,3-cyclohexadiene
and styrene with narrow molecular weight distribution
(MWD).

For the polymerization of the first stage, the system
of n-BuL.i (10 mmol)/TMEDA (12.5 mmol) was added to
the solution of 1,3-cyclohexadiene (1.25 mol) in cyclo-
hexane (3000 mL), and the polymerization was carried
out under dry nitrogen atmosphere at 40 °C for 120 min.
The conversion of 1,3-cyclohexadiene to polycyclohexa-
diene after 120 min was 100%. The number average
molecular weight (M) and molecular weight distribu-
tion (MWD) of the cyclohexadiene prepolymer were M,
= 12 400 and M,,/M, = 1.09, respectively (Figure 2(I)).
For the polymerization of the second stage, styrene (3.84
mol) was added into the above reaction mixture and the
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polymerization was continued under dry nitrogen at-
mosphere at 40 °C. The conversion of styrene after 180
min was 100%, and the corresponding product was
obtained in an almost quantitative yield, which was
confirmed to consist of 1,3-cyclohexadiene units and
styrene units by 'TH-NMR. This block copolymer showed
a sharp GPC chromatogram (THF), and the number
average molecular weight (M) of the polymer increased
from M,, = 12 400 to M,, = 51 800 (polystyrene stan-
dard), retaining narrowv MWD (My/M, = 1.09). (Figure
2(11))

Thus, the polymerization of 1,3-cyclohexadiene with
an n-BuLi/TMEDA system was confirmed to be a living
anionic polymerization, by successful synthesis of the
block copolymer of 1,3-cyclohexadiene and styrene.
Further studies on the details of the polymerization and
the properties of the polymer are in progress.
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