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Cation radical chemistry has received ample at-
tention because of its important role in various
organic reactions.! Little is known for the reactions
with alkenes and alkynes albeit organic cation ra-
dicals are reported to react with a variety of nuc-
leophiles.! Some examples of the addition of cation
radical such as R,NH* and ¢-BuOH" to alkenes
are known? However, polymerization of alkenes
initiated by addition of a cation radical is not a
common reaction.!

The cationic polymerization of vinyl and hetero-
cyclic monomers, which usually proceeds via ionic
chain carriers, can be initiated by many agents
including Lewis and Bronsted acids, oxonium salts
and by ionizing radiation.” Mengoli® was the first
to report the persistent carbocation radical-initia-
ted polymerization. There are some examples of
the use of carbocation radicals in the initiation
of polymerization By comparison, polymerization
of vinyl monomers initiated by the cation radical
of thianthrene, a heteroaromatic cycle containing
two sulfur atoms in the para position, has not been
reported. While carbocation radical crystals are sy-
nthesized by anodic electrocrystallization with dif-
ficulty or in situ generated,! thianthrene cation ra-
dical perchlorate crystals with moderate storage
life can be easily prepared.’® Thus, the reactivity

study of thianthrene cation radical toward various
nucleophiles including amines, aromatics, ketones,
alkenes, alkynes, organometallic complexes, oxi-
mes, ¢fc. has been much done.’ Thianthrene cation
radical is reported to just form an adduct with
alkenes and alkynes without polymerizing these
unsaturated species (Scheme 1).¥ The thianthrene
cation radical with two sulfur atoms may display
different modes of reaction from the heteroatom-
free carbocation radicals. In the present paper we
report the polymerization of vinyl monomers ini-
tiated by thianthrene cation radical as a part of
our research concerning the reactions of various
agents with readily isolable, yet highly reactive
species.

EXPERIMENTAL SECTION

Materials and Instrumentation. All reactions
and manipulations were performed under preputi-
fied nitrogen using Schlenk techniques, Dry, oxy-
gen-free solvents were employed throughout. Gla-
ssware was flame-dried or oven-dried before use,
Infrared spectra were obtained using a Nicolet 520
P FT-IR spectrometer. Proton NMR spectra were
recorded on a Bruker ASX 32 (300 MHz) spectro-
meter using chloroform-4/chloroform as a refere-
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nce at 7.24 ppm downfield from TMS. Number
average molecular weights (M,) were determined
by vapor pressure osmometry (VPO) in HPLC-
grade chloroform using a Wescan Model 233100
osmometer and/or 'H NMR spectroscopy. Methyl
methacrylate and styrene (Aldrich Chemical Co.)
were washed with aqueous 5% sodium hydroxide
(to remove inhibitor), washed with distilled water,
dried over magnesium sulfate, and distilled at re-
duced pressure before use. Acrylonitrile (Aldrich
Chemical Co.) was washed with dilute sulfuric
acid, washed with aqueous sodium carbonate,
dried over magnesium sulfate, and distilled before
use. Phenylacetylene and 4-vinylpyridine (Aldrich
Chemical Co.) were distilled at reduced pressure
before use. Ethyl vinyl ether (Aldrich Chemical
Co.) was distilled before use. Adduct of thianth-
rene cation radical to phenylacetylene” and thian-
threne cation radical perchlorate® were prepared
according to the literature procedure. Waring:
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Thianthrene cation radical perchlorate may be
shock-sensitive and should be cautiously handled
with appropriate protective measure,

Polymerization of styrene with thianthrene cation
radical perchlorate. To a purple solution of thia-
nthrene cation radical perchlorate (56.8 mg, 0.18
mmol) in methylene chloride (5 mL) cooled to ¢
¥ was added styrene (2.06 mL, 180 mmol) under
a stream of nitrogen. The reaction mixture turned
brown within 5 min, and the reaction medium be-
came then rapidly viscous with exothermicity. Af-
ter stirring at room temperature for 24 h, the pol-
ymer was precipitated in methanol, filtered off,
and dried to yield 158 g (87%) of off-white pow-
der. IR (KBr peltet, cm™'): 3050 m, 2900 s (vC-H),
1600 m, 1495 m, 1450 s, 1020 w, 730 s, 670 s.
'H NMR 8§, CDCl,, 300 MHz): 0.8~20 (br, 3H,
CHCH,), 62~74 (br, 5H, ArH). M,=2850 (by
VPO).

Polymerization of styrene with thianthrene cation
radical perchlorate in the dark. Styrene (2.06 mL,
18.0 mmol) was added to a purple solution of thia-
nthrene cation radical perchlorate (56.8 mg, 0.18
mmo)) in methylene chloride (5 mL) at 0 C under
a stream of nitrogen in the dark. The reaction
mixture turned brown within 5 min, and the reac-
tion medium became then rapidly viscous with
exothermicity. After stirring at room temperature
for 24 h, 1.54 g (85%) of off-white powder with
M,=2820 (by VPO) was obtained by the same wo-
rkup as described above. The 'H NMR and IR
data were identical with those of the polystyrene
obtained above,

Acidity test for the solution of thianthrene cation
radical perchlorate, Thianthrene cation radical
perchlorate (568 mg, 0.18 mmol) was dissolved
in 5 mL of methylene chloride and left undistur-
bed. After 10 min, the violet solution was tested
for residual acid with Litmus paper to display
PH=5. The acidity of THF solution of thianthrene
cation radical perchlorate was similarily found to
be PH=5.

Polymerization of styrene with thianthrene cation
radical perchlorate in the presence of phenylacety-
lene. Styrene (2.06 mL, 18.0 mmol) and phenyla-
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cetylene (002 mL, 0.18 mmol) were added to a
purple solution of thianthrene cation radical per-
chlorate (56.8 mg, 0.18 mmol) in methylene chlo-
ride (2 mL) at 0 C under a stream of nitrogen.
The reaction mixture turned light yellow, and the
reaction medium became gradually viscous. After
stirring at room temperature for 24 h, 0.99 g (55%)
of off-white powder with M,=2690 (by VPO) was
obtained by the same workup as described above,
The polymerization with phenylacetylene (02 mL,
1.8 mmol) yielded 0.03 g (1.6%) of off-white pow-
der.

Polymerization of ethyl vinyl ether with thianth-
rene cation radical perchlorate, To a purple solu-
tion of thianthrene cation radical perchlorate (56.8
mg, 0.18 mmol) in methylene chloride (5 mL) at
0  was added ethyl vinyl ether (1.72 mL, 180
mmol) under a stream of nitrogen. The reaction
mixture immediately turned dark brown, and the
reaction medium became very rapidly viscous with
exothermicity. After stirring at room temperature
for 24 h, the polymer was precipitated in methanol,
filtered off, and dried to yield 1.10 g (85%) of light
yellow powder. IR (KBr pellet, cm™'): 2950 s (vC-
H), 1375 m (5C-H), 1100 s (vC-0). 'H NMR (3,
CDCl,, 300 MHz): 1.18 (br, 3H, OCH,CHy), 161
(br, 2H, backbone CH,), 1.82 (br, 1H, backbone
CH), 347 (br, 2H, OCH,CHy). M,=1880.

Copolymerization of styrene and ethyl vinyt ether
with thianthrene cation radical perchlorate. To a
purple solution of thianthrene cation radical per-
chlorate (568 mg, 0.18 mmol) in methylene chlo-
ride (5 mL) at 0 T was added ethyl vinyl ether
{086 mL, 90 mmol) and styrene (103 mL, 90
mmol) under a stream of nitrogen. The reaction
mixture immediately turned dark brown, and the
reaction medium became very rapidly viscous with
exothermicity. After stirring at room temperature
for 24 h, the polymer was precipitated in methanol,
filtered off, and dried to yield 1.31 g (85%) of pale
yellow powder. IR (KBr pellet, cm™"): 3050 s, 2960
s (vC-H), 1807 m, 1716 m, 1600 m, 1445 m, 1450
s, 1375 m (5C-H), 1100 s (vC-0), 700 s, 500 s.
'H NMR (5, CDCl,, 300 MHz): 0.8~3.7 (br, all
aliphatic CHn), 6.5~7.6 (br, ArH). M,=2200.

RESULTS AND DISCUSSION

Thianthrene cation radical perchlorate is a hi-
ghly reactive species yet having moderate storage
life and can react with many agents in a number
of ways® Thianthrene cation radical is reported
to just add to alkenes and alkynes without poly-
merizing them (Scheme 1).¥ However, we found
that the cation radical can polymerize styrene and
ethyl vinyl ether as follows:

4 -
CH [Th] *ClO,

CH,= ! € CH2—<|3H >
Ph o Ph

CH,= (IZH LThl"clo, € cnz-(I:H 3,
OEt OEt

The molecular weights, determined by vapor
pressure osmometry (VPQO), were 2850 for polysty-
rene, 1880 for polylethy! vinyl ether), and 2200
for poly(styrene-co-ethyl vinyl ether). The poly-
merization proceeded even in the dark, impiying
the polymerization is not initiated by light. The
polymerization yields drastically decreased with
increase of molar ratio, {phenylacetylene] over
[thianthrene cation radical perchlorate]: 87% for
0, 55% for 0.01, and 2% for 0.1 due probably to
the adduct formation of thianthrene cation radical
to phenylacetylene as shown in Schente 1. The mo-
lecular weight data of the polymerization reactions
were summarized in Table 1. The adduct of thian-
threne cation radical to phenylacetylene could not

Table 1. Number average molecular weight data of
polymerization of vinyl monomers initiated by thian-
threne cation radical’

Monomer Yield (%) Mol wt’
Styrene 87 2850
Styrene’ 85 2820
Styrene? 55 2690
Ethyl vinyl ether 85 1880
Styrene + Ethyl vinyl ether 85 2200

*Monomer, 18 mmol; initiator, 0.18 mmol; methylene
chloride, § mL for 24 h. *Measured with VPO in chlo-
roform. ‘Performed in the dark. “Phenylacetylene (0.18
mmol) added. ‘1:1 molar ratio.
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polymerize styrene and ethyl viny! ether. Thianth-
rene cation radical initiated the ring-opening poly-
merization of THF with heating for 5 days at 50
€ to produce oligg(THF) with M,=793 (by 'H
NMR spectroscopy) in 14% yield.

Although the study of the polymerization me-
chanism was beyond aim of this paper, some com-
ments on the initiation mechanism seem approp-
riate. Three mechanisms for the initiation step are
possible: (A} bond-formation, (B) electron-trans-
fer, and (C) HX-generation (Scheme 2). Among
them the bond-formation mechanism can be -first
ruled out for the following reasons. Thianthrene
cation radical forms stable adducts with various
alkenes and alkynes.¥ The thianthrene cation radi-
cal initiated less effectively in the presence of
phenylacetylene. The adduct of thianthrene cation
radical to phenylacetylene did not polymerize sty-
rene and ethyl vinyl ether. Furthermore, the thia-
nthrene moiety was found not to be bound to the
polystyrene and poly(ethyl vinyl ether} although
the chains free of bound thianthrene moiety can
be generated by the other unknown side reaction
during the workup. The two remaining mechani-

sms would equally operate. The monomer cation ’

radicals generated by the electron-transfer from
thianthrene cation radical to monomers would ini-
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tiate the polymerization reaction. The monomer
dication generated by combining monomer cation
radicals would also initiate the polymerization rea-

- ction. Besides, thianthrene cation radical is a hi-

ghly reactive species and can react in a number
of ways.! Generally, it will react with 2 nucleophilic
species (ZH) with hydrogen to generate a Bronsted
acid, HX, which can initiate the polymerization
reactions.” The propagation may proceed via cation
radicals, cations, or dications, but simple propaga-
tion through free radicals seems unlikely due to
facile oxidation by cation radicals® More than a
single mechanism may be operating simultaneou-
sly, giving rise to a very complex situation. The
polymers with low molecular weights may be pro-
duced by some unidentified side reactions, which
could be related to the cationic nature of the ini-
tiator, in the complex situation. The details on the
polymerization mechanism are currently in prog-
ress and will be the subject of a future paper.

In conclusion, thianthrene cation radical initia-
ted the polymerization of styrene and ethyl vinyl
ether. The number average molecular weights of
the polymers were in the range of 1800-2900. The
polymerization yields decreased as the concentra-
tion of phenylacetylene employed increased. Com-
ments on possible polymerization mechanisms
were finally made.
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