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ABSTRACT: Preparation of 4-methylene-1,3-dioxolane derivative (Ia, Ib) with benzyl-4-hydroxy-
phenyl methylsulfonium hexafluoro-antimonate (BSS) is described. Unsaturated cyclic acetals Ia,
Ib were synthesized by dehydrochlorination of 4-chloromethyl-1,3-dioxolane derivatives, which were
easily prepared from acrolein derivative and 3-chloro-1,2-propane diol with sodium methoxide at
ambient temperature. The photo-induced cationic polymerization with BSS yielded soluble poly-
(keto-ether)s containing carbon-carbon double bond, wheres the cationic polymerization of Ia, Ib
with CH:SO;H at ambient temperature produced crosslinked polymers.

Introduction

In our previous paper, we have reported the cat-
ionic ring-opening polymerization of 2-isopropenyl-
4-methylene-1,3-dioxolane (Ia), which has two polvm-
erizable carbon-carbon double bonds, enol ether
and isobutene moieties." When a mild cationic cata-
lyst such as methanesulfonic acid was used at —78
'C, only more nucleophilic erol ether part attacked
the terminal cation and isomerization of the result-
ing cation to allyl cation afforded poly(keto-ether)s
(Eg. 1). On the other hand, crosslinked polymers
were obtained when the stronger cationic catalyst,
such as BF,OFEt, and CF;SO:H, was used or when
the polymerization was carried out at ambient tem-
perature because the selectivity between enol ether
and isobutene moieties might be lost and/or the
vinyl polymerization would occur under these con-
ditions.

As described previously, cationic polymerizations
of bifunctional monomers la and Ib to poly(keto-
ether) Ila and IIb can be achieved by the use of
weak initiator at low temperature or by the cooper-
ation of additional nucleophiles to the reaction sys-
tem (Eq. 1). In the later system, the polymerization
took place in the presence of hoth Lewis acid (initia-

tor) and Lewis base (nucleophile). Thus, the selec-
tive polymerization of Ia and Ib may be achieved
by the Lewis acid-base complex in principle. How-
ever, intact Lewis acid-base complex may not be an
initiator because electrophilicity of Lewis acid may
not be sufficient in such a complex.
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Recently, considerable attention has been focused
on several onium salts (sulfonium, ammonium, io-
donium, and phosphonium salts) that initiate radical
or cationic polymerization by external stimulation,
such as photo-irradiation and heating. Such initia-
tors are called “latent initiators”,'! and are extre-
mely important to control the initiation step of the
polymerization. Although latent initiators do not
initiate the polymerization under the usual condi-
tion, they decompose by appropriate stimulation to
generate cations which initiate the cationic polym-
erization. Endo ef al. have reported that benzyl
onium salts,’ such as sulfonium, ammonium, pyridi-
nium, and phosphonium salts, could be efficient
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thermal latent initiators which polymerize bicyclo-
orthoester,® spiroorthocarbonates,’ epoxides,*® and
styrene’ by thermal stimulation. Benzyl cation is
believed to be released as an initiation species by
thermal decomposition of these benzyl onium salts.
At the same time a counter ligand was released
from latent initiators. Such a nucleophilic ligand
can interact with terminal cation to control the po-
lymerization. For example, in the case of cationic
polymerization of styrene by N-(p-methoxybenzyl)-
2-cyanopyridinium hexafluoroantimonate 1 as a
thermal latentin itiator,® 1 decomposes by thermal
stimulation to benzyl cation 2 and 2-cyanopyridine
3 (Eq. 2). 2 initiated the cationic polymerization of
styrene, while 3 interacted with the terminal cation
to stabilize it to depress chain transfer reaction,
resulting in living cationic polymerization of styrene
to afford polystyrene 5 bearing a benzyl group at
end of the polymer and a pyridinium group at the
other. However, the addition of 2-cyanopyridine 3
to the polymerization system is essential to achieve
perfect control of the polymerization because 1 grad-
ually decomposes by thermal stimulation so that
the amount of 3 (counter ligand) released from 1
is too small to control polymerization effectively.
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Further, Endo et al. developed a novel latent ini-
tator 6 which it is stable at room temperature and
less sensiitive toward moisture.® 6 can initate cation-
ic polymerization of epoxide not only by heating’
but also by photoirradiation. In the case of cationic
polymerization of epoxide 9 by 6 with heating, it
was confirmed that benzyl cation 8 is an actual
initiation species, and 4-(methylthio) phenol 7 was
released as counter ligand in the initiation step (Eq.
3).> On the contrary, in the case of the photo-initi-
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ated cationic polymerization system of 6,"” actual ini-
tiation species have not been identified. In some
cases, UV absorption characteristic of 8 was obser-
ved by the pulsed-laser spectormetry technique.'
although it is still uncertain whether 8 is the main
initiation species in photoinitiation system. In any
event, 6 decomposes by photoirradiation to some
cationic species such as 8, and some neutral coun-
ter ligands such as 7, and the counter ligand may
control the cationic polymerization.
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On the basis of these results, interest was fo-
cused on the polymerization of Ia and Ib using 6 as
photo- and/or thermal latent initiator. Since latent
initiators decompose gradually, only small amount
of counter ligand may be present in the polymeri-
zation system. However, the selective cationic poly-
merization of Ia and Ib may be possible by such
small amount of counter ligand because the amount
of initiation species (cation) and counter ligand (nu-
cleophile) is always equa. In fact, cationic polymeri-
zation of Ia could be controlled by the addition
of two equivalent of nucleophile with the cationic
initiator.

In this paper, we describe a successful photo-in-
duced cationic polymerization of Ia and Ib using
6 as a photo-latent initiator. It was confirmed that
the cationic polymerization using a latent initiator
is a novel method to control the cationic polymeri-
zation.

Results and Discussion

Photo-induced Cationic Polymerization of la.

To control the cationic polymerization of Ia by
the counter ligand released at the initiation step
of the latent initiator-induced polymerization, the
polymerization of Ia using 6 as a latent initiator
was examined. Although 6 can act as both photo-
and thermal latent initiator, the author decided to
use 6 as a photo-latent initiator because 6 initiates
cationic polymerization as a thermal initiator at far
higher temperature than room temperature,” which
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Table I. Photointiated Cationic Polymerization of Ia with 6¢

Temp. Time Conv.’ Yield Composition

Entry Catalyst (C)  (min) (%) (%) Mn'  Mw/Mn'  x y z

1 CHJSO:;H‘( r.t. 5 100 100’"

2 CH:SO;H —78 90 100 88 4500 4.3 39 17 44

3 CF,SO;H* r.t. 30 100 71 3600 2.2 36 17 47

4 CH,SO;H™* r.t. 30 0

5 & r.t. 180 0 0

6 6 r.t. 5 40 24 3900 1.8 57 32 11

7 6 r.t. 30 73 64 4700 2.8 54 27 19

8 6 rt. 60 100 76 5000 i 50 23 27

“Irradiation with a 300 W high pressure mercury lamp through pyrex filter in dichoromethane,
‘Estimated by weight after evaporation. ‘#-Hexane-insoluble part.
‘Estimated by GPC calibrated with polystyrene standards. ‘Estimated by 'H-NMR.

/Without irradiation. #Crosslinked polymer.

*Polymerization was carried out in the presence of thioanisole. ‘Bimodal GPC Curve.
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Figure 1. 'H-NMR spectrum of Ila obtained by pho-
toinduced cationic polymerization at ambient tempera-
ture for 1 h (entry 6, Table I) (90 MHz, CDCly).

may reduce selectivity of cztionic polymerization
of Ia. Thus, the cationic polymerization of Ia using
6 with irradiation was carried out at ambient tem-
perature in dichloromethane, and the results are
summarized in Table I. The results of the cationic
polymerization initiated by CH;SO;H are also dem-
onstrated in Table L

Rapid polymerization of Ia occurred at ambient
temperature of irradiation, and the conversion rea-
ched 100% within 1 h. The polymer was completely
soluble in dichloromethane. Cationic reaction on
less nucleophilic carbon-carbon double bonds might
be suppressed by the counter ligand released from
6.

The expected structure Ila was confirmed by 'H-
NMR (Figure 1), which was closely related to those
observed for Ila previously. Thus, the cationic poly-
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merization of Ia initiated by 6 with irradiation mi-
ght take place in the same manner as described
previously; selective attack of the most nucleophilic
vinyl ether part of Ia to terminal cation followed
by a ring-opening isomerization. Since olefin con-
tents of ITa which were estimated from 'H-NMR, as
described in Table I, were found to be rather high
(>73%), the cationic polymerization of Ila by latent
initiator is another effective method to stabilize the
terminal cation. _ B

_ The conversion of the monomer, M»n, and Mw/
Mpn gradually increased with the irradiation time.
Furthermore, the olefin content of the polymer de-
creased with the conversion. Simultaneously, unex-
pected signals in the 'H-NMR around & 1.0 ppm,
which could be assigned as aliphatic methyl and
methylene group, were increased. The author al-
ready discussed the side-reactions of the cationic
polymerization of Ia in the presence of 4-cyanopyri-
dine as a nucleophile. Although the polymerization
behaviors are very similar in both systems, an in-
crease of Mw/Mn during the polymerization was ob-
served in the photo-induced system. Therefore, al-
though the main side reactions in photolatent sys-
tem may be the intramolecular cyclization reaction,
the intermolecular cationic reaction may also occur
to some extent.

It is interesting that the ratio of x and y of Ila
was about 65 : 35 in every run. This ratio was also
observed in the cationic polymerization of la under
various conditions. In thermal stability the unit y
is more stable than the unit x, which can be attrib-
uted to the feature of oxyallyl cation. Therefore,
the ratio of the unit x and vy is determined by the
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Table II. Photointiated Cationic Polymerization of Ia with 6°

Temp. Time Conv! Yield Composition®
Entry Catalyst ©) (min) (%) (%) Mn'  Mw/Mn‘ X y z
1 CH3SOng r.t. 5 100 100¢
2 CH,3SO;H —78 960 100 78 4000 2.1 68 31 1
3 6 r.t. 5 44 31 4300 1.8 66 27 7
4 6 r.t. 30 71 60 5800 23 65 25 10
5 6 r.t. 60 100 80 7100 2.6 66 14 20

“Irradiation with a 300 W high pressure mercury lamp through pyrex filter.
’Estimated by weight after evaporation. n-Hexane-insoluble part.
“Estimated by GPC calibrated with polystyrene standards.

‘Estimated by 'H-NMR. ‘Without irradiation.
¢Crosslinked polymer. “Bimodal GPC curve.
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Figure 2. '"H-NMR spectrum of IIb obtained by pho-
toinduced cationic polymerization at ambient tempera-
ture (90 MHz, CDCl).

unexpected
signals

nature of terminal oxycation.

Photo-induced Cationic Polymerization of Ib.

Polymerization of Ib by 6 with irradiation was
also carried out at ambient temperature and the
results are summarized in Table II. The results
of the cationic polymerization initiated by CH;SO;H
are also presented in Table IL

The polymer obtained by 6 with irradiation was
completely soluble in dichloromethane. The struc-
ture IIb was confirmed by 'H-NMR (Figure 2).
These results indicate that the cationic polymeriza-
tion of Ib initiated by 6 with irradiation takes place
in the same manner as that initiated by CH;SO;H
at —78 T, and that cationic reactions on less nuc-
leophilic carbon-carbon double bonds, such as pro-
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pylene part of Ib and carbon-carbon double bonds
in the polymer, were suppressed by the counter
ligand released from 6. 'H-NMR signals arounds
5 1 ppm, which were assigned to aliphatic methy-
lene proton, increased during the polymerization.
These results indicate the presence of side-reac-
tions, which were not observed in the cationic polym-
erization of Ib initiated by CH;SO;H at —78 C.
Simultaneously, the content of the unit y in IIb
decreased with the conversion, while the content
of the unit x in Ib was constant. The content of
the unit Ifa was closely related to that of IIb ob-
tained by CH;SO;H at —78 C. Mw/Mn increased
during the polymerization.

These behaviors, which are quite different from
that of Ia, indicate that an intermolecular reaction
of vinyl ether part of the polymer and the terminal
cation of form a branched polymer may be the main
sidereaction. Of course, the author could not elimi-
nate the possibility of an intramolecular side reac-
tion as was observed in the polymerization of Ia.
Although both IIa and IIb have vinyl ether part
in the main chain, respectively, the unit y in Ila
i.e., tri-substituted vinyl ether, may be less reactive
than the unity y in IIb, e, di-substituted vinyl
ether, because of the steric reason. Therefore, the
cationic side reaction on the unit y in IIb occurred
simultaneously during the polymerization under 6-
irradiation condition. It should be noted that the
electron density of the unit y in IIb may be lower
than the of the unit x in Ila because of the absence
of the electron-donating methyl group. In fact, no
side reaction was observed in the polymerization
of Ib by CH3SOsH at —78 C. Side reactions obser-
ved in the polymerization of Ib by 6 with irradia-
tion may occur because the reactivity of terminal
cation could not be controlled completely as well
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as the polymerization of Ia by 6 with irradiation.
Consequently, cationic polymerization of Ia and
Ib can be achieved by use of the latent initiator,
although side reactions could not be depressed com-
pletely probably because the amount of the nuc-
leophilic ligand released from 6 was not enough.
Possible Mechanism of Photo-initiated Cat-
ionic Polymerization. Generally, 6 initiated the
polymerization as expressed in Eq. 4. 6 decomposes
by irradiation to form some cationic species and
the counter ligand.! Polymerization is initiated by
the addition of cationic species to the vinyl ether
goup of the monomer Ia and Ib to form carbocation
intermediate 11 and the following ring-opening isom-
erization resulted in terminal oxyallyl cation 12,
On the other hand, the counter ligand left at the
initiation step may interact with 12 to stabilize it
so as to induce selective attack of vinyl ether part
of monomers even at ambient temperature. Such
interaction was observed in the polymerization of
Ia in the presence of nucleophilic compounds.
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Conclusion

The author has demonstrated that 2-alkenyl-4-
methylene-1,3-dioxolanes Ia and Ib undergo a selec-
tive cationic ring-opening polymerization using
photo-latent initator 6 to give soluble poly(keto-
ether) at ambient temperature. The characteristic
feature of the latent catalyst, in which the initiator
and the nucleophilic ligand were joined, is an impor-
tant factor to realize such a selectivity. Since the
latent initiator is stable at ambient temperature and
is less sensitive to moisture, tke control of the cat-
ionic polymerization by the latent initiator is easier
to carry out than polymerization using CH;SO;H
at —78 C and the polymerizarion in the presence
of nucleophilic compounds.

The results obtained in this paper clearly demon-
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strated that the use of latent initiators may be
the most effective method to control the propaga-
tion step. Not only Ia and Ib, but also other bifunc-
tional cationically polymerizable monomers may be
polymerized selectively using latent initiators.

Experimental

Photo-initiated Polymerization of Ia. To a
solution of 0.50 g (4.0 mmol) of Ia in 7 mL of dry
dichloromethane was added 1.0 mL solution of 6
in dichloromethane (2X10°° mol/L, 0.5 mol%). The
reaction tube (pyrex) was flashed with Argon and
was irradiated with a 300 W high-pressure mercury
lamp at room temperature (>300 nm). After quen-
ching the reaction by addition of pyridine, the reac-
tion mixture was evaporated to dryness under a
reduced pressure. Monomer conversion was deter-
mined by its residual weight after evaporation. The
crude product was dissolved in dichloromethane (5
mL) and was poured into a large amount of hexane
to precipitate the polymer. After the hexane layer
was removed by decantation, the precipitate was
dried under vacuum to obtain polymer Ila.

Photo-cationic Polymerization of Ib. To a
solution of 0.46 g (4.0 mmol) of Ib in 7 mL of dry
dichloromethane was added 1.0 mL solution of 6
(2X107° mol/L, 0.5 mol%). Following was same as
that for Ia.
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