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A number of polymerization processes accompanied
by elimination of relatively small molecules, such as
water, alcohols, hydrogen halides, etc., have been long
known in the field of polycondensation.1 In contrast to
step-growth polymerization, no elimination generally
takes place in chain-growth polymerization. However,
some exceptions categorized in condensative chain po-
lymerization2 have been reported: for instance, decar-
boxylation in the ring-opening polymerization of oxazo-
lidine-2,5-diones3 or cyclic carbonates,4 desulfoxylation
in the ring-opening polymerization of cyclic sulfites,5
evolution of nitrogen in the BF3‚Et2O-catalyzed polym-
erization of diazomethane,6 and elimination of diaryl
ketone in the ring-opening polymerization of 2,2-diaryl-
4-methylene-1,3-dioxolanes.7 In most cases, elimination
occurs, though not always quantitatively, during the
isomerization of propagating species irrespective of the
polymerization modes involved.

More recently, we have reported that 3-phenyl-3-
(phthalimidomethyl)oxetane (1) undergoes cationic cy-
clo-oligomerization to yield mainly two geometric iso-
mers of substituted 1,3-dioxanes (4 and 5).8 These
dimerized products differ from an eight-membered cyclic
ether expected from the well-known “back-biting” in the
cationic polymerization of cyclic ethers.9 The cyclodimer-
ization was accompanied by the formation of small
amounts of very low-molecular-weight oligomers, but
the details were not elucidated. We have now succeeded
in quantitatively obtaining the higher oligomer. Sur-
prisingly, it is oligo(2-phthalimidomethyl-1,2-indanyl-
ene) (7) that can be derived formally by subtracting H2O
from 1 (Scheme 1). In this paper we report the novel
cationic polymerization of 1 involving quantitative
dehydration without any side reaction and discuss the
mechanistic aspects.

The polymerization of 1 with CF3SO3H was carried
out in chlorobenzene at 130 °C for 11 days to give the
oligomer (7) quantitatively (exp no. 5 in Table 1).10

Contrary to our initial expectation that a polyether
having an oxytrimethylene backbone would be formed,
7 gave very peculiar IR and NMR spectra (Figures 1
and 2). To elucidate the structure of the repeating unit,
7 was analyzed by matrix-assisted laser-desorption-
ionization time-of-flight (MALDI-TOF) mass spectros-
copy (Figure 3).11 Two different series of peaks with
relatively stronger and weaker counts were observed,
ranging from m/e 1000 to about 5000. Crests of two
consecutive peak clusters were separated alternately by

approximately 129 and 146 Da. This regular repetition
can be explained by (i) the fact that the chains were
composed of the repeating units having FW ) 275 and
(ii) the possibility that the smaller clusters were caused
by fragmentation of one phthalimide moiety (FW ) 146).
However, the mass of the repeating unit is not consis-
tent with that of the feed monomer 1 (FW ) 293),
indicating that the repeating unit is derived by the loss
of one molecule of water from 1.

The structure of 7 was most clearly characterized by
IR spectroscopy (Figure 1).12 Strong stretching bands
at 1780 and 1710 cm-1 were ascribed to the imide
carbonyl group, but no absorption assignable to any
ether linkage appeared. On the basis of this interpreta-
tion, the most probable structure of 7 is deduced as
oligo(2-phthalimidomethyl-1,2-indanylene). As for the
polymerization of indene and its related compounds,
numerous investigations now appear in the literature,
but no example using any oxetane monomer has been

Table 1. Cationic Polymerization of 1 with CF3SO3Ha

product distribution,b %exp
no.

catalyst,
mol %

time,
h 2 3 4 5 6 7 (Mn

c)

1d 5 0.15 100 0 0 0 0 0
2 5 0.15 0 1 58 36 0 5 (682)
3 5 72 0 7 28 18 11 36 (717)
4 5 132 0 7 0 0 10 83 (748)
5 20 264 0 0 0 0 0 100 (1207)
6e 20 264 0 0 0 0 0 100 (1072)
7f 5 72 0 10 32 18 32 8
8f 5 120 0 0 0 0 8 92 (699)
9g 20 264 0 0 0 0 0 100 (1505)

a Polymerization conditions: 1, 0.10 g (0.34 mmol); chloroben-
zene, 0.34 mL; temperature, 130 °C. b Determined by 1H NMR.
c Estimated by GPC (based on polystyrene standards). In GPC, 4
and 5 were eluted at the same retention time corresponding to
Mn ) 481. d The reaction was carried out at 80 °C. e In the presence
of 5.2 mol % of 2,6-di-tert-butyl-4-methylphenol as a radical
scavenger. f Trimethylsilyl trifluoromethanesulfonate was used as
a catalyst. g In the presence of an equimolar amount (6.2 µL) of
water to 1.

Figure 1. IR spectrum of 7 (KBr disk).

Scheme 1
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reported yet. Similar to poly(unsubstituted indene), the
1H and 13C NMR spectra of 7 also showed extremely
broadened signals due to restricted mobility of the main
chain (Figure 2). Nevertheless, the relative signal
intensities between the aromatic and aliphatic protons,
as well as four different 13C signals appearing in the
aliphatic region, supported the expected structure of 7.

Table 1 shows the change of the product distributions
in the polymerization of 1 with CF3SO3H in chloroben-
zene at 130 °C. Various intermediates (2-6) were found
to be formed during the reaction, although the formation
of bicyclic acetal (2) was confirmed only in a very early
stage of the reaction at the low temperature of 80 °C
(exp no. 1). All of these intermediates finally disap-
peared by employing both a relatively large amount of
the catalyst and a prolonged reaction time, resulting in
7 as a single product. The production of 4 and 5 was so

rapid as to reach completion within 10 min (exp no. 2),
whereas the rate of formation of 7 was extremely slow,
perhaps by less than a five-hundredth of the above. The
course of polymerization was unaltered in the presence
of 2,6-di-tert-butyl-4-methylphenol (exp no. 6). This
indicates that no radical process is involved irrespective
of the elevated temperature. As reported in the preced-
ing paper, the cyclodimerization of 1 with Lewis acids
also gave the same products, 2-5, but not 6. The close
similarity of the intermediate products in the polymer-
ization of 1 and its cyclodimerization strongly suggests
that both reactions proceed by a very similar mecha-
nism. In contrast to the cases of cyclodimerization,8 the
Lewis acids, such as BF3‚OEt2 and benzylthiolanium
hexafluoroantimonate, were not effective for the purpose
of yielding 7. This is probably because of the water
liberated during the reaction. Therefore, trimethylsilyl
trifluoromethanesulfonate, which can hydrolyze to CF3-
SO3H, brought about a polymerization similar to that
of 1 (exp nos. 7 and 8). Although a rather low yield of 6
was always obtained throughout the polymerization
reaction, we succeeded in isolating 6, and it proved to
be 2-(phthalimidomethyl)indene,13 corresponding to the
olefinic monomer of 7.

A plausible mechanism for the polymerization of 1 in
the presence of a proton source is illustrated in Scheme
2. Although the mechanism is complicated, it can be
explained reasonably by analogy to the mechanism
proposed for the cyclodimerization of 1.8 Thus, the
cyclodimerization involves three successive elementary
steps: (1) isomerization of 1 to 2 via an intermediate
cation B by the intramolecular nucleophilic attack of
the imide carbonyl group; (2) skeletal rearrangement
of B to an aldehyde 3 by consecutive cation transfer;
and (3) intermolecular addition of 3 to B, followed by
internal cyclization of the resulting dimer cation G

Figure 2. 1H and 13C NMR (270 MHz for 1H nuclei) spectra
of 7 in CDCl3. Asterisked signals are due to THF used for
reprecipitation.

Figure 3. MALDI-TOF-MS spectrum of 7 (Mn GPC ) 1730)
purified by reprecipitation of a THF solution with diethyl
ether.

Scheme 2. Plausible Mechanism for the Cationic
Polymerization of 1 Involving Quantitative

Dehydrationa

a NPI: phthalimido group. Counteranions are omitted.
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leading to 4 and 5. For the oligomerization process,
additional steps besides the above should be required.
Step 4 seems to proceed utilizing proton as a condensing
agent in a manner similar to that of a Bischler-
Napieralski reaction.14 Thus, protonated aldehyde F
brings about an intramolecular aromatic electrophilic
substitution, followed by dehydration of oxonium I to
give 6. Finally, the olefinic monomer 6 undergoes
proton-initiated polymerization to give 7. Water liber-
ated at step 4 does not decompose the Brønsted acid
CF3SO3H used as a catalyst and does not interfere with
the subsequent oligomerization process because most of
the water should be vaporized as an azeotrope with
chlorobenzene at 130 °C. Even when an amount of water
equimolar to 1 was added externally (exp no. 9), 7 was
obtained in a similar quantitative yield. Previously, we
demonstrated that 3-5 are interconvertible via a com-
mon intermediate G and that the equilibrium is largely
shifted to the dimer side, more preferably to 4.8 In the
polymerization of 1, however, the cyclic dimers are not
thermodynamically stable products but a precursor pool
for supplying the real monomer 6 via 3.

In the present reaction system, there exist at least
three cationically polymerizable monomers, namely, 1,
2, and 6. We recently have reported that oxetanes and
styrene can be copolymerized cationically.15 Neverthe-
less, neither copolymerization with 6 nor homopolym-
erization of 1 or 2 took place. The reason is attributable
to (i) a great difference in reaction rate between the
cyclodimerization of 1 and the oligomerization of 6 and
(ii) the bulkiness of the neophyl-type skeleton around
the electrophilic sites of cationic species A-C, as shown
by the heavy lines in Scheme 2.

In conclusion, the cationic polymerization of 1 using
CF3SO3H as a proton source was found to afford 7 with
quantitative dehydration. This new type of polymeri-
zation should be distinguished from conventional poly-
condensation or condensative chain polymerization, in
that elimination of water takes place prior to the
polymerization process. Thus, 1 is transformed in turn
into a bicyclic acetal (2), an aldehyde (3), substituted
1,3-dioxanes (4 and 5), and then 2-(phthalimidomethyl)-
indene (6) by proton-catalyzed multi-isomerization, fol-
lowed by internal condensative dehydration. Regardless
of this being a one-pot reaction, a sequence of compli-
cated processes via the above various intermediates
proceeded in an extremely ordered manner. The oligo-
mer 7 composed of indanyl units is characterized by the
possession of phthalimide groups which can be easily
converted into amino groups.16
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