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It has long been accepted that cyclic ethers with more
than a four-membered ring are, in contrast with ox-
iranes, only cationically polymerizable due to the high
basicities of their ether oxygen atoms. The cationic
polymerization involves O-alkylation of the monomer to
give a highly reactive cyclic oxonium ion as the growing
species, which is regarded as the monomer activated for
nucleophilic attack. From this standpoint, one can
expect that even cyclic ethers with high basicities may
undergo anionic ring-opening polymerization when they
are activated by an electrophile.

Recently, we have found that the living anionic
polymerizations of oxiranes and methacrylic esters
initiated with aluminum porphyrins (1)! are dramati-
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cally accelerated upon addition of sterically hindered
Lewis acids such as 5,2 where the monomers are
coordinated to and activated for nucleophilic attack by
the Lewis acids. In this case, the degradative attack of
the nucleophilic growing species to the Lewis acid, which
is usually inevitable, is prohibited due to the steric
hindrance between the large porphyrin unit around the
active site and the bulky phenoxide ligands attached to
the Lewis acidic center.

Herein we report results of successful extension of this
method to the living anionic polymerization of oxetane
(Scheme 1).45 A typical example of the polymerization
of oxetane is as follows: To a 100-mL round-bottomed
flask fitted with a three-way stopcock, containing a CH-
Cl; solution (2 mL) of (TPP)AICI® (1, 0.10 mmol) and a
Teflon-coated stirring bar under nitrogen, was added
oxetane (10 mmol) by a syringe at room temperature
(~20 °C). Although 1 is an excellent initiator for the
living anionic polymerization of oxiranes, no polymer-
ization of oxetane took place throughout the observation
over a period of 3 h. On the other hand, when a CHs-
Clz (2 mL) solution of 57 (0.6 mmol) was added to this
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Figure 1. Polymerization of oxetane with the 1/ system in
CH,Cl; at room temperature (~20 °C) ([oxetanely/[1]¢/[5]lo =
100/1/6). M, (M./M,) — conversion relationship.
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flask, the polymerization did take place to attain 47.4
and 88.4% conversion in 0.5 and 3 h, respectively.? The
produced polymer showed a sharp GPC chromatogram,
where the M, value® was increased proportionally to
monomer conversion, retaining the narrow MWD (My/
M, ~ 1.1) (Figure 1). The degree of polymerization of
the polymer was in good agreement with the mole ratio
of the monomer reacted to the initiator, indicating that
every initiator molecule produces one polymer molecule.
When 6 was used as a Lewis acid at a higher initial
monomer-to-initiator mole ratio such as 400, a narrow
MWD polyoxetane with a higher molecular weight (M,
= 19000 (Mytheory = 23 000), My /M, = 1.11) was
obtained at 100% conversion in 13.5 h.

In order to confirm the living character of polymeri-
zation, the two-stage polymerization of oxetane with 1
as initiator in the presence of 5 was investigated. Thus,
after the completion of the first-stage polymerization of
oxetane ([oxetane]o/[11¢/[5]p = 50/1/3) in CH2Cl; at room
temperature, 150 equiv of oxetane with respect to 1 was
newly added to the system, whereupon the second-stage
polymerization ensued, and the M, of the polymer was
increased from 2900 (M,/M, = 1.09) to 8300, retaining
the narrow MWD (M /M, = 1.22).

Very recently, Amass et al. reported that 1 alone is
capable of initiating the polymerization of oxetane at
an elevated temperature such as 55 °C, but the polym-
erization was slow.> A preliminary 'H NMR study at
22 °C on a CD2Cl; solution of a mixture of oxetane and
1 (10/1) in the absence of § indicated the formation of a
one-to-one adduct (2: 6 —1.43 (t), —1.26 (m), 0.82 (1)),
without any polymeric products. Upon addition of 5 to
this system, the polymerization was started. In con-
formity with this observation, a (porphinato)aluminum
alkoxide such as 3 (0.1 mmol) as initiator in the
presence of 5 (0.3 mmol) under similar conditions
initiated the polymerization of oxetane (10 mmol) to give
at 100% conversion a polymer with M, and M/M,,
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Figure 2. Block copolymerization of methyl methacrylate
(MMA) and oxetane with the 4/5 system ((MMAly/[oxetanely/
[41y/18]p = 100/50/1/6). GPC chromatograms of the prepolymer
of MMA (I, M,, = 6500, M/M, = 1.13) and the block copolymer
of MMA and oxetane (II, M, = 15 000, M,/M, = 1.20).

respectively, of 8900 and 1.24. 'H NMR analysis of the
polymer, after hydrolytic workup, showed the presence
of a 2-propoxy end group (5 1.15, CHj; (d)) originating
from 8 but no phenoxy group from 5.

By using the aluminum porphyrin/Lewis acid system,
we attempted the synthesis of a narrow MWD block
copolymer from oxetane and methyl methacrylate (MMA).
Methacrylic monomers are polymerizable radically and
anionically but not cationically, so polyoxetane—poly-
(methyl methacrylate) block copolymer has never been
synthesized. As already reported, methacrylic mono-
mers undergo accelerated living anionic polymerization
with the (TPP)AICHj; (4)5—5 system via a (porphinato)-
aluminum enolate as the growing species. Thus, at the
first stage, MMA (5 mmol) was polymerized with 4 (0.1
mmol) in the presence of 5 (0.6 mmol) in CH;Clp (6 mL)1°
(PMMA at 100% conversion: My = 6500 (M theory =
5000), M,/M, = 1.13 [Figure 2 (I)]), and then oxetane
(15 mmol) was added to this system, whereupon the
second-stage polymerization ensued and attained 100%
monomer conversion within 14 h, affording the cor-
responding block copolymer in almost quantitative
vield.l! The GPC analysis (Figure 2) showed a sharp
elution peak (I: M, = 15 000 (M theory = 11 000), M/
M, = 1.20) in the higher molecular weight region than
that of the PMMA prepolymer (I).1213 The successful
formation of the PMMA—polyoxetane block copolymer
demonstrates that the polymerization of oxetane initi-
ated with 1 in the presence of 5 is anionic.

In conclusion, the Lewis acid-promoted living anionic
polymerization of oxetane is realized by utilizing alu-
minum porphyrin as the nucleophilic initiator in con-
junction with Lewis acid as the monomer activator.
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