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For the past decades, enzyme-catalyzed polymeriza-
tions (“enzymatic polymerizations”) have been of in-
creasing importance as new trend in macromolecular
science.! Enzyme catalysis has provided a new synthetic
strategy for useful polymers, most of which are difficult
to produce by conventional chemical catalysts. In vitro
enzymatic syntheses of polymers via nonbiosynthetic
pathways, therefore, are recognized as a new area of
precision polymer syntheses.

Aliphatic polyesters have received much attention as
biodegradable and biomedical materials.? There have
been many studies on syntheses of aliphatic polyesters
by fermentation® and chemical* processes. Recently, a
lipase-catalyzed synthesis of aliphatic polyesters was
established as another approach of polyester produc-
tion.> Lipases are enzymes that catalyze the hydrolysis
of fatty acid esters, normally in an aqueous environment
in living systems. However, lipases are sometimes stable
in organic solvents and can be used as catalysts for
esterifications and transesterifications. Polyester syn-
theses have been achieved by various polymerization
modes by utilizing such catalytic specificities of lipase
under mild reaction conditions. So far, lactones with
various ring sizes were subjected to enzymatic ring-
opening polymerization. Lipase showed unique catalysis
for lactone polymerizations; macrolides (12-, 13-, 16-,
and 17-membered lactones) having much lower anionic
polymerizability than e-caprolactone (e-CL) were enzy-
matically polymerized much faster than e-CL.5 This is
probably due to the strongly recognizable nature of the
macrolides by lipase.

Chemoselective polymerizations of monomers having
more than two polymerizable groups should afford a
new class of highly reactive polymers. Monomers having
an unsaturated polymerizable group, however, are often
difficult to chemoselectively polymerize without reaction
of the unsaturated groups because of their high reactiv-
ity toward various polymerization catalysts. We have
achieved a chemoselective polymerization of a phenol
derivative having a methacryloyl group by utilizing
specific catalysis of peroxidase.” The methacryloyl group
was not involved in the polymerization, giving rise to a
polymer having it in the side chain. The resulting
polymer was readily cured both thermally and photo-
chemically. In addition, a polyphenol having an acetyl-
enic group in the side chain was chemoselectively
synthesized from m-ethynylphenol using peroxidase
catalyst.®

a-(Alkyoxymethyl)acrylates are well-known to radi-
cally polymerize. Recently, stereocontrol was achieved
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by polymerization in the presence of a catalytic amount
of a Lewis acid; zinc bromide catalytically affected the
stereochemistry in the polymerization of o-(alkyoxy-
methyl)acrylate, yielding an isotactic polymer.® In the
anionic polymerization of an a-(alkoxymethyl)- or a-
(aminomethyl)acrylate, the strong coordination power
of the a-substituent produced highly syndiotactic poly-
mers.10

Most lactones are readily polymerized by anionic
initiators to give aliphatic polyesters. Very recently,
2-methylene-4-oxa-12-dodecanolide (1), a macrocyclic
o-(alkyoxymethyl)acrylate, was subjected to vinyl po-
lymerization by anionic initiators such as n-butyllithium
and cyclohexylmagnesium bromide—tetramethylethyl-
enediamine to produce isotactic polymers having a
macrocyclic moiety in the main chain.!* The present
study deals with the lipase-catalyzed chemoselective
ring-opening polymerization of 1 (Scheme 1). Relevant
to this study, a seven-membered lactone having an
acrylic group in the side chain using radical and anionic
initiators was reportedly polymerized;!? the radical
initiator polymerized the acryl moiety to give a polymer
having a lactone group in the side chain, and the ring-
opening polymerization proceeded anionically, yielding
a reactive polymer bearing the unsaturated group in the
side chain.

The polymerization of 1 was carried out using Can-
dida antarctica lipase in toluene at 60 °C. The enzyme
showed high catalytic activity toward the ring-opening
polymerization of lactones and transesterification be-
tween polyesters.13 Figure 1 shows the 'H NMR spectra
of 1 and the resulting product after 24 h. Singlet peaks
A and B due to the vinylidene moiety of 1 were observed
at 0 5.7 and 6.3. After the polymerization, these peaks
completely disappeared, and new peaks P and Q were
seen at 6 5.8 and 6.2, respectively. The ratio of the
integrated area of peaks P, Q, and S (a-methylene
protons of the ether moiety) were 1:1:2, indicating that
the monomer was quantitatively consumed and the
vinylidene group did not react during the polymerization
to give polyester (2). The polymer structure was con-
firmed by 13C NMR spectroscopy (see Supporting Infor-
mation). The pattern of the peaks of 2, especially that
of the a-(alkyoxymethyl)acrylate moiety, was very simi-
lar to that of 1, although some peaks slightly shifted;
in the case of the anionic vinyl polymerization, peaks B
and C completely disappeared.!! These data support
that the lipase catalyst exclusively induced the ring-
opening polymerization of 1.

The polymerization results are summarized in Table
1. The monomer conversion was determined by 'H
NMR. The molecular weight of the polymer was esti-
mated by size exclusion chromatography (SEC). In all
cases, the lipase catalysis induced the polymerization
to give 2. Polymer formation was quantitative at 60 and
75 °C after 24 h (entries 4 and 8). The polymerization
rate at 75 °C was somewhat larger than that at 60 °C.
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Figure 1. 'H NMR spectra of (A) 1 and (B) 2 (entry 4).

Table 1. Lipase-Catalyzed Ring-Opening Polymerization

of 12

entry temp (°C) time (h)  conv® (%) Mp¢ Mw/Mp¢
1 45 48 83 2600 1.6

2 60 4 55 3900 19

3 60 8 89 6100 2.0

4 60 24 100 7600 2.2
5d 60 24 0

6 75 2 46 2900 14

7 75 4 77 4100 1.6

8 75 24 100 8100 19

a Polymerization of 1 (1.0 mmol) using lipase catalyst (20 mg)
in toluene (0.40 mL) under argon. P Determined by 'H NMR.
¢ Determined by SEC using THF eluent. 9 Without enzyme.

The polymerization also proceeded at 45 °C; however,
the reaction rate was much smaller (entry 1). The
molecular weight of 2 increased as a function of the
polymerization time and temperature. In the polymer-
ization without lipase (control experiment), the mono-
mer was recovered unchanged (entry 5), indicating that
the present polymerization took place via the lipase
catalysis.

For reference, the polymerization of 1 using tin(ll)
octanoate, one of the most typical initiators for polym-
erization of lactones and lactides,* was examined. The
reaction was carried out in the presence of tin(ll)
octanoate (5 mol % for 1) at 100 °C in toluene for 24 h,
resulting in recovery of all of the monomer unchanged,
whereas ¢-CL was, of course, quantitatively consumed
under similar reaction conditions to give the corre-
sponding polyester. These data imply that lipase is a
very efficient catalyst for the ring-opening polymeriza-
tion of 1 under milder reaction conditions.

A reactive copolyester was synthesized by the lipase-
catalyzed ring-opening copolymerization of an equimolar
mixture of 1 and 12-dodecanolide (3) at 60 °C in toluene
for 24 h to give the copolymer with number-average
molecular weight of 1 x 10* quantitatively (Scheme 2).
The copolymer solution was kept at 60 °C in the
presence of AIBN initiator (5 mol % for the lactones).
After 1 h, the solution became a gel. The yield of an
insoluble gel, determined by gravimetric measurement,
was quantitatively achieved by cross-linking for 24 h.
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In conclusion, lipase catalysis chemoselectively in-
duced the ring-opening polymerization of 1, yielding a
polyester having the reactive exo-methylene group in
the main chain. This is significantly in contrast with
the anionic vinyl polymerization of 1; the present
polymer 2 could not be obtained using a conventional
chemical initiator under mild reaction conditions. Fur-
ther studies on the enzymatic synthesis of functional
polyesters via the selective catalysis of lipase and
anionic polymerization of macrocyclic a-(alkoxymethyl)-
acrylates are under way.
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