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ABSTRACT: Effects of substituted position and ring size of methyl-substituted lactones in their lipase-catalyzed
polymerization have been systematically investigated. In the polymerization of 6- and 7-membered lactones using Can-
dida antarctica lipase as catalyst, the reaction behaviors of α-substituted lactones were relatively similar to those of
the unsubstituted ones, whereas much lower enzymatic polymerizability was observed in the case of ω-substituted lac-
tones. The enzymatic polymerization of γ-methyl-ε-caprolactone also proceeded under mild reaction conditions and the
reaction rate was close to that of ε-caprolactone. In the polymerization of α-methyl-substituted macrolides (13- and
16-membered), the polymerizability decreased by the introduction of the methyl substituent. The enzymatic polymer-
izability of these lactones was compared with their anionic polymerizability using sodium methoxide as initiator. In
case of all the α- or ω-substituted lactones examined, the lower anionic polymerizability was observed than that of the
unsubstituted ones. These data indicate that the polymerization behaviors strongly depended on the lactone ring size and
substituent position as well as type of catalyst (initiator).

KEY WORDS Enzymatic Polymerization / Lactone / Lipase / Polyester / Ring-Opening Poly-
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Ring-opening polymerization of lactones has been
extensively studied, since it provides a facile synthetic
route of biodegradable polyesters with controlled struc-
ture and molecular weight.1 So far, a variety of cata-
lysts have been developed for the precise polymeriza-
tion of lactones. Recently, lipase has received much at-
tention as new catalyst for production of biodegradable
polyesters.2 Lipase catalyzed ring-opening polymeriza-
tion of unsubstituted lactones in various ring-sizes un-
der mild reaction conditions, yielding high molecular
weight polyesters.3

Furthermore, lipase catalysis exhibited unusual poly-
merizability of lactones in comparison with that of con-
ventional chemical catalysts. Our recent report showed
that macrolides possessed much lower reactivity in the
polymerization catalyzed by zinc octanoate than δ-
valerolactone (1a) or ε-caprolactone (2a).4 In the Pseu-
domonas fluorescens lipase-catalyzed polymerization,
on the other hand, the reverse tendency was observed.5

This is due to the stronger recognition of the macrolides
by lipase catalyst.

So far, there have been many studies concerning
ring-opening polymerization of various 4-membered
substituted lactones by chemical catalysts.1a Lipase
also induced the polymerization of such lactones,6

and the enantioselection took place to give opti-
cally active polyesters under selected conditions.6b,6d,6e

In contrast, the ring-opening polymerization of sub-
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stituted lactones of other ring sizes using chem-
ical catalysts has little been reported. For ex-
ample, α-n-propyl-δ-valerolactone and δ, δ-dimethyl-
δ-valerolactone showed no polymerizability using
sodium catalyst.7 Aluminum isopropoxide catalyst
polymerized ε-heptanolactone (2c), however, its poly-
merizability was much smaller than that of 2a.8 This
may be due to steric effect of the substituent on the
monomer coordination site in the catalyst.

As to the enzymatic polymerization of substituted
lactones in the ring size larger than six, we have
briefly reported that α-methyl-substituted medium-size
lactones, α-methyl-δ-valerolactone (1b) and α-methyl-
ε-caprolactone (2b), were efficiently polymerized by
Candida antarctica lipase (lipase CA).9 From the op-
tical purity of the residual monomer, it was found
that no enzymatic enantioselection occurred. On the
other hand, ω-methyl-substituted 6-membered lactone,
δ-caprolactone (1c) showed very low homopolymeriz-
ability toward lipase CA,6e although the enantioselec-
tion of 1c took place in the lipase CA-catalyzed copoly-
merization of 1c with 2a or with 12-dodecanolide
(3a), yielding optically active polyesters. Fluorine-
containing lactones were also enantioselectively poly-
merized by lipase CA catalyst.10

In order to systematically examine the enzymatic
polymerizability of unsubstituted and substituted lac-
tones, we have performed the lipase-catalyzed poly-
merization of various substituted lactones. Further-
more, the enzymatic polymerizability of these lactones
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Chart 1.

has been compared with that by an anionic initiator.

RESULTS AND DISCUSSION

Lipase-Catalyzed Polymerization of Substituted Lac-
tones

In this study, seven methyl-substituted lactones
have been used as monomer for the enzymatic ring-
opening polymerization: 1b, 1c, 2b, 2c, γ-methyl-
ε-caprolactone (2d), α-methyl-12-dodecanolide (3b),
and α-methyl-15-pentadecanolide (4b) (Chart 1). The
polymerization of the substituted lactones was carried
out by using lipase catalysts with different origin in
bulk at 60 ◦C. The catalysts used in this study were
lipases derived from Candida antarctica (lipase CA),
Candida cylindracea (lipase CC), Mucor miehei (li-
pase MM), Pseudomonas fluorescence (lipase PF), and
porcine pancreas (PPL). These lipases were reported to
show high catalytic activity for the polymerization of
unsubstituted lactones. Especially, lipase CA possessed
a very high catalytic activity toward the polymeriza-
tion of 2a,11 yielding the polymer of high molecular
weight.3b Polymerization results are summarized in Ta-
ble I. Molecular weight of the polymer was estimated
by size exclusion chromatography (SEC) using tetrahy-
drofuran (THF) as eluent.

Lipase CC and PPL showed no catalytic activity for
the polymerization of all the substituted lactones exam-
ined. The substituted medium-size lactones were poly-
merized by only lipase CA. In the polymerization with-
out enzyme (control experiment), the monomer was re-
covered unchanged, indicating that the substituted lac-
tones were polymerized through the lipase catalysis.
The monomer conversion of ω-methyl-substituted lac-
tones (1c and 2c) was lower than that of α-methyl-
substituted ones (1b and 2b), yielding the product with
much lower molecular weight. In the polymerization
of 1b, the polymer of the molecular weight higher than
1× 104 was obtained (entry 1). The polymerization re-
sult of 7-membered α-substituted lactone (2b) was sim-

Table I. Lipase-catalyzed ring-opening polymerization of
substituted lactonesa

Conv.b Mn
b

Entry Monomer Enzyme % × 10−3 Mw/Mn
b

1c 1b lipase CA 74 11 1.9
2 1b lipase MM 0
3 1b lipase PF 0
4 1c lipase CA 53 0.92 2.3
5 1c lipase MM 0
6 1c lipase PF 0
7c 2b lipase CA 94 4.8 2.4
8 2b lipase MM 0
9 2b lipase PF 0

10 2c lipase CA 40 0.45 2.3
11 2c lipase MM 0
12 2c lipase PF 0
13 2d lipase CA 93 4.6 2.4
14 2d lipase MM 0
15 2d lipase PF 4
16 3b lipase CA 98 2.8 1.8
17 3b lipase MM 40 3.2 1.4
18 3b lipase PF 47 1.3 1.6
19 4b lipase CA 94 13 2.1
20 4b lipase MM 75 5.7 2.8
21 4b lipase PF 40 5.2 1.6

aPolymerization of lactone (1.0 mmol) using lipase catalyst
(50 mg) in bulk at 60 ◦C for 24 h. bDetermined by SEC. cData
from ref 9.

ilar to that of γ-substituted lactone (2d) (entries 7 and
13). These data indicate that the polymerization behav-
iors depended on the substituted position of the lactone
ring. 1H and 13C NMR analysis showed that the termi-
nal structure of the polymer was of carboxylic acid at
one end and of alcohol at the other terminal.
α-Substituted macrolides (3b and 4b) were polymer-

ized by lipases CA, MM and PF (entries 16–21), and
among them, the highest monomer conversion was ob-
served in using lipase CA. The polyester with relatively
high molecular weight was obtained from 4b using li-
pase CA catalyst (entry 19). These data indicate the
high catalytic activity of lipase CA for the polymeriza-
tion of the α-substituted macrolides.

Comparison of Enzymatic Ring-Opening Polymeriz-
ability between Unsubstituted and Substituted Lactones

The polymerization behaviors of substituted lactones
have been compared with those of unsubstituted lac-
tones using lipase CA as catalyst (Table II). In the
case of 6-membered lactones, the conversion of 1a
was similar to that of 1b except the polymerization at
60 ◦C, which may be due to the equilibrium between the
monomer and polymer in the polymerization of 1b at
60 ◦C (entry 7).9 The lipase-catalyzed polymerization
of 1a produced the polymer with relatively low molec-
ular weight (entries 1–3),12 whereas the higher molec-
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Table II. Comparison of enzymatic polymerizability between unsubstituted and substituted lactonesa

Entry Monomer Solventb Enzyme Temp. Time Conv.c Mn
c

Mw/Mn
c

mg ◦C h % × 10−3

1 1a bulk 50 35 8 73 1.2 2.1
2 1a bulk 50 45 24 94 1.4 2.1
3 1a bulk 50 60 24 99 1.9 2.6
4 1b bulk 50 35 8 73 6.5 2.1
5 1b bulk 50 35 24 97 8.5 2.1
6 1b bulk 50 45 24 94 9.5 2.1
7 d 1b bulk 50 60 24 74 11 1.9
8 2a bulk 10 35 2 47 3.2 3.1
9 2a bulk 10 45 2 55 3.7 3.2

10 2a bulk 10 60 2 57 4.5 3.0
11 2b bulk 10 35 2 45 1.4 1.8
12 2b bulk 10 45 2 47 1.3 1.9
13 2b bulk 10 60 2 62 1.7 2.1
14 2d bulk 10 35 2 44 1.3 1.9
15 2d bulk 10 45 2 48 1.4 1.8
16 2d bulk 10 60 2 57 1.7 2.0
17 3a toluene 10 45 2 60 4.9 3.0
18 3a toluene 10 45 4 98 6.1 2.6
19 3b toluene 10 45 2 14 0.78 1.2
20 3b toluene 10 45 4 41 2.0 2.3
21 4a toluene 10 45 0.5 41 5.0 3.3
22 4a toluene 10 45 1 94 10 2.7
23 4b toluene 10 45 2 28 3.5 1.9
24 4b toluene 10 45 4 62 4.7 1.9

aPolymerization of lactone (1.0 mmol) using lipase CA catalyst. bSolvent volume of 2.5 mL.
cDetermined by SEC. dData from ref 9.

ular weight polymer was obtained from 1b under the
similar reaction conditions (entries 4–7).

In the case of lactones of the ring size larger than
seven, the smaller loading amount of lipase CA effi-
ciently produced the polymer due to their higher en-
zymatic polymerizability than that of 1. Figure 1
shows time-conversion curves in the polymerization of
7-membered lactones at 60 ◦C. It is to be noted that
the polymerization rate of 2a, 2b, and 2d was close
to each other, suggesting that α- and γ-substitution on
the lactone ring scarcely affected the enzymatic poly-
merizability. The much lower polymerizability of 2c
is probably due to the lower reactivity of the terminal
secondary alcohol, which nucleophilically attacks onto
the acyl carbon of the acyl-enzyme intermediate in the
propagation stage.5a The molecular weight of poly(2a)
was larger than that of the polymer from 2b or 2d under
the similar reaction conditions (entries 8–16).

The polymers from unsubstituted macrolides are of-
ten highly crystalline; thus, the reaction rate much de-
creased in the latter stage of the bulk polymerization
probably owing to the low diffusion of the monomer
in the polymer matrix.13 Therefore, the polymerization
of unsubstituted and substituted macrolides was per-
formed in toluene for comparison of their enzymatic

Figure 1. Time-conversion curves in the enzymatic polymer-
ization of 7-membered lactones (2, 1.0 mmol) using lipase CA
(10 mg) in bulk at 60 ◦C: (©) 2a; (�) 2b; ( �) 2c; (�) 2d.

polymerizability.
Figure 2 shows time-conversion curves in the lipase

CA-catalyzed polymerization of 15-pentadecanolide
(4a) and 4b in toluene at 45 ◦C. The reactivity of 4b
was much smaller than that of 4a. A similar behavior
was observed in the polymerization of 13-membered
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lactones (3a and 3b) (entries 17–20). These behav-
iors are in contrast with those of the 7-membered lac-
tones shown in Figure 1, suggesting that the enzymatic
polymerizability strongly depended on the ring size and
substituted position of the ring.

Figure 2. Time-conversion curves in the enzymatic polymer-
ization of 16-membered lactones (4, 1.0 mmol) using lipase CA
(10 mg) in toluene (2.5 mL) at 45 ◦C: (©) 4a; (�) 4b.

Figure 3. Effects of lactone structure on the monomer conversion in the anionic polymerization initiated by sodium methoxide (6.0 mol%
for lactone) for 12 h: (A) polymerization of 1 in THF (1.0 mL) at 35 ◦C; (B) that of 2 in THF (1.0 mL) at 25 ◦C; (C) that of 3 in bulk at 100 ◦C;
(D) that of 4 in bulk at 100 ◦C.

Comparison of Chemical and Enzymatic Polymeriz-
ability of Substituted Lactones

In cyclic compounds, reactivity is generally depen-
dent upon their ring size; the ring strain of small and
medium ring-size compounds is larger than that of
macrocyclic ones, and hence, the former groups show
higher ring-opening reactivity. In the case of unsub-
stituted lactones with ring size larger than six, the rate
constant of the medium-size lactones in the chemical
polymerization catalyzed by zinc octanoate was much
larger than that of the macrolides, since the macrolides
have much lower ring strain, and hence, show less poly-
merizability.4

In this study, the anionic polymerizability of lactones
using sodium methoxide as initiator has been compared
with that by the lipase catalyst. In all cases examined,
the polyesters with molecular weight of several thou-
sands were obtained and the polymerizability of α- and
ω-substituted lactones was lower than that of unsubsti-
tuted ones (Figure 3). In case of the 6- and 7-membered
lactones, the ω-substituted lactones possessed larger re-
activity than the α-substituted ones. This tendency was
in reverse with that of the lipase-catalyzed polymeriza-
tion (Table I). Interestingly, γ-substituted lactone (2d)
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showed higher anionic polymerizability, as compared
with that of 2b or 2c.

As shown in Figures 1 and 3, the order of the poly-
merizability of the lactone monomers using lipase cata-
lyst was different from that by anionic initiator; in case
of the lactones with the ω-substitution, the introduc-
tion of the substituent resulted in decrease of both an-
ionic and enzymatic polymerizabilities, and the poly-
merization behaviors of α-substituted lactones strongly
depended on the ring size of lactones as well as type of
catalyst (initiator).

EXPERIMENTAL

Materials
Solvents and unsubstituted lactones for enzymatic

polymerization were commercially available and stored
over freshly activated type 4 molecular sieves. THF
for anionic polymerization was of anhydrous grade. α-
Methyl-substituted lactones (1b, 2b, 3b, and 4b) were
synthesized according to the literatures.14, 15 1c, 2c,
and 2d were prepared from the corresponding methyl-
cycloalkanones by Baeyer–Villiger oxidation using m-
chloroperoxybenzoic acid.16 Lipases CA and MM were
kindly donated by Novozymes Japan Ltd. Lipases PF
and CC were purchased from Biocatalysts. PPL was
obtained from Sigma Chemical Co. All lipases were
used without further purification.

Enzymatic Polymerization
A typical run was as follows (entry 19 in Table I).

Lactone (4b, 250 mg, 1.0 mmol) and lipase CA (50 mg)
were placed in a dried test tube under argon and sealed.
The tube was kept at 60 ◦C for 24 h. THF (10 mL)
was added and the part of the organic solution was
separated by filtration. The solution was analyzed by
SEC for the determination of the monomer conversion
and polymer molecular weight. For NMR measure-
ment, the solvent was removed under the reduced pres-
sure and the residue was dried in vacuo. 1H NMR
of poly(4b) (CDCl3) δ 1.1 (d, CHCH3C(=O)), 1.2–1.7
(m, OCH2(CH2)12CH(CH3)), 2.4 (m, CHCH3C(=O)),
3.6 (t, CH2OH), 4.0 (t, CH2OC(=O)); 13C NMR
(CDCl3) δ 17 (CH(CH3)C(=O),) 25–34 (OCH2(CH2)12

CH(CH3)), 40 (CH(CH3)C(=O)), 64 (CH2OC(=O)),
177 (C(=O)OCH2).

Anionic Polymerization
A typical run was as follows. To dry THF solution

(1.0 mL) containing in situ prepared sodium methox-
ide (3.2 mg, 6.0× 10−2 mmol), lactone (2b, 130 mg,
1.0 mmol) was added under argon at 25 ◦C under gentle
stirring. After 12 h, the polymerization was terminated

by the addition of a small amount of HCl methanol so-
lution. After evaporation of the solvent under reduced
pressure, THF was added to the mixture. The THF-
soluble part was separated by filtration and used for
SEC analysis.

Measurements
SEC analysis was carried out by using a Tosoh

SC8010 apparatus equipped with refractive index (RI)
detector at 40 ◦C under the following conditions:
TSKgel G3000 HHR column and THF eluent at a flow
rate of 1.0 mL min−1. The calibration curves were ob-
tained using polystyrene standards. NMR spectra were
recorded on a Bruker DPX400 spectrometer.
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