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Aliphatic polyesters with a narrow molecular weight
distribution (MWD) are of great interest especially for
medical applications.1 Living ring-opening polymeriza-
tion of lactones2 has been reported for that purpose
mostly in an anionic or coordinated anionic fashion,3
whereas there have been rarely found successful cationic
examples in the literature.4 Even the reported cationic
living polymerization of lactones is problematic for two
reasons: (i) initiators are extremely air- and moisture-
sensitive; (ii) each molecule of the initiator produces,
at most, only one molecule of polymer (Scheme 1a), and
it is stoichiometric polymerization in the sense of the
number of molecules. We describe herein a practical
catalytic approach for cationic living polymerization of
lactones using scandium trifluoromethanesulfonate, Sc-
(OTf)3, as a catalyst commercially available, in which
one reactive Sc(OTf)3 molecule catalytically produces a
large number of polymer molecules (Scheme 1b) and also
in which contamination of protic compounds such as
H2O and ROH does not suppress the catalytic activity
of Sc(OTf)3 for cationic polymerization (eq 1).

Rare earth metal triflates such as Sc(OTf)3 have been
paid more and more attention as intriguing Lewis acids
in organic synthesis since Kobayashi reported that
fascinating feature which is tolerance of Lewis bases.5
We expected that these complexes could be more practi-
cal catalysts (or initiators) than those that one ever had
for cationic ring-opening polymerization of lactones
without strictly anhydrous conditions.6 Polymerization
of ε-caprolactone (CL, 0.99 mmol) proceeded at 25 °C
for 4 h in toluene (1 mL) in the presence of Sc(OTf)3
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(2.0 mol %) to afford poly(ε-caprolactone) (PCL) in >99%
yield.8 The number-average molecular weight (Mn) and
the polydispersity index (Mw/Mn) were respectively
estimated at 6900 and 1.13 by SEC.9 This polymeriza-
tion appeared to have living nature by the fact that Mn
of polyester increased linearly as the monomer conver-
sion increased, and Mw/Mn was retained around 1.1
throughout the polymerization.8

We then examined the effects of the various amounts
of protic benzyl alcohol (BnOH) on polymerization
reactions of CL and δ-valerolactone (VL)8 (Table 1). The
catalytic activity of Sc(OTf)3 was not suppressed at all

by the addition of BnOH, and each polymerization in
the presence of various amounts of BnOH proceeded to
afford PCL in a quantitative yield (entries 1-4). Mn of
polymer was dependent on the amount (mole percent)
of BnOH. As the amount of BnOH increased, Mn
decreased. These results indicate that this is a catalytic
system of cationic living polymerization in the sense of
the number of molecules between polymer and reactive
Sc(OTf)3. The same trends were observed in polymeri-
zation of VL (entries 5-8). Higher efficiency of this
catalytic system was proved by reactions using an excess
amount of BnOH to Sc(OTf)3 (Table 2). Polymerization
of CL in the presence of 20 equiv of BnOH or H2O to
Sc(OTf)3 proceeded as expected (entries 1 and 2). The
degrees of polymerization (DP’s) by 1H NMR were
respectively estimated at 50 (entry 1) and 47 (entry 2),
which were consistent with the calculations based on 2
mol % of ROH (DP ) 50), not on 0.10 mol % of Sc(OTf)3
(DP ) 1000). Polymerization in the presence of H2O
afforded attractive telechelic R-carboxylic-ω-hydroxy
functional PCL in a quantitative yield in a single step
(entry 2).10 Since VL is more reactive than CL (entry
3), even a lesser amount (0.05 mol %) of Sc(OTf)3 was
sufficient for the catalytic approach (entry 4). In the
most successful cationic living polymerization of lac-
tones reported before,4 one molecule of the initiator
produced, at most, one polymer molecule. On the
contrary, one molecule of reactive Sc(OTf)3 produced a
large number of polymer molecules, up to 40 molecules
(entry 4), depending on the amount of the inert ROH
in this catalytic system.
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Scheme 1

Table 1. Polymerization of Lactones in the Presence of
Various Amounts of BnOHa

entry lactone
BnOH,
mol %

time,
h

yield,b
% Mn

c × 10-3 Mw/Mn
c

1 CLd 0 4 >99 6.9 1.13
2 2 2.3 >99 3.5 1.13
3 5 2 >99 2.4 1.17
4 10 2 >99 1.6 1.18
5 VLe 0 1.5 96 4.3 1.15
6 2 1 95 2.9 1.17
7 5 1 97 1.9 1.18
8 10 1 95 1.4 1.17

a Sc(OTf)3, 2 mol % (0.02 mmol); monomer, 1 mmol; toluene, 1
mL. b Isolated yield. c Estimated by SEC (CHCl3, polystyrene
standard). d Reaction temperature, 25 °C. e Reaction temperature,
0 °C.

Table 2. Catalytic Approach for Cationic Living
Polymerizationa

entry lactone
ROH

(mol %)
Sc(OTf)3,

mol %
time,

h
yield,b

% Mn
c

Mw/
Mn

c

1 CL BnOH (2) 0.10 120 >99 7500 1.12
2 CL H2O (2) 0.10 120 >99 7700 1.10
3 VL BnOH (2) 0.10 16 >99 7500 1.15
4 VL BnOH (2) 0.05d 36 >99 7200 1.15

a Sc(OTf)3, 0.02 mmol; monomer, 20 mmol; toluene, 20 mL;
temp, 25 °C (CL) or 0-25 °C (VL). b Isolated yield. c Estimated
by SEC (CHCl3, polystyrene standard). d Sc(OTf)3, 0.01 mmol.
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The plausible mechanism is shown in Scheme 2 as
an activated monomer mechanism.11-13 Coordination of
CL to Sc(OTf)3 affords the cationic complex 1, followed
by the electrophilic attack to ROH to produce ε-hydroxy
ester 2. It was supported by the fact that BnOH was
consumed at the initial stage of polymerization by TLC
analysis and also by formation of benzyl ester at
polymer termini. The equilibria among 2, 3, 4, and 1
must be rapid.14 When Sc(OTf)3 is coordinated by
another CL to form 1, the hydroxyl group of 4 (and also
possibly 2) is attacked by the electrophilic 1. One of the
characteristics of Sc(OTf)3, the high number of WERC,14

must have been essential to achieve the catalytic ap-
proach for cationic living polymerization. Caution should
be exercised that ROH such as BnOH and H2O does not
belong to the classical category of “initiators”, because
it is inert to CL by itself, and the reactive species here
is the electrophilic complex 1.15 Polymerization of lac-
tones via an activated monomer mechanism had been
reported using Et3O+‚PF6

- or Et3O+‚SbF6
- in the pres-

ence of ROH,13 where the related results were observed.
Nonetheless, the concept of the catalytic approach for
cationic living polymerization had not been realized, and
those had also been limited to synthesis of relatively
small molecular weight polymer (Mn e 3000) with an
unsatisfactory MWD (Mw/Mn ) 1.31) in CL polymeriza-
tion13 as far as we know. As shown in Scheme 3, the
present system allowed one to synthesize polyesters
with higher Mn’s with narrow MWD’s in nearly quan-
titative yields.

In conclusion, we presented a novel concept of a
catalytic approach for cationic living polymerization of
lactones using Sc(OTf)3. Here are characteristics of this
system: (1) Commercially available Sc(OTf)3 emerged
as an excellent catalyst for cationic polymerization of
lactones under mild conditions, and it was reactive in
the presence of excess protic compounds and easy to
handle under air. (2) One reactive Sc(OTf)3 molecule
catalytically produced a large number of polymer mol-
ecules with a narrow MWD.16 (3) Analytically pure

polyester was readily obtained in nearly quantitative
yields (g95%) from an organic layer washed with water
to remove the water-soluble catalyst after the monomer
was completely consumed, and no further purification
was required. We believe this catalytic approach for
cationic living polymerization could be a strong candi-
date to develop more powerful and practical polymeri-
zation methodologies for various monomers that are
polymerized under the cationic conditions. Further work
on the mechanistic details by spectroscopic methods and
application to various monomers is in progress.

Supporting Information Available: Details of poly-
merization and discussion of the living nature of polymeriza-
tion. This material is available free of charge via the Internet
at http://pubs.acs.org.
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