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Poly(L-lactide) (PLLA) is a renewable and environ-
mentally benign polymer with biodegradable and bio-
compatible features and becomes one of the most
promising and versatile materials.1 PLLA is commer-
cially synthesized via the ring-opening polymerization
of L-lactide with high enantiomeric purity, because
the polymerization of lactide with low optical purity
using conventional catalysts affords amorphous poly-
lactide due to its stereoirregularity. The relatively rap-
id decomposition of polylactide is also known2 when
heated above its Tm,

3 so that polylactide with higher
Tm is attractive in practical use. Recent highly stereo-
selective polymerization studies of racemic lactide
(rac-LA) in solution4–6 allowed one to synthesize even
a thermally more stable isotactic poly(rac-LA) (Tm up
to 192 �C, Scheme 1) than homochiral PLLA7 owing
to the stereocomplex formation between PLLA blocks
and poly(D-lactide) (PDLA) blocks. From the stand-
point of their industrial applications, the solvent-free
polymer synthesis (bulk polymerization) has many ad-
vantages as compared with the solution one, i.e., envi-
ronmental friendliness without solvents, low cost, and
advantages of management and technical production.
The industrial bulk process for the synthesis of PLLA
adopts a high reaction temperature (�180 �C) to keep
the reaction mixture molten for direct extrusion from
the reactor.8 In this process, the amount of the catalyst
must be reduced to a minimum level as a consequence
of minimizing the contaminates in the product, there-
fore, a high catalytic activity is one of the essential

components for the development of an industrial
polymerization catalyst. Based on these considera-
tions, the development of bulk polymerization cata-
lysts combining high reactivity with high stereoselec-
tivity, even at high temperatures, is a topic of practical
precision synthesis. To the best of our knowledge,
there is only one reaction reported by Feijen on the
stereoselective bulk polymerization of rac-LA,6a

where the racemic chiral Jacobsen’s salen ligand–
AlOiPr catalyst 1 was used, and crystalline poly(rac-
LA) (Tm, not reported) was synthesized via the site
control mechanism (Figure 1). The polymerization,
however, is slow and needed 48 h at 130 �C by the
time the monomer conversion reached 95% ([rac-
LA]/[1] = 200). Hence, such a lower catalytic activ-
ity is far from practical applications. Here we report
the highly reactive and stereoselective polymerization
of rac-LA in bulk at 130–180 �C using an achiral Al
complex to produce the crystalline isotactic poly(rac-
LA), in which the Tm values are comparable to that
of homochiral PLLA.7
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EXPERIMENTAL

Generals
All manipulations were carried out using standard

Schlenk-line techniques. 1HNMR spectra were re-
corded on Varian Gemini-300 in CDCl3 for calcula-
tion of monomer conversion and on Bruker Avance
400 for characterization of complex 3b (C6D6) and
polymer microstructure (CDCl3). N2 was purified us-
ing a drycolumn (Td (dew point) � �80 �C; NIKKA
SEIKO Co., Ltd.) and a gas-clean column (O2 �
0.002 ppm; NIKKA SEIKO Co., Ltd.). Differential
Scanning Calorimetry (DSC) analyses were per-
formed under N2 at a heating rate of 10 �C/min on a
EXSTAR6000 by Seiko Instruments Inc. Molecular
weights of the polymers were estimated by size-exclu-
sion chromatography (SEC) using polystyrene stand-
ards (CHCl3).

Materials
Toluene was distilled from Na–benzophenone and

BnOH and EtOAc were distilled from CaH2 under
N2 prior to use. rac-LA was purchased from PURAC
and was recrystallized in dry EtOAc three times. rac-
LA was stored under N2 at �40 �C. Et3Al in toluene
solution (0.93M) was purchased from Kanto Chemi-
cal Co., Inc. and 0.10M Et3Al solution was prepared
by dilution of this solution (1.0mL, 0.93mmol) with
freshly distilled toluene (8.3mL), and was stored un-
der N2 at room temperature.

Preparation of Catalysts (Table I)
To a solution of each ligand (0.050mmol) in tol-

uene (0.50mL) was added 0.10M Et3Al in toluene
(0.50mL, 0.050mmol) under N2 at room temperature.
The clear solution was stirred at 70 �C for 3 h
(0.050M catalyst).

Polymerization (Table I)
To rac-LA (720mg, 5.0mmol) and 0.10M BnOH

(0.50mL, 0.050mmol) was added the solution (3a
and 3d) or suspension (3b and 3c) of the 0.050M cat-
alyst (1.0mL, 0.050mmol) via a cannula at room tem-
perature under N2. The catalyst flask was rinsed with
toluene (2.0mL + 1.5mL). The yellow mixture was
heated at 70 (�1) �C. The polymerization was traced
with 1HNMR and SEC analyses of small amounts (ca.
5mg) of the reaction mixture. After 6 h, the reaction
mixture was cooled at room temperature. Poly(rac-
LA) was obtained by precipitation of the reaction mix-
ture in cold MeOH (ca. 100mL).

Synthesis of Complex 3b
To a yellow solution of the ligand (494mg,

0.92mmol) in toluene (1.0mL) was added a solution
of Et3Al in toluene (0.93M, 1.0mL, 0.93mmol) at
room temperature under N2. The yellow solution
was stirred at room temperature until ethane was no
longer formed. The reaction mixture was then heated
at 70 �C for 3 h to give a yellow suspension. BnOH
(0.10mL, 0.97mmol) was added at room temperature
and the mixture was stirred for 2 h. Toluene (1.5mL)
was added, and the mixture was heated at 70 �C that
produced a light yellow solution. Complex 3b was
precipitated after the solution remained at room tem-
perature for 2 days (272mg, 44%). 1HNMR
(400MHz, C6D6): � 7.89 (2H, d, J ¼ 2:0Hz), 7.63
(2H, s), 7.36–7.16 (5H, m), 7.10 (2H, d, J ¼
2:0Hz), 4.86 (2H, br s), 3.35 (2H, d, J ¼ 12:2Hz),
2.77 (2H, d, J ¼ 12:1Hz), 1.93 (18H, s), 1.49 (18H,
s), 0.68 (3H, s), 0.51 (3H, s). 13CNMR (100MHz,
C6D6): � 24.99, 25.54, 30.18, 31.66, 34.15, 35.43,
36.06, 65.90, 67.86, 119.05, 126.96, 127.41, 128.53,
130.56, 138.09, 141.18, 164.10, 170.31.

Polymerization Procedure (bulk)
To rac-LA (432mg, 3.0mmol) was added the cata-

lyst (6.7mg, 0.010mmol) under N2. The mixture was
heated at the prescribed temperature. After the appro-
priate time, the reaction mixture was cooled in a water
bath (room temperature) and then dissolved with
CHCl3. The Mn and Mw=Mn of the crude polymer
were directly measured by SEC. Poly(rac-LA) was
obtained by precipitation of the reaction mixture in
cold MeOH.

RESULTS AND DISCUSSION

We previously reported the stereoselective ring-
opening polymerization of rac-LA in solution using
the achiral ligand–Al complex 2 or 3a prepared in situ
(Figure 1).5e Due to the high reactivity of the Ph-sub-
stituted 2, we expected it could be a potential catalyst
for the practical bulk polymerization. Although poly-
(rac-LA) was prepared within 10min at 120 �C in
bulk polymerization using 2 (½rac-LA�=½2� ¼ 300,
monomer conversion > 95%, Mw=Mn 1.23), an unsat-
isfactory stereoselectivity was revealed by the low Tm
value (Tm 132 �C, �Hfus 1.6 J/g). Because of the low
catalytic activity of tert-butyl-substituted 3a com-
pared with 2, catalysts modified in the ‘‘backbone’’
were examined. Contrary to a racemic chiral complex
such as 1, whose chiral sense comes from its back-
bone, the modification of the achiral backbone of 3a
is easily accessible. Since the backbone connecting
the two Schiff base moieties significantly influenced
the catalytic activity,5e we introduced several substitu-
ents to the backbone (3b–d). Interestingly, the intro-
duction of two methyl-substituents increased the cata-
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lytic activity and maintained a high stereoselectivity
(Table I, entry 2). On the other hand, the diethyl-sub-
stituted 3c had a low catalytic activity (entry 3), and
the bulky two benzyl-substituents reduced the stereo-
selectivity as well as the catalytic activity (entry 4).
These results and our expectation that the lower cat-

alytic activity of 3b than that of 2 could be overcome
by high reaction temperature at sacrifice of some ster-
eoselectivity prompted us to pursue bulk polymeriza-
tion using 3b. At first, complex 3b was isolated. The
NMR spectra of the backbone in benzene-d6 were
characteristic as shown in Figure 2. In the 1HNMR
spectrum, a pair of doublet peaks appeared at 3.35
and 2.77 ppm with a geminal coupling (J � 12Hz,
Figure 2a), which was substantiated by 1H–1H COSY,
and two methylene carbons (CH2 � 2) appeared at
67.86 ppm as a single peak in the 13CNMR (Figure

2b). These spectroscopic data showed that 3b is achi-
ral in solution9 as well as its ligand, and that enantio-
meric differentiation of rac-LA for propagation reac-
tions should undergo the chain-end control by a
chiral sense of the last-inserted monomer
(Scheme 2), not the site control by the chirality de-
rived from the rigid conformational enantiomers of
3b. To our surprise, both 1H and 13CNMR of benzylic
CH2 peaks appeared as very broad peaks at 4.86 ppm
and 65.90 ppm, respectively.10

The results of the bulk polymerization of rac-LA
using 3b (½rac-LA�=½3b� ¼ 300) are summarized in
Table II. Achiral catalyst 3b polymerized rac-LA with
moderate stereoselectivity even at 180 �C (entries 1–
3). After 5min, the monomer conversion reached
61%, and the obtained poly(rac-LA) had a narrow pol-
ydispersity (Mw=Mn 1.13) (entry 1). The longer reac-
tion time gradually broadened the polydispersity with
the monomer conversion increasing. The obtained
poly(rac-LA)’s in entries 1–3, however, were all crys-
talline (�Hfus 14 J/g), and their Tm values were close
to that of PLLA.7 A microstructural analysis of these
poly(rac-LA)’s by 100MHz 13CNMR also showed
the consistent stereoselectivity11 (Pmeso

12 0.80, Piso
5d

0.89). Even at the high temperature, the comparable
stereoselectivity to that of Feijen’s (Figure 1) was ef-
ficiently achieved (20min vs. 48 h). The results in en-
tries 1–3 indicate that Mn and Mw=Mn practically af-
fect neither the stereoregularity nor the Tm values.
At 150 �C, the polymerization rate decreased as ex-
pected (entry 4), while the Tm value was slightly high-
er (�Hfus 26 J/g, Pmeso 0.82, Piso 0.90). At 130 �C,13

Figure 2. (a) 1HNMR (400MHz); (b) 13CNMR (100MHz)

spectra of 3b in C6D6.
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Table II. Bulk polymerization of rac-LA using 3ba

Entry
Temp. Time Conv.b

Mn
c Mw=Mn

c Yieldd Tm
e

(�C) (min) (%) (%) (�C)

1 180 5 61 34200 1.13 52 155

2 180 10 76 44000 1.26 75 155

3 180 20 90 46500 1.33 82 155

4 150 30 61 36000 1.12 57 158

5 130 30 25 14300 1.05 20 169

aAll reactions were performed under N2. ½rac-LA�=
½3b� ¼ 300=1. bMonomer conversion determined by 1HNMR.
cMeasurement of crude reaction mixtures by SEC (polystyrene

standards, CHCl3).
dPrecipitated in cold MeOH. eMeasured by

DSC.

Table I. Substituent-effects of the backbone of 3a

Entry Catalystb
Time Conv.c

Mn
d Mw=Mn

d Tm
e

(h) (%) (�C)

1f 3a 14 94 22400 1.06 192

2 3b 6 90 19200 1.06 192

3 3c 6 38 6900 1.07 189

4 3d 6 57 14300 1.06 175

aAll reactions were performed under N2 in toluene.

½rac-LA�=½3� ¼ 100=1. bPrepared in situ by mixing each ligand

and Et3Al at 70
�C for 3 h and then by the addition of BnOH

(1 equiv. to Et3Al) at room temperature. cMonomer conversion

determined by 1HNMR. dThe crude reaction mixtures without

purification were measured by SEC (polystyrene standards,

CHCl3).
eMeasured by DSC after purification in MeOH. fData

from Ref 5e.
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the obtained poly(rac-LA) showed the higher Tm value
(entry 5, �Hfus 30 J/g, Pmeso 0.84, Piso 0.91) which is
as high as that of the homochiral PLLA.7 We also con-
firmed that the catalyst prepared in situ was also appli-
cable in bulk polymerization after simple evaporation
of toluene from the catalyst solution, and isolation of
the complex was not necessarily required for this bulk
polymerization.
In conclusion, we confirmed that complex 3b is

achiral in solution by NMR, and developed an effi-
cient stereoselective bulk system for rac-LA polymer-
ization to obtain crystalline stereoblock poly(rac-LA)
even at industrially favored 180 �C via chain-end
control mechanism.
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