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Poly(lactic acid) or polylactide (PLA) is a biodegradable 
synthetic polymer.1 A typical degradation time is months to 
years for L-PLA and weeks to months for rac-PLA.2 This time 
scale is several orders of magnitude shorter than that of petro
leum-based polymers, which makes it possible to compost 
PLA waste just into soil amendments. In addition to this green 
benefit, PLA’s raw material is from annually renewable re
sources such as corn and sugar beats or even from the food 
wastes. Moreover, basic physical properties of PLA that in
clude narrow MWD, low haze, high mechanical strength, high 
gas permeability and easy processibility are acceptable enough 
to utilize this material in many applications such as fiber, film, 
and blow molding.3 Due to these merits not to mention sky
scraping natural oil price, PLA have emerged as an environ
mentally friendly plastic materials that can replace many pe
troleum-based ones.

It has been known that the catalyst-initiated ring-opening 
polymerization reaction of purified lactide is advantageous 
over the condensation reaction of lactic acid in terms of a 
higher polymerization rate, a higher MW, and a better conver
sion. Among many different kinds of metal species for the 
polymerization catalysts, relatively non hazardous magne
sium and zinc,4-13 or aluminum4,10,14-31 have attracted more at
tention than highly toxic tin,6,32-41 lead and bismuth,42 or lan- 
thanides43-48 because the major application fields of PLA are 
biomedical49 and food packaging3 and even ppm level catalyst 
residues are potentially harmful for these application. Along 
this line, we attempted to prepare PLA with the newly synthe
sized zinc complex ligated by the chiral N-{6-methyl-2-pyri- 
dinyl)methyl}-(S)-1-phenylethylamine (MPMA) ligand. Instead 
of a direct complexation reaction between MPMA and di
alkylzinc to prepare an active catalyst species as in our pre
vious work,50 we first synthesized air and moisture stable 
(MPMA)ZnCl2 complex and generated the active catalyst 
species by treating it with benzylmagnesium chloride (BnMgCl) 
in situ. Herein, we report the synthesis of MPMA ligand as 
well as its ZnCl2 complex, the X-ray crystal structural charac
terization of the complex, and the polymerization results of 
rac-lactide with in situ generated (MPMA)ZnBn2.

Experimental Section

Materials. All manipulations were carried out under nitro
gen prepurified by passage through an O2 scrubbing tower 
(Schweizerhall R3-11 catalyst) and a drying tower (Linde 3-A 

molecular sieves) unless otherwise noted. Standard Schlenk 
and drybox techniques were employed to manipulate air sen
sitive materials. All solvents were purchased from Duksan 
Chemical Co. (reagent grade). Tetrahydrofuran (THF) was dried 
over Na/benzophenone ketyl, while CHzCk was dried over 
CaH2； these solvents were subsequently distilled from these 
reagents under nitrogen prior to use. Methyl alcohol was used 
as received. The rac-lactide was purchased from Aldrich and 
was sublimed prior to use. 6-Methyl-2-piridine carboxaldehyde, 
(S)-(-)-o-methylbenzylamine, sodium borohydride, zinc chlo
ride and benzylmagnesium chloride (2 M in THF) were pur
chased from Aldrich and used as received.

Instrumentation. 1H-NMR spectra were recorded on a Bruker 
advance digital 400-NMR Spectrometer at ambient temper
ature and chemical shifts were referenced to tetramethylsilane 
as internal standard and are reported in ppm. All coupling 
constants are reported in Hertz. Elemental analyses were de
termined using EA 1108-Elemental Analyzer at the Chemical 
Analysis Laboratory of the Center for Scientific Instruments 
of Kyungpook National University. Gel permeation chroma
tography (GPC) analyses were carried out on a Waters Alliance 
GPCV2000, equipped with differential refractive index detectors. 
The GPC columns were eluted with tetrahydrofuran with 1 
mL/min rate at 25 °C and were calibrated with monodisperse 
polystyrene standards.

・M{6-Methyl-2-pyridinyl)methyl}-(S)-1-phenylethylamine 
(MPMA). Reported method for MPMA was modified as 
followings.51 In the first step, 6-methyl-2-piridine carbox- 
aldehyde (1.05 g, 8.5mmol) and (S)-(-)-o-methylbenzylamine 
(1.1mL, 8.5mmol) were mixed in 15mL methanol and were 
stirred overnight at ambient temperature. NaBH4 (0.33g, 8.8mmol) 
was added slowly in the second step and the reaction mixture 
was stirred for 3 hours. After removing methanol by rotary 
evaporation, the residue was partitioned in CH2Cl2 (50 mL) 
and H2O (25 mL). The oiganic layer was washed with H2O (2 乂 
25 mL), dried over CaCl2, filtered, and evaporated. MPMA was 
obtained as yellowish oil; isolated yield = 1.86g (8.2 mmol, 
96%). 1H-NMR (400 MHz, CDCh)； 5 7.39 (t, 1H, J = 7.52 Hz, 
AH), 7.30-7.22 (m, 4H, ArH), 7.19-7.14 (m,1H, ArH), 6.90 
(t, 2H, J = 6.52ArH), 3.74 (q, J = 6.56 Hz, 1H, CH), 3.59 (s, 
2H, CH2), 2.45 (s, 3H, PyCHJ 2.19 (br, s, 1H, NH), 1.30 (d, 
J = 6.56 Hz, 3H, CH3).

(MPMA)ZnCl2. A 100 mL, one-necked round-bottomed flask 
was charged with MPMA (1.02g, 4.5 mmol), ZnCl2 (0.62g, 
4.5 mmol) and THF (15 mL). The mixture was stirred at am
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bient temperature for 3 days and then the solvent was removed 
under reduced pressure. The residual solids were dissolved in 
CH2Cl2 and filtered through filter paper. The filtrate was 
evaporated in vacuo to afford white solids. Recrystallization 
of the crude product from a solvent pair of CH2Cl2/Hexane 
gave white crystals; isolated yield =1.42g (3.9 mmol, 87% 
based on 4.5 mmol of MPMA). 1H-NMR (400 MHz, CD3CN); 
5 7.89 (t, 1H, J = 7.89 Hz, ArH), 7.48-7.40 (m, 6H, ArH), 7,16 
(d, J = 7.79 Hz, 1H, ArH), 4.15 (m, 2H, NH & CH), 3.77 (m, 
2H, CH2), 2.78 (s, 3H, PyCHs), 1.70 (d, J = 3.24 Hz, CH3). 
Elemental Analysis C15H18ChN2Zn: Calc: C 49.68; H 5.00; 
N, 7.73. Found: C 49.79; H 5.01; N 7.74%.

P이ymerization with in situ generated (MPMA)ZnBn2. A 
100 mL Schlenk tube previously dried at 150 oC and cooled 
under nitrogen, was charged with (MPMA)ZnCl2 (361 mg, 
1.0 mmol) and dried THF (9 mL). After cooling the solution to 
- 78 oC, 1.0 mL of BnMgCl (2.0 M in THF) was added drop 
wise into the stirred solution. The white suspension became 
clear immediately. The mixture was allowed to warm to room 
temperature. After being stirred overnight at ambient temper
ature, the resulting catalyst solution was used for the poly
merization reaction. The general procedure for the polymeri
zation reaction was as follows. A 100 mL of Schlenk tube 
previously dried at 150 oC and cooled under nitrogen was 
charged with rac-Lactide (1.44 g, 10.0 mmol) in the glove 
box. Dried THF (10 mL) was transferred to the reaction vessel 
via cannula. The reaction was initiated by adding the catalyst 
solution (2 mL, 1 mL and 0.5 mL for the [M]/[cat] = 50, 100 
and 200, respectively.) with syringe. The reaction mixture 
was stirred at ambient temperature for 2 hours. The reaction 
was quenched by adding 1 mL of water and partitioned with 
CH2Cl2 (100 mL) and 0.05 N HCl; the organic layer was 
washed with 0.05 N HCl (2x25 mL) and H2O (1x50 mL), fol
lowing which it was dried over CaCl2, filtered, and evapo
rated, giving a white gum. Unreacted monomeric lactide was 
removed by sublimation. The resulting gummy product was 
dissolved in small amount of CHzCh (~5 mL), filtered, and 
quickly dried in vacuo. White crumble solids was obtained. 
Isolated yield; 1.4 g, 97% based on rac-Lactide. 1H NMR(300

Table 1. Selected bond lengths (A) and angles (°) for (MAPA)ZnCL.

Zn-N⑴
Zn-Cl(1)

2.049(3)
2.191(1)

Zn-N(2)
Zn-Cl(2)

2.082(3)
2.227(1)

N(1)-C(2) 1.343(4) N(1)-C(6) 1.338(4)
N(2)-C(7) 1.474(4) C(6)-C(7) 1.511(4)
N(1)-Zn-N(2) 83.17(11) N(1)-Zn-Cl(2) 116.99(8)
N(2)-Zn-Cl(2) 116.51(8) N(1)-Zn-Cl(1) 111.00(8)
N(2)-Zn-Cl(1) 110.13(8) Cl(1)-Zn-Cl(2) 114.99(4)
C(2)-N(1)-C(6) 120.0(3) C(2)-N(1)-Zn 127.2(2)
C(6)-N(1)-Zn 112.5(2) C(7)-N(2)-C(8) 112.6(3)
C(7)-N(2)-Zn 106.4(2) C(8)-N(2)-Zn 115.0(2)

MHz, CDCla): 5 5.19-5.04 (m, 1H), 1.52-1.47 (m, 3H)
X-ray crystallographic analysis for (MPMA)ZnCl2. An 

X-ray quality single crystal was mounted in a thin-walled 
glass capillary on an Enraf-Noius CAD-4 diffractometer with 
Mo-Ka radiation (2 = 0.71073 A). Unit cell parameters were 
determined by least-squares analysis of 25 reflections (10o < 0 
< 13o). Intensity data were collected with 0 range of 1.88- 
24.97o in ®/20 scan mode. Three standard reflections were 
monitored every 1 hr during data collection. The data were 
corrected for Lorentz-polarization effects and decay. Empirical 
absorption corrections with T-scans were applied to the data. 
The structure was solved by using Patterson method and re
fined by full-matrix least-squares techniques on F2 using 
SHELX-97 and SHELX-97 program packages.52,53 All non
hydrogen atoms were refined anisotrpically and all hydrogen 
atoms were constrained by using riding model. The final cycle 
of the refinement converged with R1 = 0.025 and WR2 = 0.067. 
Crystal data, details of the data collection, and refinement pa
rameters are listed in Table 1. Selected bond distances and an
gles are presented in Table 2.

Results and Discussion

The MPMA ligand was readily synthesized from the 2-steps 
one-pot reaction comprising the condensation reaction be
tween 6-methylpyridine-2-carboxyaldehyde and chiral (S)-1- 
phenylethylamine and the following reduction of the corre
sponding Schiff base imine intermediate. For the reduction re
action of the intermediate imine compound for the conversion 
of the imine intermediate to the amine analogue, we used 
NaBH4 as a reducing agent. This approach was quite efficient 
giving rise to 96% of overall yield, which is much higher than 
that conducted separately (Scheme 1).51

The complexation reaction between MPMA ligand and 
ZnCl2 was followed by the method reported previously.50 
Since both MPMA and ZnCl2 are freely soluble in THF while 
(MPMA)ZnCl2 is not, the desired product was easily isolated 
by filtration. It should be noted that the early studies regarding 
(2-aminomethylpyridine)nZnCl2 complexes (n = 1, 2, and 3) 
revealed that the ligand-to-metal ratio of the product is criti
cally dependent on the ligand-to-metal ratio of reactants used 
in the preparation stage. Given the fact that MPMA ligand has 
a similar skeleton with 2-aminomethylpyridine, we were care
ful about the controlling the stoichiometry between MPMA 
and ZnCl2 to avoid possible contamination of bis- or tris-li
gated side products. Although we have not carried out a ki
netic control, the obtained product was solely (MPMA)ZnCl2, 
which was confirmed by 1H NMR, elemental analysis, and 
X-ray crystal structural determination.

A sin이e crystal suitable for the X-ray crystallography was 
obtained by a diffusional crystallization of (MPMA)ZnCk in 

Table 2. Polymerization of rac-Lactide with in situ prepared (MPMA)ZnBn2.

Entry [Monomer]/\<Cat] Conversion (%) Mn X 103 Mw X 103 MWD Tg oC
1 50 97 9800 10500 1.07 43.8

2 100 67 13100 13700 1.05 43.4

3 200 61 23400 27800 1.18 50.0
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CH2CI2 and hexane. An ORTEP drawing of the complex is 
shown in Figure 1 with the atomic labeling. Selected bond dis
tances and angles are listed in Table 1. The geometry of the 
complex is a distorted tetrahedron comprising zinc metal as a 
center linked with two N atoms of MPMA ligand in a bi- 
dentate manner along with two chloride ions. The angle be
tween Cl(1)-Zn-Cl(2) and N(1)-Zn-N(2) planes are 89.76(7)°. 
Two binding sites of the tetrahedron are occupied by large 
chloride ions while the other two are chelated by a bidentate 
ligand, which give rise to much smaller N-Zn-N bite angle 
(83.17°) than Cl-Zn-Cl angle (114.99o). This is a common 
structural feature in L?ZnX2 type complex where L2 is a nitro
gen donor bidentate ligand and X is a halogen ion. For exam
ple, a similar complex (propylideneaminomethylpyridine) ZnCh 
reported by Westerhuasen et al.54 exhibit 82.2o and 115.52o of 
N-Zn-N and Cl-Zn-Cl angles. On the other hand, bond dis
tances for Zn-N(1) and Zn-N(2) of (MPMA)ZnCh are 2.049(3) 
and 2.082(3) A, respectively. Slightly longer distance of 
Zn-N(2) bond relative to that of Zn-N(1) might be due to the 
sp3 character of N(2) atom in contrast to sp2 one of N(1). It is 
interesting to note that the bond distance of Zn-Cl(2) is sig
nificantly longer (+0.036 A) than that of Zn-Cl(1). In case of

2 eq. BnMgCl

THF, -77 oC — rt, 

overnight 

H
N

(MPMA)ZnBn2

Scheme 1. Synthesis of (MPMA)ZnCb and (MPMA)ZnBm.

Figure 1. ORTEP drawing of (MPMA)ZnCk with the numbering 
scheme and 40% probability ellipsoids.

(propylideneaminomethylpyridine)ZnCl2, for example, two 
Zn-Cl bond distances were 2.050 and 2.054 A.55 (NNN'-tri- 
methylethylenediamine)ZnCl2 complex exhibited 2.207 and 
2.212 A of Zn-Cl bond distances.56 Considering the fact that 
the difference of two Zn-Cl bond distances of both (propyl- 
ideneaminomethylpyridine)ZnCl2 and (N,N,N'-trimethyleth- 
ylenediamine)ZnCl2 were only 0.004 and 0.005 A, 0.036 A 
difference between two Zn-Cl bond distances in our result is 
exceptional. It is not likely that this phenomenon is derived 
from the effect of two nitrogen atoms of different hybridi
zation character because two Zn-Br bond distances in (amino- 
methylpyridine)ZnBr2 complex, for example, in which one 
nitrogen has sp3 character and another has sp2 one similar to 
(MPMA)ZnCl2, are very similar each other (2.360 and 2.357 A).

Between two nitrogen atoms in MPMA ligand, only N(2) 
atom is able to become a chiral center when it is coordinated 
to the zinc metal. The inherent chirality located on C(8) atom 
should remain unchanged after coordination. The resulting 
structure determined by X-ray crystallography revealed that 
only one stereogenic species was generated by the complex- 
ation reaction, giving rise to enantiomerically pure R configu
rations for N(2) atoms.

Polymerization reaction of rac-lactide was carried out with 
in situ prepared Zn catalyst, (MPMA)ZnBn2, which was pre
pared by treating two equivalent of BnMgCl to (MPMA) 
ZnCl2 in THF solvent. We have run the polymerization re
action in three different [monomer]/[catalyst] ratios. The poly
merization results were summarized in Table 2. When the 
[monomer]/[catalyst] ratio (Rmonomer/cat) is 50, the polymeri
zation reaction was completed in 2 hours with near quantita
tive yield. However, the conversions of polymerization re
action with increased Rmonomer/cat values decreased to 67 and 
61% for Rmonomer/cat = 100 and 200, respectively. Increasing the 
reaction period did not improve the conversion.

If the polymerization reaction undergoes via living poly
merization mechanism, the number averaged molecular weight 
(Mi) of the polymer is expected to be 〜C-MxR approxi

Figure 2. The relation between Tg vs Mw of PLAs prepared by 
(MPMA)ZnBn2 (closed squares). The open marks and the dashed 
trend lines are from the previous work that describes a sharp (circles 
and triangles) and a shallow (open squares) dependence of Tg on the 
Mw of PLAs in the narrow and the broad MWD regime for the for
mer and the latter, respectively.50
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mately, where C is the conversion, M is the molecular weight 
of a monomer, and R is the [M]/[cat] ratio. Observed MnS of 
PLAs ranged from 9800 to 23000 D for three different [M]/ 
[cat] ratios (Table 2). Given the fact that Ms of produced 
PLAs have linear relationship with those predicted theore
tically and observed molecular weight distributions (MWDs) 
of these polymers are very narrow (1.05-1.18) indicate that 
the major mechanism of polymerization is likely having a liv
ing polymerization character.

We have reported the trend of glass transition temperature 
(Tg) in relation with MW and MWD in the previous work.50 
Shortly, Tg was critically dependent on Mw within the narrow 
MWD regime but the dependence became significantly shal
low when the MWD was broadened (Figure 2). PLAs pro
duced in this work have very narrow MWD and Tg values of 
PLAs again exhibit sharp dependence on the Mw similar to our 
previous results.

In sum, a new approach towards the synthesis of a ring
opening polymerization catalyst for the preparation of PLA 
has been achieved. The air and moisture stable (MPMA) 
ZnCl2 complex was first prepared and its structure was de
termined by X-ray crystallography. Replacing two Cl ions 
with benzyl groups under mild condition afforded (MPMA) 
ZnBn2, which are active for the PLA synthesis.

Supplementary data. CCDC 698373 contains the supple
mentary crystallographic data for (MPMA)ZnCl2. These data 
can be obtained free of charge via http://www. ccdc. cam. 
ac.uk/conts/retrieving.html, or from the Cambridge Crystallo
graphic Data Centre, 12 Union Road, Cambridge CB2 1EZ, UK; 
fax: (+44) 1223-336-033; or e-mail: deposit@ccdc.cam.ac.uk
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