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Single-site catalysts are revolutionizing polymer synthesis.
These homogeneous, molecular compounds have the general
formula LnMR, where Ln is a ligand set that remains attached to
and thus modifies the reactivity of the active metal center (M)
during the entire chemical reaction, and R is a group that can
initiate polymerization. Through ligand design, homogeneous
catalysts are now available that can control polymer molecular
weights, molecular weight distributions, comonomer incorpora-
tion, and stereochemistry in ways that are impossible using
conventional hetereogeneous catalysts. Although remarkable
advances have been reported concerning the development of
molecular catalysts for olefin polymerization,1,2 comparatively few
single-site metal catalysts are available for the ring-opening
polymerization of heterocycles such as epoxides and lactones.3

Herein we report the synthesis of a zinc alkoxide complex that
acts as a single-site catalyst for the synthesis of heterotactic poly-
(lactic acid).

Poly(lactic acid)s (PLAs) have many potential medical, agri-
cultural, and packaging applications due to their biocompatibility
and biodegradability.4 A convenient synthetic route to these
polymers is the ring-opening polymerization of lactide, the cyclic
diester of lactic acid.5 A range of metal alkoxide initiators has
been reported to polymerize lactide with retention of configura-
tion.6 For example, the polymerization of optically active (R,R)-
lactide yields isotactic PLA, while polymerization ofmeso-lactide
using an optically active initiator can produce syndiotactic PLA.3a

Polymerization ofrac-lactide (1) typically produces amorphous,
atactic polymers. We have recently reported the synthesis of
single-siteâ-diiminate zinc complexes that are highly active for
the copolymerization of epoxides and carbon dioxide,3b as well
as the polymerization of optically active lactides.7 Due to the
significant steric bulk of the ligands, we anticipated that these
initiators might be capable of stereochemical control in the

polymerization ofrac-lactide via a chain-end control mechanism.8

In such a reaction, the bulky ligands increase the influence of
the stereogenic center of the last inserted monomer, which in turn
determines whether (R,R)- or (S,S)-lactide is enchained. Therefore
two scenarios are possible: if a chain end ofR stereochemistry
selects (R,R)-lactide (meso enchainment;kR/RR . kR/SS), then
isotactic PLA forms; if this chain end selects (S,S)-lactide (racemic
enchainment;kR/SS. kR/RR), then heterotactic9 PLA forms (Scheme
1). Although stereocontrol of this type is conceptually very simple,
only a modest degree of chain-end control during lactide
polymerization has previously been reported.10,11

Reaction of Zn(N(TMS)2)2 with the 2,6-diisopropylphenyl-
substitutedâ-diimine ligand ((BDI)H) produces the zinc complex
[(BDI)ZnN(TMS)2] in quantitative yield. Although this complex
slowly initiates the polymerization of lactide, we decided to
transform the sterically bulky amido group of this complex into
an isopropoxide group that would be a more suitable mimic of
the putative propagating alkoxide species (Scheme 1). Reaction
of [(BDI)ZnN(TMS)2] with 2-propanol produces the desired
complex [(BDI)ZnOiPr] (2) in 54% isolated yield following
crystallization. The molecular structure of2, determined by X-ray
diffraction, reveals a dimeric species in the solid state where
isopropoxide ligands bridge distorted tetrahedral zinc centers
(Figure 1).12

Compound2 is highly active for the polymerization ofrac-
lactide (1); in 20 min at 20°C, 2 polymerized1 to 95% conversion
([2] ) 2.1 × 10-3 M, [1]/[2] ) 200). Gel-permeation chroma-
tography (GPC, versus polystyrene standards) revealed aMn of
37900 g/mol and a molecular weight distribution (MWD) of 1.10.
This narrow polydispersity and the experimentally determined
linear correlation betweenMn and percent conversion are indica-
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tive of a living polymerization, as well as a single type of reaction
site. Microstructural analysis of the polymer by1H NMR revealed
that2 exerts a significant influence on the tacticity of the polymer
formed, as the microstructure is highly heterotactic. On the basis
of the spectrum, the probability of a racemic enchainment in the
polymer (Pr )13 is 0.90; in other words, 90% of the linkages formed
are between lactide units of opposite stereochemistry. To further
increase the stereoregularity of the heterotactic PLA, we per-
formed the polymerization using2 at 0°C. The reaction reached
95% conversion after 2 h. GPC revealed aMn of 38800 g/mol
and a MWD of 1.09. Shown in Figure 2 is the homonuclear
decoupled1H NMR spectrum of the methine region of the PLA.
The shifts at 5.22 and 5.14 ppm are the heterotacticrmr andmrm
tetrads, respectively. From the intensities of these peaks and those
attributed to themmm, mmr, andrmm impurities,14 a Pr of 0.94
can be calculated.13 Despite the stereoregularity of the polymer,
it is an amorphous material with aTg of 49 °C.

To determine that the isopropoxide group of2 initiates
polymerization of lactide while theâ-diiminate ligand remains
bound to the zinc center, we performed the following experiment.

The reaction of1 with 2 (9:1) was monitored by1H NMR; in 5
min, 1 was completely consumed. The reaction was quenched
by adding methanol, then the crude material was analyzed by
electrospray-ionization mass spectrometry. Molecular ions cor-
responding to (BDI)H2+ (m/z 419) and oligomers of the formula
H(OCHMeCO)2nOiPr‚NH4

+ (n ) 3 to 12) were found. This
strongly supports our hypothesis that theâ-diiminate ligand does
not react with lactide, but instead it remains bound to the zinc
center while the isopropoxide group initiates polymerization. We
propose that the bulky ligand serves to increase the stereochemical
influence of the polymer chain-end on stereocontrol, thus forming
the highly heterotactic microstructure.

In conclusion, we report a zinc alkoxide complex that acts as
a single-site, living initiator for the polymerization ofrac-lactide
to heterotactic PLA. Mass spectrometry experiments revealed that
the isopropoxide group initiates polymerization, while theâ-di-
iminate ligand remains chelated to the zinc center. Current work
is directed at determining the factors which favor racemic over
meso enchainment, as well as employing2 for the synthesis of
new polyester architectures.
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Figure 1. Molecular structure of [2]2. Selected bond distances (Å) and
angles (deg): Zn(1)-N(1), 2.074(4); Zn(1)-N(2), 2.054(4); Zn(1)-O(1),
1.983(3); N(1)-Zn(1)-N(2), 94.8(2); N(1)-Zn(1)-O(1), 122.95(15);
N(2)-Zn(1)-O(1), 126.08(14); O(1)-Zn(1)-O(2), 78.50(12); Zn(1)-
O(1)-Zn(2), 101.72(13).

Figure 2. Homonuclear decoupled1H NMR spectrum of the methine
region of heterotactic PLA prepared with2 at 0 °C (500 MHz, CDCl3).
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