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ABSTRACT: Aspects of the proposed pathway combining chain-end and enantiomorphic site control for the stereospecific polymerization of 
lactide (LA) were investigated through studies of aluminum complexes supported by enantiopure and racemic bipyrrolidine-based salan lig-
ands, Lig1AlOBn and Lig2AlOBn. Spectroscopic analysis of stoichiometric initiation reactions and the definition of the stereochemistry of the 
selective formation of the “match” single-insertion products by X-ray crystallography led to key conclusions about the observed stereocontrol. 
Notably, it was determined to rely heavily on the preference for the trio of stereocenters around the metal to have a “match” formation (RR-
ligand + S-polymer), which works synergistically with the enantiomorphic site preference of the catalyst to ring-open next to a stereocenter of 
a monomer of the same chirality as that of the ligand, resulting in highly heterotactic or syndiotactic PLA from rac- or meso-LA, respectively. 

INTRODUCTION  

Polylactide (PLA) is an attractive alternative to fossil-fuel 
based commodity plastics due to its renewable origins, degra-
dability, and wide range of physical properties that are criti-
cally impacted by stereochemistry (tacticity).1 Control of 
PLA tacticity may be achieved through stereoselective ring-
opening polymerization (ROP) of rac- or meso-lactide (LA).2 
Among the common metal-alkoxide catalysts, stereocontrol 
in ROP of rac-LA afforded by aluminum catalysts ligated by 
chiral binapthyl Schiff base ligands3-6 or sterically bulky achi-
ral salen ligands7 has drawn particular attention. Stereoselec-
tive ROP of meso-LA by metal-based catalysts also has been 
reported.4,5,8-12 

Aluminum catalysts are ideal for mechanistic investi-
gation as they often proceed with rates that are conven-
ient to monitor by conventional spectroscopic methods, 
and operate via the well-established coordination-inser-
tion mechanism whereby the LA monomer is coordinated 
to the metal center via σ-donation from an oxygen lone 
pair, followed by ring-opening by nucleophilic attack of 
the catalyst alkoxide (an initiating group or propagating 
polymer chain) on the electron deficient adjacent car-
bonyl. Stereoselective sequential monomer enchainment 
can be governed by chain-end control (CEC), whereby 
the stereochemistry of a given monomer inserted into the 
metal center determines the stereochemistry of the next 
monomer inserted, or enantiomorphic site control 
(ESC), whereby the chirality of the ligand framework sur-
rounding the metal center selects the stereochemistry of 
all subsequent monomers selected. Both mechanisms of 
control are presumed to contribute to some degree to 

every stereoselective polymerization, with one mecha-
nism generally dominating.1,2 

Enantiopure binaphthyl4,5 or bipyrrolidine12 aluminum 
catalysts have been shown to stereoselectively polymerize 
meso-LA to yield highly crystalline syndiotactic PLA (Figure 
1a). The results were rationalized by invoking the effects of 
the chirality afforded to the metal center from the ligands driv-
ing preference for the ring-opening of meso-LA at only one of 
its acyl-oxygen sites (“match” insertion). However, in the 
polymerization of meso-LA by racemic binaphthyl-aluminum 
catalysts, the resulting PLA is heterotactic (Pr = 0.8). This 
finding was rationalized by a proposed rapid exchange of lac-
tidyl units between enantiomers of catalyst, which then ring 
open meso-LA at acyl-oxygen sites with proximal stereocen-
ters identical to those inherent in the ligand (Figure 1b).  

For the bipyrrolidine system, heterotactic PLA (Pr = 0.93-
0.99) was obtained from the polymerization of rac-LA with 
rac-catalyst, and a similar mechanism of lactidyl exchange be-
tween enantiomers of catalyst was postulated to rationalize 
the results. A “match” combination of the trio of stereocenters 
proximal to the aluminum center (ex. (R,R)-LigAl-L(S,S)-
LA) was proposed to be active towards ring-opening a mono-
mer of the opposite chiral sense to that of the chain-end (in 
this case D(R,R)-LA), which would result in a “mismatch”, 
which here is (R,R)-LigAl-D(R,R)-LA. In a polymerization 
with both enantiomers of catalyst present, lactidyl exchange 
between two “mismatch” complexes (ex. (R,R)-LigAl-
D(R,R)-LA and (S,S)-LigAl-L(S,S)-LA) would generate 
“match” complexes, which were proposed to have higher ac-
tivity towards ROP than the “mismatch” complexes (Figure 
2). The observation that polymerizations of rac-LA by enanti-
opure bipyrrolidine catalysts were slower and less 



 

stereocontrolled than with racemic catalysts was invoked as 
evidence that the “mismatch” (ex. (R,R)-LigAl-D(R,R)LA-
OBn) is “inactive towards any lactide”.12 Gas-chromato-
graphic (GC) analysis of the remaining monomer from the 
polymerizations of rac-LA with enantiopure Lig1 or 
Lig2AlOBn revealed a preference for (R,R) catalyst to ring-
open D(R,R)-LA, and vice versa for (S,S) catalyst, which sug-
gested that these complexes operate by an enantiomorphic 
site control mechanism in the absence of another enantiomer 
of catalyst. 

Herein, we present the results of an investigation of the 
“dual-stereocontrol” mechanism (Figures 1 and 2) proposed 
for the chiral bipyrrolidine catalysts. According to this mech-
anism, a combination of chain-end and enantiomorphic site 
control defines the stereochemistry of the growing chain, 
whereby the combination of the catalyst’s chirality and the 
proximal stereogenic center of the last inserted monomer 
preferentially ring-open an incoming monomer with a proxi-
mal stereogenic center of the opposite chirality. We sought to 
isolate and assign the exact stereochemistry of the “match” 
and “mismatch” complexes and examine their reactivities 
through studies of initiation (stoichiometric ring-opening of 
LA stereoisomers). This approach was used previously to un-
derstand ROP by complexes of indolide ligands related to 
salen.13 A key finding from this previous study is that ring-
opening stereochemistry is derived from differences in ther-
modynamic stability of rapidly interconverting 

diastereomeric complexes. Here, we evaluate the involvement 
of stereoisomer interconversion between catalytic aluminum 
centers via lactidyl exchange in the ring opening of rac- and 
meso-LA by the bipyrrolidine catalysts. Ultimately, we aimed 
to obtain fundamental chemical insights into the nature of ste-
reocontrolled ROP of lactide by highly selective catalysts. 

RESULTS AND DISSCUSSION 

Initiation Studies with Enantiopure LigAlOBn Complexes 
and D, L, or rac-Lactide. As in the previous study,13 stereose-
lectivity in initiation was explored as a model for stereocontrol 
in LA polymerization, here by the complexes supported by 
Lig1 (X = H, Y = Ph) and Lig2 (X = Y = Cl). Enantiopure 
(R,R)- and (S,S)-Lig1AlOBn and Lig2AlOBn (Figure 2) were 
prepared according to reported methods.12 In a first round of 
experiments, focusing only on ligands with R,R stereocenters, 
(R,R)-Lig1AlOBn and (R,R)-Lig2AlOBn were separately 
mixed with 1 equivalent of D(R,R)-, L(S,S)-, or rac-LA at 
room temperature in CD2Cl2. 

Monitoring of the reactions of (R,R)-Lig1AlOBn with en-
antiopure D(R,R)-LA (Table 1, entry 1) or L(S,S)-LA (Table 
1, entry 2) by 1H NMR spectroscopy (using 2D NMR analysis 
to make assignments, Figures S1-S8) showed conversion of 
the starting complex to a single new species in each case, and 
the data showed differences consistent with these species be-
ing diastereomers. For example, the peaks associated with the 
AlOCH2Ph protons in (R,R)-Lig1AlOBn sharpen and migrate 
from their original position at 5.14 ppm to 5.08 ppm in the re-
action with L(S,S)-LA (Figures S1 and S9, bottom spectrum), 
and to 4.95 ppm and 4.63 ppm in the reaction with D(R,R)-
LA (Figures S5 and S9, middle spectrum). Doublets arising 
from methyl CH3 protons on the ring-opened lactide units 
arise at 1.22 ppm and 1.13 ppm in the reaction with L(S,S)-
LA and at 1.37 ppm and 1.14 ppm in the reaction with 
D(R,R)-LA. Also, there are significant qualitative differences  

 
Figure 2. Proposed mechanism for stereoselective  ROP of rac-
LA to yield heterotactic PLA using rac-LigAlOBn. 
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Figure 1. Proposed mechanisms of stereoselective polymeriza-
tion of meso-LA using chiral aluminum-alkoxide catalysts (in 
box; “Lig” refers to Lig1 = X = H, Y = Ph or Lig2 = X = Y = Cl), 
showing (a) formation of syndiotactic PLA from enantiopure 
catalysts via stereoselective insertions, and (b) formation of het-
erotactic PLA from racemic catalyst via stereoselective inser-
tions and lactidyl exchanges. 
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Table 1. Results of 1:1 Monomer:LAlOBn Experiments 

Entry Catalyst Monomer 
Conversion 

(%)a 
Time 

(h) 
“Match”: 

“Mismatch” 
% d.e. b krel

 c
 

1 R,R-Lig1AlOBn D(R,R)-LA 81 22 -- -- -- 
2 R,R-Lig1AlOBn L(S,S)-LA 70 22 -- -- -- 
3 R,R-Lig1AlOBn rac-LA 42; 83 2; 21 1:2.6; 1:1.4 44; 17 3.5; 2.9 
4 rac-Lig1AlOBn rac-LA 36; 78 0.17; 5 5:1; 5:1 67; 67 7.3; d 
5 R,R-Lig1AlOBn meso-LA 44; 82 0.08; 1 5:1; 5:1 67; 67 8.5; d 
6 R,R-Lig2AlOBn D(R,R)-LA 75 22 -- -- -- 
7 R,R-Lig2AlOBn L(S,S)-LA 57 22 -- -- -- 
8 R,R-Lig2AlOBn rac-LA 54; 77 1; 20 1:1.1; 1:2.1 5; 35 1.2;  d 
9 rac-Lig2AlOBn rac-LA 56; 79 0.17; 5 3:1; 3:1 50; 50 5.6; d 

10 R,R-Lig2AlOBn meso-LA 75; 84 0.08; 1 e e e 

Conditions: [LigAlOBn]i = [LA]i = 0.017 M in CD2Cl2, T = 21 °C acalculated from 1H NMR integrations b𝑑. 𝑒. = ("#$)
("&$)

 where a = major 

diastereomer, b = minor diastereomer c 𝑘'() =	
*+	[.#/(.&0()
*+	[.#/(.#0()

	 where c = conversion,1 dimaginary number, equation is not applicable to high 
conversions and high d.e.’s  enot able to quantify due to significant peak overlap between diastereomers 

 
in the aromatic (8.0-6.5 ppm) regions of the 1H NMR spec-
tra of the reaction products (Figure 3 and S9). On the basis 
of the NMR data, we assign the products of the reactions as 
diastereomeric ring-opened products (R,R)-Lig1Al-
D(R,R)LA-OBn and (R,R)-Lig1Al-L(S,S)LA-OBn (Figure 
3). Note that the apparent sensitivity of the aromatic pro-
tons of the bipyrrolidine-based ligand to the proximal stere-
ocenter of the ring-opened lactide unit provides a distinct 
“thumbprint” region (8.0-6.5 ppm) in the 1H NMR spectra 
that enables clear identification of diastereomeric initiation 
products (vide infra).  

The conversion in the reaction of (R,R)-Lig1AlOBn with 
D(R,R)-LA was slightly higher than in the reaction with 

L(S,S)-LA (81% vs. 70%, ratio of 1.16:1, after 22 h). A mix-
ture of the two products was observed in the reaction of 
(R,R)-Lig1AlOBn with equimolar rac-LA (Table 1, entry 3), 
with a similar preference: after 2 h, 42% of the free rac-LA 
was consumed and the ratio of (R,R)-Lig1Al-D(R,R)LA-
OBn (“mismatch”):(R,R)-Lig1Al-L(S,S)LA-OBn 
(“match”) was 2.6:1, which diminished after 21 h at which 
point 83% of the free rac-LA was consumed to a 1.4:1 ratio 
(Figure S9, top spectrum).xiv Exchange spectroscopy 
(EXSY) experiments on the product solution from the reac-
tion of rac-Lig1AlOBn with L(S,S)-LA showed cross-peaks 
indicative of rapid equilibration between the two diastereo-
meric initiation products (Figures S10-S11). These data are 
consistent with lactidyl exchange, a key element of the dual 
stereocontrol hypothesis. 

Analogous results were observed in the reactions of 
(R,R)-Lig2AlOBn with D(R,R)-, L(S,S)-LA, and rac-LA 
(Table 1, entries 6-8, Figures S12-S17), with the level of ste-
reoselectivity in ring-opening being slightly greater for this 
system. Thus, after 22 h, 75% of D(R,R)-LA and 57% of 
L(S,S)-LA reacted, a 1.3:1 conversion ratio, while the prod-
uct ratio in the reaction with rac-LA was 2.1:1 after 77% con-
version. While we hesitate to overinterpret the difference be-
tween these two ratios that are based on conversion values 
and relative integrations that have significant inherent errors 
associated with them, the preference for (R,R) ligated com-
plexes to ring-open D(R,R)-LA (“mismatch”) aligns with 
the hypothesis that (R,R)-LigAl-OR preferentially inserts at 
the acyl-carbon proximal to an R stereocenter, in accordance 
with enantiomorphic site control, a result with ramifications 
for the polymerization of meso-LA (vide infra).  

Figure 3. Products of the reaction of (R,R)-Lig1AlOBn with 
D(R,R)-LA (right), and L(S,S)-LA (left) in CD2Cl2 after 22 h, 
showing aromatic “thumbprint” region of 1H NMR spectra. 

O
O

O

O

R
RO

O

O

O

S
S

NN

O O
Al

O
PhPh

R R

O

O

OBnO

S

S

NN

O O
Al

O
PhPh

R R

O

O

OBnO

R

R

NN

O O
Al

OBn

R R

Ph Ph



 

 

4 

We were able to confirm the structural hypotheses based 
on NMR spectroscopy through determination of the X-ray 
crystal structure of the product derived from the reaction of 
(R,R)-Lig2AlOBn with L(S,S)-LA (Figure 4). Crystals suit-
able for X-ray diffraction were grown by layer diffusion of a 
concentrated toluene solution with pentane at room tem-
perature. The complex crystallizes in a chiral space group 
(P212121) and the asymmetric unit comprises the entire 
complex with two molecules of toluene (solvent of crystalli-
zation). The structure features a distorted octahedral geom-
etry for the aluminum center, with a weak interaction with 
the proximal carbonyl oxygen (O4) of the lactidyl ligand to 
yield what is effectively bidentate coordination. The Al-O4 
distance (3.20 Å) is longer than all other metal-ligand bonds 
(Table S1) and is 1.0-1.4 Å longer than other aluminum-car-
bonyl oxygen bonds reported for comparable ring-opened 
lactide or methyl-lactate structures.7,13,xv-xxii The remaining 
metal-ligand bond distances and angles are all very similar to 
those of (R,R)-Lig2AlOBn,12 save for N1-Al-O3, which is in-
creased from 12(9)° to 13(9)° to accommodate the backbit-
ing carbonyl (O4). Overall, the X-ray structure confirms the 
connectivity and stereochemistry of one of the ring-opened 
products of initiation by an enantiopure starting complex 
and validates the applicability of the NMR characterization 

protocol.  
Initiation Studies with Racemic LigAlOBn Complexes and 

Racemic Lactide. A key finding from the original report was 
that reaction of rac-Lig1AlOBn with rac-LA (100 equiv.) at 
50 °C in toluene resulted in highly stereoregular heterotactic 

PLA (Pr = 0.99).12 To explain this result, it was hypothesized 
that rapid polymeryl exchange between (R,R)- and (S,S)- 
catalysts occurs, allowing for regeneration of the “match” 
(R,R-catalyst with proximal stereocenter S-polymer, or vice 
versa) before error propagation (sequential insertions of 
monomers bearing the same chiral sense, i.e. meso rather 
than racemic enchainments). We aimed to test this hypoth-
esis by examining the stoichiometric reaction of rac-
Lig1AlOBn with rac-LA in CD2Cl2 at room temperature 
(Table 1, entry 4). 

Consumption of starting materials proceeded, and a new 
set of new peaks appeared (78% conversion after 5h; Figures 
S19-S20). The data suggest that of the four stereoisomers 
that are possible ring-opened products, one diastereomer 
(pair of enantiomers) is favored (ratio of 5:1, 67% d.e.) over 
the other. This favored diastereomer was identified by com-
parison of the 1H NMR spectrum with those of the previ-
ously characterized products of the reactions of (R,R)-
Lig1AlOBn with enantiopure D(R,R)-LA or L(S,S)-LA 
(Figure S20). Differences between the three spectra are sub-
tle in the aliphatic region (5.0-2.5 ppm) due to the broad 
peaks arising from protons associated with the bipyrrolidine 
backbone.  However, inspection of the “thumbprint” aro-
matic region (8.0-6.5 ppm) reveals that this spectral region 
for the reaction of rac-Lig1AlOBn with rac-LA (Figure 5, 
bottom) and that from the reaction of (R,R)-Lig1AlOBn 
with L(S,S)-LA (”match” complex, Figure 3, left) are nearly 
identical. Thus, we assign the predominant species in the re-
action of rac-Lig1AlOBn with rac-LA as (R,R)-Lig1Al-
L(S,S)LA-OBn and its enantiomer (S,S)-Lig1Al-D(R,R)LA-
OBn (both “match” complexes, in boxes in Figure 5).    

The reaction of  rac-Lig2AlOBn and a stoichiometric 
amount of rac-LA in CD2Cl2 proceeded similarly (Table 1, 
entry 9, Figures S21-S22), with appearance of a set of peaks 
in the NMR spectrum interpreted analogously to indicate 
formation of a major ring-opened diastereomer that we at-
tribute to the “match” enantiomers (R,R)-Lig2Al-L(S,S)LA-
OBn and (S,S)-Lig2Al-D(R,R)LA-OBn. This reaction of 
rac-Lig2AlOBn proceeded at a comparable rate to that of 
rac-Lig1AlOBn, reaching 79% conversion after 5 h, but with 
less selectivity in the formation of the major diastereomer 
(ratio of 3:1, 50% d.e.). This reaction was faster than the re-
action of enantiopure (R,R)-Lig2AlOBn with rac-LA (77% 
conversion in 20h, Table 1, entry 8), in line with the previ-
ously reported12 polymerization rates (rac-Lig2AlOBn more 
active than enantiopure (R,R)-Lig2AlOBn). 

We confirmed the product assignment for the reaction 
of rac-Lig2AlOBn with rac-LA through X-ray crystallo-
graphic analysis of crystals isolated from the product solu-
tion (grown by layering pentane on a toluene solution at 
room temperature). The structure was solved in the mono-
clinic crystal system and centrosymmetric space group 
P21/c. The asymmetric unit consists of one ring-opened 
complex (Z’ = 1), and the unit cell has Z = 4, comprising two 
units each of the “match” initiation products (R,R)-Lig2Al-
L(S,S)LA-OBn and (S,S)-Lig2Al-D(R,R)LA-OBn (Figure 

 

 

Figure 4. Representation of the X-ray crystal structure of the 
ring-opened product (R,R)-Lig2Al-L(S,S)LA-OBn resulting 
from the reaction of (R,R)-Lig2AlOBn with 1 equivalent of 
L(S,S)-LA. All nonhydrogen atoms are presented as 50% ther-
mal ellipsoids; pink spheres are H atoms on stereogenic cen-
ters. The asymmetric unit consists of the entire ring-opened 
complex with two molecules of toluene, omitted here along 
with non-stereocenter associated hydrogen atoms for clarity. 
Selected bond distances (Å) and angles (deg): Al-O1, 
1.808(1); Al-N1, 2.081(6); Al-N2, 2.066(2); Al-O2, 
1.775(6); Al-O3, 1.757(3); Al-O4, 3.19(8); N2-Al-O1, 
166.(4); N1-Al-O3, 139.(5); O2-Al-O3, 112.(4); O3-Al-O4, 
60.(1). 
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S40). The bond lengths and angles (Table S2) are very sim-
ilar to those obtained from the separately determined X-ray 
structure of (R,R)-Lig2Al-L(S,S)-LA-OBn (Figure 4), in-
cluding the weak interaction of the lactidyl carbonyl (Al-O4 
= 3.17 Å). Importantly, the 1H NMR spectrum of redis-
solved crystals in CD2Cl2 was identical to that of the crude 
reaction mixture (with the exception of the presence of un-
reacted rac-LA; Figures S21-S22). This result supports the 
conclusion that the isolated crystals are the predominant 
species in solution, indicative of selective formation of the 
“match” stereoisomers in the reaction of rac-Lig2AlOBn 
(and, by extension, rac-Lig1AlOBn) with rac-LA.  

To rationalize the results of the reactions of rac-LigA-
lOBn complexes with rac-LA, we propose that the major 
products are the most stable species that result from rapid 
lactidyl exchange. Several observations support this hypoth-
esis, which is in alignment with what was proposed in the 
original report of the “dual-stereocontrol” mechanism,12 but 
for which the stereochemical aspects are now fully 

determined. The finding that reactions of enantiopure 
(R,R)-LigAlOBn complexes with rac-LA yields both 
“match” and “mismatched” ring-opened products (Figures 
3, S9, and S17) indicates that both stereoisomers are acces-
sible. The higher conversion in reactions to yield the “mis-
matched” products ((R,R)-LigAl-D(R,R)LA-OBn) sug-
gests that these are favored, which can be rationalized by en-
antiomorphic site control. Yet the fact that these products 
are observed as the minor diastereomers in the reaction of 
rac-LigAlOBn with rac-LA argues against pure enantiomor-
phic site control in this case. We hypothesize that all four 
possible stereoisomers may form initially (perhaps slightly 
favoring formation of the “mismatched” ones), but through 
rapid lactidyl exchange they equilibrate to the more stable 
“matched” pair.  

We tested this hypothesis by separately preparing the 
“mismatched” complexes – (R,R)-Lig1Al-D(R,R)LA-OBn 
and (S,S)-Lig1Al-L(S,S)LA-OBn – and then mixing them 
together (maintaining a consistent concentration of [Al] = 
[LA] = 0.017 M). Conversion from the “mismatched” com-
plexes to the “matched” complexes as major products – 
(R,R)-Lig1Al-L(S,SLA-OBn and (S,S)-Lig1Al-D(R,R)LA-
OBn – was observed within 1 h of mixing, as evident from 
comparison of the new spectrum (Figure S23) to that of the 
previously characterized species (Figure S24). This result 
confirms the occurrence of lactidyl exchange. In addition, 
identification of cross peaks in the NOESY/EXSY NMR 
spectrum (Figure S25) corresponding to exchange between 
major and minor diastereomers confirms selective for-
mation of the “match” diastereomer (product ratio of 6:1) 
via rapid polymeryl exchange. 

Initiation Studies with LAlOBn Complexes and meso-Lac-
tide. For both reports of highly syndiotactic PLA from the 
reaction of meso-LA with a chiral aluminum catalyst,4,5,12 the 
mechanisms proposed to rationalize the results require ste-
reoselective ring-opening of meso-LA. It was proposed for 
the case of the bipyrrolidine catalysts studied in this work 
that every ring-opening of meso-LA by enantiopure catalyst 
results in a “match” complex (Figure 1).12 We sought to ver-
ify this proposal through studies of the initiation reaction. 

Mixing (R,R)-Lig1AlOBn with 1 equiv. meso-LA in 
CD2Cl2 at room temperature led to conversion of starting 
material (76% in 1 h, Table 1, entry 5) to a species with new 
peaks in the 1H NMR spectrum assigned (1H, 13C, HSQC, 
COSY NMR, Figures S27-S30) to two diastereomeric ring-
opened products in a 5:1 ratio (67% d.e., Figure 6). The 1H 
NMR spectrum of the dominant diastereomer is nearly 
identical to the 1H NMR spectrum of the solution resulting 
from reaction of (R,R)-Lig1AlOBn with L(S,S)-LA (Figures 
S31-34) in the “thumbprint” aromatic region, with minor 
differences in the upfield portion of the spectra evident in 
the chemical shifts of the doublets arising from the methyl 
CH3 protons in the lactidyl units. Both spectra are dramati-
cally different from the 1H NMR spectrum of the reaction of 
(R,R)-Lig1AlOBn with D(R,R)-LA (Figure S33), especially 
in the aromatic region (8.0-6.5 ppm) when comparing line 

 
Figure 5. Reaction of  rac-Lig1AlOBn with rac-LA showing the 
four possible ring-opened products. Those in boxes are those 
concluded to form in the reaction (the “match” complexes 
(R,R)-Lig1Al-L(S,S)LA-OBn and its enantiomer (S,S)-Lig1Al-
D(R,R)LA-OBn). The “thumbprint” region of the 1H NMR 
spectrum is shown below, which matches closely with the 
spectrum on the left in Figure 3. 
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shape and peak separation. These results are consistent with 
the dominant product of the reaction of (R,R)-Lig1AlOBn 
with meso-LA having a proximal stereocenter with S config-
uration, the “match” complex (R,R)-Lig1Al-(S,R)LA-OBn. 
As expected, reaction of the enantiomer of the starting ma-
terial (S,S)-Lig1AlOBn with meso-LA yielded the identical 
product NMR spectrum (5:1 ratio of diastereomers, Figure 
S34), consistent with the main product being the enantio-
mer having proximal R configuration, (S,S)-Lig1Al-
(R,S)LA-OBn. While the minor diastereomer in both cases 
is more challenging to assign, the data are consistent with it 
being the opposite “mismatch” stereoisomer (Figures S31 
and S33). Finally, through a series of NOESY/EXSY NMR 
experiments (Figures S35-S37) rapid exchange between the 
major and minor isomers was identified. It should be noted 
that lactidyl exchange in this experiment would not change 
the ratio of diastereomers (it is degenerate).  

Similar results were found in studies of the reaction of 
(R,R)-Lig2AlOBn with stoichiometric meso-LA.  The reac-
tion reached 84% conversion in 1 h (Table 1, entry 10) and 
the resulting 1H NMR spectrum featured peaks similar to 
those of the “match” complex (R,R)-Lig2Al-L(S,S)LA-OBn 
resulting from reaction of (R,R)-Lig2AlOBn with L(S,S)-
LA. Thus, we hypothesized that the major product has a 
proximal S stereocenter (Figure S38). The NMR data were 
less conclusive than in previous examples, so we turned to 
structural characterization by X-ray crystallography. Success 
was achieved by layering pentane on a concentrated solution 
resulting from reaction of (R,R)-Lig2AlOBn with meso-LA in 
toluene at room temperature (Figure 7). The X-ray crystal 
structure confirmed the formation of a complex featuring 
ring-opened meso-LA with an S stereocenter proximal to the 
metal center. Notably, to the best of our knowledge this is 
the first published structure of ring-opened meso-LA bound 
to a catalytically active center. Given the importance of 

meso-LA as a feedstock in biodegradable polymers, this 
structure is a milestone for understanding the initiation pro-
cess.  

We were not able to definitively confirm that this solid 
state structure is the major one adopted in solution due to 
the complexity of the 1H NMR spectrum. However, when 
considered together with (1) the definitive NMR assign-
ment of the reaction of (R,R)-Lig1AlOBn with meso-LA, and 
(2) the selectivity previously observed for (R,R)-LigAlOBn 
complexes in their reactions with D(R,R)-, L(S,S)-, and rac-
LA, we propose that the diastereomer observed in the crystal 
structure is representative of that formed in solution. 

Altogether, these data support the initial proposal of the 
selective formation of sequential “match” complexes in the 

 

Figure 8. Plots of kinetic data for the polymerizations of 
L(S,S)- and D(R,R)-LA by (R,R)-LigAlOBn complexes, with 
linear fits. Fit parameters: blue triangles, (R,R)-Lig2AlOBn + 
D(R,R)LA, slope = k = 0.097 h-1, R = 0.9996; green triangles, 
(R,R)-Lig2AlOBn + L(S,S)LA, slope = k = 0.021 h-1, R = 
0.8849; black squares, (R,R)-Lig1AlOBn + D(R,R)LA, slope = 
k = 0.059 h-1, R = 0.9969; red circles, (R,R)-Lig1AlOBn + 
L(S,S)LA, slope = k = 0.0026 h-1, R = 0.9658. 

 
Figure 7. Representation of the X-ray structure of (R,R)-
Lig2Al-(S,R)LA-OBn, resulting from the reaction of (R,R)-
Lig2AlOBn with stoichiometric meso-LA. All nonhydrogen at-
oms are presented as 30% thermal ellipsoids; pink spheres are 
H atoms on stereogenic centers. All non-stereocenter associ-
ated hydrogen atoms and an additional ring-opened initiation 
product present in the asymmetric unit omitted for clarity. Se-
lected bond distances (Å) and angles (deg): Al-O1, 1.796(7); 
Al-N1, 2.086(3); Al-N2, 2.112(3); Al-O2, 1.763(8); Al-O3, 
1.749(9); Al-O4, 3.14(2); N2-Al-O1, 167.(3); N1-Al-O3, 
141.(8); O2-Al-O3, 111.(5); O3-Al-O4, 59.(6).  

 
Figure 6. Reaction of (R,R)-Lig1AlOBn with meso-LA show-
ing the two products, the “match” complex (R,R)-Lig1Al-
(S,R)LA-OBn (major, in box on left) and the “mismatch” 
complex (R,R)-Lig1Al- (R,S)LA-OBn (minor, on right). 
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polymerization of meso-LA by enantiopure catalyst.12 The 
stereoselectivity observed in initiation for (R,R)-Lig1AlOBn 
(formation of “match” stereoisomer with 67% d.e.) is within 
range of the stereoselectivity exerted by this catalyst in the 
polymerization of 50 equiv. meso-LA (Ps = 0.80-0.93, de-
pending on conditions),12 suggesting that enantiomorphic 
site control dominates in the latter. That said, the selectivi-
ties deviate enough to suggest that other forces (cf. chain-
end effects) may play an important role in propagation com-
pared to initiation. 

Polymerizations with Enantiopure LigAlOBn Complexes. 
Critical to the dual-stereocontrol mechanism is different 
rates of ring opening of particular LA stereoisomers by par-
ticular enantiomers of catalyst. To quantify these differ-
ences, we measured the rates of polymerization of enanti-
opure L(S,S)- or D(R,R)-LA by (R,R)-LigAlOBn complexes 
by monitoring monomer consumption as a function of time 
via NMR spectroscopy. First-order plots were linear (Figure 
8), and comparison of the rate constants showed faster reac-
tions for polymerizations of D(R,R)-LA. For catalyst precur-
sor (R,R)-Lig1AlOBn, polymerization of D(R,R)-LA was 
~22x faster than L(S,S)-LA. That factor for the more reac-
tive catalyst precursor (R,R)-Lig2AlOBn was ~4.5. Thus, af-
ter initiation, the “mismatched” catalyst (R,R)-LigAl-
D(R,R)LA-OR reacts faster with the same monomer 
(D(R,R)-LA) than the “matched” catalyst (R,R)-LigAl-
L(S,S)LA-OR with L(S,S)-LA. These findings corroborate 
and provide quantitative information for the previously re-
ported observation via GC analysis of the remaining mono-
mer from the polymerizations of rac-LA with enantiopure 
LigAlOBn complexes that revealed a preference for (R,R) 
catalyst to ring-open D(R,R)-LA, and vice versa for (S,S) 
catalyst. The previous report also hypothesized that the 
“mismatch” (ex. RR-LigAl-D(R,R)LA-OBn) is “inactive to-
wards any lactide”12; in fact, our new findings suggest the 
“mismatch” is more active with the same stereoisomer of LA 
as the chain end than the “match”. The poor reactivity of the 
“match” with the same stereoisomer of LA as the chain end 
potentially contributes to avoidance of isotactic sequences 
and enhances the preference for heterotacticity in polymer-
izations of rac-LA by rac-LigAlOBn catalysts. 

 
SUMMARY AND CONCLUSIONS 

We have investigated the stereoselectivity in initiation 
for a pair of highly selective bipyrrolidine complexes 
Lig1AlOBn and Lig2AlOBn with rac-, D(R,R)-, L(S,S)-, and 
meso-LA, with the goal of elucidating aspects of the novel 
dual-stereocontrol mechanism. In the absence of a chiral lac-
tidyl initiating ligand, the complexes operate purely by en-
antiomorphic site-control, showing a preference to ring-
open the enantiomer of lactide with the same chiral sense as 
the bipyrrolidine ligand and favoring formation of the “mis-
match” complex. However, investigation of the polymeryl 
exchange between aluminum centers in the stoichiometric 
reaction of rac-catalyst with rac-LA reveals a preference for 
catalyst-lactide pairing of opposite chirality, the “match” 

complex, as indicated by 1H NMR and X-ray crystallog-
raphy. This key finding corroborates the postulated mecha-
nism for the heteroselective polymerization of rac-LA by 
rac-catalyst, confirming synergistic enantiomorphic site-
control and polymeryl exchange. 

The stereoselective polymerization of meso-LA to pro-
duce highly crystalline syndiotactic PLA is rare,4,5,8-12 and in-
vestigation of the mechanism by which a catalyst produces 
such a material is important for future catalyst design and 
the efforts to supplant our global dependence on fossil-fuel 
based plastics. Through stoichiometric initiation reactions, 
we have determined the ring-opening of meso-LA to be ste-
reoselectively favored at the acyl carbon proximal to the R 
stereocenter when the bipyrrolidine ligand is of (R,R) chi-
rality for both Lig1 and Lig2 systems. Thus, the ring-opened 
products were characterized by NMR (1H, 13C, HSQC, 
COSY) and identified as bearing a proximal stereocenter S 
to the aluminum on the lactidyl unit. This result was con-
firmed on the basis of comparison to analogous diastereo-
meric structures via the sensitivity of the aromatic protons 
of the bipyrrolidine ligand to the chirality of the proximal 
stereocenter of the ring-opened lactide unit (so-called 
“thumbprint” region). Unambiguous identification of the 
chirality of the initiation product of (R,R)-Lig2AlOBn and 
meso-LA was possible through characterization by X-ray 
crystallography and determined to be the “match” complex, 
validating the previous identification of this product on the 
basis of NMR and providing a rare example of crystallo-
graphic characterization of a ring-opened meso-LA unit 
bound to an active catalytic center. 

The stereoselectivity in polymerization of enantiopure 
D(R,R)- or L(S,S)-LA by (R,R) ligated Lig1 and Lig2 also 
was investigated. Sequential isotactic enchainments were 
more facile with D(R,R)-LA than L(S,S)-LA, suggesting 
that: (1) enantiomorphic site control favors ring-opening of 
monomers bearing the same chiral sense as those inherent 
to the ligand and, (2) chain-end control effects contribute to 
ring-opening monomers bearing the opposite chiral sense to 
that of the chain-end.  Enhanced stereoselectivity is ob-
served when these two effects agree, as in the case of the 
“match” complex and the ROP of meso-LA. This polymeri-
zation stereocontrol may be explained by lower ground state 
energies of the “match” complexes over the “mismatch” 
complexes, followed by irreversible stereoselectivity-deter-
mining insertion of D(R,R)-LA  by (R,R)-ligated complexes 
(enantiomorphic-site effects). Both phenomena were origi-
nally proposed,12 but have been defined in the initiation 
studies described herein.  

But how significant are the chain-end stereocontrol ef-
fects? To address this question, it is helpful to compare again 
the stereoselectivity of the binaphthyl-based Schiff base alu-
minum catalyst and the bipyrrolidine-based salan aluminum 
catalyst (Figure 1, top). The first catalyst, in its enantiomeri-
cally-pure form, is isoselective towards rac-LA and syndiose-
lective towards meso-LA, while in its racemic form it is still 
isoselective towards rac-LA but heteroselective towards 



 

 

8 

meso-LA. These findings are in line with an enantiomorphic 
site control mechanism combined with the tendency of the 
aluminum center to bind to the same stereocenter it prefers 
to react with. When this catalyst is employed in its racemic 
form, the polymerization of rac-LA retains its stereoregular-
ity, while the polymerization of meso-LA reverses stereoreg-
ularity from syndiotactic to heterotactic, through lactidyl ex-
change. In stark contrast, the bipyrrolidine-based salan alu-
minum  catalyst, in its enantiomerically-pure form, is essen-
tially non-selective towards rac-LA and syndioselective to-
wards meso-LA, while in its racemic form it is highly heter-
oselective towards rac-LA and still syndioselective towards 
meso-LA. Notwithstanding the different stereochemical 
consequences, these two catalysts share common character-
istics: (1) polymeryl exchange events are faster than chain 
propagation and may dictate the resulting stereoregularity 
of the formed PLA, and (2) enantiomorphic-site effects play 
a dominant role, otherwise the enantiomerically-pure and 
the racemic catalysts would have exhibited similar stereose-
lectivity in all cases. An important finding of the current 
work is the quantitative identification of the enantiomor-
phic-site control influence by measurement of the relative 
insertion tendencies of the two lactide enantiomers with an 
Al-benzyloxy group (initiation step) wherein chain-end ef-
fects do not play a role. A preference for an (R,R)-based cat-
alyst towards D(R,R)-lactide to form the “mismatch” dia-
stereomer over the L(S,S)-lactide was found. The “mis-
match” stereoisomers were also found to be considerably 
more reactive than the “match” stereoisomers in homochiral 
lactide polymerizations. For example, (R,R)-Lig1Al-
D(R,R)-LA was 22 times more active towards D(R,R)-LA 
than (R,R)-Lig1Al-L(S,S)-LA was towards L(S,S)-LA. Can 
this preference be assumed to persist in polymerization of 
rac-LA? A rate ratio of 20:1 for the polymerization of the two 
lactide enantiomers was reported for the enantiomerically-
pure binaphthyl based aluminum catalyst, which resulted in 
a strong isotactic bias.4,5 If the enantiomerically-pure bipyr-
rolidine-based catalysts operated solely by enantiomorphic-
site control, we would anticipate that polymers with an iso-
tactic bias would form, but the tacticity observed with the 
bipyrrolidine-based salan aluminum catalysts differs. We 
therefore conclude that, on top of the enantiomorphic-site 
control effects clearly demonstrated herein, chain-end stere-
ocontrol effects must be involved in catalytic polymeriza-
tions as well. For example, in polymerization of rac-LA, a 
(R,R)-LigAl-D(R,R)-LA “mismatch” stereoisomer would be 
fast to form either from (R,R)-LigAlOBn as shown here or 
from a (R,R)-LigAl-L(S,S)-LA “match” stereoisomer, but 
once it forms it would not exhibit a preference to react with 
any of the lactide enantiomers over the other.  

Thus, we conclude that in the polymerization of rac-LA 
by rac-catalyst, the “mismatch” stereoisomer is rapidly con-
verted to the “match” stereoisomer via lactidyl exchange, fol-
lowed by stereoselectivity-determining insertions which fa-
vor racemic monomer enchainments. In other words, our 
results support the notion that the “dual” in “dual-

stereocontrol” is a synergistic combination of enantiomor-
phic site control which favors formation of the “mismatch” 
stereoisomer, followed by rapid interconversion (via 
polymeryl exchange) to the stereoisomer with the lower 
ground state energy, the “match”, which accesses a lower en-
ergy reaction pathway through which the stereoselectivity-
determining transformations (heteroselective insertions) 
proceed. These findings have implications for the conven-
tional understanding of stereospecific lactide polymeriza-
tions and demonstrate the utility of trapping reactive inter-
mediates as a technique to elucidate novel mechanisms of 
stereocontrol. 
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