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ABSTRACT: The solid state and fluxional behaviors in solution of complexes
L2AlOBn and L7AlOBn (Bn = benzyl) supported by an analog of salen
incorporating indolide arms connected via their 2- and 7-positions were defined
by experiment and theory. The complexes catalyze the stereoselective conversion
of rac-lactide (rac-LA) to isotactically enriched polylactide. A key aspect of the
stereocontrol was examined through study of the initiation reactions via NMR
spectroscopy, X-ray crystal structures of the ring-opened products, and theory. The
results include the first unambiguous structural definition of stereocontrol in ring-
opening of LA by a metal−alkoxide complex and the finding that definition of the
stereochemistry of initiation by the studied system is governed thermodynamically
rather than kinetically.

■ INTRODUCTION

An important goal of contemporary research is to develop
catalysts capable of polymerizing bioderived monomers with
high selectivity, good molecular weight (MW) control, fast
and/or convenient rates, and sufficient robustness to operate
under potentially useful and/or industrially relevant con-
ditions.1 The stereoselective ring-opening transesterification
polymerization (ROTEP) of racemic lactide (rac-LA) to yield
polylactide (PLA) has been particularly well-studied2 because
of the utility of PLA in a wide range of applications and the
importance of PLA tacticity in determining its properties.3

Among the plethora of catalysts examined for this purpose,
(salen)AlOR complexes (Figure 1) have garnered considerable
attention due to their high MW control, rates convenient for
NMR spectroscopic monitoring, and ease of synthesis of ligand
derivatives, with several having engendered high stereo-
selectivity in polymerizations of rac-LA.4 While this previous
work has provided considerable insight, detailed molecular-
level mechanistic understanding is limited, and further work is
needed to address such issues as the impact of supporting
ligand structural features on polymerization behavior, the
specific molecular basis for observed stereocontrol using both
chiral and achiral supporting ligands, and the precise structures
of key intermediates. Such understanding is of potential utility
for future catalyst design.
Recently, we reported predictions by theory of cyclic ester

polymerization efficiency for a series of aluminum catalysts,
including the complex L7AlOBn supported by a novel analog
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Figure 1. Complexes used as ROTEP catalysts. X-ray crystal structure
reported in ref 5 (Λ isomer shown).
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of salen incorporating indolide arms connected at their 7-
position (Figure 1).5 Subsequent synthesis of L7AlOBn and
studies of the kinetics of ROTEP of ε-caprolactone by the
complex confirmed the prediction, validating the theoretical
approach toward catalyst design. In that work, the X-ray crystal
structure of the complex revealed a chiral structure with the
ligand twisted such that the indolide rings are inequivalent.
NMR spectroscopy showed the rings to be equivalent,
however, suggesting operation of a fluxional process in
solution. In view of these structural attributes and analogies
to efficacious (salen)AlOR systems (for example, (TBSsalen)-
AlOR, with Y = CH2CMe2CH2, R

1 = H, R2 = tBuMe2Si),
4n we

hypothesized that L7AlOBn might exert stereocontrol in
ROTEP of rac-LA.
Herein, we describe evaluation of the fluxionality of

L7AlOBn in solution by variable temperature (VT) NMR
spectroscopy, theory, and studies of the ROTEP of rac-LA by
the complex. Also, we compare its structural features and
reactivity to an analogous complex L2AlOBn in which the
indolide rings are connected at the 2- rather than the 7-
position to yield 5- instead of 6-membered chelate rings
(Figure 1).6 As this work was being completed, the synthesis
and use of L2AlOiPr in stereoselective polymerizations of LA,
as well as the identification of a ring-opened LA complex, were
reported, but the rationale for selectivity in ROTEP was not
studied.7 In our work, through synergistic theoretical and
experimental approaches, the effects of the supporting ligand
differences on the ROTEP behavior of L2AlOBn and L7AlOBn
were evaluated, with a specific emphasis on understanding the
basis of the observed stereocontrol in the first ring-opening
step (initiation) of rac-LA. Among our findings are precise
structural determinations by X-ray crystallography of the initial
products of ring-opening of rac-LA by metal-alkoxide
complexes, revealing the stereochemistry of initiation. In
addition, we evaluated said initiation by two-dimensional
NMR spectroscopy and theory, leading to new insights into the
basis for stereoselectivity and a key finding of thermodynamic
rather than kinetic governance of stereocontrol. These studies,
placed in perspective through comparisons to (salen)AlOR
systems and, more broadly, to many other catalysts,2,4 provide
deep mechanistic understanding of ROTEP reactions of
importance for sustainable polymer synthesis.

■ RESULTS AND DISCUSSION
Synthesis and Characterization of Complexes. The

complex L7AlOBn was prepared as described previously5 and
the synthesis of L2AlOBn was performed similarly (Scheme
1).7 Thus, condensation of indole-2-carboxaldehyde and 2,2-
dimethyl-1,3-propanediamine yielded L2H2 (56%, Figure S1),
which upon metalation with AlEt3 afforded L2AlEt (98%); the
characterization data for this complex matched that reported
elsewhere.7 Subsequent reaction with BnOH yielded L2AlOBn
(80%). Both L2AlOBn and L7AlOBn were characterized by
CHN analysis and NMR spectroscopy, as well as X-ray
crystallography, here for the former (Figures 2, S2, and S3).
The structure features distorted trigonal bipyramidal geometry,
with a τ5 value

8 of 0.62 (theory: 0.68) similar to that reported
for L2AlOiPr (0.65).7 By comparison, the values for L7AlOBn5

and (TBSsalen)AlOBn4n are 0.87 and 0.83, respectively,
indicating geometries closer to ideal trigonal bipyramidal for
these complexes. Each of the complexes crystallizes as a
mixture of enantiomers; for the complexes of (L2)2− and
(L7)2−, the ligand in each stereoisomer is twisted so that the

indolide rings are inequivalent, with the enantiomers differ-
entiated by the indolide ring orientation (labeled as Δ or Λ as
indicated in Chart 1).
The inequivalence of the indolide rings in the X-ray

structures of L2AlOBn and L7AlOBn is not reflected in their
1H NMR spectra at 300 K, as only one set of peaks for the
indolide and imine hydrogen atoms is observed (Figure 3 and

Scheme 1. Syntheses of L2AlEt and L2AlOBn

Figure 2. Representation of the X-ray crystal structure of L2AlOBn,
showing one enantiomer (Δ) of the two present in the unit cell as
50% ellipsoids with H atoms omitted for clarity. Selected bond
distances (Å) and angles (degrees): Al1−O1, 1.722(3); Al1−N1,
1.939(0); Al1−N2, 2.003(9); Al1−N3, 2.069(8); Al1−N4, 1.918(5);
N2−Al1−N3, 81.915(0); N2−Al1−N4, 113.075(1); N2−Al−O1,
126.132(1); N4−Al1−O1, 110.979(8); N4−Al1−N3, 81.751(9);
N1−Al1−O1, 96.337(2); N3−Al1−O1, 96.506(9); N4−Al1−N1,
101.061(2); N2−Al1−N1, 81.750(5); N3−Al1−N1, 163.179(9).

Chart 1. Enantiomers of Complexes L7AlOR and L2AlOR (R
= Bn), with Labeling of Chirality Indicated
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S3). This observation suggests a fluxional process that
interconverts the indolide ring environments and is sufficiently
rapid on the NMR time scale to result in averaging of the
associated peaks. This hypothesis was confirmed through VT-
NMR experiments for both complexes (Figures 3, S11 and
S13). Illustrative peaks for the hydrogen atoms on the imine
and the 6-position of the indolide rings for L7 and 7-position
for L2 undergo reversible decoalescence to yield a peak pattern
indicative of inequivalent indolide rings upon lowering the
temperature. Spectral fitting and Eyring analyses (Figures S15
and S16 and Table S1) yielded ΔG‡

298 K = 10.2 kcal mol−1 and
10.7 kcal mol−1 for the processes for L7AlOBn and L2AlOBn,
respectively. As similar fluxionality had been proposed for
(salen)AlOR complexes (Figure 1),4n we prepared
(TBSsalen)AlOBn according to the literature procedure4n

and through VT-NMR studies determined ΔG‡
298 K, which

was similar (9.0 kcal mol−1).
Hypothesizing that the fluxionality observed in solution

derived from interconversion of the Δ and Λ enantiomers of
the complexes (Figure 3), we performed DFT calculations to
interrogate the process. After a thorough conformational
search to find all the low-lying conformers of L2AlOBn and
L7AlOBn, the barrier for chirality inversion for the complexes
was then found through optimizing the transition state
structures. The barriers found for the complexes were similar
(L7AlOBn = 9.9 kcal mol−1; L2AlOBn = 11.6 kcal mol−1) and
agreed closely with those found experimentally (10.2 and 10.7
kcal mol−1, respectively). For L7AlOBn, the lowest energy
conformer has a twist-boat-like conformation in the six-

membered metallacycle formed by the Al atom and the ligand
backbone, whereas in the transition state, the metallacycle has
a more symmetric chair-like conformation. As a result, the
fluxional process happens in two steps, involving conforma-
tional change of the metallacycle followed by movement of the
rings into the more symmetric transition state (Figure 4). For

L2AlOBn, the metallacycle is already in a chair-like
conformation, so the chirality flipping happens in one step
(Figure S43). Finally, we note parenthetically that the catalyst
fluxionality for these systems resembles that proposed for Ti
complexes that catalyze syndiospecific propene polymer-
ization.9

Polymerization Behavior. We examined the catalytic
polymerization of rac-LA by L7AlOBn and L2AlOBn under a
variety of conditions, ranging from 35 °C in CD2Cl2 (300:1
monomer:catalyst ratio, except in the case of toluene) to neat
reactions in the melt (135−180 °C). As indicated in Table 1,
the reactions proceeded at rates that depended on the
conditions used to yield PLA characterized by low Đ values
(measured by size exclusion chromatography using light
scattering detection) and Pm values (measured via analysis of
homonuclear decoupled 1H NMR data, examples in Figures
S17−S19 and Table S2). These latter values varied from 0.53
(low isotacticity, entries 9 and 14) to 0.80 (high isotacticity,
entries 1 and 2), depending on the supporting ligand and the
conditions. The results for polymerizations by L2AlOBn are
similar to those reported recently.7 Differential scanning
calorimetry data revealed Tm features in only three cases
(entries 1−3, Table 1, examples shown in Figures S20−S23),
indicating attainment of isotactic segment lengths sufficient for
crystallization in these instances. Previously reported data for
(TBSsalen)AlOR4n are shown for comparison (entries 15, 17,
19, Table 1), along with data for the same complex that we
prepared and tested independently (entries 16, 18, 20, Table
1) that are in good agreement. In general, the level of
stereocontrol exhibited by (TBSsalen)AlOR was higher than
for L7AlOBn and L2AlOBn. The stereoselectivity exhibited by
the complex of (L7)2− is slightly higher than that supported by
(L2)2−, which exhibits faster rates than the former.10

Experimental Insights into Stereocontrol in Initia-
tion. In order to begin to understand the basis for
stereocontrol for rac-LA polymerization by L7AlOBn and
L2AlOBn, we examined stoichiometric reactions of rac-,
L(S,S)-, and D(R,R)-LA with the complexes, as well as with
(TBSsalen)AlOBn for comparison. In the experiments, a

Figure 3. Selected VT-NMR (1H) data for L7AlOBn (left) and
L2AlOBn (right) with proposed assignments. The bottom spectra
were collected after returning to rt to show reversibility. Full spectra
are shown in Figures S11 and S13.

Figure 4. Calculated structures for the fluxional process that
interconverts Δ and Λ enantiomers of L7AlOBn, depicting the lowest
energy structure for the Δ enantiomer, the next highest energy (+ 2.3
kcal mol−1) structure for the chair conformation of the metallacycle,
and the “symmetric” transition state structure.
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solution of LA (1 equiv) in CD2Cl2 or CDCl3 was added to a
solution of the complex in the same solvent (6.5 mM) at room
temperature and a 1H NMR spectrum was immediately
measured. The spectra showed complete consumption of
starting materials and the appearance of predominantly one
species with new peaks that we assign to the single ring-opened
products L2- or L7Al(oLAOBn) (where oLAOBn refers to the
ring-opened LA terminated by -OBn; Figures 5, S5−S8) or
(TBSsalen)Al(oLAOBn) (Figures S9 and S10), as reported
previously.4n Importantly, the spectra for the products of the
reactions with rac-, L(S,S)-, and D(R,R)-LA are nearly identical.
The peak patterns are consistent with selective formation of
either a 1:1 mixture of two symmetric complexes (i.e., indolide
or phenolate rings are equivalent for each, which would only be
possible if peaks due to diastereomeric species were averaged
as a result of fluxionality) or a single asymmetric complex (with
inequivalent rings). Thus, for example, the spectra of
L7Al(oLAOBn) exhibit two peaks (8.37 and 8.45 ppm)
integrating equally for the imine protons; these peaks are
almost overlapping for the case of L2Al(oLAOBn).
To interpret the results from NMR spectroscopy, we present

all the possible structures for the products of ring-opening of
D(R,R)- and L(S,S)-LA by the two interconverting stereo-
isomers of L7AlOBn in Scheme 2. Thus, each stereoisomer Δ-
or Λ-L7AlOBn can react with either L(S,S)-LA or D(R,R)-LA.
The result is four possible stereoisomers, classified as two
diastereomeric pairs of enantiomers: Δ-L(S,S)/Λ-D(R,R) and
Δ-D(R,R)/Λ-L(S,S). These are drawn with the opened LA
chain binding in bidentate fashion via alkoxide and carbonyl O
atoms, which is what we observed via X-ray crystallography
(vide inf ra). Each pair of enantiomers (i.e., each diastereomeric
set) would be expected to give rise to a spectrum featuring
inequivalent indolide rings and one set of peaks associated with
the opened LA chain. The observed spectrum for the reaction

with rac-LA (e.g., the pairs of peaks of equal intensity shown in
Figure 5) is consistent with highly stereoselective formation of
one of the diastereomeric sets (i.e., one pair of enantiomers).
The observation of the same spectrum in reactions of pure
L(S,S)- or D(R,R)-LA is explained by selective formation of one
diastereomer (i.e., for the reaction with L(S,S)-LA, either Δ-
L(S,S) or Λ-L(S,S)). The NMR data are not sufficient to

Table 1. Data for Polymerizations of rac-LA by the Indicated Complexes

entry complex temp. (°C) LA:cat time convna (%) Mn (kDa)
b Đb Pm

c Tm (°C)d

1 L7AlOBn 35 (CD2Cl2) 300 14 d 99 85 1.06 0.80 163
2 55 (THF-d8) 300 4 d 99 36 1.03 0.80 155
3 70 (tol-d8) 100 3 d 98 24 1.20 0.74 150
4 135 300 30 min 96 40 1.11 0.64 e
5 150 300 25 min 78 85 1.22 0.63 e
6 165 300 20 min 91 29 1.16 0.66 e
7 180 300 15 min 93 54 1.44 0.68 e
8 L2AlOBn 35 (CD2Cl2) 300 6 d 95 35 1.08 0.67 e
9 55 (THF-d8) 300 2 d 99 42 1.17 0.53 e
10 70 (tol-d8) 100 3 d 98 24 1.31 0.67 e
11 135 300 30 min 93 34 1.74 0.58 e
12 150 300 25 min 94 60 1.85 0.62 e
13 165 300 20 min 79 115 1.31 0.55 e
14 180 300 15 min 99 64 1.23 0.53 e
15 (TBSsalen)AlORg 70 (tol-d8) 100 14 h 96 22f 1.07f 0.98 209
16 96 25 1.07 0.92 207
17 130 300 30 min 73 44f 1.08f 0.92 189
18 79 53 1.15 0.89 187
19 180 300 20 min 91 60f 1.13f 0.84 176
20 90 59 1.34 0.85 179

aDetermined by 1H NMR spectroscopy. bExcept as noted, these values were determined by SEC using light scattering detection with THF eluent.
Theoretical values are 44 kDa for 300 equiv of LA and 15 kDa for 100 equiv of LA. cDetermined by homonuclear decoupled 1H NMR
spectroscopy (see SI). dDetermined by DSC. eNo feature corresponding to a Tm value was observed. fValues determined by SEC using a refranctive
index detector and polystyrene standards with CHCl3 eluent.

gPreviously reported values (ref 4n with values we independently determined below
in italics).

Figure 5. Selected portion of the 1H NMR spectra of the products of
the reactions of (top) rac-LA, (middle) L(S,S)-LA, or (bottom)
D(R,R)-LA with L7AlOBn, with the indicated assignments. Full
spectra as well as data for the same reactions of L2AlOBn are provided
as Figures S5−S8.
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distinguish which set of enantiomers (for the reaction with rac-
LA) or which particular diastereomer (for the reactions with
pure L(S,S)- or D(R,R)-LA) is formed. The alternative
explanation that the peaks observed are due to a rapidly
interconverting mixture of both diastereomers would predict
line broadening or decoalescence of these peaks upon lowering
the temperature, but this was not observed (to −88 °C, Figures
S12 and S14).11 Finally, we note that similar considerations
apply to the (TBSsalen)Al system.
By layering pentane on CD2Cl2 solutions of the products L

2-
or L7Al(oLAOBn) formed upon reaction of L2AlOBn and
L7AlOBn with rac-LA and storing at −30 °C, we obtained
crystals suitable for X-ray diffraction (Figure 6). In both cases,
the ring-opened products crystallized as a pair of enantiomers
comprising a single diastereomer, consistent with our
interpretation of the 1H NMR spectra of the product solutions.
These enantiomers were identified as the complexes labeled Δ-
L(S,S) and Λ-D(R,R) in Scheme 2, with only the former
enantiomer for each case shown in Figure 6. In both structures
(a and b), the Al−O1 (alkoxide) distance (1.804(2) Å and
1.807(3) Å, respectively) is shorter than all other metal−ligand

bonds (range 2.094(7)−1.932(3) Å). The Al geometries are
octahedral, with the ring-opened LA bound in bidentate
fashion featuring Al−O2 distances of 2.094(7) Å and
2.1784(17) Å for (a) and (b), respectively. These X-ray
structures represent rare examples of high quality structural
determinations for ring-opened LA bound to a metal
complex.12 Such species had been previously identified by
spectroscopy4h,j,k,13 and modeled in structures of methyl lactate
complexes.4n,14

Redissolution of the crystals used for the X-ray structure
determinations yielded 1H NMR spectra identical to those
obtained for the initial product solutions. These results are
consistent with the NMR spectral features arising from the Δ-
L(S,S) and Λ-D(R,R) enantiomers (the single diastereomer)
observed by X-ray crystallography. Nonetheless, it is also
possible that the diastereomer observed by NMR spectroscopy
participates in an equilibrium with a small (essentially
unobservable) amount of the other diastereomer (vide inf ra),
and that this minor diastereomer preferentially crystallizes (and
reverts to the major diastereomer upon redissolution). While
we view this alternative possibility as unlikely (preferential

Scheme 2. Possible Products L7Al(oLAOBn) Resulting from
the Reaction of the Interconverting Stereoisomers L7AlOBn
(in box) with L(S,S)- and D(R,R)-LA, Labeled According to
the Configuration at Al (Δ vs. Λ) and LA (D(R,R) vs.
L(S,S))a

aThe isomers labeled “X-ray” are the ones identified by X-ray
crystallography.

Figure 6. Representations of the X-ray crystal structures of the ring-
opened products (a) L2Al(oLAOBn) and (b) L7Al(oLAOBn),
resulting from the reactions of L2AlOBn and L7AlOBn, respectively,
with 1 equiv of rac-LA. Only a single enantiomer for each structure is
shown (Δ-L(S,S); the other Λ-D(R,R) enantiomer is also present in
the unit cell), with all atoms presented as 50% ellipsoids and hydrogen
atoms omitted for clarity. Selected bond distances (Å) and angles
(deg): (a) Al1−O1, 1.804(2); Al1−N1, 1.932(3); Al1−N2, 2.058(5);
Al1−N3, 2.054(1); Al1−N4, 1.945(0); N3−Al1−N1, 160.070(6);
N3−Al1−O1, 99.876(5); N3−Al1−O2, 88.536(1); N3−Al1−N2,
79.984(0); N3−Al1−N4, 80.830(1); N2−Al1−N4, 100.140(0); O2−
Al1−O1, 81.204(6); N2−Al1−O2, 84.416(7); N4−Al1−O1,
94.002(8); N4−Al1−O2, 167.451(7); N1−Al1−N4, 102.280(5),
N1−Al1−N2, 80.091(8); N1−Al1−O2, 89.986(1); N1−Al1−O1,
99.531(4); (b) Al1−O1, 1.807(3); Al1−N1, 1.9475(18); Al1−N2,
2.0647(16); Al1−N3, 2.0779(18); Al1−N4, 1.9344(17); N3−Al−
N1, 171.24(7); N3−Al1−O1, 90.80(8); N3−Al1−O2, 89.33(13);
N3−Al1−N2, 82.69(6); N3−Al1−N4, 89.49(7); N2−Al1−N4,
103.71(7); O2−Al1−O1, 79.47(11); N2−Al1−O2, 81.07(9); N4−
Al1−O1, 95.56(9); N4−Al1−O2, 174.88(12); N1−Al1−N4,
94.99(7); N1−Al1−N2, 88.93(7); N1−Al1−O2, 86.84(14); N1−
Al1−O1, 96.24(9).
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crystallization of an equilibrating minor diastereomer for both
(L2)2− and (L7)2− systems), it cannot be ruled out by the
available experimental data.
The above considerations raise the question: Is the initiation

reaction selectivity based on kinetic or thermodynamic
control? That is, does the initiation stereoselectivity result
from differences in the barriers for ring-opening (as postulated
previously on the basis of theory for other catalysts)15 or from
differences in the stabilities of the products that are rapidly
equilibrating? Such equilibration might involve rapid inter-
molecular exchange of alkoxide ligands (e.g., between Δ-L(S,S)
and Δ-D(R,R) isomers), decoordination of the carbonyl group
and racemization at Al as observed for the fluxionality of
LAlOBn (e.g., between Δ-L(S,S) and Λ-L(S,S) isomers), or
both (Figure 7).

To test for these possibilities, we performed a set of
experiments using NMR exchange spectroscopy (EXSY).16

The experiments involved acquisition of data on solutions of
(a) L7Al(oLAOBn) and L2Al(oLAOBn) prepared from
reactions of the respective benzyloxide complexes with rac-
LA, (b) L7Al(oLAOBn) prepared from reaction of L7AlOBn
with L(S,S)-LA, (c) a 1:1 mixture of L7Al(oLAOBn) and
L2Al(oLAOBn) prepared by mixing solutions resulting from
reaction of the respective benzyloxide complexes with rac-LA,
and (d) a 1:1 mixture of L7Al(oLAOBn) and (TBSsalen)-
AlOBn prepared by mixing solutions resulting from reaction of
the respective benzyloxide complexes with rac-LA. The results
and detailed interpretations are described in the Supporting
Information (Figures S28−S34); here, we present the primary
conclusions drawn. From part a, we identified minor peaks in
the NMR spectra that we assign to small amounts of the minor
diastereomer, and clear evidence of exchange between the ring-

opened alkoxide chains indicating interconversion between the
major and minor diastereomers. By integration, the ratio (Keq)
of the equilibrating major:minor isomers for L7Al(oLAOBn) is
∼ 9:1, corresponding to ΔG°298 = −1.3 kcal mol−1. Using
EXSYcalc,17 rate constants of 4.1 s−1 and 0.44 s−1 were
obtained, which correspond to Keq ∼ 9, in good agreement
with the integration ratio. Similarly, for L2Al(oLAOBn), Keq by
integration is ∼ 9.5 and ΔG°298 = −1.3 kcal mol−1, with rate
constants 2.2 s−1 and 0.25 s−1, giving Keq ∼ 8.8. From part b,
wherein only one enantiomer of LA was used, the data
indicated that racemization at Al occurred. From parts c and d,
exchange between peaks of the mixed complexes indicated the
occurrence of intermolecular swapping of alkoxide chains.
Taken together, the EXSY data are consistent with rapid
equilibria in solution among all species (illustrated in Figure 7
for the case of L7Al(oLAOBn)), favoring one diastereoiso-
meric pair (Keq = 9), via all possible pathways (intermolecular
alkoxide exchange and racemization at Al). Importantly, the
data support thermodynamic control of stereoselectivity in the
initiation, such that the product ratio is controlled by the
relative stability of the products that rapidly equilibrate.

Theory. To better understand factors contributing to
stereocontrol in the initiation process that we were able to
characterize experimentally, the free energy profiles for the
initiation steps associated with both L2AlOR and L7AlOR were
computationally determined for both L(S,S)- and D(R,R)-LA
(see Supporting Information for details). Both L7AlOMe and
L7AlOBn were examined in order to assess the significance of
variation of the alkoxide. Since the results were similar, only
the methoxy initiator was considered for all other catalysts in
order to reduce computational cost.
For initiation, three structural descriptors define all possible

pathways. These are (i) the LA coordination mode, (ii) the
chirality of the LA monomer, and (iii) the prochirality of the
LA carbonyl group subject to nucleophilic attack. The
calculated pathway for all systems is illustrated for one
particular catalyst enantiomer (Δ-L2AlOMe), one substrate
enantiomer (D(R,R)-LA), and one particular approach
trajectory (prochirality; see below) in Figure 8. The process

Figure 7. Illustration of possible interconversions of stereoisomers
L7Al(oLAOBn). The red arrows indicate processes involving
intermolecular exchange of LA enantiomers, blue arrows correspond
to racemization at Al (e.g., via carbonyl decoordination, isomerization,
and recoordination), and black arrows correspond to both.

Figure 8. Illustration of the calculated initiation pathway for a
selected catalyst (Δ-L7AlOMe), substrate (D(R,R)-LA), and approach
trajectory. H atoms are not shown for clarity. Key: pink = Al, red = O,
blue = N, and gray = C.
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involves LA binding and attack of the alkoxy group at the LA
carbonyl via TS1 to yield INT1. After rearrangement to INT2
(which involves shifting which ether oxygen of the tetrahedral
intermediate is bound to the metal), ring-opening via TS2
yields the product comprising one incorporated LA unit. While
we find no minima where LA coordinates to aluminum prior to
nucleophilic attackinstead, only van der Waals complexes
with long Al−O distances exist on the potential energy
surfacecoordination is present in transition-state (TS1)
structures for nucleophilic attack, and there are two
possibilities for the relative position of the LA monomer:
trans either to the N atom of an indole or to the N atom of a
backbone imine (each alternative then dictates the position of
the alkoxy group). The LA itself may be D(R,R) or L(S,S), and
finally the re or si prochirality of the face of the LA carbonyl
group exposed to the alkoxy ligand sets the rotational degree of
freedom for the monomer. Given these differentiating
structural factors, there are a total of 8 pathways that must
be considered in order to comprehensively assess all possible
initiation paths for a given catalyst enantiomer (Figure 9).

The results of energetic calculations for all reaction pathways
involving Δ-L7AlOMe, -L7AlOBn, and -L2AlOMe are shown in
Table 2; data for (TBSsalen)AlOMe are shown in Table S8.
Where shown, product energies are listed for two pathways; all
other pathways lead to one of those products. Finally, overall
barriers for initiation are shown in the last column. A more
detailed discussion of the structural factors leading to the

energetic ordering observed in Tables 2 and S7 is found in the
Supporting Information. Comparing the results in these tables,
it is apparent that for both methoxy and benzyloxy as an
initiator, reaction of the Δ isomer of the complexes with
D(R,R)-LA is calculated to be kinetically favored for all
complexes. There are differences in whether the cis-re or trans-
re pathways are preferred, depending on the nature of the
ligands (see Supporting Information). Importantly, these
findings for the kinetic preferences are in disagreement with
the stereochemistry observed in the X-ray crystal structures of
L2Al(oLAOBn) and L7Al(oLAOBn) (Figure 6). In contrast,
the Δ-L(S,S) isomer observed by X-ray crystallography is
calculated to be thermodynamically more favorable for both
L7AlOMe and, to a lesser extent, L2AlOMe. While the
computed energy differences are small, suggesting that product
mixtures might be expected under thermodynamic conditions,
the agreement with the ΔG°298 = −1.3 kcal mol−1 for the
postulated equilibria between the diastereomers determined
from integration of NMR spectra is reasonable considering the
inherent accuracy of the calculations (ca. ± 1 kcal mol−1).
Thus, the computations corroborate the conclusions drawn
experimentally, that the stereoselectivity observed is deter-
mined by the relative thermodynamic stability of the products,
and that the preferred stereoisomer is that which was
characterized structurally by X-ray crystallography. Again,
however, because the calculated energy differences between

Figure 9. Starting structures along the eight alternative pathways for
initiation of D(R,R)- and L(S,S)-LA for Δ-L7AlOMe. The cis and trans
descriptors indicate the positions of the imine groups of the complex
with respect to the LA, specifically, in the trans pathway, the LA C
O is trans to one imine group while in the cis pathway it is cis to both
imine groups.

Table 2. Free Energies (kcal mol−1) for Stationary Points
along the Various Reaction Pathways for Initiation of LA by
Δ-L7AlOMe, Δ-L7AlOBn, and Δ-L2AlOMea

path TS1 INT1 INT2 TS2 prod tot.b

L7AlOMe
cis-D-si 9.8 2.7 3.7 14.7 −14.8 14.7
cis-D-re 8.8 −0.5 3.0 8.4 8.9
cis-L-re 9.0 1.5 4.8 11.0 −15.9 11.0
cis-L-si 8.7 0.5 3.6 11.3 11.3
trans-D-si 11.6 4.8 3.8 20.2 20.2
trans-D-re 8.5 1.7 2.3 7.8 8.5
trans-L-re 9.7 3.3 5.5 11.8 11.8
trans-L-si 10.8 2.1 4.3 14.7 14.7

L7AlOBn
cis-D-si 9.4 3.6 5.3 17.5 17.5
cis-D-re 11.9 3.7 4.9 10.7 11.9
cis-L-re 9.4 3.4 6.2 13.8 13.8
cis-L-si 10.3 3.1 3.8 12.7 12.7
trans-D-si 19.0 12.2 11.6 28.9 28.9
trans-D-re 17.4 10.6 10.2 15.7 17.4
trans-L-re 16.4 12.0 13.5 19.3 19.3
trans-L-si 19.3 13.4 13.6 23.9 23.9

L2AlOMe
cis-D-si 9.5 4.8 4.8 21.1 −9.9 21.1
cis-D-re 7.3 0.8 4.7 8.4 8.4
cis-L-re 8.0 2.4 5.2 9.6 −10.4 9.6
cis-L-si 10.0 2.4 9.7 12.6 12.6
trans-D-si 14.9 6.9 6.4 51.5 51.5
trans-D-re 9.4 2.0 3.8 10.7 10.7
trans-L-re 10.4 4.0 6.2 12.5 12.5

aGibbs free energies (kcal mol−1, 298.15 K) computed at SMD/
M06−2X/6-311+G(d,p)//M06-L/6-31+G(d,p) level for stationary
points. Lowest total energies for catalyst indicated in bold. bTot. =
overall energy barrier.
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the products are small, we cannot unambiguously rule out the
possibility that the minor isomer is the one that crystallizes.
Putting these findings in context, previous DFT inves-

tigations of the origins of stereoselectivity in LA polymer-
izations by metal-alkoxide catalysts have focused on differences
in kinetic barriers for ring-opening of LA stereoisomers.15,18−21

Both kinetic and thermodynamic preferences were identified
by theory for the addition of a second monomer to the initially
formed ring-opened species in syndiotactic polymerization of
rac-β-butyrolactone by yttrium catalysts supported by salan-
type ligands.22 Small energetic differences arising from subtle
secondary interactions (typically with the growing chain end in
propagation steps) were identified in the previous DFT
studies.23 While general rules for predicting stereoselectivity
are lacking, the finding herein that thermodynamic control of
stereoselectivity in ROTEP initiation suggests that similar ideas
should be considered in evaluating stereocontrol in prop-
agation reactions.

■ SUMMARY AND CONCLUSIONS
We have synthesized and characterized the solution and solid
state structures of the complexes L2AlOBn and L7AlOBn,
including the delineation of the nature of the fluxional process
that interconverts the enantiomeric forms of the complexes
through VT-NMR spectroscopy and computations. The
complexes polymerize rac-LA stereoselectively. As a first step
toward developing a molecular-level understanding of the
mechanistic basis for the observed stereoselectivity, we studied
the initiation reaction. Treatment of the complexes with 1
equiv of rac-LA yielded the ring-opened products L2Al-
(oLAOBn) and L7Al(oLAOBn), and on the basis of NMR
spectroscopy, the major product for each reaction was
identified as a single diastereomer (pair of enantiomers).
Crystals isolated from the product solutions were characterized
by X-ray diffraction, revealing unambiguously for the first time
the detailed molecular structure and stereochemistry of a
product of initiation of cyclic ester polymerization by a metal−
alkoxide complex. Studies of the product solutions by EXSY
NMR showed that the products exist as stereoisomers that
rapidly interconvert via both intermolecular alkoxide exchange
and racemization at the Al center. Examination of the initiation
reactions by theory delineated the mechanistic details, in
particular the reaction energetics as a function of stereo-
chemistry. We conclude, with appropriate caveats because of
the small energetic differences found by theory, that the
stereoselectivity observed in the initiation reaction is likely not
the result of kinetic preferences (which predict preferential
formation of the stereoisomer not observed by X-ray
crystallography). Instead, thermodynamic control of selectivity
is supported by the experimental NMR data indicative of
equilibration of diastereomers in solution and by the prediction
by theory that the stereoisomer observed by X-ray crystallog-
raphy is the most stable (keeping in mind the possibility, albeit
in our view unlikely, that the crystals isolated could be the
minor isomer).
In addition to providing specific information on particular

systems, the mechanistic results reported herein significantly
augment our general understanding of stereocontrol of
ROTEP initiation by metal-alkoxide complexes and suggest
the importance of thermodynamic control in determining the
favored product stereoisomer. We speculate that similar
considerations apply to understanding subsequent monomer
enchainment, the stereochemistry of which may similarly rely

on product stability rather than kinetic barriers typically
emphasized in theoretical studies.
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