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ABSTRACT: Selective ring-opening
polymerization (ROP) of chiral lactones enables
access to biodegradable polyesters with precisely
controlled microstructures. Here, combined
DFT modeling and experimental validation
elucidate how fine-tuning of enantiopure SalBinam
aluminum catalysts (through introduction of
bromine atoms and tert-butyl groups, respectively,
in ortho- and para-positions) modulates regio- and
stereocontrol in the ROP of methyl glycolide (MeG) and lactide (LA). Computations reveal that regioselectivity in MeG
polymerization arises mainly from steric repulsion, with a small contribution from weak stabilizing C-H···Br interactions that favor
ring-opening at the glycolic site, consistent with the experimentally enhanced regioselectivity for (R)-MeG. In contrast, the same
steric congestion at the ligand’s ortho positions destabilizes the key transition states in rac-LA polymerization, reducing the calculated
stereoselectivity. Experiments confirm the predicted loss of stereocontrol, yielding nearly atactic PLA under standard conditions.
Extension of the computational framework to rac-MeG polymerization promoted by racemic catalyst identified a low-barrier, stepwise
polymer chain exchange pathway that rationalizes the experimentally observed syndiotacticity of poly(lactic-co-glycolic acid).
KEYWORDS: ring-opening polymerization, DFT calculations, methyl glycolide, lactide, biodegradable polymers

■ INTRODUCTION

Stereo- and regioselective ring-opening polymerization (ROP)
of chiral lactones, such as lactide (LA) and 3-methyl glycolide
(MeG), has emerged as a powerful synthetic strategy for pro‐
ducing aliphatic polyesters with precisely controlled microstruc‐
tures.1,2 These materials, derived from renewable feedstocks and
characterized by biocompatibility and in vivo or industrial bio‐
degradability, continue to attract growing interest for applica‐
tions across biomedical engineering, drug delivery, and food
packaging.3–5

Microstructure stereoregularity is highly desired to improve
the material properties, such as crystallinity, mechanical strength,
thermal behavior, or degradation kinetics. For instance, iso- and
syndiotactic poly(lactic acid) (i- and s-PLA) are semicrystalline
materials, with enhanced mechanical performance and improved
thermal properties compared to atactic PLA, which is amor‐
phous and mechanically softer.6 Similarly, the microstructure of
poly(lactic-co-glycolic acid) dramatically influences its hydrolytic
stability: only alternating PLGA (alt-PLGA) displays a linear
hydrolytic degradation behavior, derived from the presence of
uniform lactic-glycolic acid linkages, which makes it suitable for
drug delivery applications.7–9 Additionally, stereoregular polyest‐
ers, such as i-PLA and alt-PLGA, have been proven to form stereo‐
complexes, an association of two polymer chains with opposite
tacticity, expanding their use as high-performance materials.10–12

Pioneering work by Spassky et al. introduced an enantiopure
(SalBinam)Al complex (L1RAlOMe, Scheme 1A) that prefer‐
entially polymerized (R,R)-LA over (S,S)-LA by a kR,R:kS,S of
20:1.13 Replacement of the methoxy initiator with an isopropoxide
(L1RAlOiPr) enabled Ovitt et al. to achieve highly syndiotactic
s-PLA (Pm = 0.96) from meso-LA (Scheme 1B).14 Motivated by
the strong enantioselectivity of this catalyst, Coates and coworkers
explored its performance in the ROP of (S)-MeG (Scheme 1C),
revealing a high regioselectivity favoring attack at the glycolic acid
site (site B) over the lactic acid site (site A). Notably, a mismatch
between the monomer and catalyst chirality resulted in higher
regioselectivity (98% for L1RAlOiPr) than the matched combina‐
tion (78% for L1SAlOiPr).15 Catalyst optimization through the
introduction of bromine atoms and tert-butyl groups, respectively,
at the ortho- and para-positions of the phenol rings (L2AlOiPr)
increased the regioselectivity of L2SAlOiPr from 78% to 92%,
leaving one of L2RAlOiPr unchanged (Scheme 1D). The selective
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enhancement of a single reaction pathway upon catalyst modifi‐
cation reveals aspects that cannot be readily rationalized with
experimental observations alone.

To elucidate the origins of this phenomenon and to gain mech‐
anistic insight into the roles of ligand substitution and monomer
structure, we conducted a detailed computational analysis of the
ROP promoted by L2RAlOiPr with MeG and LA complemented
by targeted experimental studies.16

Our investigation was also motivated by the reported activity of
similar catalysts in the ROP of LA, such as racemic bimetallic (Sal‐
Binam)Al2Me4 complexes, bearing both ortho- and para-bromine
or chlorine substituents, though exhibiting poor stereocontrol
(Pm = 0.5717 and Pm = 0.5018). The corresponding enantiopure
ortho-para-Br complex, recently synthesized by Tong and cowork‐
ers, showed a ratio between the conversion of (S,S)-LA and
(R,R)-LA of 1.39 in the respective ROPs, further confirming its
low stereoselectivity.19 Notably, bimetallic analogues lacking ortho
substituents, with either iodide or methyl groups in para position,
remained highly stereoselective toward rac-LA (Pm = 0.92 and
Pm = 0.93 in the presence of BnOH),19 highlighting how the
observed decrease in stereoselectivity arises from steric congestion
at the ortho positions rather than from any intrinsic mono- versus
bimetallic effect.

We recently built a computational model based on density
functional theory (DFT) calculations to explain the stereoselec‐
tivity of the prototype L1RAlOMe system in the ROP of rac-LA.20

In this model, the catalyst active species is hypothesized to
adopt a fluxional octahedral geometry during the polymerization,
displaying several configurations along the pathway (Scheme S1).
Depending on how the [ONNO] ligand is wrapped around the
metal, a fac-fac (ff) or fac-mer (fm) isomer can form, which are
easily interconverting. The asymmetric fm isomer can undergo
an additional distinction between fm1 and fm2, depending on
the coordinating positions of the monomer and initiator/polymer
chain (Scheme S2). These features were found to be essential
in rationalizing the stereocontrol of L1RAlOiPr in the ROP of
rac- and meso-LA, as well as its regiocontrol toward (S)- and
(R)-MeG.21,22 The computational background developed around
these reactions motivated us to (1) understand the reasons why
this specific catalyst modification (L2RAlOiPr) dictates a higher
regioselectivity toward (R)-MeG; (2) theoretically predict and
experimentally prove the opposite behavior in the ROP of rac-LA
(Scheme 1E); and (3) provide novel insights on the polymer
chain exchange mechanism proposed in the literature but never
verified theoretically.

■ COMPUTATIONAL DETAILS

All density functional theory calculations were performed using
the Gaussian 16 package,23 choosing B3LYP24,25 functional for
both optimization and energy refinement steps. In the optimi‐
zation, a mixed basis set was used: 6-311G(d,p)26,27 for Al,
Def2SVP28 for C, H, N, and O, and SDD29 (with associated
pseudopotential) for Br. In single-point calculations, dispersion
effects have been modeled through D3BJ30 empirical dispersion
by Grimme; the 6-311G(d,p) basis set was used for Al, C, H,
N and O atoms and the SDD basis set was used for Br. Solvent
effects have been evaluated with the CPCM31 solvation model
and considering dichloromethane or toluene as solvents. M06
and ωB97XD functionals were also employed in single-point cal‐
culations to confirm the selectivity (see Table S1). Gibbs energy
of the dinuclear species underwent correction of the transla‐

tional entropies following the Martin correction,32–35 adapted for
DCM. Noncovalent interaction (NCI) analysis was performed
using the NCIPLOT436 software. VMD software37 was used to
visualize the generated isosurfaces. NCI quantification has been
obtained with Atoms in Molecules (AIM) topological analysis38

using the Multiwfn program.39 The buried volume (%VBur) anal‐
ysis was performed with the SambVca 2.1 tool.40 Additional
computational details are available in the Supporting
Information.

■ RESULTS AND DISCUSSION

ROP proceeds through a coordination-insertion mechanism
(Scheme S3), in which the two key transition states (TSs) are
nucleophilic attack of the initiator on the monomer (TS1) and
ring-opening of the monomer (TS2). The regiochemistry of the
polymerization has been rationalized considering (1) chirality/
wrapping mode of the catalyst (ff, fm1, and fm2), (2) stereo-
and regio-chemistry of the propagating chain ((S or R)-A-chain
and (S or R)-B-chain), and 3) monomer chirality/enantioface
(R,S)/(re,si) (Scheme S4). Minimum energy paths (MEPs) are
the result of a thorough conformational analysis carried out
by combining two previously explored domains. The conforma‐
tional analysis of the growing chain is reported in Scheme S5
and Figures S1−S3. Concerning the catalyst, ff, fm1, and fm2
configurations were systematically combined with the various
minima of the chain. Conformational sampling of all transition
states is presented in Tables S2 and S3.

In our work on the ROP of (R)- and (S)-MeG promoted
by enantiopure L1RAlOiPr, regioselectivity was ascribed to
the presence of stronger steric ligand-chain interactions in the
rate-determining steps (RDSs) for attack at the more hindered site
A. The Gibbs energy differences (ΔΔG‡

regio) calculated for the
propagation were, respectively, 2.5 and 1.2 kcal·mol-1 for (S)- and
(R)-MeG in dichloromethane (DCM). In all cases, an exchange
of the monomer and polymer chain position was observed going
from TS1-fm1 to TS2-fm2. The only exception is represented by
attack at site A of (S)-MeG, for which ring-opening also occurs
in a fm1 geometry. Interestingly, we observed that the preferred
S and R monomer propagation occur on opposite monomer
enantiofaces (si and re enantiofaces, respectively). This unusual

Scheme 1. Ring-Opening Polymerizations of rac-LA Promoted
by L1RAlOMe, meso-LA, and (S)-MeG Promoted by L1RAlOiPr
(Previous Work, A−C) and ROPs of (S)-MeG and rac-LA Promoted
by L2RAlOiPr (This Work, D and E).
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behavior is attributed to the placement of the methyl group of the
monomer as far as possible from the ligand framework to minimize
steric repulsion.

Having carried out a detailed computational analysis on
L1RAlOiPr, we were intrigued by the observation that the
L2RAlOiPr catalytic system significantly increased regioselectiv‐
ity toward (R)-MeG. We sought to apply our robust model
to rationalize this system’s regioselectivity, focusing on the
propagation step, where the presence of the growing polymer
chain becomes relevant. The main DFT findings are summarized
in the minimum energy path reported in Figure 1. Gibbs energies
are calculated with respect to the intermediates bearing the
S- and R-B-chains + monomer (INT2B + MeG) at infinite
distance. In all four cases, attack at site A or B of (S)- and
(R)-MeG on a B-chain (favored in the first insertion), the
ring-opening of the monomer (TS2) represents the RDS. As
previously observed, opposite re and si enantiofaces are preferred,
respectively, for (R)- and (S)-MeG, and a change from fm1
to fm2 occurs between TS1 and TS2, except for attack at site
A of (S)-MeG. For this pathway, the calculated regioselectiv‐
ity is 2.5 kcal·mol-1, matching the ΔΔG‡

regio determined for
L1RAlOiPr. This result agrees with and explains the experimental
observation that the ortho-Br modification of the L2RAlOiPr
catalyst does not enhance regioselectivity for (S)-MeG. Analy‐
sis of the optimized TS structures governing regioselectivity
revealed that the para-tBu substituents only play a marginal role
(consistently across all TSs) due to their distance from the cat‐
alytic pocket where the reaction takes place. The ortho-bromine
atoms introduce additional unfavorable monomer/chain−ligand
interactions; however, these are present in both geometries,
dictating the regiochemistry. In fact, the preferred structures for
site B (TS2-fm2-si in Figure 2A) and for site A (TS2-fm1-si
in Figure 2B) are destabilized similarly, without changing the
energy difference between them.

We further hypothesized that the halogen atoms could not only
increase steric hindrance in specific conformations but also engage
in hydrogen-bond-like noncovalent interactions with hydrogen
atoms of the monomer or the growing chain. Weak stabilizing
interactions between the ligand framework and monomer or

growing chain are increasingly being explored as possible factors
affecting the stereo- or regioselective outcomes in polymerization
catalysis.41–43 This hypothesis was tested through NCI analysis,36,37

which represents NCIs as isosurfaces between interacting atoms:
strong attractive interactions appear in blue, weak stabilizing ones
in green, and repulsive interactions in red. In TS2-fm1-si for attack
at site A, the fm1 configuration determines that no hydrogens are
positioned near the bromine atoms to allow such interactions.

However, in the corresponding TS2-fm2-si structure for attack
at the favored site B, a hydrogen of a methine group of the growing
chain lies 2.9 Å from one of the Br atoms. As indicated by the
green NCI isosurface (Figure S4), a weak stabilizing interaction is
indeed present.

While catalyst modification moving from L1RAlOiPr to
L2RAlOiPr does not improve regioselectivity toward (S)-MeG, a
substantial effect has been calculated for (R)-MeG (ΔΔG‡

regio =
1.6 kcal·mol−1, Table 1). In fact, this value is higher than the one
previously calculated for L1RAlOiPr22 and is consistent with the
experimentally observed enhancement of regioselectivity when
L2RAlOiPr is used (from 78 to 92%).16

Figure 2. DFT geometries of the RDSs for attack at site A (A) and
B (B) promoted by L2RAlOiPr on a previously inserted B-chain of
(S)-MeG. Carbon atoms of the inserting monomer are represented in
dark gray, while those of the growing chain in white. H atoms are
omitted for clarity.

Figure 1. Minimum energy path for the propagation of the ring-opening polymerization of (S)- (right) and (R)-MeG (left) promoted by L2RAlOiPr
on a previously inserted B-chain. Attack at site B is reported in black, attack at site A of (S)-MeG in red and of (R)-MeG in blue.
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Inspection of the optimized TS structures of the RDS revealed
an unfavorable steric clash between the methyl group of the
monomer undergoing attack at site A positioned at 3.6 Å from one
Br atom, which increases the energy of this TS (Figure 3A, left).
No such steric interaction is present for attack at site B because the
orientation of the monomer keeps the methyl group away from
the bromine atoms, thereby avoiding additional steric repulsion
(Figure 3B, left).

The NCI analysis for (R)-MeG shows green isosurfaces for
both structures; the interaction between a Br atom and a hydro‐
gen of the methyl group is established at a distance of 3.2 Å for site
A (Figure 3A, right). In contrast, the TS2 structure arising from
attack at site B is stabilized by a C-H···Br interaction involving
a methylene hydrogen (Figure 3B, right). This interaction is
stronger than that observed for site A because (1) the C-H···Br
distance is shorter (2.9 Å vs. 3.2 Å) and (2) the interacting hydro‐
gen belongs to a methylene group, and it bears a stronger partial
positive charge due to electronic delocalization effects being in
alpha position to a carbonyl carbon. The stronger interaction in
the site-B TS was also confirmed by AIM topological analysis
(Figure S5).38 However, we argue that the main factor responsible
for the high regioselectivity has steric roots.44 Indeed, the %VBur
analysis40 revealed higher occupancy of the north-west (NW)

Table 1. DFT Gibbs Energies (ΔG‡ in kcal·mol−1) of the
Minimum-Energy TSs for the ROP of (S)- and (R)-MeG
Promoted by L2RAlOiPr and ROP of (R,R)- and (S,S)-LA
Promoted by L1RAlOiPr and L2RAlOiPra

monomer wrapping mode TS1-TS2b TS1c TS2c

L2RAlOiPr
(S)-MeG, A fm1-fm1 (si) 15.1 19.4
(S)-MeG, B fm1-fm2 (si) 15.8 16.9
(R)-MeG, A fm1-fm2 (re) 14.9 19.6
(R)-MeG, B fm1-fm2 (re) 15.7 18.0
L1RAlOiPr20

(R,R)-LA fm1-fm2 (re) 12.7 14.4
(S,S)-LA ff-ff (re) 16.2 12.1
L2RAlOiPr
(R,R)-LA fm1-fm2 (re) 15.7 18.0
(S,S)-LA ff-ff (re) 18.7 14.6

aThe RDSs are reported in bold. bEnantiofaces are reported in parenthe‐
ses. cΔG‡s reported in kcal·mol−1.

quadrant of the catalytic pocket of L2RAlOiPr, where Br atoms
are located, compared to L1RAlOiPr (54.0% vs 60.6%, Figure 4),
while the other occupancies remained basically unchanged.

Replacement of the Br and tBu substituents with methyl groups
allowed a quantification of the purely steric contribution. The
regioselectivity decreases from 1.6 to 1.3 kcal·mol-1, confirming
that the NCI contributes to selectivity but is clearly not the only
factor involved. In summary, the unchanged regioselectivity of
L2RAlOiPr toward (S)-MeG arises from the presence of destabiliz‐
ing interactions in both the RDSs, which preclude further energetic
differentiation between the competing pathways.

In contrast, the enhanced selectivity observed for (R)-MeG
originates primarily from steric destabilization of the site A TS by
the ortho substituents, with secondary stabilization of the site B
pathway arising from weak C-H···Br NCIs.

The not-straightforward impact of the Br-tBu substituents on
MeG regioselectivity prompted us to investigate whether the same
structural features could also affect the stereochemical outcome
of rac-LA polymerization in toluene. In our previous study on
the ROP of rac-LA promoted by L1RAlOiPr, we calculated a
stereoselectivity of 1.8 kcal·mol-1 during propagation, favoring
insertion of (R,R)-LA.20 This ΔΔG‡

stereo results from the differ‐
ence in energy between the RDS formed by TS2-fm2-re for
(R,R)-LA (14.4 kcal·mol−1, Table 1) and TS1-ff-re for (S,S)-LA
(16.2 kcal·mol−1, Table 1), respectively. Comparison of these
results with those obtained for MeG led to several conclusions for
the ROP of rac-LA: (1) the ff configuration is relevant; (2) the re
enantioface is preferred for both monomer enantiomers; and (3)
either nucleophilic attack or ring-opening can be RDSs.

Notably, inspection of the TS2-fm2-re for (R,R)-LA geometry
revealed that the incoming monomer is close to the ortho-position

Figure 4. Steric maps obtained via %VBur analysis of the octahedral
catalytic pockets of L1RAlOiPr (A) and L2RAlOiPr (B), highlighting the
higher steric hindrance of the NW quadrant where ortho-Br atoms are
present.

Figure 3. DFT geometries and NCI analyses of the RDSs for attack at sites A (A) and B (B) promoted by L2RAlOiPr on a previously inserted
B-chain of (R)-MeG. Carbon atoms of the inserting monomer are represented in dark gray, while those of the growing chain in white in the optimized
geometries.
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of the ligand’s phenoxide ring (Figure S6). This observation
may suggest that increasing steric bulk at this position would
destabilize this TS and consequently reduce the overall stereose‐
lectivity. Such an effect would introduce an additional layer of
complexity, as optimal catalyst tuning would become dependent
on the monomer structure. We sought to verify this hypothesis
by computationally optimizing the ROP of rac-LA initiated by
L2RAlOiPr, and we indeed calculated a decrease of stereoselectiv‐
ity from 1.8 to 0.7 kcal·mol−1 (Table 1). The minimum energy
path for both LA enantiomers, reported in Figure S7, involves the
same configurations found for L1RAlOiPr with higher activation
energies. The enantioselectivity-determining steps are TS2-fm2-re
for (R,R)-LA (18.0 kcal·mol−1, Table 1) and TS1-ff-re for (S,S)-LA
(18.7 kcal·mol−1, Table 1). In the ff geometry, both Br atoms bump
into the two methyl substituents of the monomer at distances of 3.7
and 4.0 Å (Figure 5A). In the fm2 TS, the monomer is deformed
and points toward one Br atom, creating unfavorable interactions
with the latter (distances of 3.7 and 4.3 Å, Figure 5B). These
features result in an increase in the activation barriers (the catalyst is
expected to be less active) and a decrease in the energy gap between
these two structures and therefore a lower stereoselectivity. It is
worth noting that the activation barriers for the ROP of LA are
comparable to those of attack at the lactyl site of MeG (calculated
in toluene and DCM, respectively).

To experimentally validate these computational predictions, we
next evaluated the activity and stereochemical outcome of the
ROP of rac-LA promoted by L2RAlOiPr under standard lactide
polymerization conditions (toluene, 70 °C). First, we reproduced
the well-known ROP of rac-LA mediated by L1RAlOiPr, ensuring
that the polymerization was carried out under identical conditions
to those described in the literature to provide a reliable reference
point.13 A 53% conversion was reached in 40 h. Investigation of
the methine resonances in the homonuclear-decoupled 1H NMR
spectrum of the polymer (Figures S8 and S9 for stereoselectivity
calculations) confirmed that the obtained polymer is isotactic with
a m% (percentage of adjacent linkages with a meso configuration)
of 96% (Figure 6, left). We then investigated the behavior of the
modified catalyst L2RAlOiPr under the same reaction conditions.
The polymerization only reached 14% conversion in 40 h, and
the calculated m% of the final polymer was 61% (Figure 6, right).
The small conversion confirmed the lower activity of this catalytic
system and the poor isotactic microstructure agreed with the

Figure 5. DFT geometries of the RDSs for (S,S)-LA (A) and (R,R)-LA
(B) promoted by L2RAlOiPr on a previously inserted (S,S)- or
(R,R)-chain. Carbon atoms of the inserting monomer are represented
in dark gray, while those of the growing chain in white. H atoms are
omitted for clarity.

decrease in stereoselectivity calculated computationally by us
(0.7 kcal·mol−1, Table 1).

Encouraged by the good agreement between theory and
experiments, we extended our computational investigation to
rationalize the polymerization behavior when a racemic mixture
of chiral catalysts is used, instead of the enantiopure R cata‐
lyst discussed above. A syndiotactic-enriched microstructure is
observed when rac-MeG is polymerized in the presence of racemic
L2racAlOiPr. Previous kinetic resolution experiments reported by
Lu et al. showed that, when used to polymerize rac-MeG, the R
catalyst preferentially inserts the S over R monomer with a 3:1 ratio
(krel = 3).16

This is reflected in the calculated 1.1 kcal·mol-1 difference
between the RDSs for attack at site B of the two monomers
reported above (16.9 kcal·mol−1 for (S)-MeG and 18.0 kcal·mol−1

for (R)-MeG, Figure 1 and Table 1).
When racemic L2racAlOiPr is employed, each catalyst enan‐

tiomer consumes its preferred monomer, generating two propagat‐
ing intermediates with opposite chirality between the catalyst and
growing chain: L2RAl-S-chain and L2SAl-R-chain, identified as
“mismatch” intermediates (opposite chirality of the catalyst and
growing chain) for analogue bipyrrolidine aluminum catalysts.45

These species are less stable (−12.6 kcal·mol−1, Figure S10) than
their corresponding “match” intermediates L2RAl-R-chain and
L2SAl-S-chain (−14.4 kcal·mol−1, Figure S10), as also observed
for Spiro-Salen Y systems for the ROP of β-butyrolactone.46

Interconversion of these species can be achieved through a polymer
chain exchange mechanism, hypothesized for these Al systems and
subsequently extended to a variety of catalytic systems.47–50

In more detail, two mismatch propagating intermediates come
closer together to form a dinuclear species in which each chain
bridges the two Al centers with its alkoxo and carbonyl oxygen
atoms (INT10cts (RS-SR), 2.6 kcal·mol−1, Figure 7). Then, chain
transfer between the two catalytic systems can occur. First, we
identified a straightforward four-center, bridging μ2-alkoxo dinu‐
clear TS (TSCT-concerted, Figure 7) corresponding to a concerted
exchange pathway, the most commonly hypothesized (though
never reported) route.46,51 In the latter, both polymer chains
exchange at the same time, each binding only with its terminal
oxygen to the aluminum atoms, therefore creating a tight catalytic
pocket (Figure 8). This sterically encumbered structure exhibited
an activation barrier of 24.7 kcal·mol−1, (much) higher than the
propagation steps reported in Table 1 (13.8 kcal·mol−1 after trans‐
lational entropies correction), which made it not feasible. This high

Figure 6. Methine region of the homonuclear-decoupled 1H NMR
spectrum of poly(lactic acid) prepared with L1RAlOiPr (left) and
L2RAlOiPr (right).
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activation barrier might explain the lack of computational ROP
mechanisms involving monomer propagation and polymer chain
exchange in literature. We therefore investigated an alternative
stepwise mechanism, consisting of two TSs, in which one polymer
chain at a time acts as a μ2-κ2 ligand, simultaneously coordinating to
both aluminum centers with two oxygen atoms, while the second
chain migrates from one metal center to the other (TSCT-stepwise,
Figures 7 and 9). After the first chain transfer, a new 10-center
intermediate is formed with one of the two chains switched
(INT10cts (RS-SS), 5.0 kcal·mol-1). At this point, the second
chain can migrate (TSCT2-stepwise). The two TSs involved in the
stepwise mechanism create a wider catalytic pocket, characterized
by a higher Al-Al distance (4.0-4.3 Å, Figure 8), and therefore much
lower barriers, 4.2 and 11.4 kcal·mol−1, below those calculated for
the propagation.

Figure 8. Comparison of the DFT-optimized geometries of the concer‐
ted (more congested, bottom) and stepwise (top) chain exchange TSs.

Eventually, the 10-center species with switched chains is
obtained (INT10cts (RR-SS), 0.7 kcal·mol−1), and it dissociates to
the match propagating intermediates (see Figure S11 for optimized
structures of INT10cts). All the above-reported values are the result
of translational entropy correction.32 For comparison between
corrected and non-corrected values, see Table S4. These results
suggest that polymer chain exchange is kinetically accessible,
establishing a pre-equilibrium between match and mismatch
intermediates, as summarized in Figure 9. Interestingly, the contin‐
uous reshuffling of chain ends through this low-barrier exchange
mechanism places greater emphasis on the relative activation
energies of the intermediates. Accordingly, the low syndiotacticity
observed for L2racAlOiPr with rac-MeG can be rationalized by
the mismatch intermediates exhibiting lower activation barriers,
for which the energetic preference for syndiotactic placement is
minimal (0.4 kcal·mol−1, Pr (exp)= 0.71; Figure 9).

■ CONCLUSIONS

In summary, the combined computational and experimental
investigation reported herein elucidates the origins of both
regio- and stereoselectivity in the ROP of chiral lactones pro‐
moted by SalBinam aluminum complexes. Moreover, it dem‐
onstrates how subtle ligand modifications can profoundly influ‐
ence catalytic behavior in a monomer-dependent manner that
is difficult to anticipate without computational insight. Intro‐
duction of ortho-bromine and para-tert-butyl substituents in
L2RAlOiPr modulates the sterics of the active site, enhancing
regioselectivity for ROP of (R)-MeG through a combination of
steric repulsion and weak stabilizing C-H···Br interactions. In
contrast, this catalyst tuning is ineffective for ROP of (S)-MeG
and simultaneously diminishes stereocontrol in the ROP of
rac-LA by destabilizing key enantioselectivity-determining tran‐
sition states. The excellent agreement between theory and
experiments validates the mechanistic relevance of our DFT
model, which highlights the role of ligand wrapping modes,
active-site reorganization, and noncovalent interactions in gov‐
erning selectivity. This framework was further extended, for the
first time, to racemic mixtures of enantiopure catalysts. The
newly identified low-energy, stepwise chain exchange pathway
rationalizes the experimentally observed poor syndiotacticity of

Figure 7. Minimum energy path of the polymer chain exchange mechanism promoted by L2RAlOiPr. The Gibbs and activation energies of the TS for
propagation are reported in blue while those of the TSCT-concerted in light gray. All energies are obtained from the translational entropic correction.
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PLGA obtained with L2racAlOiPr. We are confident that these
findings provide insights into how targeted ligand design can be
used to tune and predict the performance of stereoselective ROP
catalysts,52 offering guiding principles for the development of
new systems capable of producing biodegradable polyesters.
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