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The stereocontrolled ring-opening polymerization of lactide via rational catalyst design remains a chal-
lenge due, in no small part, to the presence of the various stereocisomers of lactide and the resulting
structural complexity that arises along the reaction profile. In practice, stereochemistry leads to polylac-
tides with different structures and properties, although the syndiotactic product is desired. Density func-
tional theory (DFT) can contribute by identifying the underlying non-covalent interactions that favor one
reaction profile over another. Herein, we investigate the initiation step of a chloride-substituted, bipyrroli-
dine-based aluminum-alkoxy salan catalyst that has shown a kinetic preference for the stereoselective
ring-opening of meso-lactide at the carbonyl unit adjacent to the R stereocenter. Moreover, when experi-
ments are performed under thermodynamic control, the initiation product in which the S stereocenter is
ultimately adjacent to aluminum is favored. An exhaustive conformational search of both minima and
transition state structures reveals that DFT reaction mechanisms are consistent with these observations.
Specifically, the rate-determining transition states corresponding to ring opening at the R stereocenter
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are stabilized by crucial ligand-chain non-covalent
Consequently, the rate determining transition state for ring-opening at the S-stereocenter lies only

0.6 kcal mol™ higher in energy, further emphasizing the importance of using conformational sampling in

Open Access Article. Published on 04 September 2025. Downloaded on 4/5/2026 10:45:43 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

rsc.li/dalton modeling such processes.

1 Introduction

Polylactide (PLA) has attracted great interest as a potential
renewable substitute for petroleum-based plastics such as poly-
ethylene, polyvinylchloride, and polystyrene."™ The high
attractiveness of this aliphatic polyester is due to its biodegrad-
ability, bioprocessability, and wide availability from biobased
sources such as corn starch, sugarcane, and wheat.”” PLAs are
also desired due to their unique microstructures, which influ-
ence their physical properties such as melting point, rigidity,
solubility, crystallinity, and glass transition temperature.®®
The stereoselective ring-opening polymerization (ROP) of
lactide (LA) has been reported as an efficient technique to tune
the structure and properties of PLA.>**"'? ROP of LA allows for
greater control of the molecular architecture of PLA compared
to synthesis via polycondensation of LA.® However, achieving
stereocontrolled ROP through rational catalyst design remains
a challenge due to the presence of different stereoisomers of
LA, which could yield PLAs with different structures and
properties."?
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When stereocontrolled ROP is achieved, LA units are
inserted into the growing polymer chain in an orderly manner
according to their stereochemistry (Fig. 1).® In chiral isotactic
PLA, all stereocenters are oriented toward the same side of the
chain, producing p-LA or r-LA. However, ROP of racemic mix-
tures of p-LA and 1-LA may result in isotactic diblock or multi-
block PLA, or heterotactic PLA. On the other hand, ROP of
meso-LA yields heterotactic or syndiotactic PLA.>**'* Control
of the polymerization of enantiopure or racemic mixtures of
LA could lead to the ultimate control of its properties. To
rationally design catalysts to achieve desirable PLAs, it is essen-
tial to understand the origin of stereocontrol in the ROP of LA.
This could yield unique polymers for applications in drug
delivery, tissue engineering, biomedical implants, and
microelectronics.®®"*

For greater control of the polymer architecture, ROP via a
coordination-insertion mechanism is recommended (Fig. 2).*®
In the classical case, the critical steps in the ROP mechanism
involve coordination of the monomer to the metal (and inser-
tion between the metal and the alkoxy group) via TS1. The sub-
sequent ring-opening step via TS2 involves cleavage of a C-O
bond adjacent to the opposite stereogenic center.'”” However,
additional intermediate steps critical to stereoselectivity in the
ROP of LA by the prototype Spassky’s catalyst have been pro-
posed in recent studies."®'’?' These include a potential
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Fig. 1 Microstructures of polylactide (PLA) obtained via the stereo-
selective ring-opening polymerization (ROP) of lactide (LA). The stereoi-
somers of LA (e.g., b-LA, L-LA, or meso-LA) are shown along with the
possible isotactic, heterotactic, or syndiotactic products. The desired
product is syndiotactic PLA, highlighted in the teal box.
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Fig. 2 Proposed coordination—insertion mechanism for stereoselective
ROP of LA with the traditional pathway in black and additional pathways
in burgundy and teal.

chain-monomer exchange after TS1, as well as possible cata-
lyst re-organization leading to changes in the ligand wrapping
around the metal (Fig. 2).

Previous studies have shown that the mechanism of stereo-
control may be influenced by the nature of the catalyst or the
growing polymer chain.® Isotactic or heterotactic PLA generally
results from enantiomorphic site control, in which the chiral-
ity of the catalyst controls the stereochemistry of the next
monomer inserted into the growing polymer chain. On the
other hand, control of the chirality of the incoming monomer
unit by the last inserted lactidyl unit in the growing polymer
chain produces heterotactic or syndiotactic PLA via a chain-
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end control mechanism.® In a “dual-stereocontrol” mecha-
nism, both the catalyst’s chirality and the proximal stereogenic
center of the last inserted lactidyl unit combine to define the
stereochemistry of the growing polymer chain, leading to the
formation of heterotactic or syndiotactic PLA, respectively.

The dual-stereocontrol mechanism was recently cited to
rationalize the level of stereocontrol observed in the stereo-
selective ROP of rac-LA and meso-LA using enantiopure chiral
Al-alkoxide salan catalysts with  bipyrrolidine®**  or
binaphthyl'®?*® backbones. Experiments involving the ROP of
LA using an Al-alkoxide salan catalyst, (R,R)-LigAl-OBn,
denoted (R,R)-1 in Fig. 3, suggest that even though ring-
opening of LA adjacent to the R stereocenter is kinetically
favored, the alternative stereoisomer is thermodynamically
favored. Specifically, when the reactions are performed under
conditions to favor the thermodynamic product, ring opening
occurs close to the R stereocenter of LA, but the initiation or
polymerization product in which the S stereocenter of LA is
proximal to Al is favored.>**

Using a computational approach for catalytic design based
on density functional theory (DFT), we seek to provide insight
into the factors affecting the initiation step in the ROP of LA
using (R,R)-1.>*** A proposed ROP mechanism involving active
site reorganization and changes in ligand wrapping along the
reaction path is investigated to understand their impact on
stereoselectivity.">'” This understanding is a first step towards
rational catalyst design for achieving precise control over
stereochemistry in ROP reactions to obtain desired PLAs. This
work focuses on the initiation step due to the aforementioned
characterization of the first-insertion product using a benzyl
initiator reported by Peterson et al.>* Using DFT, the factors
influencing chiral catalyst recognition in the ROP of meso-LA
with (R,R)-1 were explored. These catalysts have a fixed chiral-
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Fig. 3 “Match” (left) and “mismatch” (right) products formed from the
stereoselective initiation ROP of meso-LA using the chiral Al-alkoxy
catalyst, (R,R)-1.
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ity at the metal site, eliminating potential effects on polymer
stereoregularity.'* Since meso-LA contains two different (R and
S) stereogenic centers, it serves as an ideal substrate to study
factors influencing stereocontrol in the synthesis of highly
desired syndiotactic PLA.

2 Computational details

To understand the initiation step in the stereoselective
polymerization of meso-LA by (R,R)-1, we turned to density
functional theory (DFT) due to its efficiency in modeling cata-
lytic reactions.>*** All DFT computations were performed as
implemented in the Gaussian 16 package.>® However, these
systems require careful conformational sampling and DFT is
too computationally demanding for this portion of the work;
therefore, tight-binding methods were also used. Specifically,
conformational sampling was performed at the GFN2-xTB level
using the Conformer-Rotamer Ensemble Sampling Tool
(CREST) algorithm as implemented in the xTB package.?”:*®
The conformers generated by CREST were sorted using the
Commandline ENergetic SOrting (CENSO) algorithm.>”

DFT geometry optimization was performed on the most
stable conformers using the M06-L density functional®® and
the 6-31+G(d,p) basis set.>’ Harmonic vibrational analysis was
employed to confirm the nature of all stationary points as
minima or transition state structures.®> To verify that the
single imaginary frequency is connected to the reactants and
products for each transition state structure, intrinsic reaction
coordinate (IRC) calculations were performed.®® The free ener-
gies were corrected using the concentrations of 0.017 M for cat-
alysts and 1 M for all reactants in order to represent the experi-
mental conditions for the catalysts and standard state con-
ditions for all other reactants and products.>® Grimme’s quasi-
harmonic corrections were applied to vibrational frequencies
lower than 50 cm™'. These corrections were used as
implemented in the GoodVibes program.** Gibbs free energies
were computed at 298.15 K. Single point calculations were
carried out on all optimized geometries using the M06-2X
functional®® and the 6-311+G(d,p) basis set. To obtain total
free energies of improved accuracy, thermal contributions to
free energy from the M06-L/6-31+G(d,p) level of theory were
added to the electronic energies from the single-point calcu-
lations. Solvation effects were included using the continuum
solvation model based on density (SMD) for toluene in all cal-
culations in order to model experimental conditions.”**® The
analysis of non-covalent interactions was carried out using the
Multiwfn program package.’”

3 Results and discussion

The initiation of meso-LA was modeled along multiple reaction
pathways depending on the coordination mode of the catalyst
and the prochiral face of the LA unit to which the alkoxy initiator
was exposed. Momentarily setting aside the stereochemistry in
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the LA group itself, there are three coordination modes accessible
for the monomer based on the respective orientation with the
bipyrrolidine ligand backbone and the alkoxy initiator (Fig. 4a).
One possibility is that the alkoxy group is oriented equatorial (e)
to the bipyrrolidine backbone of the catalyst. Equatorial orien-
tation can yield two different wrapping modes of the oxygen-con-
taining arms of the catalyst (denoted e, and e,) along the reaction
path. In e;, the two oxygen centers (shown in black) coordinate to
Al on the bipyrrolidine ligand and are cis to one another, while
in e, they are trans to one another. An alternative coordination
mode can be obtained when the alkoxy initiator is oriented
axially (a) with respect to the catalyst backbone.

In order to understand the manner in which ring-opening
occurs, several mechanisms are compared in which the
initiator or the arms of the bipyrrolidine ligand are rotated
with respect to the incoming LA-monomer. The first assump-
tion one could make is that coordination modes remain
unchanged throughout the coordination-insertion and ring-
opening steps of ROP (mechanism M1, Fig. 5), leading to three
pathways based on the coordination modes of the starting
arrangements (M1-A, M1-B, and M1-C). Setting aside for now
that each specific profile must correspond to an R or S stereo-
center depending on the chirality of the stereocenter adjacent
to the acyl unit coordinated to the Al center after ring-opening,
the two prochiralities of the monomer are first considered, si
or re (Fig. 4b). For example, the M1-A pathway will be denoted
M1-A-re or M1-A-si to distinguish the prochirality. This results
in six pathways for each stereocenter: two prochiralities from
each coordination mode: e, e,, and a.

An alternative could be that the wrapping of the arms on
the bipyrrolidine ligand remains preserved, but a rotation
occurs during the reaction between the coordination sites of
the LA-monomer and the alkoxy initiator. In Fig. 4a, the two
coordination modes with the same ligand wrapping are e; and
a; therefore, two options are available: (1) an exchange from e,
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Fig. 4 Factors influencing the manner in which LA coordinates in the
initiation step. (a) The three coordination modes (two equatorial and one
axial) for the first transition state (TS1) with meso-LA. (b) The initial step
for meso-LA can proceed via the si or re face. The alkoxy initiator is
shown in orange, the LA monomer in green with its coordinating acyl
unit in purple, and the coordinating atoms from the bipyrrolidine ligand
in black.
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Fig. 5 A representation of mechanism 1 (M1) where the coordination
modes remain unchanged throughout the coordination—insertion and
ring-opening steps of ROP. Pathways M1-A, M1-B, and M1-C begin from
e, a, and e, coordination modes, respectively.

to a or (2) an exchange from a to e; (mechanism M2, Fig. 6).
This leads to four possible mechanisms, since both prochiral-
ities must be explored.

The final set of mechanisms involves changes in the wrap-
ping mode of the bipyrrolidine ligand, which occurs between
the nucleophilic attack (TS1) and ring-opening (TS2) steps of
ROP (mechanism 3 (M3), Fig. 7). This leads to four possible
changes with respect to coordination mode: (1) from e, to e, in
M3-A, (2) from a to e, in M3-B, (3) from e, to e; in M3-C, and
(4) from e, to a in M3-D. Once more, both prochiralities are
considered, resulting in a total of eight pathways.

Given the number of profiles to be considered, the discus-
sion will proceed through the three categories of mechanisms
in order. This will include mechanisms where ring opening
preferentially occurs close to the R stereocenter of LA in meso-
LA, resulting in the S stereocenter being proximal to the metal
after ring opening. These reactions will be referred to as
“meso-S-LA” for clarity. Likewise, the discussion about the ana-
logous pathways when ring opening occurs adjacent to the S
stereocenter in meso-LA, resulting in the R stereocenter being
closer to the metal after ring opening (referred to as “meso-R-
LA”), will also be presented.

Recall that the first set of proposed mechanisms, M1, does
not involve a change in ligand wrapping throughout the reaction
profile (Fig. 5). The first step, TS1, is the barrier involving the
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Fig. 7 A representation of mechanism 3 (M3), which involves changes
in the wrapping mode of the bipyrrolidine ligand. Pathways A, B, C, and
D begin from the three coordination modes, with two options accessible
beginning with e,.

attack of the initiator. Note that the other mechanisms, M2 and
M3, also start with the same first step since initiation occurs
independently of how the wrapping mode evolves throughout
the subsequent reaction. In meso-S-LA (Table 1), a clear prefer-
ence for the e; coordination mode is shown resulting in a
barrier of 12.7 kecal mol ™ with either prochirality. On the other
hand, when the a coordination mode is computed, the barrier
increases to 18.4 and 27.8 kcal mol™" for re and si, respectively.
The e, coordination mode results in energies lower than a but
higher than e, with values of 13.4 and 16.1 keal mol ™" for re and
si, respectively. We note in passing that these energies were
obtained following conformational searches which were essen-
tial for these species since energies were lowered by as much as
6 kcal mol™ for some transition state structures (Fig. S1).

A closer look at the TS1 geometries of the e; coordination
mode shows key ligand-chain non-covalent interactions (NCISs)
between the benzyloxy initiator and monomer unit/phenoxy
ligands, including hydrogen bonding (O--H lengths range
from 2.45 to 2.63 A). Similar interactions are also observed
between the monomer unit and the catalyst backbone. These
NCIs induce stabilizing effects, resulting in the relatively lower
energy barriers observed (Fig. 8 and S2, left). On the other
hand, in the respective geometries for the a and e, coordi-
nation modes, the stabilizing non-covalent interactions are
less pronounced (Fig. 8 and S2, middle and right).
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Fig. 6 A representation of mechanism 2 (M2) where the wrapping of the arms on the bipyrrolidine ligand remains unchanged, but a rotation
between the coordination sites of the LA-monomer and the alkoxy initiator occurs during the reaction. Pathways M2-A and M2-B begin from the e;
and a coordination modes. This mechanism is not accessible beginning with the e, coordination mode.
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Table 1 Pathways for the stereoselective initiation of meso-S-LA using Table 2 Pathways for the stereoselective initiation of meso-R-LA using
LigAlOBNn LigAlOBn

Path TS1 INT1 INT,o¢ INT2 TS2 Path TS1 INT1 INT,o¢ INT2 TS2
M1-A-re 12.7 8.0 — 7.3 13.8 (6.5) M1-A-re 14.8 10.1 — 8.8 13.2 (4.4)
M1-A-si 12.7 7.3 — 7.3 16.7 (9.4)  M1-A-si 9.4 8.8 — 11.2 18.2 (9.4)
M1-B-re 18.4 11.2 — 8.4 20.8 (12.4) M1-B-re 22.1 7.2 — 9.7 13.9 (6.7)
M1-B-si 27.8 14.0 — 5.6 24.4 (18.8) M1-B-si 31.3 8.9 — 11.5 23.5 (14.6)
M1-C-re 13.4 10.8 — 19.8 21.8(11.0) M1-C-re 14.4 10.9 — 9.2 14.8 (5.6)
M1-C-si 16.1 11.3 — 9.6 15.1 (5.5) M1-C-si 29.3 14.3 — 16.0 16.7 (2.4)
M2-A-re 12.7 8.0 4.3 8.4 20.8 (16.5) M2-A-re 14.8 10.1 3.2 9.7 13.9 (10.7)
M2-A-si 12.7 7.3 6.3 5.6 24.4 (18.8) M2-A-si 9.4 8.8 8.0 11.5 23.5 (15.5)
M2-B-re 18.4 11.2 4.3 7.3 13.8(9.5) M2-B-re 22.1 7.2 3.2 8.8 13.2 (10.0)
M2-B-si 27.8 14.0 6.3 7.3 16.7 (10.4) M2-B-si 31.3 8.9 8.0 11.2 18.2 (10.2)
M3-A-re 12.7 8.0 4.3 19.8 21.8(17.5) M3-A-re 14.8 10.1 3.2 9.2 14.8 (11.6)
M3-A-si 12.7 7.3 6.3 9.6 15.1 (8.8) M3-A-si 9.4 8.8 8.0 16.0 16.7 (8.7)
M3-B-re 18.4 11.2 4.3 19.8 21.8(17.5) M3-B-re 22.1 7.2 3.2 9.2 14.8 (11.6)
M3-B-si 27.8 14.0 6.3 9.6 15.1(8.8) M3-B-si 31.3 8.9 8.0 16.0 16.7 (8.7)
M3-C-re 13.4 10.8 4.3 7.3 13.8(9.5) M3-C-re 14.4 10.9 3.2 8.8 13.2 (10.0)
M3-C-si 16.1 11.3 6.3 7.3 16.7 (10.4) M3-C-si 29.3 14.3 8.0 11.2 18.2 (10.2)
M3-D-re 13.4 10.8 4.3 8.4 20.8 (16.5) M3-D-re 14.4 10.9 3.2 9.7 13.9 (10.7)
M3-D-si 16.1 11.3 6.3 5.6 24.4 (18.8) M3-D-si 29.3 14.3 8.0 11.5 23.5 (15.5)

All free energies (kcal mol™") are computed taking the free catalyst and
monomer lactide as the reference, except the relative reaction barriers
for TS2 (in parentheses), which are computed relative to the most
stable intermediate in the pathway.

TS1 for M1-A-si
(e, wrapping mode)

TS1 for M1-B-si
(a wrapping mode)

TS1 for M1-C-si
(e, wrapping mode)

AG*=12.7 kcal/mol AG* = 27.8 kcal/mol AG*=16.1 kcal/mol

Fig. 8 TS1 structures showing selected non-covalent interactions
(NClIs) for meso-S-LA. Significant non-covalent interactions (NCls)
between the benzyloxy initiator and monomer unit/phenoxy ligands,
and between the monomer unit and the catalyst backbone contribute to
the stabilization of TS1 geometry from M1-A-si (e, left, 12.7 kcal mol™),
compared to the corresponding geometry from M1-B-si (a, middle,
27.8 kcal mol™) per the distribution of the green contours representing
van der Waals interactions. M1-C-si (e,, right, 16.1 kcal mol™) showed
intermediate stability. Blue contours represent strong attraction, includ-
ing hydrogen/halogen bonds, while red contours represent strong
repulsion, including steric effects in the ring and cage. Note that the
labels for TS1 are for M1; however, these initiation structures are
included in M2 and M3 profiles as well.

Additionally, the initiation step in meso-R-LA is explored
(Table 2). If the e; coordination mode is used (M1-A), the bar-
riers are 14.8 and 9.4 kcal mol™" for re and si, respectively.
Compared to meso-S-LA, the barrier for initiation (TS1) is
higher in the re prochirality but lower for the si prochirality. As
was the case for meso-S-LA, the barriers for the mechanism for
meso-R-LA with the a coordination mode (M1-B) are the
highest, with values of 22.1 and 31.3 kcal mol ™" for the re and
si prochiralities, respectively. Finally, the barriers for the
initiation step with the e, coordination mode (M1-C) are

15420 | Dalton Trans., 2025, 54, 15416-15423

All free energies (kcal mol™") are computed taking the free catalyst and
monomer lactide as the reference, except the relative reaction barriers
for TS2 (in parentheses), which are computed relative to the most
stable intermediate in the pathway.

higher compared to the corresponding values with meso-S-LA,
for both re at 14.4 kcal mol™" and si at 29.3 kcal mol .
Overall, the lowest barriers to initiation for either meso-S-LA or
meso-R-LA have the wrapping mode e;. Specifically, the profile
labeled M1-A-si with meso-R-LA had the lowest TS1 barrier. As
was previously noted for meso-S-LA, the stability of the TS1 geo-
metries in e; can be attributed to important interactions between
the monomer, benzyloxy chain, and ligands including the bipyr-
rolidine group in the polymer backbone and the Cl-substituted
phenoxy group. Changes in the coordination mode of the LA
unit and the alkoxy initiator in a and changes in the wrapping
mode of the ligand in e, result in monomer orientations that
eliminate many of these stabilizing interactions in the transition
state structure, leading to higher energy barriers (Fig. S3).

The next step involves the formation of an intermediate in
which the alkoxy initiator, in this case the benzyloxy group, is
coordinated to the carbonyl carbon on the lactone. The vari-
ations among the profiles (M1, M2, and M3) stem from the
differences in wrapping mode that occur in the steps after
INT1. First, continuing along the M1 mechanism where the
coordination mode remains constant throughout the reaction
profile, we begin by discussing meso-R-LA. INT1 results from
insertion of LA between the catalyst and the alkoxy group in
the initiation step, resulting in the coordination of the
monomer to Al via an acyl oxygen. However, a second oxygen
on the lactone ring must coordinate in order to be properly
aligned for ring-opening. The intermediate that reflects this
reorganization prior to ring-opening is denoted INT2.
Following INT2, the transition state for ring-opening (TS2) is
reported (Table 2). While a clear trend does not emerge for
TS1, in TS2 the barriers are lower for the re prochirality.
Comparing the six possibilities for the M1 profile with meso-R-
LA, the one with the lowest barriers, 14.8 and 13.2 kcal mol™

This journal is © The Royal Society of Chemistry 2025
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for TS1 and TS2, respectively, is denoted M1-A-re. In compari-
son, meso-S-LA shows a profile with slightly lower barriers is
obtained for the so-called M1-A-re pathway (barriers of 12.7 for
TS1 and 13.8 kcal mol ™" for TS2). It is worth noting that in the
TS2 geometry for ey, the highest barrier in the most favorable
pathway (M1-A-re for meso-S-LA), coordination of the benzyloxy
group to the re surface permits additional stabilizing NCIs
between the benzyl chain and the backbone bipyrrolidine
group (Fig. S4, left). This is in addition to the NCIs previously
mentioned between the monomer and phenoxy ligands of (R,
R)-1, which are significantly facilitated by the S configuration
of the monomer adjacent to the Al center. Similar stabilizing
NCIs are present in the TS2 geometry of the corresponding
M1-A-re pathway for meso-R-LA (Fig. S4, middle). However, in
the high-energy TS1 geometry for this e; coordination mode,
such stabilizing interactions between the polymer chain and
phenoxy ligands are counteracted by repulsion between methyl
groups at the S stereocenter of the monomer and the backbone
bipyrrolidine group (Fig. S4, right).

On the other hand, the second set of mechanisms con-
sidered (M2) examines whether the barriers would be reduced
if the wrapping of the arms on the bipyrrolidine ligand is pre-
served, while a rotation between the coordination sites of the
LA-monomer and the alkoxy initiator is permitted following
INT1 (Fig. 6). In all of the cases with both meso-S-LA and meso-
R-LA, the barriers are higher than those obtained for M1-A-re
(Fig. 9). However, the lowest barriers obtained for meso-S-LA
were for the profile denoted M2-B-re, which involves a change
in coordination mode from axial (@) to equatorial (e,) as it pro-
ceeds from INT1 to INT2 via INT,,. Note that attempts to con-
verge a transition state associated with this rotation were
unsuccessful, although we expect it to be lower than the bar-
riers associated with the bond-making and breaking steps in
TS1 and TS2. Since the M2 profiles have higher energy than
the M1 pathways, these TS structures were not pursued
further. Nevertheless, the lowest barriers for meso-R-LA were
obtained for M2-A-re. Here, the coordination mode changes
from equatorial to axial as one proceeds from INT1 to INT2 via
INT,.. Considering the geometries of the rate-determining
transition states (RDTSs), as defined by Kozuch and Martin,*®
the equatorial orientation of TS1 in the M2-A-re pathway of
meso-R-LA is observed to prime the structure for the formation

meso-R-LA meso-S-LA
M3-C-re t= M1-A-re
Ts1 AAGt= 0.6
T T st T ey 152
/m\- 13.8|
INT1
____INT2 \
80 7.3 \
“Mismatch’] \ « ”
. _ Match'
Pro:‘;d ,,,,,,,,,,,,,,,,,, CAT+LA ————_ éég’g:gz 777777 \ Product
- -6.0

Fig. 9 Minimum energy profiles for meso-R-LA and meso-S-LA.
Specifically, the M3-C-re (burgundy) and M1-A-re (teal) mechanisms are
shown (energies in kcal mol™). AAG* and AAG,y, are indicated with
dashed lines.
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of favorable NCIs between the benzyl chain and the Cl-substi-
tuted phenoxy ligand. However, this important interaction is
missing in the TS1 geometry of the M2-B-re pathway for meso-
S-LA due to the axial orientation, accounting for the resulting
high free energy barrier, in spite of other NCIs being present
(Fig. S5). For meso-S-LA, the presence of favorable NCIs
accounts for the stability of the M1 pathway compared to the
M2 pathway. However, no distinction can be made between
the M1 and M2 pathways for meso-R-LA with respect to the
RDTS (Tables 1 and 2).

The final class of mechanisms considered, and the one invol-
ving the most rearrangements in the ligands and coordination
modes, is denoted M3 (Fig. 7). Unlike the M1 and M2 pathways,
the M3 profiles involve changes in the wrapping mode of the
bipyrrolidine ligand following INT1. The reactions proceed first
through a rotation (INT,) followed by the barrier to the rotation
(TSyor), until the final intermediate (INT2) and ring-opening tran-
sition state (TS2) are obtained. Once again, the majority of the
orientations considered result in higher barriers compared to
M1-A-re; however, the TS2 barrier in M3-C-re for meso-S-LA
remains the same at 13.8 kcal mol™', while the TS1 barrier is
slightly higher at 13.4 kcal mol™* compared to the TS1 barrier of
12.7 keal mol ™" in the M1-A-re pathway. For the M3 mechanisms
with meso-R-LA, the lowest barriers were obtained for M3-C-re
and M3-D-re; however, both are higher than the meso-S-LA M3-
C-re profile and as a result are not discussed in detail. Note that
as in M2, attempts to converge a transition state associated with
the rotations in M3 were also unsuccessful.

The lowest energy profiles are summarized in Fig. 9 to
make comparisons between meso-S-LA and meso-R-LA. Recall
that the results are only sorted as “meso-S-LA” and “meso-R-LA”
for organizational purposes since both stereocenters are
present in meso-LA and either could be proximal to the Al
center upon initiation. The profile with the lowest energy
RDTS for meso-S-LA was M1-A-re, while that of meso-R-LA was
M3-C-re. This implies that for meso-R-LA and meso-S-LA, the
most favorable energy profiles are obtained through different
coordination modes for the monomer via changes in ligand
wrapping. The geometry that manifests for the active site of
the catalyst (R,R)-1 depends on the relative chirality of the way
in which the monomer coordinates during stereo-controlled
ring opening polymerization.

Overall, these results demonstrate that ring opening meso-
LA at the C-O bond proximal to the R stereocenter to form the
“match” product is kinetically favored over ring-opening at the
S stereocenter to form the “mismatch” product by 0.6 kcal
mol™'. This is based on the RDTS from the most favorable
pathways summarized in Fig. 9 and consistent with experi-
mental observations.>'*** Specifically, the RDTS for meso-S-LA
is 13.8 kcal mol™" in the M1-A-re pathway, while for meso-R-LA
the RDTS is 14.4 kcal mol™" in the M3-C-re pathway (AAG* =
0.6 kcal mol ™). For meso-S-LA, the lower barriers for initiation
are critical to achieving the stereoselective behavior observed
with (R,R)-1, since the barriers associated with ring-opening
(TS2) become the RDTS. On the other hand, the higher initiation
barriers for meso-R-LA mean that TS1 is the RDTS for these path-
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ways. These results are consistent with the polymer products
produced when experiments are performed under kinetically
driven conditions.>'*?** Similar stereoselectivities have also been
reported in the ROP of meso-LA using Spassky’s catalyst."

Additionally, the resulting initiation product for meso-S-LA
is more thermodynamically stable with respect to reactants
(AGrxn = —6.0 keal mol™) than the corresponding product for
meso-R-LA (AGy, = —5.3 kcal mol™) (Fig. 10). In the former,
the S stereocenter of the lactidyl unit is proximal to the metal
after ring opening. This was first referred to as the “match”
complex by Hador et al.” and is the major product in the first-
insertion step of the stereocontrolled ROP of both rac-LA and
meso-LA by (R,R)-1.>** On the other hand, the formation of the
initiation product where the R stereocenter of the lactidyl unit
is proximal to the metal center after ring-opening yields was
referred to as the “mismatch” product. The small energy differ-
ence between the first-insertion products obtained by DFT
(AAG, = 0.7 keal mol™) is consistent with the experimentally
observed match : mismatch ratio of 67 : 33.>®

As was the case in the transition states, a close examination
of the initiation product geometries reveals the importance of
ligand-chain NCIs in stabilizing the products with different
stereoisomers. NCIs between the Cl-substituted phenoxy
ligand and the polymer chain appear to exert greater stabiliz-
ing effects in the “match” product compared to similar inter-
actions between the former and the bipyrrolidine group of the
catalyst backbone in the “mismatch” product. Additional NCIs
between the phenoxy ligands and the catalyst backbone
provide further stabilizing effects in both products (Fig. 10 and
S6). These subtle differences in interactions result from the
orientations of the polymer chains due to rotations about the
S or R stereocenters and drive the formation of the “match”
product. Therefore, DFT shows that the stereoselective ROP of

Match Product Obtained
for meso-S-LA

Mismatch Product Obtained
for meso-R-LA

AG =-6.0 kcal/mol AG = -5.3 kcal/mol

Fig. 10 DFT-optimized geometries of the "match” and “mismatch”
initiation products of meso-LA and the (R,R)-LigAlOBn catalyst showing
ligand-chain non-covalent interactions. The black ring around the
methylene group highlights the orientation of the interacting polymer
chain due to rotations about the S or R stereocenters. Blue contours
represent strong attraction, including hydrogen/halogen bonds, while
the red contour represents strong repulsion, including steric effects in
the ring and cage. Al in pink, C in gray, Cl in green, N in blue, O in red,
and H in white.

15422 | Dalton Trans., 2025, 54, 15416-15423

View Article Online

Dalton Transactions

meso-LA involves both a kinetic and a thermodynamic prefer-
ence for the “match” product. Our results are consistent with
the observation of the “match” product as the major product
for experiments examining initiation products for meso-LA,
using (R,R)-1, under experimental conditions favoring thermo-
dynamic control.>**

4 Conclusions

The chloride-substituted, bipyrrolidine-based Al-alkoxy salan
catalyst shows a kinetic preference for the stereoselective ring-
opening of meso-LA at the carbonyl unit adjacent to the R
stereocenter, leading to a thermodynamic preference for the
resulting initiation product in which the S stereocenter is adja-
cent to Al after ring opening to yield what has been previously
referred to as the “match” product. During the initiation steps,
both the rate-determining transition states and products
correspond to the “match” complex, which is stabilized by
non-covalent interactions (NCIs). This also presents challenges
for computational modeling of such catalysts, especially as one
considers moving to study propagation steps, which are
crucial in the proposed dual-stereocontrol mechanism.
Conformational sampling must be performed in both the
intermediates and transition state structures to identify struc-
tures within a kcal mol™. Even when doing so, care must be
taken to ensure that NCIs that could further stabilize impor-
tant intermediates or TSs are not neglected as this can impact
one’s ability to predict selectivities accurately. While in solu-
tion, a variety of conformers will be present; each DFT mecha-
nism represents a static picture. Nevertheless, DFT can provide
insight into the nature of the NCIs one should consider and
show how changing which stereocenter is proximal to the
metal impacts these interactions in a meaningful way.
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