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ABSTRACT: Controlling the monomer sequence in hydroxy acid
copolymers remains a significant challenge, yet it is essential for fine-
tuning the properties of copolyesters. This study presents the
regioselective ring-opening polymerization (ROP) of L-3-tert-butyl-6-
methyl-1,4-dioxane-2,5-dione (L-tBMG), resulting in the synthesis of
alternating polylactic acid-co-2-tert-butylglycolic acid copolymers. The
process is facilitated by enantiomerically pure Schiff base aluminum
catalysts featuring either a binaphthyl framework or a 2,2-dimethylpro-
pylenediamine and 3,5-dichlorosalicylaldehyde framework. These cata-
lysts promote regioselective ring-opening of the asymmetric cyclic diester specifically at the acyl-oxygen bond of the lactic acid
moiety. The molecular chain structure of the resulting polymers was elucidated through heteronuclear multiple bond correlation
spectroscopy, while chain regularity was assessed using 1H NMR and quantitative 13C NMR (q-13C NMR). According to the 1H
NMR and q-13C NMR test results, the molecular chain regularity is about 0.93. Incorporation of 2-tert-butylglycolic acid units led to
a glass transition temperature (Tg) of the random copolymer to 65 °C. Notably, the Tg of the isotactic polymer, synthesized via ROP
catalyzed by the aforementioned catalysts, was further elevated to 70 °C.

■ INTRODUCTION
The widespread use of petroleum-based plastics has led to
increasingly severe environmental pollution and resource
crises.1−3 Biodegradable polyester materials have emerged as
a promising solution to these challenges.4−9 These materials
are partly derived from renewable natural resources, including
corn starch, straw, and even household waste, making them
highly beneficial for sustainable human development.10

However, the limited variety of biobased polyesters currently
available hinders their broader application, and their perform-
ance still requires significant improvement.11 In addition to
developing new polyester monomers, precise control over the
molecular chain structure of copolymers has become crucial for
enhancing polymer properties. Polymer sequence control-the
precise arrangement of monomer units within a polymer chain-
represents a critical technique for tuning copolymer properties
and developing functional materials.12−15 Nonetheless, this
area of research continues to face substantial challenges.
Alternating copolymers, characterized by the alternate

linkage of two distinct structural repeating units, offer a
unique chain structure that can impart superior properties to
the material. For instance, Guillaume and co-workers reported
that the copolymer of allyl and benzyl β-malolactonates
exhibits an increased melting temperature (Tm) as the
alternating level of repeating units increases.16 Alternating
PLGA is another particularly attractive sequence variant, as it
demonstrates distinct degradation properties compared to

other microstructures in terms of hydrolysis rates, bulk
morphology, and thermal behavior.17−21 Some alternating
copolymers can be produced using a simple one-pot method
by mixing two monomers, such as the copolymerization of
epoxides and anhydrides.22−27 However, one-pot copolymer-
ization of two different cyclic ester monomers typically results
in random copolymers, and reliable synthetic routes for the
alternating copolymerization of different hydroxy acids or
lactone monomers remain scarce. Previous studies have shown
that alternating copolymers can be synthesized using stepwise
methods or multicomponent reaction methods, though these
approaches are often hampered by cumbersome control
methods and broad molecular weight distributions.28 In
contrast, preforming two hydroxy acids into asymmetric
diesters and subsequently conducting ring-opening polymer-
ization (ROP) allows for the synthesis of alternating
copolymers with controllable molecular weights and narrow
molecular weight distributions.29,30 Research into the synthesis
of strictly alternating hydroxy acid copolymers using this
method has yielded promising results (Scheme 1a).28,29,31−33
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For example, Wu and co-workers achieved highly regioselective
polymerization of phenyl-substituted diesters using zirconium
and zinc complexes, resulting in alternating polymers with glass
transition temperature (Tg) values increased by 5 and 25 °C,

respectively, compared to random copolymers.28,33 These
findings underscore the importance of further research into
modulating the structural regularity of polymers to improve
material properties.

Scheme 1. (a, b) Syntheses of Different Sequence-Controlled Copolyesters via Selective ROP of Asymmetric Diesters

Scheme 2. Synthetic Pathway for the Preparation of Complexes37,43−47
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Polylactic acid, an important biobased polyester, has been
widely used in packaging, agriculture, medicine, and other
fields.34−39 Typically, polylactic acid is produced through the
ROP of lactide. Atactic and syndiotactic polylactic acids are
noncrystalline and have short degradation cycles, making them
suitable for packaging materials.40 Isotactic polylactic acid, with
a melting temperature of up to 180 °C, is a promising polymer
material. However, its application is limited by its inherently
low Tg and low toughness.41 Previous research has shown that
introducing steric hindrance structures of varying sizes into the
monomer can effectively adjust the Tg of polylactic acid
following ROP.42 Cyclic diesters are referred to as symmetrical
diesters when both sides of the cyclic diester are substituted
with the same functional group. Symmetrical diesters can
enhance polymer properties through copolymerization with
lactide. However, ROP becomes challenging when the
substituent group of the symmetrical diester is too large,
which restricts the development of new monomer types.
Additionally, phenyl substitution of symmetrical diesters
increases the Lewis acidity of the hydrogen atom on the
methyne, making epimerization more likely during ROP. In
contrast, cyclic diesters are termed asymmetric diesters when
they are substituted unilaterally or with different functional
groups on each side. Asymmetric diesters retain unsubstituted
methylene groups or methyne substituted with small functional
groups, making their ring-opening polymerization less affected
by the substituents and allowing for broader monomer
development. However, the asymmetric structure of these
diesters leads to variations in the properties of polymers
obtained through ROP at different positions. To investigate
the relationship between regioselectivity and substituents in
ROP, as well as the resulting polymer properties, we
preintegrated lactic acid and various hydroxy acids into
asymmetric diester monomers. By employing a series of Schiff
base complexes to catalyze the ROP, we examined the effects
of diester substituent volume and catalyst structure on
regioselective ROP. Given the potential impact of monomer
sequence on enhancing copolymer properties, this work
reports the synthesis of an alternating copolymer of (S)-2-
hydroxy-2-tert-butyl-glycolic acid and lactic acid via highly
regioselective ROP of an asymmetric diester monomer, L-3-
tert-butyl-6-methyl-1,4-dioxane-2,5-dione (L-tBMG) (Scheme
1b), derived from (S)-2-hydroxy-2-tert-butyl-glycolic acid and
lactic acid.

■ EXPERIMENTAL SECTION
General Considerations. All organic base catalysts were

procured from Aldrich Inc. and utilized without further purification.
The Salen base complexes (Scheme 2) were synthesized following
established protocols as detailed in the literature.37,43−47 All synthetic
procedures and manipulations involving air- and moisture-sensitive
materials were conducted under a dry nitrogen atmosphere, either
within a glovebox or using standard Schlenk techniques. NMR spectra
were acquired using Bruker AV 300M, Bruker AV 500M, and Bruker
AV 600 M instruments, with samples dissolved in CDCl3 at 25 °C.
Chemical shifts are reported in parts per million (ppm) relative to
tetra-methyl-silane (TMS). Gel permeation chromatography (GPC)
analyses were performed on a Waters 410GPC system, using DMF as
the eluent at a flow rate of 1 mL/min at 35 °C, with molecular
weights calibrated against polystyrene (PS) standards. Melting
temperature measurements were conducted using a WRS-1B melting
point apparatus. Chiral purity was assessed using a Chiral Gas
Chromatography (CGC) trace 1300 system. Thermodynamic
measurements were carried out using a DSC-Q100 instrument from
TA, USA, with all samples tested under a nitrogen flow rate of 50 mL/
min and calibration performed with standard indium metal.
Typical Polymerization Procedure. All procedures were carried

out in a glovebox, and all ampule bottoms and magnetic stirrers were
dried in a high-temperature oven. A representative polymerization
procedure is as follows: SALC6 powder (19 mg, 0.04 mmol), a
solution of BnOH in toluene (27 mg, containing 4 mg, 0.04 mmol
BnOH), the monomer (382 mg, 2 mmol), and 4 mL of toluene were
added to an ampule bottom equipped with a magnetic stirrer. The
ampule was placed in an oil bath at 100 °C. After 36 h, a portion of
the solution was withdrawn to determine the conversion of the
monomer by 1H NMR. The polymer was isolated by precipitating the
toluene solution into cold hexane, collecting the precipitate, and
drying it under vacuum at 40 °C for 24 h. Other polymerization
procedures were similar, except for differences in the feed ratio.

■ RESULTS AND DISCUSSION
Selection of Catalysts. The cleavage of asymmetric

diesters at different acyl-oxygen bonds results in the formation
of distinct polymer chain structures. Since the insertion of a
monomer influences the two adjacent repeating units, we
grouped three repeating units together to analyze the potential
chain structures, as illustrated in Table S2. We first attempted
the ROP of L-tBMG using Stannous octoate (Sn(Oct)2)
(Table 1, entry 1). Due to the lack of regioselectivity in
Sn(Oct)2, the arrangement of the two hydroxy acid units
within the polymer chain was random (Figure S4). This result
aligns with the ROP of rac-PDD monomers reported by Loos

Table 1. Polymerization Data of L-tBMG with Sn(Oct)2 and Nonmetal Catalysts
a

entry Cat [M]/[C]/[I] time (h) T (°C) Conv.b (%) Mn theo
c (kDa) Mn GPC

d (kDa) Đ chain regularitye (%)

1 Sn(Oct)2 100/1/1 2 120 90 16.7 12.3 1.36
2 TBD 100/1/1 12 −80 90 16.7 13.3 1.26 51
3 MTBD 100/1/1 12 25 67 12.4 6.9 1.08 57
4 MTBD 100/1/1 12 40 84 15.6 11.8 1.32 35
5 DBU 100/1/1 12 40 73 13.6 10.1 1.08 25
6 NHC 100/1/1 12 80 96 17.8 13.2 1.35 53
7f TBD 100/1/1 24 25 95 17.6 15.8 1.12 58
8f MTBD 100/1/1 24 25 52 9.6 8.9 1.09 70
9f DBU 100/1/1 24 25 55 10.2 9.2 1.11 33
10f P1 100/1/1 24 40 73 13.5 11.2 1.21 -
11f NHC 100/1/1 24 40 19 3.5 2.8 1.27 50

aAll polymerizations were carried out in 4 mL of toluene, [M] = 0.5 mol/L. bMeasured by 1H NMR. cCalculated from the equation molecular
weight of L-tBMG × [M]/[I] × conversion. dObtained by GPC in DMF against polystyrene standards. eCalculated from the equation chain
regularity = (1 − regiodefect) × 100%. The regiodefect was measured by HSQC and HMBC, calculated by q-13C NMR. fAdded an equivalent
amount of thiourea as a cocatalyst.
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and co-workers.48 An increase in the steric hindrance of the
substituent can lead to a change in the catalyst’s site of
initiation, thereby resulting in regio-selectivity.28,29,33,49 This
may explain why Sn(Oct)2 does not exhibit regioselectivity. To
achieve alternating copolymers with high regularity, we
introduced an organic base catalytic system for the ROP of
L-tBMG.
We then attempted to catalyze the ROP of L-tBMG using

various organic bases as catalysts (Figure 1a). The
regioselectivity of 1,5,7-triazabicyclo[4.4.0]dec-5-ene (TBD)
was 51%, while 7-methyl-1,5,7-triazabicyclo[4.4.0]dec-5-ene
(MTBD) increased this to 57% (Table 1 entries 2 and 3)
(Figure S5 and S6). The addition of a methyl group to the
catalyst resulted in a significant improvement in selectivity
compared to TBD. Therefore, increasing the steric hindrance
of the substituent group can further enhance the catalyst’s
regioselectivity. The symmetrical distribution of two mesityl
groups in the 1,3-dimesityl-1H-imidazol-3-ium-2-ide (NHC)
structure makes it a promising candidate as a catalyst.
Consequently, we attempted to use NHC to catalyze the
ROP of L-tBMG. As expected, NHC achieved 53% chain
regularity at a higher temperature (Table 1 entry 6) (Figure
S9), compared to approximately 35% for MTBD and 25% for
DBU (Figure S7 and S8).
We also observed that the selectivity of MTBD was 57% at

25 °C (Table 1 entry 3) (Figure S6) but decreased to 35%
when the temperature was raised to 40 °C (Figure S7) (Table

1 entry 4). This observation suggests that temperature plays a
significant role in influencing the regioselectivity of the catalyst
in ROP, with lower temperatures favoring selective catalysis for
MTBD.
Li et al. reported that a catalytic system composed of

pyridine and urea exhibits excellent control in the ROP of
lactones over a wide temperature range, attributed to the
synergistic effect of pyridine and urea during catalysis.50 When
we applied this catalytic system to the ROP of L-tBMG, we
observed that the catalytic systems of TBD, MTBD, and
thiourea achieved selectivities of 58% (Figure S10) and 70%
(Figure S11) after adding thiourea (Table 1 entries 2, 3, 7, and
8). Based on the study by Li and co-workers, we speculate that
the involvement of thiourea increases the crowding around the
catalytic active center (Figure 1b), making ROP of the ester
bond on the sterically hindered side more difficult and
enhancing selectivity. Despite achieving 70% chain regularity in
the ROP of L-tBMG by optimizing the catalyst structure,
polymerization temperature, and the interaction between the
catalyst and cocatalyst, we did not obtain the ideal alternating
copolymer structure of the two hydroxy acid units. Addition-
ally, the racemization issue inherent in using organic bases as
catalysts in ROP remains a drawback, preventing the formation
of a completely isotactic molecular chain structure and a clear
1H NMR spectrum.
To achieve an alternating copolymer structure of the two

hydroxy acid units, such as poly(L-LA-alt-L-tBGA) (where L-

Figure 1. (a) Structural formulas of catalysts in Table 1. (b) Possible mechanism for the ROP of L-tBMG catalyzed by TU/MTBD.

Table 2. Polymerization Data of L-tBMG by Complexesa

entry Cat [M]/[C]/[I] time (h) Conv.b (%) Mn theo
c (kDa) Mn GPC

d (kDa) Đ chain regularitye (%)

1 SALC1 100/1/1 72
2 SALC2 100/1/1 72
3 SALC3 100/1/1 72
4 SALC4 100/1/1 72 95 17.6 15.6 1.13 67
5 SALC5 100/1/1 72 92 17.1 15.3 1.12 70
6 SALC6 100/1/1 72 74 13.7 11.9 1.22 93f

7 SALC7R 100/1/1 72 56 10.4 10.5 1.15 88
8 SALC7S 100/1/1 72 71 13.2 11.0 1.20 70
9g SIFC1 100/1/1 72
10g SIFC2 100/1/1 72

aAll polymerizations were carried out in 4 mL of tol [M] = 0.5 mol/L, the reaction temperature was 100 °C. bMeasured by 1H NMR. cCalculated
from the equation molecular weight of L-tBMG × [M]/[I] × conversion. dObtained by GPC in DMF against polystyrene standards. eCalculated
from the equation chain regularity = (1 − regiodefect) × 100%. The regiodefect was determined by HSQC and HMBC, calculated by 1H NMR.
fCalculated by 1H NMR and q-13C NMR gCarried out in 2 mL of CHO solution [M] = 1 mol/L.
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LA is the lactic acid unit and L-tBGA is the substituted glycolic
acid unit), a highly regioselective catalyst is required. Metal
complexes, which offer the advantages of structural modifi-
ability and the avoidance of monomer racemization during
catalysis, have been used to catalyze the selective polymer-
ization of esters with remarkable success.29,49,51 Therefore, we
investigated the catalytic performance of a variety of classical
Schiff base complexes (Scheme 2) in the regioselective ROP of
L-tBMG.
Initially, we used SALC1 to catalyze the ROP of L-tBMG at

100 °C. However, after 72 h, there was virtually no monomer
conversion (Table 2 entry 1). Based on our previous research,
we speculate that this may be due to the low activity of Schiff
base complexes with this structure.47 Consequently, we
switched to using SALC2 and SALC3 as catalysts, which
possess imine structures derived from propylene diamine and
2,2-dimethylpropane diamine. However, even after 72 h of
polymerization at 100 °C, there was still virtually no
conversion (Table 2 entries 2 and 3). This could be attributed
to the strong steric hindrance of the tert-butyl group, which
makes it difficult for the metal active center to coordinate with
the ester during polymerization.
To verify this hypothesis, we tested SALC4 and SALC5,

which have not stereo steric volume hindrance. After 72 h of
polymerization at 100 °C, the conversion of the monomer was
94.7 and 92.1%, respectively (Table 2 entries 4 and 5). As
shown in the Figure 2a, the ROP of L-tBMG catalyzed by
SALC4 and SALC5 follows first-order kinetics, exhibiting the
highest catalytic rates among all the Schiff base catalysts we
tested(k4,app = 0.029 h−1, k5,app = 0.032 h−1).These results
indicate that the imine structures derived from propylene
diamine and 2,2-dimethylpropane diamine can ensure
sufficient ROP activity for Schiff base aluminum complexes,
while the inability of SALC2 and SALC3 to catalyze ROP is
due to the excessive steric hindrance of the tert-butyl group.
Although SALC4 and SALC5 already exhibited high activity,

the chain regularity of the resulting polymers was not ideal,
with a maximum of only 70% (Figure S16) (Table 2 entry 5).
To obtain polymers with higher chain regularity, we attempt to

increase the crowding around the metal active centers of the
catalysts. However, the results using SALC2 and SALC3 as
catalyst indicate that the tert-butyl substituents are too bulky to
achieve effective ROP. Considering that electron-withdrawing
groups on the benzene ring can enhance the catalytic activity
of the metal center,47 and that bulky groups on the benzene
ring can improve the regio-selectivity of ROP for Schiff base
complexes, we introduced chlorine atoms as substituents to
increase the steric hindrance at the metal active center without
losing catalytic activity. SALC6 was then used to catalyze the
polymerization of L-tBMG at 100 °C. After 72 h, the
conversion of monomer was 73.5% (Table 2 entry 6).
Remarkably, the polymer chain regularity achieved with the
SALC6 complex reached 93% (Figure S17, Figure 6e),
resulting in almost completely alternating polymer structures.

Figure 2. (a) ROP of L-tBMG with SALC4−7R profiles of ln([C]0/[C]t) vs time. SALC4−7R-catalyzed ROP of L-tBMG at [L-tBMG]/[BnOH]/
[SALC] = 100:1:1 at 100 °C. (b) ROP of iPMG, iBMG, L-tBMG, PhMG, and BnMG with SALC6 profiles of ln([C]0/[C]t) vs time. SALC6-
catalyzed ROP of asymmetric diesters at [M]/[BnOH]/[SALC6] = 100:1:1 at 100 °C.

Figure 3. ROP of L-tBMG with SALC7S,7R profiles of ln([C]0/[C]t)
vs time. SALC7S,7R-catalyzed ROP of L-tBMG at [L-tBMG]/
[BnOH]/[SALC] = 100:1:1 at 100 °C.
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Coates and co-workers suggested that for Schiff base
aluminum catalysts with a bridging moiety in the ligand
structure of a binaphthalene group, the configuration of this
bridge influences the chiral selectivity of the metal center.
Specifically, when the bridging part is in the R configuration,
the metal center preferentially coordinates with the D chiral
center of the asymmetric diester, whereas in the S
configuration, it favors coordination with the L chirality of
the diester. Considering the proposed mechanism of
regioselective ROP through chiral mismatch by Coates and
co-workers,29 we designed enantiomerically pure complexes
with a binaphthyl framework, SALC7R, SALC7S (Scheme 2).
The SALC7R, SALC7S was used to catalyze the polymerization
of L-tBMG at 100 °C. After 72 h, the conversion of the
monomer was 56% and 71%, respectively, respectively (Table
2 entries 7 and 8). However, the polymer catalyzed by SALC7R
exhibited chain regularity of up to 88% (Figure S18) (Table 2
entry 7), consistent with Coates’ study. Therefore, we
speculate that our experimental results follow a similar
mechanism to Coates’ study. As shown in Figure 4, when
using SALC7R to catalyze L-tBMG, the mismatch of chiral sites
makes it difficult for SALC7R to coordinate effectively with L-
tBMG. Additionally, the large size of the tert-butyl group of L-
tBMG makes it more challenging for SALC7R to continue
coordinating from the tert-butyl side under the premise of
chiral mismatch. In contrast, when using SALC7S to catalyze L-
tBMG, there is no chiral mismatch, and the tert-butyl group of
L-tBMG is not sufficient to prevent the catalyst from
coordinating from the tert-butyl side. Therefore, under the
influence of these dual factors, SALC7R exhibits better
selectivity for L-tBMG than SALC7S. To test this hypothesis,
we obtained kinetic plots for SALC7R and SALC7S by 1H

NMR. As shown in the Figure 3, the ROP of L-tBMG catalyzed
by SALC7R and SALC7S follows first-order kinetics. Kinetic
constants k7R,app (0.015 h−1) is lower than k7S,app (0.020 h−1),
indicating that the mismatch of chiral sites limit the
coordination of SALC7R with L-tBMG and the large tert-butyl
group further limit the coordination of SALC7R and L-tBMG,
thereby affecting catalyst activity. These findings support our
hypothesis that high regioselectivity for the ROP of L-tBMG
can be achieved through a chiral mismatch mechanism.
The above experimental results demonstrate that increasing

steric hindrance at the catalytic active center and utilizing
chiral mismatch can both achieve the desired regioselective
ROP (Table 2 entries 6 and 7). Simultaneously, as shown in
the kinetic experiments (Figure 2 and Figure 3), the ROP of L-
tBMG catalyzed by SALC6 and SALC7R follows first-order
kinetics, with both catalysts exhibiting similar activities(k6,app =
0.016 h−1, k7R,app = 0.015 h−1).
Since SALC6 only triggers 70 monomers to participate in

chain growth, this is not conducive for us to continue to
explore other properties (e.g., mechanical properties) of the
polymer in depth. We attempted to synthesize SALC8,
intending to utilize the strong electron-withdrawal effect of
the Br atom to further enhance the activity of the catalyst. But
the polymerization involving SALC8 still yields polymers with
a molecular chain regularity of about 92% (Figure S52, 53).
Unfortunately, due to the large size of the Br atom, this catalyst
can only catalyze 50 monomers for chain growth (Table S4).
Because of the special chiral mismatch mechanism of SALC7,
we wanted to know whether the polymerization system
composed of monomers with different rotational strengths
and the catalyst could result in a polymer structure with
regionally regular but chiral blocks. Unfortunately, The

Figure 4. Ring-opening site determination. Circles represent which side of A or B is more dominant in ROP.
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experimental results (Table S4) showed that no regular chain

structure could be achieved in either reaction cast combination

(L-tBMG with rac-SALC7, rac-tBMG with SALC7R, rac-tBMG

with SALC7S). Effective peak attribution could not be

performed based on the 1H NMR spectra (Figures S49−S51).

Considering the stringent catalytic conditions required for
Schiff base aluminum complexes, we attempted to use Schiff
base iron complexes (SIFC) to catalyze the ROP of L-tBMG.
We synthesized SIFC1 and SIFC2 and catalyzed the
polymerization of L-tBMG at 100 °C for 24 h (Table 2 entries
9 and 10). Due to the strong Lewis acidity of SIFC,43 we could

Figure 5. (a) Structural formulas of asymmetric diesters. (b) Relationship of the ring-opening site with substituent groups.

Table 3. Polymerization of Asymmetric Diesters with SALC6a

entry monomer [M]/[C]/[I] time (h) T (°C) Conv.b (%) Mn theo
c (kDa) Mn GPC

d (kDa) Đ

1 iPMG 100/1/1 72 100 94 16.1 16.9 1.12
2 iBMG 100/1/1 72 100 91 16.9 11.9 1.35
3 PhMG 100/1/1 72 100 90 18.4 17.2 1.32
4 BnMG 100/1/1 72 100 92 20.1 19.1 1.40

aAll polymerizations were carried out in 4 mL of toluene, [M] = 0.5 mol/L. bMeasured by 1H NMR. cCalculated from the equation molecular
weight of monomer × [M]/[I] × conversion. dObtained by GPC in DMF against polystyrene standards.

Scheme 3. Repulsion between the Chain End and the Monomers
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only use oxidized cyclohexene as the solvent and initiator. But,
the tert-butyl substituents are too bulky to achieve effective
ROP.
Given the outstanding regioselectivity in the polymerization

of L-tBMG using SALC6 as a catalyst, we sought to further
investigate the mechanism of this catalyst in the regioselective
polymerization of asymmetric diester. We attempted to use
SALC6 to catalyze the ROP of iPMG, iBMG, PhMG, and
BnMG (Figure 5a). As shown in Table 3, SALC6 did not
exhibit ideal regioselectivity in the polymerization of these four
monomers with different structure (Figures S20−S27).
We speculate that the regioselectivity of SALC6 is achieved

through the stereo steric volume repulsion between its chlorine
atom and the tert-butyl group of L-tBMG (Figure 5b). Due to
the relatively large atomic radius of the chlorine atom and the
significant volume of the tert-butyl substituent, the coordina-
tion of the carbonyl group on the tert-butyl side with the metal
active center is more challenging compared to the carbonyl
group on the methyl side, allowing only the ester bond on the
methyl side to be activated. As chain growth proceeds (Scheme
3), the initiating active species gradually increase in size,
growing from Bn−O-Al to macromolecule−O-Al. This leads to
a more crowded active center, favoring the ring-opening of the

ester group on the methyl side of the monomer. When the
chain reaches a certain length, the active species grow from
macromolecule−O-Al to polymer−O-Al. Due to the coiling of
the polymer chains, the space around the active center
becomes further compressed, which further restricts the ring-
opening polymerization of the monomer on the tert-butyl side.
Additionally, the electron-withdrawing effect of the chlorine
atom ensures considerable activity, ultimately achieving highly
efficient regioselective ROP.
When the steric volume of the substituent changes slightly,

the volume repulsion may be insufficient to maintain the
exclusive coordination of the carbonyl group on the methyl
side with the metal active center. As shown in the Figure 5b,
Isopropyl, isobutyl, phenyl, and benzyl groups can rotate
through the C−C bond to obtain a suitable conformation,
allowing the carbonyl group on the bulky substituent side to
coordinate with the metal active center. However, due to
differences in the rotatable angles of the carbon−carbon bonds
in different substituents, the probability of forming a
conformation suitable for ROP on the bulky substituent side
varies. For example, in iPMG, the β carbon atom has two
methyl groups, while in iBMG, the γ carbon atom has two
methyl groups. The two methyl groups in iBMG are farther

Figure 6. NMR spectra used for the chain regularity calculation. (a) Ideal structure of the polymer. (b) Polymer structure with regioselective defect.
(c) HSQC and (d) HMBC spectra showing the methylene and carbonyl regions. (e) 1H NMR spectrum of the methylene region.
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from the carbonyl group, providing more space for rotation,
leading to a higher probability of forming a conformation
suitable for ROP on the bulky substituent side than in iPMG.
Similarly, PhMG has a phenyl group on the α-carbon atom,
while BnMG has a phenyl group on the β-carbon atom. The
phenyl group in BnMG is farther from the carbonyl group,
offering more rotational space, which increases the likelihood
of forming a conformation suitable for ROP on the bulky
substituent side compared to PhMG. However, the β-carbon
atom of L-tBMG is substituted by three methyl groups, making
it almost impossible to achieve a conformation favorable for
ROP on the bulky substituent side through free rotation of the
C−C bond. We verified this hypothesis through kinetic
experiments. As shown in the Figure 2b, the ROP of the five
asymmetric esters catalyzed by SALC6 follow first-order
kinetics. Additionally, the variation in the order kinetic
constant aligns with our conformational analysis for different
asymmetric diesters (kiP,app(0.052 h−1)< kiB,app(0.055 h−1),
kPh,app(0.062 h−1)<kBn,app(0.072 h−1), ktB,app = 0.016 h−1).
Meanwhile, according to Table S3, the melting point

differences between different components of the other four
asymmetric cross esters are too small to satisfy the technical
requirements for melt crystallization. Therefore, we do not
have a suitable method to obtain monomers with high optical
purity to further discuss the ROP of the other diesters
catalyzed by SALC7R.This part of the work still needs to be
further investigated in the next work.
Characterization of the Molecular Chain Structure.

To better understand the sequence structure of the polymer
and quantitatively determine the chain regularity, we employed
a combination of H nuclear magnetic resonance (1H NMR),
quantitative nuclear magnetic resonance carbon spectroscopy
(q-13C NMR), heteronuclear singular quantum correlation
(HSQC), and heteronuclear multiple bond correlation
(HMBC) to analyze the polymer chain structure in detail.
HSQC provides coupling information for carbon atoms
directly bonded to hydrogen atoms, while HMBC provides
coupling information for carbon atoms within three single
bonds of hydrogen atoms.
As shown in Figure 6c, the quartet at 5.20 ppm and the

singlet at 4.76 ppm correspond to two carbon atoms directly
bonded at 69.00 and 80.00 ppm, respectively. We define the

hydrogen atom at 5.20 ppm as HL (i.e., C−H from the lactic
acid unit) and the hydrogen atom at 4.76 ppm as HB (i.e., C−
H from 2-tert-butylglycolic acid). We designate the carbon
atom at 166.93 ppm as CB (i.e., the carbonyl carbon from 2-
tert-butylglycolic acid) and the carbon atom at 168.73 ppm as
CL (i.e., the carbonyl carbon from lactic acid).
If we assume the polymer chain is a perfectly alternating

sequence, then each HL in the HMBC coupling range will
couple with one CB and one CL, and each HB will also couple
with one CB and one CL (Figure 6a). If there are defects in the
molecular chain, HL will couple with two CL, and HB will
couple with two CB (Figure 6b). Thus, using the HMBC
spectrum, we can identify peaks corresponding to regio defects
(Figure 6d). In the HMBC spectrum, the red contour in the
center of the plot represents the coupling of hydrogen and
carbon atoms at the corresponding horizontal and vertical
coordinates. According to Figure 6d, peaks at 4.69 and 4.79
ppm correspond to the HB which couple with two CB,
indicating there are regio-defect peaks. Similarly, peaks at 5.16
and 5.25 ppm correspond to the HL coupling with two CL, also
identifying them as regio-defect peaks. The peak at 4.76 ppm is
formed by L-tBMG after the polymer chain is inserted by
breaking on the acyl-oxygen bond side of the lactate unit. Since
the optical purity of L-tBMG is 99.11%, the small peak around
4.76 ppm is formed by tBMG with different optical rotations
after the polymer chain is inserted by breaking on the acyl-
oxygen bond side of the lactate unit.
Due to the overlap of the quartet at 5.20 ppm, we chose to

integrate the clearer singlet at 4.76 ppm. Based on the
integration area ratio, the chain regularity was determined to
be 93% (Figure 6e). We also determined the integral intensity
of the carbonyl carbon using q-13C NMR. The ratio of the
integral intensities (Figure S17) indicates a molecular chain
regularity of 94%. Considering potential errors, the results
obtained using both q-13C NMR and 1H NMR are reliable.
Thermal Properties of Copolymers. To examine the

effect of molecular chain regularity on the thermal properties
of the copolymers, we analyzed the thermal properties using
differential scanning calorimetry (DSC) (Figure 7a). The Tg of
the atactic PtBMG (12.3 kg/mol, Đ = 1.36) synthesized using
Sn(Oct)2 as the catalyst and benzyl alcohol as the initiator at
180 °C showed a Tg at 65 °C. The Tg of the isotactic PtBMG

Figure 7. (a) Differential scanning calorimetry (DSC) curves of poly(random-S,S-tBMG), poly(isotactic-S,S-tBMG), and mixture of poly(isotactic-
S,S-tBMG) with poly(isotactic-R,R-tBMG). (b) Isothermal crystallization curves of poly(isotactic-S,S-tBMG) under different temperatures.
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(11.9 kg/mol, Đ = 1.22) prepared using the SALC6 as the
catalyst and BnOH as the initiator at 100 °C, was 70 °C. This
suggests that the Tg of these polymers can increase with greater
molecular chain regularity when the molecular weights are
similar.28,33,49 Studies have shown that as the molecular chain
regularity increases, some polymers can transition from
amorphous to crystalline. For example, Wu et al. obtained
polymers with regular molecular chains by catalyzing the ROP
of MPDD with TMP-Zn, exhibiting crystallinity distinct from
atactic polymers, with two melting points, 129.3 and 152.4
°C.28 We conducted isothermal crystallization experiments on
the polymers using DSC at five different crystallization
temperatures (Figure 7b). Unfortunately, even with a
molecular chain regularity of 93%, The copolymer still
exhibited no melting point. This result contrasts with Wu et
al.’s and Coates et al.’s, Arakawa et al.’s study.29,52 Considering
that this result might be caused by too short isothermal
crystallization time, we tried to perform longer isothermal
crystallization experiments. Unfortunately, the polymers
remained amorphous (Figure 7,Figure S55) after a longer
isothermal crystallization experiments. Considering that the
blending of polymers of opposite chirality might be able to
form cubic complex crystals, we polymerized to obtain
Poly(R,R-tBMG) (chain regularity = 0.93, 12.1 kg/mol, Đ =
1.25, Table S4, Figure S54). The experimental results shown in
Figure 7 indicate that the blends of the polymers of opposite
chirality are still amorphous, although there is a large increase
in T3 compared to T1 and T2 during the first warming process,
which suggests that perhaps this regular polymer is capable of
crystallization, only that this condition needs to be further
explored.

■ CONCLUSIONS
In this study, we investigated the catalytic performance of
various Schiff base complexes in the regioselective ROP of L-
tBMG and developed a new application for Schiff base
aluminum complexes in the regioselective polymerization of
asymmetric diesters. Our findings demonstrate that effective
regioselective ROP can be achieved by rationally adjusting the
structure of the Schiff base-aluminum complex. This selectivity
can be realized through two mechanisms: one relying on the
steric repulsion between the substituents of the SALC and the
monomer, and the other on the chiral mismatch between the
asymmetric diester and the bridged moiety of the catalyst.
Furthermore, we found that changes in the substituent

volume of the monomer can induce conformational variations
through C−C rotation, affecting the probability of coordina-
tion of the Schiff base aluminum on both sides of the
asymmetric diester. This sensitivity to monomer substituent
volume makes the first mechanism particularly responsive to
such changes. In the present work, we synthesized nearly
perfectly alternating copolymers of L-tBGA and LA, with chain
regularity values reaching up to 0.93, utilizing steric repulsion
between Schiff base aluminum and L-tBMG. DSC experiments
revealed that the thermal properties of the copolyesters can be
modulated by the sequence structure of the two monomer
units. The random 1:1 copolymer of L-tBGA and LA exhibited
a Tg of 65 °C, while the copolymer with a chain regularity
value of 0.93 had a Tg of 70 °C.
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