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ABSTRACT: We report the synthesis of alternating poly(lactic-co-glycolic acid) via a regioselective ring-opening polymerization of
(S)-methyl glycolide. An enantiopure aluminum salen catalyst with binaphthyl backbone facilitates the regioselective ring-opening of
this unsymmetrical cyclic diester exclusively at the glycolide acyl—oxygen bond site. This living, chain-growth polymerization is able
to reach low dispersities with tailored molecular weights. Quantitative regioselectivity calculations and sequence error analysis have
been established for this sequence-controlled polymer.

olymer sequence control—the precise arrangement of assembled into micelles, the sequenced structure can further
monomer units in a macromolecule—is an important affect the solubility, hydrophilicity, and gel point, offering
technique for tuning copolymer properties, as well as another approach to tune the gelation properties and drug
developing functional materials.'~* Among synthetic biomate- delivery performance.
rials, the random copolymer poly(lactic-co-glycolic acid) PLGA is synthesized by the ring-opening polymerization

(PLGA) has garnered significant interest due to its nontoxic (ROP) of LA and GA, yielding a random copolymer (Figure 1,
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variety of applications, including sustained or targeted drug w \o /),
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bioabsorbable sutures.””® The conventional copolymerization Random Alternating
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variant because this material exhibits distinct degradation Ll c0o oo S

properties compared with other microstructures in terms of e e

hydrolysis rates, bulk morphology, and thermal behavior. The

Meyer group has demonstrated that, with the same LA/GA Figure 1. Common routes to synthesize random (left) and alternating

composition, higher quantities of G-G linkages (G = glycolic (right) PLGA.
unit) result in faster degradation rates, as they are more
susceptible to hydrolysis than L-G or L-L linkages (L = lactic
unit).'? Alternating PLGA, which bears no G-G or L-L
linkages, undergoes slow hydrolysis with linear degradation
rates and a sustained drug release profile relative to random
PLGA 50/50.'"'* Additionally, the alternating material
minimizes sudden local pH changes and in vivo inflammatory
response associated with acid release."” During the degradation
of alternating PLGA, the morphology is preserved over a long
period of time, without significant swelling or erosion, and its
glass transition temperature ( Tg) remains largely unchanged.'*
This linkage-dependent hydrolytic behavior is also observed
for other PLGA derivatives and polyesters."”"*~"" Block
copolymers with alternating PLGA segments also present
special properties suitable for thermosensitive hydrogels,
controlled drug release, and lithography.'®™*° When self-

bottom left).”"** An alternative method is step-growth segmer

assembly polymerization (SAP), which produces PLGA with a
repeating sequence that depends on the preformed oligomer
used.”® Although this direct polycondensation is reliable for
producing high-fidelity alternating PLGA, the SAP method
does not allow for molecular weight control, with dispersities
(D) ranging from 1.3 to 2 (Figure 1, top right). ROP of 3-
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methyl glycolide (MeG) has also been used to prepare
alternating PLGA, with varying degrees of sequence fidel-
ity.”*7>° In this work, we have been able to achieve a 98%
regioselectivity with (S)-MeG (Figure 1, bottom right).
Previous studies on the random copolymerization of GA and
LA revealed that the rate of GA incorporation is 10 times that
of LA, which is attributed to the steric effect of the methyl
substitution.”” The MeG monomer contains an LA acyl—O
bond site (A, Scheme 1) and a GA acyl-O bond site (B,

Scheme 1. Stereo- and Regioselective Ring-Opening
Polymerization Using (SalBinam)AIOR

R)
_LRM-OMe ‘gz
0 + MeO o e}
“kcks = 201 :§> © ék &>
isotactic
o o I
R
iPro (R) OJ%QO ML

n =N""N=
syndiotactic d ‘/-\i
oo
OR

(R)-(SalBinam)AIOR

previous work
Spassky, et al. (1996)

c®

Ovitt, et al (1999)

_/(\i

meso-LA

O+O
(R)}

rac-LA

LRM-OPr
kg >> ks

this work LRM-O/Pr, kg >> ky

/ high regioselectivity \.

A\ 0

o 3:0 o
:S§> <5 iPro JS/
(S)-MeG ™\ LSM-O'Pr, kg > ks e

moderate regioselectivity

RIS catalysts

A: chirality control function differently

B: steric control

Chirality mismatch
favors high regioselectivity

Scheme 1). The ring-opening of MeG intrinsically favors the
less hindered GA site, with a reported 84:16 ratio.”"*’
Hillmyer and Vert have reported that ROP of other

unsymmetrical cyclic diester monomers proceeds with similar
regioselectivity induced by ring-opening at the less hindered
site.”"*° However, near-complete regioselectivity has been
achieved in only a few cases using special conditions or
monomers with strong steric or electronic bias.”**"** For
example, the Satoh group recently developed a phosphazene
base-catalyzed ROP of enantiopure MeG with 95% regiose-
lectivity at —78 °C due to the kinetically favored ring-opening
at the more electrophilic LA acyl-O site. However, this
electronic approach alone was unable to afford this level of
regioselectivity at higher monomer loading or at ambient
temperature.26

Inspired by previous work on stereoselective lactide ring-
opening, we have developed a completely regioselective MeG
polymerization catalyzed by (SalBinam)AIOR (SalBinam
N,N'-bis(salicylidene)-1,1’-binaphthyl-2,2’-diamine) (Scheme
1). This catalyst is also reactive for lactide copolymerization
with lactones or cyclic carbonates.””™*° Spassky and Ovitt
reported that (R)-(SalBinam)AIOR preferentially promotes
ROP at the carbonyl next to an (R)-Me substituent in either
rac- or meso-LA. The relative ROP rates are in the order of (S)-
MeG > (R,R)-LA > meso-LA > (S,S)-LA.>°~*° We inferred that
(R)-(SalBinam)AIOR blocks nucleophilic attack at the
chirality-mismatched (S)-LA carbonyl of rac-LA or meso-
LA.* On the basis of this chirality mismatch, we hypothesized
that (R)-(SalBinam)AIOPr would further discourage ring-
opening at the (S)-LA site of (S)-MeG (Scheme 1). Thus, we
theorized that dual steric and chirality control might
significantly favor ring-opening at the GA site. Herein, we
report the synthesis of alternating PLGA with 98%
regioselectivity, high efficiency, tailored molecular weight,
and low dispersity.

Table 1. Optimization of Reaction Conditions

03: initiator 2 o
(0] (o] —_— o) (S) 0
&N—0

Zn[OAI(O"Bu),l,; 1 (R)-(SalBinam)AIO'Pr; (R)-2

M, (kDa)
entry initiator solvent [MeG]y:[init.], (M:I)*  temp (°C)  time (h) conv (%)”  theor ~GPC® P (M,/M,) regioselectivity (%)”
14 1 toluene 131:1 90 4.5 >99 8.5 8.3 1.44 84
2 (R)-2 toluene 100:1 70 19 98 12.8 14.2 1.59 95
3 (R)2  toluene 100:1 50 17 80 104 101 130 96
4 (R)2  toluene 100:1 35 21 72 94 130 1.13 97
N rac-2 toluene 100:1 35 40 >99 13.0 12.6 1.20 89
6 (8)2 toluene 100:1 38 40 >99 130 138 127 84
7 (R)-2 toluene 40:1 35 17 98 S.1 7.1 1.18 96
8 (R)-2 toluene 10:1 35 12 >99 1.3 2.0 1.29 90
9 (R)-2 CDCl, 100:1 S0 21 97 12.7 13.6 1.18 94
10 (R)-2 THEF 100:1 S0 20 95 12.4 12.1 1.11 96
11 (R)-2  DCM 100:1 35 21 94 122 158 1.06 98
12 (52  DCM 100:1 35 19 97 126 169 112 78
13 (R)-2  DCM 200:1° 40 48 93 243 254 1.06 98
14 (R)-2 DCE 400:7 80 48 73 37.9 40.0 1.09 96
15 (R)2  DCM 40:1 2 21 99 5.1 9.0 1.05 98
16 (R)-2 DCM 10:1 22 12 >99 1.3 2.1 1.10 98
“[MeG]J, = 0.5 M. ®Determined by 'H NMR analysis. “Determined by GPC. “Data from ref 25. °[MeGJ, = 1.0 M. /[MeG], = 1.5 M.
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Complex 1 (Table 1) exhibits a regioselectivity of 84% when
applied for the ROP of MeG, with baseline monomer-oriented
steric control.”> Following the standard conditions for lactide
polymerization reported previously, we examined (S)-MeG
ROP at 70 °C in toluene with (R)-2. The dispersity was
unexpectedly high, indicating significant transesterification or
reversibility. Lowering the temperature to 35 °C helped narrow
the dispersity and increase the regioselectivity to 97% (Table 1,
entries 2—4). When enantiomeric (S)-2 was used, the
regioselectivity dropped from 97% to 84%. As expected, the
regioselectivity with rac-2 ranked in between those of its
enantiopure counterparts, indicating that while steric prefer-
ence remained, the catalyst chirality was crucial for enhanced
regioselectivity through chirality control (Table 1, entries 4—
6). In order to access materials with a wide range of molecular
weights, we investigated different ratios of monomer to
initiator (M:I). At a low monomer loading, transesterification
started to dominate, leading to a high dispersity and low
regioselectivity (Table 1, entries 4, 7, and 8).

Polymerizations performed in toluene showed dispersities
between 1.1 and 1.3 and limited conversion, likely due to low
solubility of the monomer and polymer. Preheating the
reaction ensured complete dissolution of monomer at the
start of the reaction period, producing PLGA with a slightly
lower dispersity. To improve polymer solubility and reduce
transesterification at low monomer loading, we screened
several solvents with good solubility. CDCI; exhibited nearly
full conversion but lower regioselectivity, likely due to its slight
acidity, which can facilitate side reactions. THF also produced
high conversion, while other results were similar to those of
reactions performed in toluene. DCM was determined to be
the optimal solvent, considering solubility, conversion,
dispersity, and regioselectivity (Table 1, entries 4, 9—11).
Reaction with (S)-2 under the optimal conditions exhibited a
reasonably low regioselectivity (Table 1, entry 12). In addition,
a higher molecular weight polymer could easily be reached at a
prolonged reaction time. Using DCM as solvent also
eliminated transesterification at low monomer loading,
affording a 98% regioselectivity and D as low as 1.05 (Table
1, entries 13—16).

With the possible variations investigated, we sought to
design and synthesize a series of polymers with different
regioselectivities for future degradation study. At a lower
regioselectivity, there are more G-G linkages in the polymer
chain, which is expected to have a faster degradation rate.
Figure 2 shows a stacking of polymer '"H NMR spectra on
methine (5 = 5.2—5.3 ppm) and methylene (5 = 4.6—4.9 ppm)
regions, the regioselectivities of which range from 98% to 849%,
in accordance with the reaction conditions in Table 1. At M:I
100:1, the chain end peaks are almost negligible in the
spectra; the minor peaks are therefore assigned to regiodefects.
Thus, we could see a clear and gradual increase of regiodefect
peaks near the methine quartets and methylene doublets.

Effective sequence error determination, in this case
regioselectivity calculation, is a crucial topic for sequence
control. Previous studies on ROP of unsymmetrical cyclic
diesters reported regioselectivities mostly qualitatively or by
end group ratio.”**>”"** In fact, the polymer end group ratio
does not necessarily represent the actual regioselectivity of the
polymerization, as the two types of chain ends from normal
insertion and inverted insertion have different propagation
rates. Another calculation method was based on the '"H NMR
decoupled methine region, but overlapping peaks impeded

4121

pubs.acs.org/JACS
a) ’ ‘
| " \\ o
h H ‘ | ‘ regioselectivity = 98%
U “\ J “\M JJ‘\ /‘ ‘\

i regioselectivity = 94%

| || regioselectivity = 89%

| regioselectivity = 84%

540 530 520 510 500 4.90 480 470 4.60 4.40

5 (ppm)

4.50

Figure 2. Stacked 'H NMR spectra of PLGA with different
regioselectivities (M:I = 100:1): (a) Table 1, entry 11; (b) Table 1,
entry 9; (c) Table 1, entry S; and (d) Table 1, entry 6.

precise integration, especially at near-perfect regioselectivities.
We developed a quantitative method based on integrations of
accumulative repeating units using the most sensitive 'H NMR
methylene region. The heteronuclear single quantum coher-
ence (HSQC) spectrum (Figure 3a, top) shows three sets of
minor CH, doublets resulting from one regiodefect
(GLLGGL). Among these three minor CH, groups, one is
directly derived from the inverted insertion (GLLGGL), while
the other two are adjacent to the regiodefect under normal
insertion (GLLGGL and GLLGGL). From the sequence
structure, only the actual regiodefect CH, group (GLLGGL)
would not have a three-bond correlation with an L carbonyl in
the heteronuclear multiple bond correlation (HMBC)
spectrum (Figure 3a, bottom). Based on this, we could assign
all three sets of minor CH, groups to the sequence in Figure
3b. Notably, half of this regiodefect CH, group (GLLGGL) (&
= 4.80—4.85 ppm) can be integrated separately without any
overlap, while the other half (§ = 4.71-4.76 ppm) is
overlapped and split due to the influence of an adjacent
regiodefect in a row. Hence, precise NMR integration on half
of the regiodefect CH, group (6 = 4.80—4.85 ppm) and the
overall CH, group (6 = 4.50—4.92 ppm) allows us to
accurately and reproducibly calculate the regioselectivity
representative of the whole polymer (Figure 3b).

The previous hypothesis is that ring-opening occurs
preferentially at the less hindered GA site under steric control
and is disfavored at the (S)-LA site with a mismatched catalyst
under chirality control. In order to prove this idea, we
conducted a [MeG],:[Initiator], = 1:1 experiment and
investigated the initial ring-opened adducts. The ratio of the
resulting lactyl and glycolyl chain ends was used as an
indication of regioselectivity. As a control experiment, PrOH
was used to open (S)-MeG, generating products in a 60:40
ratio (lactyl:glycolyl chain ends; Scheme 2a). Using (R)-2, the
lactyl-terminated product was formed in a 97% yield, indicating
that nucleophilic attack occurred almost exclusively at the less
hindered GA acyl—O bond site (Scheme 2b). As mentioned
previously, (R)-2 preferentially promotes ring-opening at the
(R)-LA site. When using (S)-MeG, a chirality mismatch with
(R)-2 prevents the opening at the (S)-LA site, further
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Figure 3. NMR spectra used for the regioselectivity calculation. (a)
HSQC (top) and HMBC (bottom) spectra showing the methylene
and carbonyl regions. (b) 'H NMR spectrum of the methylene region.

improving regioselectivity. Moreover, the polymer NMR also
displays exclusively lactyl chain ends. These results suggest that
the ROP of (S)-MeG undergoes a site-controlled coordina-
tion—insertion mechanism, with near-exclusive ring-opening at
the GA acyl—O bond site.

In conclusion, we have developed a chirality-directed
regioselective approach for the sequence-controlled synthesis
of PLGA. This process produces alternating PLGA under living
chain growth conditions. Quantitative regioselectivity deter-
mination has been established for a precise sequence error
determination. A degradation study on polymers with varied
regioselectivities is currently in progress. The effect of
sequence on polymer hydrolysis behavior, together with
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Scheme 2. Ring-Opening Site Determination
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kinetic and mechanistic studies, will be explored in depth in
a future report.

Bl ASSOCIATED CONTENT

@ Supporting Information
The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/jacs.1c00248.

Experimental procedures, material characterization, and
spectral data (PDF)

B AUTHOR INFORMATION

Corresponding Authors

Geoffrey W. Coates — Department of Chemistry and
Chemical Biology, Baker Laboratory, Cornell University,
Ithaca, New York 14853-1301, United States; © orcid.org/
0000-0002-3400-2552; Email: coates@cornell.edu

Tara Y. Meyer — Department of Chemistry, University of
Pittsburgh, Pittsburgh, Pennsylvania 15260-8929, United
States; ® orcid.org/0000-0002-9810-454X;
Email: tara.meyer@pitt.edu

Authors

Yiye Lu — Department of Chemistry and Chemical Biology,
Baker Laboratory, Cornell University, Ithaca, New York
14853-1301, United States; © orcid.org/0000-0002-6702-
1258

Jordan H. Swisher — Department of Chemistry, University of
Pittsburgh, Pittsburgh, Pennsylvania 15260-8929, United
States

Complete contact information is available at:
https://pubs.acs.org/10.1021/jacs.1c00248

Notes
The authors declare no competing financial interest.

B ACKNOWLEDGMENTS

This research was supported by the Center for Sustainable
Polymers, a National Science Foundation (NSF) Center for
Chemical Innovation (CHE-1901635), and Cornell University.
The authors also acknowledge the NSF for financial support
under the award CHE-1709144. This work made use of the
NMR Facility at Cornell University, which is supported, in

https://dx.doi.org/10.1021/jacs.1c00248
J. Am. Chem. Soc. 2021, 143, 41194124


https://pubs.acs.org/doi/10.1021/jacs.1c00248?goto=supporting-info
http://pubs.acs.org/doi/suppl/10.1021/jacs.1c00248/suppl_file/ja1c00248_si_001.pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Geoffrey+W.+Coates"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
http://orcid.org/0000-0002-3400-2552
http://orcid.org/0000-0002-3400-2552
mailto:coates@cornell.edu
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Tara+Y.+Meyer"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
http://orcid.org/0000-0002-9810-454X
mailto:tara.meyer@pitt.edu
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Yiye+Lu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
http://orcid.org/0000-0002-6702-1258
http://orcid.org/0000-0002-6702-1258
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jordan+H.+Swisher"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.1c00248?ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.1c00248?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.1c00248?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.1c00248?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.1c00248?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.1c00248?fig=sch2&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.1c00248?fig=sch2&ref=pdf
pubs.acs.org/JACS?ref=pdf
https://dx.doi.org/10.1021/jacs.1c00248?ref=pdf

Journal of the American Chemical Society

Communication

pubs.acs.org/JACS

part, by the NSF under the award CHE-1531632. We thank
Dr. Ivan Keresztes for assistance with NMR analysis.

B REFERENCES

(1) Lutz, J. F.; Ouchi, M,; Liu, D. R,; Sawamoto, M. Sequence-
controlled polymers. Science 2013, 341, 1238149.

(2) Badi, N; Lutz, J. F. Sequence control in polymer synthesis.
Chem. Soc. Rev. 2009, 38, 3383—3390.

(3) Matyjaszewski, K. Architecturally Complex Polymers with
Controlled Heterogeneity. Science 2011, 333, 1104—110S.

(4) Swisher, J. H.; Nowalk, J. A.; Washington, M. A.; Meyer, T. Y.
Properties and Applications of Sequence-Controlled Polymers. In
Sequence-Controlled Polymers; Wiley-VCH Verlag GmbH & Co.
KGaA, 2018; pp 435—478.

(5) Danbhier, F.; Ansorena, E.; Silva, J. M; Coco, R.; Le Breton, A.;
Préat, V. PLGA-based nanoparticles: An overview of biomedical
applications. J. Controlled Release 2012, 161, 505—522.

(6) Makadia, H. K; Siegel, S. J. Poly Lactic-co-Glycolic Acid
(PLGA) as Biodegradable Controlled Drug Delivery Carrier. Polymers
(Basel, Switz.) 2011, 3, 1377—1397.

(7) Pan, Z.; Ding, J. Poly(lactide-co-glycolide) porous scaffolds for
tissue engineering and regenerative medicine. Interface Focus 2012, 2,
366—377.

(8) Gentile, P.; Chiono, V.; Carmagnola, L; Hatton, P. V. An
overview of poly(lactic-co-glycolic) acid (PLGA)-based biomaterials
for bone tissue engineering. Int. J. Mol. Sci. 2014, 15, 3640—3659.

(9) Brulé, E; Guo, J; Coates, G. W.; Thomas, C. M. Metal-
Catalyzed Synthesis of Alternating Copolymers. Macromol. Rapid
Commun. 2011, 32, 169—185.

(10) Nowalk, J. A.; Swisher, J. H; Meyer, T. Y. Consequences of
isolated critical monomer sequence errors for the hydrolysis behaviors
of sequenced degradable polyesters. Polym. Chem. 2019, 10, 4930—
4934.

(11) Li, J,; Stayshich, R. M.; Meyer, T. Y. Exploiting sequence to
control the hydrolysis behavior of biodegradable PLGA copolymers. J.
Am. Chem. Soc. 2011, 133, 6910—6913.

(12) Li, J.; Rothstein, S. N.; Little, S. R.; Edenborn, H. M.; Meyer, T.
Y. The effect of monomer order on the hydrolysis of biodegradable
poly(lactic-co-glycolic acid) repeating sequence copolymers. J. Am.
Chem. Soc. 2012, 134, 16352—16359.

(13) Washington, M. A; Balmert, S. C.; Fedorchak, M. V.; Little, S.
R,; Watkins, S. C,; Meyer, T. Y. Monomer sequence in PLGA
microparticles: Effects on acidic microclimates and in vivo
inflammatory response. Acta Biomater. 2018, 65, 259—271.

(14) Washington, M. A.; Swiner, D. J.; Bell, K. R.; Fedorchak, M. V.;
Little, S. R;; Meyer, T. Y. The impact of monomer sequence and
stereochemistry on the swelling and erosion of biodegradable
poly(lactic-co-glycolic acid) matrices. Biomaterials 2017, 117, 66—76.

(15) Nowalk, J. A.; Fang, C; Short, A. L.; Weiss, R. M.; Swisher, J.
H,; Liu, P; Meyer, T. Y. Sequence-Controlled Polymers Through
Entropy-Driven Ring-Opening Metathesis Polymerization: Theory,
Molecular Weight Control, and Monomer Design. J. Am. Chem. Soc.
2019, 141, 5741—5752.

(16) Nowalk, J. A.; Swisher, J. H; Meyer, T. Y. Influence of Short-
Range Scrambling of Monomer Order on the Hydrolysis Behaviors of
Sequenced Degradable Polyesters. Macromolecules 2019, 52, 4694—
4702.

(17) Swisher, J. H; Nowalk, J. A.; Meyer, T. Y. Property impact of
common linker segments in sequence-controlled polyesters. Polym.
Chem. 2019, 10, 244—252.

(18) Zhang, X.; He, Q.; Chen, Q.; Nealey, P. F.; Ji, S. Directed Self-
Assembly of High y Poly(styrene-b-(lactic acid-alt-glycolic acid))
Block Copolymers on Chemical Patterns via Thermal Annealing. ACS
Macro Lett. 2018, 7, 751-756.

(19) Zhong, Z.; Dijkstra, P. J.; Feijen, J.; Kwon, Y.-M.; Bae, Y. H,;
Kim, S. W. Synthesis and aqueous phase behavior of thermores-
ponsive biodegradable poly(D,L-3-methylglycolide)-block-poly-
(ethylene glycol)-block-poly(D,L-3-methylglycolide) triblock copoly-
mers. Macromol. Chem. Phys. 2002, 203, 1797—1803.

4123

(20) Dong, C.-M.; Guo, Y.-Z.; Qiu, K-Y.; Gu, Z.-W.; Feng, X.-D. In
vitro degradation and controlled release behavior of D,L-PLGAS0 and
PCL-b-D,L-PLGASO copolymer microspheres. J. Controlled Release
2005, 107, $3—64.

(21) Dechy-Cabaret, O.; Martin-Vaca, B.; Bourissou, D. Controlled
Ring-Opening Polymerization of Lactide and Glycolide. Chem. Rev.
2004, 104, 6147—6176.

(22) Nifantev, I. E,; Shlyakhtin, A. V.; Bagrov, V. V.; Komarov, P.
D.; Tavtorkin, A. N.; Minyaev, M. E.; Ivchenko, P. V. Efficient
synthetic approach to copolymers of glycolic and lactic acids for
biomedical applications. Mendeleev Commun. 2018, 28, 412—414.

(23) Stayshich, R. M.; Meyer, T. Y. New Insights into Poly(lactic-co-
glycolic acid) Microstructure: Using Repeating Sequence Copolymers
To Decipher Complex NMR and Thermal Behavior. J. Am. Chem. Soc.
2010, 132, 10920—10934.

(24) Dong, C.-M; Qiu, K.-Y,; Gu, Z.-W.; Feng, X.-D. Synthesis of
poly(D,L-lactic acid-alt-glycolic acid) from D,L-3-methylglycolide. J.
Polym. Sci,, Part A: Polym. Chem. 2000, 38, 4179—4184.

(25) Dong, C.-M,; Qiu, K.-Y; Gu, Z.-W,; Feng, X.-D. Living
polymerization of D,L-3-methylglycolide initiated with bimetallic (Al/
Zn) p-oxo alkoxide and copolymers thereof. J. Polym. Sci, Part A:
Polym. Chem. 2001, 39, 357—367.

(26) Takojima, K.; Makino, H.; Saito, T.; Yamamoto, T.; Tajima, K;
Isono, T.; Satoh, T. An organocatalytic ring-opening polymerization
approach to highly alternating copolymers of lactic acid and glycolic
acid. Polym. Chem. 2020, 11, 6365—6373.

(27) Gilding, D. K;; Reed, A. M. Biodegradable polymers for use in
surgery—polyglycolic/poly(lactic acid) homo- and copolymers: 1.
Polymer 1979, 20, 1459—1464.

(28) Jing, F.; Hillmyer, M. A. A Bifunctional Monomer Derived from
Lactide for Toughening Polylactide. J. Am. Chem. Soc. 2008, 130,
13826—13827.

(29) Marcincinova Benabdillah, K.; Coudane, J.; Boustta, M.; Engel,
R; Vert, M. Synthesis and Characterization of Novel Degradable
Polyesters Derived from D-Gluconic and Glycolic Acids. Macro-
molecules 1999, 32, 8774—8780.

(30) Amador, A. G.; Watts, A;; Neitzel, A. E; Hillmyer, M. A.
Entropically Driven Macrolide Polymerizations for the Synthesis of
Aliphatic Polyester Copolymers Using Titanium Isopropoxide.
Macromolecules 2019, 52, 2371—2383.

(31) Leemhuis, M.; van Nostrum, C. F.; Kruijtzer, J. A. W.; Zhong,
Z.Y,; ten Breteler, M. R,; Dijkstra, P. J; Feijen, J.; Hennink, W. E.
Functionalized Poly(a-hydroxy acid)s via Ring-Opening Polymer-
ization: Toward Hydrophilic Polyesters with Pendant Hydroxyl
Groups. Macromolecules 2006, 39, 3500—3508.

(32) Wang, Y; Jia, Z.; Jiang, J.; Mao, X; Pan, X;; Wu, J. Highly
Regioselective Ring-Opening Polymerization of Cyclic Diester for
Alternating Sequence-Controlled Copolymer Synthesis of Mandelic
Acid and Glycolic Acid. Macromolecules 2019, 52, 7564—7571.

(33) Florczak, M.; Libiszowski, J.; Mosnacek, J.; Duda, A.; Penczek,
S. L,L-Lactide and &-Caprolactone Block Copolymers by a "Poly(L,L-
lactide) Block First’ Route. Macromol. Rapid Commun. 2007, 28,
1385—1391.

(34) Florczak, M.; Duda, A. Effect of the Configuration of the Active
Center on Comonomer Reactivities: The Case of e-Caprolactone/
L,L-Lactide Copolymerization. Angew. Chem., Int. Ed. 2008, 47,
9088—9091.

(35) Socka, M.; Duda, A.,; Adamus, A.; Wach, R. A,; Ulanski, P.
Lactide/trimethylene carbonate triblock copolymers: Controlled
sequential polymerization and properties. Polymer 2016, 87, S0—63.

(36) Spassky, N.; Wisniewski, M.; Pluta, C.; Le Borgne, A. Highly
stereoelective polymerization of rac-(D,L)-lactide with a chiral schiff’s
base/aluminium alkoxide initiator. Macromol. Chem. Phys. 1996, 197,
2627-2637.

(37) Ovitt, T. M.; Coates, G. W. Stereoselective Ring-Opening
Polymerization of meso-Lactide: Synthesis of Syndiotactic Poly(lactic
acid). J. Am. Chem. Soc. 1999, 121, 4072—4073.

(38) Ovitt, T. M,; Coates, G. W. Stereochemistry of Lactide
Polymerization with Chiral Catalysts: New Opportunities for

https://dx.doi.org/10.1021/jacs.1c00248
J. Am. Chem. Soc. 2021, 143, 4119-4124


https://dx.doi.org/10.1126/science.1238149
https://dx.doi.org/10.1126/science.1238149
https://dx.doi.org/10.1039/b806413j
https://dx.doi.org/10.1126/science.1209660
https://dx.doi.org/10.1126/science.1209660
https://dx.doi.org/10.1016/j.jconrel.2012.01.043
https://dx.doi.org/10.1016/j.jconrel.2012.01.043
https://dx.doi.org/10.3390/polym3031377
https://dx.doi.org/10.3390/polym3031377
https://dx.doi.org/10.1098/rsfs.2011.0123
https://dx.doi.org/10.1098/rsfs.2011.0123
https://dx.doi.org/10.3390/ijms15033640
https://dx.doi.org/10.3390/ijms15033640
https://dx.doi.org/10.3390/ijms15033640
https://dx.doi.org/10.1002/marc.201000524
https://dx.doi.org/10.1002/marc.201000524
https://dx.doi.org/10.1039/C9PY00891H
https://dx.doi.org/10.1039/C9PY00891H
https://dx.doi.org/10.1039/C9PY00891H
https://dx.doi.org/10.1021/ja200895s
https://dx.doi.org/10.1021/ja200895s
https://dx.doi.org/10.1021/ja306866w
https://dx.doi.org/10.1021/ja306866w
https://dx.doi.org/10.1016/j.actbio.2017.10.043
https://dx.doi.org/10.1016/j.actbio.2017.10.043
https://dx.doi.org/10.1016/j.actbio.2017.10.043
https://dx.doi.org/10.1016/j.biomaterials.2016.11.037
https://dx.doi.org/10.1016/j.biomaterials.2016.11.037
https://dx.doi.org/10.1016/j.biomaterials.2016.11.037
https://dx.doi.org/10.1021/jacs.8b13120
https://dx.doi.org/10.1021/jacs.8b13120
https://dx.doi.org/10.1021/jacs.8b13120
https://dx.doi.org/10.1021/acs.macromol.9b00480
https://dx.doi.org/10.1021/acs.macromol.9b00480
https://dx.doi.org/10.1021/acs.macromol.9b00480
https://dx.doi.org/10.1039/C8PY01443D
https://dx.doi.org/10.1039/C8PY01443D
https://dx.doi.org/10.1021/acsmacrolett.8b00293
https://dx.doi.org/10.1021/acsmacrolett.8b00293
https://dx.doi.org/10.1021/acsmacrolett.8b00293
https://dx.doi.org/10.1002/1521-3935(200208)203:12<1797::AID-MACP1797>3.0.CO;2-A
https://dx.doi.org/10.1002/1521-3935(200208)203:12<1797::AID-MACP1797>3.0.CO;2-A
https://dx.doi.org/10.1002/1521-3935(200208)203:12<1797::AID-MACP1797>3.0.CO;2-A
https://dx.doi.org/10.1002/1521-3935(200208)203:12<1797::AID-MACP1797>3.0.CO;2-A
https://dx.doi.org/10.1016/j.jconrel.2005.05.024
https://dx.doi.org/10.1016/j.jconrel.2005.05.024
https://dx.doi.org/10.1016/j.jconrel.2005.05.024
https://dx.doi.org/10.1021/cr040002s
https://dx.doi.org/10.1021/cr040002s
https://dx.doi.org/10.1016/j.mencom.2018.07.024
https://dx.doi.org/10.1016/j.mencom.2018.07.024
https://dx.doi.org/10.1016/j.mencom.2018.07.024
https://dx.doi.org/10.1021/ja102670n
https://dx.doi.org/10.1021/ja102670n
https://dx.doi.org/10.1021/ja102670n
https://dx.doi.org/10.1002/1099-0518(20001201)38:23<4179::AID-POLA20>3.0.CO;2-5
https://dx.doi.org/10.1002/1099-0518(20001201)38:23<4179::AID-POLA20>3.0.CO;2-5
https://dx.doi.org/10.1002/1099-0518(20010201)39:3<357::AID-POLA1003>3.0.CO;2-0
https://dx.doi.org/10.1002/1099-0518(20010201)39:3<357::AID-POLA1003>3.0.CO;2-0
https://dx.doi.org/10.1002/1099-0518(20010201)39:3<357::AID-POLA1003>3.0.CO;2-0
https://dx.doi.org/10.1039/D0PY01082K
https://dx.doi.org/10.1039/D0PY01082K
https://dx.doi.org/10.1039/D0PY01082K
https://dx.doi.org/10.1016/0032-3861(79)90009-0
https://dx.doi.org/10.1016/0032-3861(79)90009-0
https://dx.doi.org/10.1021/ja804357u
https://dx.doi.org/10.1021/ja804357u
https://dx.doi.org/10.1021/ma991101o
https://dx.doi.org/10.1021/ma991101o
https://dx.doi.org/10.1021/acs.macromol.9b00065
https://dx.doi.org/10.1021/acs.macromol.9b00065
https://dx.doi.org/10.1021/ma052128c
https://dx.doi.org/10.1021/ma052128c
https://dx.doi.org/10.1021/ma052128c
https://dx.doi.org/10.1021/acs.macromol.9b01515
https://dx.doi.org/10.1021/acs.macromol.9b01515
https://dx.doi.org/10.1021/acs.macromol.9b01515
https://dx.doi.org/10.1021/acs.macromol.9b01515
https://dx.doi.org/10.1002/marc.200700160
https://dx.doi.org/10.1002/marc.200700160
https://dx.doi.org/10.1002/anie.200803540
https://dx.doi.org/10.1002/anie.200803540
https://dx.doi.org/10.1002/anie.200803540
https://dx.doi.org/10.1016/j.polymer.2016.01.059
https://dx.doi.org/10.1016/j.polymer.2016.01.059
https://dx.doi.org/10.1002/macp.1996.021970902
https://dx.doi.org/10.1002/macp.1996.021970902
https://dx.doi.org/10.1002/macp.1996.021970902
https://dx.doi.org/10.1021/ja990088k
https://dx.doi.org/10.1021/ja990088k
https://dx.doi.org/10.1021/ja990088k
https://dx.doi.org/10.1021/ja012052+
https://dx.doi.org/10.1021/ja012052+
pubs.acs.org/JACS?ref=pdf
https://dx.doi.org/10.1021/jacs.1c00248?ref=pdf

Journal of the American Chemical Society pubs.acs.org/JACS

Communication

Stereocontrol Using Polymer Exchange Mechanisms. J. Am. Chem.
Soc. 2002, 124, 1316—1326.

(39) Ovitt, T. M;; Coates, G. W. Stereoselective ring-opening
polymerization of rac-lactide with a single-site, racemic aluminum
alkoxide catalyst: Synthesis of stereoblock poly(lactic acid). J. Polym.
Sci,, Part A: Polym. Chem. 2000, 38, 4686—4692.

(40) D’Alterio, M. C.; De Rosa, C.; Talarico, G. Stereoselective
Lactide Polymerization: the Challenge of Chiral Catalyst Recognition.
ACS Catal. 2020, 10, 2221-2225.

4124

https://dx.doi.org/10.1021/jacs.1c00248
J. Am. Chem. Soc. 2021, 143, 41194124


https://dx.doi.org/10.1021/ja012052+
https://dx.doi.org/10.1002/1099-0518(200012)38:1+<4686::AID-POLA80>3.0.CO;2-0
https://dx.doi.org/10.1002/1099-0518(200012)38:1+<4686::AID-POLA80>3.0.CO;2-0
https://dx.doi.org/10.1002/1099-0518(200012)38:1+<4686::AID-POLA80>3.0.CO;2-0
https://dx.doi.org/10.1021/acscatal.9b05109
https://dx.doi.org/10.1021/acscatal.9b05109
pubs.acs.org/JACS?ref=pdf
https://dx.doi.org/10.1021/jacs.1c00248?ref=pdf

