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ABSTRACT: Despite the degradability and biocompatibility of poly(a-hydroxy acids), their utility remains limited because their thermal and
mechanical properties are inferior to those of commodity polyolefins, which can be attributed to the lack of side-chain functionality on the
polyester backbone. Attempts to synthesize high-molecular-weight functionalized poly(a-hydroxy acids) from O-carboxyanhydrides have
been hampered by scalability problems arising from the need for an external energy source such as light or electricity. Herein, we report an
operationally simple, scalable method for the synthesis of stereoregular, high-molecular-weight (>200 kDa) functionalized poly{a-hydroxy
acids) by means of controlled ring-opening polymerization of O-carboxyanhydrides mediated by a highly redox reactive manganese complex
and a zinc-alkoxide. Mechanistic studies indicated that the ring-opening process likely proceeded via the Mn-mediated decarboxylation with
alkoxy radical formation. Gradient copolymers produced directly by this method from mixtures of two O-carboxyanhydrides exhibited better
ductility and toughness than their corresponding homopolymers and block copolymers, therefore highlighting the potential feasibility of

functionalized poly(a-hydroxy acids) as ductile and resilient polymeric materials.

INTRODUCTION

The past 100 years have witnessed tremendous progress in polymer
science, and the widespread need of polymeric products has
worldwide production of commercial plastics exceeding 350 mil-
lion tons in 2019. Regrettably, excessive disposal of nondegradable
plastic waste in landfills causes severe environmental consequences
because the accumulated waste can persist in ecosystems for hun-
dreds of years.! Therefore, considerable research effort has been
devoted to the search for degradable substitutes to be transformed
into commodity thermoplastics as single-use materials.” Among the
degradable polymers developed on the basis of this research, ali-
phatic polyesters have shown exceptional promise because they are
made from renewable resources, and their chemical or enzymatic
degradation products are environmentally benign and can be recy-
cled.®? In particular, stereoregular* and stereosequence-controlled
polyesters® synthesized by metal-catalyzed stereoselective ring-
opening polymerization (ROP) of racemic monomers show en-
hanced physical and mechanical properties relative to their atactic
counterparts.6

Nevertheless, the practical utility of the commercially available
polyesters, including poly(a-hydroxy acids), is limited because their
thermal and mechanical properties are inferior to those of com-
modity polyolefins. For example, poly(lactic acid) (PLA) and
poly(3-hydroxybutyrate) are brittle and lack toughness (< 5%
elongation at break).” Additionally, the upper-use temperatures of
many aliphatic polyesters are restricted because of their moderate
or low glass-transition temperatures (Tg): PLA (T; ~ 45 °C),
poly(3-hydroxybutyrate) (T; = 5 °C), and polycaprolactone (T ~
—60 °C). These limitations can be attributed to the lack of func-
tional groups on the aliphatic polyester backbone. Indeed, the in-

corporation of functional groups on the backbone of polyolefins
can alter their processability, adhesion, miscibility, and mechanical
strength (Figure 1a).® However, the incorporation of pendant func-
tional groups onto lactones, which are the monomers used for ROP
to generate polyesters, is challenging in that it usually requires mul-
tistep syntheses that are difficult to scale up.’ In addition, alterna-
tive monomers, such as 1,3-dioxolan-4-one, fail to produce high-
molecular-weight (MW) polymers (< 20 kDa) because of side
reactions (Figure 1b)."

In the quest for practicality, O-carboxyanhydrides (OCAs)—
which are prepared from amino or hydroxy acids—are perhaps the
most ubiquitous class of highly active monomers with pendant
functional groups used for ROP to afford functionalized polyes-
ters."! However, the ROP of these monomers presents certain chal-
lenges. Notably, organocatalysts typically used for the ROP of
OCAs exhibit low activity for the synthesis of high-MW polymers,
and these catalysts cannot mediate stereoselective ROP of OCAs to
form polyesters with various tacticities (Figure 1c). To overcome
such challenges, we have recently demonstrated that the combina-
tion of light or electricity with organometallic catalysts produces
stereoregular, high-MW polyesters (> 200 kDa) with various mi-
crostructures (Figure 1c).*™'? Despite the efficiency of these reac-
tions, their reliance on an external energy source makes them im-
practical for large-scale synthesis of high-MW polymers, including
stereosequence-controlled copolymers.

Herein, we report a new method for achieving rapid and con-
trolled OCA polymerization using highly reactive metal complexes
without the need for an external energy source, and we describe the
use of this method for large-scale preparation of stereoregular poly-
esters and stereosequence-controlled copolymers bearing various



pendant functional groups on a large scale (Figure 1d). The synthe-
sized polyesters are amenable to quantitative chemical recycling
under mild conditions. Gradient copolymers synthesized by means
of this method exhibit enhanced ductility and toughness compared
to those of homopolymers and block copolymers synthesized from
the same OCA monomers.
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Figure 1. Scalable ring-opening polymerization (ROP) of O-carboxyanhydrides (OCAs). (a) Functionalized nondegradable polyolefins and de-

gradable poly(a-hydroxy acids), which have a limited variety of pendant functional groups. (b) Synthetic routes to poly(a-hydroxy acids). (c) Previ-
ously reported uses of organocatalysts and organometallic catalysts for ROP of OCAs, with pros and cons indicated in blue and red type, respectively.

(d) Scalable stereoselective ROP of OCAs reported in this paper to prepare stereosequence-controlled resilient polyesters with enhanced strength

and ductility.
RESULTS AND DISCUSSION

Mechanism-driven identification of Mn/Zn complexes for
controlled ROP of OCAs. Currently, no single metal complex or
organocatalyst can efficiently mediate controlled ROP of OCAs to
prepare high MW polymers (over 100 kDa) with controls over
stereoselectivity and stereosequence. In prior studies, we showed
that at least two metal complexes are needed to prepare high-MW
(>100 kDa) polyesters by ROP of OCAs: (i) a metal-alkoxide (e.g,,
Zn-alkoxide) for chain propagation and (ii) a metal complex (Ni/Ir
or Co) activated by external energy for OCA decarboxylation, a key
step that allowed the metal-alkoxide to engage with OCA and pre-
vented the formation of inactive metal-carbonate complexes (Fig-
ure 2a)."™"?" The use of external stimuli such as light and electricity
greatly challenges the scalability of the synthetic process for mass
production for further advances in the field of degradable polyes-
ters. To overcome such problems, we hypothesized that a redox-
active transition-metal complex could be combined with a Zn-
alkoxide catalyst to mediate controlled ROP without the assistance
of an external energy source (light or electricity). Recent advances
in organometallic chemistry,”® as well as the wide range of known

metalloenzyme-mediated redox reactions,”* inspired us to attempt
to identify a suitable redox-active transition-metal complex. In par-
ticular, we explored earth-abundant transition metals because they
are less expensive than rare-earth metals and they readily undergo
oxidation state changes—that is, lose or gain electrons—to medi-
ate chemical reactions.”” We set about investigating stable low-
coordination-number metal (trimethylsilyl)amide complexes (Co,
Mn, Fe, Ce, and Y) because these well-characterized redox-active
complexes can be easily synthesized in one step on a large scale
(Figure 2b).' Note that none of them has been utilized for decar-
boxylation without external energy activation.

To test our hypothesis, we performed ROP of L-PheOCA (1-1)
using various metal silylamide complexes in the presence of
Zn(HMDS); (Zn-1; HMDS, hexamethyldisilazane) and BnOH
([1-1]/[M]/[Zn-1]/[BnOH] = 500/1/1/1; Figure 2b). We eval-
uated the performance of the complexes in terms of monomer con-
version and the number-average MWs and MW distributions (M.,
and D, respectively) of the resulting polymers (Figure 2b) and
found that the optimal combination consisted of Zn-1 and
Mn(HMDS), (Mn-1, Tables S1 and S2). Monomer conversion



was completed within 1 hour at —15 °C, and poly(1-1) with a Mx of
83.5 kDa and a D of 1.08 was obtained (expected MW, 74.1 kDa).
In contrast, the remaining tested metal silylamides either failed to
fully polymerize L-1 or could not control polymer’s MW (Figure
2b, Tables S1 and S2). Among the examined complexes, the Mn"
complex seemed to have the ideal balance of metal electronegativi-
ty and metal-nitrogen bond length (Figure 2b). This result is con-
sistent with the fact that the Mn center of some enzymes, including
oxalate decarboxylase, can mediate radical decarboxylation reac-
tions.'” To the best of our knowledge, there are no reports on using
metal silylamides for decarboxylation without external energy acti-
vation. Therefore, this unique strategy provides a new entry to scale
up poly(a-hydroxy acids) with pendant functional groups.
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Figure 2. Mechanism-inspired identification of Mn/Zn catalysts for ring-opening polymerization of O-carboxyanhydrides (OCAs). (a) Mechanisms
of inadequate decarboxylation in Zn-mediated ROP of OCAs, which can be overcome by external-energy-triggered, Co-mediated decarboxylation
ring-opening and enchainment of OCAs. (b) Identification of the optimal metal silylamide complex for ring-opening polymerization of OCAs involv-
ing redox decarboxylation without an external energy source, on the basis of metal electronegativity and metal-nitrogen bond length.'®® Expected
MW: molecular weight calculated based on the feed ratio assuming 100% monomer conversion. (c) Plots of M, and MW distribution (Mw/Ma,) of
poly(L-1) versus [L-1]/[Zn] ratio at =15 °C ([Mn-1]/[Zn-1]/[BnOH] = 1/1/1). (d) Plots of L-1 conversion versus time at various Zn-1 concentra-
tions. [L-1] =0.150 M; [Mn-1]/[Zn-1]/[BnOH] =1/1/1.

By means of a series of control experiments, we demonstrated the obtained polymer had uncontrolled M, and D values and a low
the necessity for each of the catalytic components (Table 1). With- monomer conversion (entry 4). Electrospray ionization mass spec-
out Mn-1, the polymerization was uncontrolled with a monomer trometry (ESI-MS) and matrix-assisted laser desorption/ionization
conversion of 25.7% (entry 2), whereas Zn-1 was essential for (MALDI) analysis of oligo(1-1) confirmed the attachment of the

chain propagation (entry 3). In the absence of the initiator, BnOH, BnO- group to the oligomer (Figure S1), suggesting that a Zn-



alkoxide was involved in ring-opening and chain propagation. Irra-
diation with light had a negligible effect on the MW and D values of
the polymer (Table 1, entry 7; Figure S2a), indicating that light was
not required. Monomer conversion was incomplete when the
polymerization was performed at room temperature (entry 8),
indicating that the low temperature (~15°C) prevented side reac-
tions that hindered chain propagation (Figure S2b).'"*'* We found
that the addition of ligands to Mn-1 did not markedly improve its
polymerization activity (Table S4); and other commercially availa-
ble Mn complexes were unable to mediate controlled ROP at a
high feed ratio (Table S5).

Table 1. Optimization of Conditions of Ring-Opening
Polymerization of -1 *

[o]
Mn-1, Zn-1

i BHD{J\("};H [L-1/[Mn}/[Zn)/[BnOH] =

O BooH.87G. 900/1/1/1

1 poly(L-1) Expected MW: 133.3 kDa
Entry Condition  Conv.%’ M, (kDa)¢ MW (kDa) D¢
1 As shown 100 128.5 1333 1.04
2 No Mn-1 28.7 63.6 34.3 1.14
3 No Zn-1 7.6 9.17 10.2 1.42
4 NoBnOH 219 20.2 29.3 1.26
5 OnlyMn-1 0 - 0
6 OnlyZn-1  26.2 62.1 35.0 1.16
7 Light 100 1251 133.3 1.04
8 20°C 21.9 31.3 29.3 113

¢ Abbreviations: Conv., monomer conversion; M, number-average
molecular weight; D, molecular weight distribution; MW.., molecular
weight calculated based on the feed ratio and monomer conversion;
expected MW: molecular weight calculated based on the feed ratio
assuming 100% monomer conversion. Polymerization condition: [L-
1]/[Zn-1]/[Mn-1]/[BnOH] = 900/1/1/1 at 15 °C in a glove box.
Determined from the intensity of the Fourier transform infrared peak
at 1805 cm™, which corresponds to the anhydride group of the O-
carboxyanhydride. ¢ Determined by gel-permeation chromatography.

Using the optimized conditions, we evaluated the effect of the in-
itial [1-1]/[Mn]/[Zn] feed ratio on the M., of the poly(L-1) prod-
uct and found that M, increased linearly as the feed ratio was in-
creased up to 1500/1/1. At this ratio, the resulting product had a
M, of 204.7 kDa and a P of 1.05 (Figure 2c; gel-permeation chro-
matograms of the polymers are shown in Figure S3). These feed
ratio and M, values are higher than any other reported values for
the ROP of OCAs.! %1 At all the tested feed ratios, the P values
of the obtained polymers were less than 1.1, suggesting that chain-
breaking reactions did not occur during ROP."” No epimerization
of the a-methine hydrogen was observed either in the homodecou-
pled "H NMR spectrum of a high-MW poly(1.-1) (Figure S4) or in
the spectra of products obtained by ROP of OCA monomers 2-5
(see Figure 1d for the structures of 2—5, Table S6 for ROP results,
and Figures S5-8 for "H NMR spectra of polymer products). Alt-
hough considerable epimerization of L-§ is often observed during

ROP,” this was not the case in our system (Figure $8). Additional-
ly, Mn/Zn-mediated ROP of 1-1 at —15 °C exhibited first-order
reaction kinetics with a reaction order of 4.60 = 0.35 at the fixed
Mn/Zn ratio of 1/1 (Figure 2d; Figure S2c). We also examined the
kinetics of the ROP by varying the concentration of each reaction
component (Figure $2d-h), and discovered that the kinetics of the
ROP of L-1 follows an overall kinetic law of the form:

—d[1-1]/dt =k, [Mn-1]*°[Zn-1]>%'[1-1]* (1)

where k; is the rate constant of chain propagation. These results
indicated no formation of Mn-Zn complex during the ROP, and
the rate of chain propagation was independent of BnOH concen-
tration.

Since the workup for the polymerization process was simple, the
synthesis of polymers and copolymers could easily be scaled up to
over 3 g (photos in Figure 1d), allowing for the preparation of pol-
ymer specimens in sufficient quantities for mechanical testing (vide
infra). Furthermore, diblock and triblock copolymers could also be
readily prepared by sequential addition of the monomers, and re-
markable control of the M, and P values was achieved (Table S7,
Figures $9-21).

Scheme 1. Efficient degradation of poly(a-hydroxy acids) to a-
hydroxy acid, fulfilling the recycling circle.
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Chemical recycling of functionalized poly(a-hydroxy acids).
Many polyesters are amenable to recycling via enzymatic or chemi-
cal degradation.™?' Poly(1-1) was degraded by treatment with Zn-
1 (10 wt%) in MeOH at 50 °C for 12 h (Scheme 1), which yielded
pure methyl ester quantitatively, as indicated by the "H NMR and
ESI-MS spectra of the degradation reaction solution (Figure §22).
After the degradation reaction was completed, an insoluble Zn-
alkoxide complex was formed in the MeOH solution®' and could be
easily removed by filtration through silica gel, and the enantiopure
methyl ester was recovered by evaporation of the filtrate (89.7 %
yield, Scheme 1). This method could be extended to OCA mono-
mers 2-5, all of which could be efficiently and completely degraded
to their corresponding enantiopure methyl ester forms, measured
by chiral HPLC (Figures S23-26; no absorbance from degraded
methyl esters of 3 and 4; HPLC, high-performance liquid chroma-
tography). Using inductively coupled plasma mass spectrometry,
we confirmed that negligible amount of Zn remained in the filtrate
([Zn] < 50 ppb, Table S8). The obtained methyl esters are value-
added chemicals,”> and they could be rapidly transformed to hy-
droxy acids by reacting with LiOH at room temperature within 4
hours (Scheme 1).2* No epimerization occurred in the obtained
hydroxy acids degraded from all polymers synthesized from L-1 to
1-4 (Figures $22-25), and only slight epimerization occurred for L-
5 (97.6 % ee), determined by chiral HPLC (Figure S26). This two-
step facile degradation strategy, therefore, closes the recycling loop.
Note that polyesters with pendant side-chain groups are difficult to
completely degrade using conventional methods (Table 2, Figure
$27).%* Qur degradation method is superior to many degradation



methods, which tend to require high temperature, prolonged reac-
tion time, and extra steps for separation of catalysts from depoly-
merized products,” in addition to suffering from side reactions that
generate substantial epimerized products.”

Table 2. Degradation of poly(1-1) by Zn-1/MeOH bench-
marked against conventional methods *

Entry ~ Condition Solvent F(EEH)IP' Time (h) E,Z;I :
1 10 wt% Zn-1 MeOH S0 12 1004
2 / MeOH 50 12 0

3 1MNaOH?*®  Water 50 12 9.2¢
4 10wt%ZnCh,  MeOH 50 12 0

S 2 mol% ZnCh o lene 120 24 0

6 10 wt% TBD  yom 50 12 86.1

24a

¢ Abbreviation: Temp., temperature; Conv., conversion to methyl ester
of 1; TBD, 1,5,7-triazabicyclo[4.4.0]dec-S-ene. Poly(1L-1) used for
degradation: M, = 78.4 kDa, D = 1.0S. ? Determined by ‘H NMR anal-
ysis of the reaction solution (Figure S27). ‘Determined by the weight
of dried poly(1) after the reaction. “No epimerization, measured by
chiral HPLC (Figure S22).

Mechanistic Studies. We drew upon our knowledge of the
mechanisms of photoredox ROP'" and electrochemical ROP by
Co/Zn" to develop a plausible redox ROP mechanism. The cata-
Iytic cycle starts with the oxidative addition of Mn-1 to the OCA to
form the Mn" species A (Scheme 2). Unlike the Co complex used
in our electrochemical ROP,'” which exhibits only one reversible
redox wave in cyclic voltammetry measurements
(E1/™[Co™/Co"] = 0.77 V vs SCE [saturated calomel electrode],
where E1, is the redox half-wave potential),’® Mn-1 exhibited
two quasi-reversible redox waves: E;,®‘[Mn"/Mn"] = 0.60 V and
E12®[Mn"/Mn"] = 1.15 V versus SCE (Figure S28a). The for-
mation of Mn' species A (Scheme 2) was supported by the obser-
vation that the Ei1,*[Mn'""/Mn"] peak had disappeared almost
completely within 5 min after the start of the ROP of a L-1/Mn-
1/Zn-1/BnOH (1000/1/1/1) mixture at —15 °C, whereas the
E12®[Mn"V/Mn"] peak (1.22 V) persisted throughout the ROP
(Figure S28b). Given that the oxidation potential of amino acid
carboxylates (e.g, Ein® = 0.83 V wversus SCE for N-
(carbobenzyloxy)-L-phenylalanine) and literature reports,"**’ the
single-electron transfer (Mn'Y/Mn™) process is likely to be ther-
modynamically favored over the two-electron transfer process
(Mn"/Mn").2®

We further investigated the ring-opening process by analyzing
the reaction of an 1-1/Mn-1/Zn-1/BnOH (1/1/1/1) mixture at
—15 °C via ESI-MS (Figure 3a), which revealed the presence of
BnO-terminated oligomers G1 and G2, thus confirming the neces-
sity of Zn-alkoxide for chain propagation (note that the Mn com-
plex are paramagnetic and attempts to study the reaction by NMR
were not successful). Moreover, detection of intermediate H and
its carbonyl complexes I1-I3” in the mass spectrum (Figure 3a,

Figure $29) indicated that Mn-1 inserts regioselectively into -1
(detailed insertion possibilities were discussed in Figure $30). The
absence of epimerization in poly(L-1) (Figure S4) further con-
firmed that Mn-1 was unlikely to have been inserted into the C4—
Cs(O) bond. Note that the formation of Mn(CO) complexes 11—
I3 is probably due to the fact that ESI-MS cannot be conducted in
completely anhydrous conditions and that Mn complexes undergo
carbonylation in an aqueous solution.”

Scheme 2. Proposed Mechanism of Mn/Zn-mediated con-
trolled ring-opening polymerization of O-carboxyanhydrides
(0CAs)
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Decarboxylation of A furnishes a radical species (Scheme 2), as
confirmed by our finding that the addition of the radical scavenger
2,2-di(4-tert-octylphenyl)-1-picrylhydrazyl (DPPH) markedly
inhibited the ROP (Table S3, entry 10), in a manner similar to that
observed for single-electron-transfer reactions involving Ni/Ir pho-

11b

tocatalysts.!'™'**! On the basis of our prior studies'" and literature

*132 we reasoned that Mn-mediated decarboxylation could

reports,
result in either alkoxy radical B or acyl radical E (Scheme 2; the acyl
and alkoxy radical pathways are compared in Figure $30a). Since
these putative intermediates would be highly reactive, we added an

alkene with an electron-withdrawing group to a reaction mixture



containing 1.-1/Mn-1/Zn-1/BnOH (1/1/1/1) at —15 °C with the
goal of capturing and identifying the radical species.*® Monitoring
the reaction by ESI-MS revealed the formation of D, instead of F,
indicating that decarboxylation generates an alkoxy radical
(Scheme 2; see Figure 3b for ESI-MS results). The alkoxy radical is
then rapidly intercepted by the Zn complex to generate a reactive
Zn-alkoxide terminus, thereby enabling regeneration of the Mn"
catalyst (Scheme 2).
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Figure 3. Electrospray ionization mass spectrometry (ESI-MS) of
(a) the reaction of [L-1]/[Zn-1]/[Mn-1]/[BnOH] (1/1/1/1) at
-15 °C, and (b) the reaction of [L-1]/[Zn-1]/[Mn-1]/
[BnOH]/[alkene] at —15°C, in support of the pathway shown in
Scheme 2. Detailed peak assignments and mechanism pathway
discussions are provided in Figures $29-30.

The alkoxy radical is reportedly difficult to detect by electron
paramagnetic resonance spectroscopy (EPR).* While the para-
magnetic Mn-1 showed signals in the X-band continuous wave
EPR spectrum at 77 K (Figure S31a), no obvious peaks were found
in the mixture of either 1-1/Mn-1 (1/1) or 1L-1/Mn-1/Zn-
1/BnOH (1/1/1/1, Figure S31b-c), likely due to the short-lived
alkoxy radical species. To test the existence of such radical species,
the radical scavenger DPPH—that shows hyperfine splitting peaks

in the EPR spectrum at room temperature—was added to the reac-
tion mixture of and 1-1/Mn-1(1/1); the intensity of the splitting
peaks from DPPH significantly decreased, suggesting that the
alkoxy radical reacted with unpaired-electron-containing DPPH
(Figure 4). Furthermore, the addition of DPPH to the mixture L-
1/Mn-1/Zn-1/BnOH (1/1/1/1) led to substantially decreased
peaks in EPR, suggesting the increased production of alkoxy radical
species in the Zn/Mn-mediated ring-opening process (Figure 4).
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Figure 4. Electron paramagnetic resonance (EPR) study of using
DPPH (2,2-di(4-tert-octylphenyl)-1-picrylhydrazyl) to quench radical
species in Mn/Zn-mediated ring-opening reaction of 1-1 (298 K).
Reaction condition: [DPPH] = [Mn-1] = [Zn-1] = [BnOH] = [L-1] =
9.05S mM in toluene at -15 °C for all reactions.

Stereoselective polymerization of racemic OCAs. We then
determined whether the Mn/Zn catalytic system could be adapted
for stereoselective ROP of racemic OCAs. We previously reported
that a Zn complex with a tridentate ligand mediates isoselective
photoredox ROP*™'?* and electrochemical ROP'* to afford ste-
reoblock (sb) copolymers. In this study, we found that a similar
complex, Zn-2, which has a methyl lactate leaving group, also me-
diated isoselective ROP (Scheme 3; details regarding the screening
of Zn and Hf complexes are presented in Table $9). The combina-
tion of Zn-2 and Mn-1 ([1-1]/[D-1]/[Zn-2]/[Mn-1] =
200/200/1/1) at —15 °C produced stereoblock copolymer poly(sb-
1) with a M, of 56.2 kDa (which is close to the calculated MW of
59.3 kDa), a narrow D (1.03), and a high probability of meso dyad
formation (Pm, 0.95; Table S9, entry S; Figure $32). ROP of rac-1
at the same [1]/[Zn] ratio without Mn-1 ([1-1]/[D-1]/[Zn-2] =
200/200/1) showed incomplete monomer conversion (81.3% at
48 hours) with a Pnvalue of 0.96 (Table S9, entry 7). The use of
Mn-1 likely improved the polymerization kinetics but did not affect
the stereochemistry preference. The “C NMR analysis of the a-
methine peaks showed that the ratio of tetrad peaks mmr / rmm /
mrm was about 1/1/1 (Figure S32b). Additionally, because the
polymerization of either enantiomer at the same [1]/[Zn] ratio
was identical and more rapid than the ROP of rac-1 (ata [1]/[Zn]
ratio of 400, the polymerization rate constant of L-1 was 74.1-times
higher than that of rac-1, Figure $32c), it was unlikely that enanti-
omorphic-site-control mechanism dominated in this isoselective



Scheme 3. Screen of various Zn and Hf complexes for isoselec-
tive ROP of L-1 in the presence of Mn-1 *
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¢ Reaction condition: [L-1]/[D-1]/[Mn-1]/[Zn or Hf] = 100/100/
1/1, =15 °C in a glove box. Pm, maximum probability of meso dyad
formation, determined by *C NMR spectroscopy. Monomer conver-

sion was determined from the intensity of the Fourier transform infra-
red peak at 1805 cm™, which corresponds to the anhydride group in 1.
Polymer MWs and Ds are presented in Table S9.
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Figure 5. Synthesis and characterization of a gradient copolymer. (a)
One-pot Mn-1/Zn-2-catalyzed ring-opening polymerization of L-1 and
D-3 to synthesize poly(L-1-grad-D-3). (b) '"H NMR spectra of highly
isotactic poly(1-1-grad-D-3), block copolymer poly(L-1-b-D-3), and
random copolymer poly(L-1--L-3). Peaks corresponding to the a-
methine protons of 1 (~5.2 ppm) and 3 (~5.0 ppm) are highlighted in
red and blue, respectively. (c) Kinetics of -1 and D-3 copolymerization
to form the gradient copolymer ([1-1]/[D-3]/[Mn-1]/[Zn-2] =
200/200/1/1, [L-1] =0.350 M).
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Figure 6. Mechanical study of a ductile and resilient gradient poly(a-
hydroxy acid) copolymer. (a) Fracture strengths (o), fracture strains
(&), and glass-transition temperatures (T¢s) of various poly(a-hydroxy
acids), poly(3-hydroxybutyrate) (P3HB), polyethylene terephthalate
(PET), comparing with those of commercially available polyolefins,
including high-density polyethylene (HDPE), low-density polyeth-
ylene (LDPE), polypropylene (PP), polystyrene (PS), and
poly(acrylonitrile-butadiene-styrene) (ABS). (b) Representative
stress—strain curves for uniaxial extension of various poly(a-hydroxy
acids) and LDPE. Polymer MWs and MW weight distributions are
provided in Table S11. (c) Rapid shape recovery of poly(1-1-grad-D-3)
at room temperature after fracture in the stress—strain test. Also see
Movie S1 about the stress-strain test and shape recovery of the gradient
copolymer poly(L-1-grad-p-3).

polymerization. Taken together, these results were completely
consistent with our previous findings that the use of the same tri-



dentate ligand in the Zn complex led to isoselective ROP via a

$* Furthermore, these two metal

chain-end-control mechanism.
complexes also catalyzed isoselective reactions of other racemic
OCAs (rac-2-8, Table S10) to afford stereoblock copolymers with

Py, values ranging from 0.79 to 0.91 (Figures S33-36).

Our previously reported strategy for the synthesis of gradient
(grad) copolymers from two OCA co-monomers via photoredox
ROP featured the use of an isoselective Zn complex and co-
monomers having opposite chiralities and different polymerization
rates.® Using a similar strategy for this Mn/Zn-mediated one-pot
redox ROP, we found that the combination of Zn-2 and Mn-1 at
-15 °C mediated gradient copolymerization to generate poly(L-1-
grad-D-3) (Figure Sa, Figure $37). We note thatat a [OCA]/[Zn-2]
ratio of 200, the polymerization rate constant of L-1 was 21.7-times
higher than that of D-3 (Figure S37c). 'H NMR spectroscopy con-
firmed that poly(L-1-grad-D-3) was highly isotactic, as evidenced
by the well-defined methine quartet at 5.2 ppm. In comparison, the
random (r) copolymer poly(L-1-r-L-3) showed a broad peak in this
region (Figure Sb). '"H NMR spectroscopic analysis of the copoly-
merization kinetics showed that1-1was converted more rapidly
than D-3: for instance, at 25 min, conversion of 1L-1 was 43%,
whereas that of D-3 was only 19% ([1-1]/[D-3]/[Zn]/[Mn] =
200/200/1/1; Figure Sc). The 1-1/D-3 ratio in the copolymer also
decreased markedly with time, from 2.1 at 25 min to 1.2 at 4 h,
indicating the formation of a gradient copolymer (Figure Sc). Us-
ing the D-1/L-3 pair instead of the L-1/D-3 pair did not affect either
the polymerization results or the microstructure of the obtained
polymer (Figure S38). Notably, replacing D-3 with L-3 resulted in
the formation of a random copolymer poly(L-1-r-1-3). This was
confirmed by analysis of the polymerization kinetics: the conver-
sions of L-1 and L-3 were similar throughout the copolymerization,
and the reaction was almost completed within 1 hour (Figure
S40c). These results suggested that the use of co-monomers with
the same chirality is more likely to result in stereoerrors—and
thereby the formation of random copolymers—than the use of co-
monomers with different chirality. Using this one-pot copolymeri-
zation strategy for monomers with opposite chiralities, we were
able to prepare other gradient copolymers from various OCA enan-
tiomers, including poly(1-1-grad-D-2) (Figure S41) and poly(D-2-
grad-1-3) (Figure S42).

Resilient gradient copolymer with improved strength and
ductility. Copolymers comprising elastic (soft) and glassy (hard)
blocks usually exhibit characteristics of thermoplastic elastomers.*®
Our studies of the T values and stress—strain characteristics of the
homopolymers (Figure 6a), which were enabled by our scalable
Mn/Zn-catalyzed reactions to prepare high-MW polyesters, indi-
cated that poly(1) could be used as hard blocks and poly(3) could
be used as soft blocks (Table 3, entries 1 and 3). High-MW poly(L-
1) (M. = 170.9 kDa) exhibited a fracture strength () of 12.5 MPa
and a fracture strain () of 73.6%, showing improved toughness
than low-MW poly(1-1) (Table 3, entries 1 versus 2); whereas
poly(1L-3) exhibited elastomeric behavior with no obvious yield
point, having an extremely high ¢ (472%) and a relatively low o
(0.97 MPa; Figure 6b).

Although sequential addition of co-monomers is a well-
established method for preparing block copolymers with tailored
thermal and mechanical properties, recent studies have suggested

that stereosequenced copolymers may exhibit unprecedented
thermal or mechanical properties.® Indeed, we discovered in this
study that the stereosequences of copolymers did in fact affect their
thermal and mechanical properties (Figure 6b). The gradient co-
polymer poly(L-1-grad-D-3) was stronger and more ductile than
the block copolymer poly(L-1-b-D-3) and the random copolymer
poly(L-1-r-L-3). Specifically, the o of poly(L-1-grad-D-3) (14.8
MPa) was 2.46, 2.14, 1.97, and 1.18 times the respective values for
poly(1-1-b-D-3), poly(1-1-+-1-3), poly(L-1-b-D-3-b-1-1), and
poly(1L-1); and the ¢ value (317.5%) was 1.36, 1.08, 1.21, and 4.31
times the respective values for poly(L-1-b-D-3), poly(L-1-r-1-3),
and poly(1-1), respectively (Table 3, entries 4-7, and 1). The over-
all toughness value for poly(L-1-grad-D-3) was dramatically higher
than the values for the two corresponding homopolymers (by fac-
tors of 4.84 and 12.3, respectively) and the values for poly(1-1-b-D-
3), poly(L-1-b-D-3-b-1-1), and poly(1-1-r-1-3) (by factors of 3.92,
2.55, and 2.86, respectively). Such mechanical properties of poly(L-
1-grad-D-3) are comparable to commercially available non-
degradable low-density polyethylene (LDPE) (Figure 6b; Table 3,
entries 4 versus 8). Notably, varying the ratio between 1-1 and D-3
in gradient copolymers did not improve the strength and toughness
of the copolymers (Table S11, Figure S46b). Additionally, poly(L-
1-grad-D-3) only had one T (22 °C), which was similar to the T; of
the random copolymer poly(L-1-7-1-3) (21 °C); whereas the block
copolymer poly(1-1-b-D-3) had two Tyvalues (9 and 30 °C, Figure
$49). The stereocomplex (sc) of poly(1-1-grad-D-3) and poly(D-1-
grad-1-3) had an ¢ value of up to 392 %, but stereocomplex for-
mation did not markedly affect the T, and o values, presumably
because of the low crystallinity of poly(3) (Table S11, Figure S46b
and $49).

Additionally, poly(L-1-grad-D-3) showed resilience: a fractured
sample of this polymer after the stress—strain test recovered its
shape within 20 min at room temperature with a residual strain of
13.2% (Figure 6c; also see Movie S1 about the polymer shape re-
covery after relieving the stress). The residual strain could be easily
recovered when the polymer was kept at 40 °C for 1 h (above its T
[22 °C]); the strain recovery ratio was 0.948 (Table 3, entry 4).
Introduction of a highly elastic poly(3) block into gradient or block
copolymers provided copolymers with decent strain recovery ratios
(ranging from 0.46 to 0.95); whereas poly(1L-1) and LDPE did not
show any pronounced shape memory properties (Table 3, entries 1
and 8; Figures $50 and S51).

CONCLUSIONS

The mainstream adoption of polyesters in plastics engineering
has been stymied by a lack of general methods for preparing func-
tionalized polyesters at scale and the consequent lack of infor-
mation about their structure-property relationships, information
that is necessary for the development of degradable alternatives to
unsustainable polyolefins. Herein, we describe the mechanism-
inspired identification of a redox-active Mn complex that can be
used for scalable synthesis of stereoregular polyesters with pendant
functional groups and for elucidation of a catalytic reaction path-
way that is distinguishable from the conventional coordination-
insertion ring-opening pathway. This synthetic method is opera-
tionally simple and does not require external energy triggers com-
pared to our previously reported methods. The method can be



used to prepare homopolymers, block copolymers, stereoblock
copolymers, and gradient copolymers; and, in particular, it allows
us to prepare a gradient copolymer that is tougher, more ductile,
and more resilient than the corresponding block copolymers and
homopolymers, and outperforms commodity polyolefins such as
LDPE in terms of shape recovery resilience (Figure 6¢ versus Fig-
ures S47j and SS1i; Table 3). Studies aimed at elucidating how

Table 3. Thermal and mechanical properties of various poly(a-hydroxy acids), compared with LDPE *

Entry  Polymer M. (kDa)? Db T/ Tu(°C)¢
1 poly(1-1) 170.9 1.09 49/-

2 poly(1-1) 48.2 1.04 44/ -

3 poly(1-3) 133.8 1.02 5/136

4 poly(1-1-grad-p-3) 65.9 .02 22/-

S poly(1-1-b-p-3) 54.0 1.02 10,35/-

6 poly(L-1-r-1-3) 67.4 1.0S 21/-

7 poly(1-1-b-D-3-b-1-1)  64.0 1.07 19,41/-

8 LDPE . .

E,(MPa)? ¢ (MPa)“ e(%) 4 Strain recovery ratio ¢
391 £46 12.5+0.8 73.6+11.6 0.0058

87+ 18 49+0.3 53.7+1.7 0

1.05£0.06 097+0.15 471.6 £51.3  0.940

85+ 34 148+ 04 317.5£38.6 0.948

8.2+0.7 6.0+£0.6 233.5+42.1 0936

40+24 6.9+0.8 2949+432 0946

443+257 7.5+09 262.6£223 0.950

160 + 55 9.95+0.2 311.6+£109 0.012

¢ Abbreviations: My, number-average molecular weight; D, molecular weight distribution; Tg, glass transition temperature; Tm, melting temperature;

Ey, Young’s modulus; o, fracture stress; ¢, fracture strain; sb, stereoblock; s, stereocomplex; grad, gradient; b, block; r, random; LDPE, low-density

polyethylene. For all mechanical tests, n = 4-S, and data are presented as mean + standard deviation.  Determined by gel-permeation chromatog-

raphy. ¢ Determined by differential scanning calorimetry (Figures S48-S49). ¢ Determined by stress-strain tests (Figure 6b). ¢ The equation for strain

recovery ratio is described in Section 2.11 (results in Figures S47 and S51). Other polyesters’ thermal and mechanical tests results are presented in

Figures S46-S51 and Table S11-13.

stereosequence influences mechanical properties and at expanding
the scope of stereosequences to include syndiotactic blocks are
underway. We anticipate that the findings described herein will
accelerate the discovery of new polyester materials by allowing for
control of polymer stereosequences. Use of the resulting degrada-
ble polyester elastomers for packaging, fiber, and biomedical appli-
cations can be foreseen.
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