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ABSTRACT: Naturally produced, biodegradable polyhydroxyal-
kanoates (PHAs) promise more sustainable alternatives to
nonrenewable/degradable plastics, but biological PHA’s stereo-
microstructures are strictly confined to isotactic (R)-polymers or
copolymers of random sequences. Chemical synthesis via catalyzed
ring-opening polymerization (ROP) of cyclic (di)esters offers
expedient access to diverse PHA microstructures, including those
with defined comonomer sequences and tacticities. However, the
synthesis of alternating isotactic PHAs has not been achieved by
the existing methodologies. Here, we report the design of
unsymmetrically disubstituted eight-membered diolides (rac-
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8DLM™?) and their site- and stereoselective ROP with discrete chiral catalysts, enabling the synthesis of alternating isotactic
PHAs, poly(3-hydroxybutyrate-alt-3-hydroxyvalerate) (alt-P3HBV) and poly(3-hydroxybutyrate-alt-3-hydroxyheptanoate) (alt-
P3HBHp), with high to quantitative (>99%) alternation and isotacticity and M, up to 113 kDa and D = 1.01. Physical properties of
such PHAs are substantially determined by the degree of backbone sequence alternation and tacticity, ranging from amorphous to
semi-crystalline materials. The alt-P3HBV shows significantly improved mechanical performance relative to the constituent
homopolymers. Intriguingly, enantiomeric (R)-alt-P3HBV and (S)-alt-P3HBV, synthesized by kinetically resolved ROP of rac-
8DLM*®! form a stereocomplex with a significantly enhanced T,, (by 53 °C), while the enantiomeric homopolymers do not form a

stereocomplex.

B INTRODUCTION

Polyhydroxyalkanoates (PHAs) belong to a large family of
biodegradable and biocompatible aliphatic polyesters that
possess diverse properties and thus applications in biomedical,
pharmaceutical, and packaging areas, the last of which holds
great potential to partially substitute conventional non-
degradable plastics.'~'' To tune the properties, PHAs built
from various (co)monomers polymerized by diverse catalysts
have been prepared.'” *° A different approach to modulate the
properties of PHAs, and thus broaden the potential
applications, is through manipulating the sequence of the
repeating units along the polymer backbone or controlling the
tacticity of polymer chains,”' 7>° which can be achieved
through catalyzed ring-opening polymerization (ROP) by
catalyst-site—controlled coordination polymerization.”’ > For
example, 60+ years of research in pursuing chemical synthesis
of microbial poly(3-hydroxybutyrate) (P3HB), which is a
purely isotactic polymer, has recently culminated in a metal-
catalyzed ROP of eight-membered racemic dimethyl diolide
(rac-8DLM®) to perfectly isotactic P3HB with meso triad [mm]
> 99%, number-average molecular weight (M,) = 154 kDa,
dispersity (P) = 1.01, and melting-transition temperature (T,)
= 171 °C.** Catalyzed chemical synthesis of enantiomeric (R)-
P3HB and (S)-P3HB with T,, = 175 °C has also been realized
via enantioselective polymerization of rac-8DLM.** Syndiotac-
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tic P3HB with P, (probability of racemic linkages between
monomer units) up to 94% was also synthesized by Carpentier
et al. through ROP of rac-f-butyrolactone (rac-f-BL) using
yttrium complexes supported by dianionic aminoalkoxybis-
(phenolate) ligands.””*® Through the ROP of 8DLM¢
diastereomeric mixtures, isotactic-b-syndiotactic sequenced
P3HB has also been created.”® Taking advantage of chain-
end control, in which the stereogenic center of (essentially) the
last inserted monomer biases the catalyst to selectively
incorporate the next monomer with the opposite stereo-
configuration, Coates et al. employed two sets of enantiomeric
P-lactones with opposite absolute stereoconfigurations using
syndiospecific bimetallic yttrium complexes supported by
tetradentate phenoxyamine ligands, affording alternating
syndiotactic PHA copolymers (alternation up to 94%) with
interesting physical properties distinct from individual
homopolymers or random copolymers (Scheme 1)."* Follow-
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Scheme 1. Synthesis of Alternating Stereoregular PHAs”
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“Comparison between alternating syndiotactic PHAs using two
enantiopure, different -BLs and alternating isotactic PHAs using
the same diolide, rac-8DL}M 2,

ing this chain-end-control methodology, alternating syndiotac-
tic copolymerization of allyl and benzyl f-malolactonates was
realized using an yttrium complex supported by a tetradentate
dichloro-substituted bis(phenolate) ligand, and the resulting
copolymers are readily post-functionalizable through hydro-
genolysis of the benzyloxycarbonyl or functionalization of the
allyl pendant groups, offering a new class of alternating
syndiotactic copolymers with designed functional groups.’
However, when such a mixture of (R) and (S)-lactones was
subjected to copolymerization by isoselective catalysts, a
mixture of isotactic homopolymers, rather than envisioned
alternating isotactic copolymers, was produced.'*

Naturally, a fundamental question is how to create
alternating isotactic PHA copolymers, where the backbone
carbon atoms have the same absolute configuration but with
alternating substituent groups. Here, the chain-end-control
method, which alternatively enchains monomers with opposite
stereogenic centers, apparently did not work."* Another
approach to prepare alternating copolyesters is to utilize
unsymmetric cyclic diesters. For example, alternating poly-
(lactic-co-glycolic acid) was synthesized via a regioselective
ROP of (S)-methyl glycolide catalyzed by an enantiomeric
aluminum salen catalyst with the binaphthyl backbone.*
Similarly, an alternating isotactic copolymer of lactic acid and
mandelic acid was successfully synthesized by polymerizing
enantiomerically pure methyl-6-phenyl-1,4-dioxane-2,5-dione
(MPDD) with a rac-methyl lactate TMP—Zn complex (TMP
= 1,5,9-trimesityldipyrromethene);39 an alternating hetero-
tactic copolymer was also synthesized by regio- and stereo-
selective polymerization of rac-MPDD. Inspired by these
results, we hypothesized that alternating isotactic PHAs could
be generated from unsymmetrically disubstituted rac-8DLs
that possess two stereogenic centers with the same stereo-
configuration yet different alkyl groups (R;-R,, Scheme 1).
Differing from the prior work where only one of the two
sequence-control factors, that is, stereoselectivity (for the
chain-end-control method) and regioselectivity (for the ROP
of enantiopure diesters), needs to be addressed during the
polymerization, creation of novel alternating isotactic PHAs
from the unsymmetric rac-8DLs strictly requires simultaneous
control of both stereoselectivity and site selectivity during the ring-

opening processes; otherwise, both stereo- and regio-sequence
errors could take place individually or concurrently. Excitingly,
by judiciously choosing the catalyst and reaction conditions,
perfectly alternating isotactic PHA copolymers, poly(3-
hydroxybutyrate-alt-3-hydroxyvalerate) (alt-P3HBV) and poly-
(3-hydroxybutyrate-alt-3-hydroxyheptanoate) (alt-P3HBHp),
were obtained through kinetically resolved, stereoselective
ROP of unsymmetric rac-8DLs (Scheme 1). The alternating
isotactic PHAs displayed significantly different thermal proper-
ties (crystallization processes, thermal transitions, and physical
states) relative to their homopolymers, which are closely
related to the percentage of backbone alternation and
stereoregularity. In sharp contrast to the individual isotactic
homopolymers, which are brittle with an ultimate tensile strain
less than 10%, alt-P3HBV exhibits much improved mechanical
properties with an elongation at break reaching 220%. By using
enantiopure catalysts, enantiomeric PHAs, (R)-alt-P3HBV and
(S)-alt-P3HBV, were also synthesized through site- and
enantioselective ROP, and surprisingly, they were able to
form a stereocomplex showing a significantly enhanced T,,. In
contrast, this stereocomplexation behavior is absent in their
isotactic homopolymers.

Bl RESULTS AND DISCUSSION
Site- and Stereoselective ROP of RR/SS-8DLMeEt/Bu,

The diolide monomer unsymmetrically disubstituted with
methyl and ethyl groups in its racemic form, RR/SS-8DLM**,
was synthesized from bio-sourced dimethyl succinate, as
outlined in Scheme S1. Although the overall synthetic scheme
follows that of the general synthetic protocol for the
symmetrically disubstituted diolides,**® step-wise installation
of the Me and Et groups via alkylation by Mel (first) and EtI
(second) was required for the synthesis of RR/SS-8DLM<®,
Spectroscopic analysis and single-crystal X-ray diffraction (SC-
XRD) study confirmed its formation, purity, and absolute
configuration (Figures 1A and S1—S12). The methyl- and n-
butyl-substituted diolide derivative, RR/ SS-8DLMe B was
synthesized in the same fashion (Scheme S1).

Given that undesired inter-/intrachain transesterification
commonly takes place in the ROP of cyclic esters catalyzed by
either organic bases or metal-based complexes,"”** which
would scramble polymer backbones and lead to sequence
errors, we first employed matrix-assisted laser desorption/
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Figure 1. (A) Chemical structures of the unsymmetric rac-8DLs
synthesized in this work and crystal structure of RR-8DLM*E obtained
via SC-XRD. (B) Metal-based achiral (1), C,-chiral racemic (2—4),
and enantiomeric (R,R- and S,5-4) catalysts employed in this study.
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Figure 2. (A) MALDI-TOF MS spectrum of isotactic alt-P3HBV prepared with [RR/SS-8DLM*]/[4]/[BnOH] = 20/1/1. (B) Plot of m/z values
() versus the theoretical number of the RR/SS-8DLM*® repeating unit (x). (C) M, and D values (measured by GPC in THF) as a function of

monomer conversion for the polymerization with [RR/SS-8DLM**]/[4]/[BnOH] = 100/1/1.

Table 1. Selected Results of Polymerization of RR/SS-8DLM*F/B" ynder Various Reaction Conditions”

run monomer catalyst ~ [M]/[cat] temp. (°C) time (min) conv.” (%) M, (kDa) M, 44 (kDa) D° (M,/M,) % of” alternation
1 (£)-DLMeEt 1 20/0.33 25 30 56.5 5.60 221 1.82 70.3
2 (&)-DLMeE 2 20/1 25 30 100 15.6 3.83 1.03

3 (£)-DLMeEt 2 200/1 25 30 100 61.0 37.4 1.02 782
4 (&)-DLMeE 3 100/1 25 30 100 29.6 18.7 1.04

S ()-DLMe-Et 3 200/1 25 30 100 49.6 374 1.09 79.6
6 (£)-DLMeE 3 400/1 25 30 100 119 74.6 1.30

7 (£)-DLMeEt 4 20/1 25 1 100 6.50 3.83 1.19

8 (£)-DLMe-Et 4 100/1 25 15 100 19.2 18.7 1.01

9 (£)-DLMeE 4 200/1 25 30/600 66/73 30.7 27.3 1.01 >99
10 (£)-DLMeEt 4 200/1 S5 600 66 24.6 24.7 1.01

11 (&)-DLMeE 4 200/1 0 600 86 31.7 32.1 1.01

12 (&)-DLMe-Et 4 200/1 -30 30 100 40.6 37.4 1.01 >99
13 (£)-DLMeE 4 400/1 -30 600 65 33.0 48.5 1.01

14¢ ()-DLMe-Et 4 200/1 -30 720 100 113 149 1.01

15 (&)-DLMeEt (RR)-4 200/1 -30 30 50 324 18.7 1.02

16 (&)-DLMeE (5,5)-4 200/1 -30 30 50 30.9 18.7 1.01

17 ()-DLMeBu 2 100/1 25 30 100 50.5 21.5 1.06 742
18 (£)-DLMeBu 2 200/1 25 30 64.6 24.1 27.8 1.12

19 ()-DLMeBu 3 100/1 25 30 100 314 21.5 1.06 75.2
20 (£)-DLMeBu 3 200/1 25 30 45.6 22.0 19.6 1.03

21 ()-DLMeBu 4 100/1 25 30 70.7 18.5 15.3 1.04 >99

“Reaction condition: [M] = 1.0 M, toluene as the solvent, benzyl alcohol (BnOH) as the initiator, [catalyst]/[BnOH] = 1:3 for 1 and 1:1 for 2, 3,
and 4, catalyst and BnOH premixed in toluene at room temperature (~25 °C) before adding into the monomer solution. The racemlc monomers,
RR/SS-8DLMeFYBY were abbreviated as (+)-DLM®/P" for clarity. Note: the polymerization in dichloromethane behaved similarly. *Conversions
of monomers measured by 'H NMR spectra of the quenched solution in benzoic acid/chloroform. “Weight-average molecular weight (M,,),
number-average molecular weight (M,)), and dispersity (D = M,,/M,) determined by GPC coupled with an 18-angle light scattering detector at 40
°C in chloroform. “The percentage of alternation was determined from integration at the carbonyl region of the semi-quantitative '*C NMR

spectrum. “[catalyst]/[BnOH] = 1:0.25. Note: the initiation efficiency =
[(i)-DLMe'Et/Bu]/[BnOH] X conv (%) + MW of chain-end groups (BnOH) =

108.14.

M, (caled) /M, (exptl), where M,(caled) = MW((x)-DLMeEVBR)
186.21 (214.26) X [(i)-DLMe-E*/B"]/[BnOH] x conv (%) +

ionization time-of-flight mass spectroscopy (MALDI-TOF
MS) to gain an insight into the microstructure of the PHAs
produced by the employed catalysts (Figure 1B) in a ratio of
[monomer]/[catalyst]/[BnOH] = 20:1:1. It was found that if
the polymerization was quenched at or before full monomer
conversion, no transesterification was observed (Figures 2A,
S13, and S14), as indicated by the mass spectrum showing
exclusive molecular ion peaks with a spacing of 186.2
corresponding to the whole ring-opened RR/SS-8DLMe*t
repeating unit (Figure 2B). This well-behaved ROP feature is
the same as that observed for the ROP of symmetrically
disubstituted diolides.*>*°

The scaled-up ROP of RR/SS-8DLM®* was initially
screened with La[N(SiMe;),]; (1), which was previously

demonstrated to be an effective catalyst to polymerize
lactones.”>™* With the BnOH initiator and [monomer]/
[1]/[BnOH] = 20:0.33:1 (Table 1, run 1), the polymerization
in toluene at room temperature (~25 °C) led to a conversion
of 56.5% in 30 min. Extending the reaction to 120 min only
slightly improved the conversion to 60.2%, yielding a polymer
with a low M, of 5.6 kDa and a high dispersity of D = 1.82.
Furthermore, *C NMR spectra (Figure 3A-a) indicate poor
site- and stereo-controls as multiple peaks were observed in the
carbonyl region from 169.1 to 169.7 ppm. It is worth noting
that a detailed assignment of the individual carbonyl peaks for
the polymer produced by 1 is infeasible because 1 exhibits
poor stereoselectivity for the ROP of rac-8DLs>” and likely

https://doi.org/10.1021/jacs.2c08791
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Figure 3. (A) *C NMR spectra (CDCl,) of alt-P3HBV (a—d) and alt-P3HBHp (e—h) prepared with catalysts 1—4, respectively, in the carbonyl
and methylene regions. (B) Illustration of perfect isotactic and sequence error-containing alt-P3HBV(Hp) backbones with assigned *C NMR
chemical shifts. Given the complexity of stereo-mixed sequence errors and the fact that catalysts 2 and 3 mainly caused site-selective errors,

stereoselective errors are not shown here.

poor site selectivity as well, which significantly complicated
assignments of the carbonyl resonances.

On the basis of our prior work on the ROP of rac-
8DLMe > discrete yttrium silylamido complexes supported
by N,N’-bis(salicylidene)cyclohexanediimine (salcy) li-
gands‘?"?"%’47 exhibit high polymerization activity and efficiency
toward 8DLs. Complex 2 with the classic salen ligand bearing
the 3,5-di-tert-butyl substituents was examined first for its
reactivity and regio-/stereoselectivity toward the ROP of RR/
SS-8DLM®t, Complete polymerization was achieved in 30 min
under identical conditions to those employing catalyst 1
(Table 1, run 2). Increasing the monomer loading to 200 equiv
still achieved a full monomer conversion in 30 min, leading to
an increased M, to 61.0 kDa with a narrow dispersity D = 1.02
(Table 1, run 3). ®C NMR spectra (Figure 3A-b) of the
resulting polymer displayed a much cleaner carbonyl region
showing two main peaks centered at 169.2 ppm from the
carbonyls of the isotactic alternating [HB—HV and HV—HB]
sequences and two minor peaks at 169.1 and 169.4 ppm,
caused by site-selective error during the ROP process that
leads to the formation of HB—HB and HV—HYV linkages as
homopolymer sequence errors (Figure 3B), which is consistent
with the carbonyl chemical shifts of the isotactic P3HB and
P3HV homopolymers.”>*® To further enhance the site
selectivity regulated by the steric interplay and matching
between RR/SS-8DLM** monomer and catalysts, complex 3

supported by the bulkier cumyl-substituted ligand was
employed, but the ROP (Table 1, runs 4—6) did not enhance
the degree of isotactic alternation, as compared to complex 2
(Figure 3A-c). It is worth noting that catalyst 3 exhibits
excellent activity in the ROP of RR/SS-8DLM**™; with a 0.25
mol % catalyst loading, the ROP achieved 100% monomer
conversion in 30 min, yielding a high molecular weight alt-
P3HBV with M, = 119 kDa (Table 1, run 6). Finally, we
arrived at the even bulkier trityl (Ph;C) substituted complex 4
that was previously shown to produce perfect isotactic
P3HB.>> When combining with 1 equiv of BnOH initiator,
complex 4 effectively polymerized 20 to 100 equiv of RR/SS-
8DLM*E! to completion within 15 min at 25 °C (Table 1, runs
7 and 8). The control of the polymerization was demonstrated
by monitoring the M, value as a function of monomer
conversion for the polymerization by 4. As shown in Figure
2C, the molecular weight of the resulting alt-P3HBV increased
linearly (R* = 0.992), while all the D values from low to high
conversions remained low in a narrow range from 1.01 to 1.04.
Remarkably, the obtained polymer now displayed perfect
isotactic alternation as reflected by its *C NMR spectrum
that shows only two carbonyl peaks centered at 169.3 ppm and
two single methylene carbon peaks at 40.7 and 38.7 ppm that
are from the methylene carbons adjacent to methyl/carbonyl
and ethyl/carbonyl, respectively (Figure 3A-d,B). These
assignments are again consistent with the chemical shifts of
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the previous reported homopolymers'***° and alternating

syndiotactic polymers.'”> Higher molecular weight alt-P3HBV
can be produced with increasing the monomer loading to 200
equiv (M, = 30.7 kDa, D = 1.01, Table 1, run 9), but the
reaction did not go to completion at 25 °C. Compared to our
previous studies,’”’® the unsymmetrical RR/SS-8DLMeEt
polymerized faster than symmetrical rac-8DL® but slower
than rac-8DLM, indicating that the monomer reactivity is
largely affected by the steric hindrance. Catalyst-site-controlled
coordination ROP has often shown temperature-dependent
reaction extents and rates related to the polymerizability of the
monomers and/or the catalyst reactivity under different
temperatures.43’48’49 Performing the ROP of RR/ SS-8DI Me-Et
by 4 at 55 °C did not improve the monomer conversion, but
the ROP at 0 °C enhanced conversion to 86% (runs 10 and
11). Further decreasing the temperature to —30 °C achieved
100% conversion in 30 min, producing alt-P3HBV with M, =
40.6 kDa, D = 1.01 (Table 1, run 12). Moreover, the molecular
weight can be further improved to 113 kDa by changing the
[catalyst]/[BnOH] ratio to 1:0.25 (Table 1, run 14). Although
variable conversions were achieved at different temperatures,
the resulting polymers all displayed a narrow dispersity of 1.01
(Table 1, runs 9—12) and the measured M, values were close
to the theoretical ones (the calculated initiation efficiencies
ranging from 89 to 101%), indicating a controlled polymer-
ization. The observation of higher monomer conversion at
lower temperature is possibly caused by the active species
instability at elevated temperature and/or minute residual
impurities in the monomers which may have an alleviated
impact on the polymerization at lower temperature.

The methodology for the successful synthesis of alt-P3HBV
can be readily extended to the synthesis of perfectly alternating
isotactic alt-P3HBHp using the methyl-"butyl disubstituted
rac-8DLs (RR/SS-8DLM*™"). Similarly, the polymerization by
catalyst 1 was rather sluggish and offered poor sequence
control, as indicated by Figure 3A-e. Catalysts 2 and 3
efficiently polymerized 100 equiv of monomer to completion
in 30 min at 25 °C, yielding alt-P3HBHp with M, = 50.5 and
31.4 kDa (Table 1, runs 17 and 19) and some site-/stereo-
errors (Figure 3A-f,g,B). Similarly, catalyst 4 with the bulky
trityl-substituted ligand produced perfectly alternating isotactic
alt-P3HBHp (Table 1, run 21), as indicated by the only two
carbonyl peaks centered at 169.1 ppm and single peaks for the
methylene carbons at 40.6 and 39.2 ppm (Figure 3A-h,B).
Overall, the ROP studies on RR/SS-8DLM* -Et/Bu Jemonstrated
that the unsymmetrical rac-8DL*™® is a promising platform
for the access to alternating isotactic PHAs potentially
possessing diverse and intriguing properties.

Ring-Opening Site Selectivity. The abovementioned
ROP results demonstrated the successful synthesis of perfect
isotactic alt-P3HBV(Hp) with high to quantitative alternation
by site- and stereoselective ROP of RR/SS-8DLM*E/B vyith
discrete chiral yttrium catalysts. However, these results brought
up an interesting fundamental question: which site of the
diester ring is exclusively opened during the ROP process? To
answer this question, we first set up the reference chemical
shifts by nonselectively opening the ring with acidified MeOH
(5% v/v HCI), leading to the formation of two regio-isomeric
products with different terminal groups that represent the two
possible end groups of alt-P3HBV (Figure 4A). Through 2D
"H—"H correlation spectroscopy (Figure S15), the two sets of
"H NMR signals centered at 4.05 and 3.80 ppm were assigned
to the methyl-substituted and ethyl-substituted hydroxyl

A: non-selective ring-opening
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B: Site-selective ROP
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Figure 4. (A) '"H NMR spectrum of nonselectively ring-opened RR/
$S-8DLM*F in the terminal methylene region. (B) 'H NMR spectrum
of isotactic altP3HBV produced with catalyst 4 in a [monomer]/
[catalyst]/[BnOH] ratio of 20:1:1, showing exclusive ring-opening at
the a-methyl ester site.

terminal groups, respectively. Next, isotactic alt-P3HBV with
a relatively low molecular weight (M, = 6.5 kDa, D = 1.19)
produced by catalyst 4 was subjected to the comparison with
the established "H NMR reference, as shown in Figure 4B. The
presence of the only observed methyl-substituted hydroxyl
terminal group suggested that the ring-opening takes place
exclusively at the methyl-substituted ester site (Figure 4B),
which is consistent with previous literature showing that ring-
opening occurs preferentially at the less hindered site.’
Thermal and Mechanical Properties of alt-P3HBV-
(Hp). Thermal transition behaviors of isotactic alt-P3HBV
prepared with catalysts 2 (P1), 3 (P2), and 4 (P3) under
identical conditions (monomer/catalyst/BnOH = 200:1:1)
were investigated with differential scanning calorimetry (DSC)
and are compared in Figure SA. To our surprise, P1 and P2,
the highly isotactic alt-P3HBV, are completely amorphous,
displaying only observable glass transition temperature (T ) at
—6.9 and —9.5 °C, respectively, due to their imperfect (~80%)
alternation. However, for P3, the perfectly alternating and
isotactic copolymer, a much enhanced T, to —0.2 °Canda T
at 103.5 °C with a heat of fusion (AHf) value of 41.6 J ¢!
were observed, indicating a transition from amorphous (P1
and P2) to semicrystalline PHA materials (P3) and high-
lighting the importance of the sequence- and stereoregularity
of the polymer backbone on the resulting physical properties.
Noticeably, DSC traces of the first cooling scan did not display
any crystallization peak (T.) and no T,, was observed on the
second heating scan even under a low heating/cooling rate of 1
°C min~' (Figures S16 and S17), all suggesting a slow
crystallization process, presumably originated from the
alternating nature of the polymer backbones, which is different
from the fast crystalhzatlon behavior of the individual
homopolymers.”® On the other hand, isotactic alt-P3HBHp
all appeared as liquid/wax-like materials, regardless of the
sequence and stereoregularity. Even for P4, the one with the
perfect backbone alternating sequence and isotacticity
prepared with catalyst 4 (M, = 18.5 kDa, D = 1.04), only a
T, of —16.1 °C was observed, which is significantly lower than
that of alt-P3HBV, as expected, due to the incorporation of the
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Figure S. (A) DSC traces of alt-P3HBV materials prepared with
catalysts 2 (P1), 3 (P2), and 4 (P3) in a [monomer]/[catalyst]/
[BnOH] ratio of 200:1:1 and alt-P3HBHp (P4) prepared with
catalyst 4 in a ratio of 100:1:1. Data collected from the first heating
scan with a scan rate of 10 °C min™%. (B) Stress—strain curve of alt-
P3HBYV prepared with catalyst 4 and 1,4-benzenedimethanol initiator
in a [monomer]/[catalyst]/[initiator] ratio of 200:1:0.5 (M, = 70
KDa, D = 1.02).

longer flexible butyl side chains that increase chain mobility
and disrupt the packing of polymer backbones. Thermogravi-
metric analysis (TGA) of alt-P3HBV (M, = 30.7 kDa, D =
1.01) prepared with catalyst 4 showed a decomposition
temperature (T;) (defined by the temperature of 5% weight
loss in the TGA curve) of 246 °C and a maximum rate

decomposition temperature (T,,) of 278 °C (Figure S18),
offering a fairly large melt-processing window of 143 °C.
Noticeably higher thermal stability was observed for alt-
P3HBHp (M, = 18.5 KDa, D = 1.04) prepared with catalyst 4,
displaying T4 and T, of 254 and 290 °C, respectively (Figure
S19).

Isotactic homopolymers P3HB and P3HV are known for
their strong crystallization behavior, brittleness (~3%
elongation at break), and lack of optical clarity, which largely
limit their potential applications. Considering the reduced
crystallinity of alt-P3HBV, which could improve the melt-
processability and mechanical performance, we synthesized alt-
P3HBV (M, = 70 kDa, D = 1.02) in a multi-gram scale using
catalyst 4 combined with a 1,4-benzenedimethanol initiator in
a [monomer]/[catalyst]/[initiator] ratio of 200:1:0.5. The
polymer was processed into dog-bone-shaped test specimens
(ASTM D638 standard; Type V) suitable for tensile testing via
compression molding. Indeed, the obtained film is optically
clear (Figure $20), and more significantly, the mechanical tests
showed that alt-P3HBV is ductile with an ultimate strain
(elongation at break) of up to 220% (Figure SB).

Enantiomeric (R)-alt-P3HBV and (S)-alt-P3HBV: Syn-
thesis and Stereocomplexation. Formation of supra-
molecular stereocomplexes between enantiomeric chiral
polymer chains that dramatically changes the crystallization
rate, crystallinity, and T, value of polymers, often leading to
significantly enhanced thermal properties and distinct phys-
ical/mechanical properties, has been observed in various types
of polyesters.’”~>® Apparently, an exception is P3HB, as
physical blending of (R)-P3HB and (S)-P3HB did not yield a
stereocomplex, that is, both the enantiomeric polymers and
racemic mixtures display the same thermal/physical proper-
ties.”® A rare example of stereocomplex formation observed in
the broad poly(3-hydroxyalkanoate) family is a blend of
enantiomeric isotactic poly(a-methyl-a-ethyl-g-
propiolactone)s, where the blend exhibits a T, of ~40 °C
higher than those of enantiomeric polymers.”*>> To explore
how the alternating nature of alt-P3HBV, where the methyl
and ethyl groups are not attached to the same a-carbon but to
the a- and f-carbon in alternation, affects the stereo-
complexation, we set out to synthesize (R)-alt-P3HBV and
(S)-alt-P3HBV by employing enantiomerically pure catalysts
(5,5)-4 and (R,R)-4,> respectively (Scheme 2).

The enantioselective ROP of RR/SS-8DLM*Et was carried
out with a [monomer]/[(R,R)/(S,S)-4]/[BnOH] ratio of
200/1/1 at —30 °C (Table 1, runs 15 and 16). The kinetically
resolved ROP of the racemic monomers and resulting

Scheme 2. Enantioselective ROP for Kinetic Resolution of RR/SS-8DL™*E* to (R)-alt-P3HBV and (S)-alt-P3HBV
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enantiomeric isotactic alt-P3HBV were confirmed by the
following three lines of corroborative evidence. First, different
from the ROP by rac-4 with a 200-equiv. monomer loading
that achieved quantitative conversion in 30 min, (R,R)-4 and
(S5,5)-4 only polymerized 50% monomer in 30 min, and
extending reaction time to even 120 min did not further
enhance the conversion (Figures S21—23), indicating exclusive
catalyst site selectivity for one particular enantiomer of the
monomer during the ROP process; this observation is identical
to the enantioselective polymerization of the symmetrically
substituted diolide rac-8DLM¢>* Second, the unreacted
monomers displayed identical '"H NMR spectra (Figures S24
and 25) to the racemic mixture and the isolated polymers are
perfectly isotactic, as evidenced by *C NMR (Figures S26 and
27). Third, the 50% unreacted monomer produced by the
ROP with (R,R)-4 showed a specific rotation of —82.1°, while
the specific rotation of the unreacted monomer obtained from
the ROP with (S,5)-4 was +80.0°, which were assigned to
(R,R)-8DLM*t and (S,S)-8DLM**, respectively, according to
our previous studies.”> Overall, the presented evidence
indicated that (R,R)-4 selectively polymerized (S,S)-8DLME!
while (S,S)-4 only polymerized (R,R)-8DLM*¥, which is
coupled with perfect site selectivity for each ester site of
monomers.

Intriguingly, enantiomeric (R)-alt-P3HBV and (S)-alt-
P3HBV showed markedly different thermal properties and
crystallization behavior than their 1:1 physical blend (Figure
6). DSC curves for the first heating scans (Figure 6A) of the
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Figure 6. (A) DSC curves of the first heating scan; scan rate = 10 °C
min~!. (B) Powder XRD profiles of (R)-alt-P3HBV and (S)-alt-
P3HBV and their 1:1 physical blend.

enantiomeric polymers displayed a T,, peak at 62.0 °C (heat of
fusion AH,, = 35.7 to 39.8 J g™'), but the 1:1 blend displayed a
much higher T, of 114.6 °C and a AH,, of 50.1 J g”', which
indicate a higher degree of crystallinity in the blend as a result
of stereocomplexion. Powder XRD profiles (Figure 6B) of (R)-

alt-P3HBV and (S)-alt-P3HBV exhibited almost identical
crystalline diffraction patterns, consisting of four major peaks
located at 26 = 12.1°, 15.1°, 18.4°, and 20.5° and a few minor
signals at higher 20 values. In comparison, three of the major
peaks (20 =12.1°, 15.1°, and 18.4°) presented in the
enantiomers were absent in the 1:1 blend and two new
pronounced peaks at 26 = 13.4° and 16.7° emerged, which are
again attributed to the stereocomplex formation. As expected,
the alt-P3HBV synthesized with catalyst rac-4 displayed a T,
similar to, and the XRD profile same as, the blend prepared by
mixing equal amounts of (R) and (S)-alt-P3HBV (Figure S28),
indicating the formation of a stereocomplex between chains of
different chiralities produced by the racemic catalyst. It is
worth noting that both the enantiomers and the blend
displayed rather similar Fourier transform infrared spectra
(Figure S29) with no noticeable shift of the C=0 stretching
frequency (vc—o) observed; this is presumably due to the
relatively weak complexation interaction between the two
enantiomeric polymers so that the impact on the C=O
stretching frequency was not noticeably observed, unlike the
more pronounced effect observable on the crystallization
behavior.

B CONCLUSIONS

In summary, we reported here the synthesis of perfectly
alternating, isotactic PHAs via ROP of unsymmetrically
substituted rac-8DLs catalyzed by discrete, chiral yttrium
complexes, one of which (the bulky trityl-substituted catalyst
4) exhibits essentially quantitative site and stereoselectivity.
This synthesis was realized by monomer’s structural design and
rationalized manipulations of the steric interplay/matching
between the structure and chirality of monomers and catalysts.
Mechanistic investigation showed exclusive ring-opening
occurring at the less sterically hindered a-methyl-substituted
ester site, accounting for the observed perfect site selectivity,
thus perfect alternating Me/Et sequences along the polymer
backbone. The resulting unique alternating isotactic PHA
materials display significantly different thermal/physical
properties as a function of the site and stereoregularity of
the polymer backbones. In sharp contrast to the individual
isotactic homopolymers P3HB and P3HV, alternating isotactic
copolymer alt-P3HBYV displays substantially improved mechan-
ical properties, with an elongation at break of 220% (vs <10%
for isotactic P3HB or P3HV). Kinetically resolved ROP of RR/
SS-8DLMeEt with enantiomeric (R,R) and (S,S)-4 led to (S)-
alt-P3HBV and (R)-alt-P3HBV, respectively. These enantio-
meric PHAs were found to form a stereocomplex, as evidenced
by the enhanced T,, (by 53 °C) and different XRD profiles,
whereas this stereocomplexation phenomenon was not
observed in the individual homopolymers. In fact, this
represents a rare example of stereocomplex formation in the
PHA family and suggests another unique feature brought about
by the perfectly alternating structure.

This study further expands the utility of the 8DL monomer
family as a promising platform for accessing a variety of novel
PHA materials, including the novel alternating isotactic PHAs
reported herein. By rational design of unsymmetric monomers
and chiral catalysts as well as judicious selection of proper

https://doi.org/10.1021/jacs.2c08791
J. Am. Chem. Soc. 2022, 144, 20016—20024


https://pubs.acs.org/doi/suppl/10.1021/jacs.2c08791/suppl_file/ja2c08791_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.2c08791/suppl_file/ja2c08791_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.2c08791/suppl_file/ja2c08791_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.2c08791/suppl_file/ja2c08791_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.2c08791/suppl_file/ja2c08791_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.2c08791/suppl_file/ja2c08791_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.2c08791/suppl_file/ja2c08791_si_001.pdf
https://pubs.acs.org/doi/10.1021/jacs.2c08791?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.2c08791?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.2c08791?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.2c08791?fig=fig6&ref=pdf
pubs.acs.org/JACS?ref=pdf
https://doi.org/10.1021/jacs.2c08791?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Journal of the American Chemical Society

pubs.acs.org/JACS

reaction conditions, other emerging alternating PHA materials
with tailored physical/mechanical properties and potentially
useful functionalities could be discovered, thereby opening up
new opportunities for synthetic designer PHAs.
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