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Introduction

Beneficial physical properties, tunability, and low cost have propelled the exponential
growth of petrochemical plastics over the past several decades (/, 2). However, rising alarm about
the enormous volumes of persistent plastic pollution and the growing resource intensity of plastic
production have motivated the development of biobased plastics as potentially more sustainable
alternatives (3-5). In addition to being renewable, biomass offers access to monomers that are
infeasible to produce from petrochemical feedstocks, which can be leveraged to achieve property
advantages. Polyesters figure prominently among existing biobased plastics, and examples such
as poly(lactic acid) (PLA) and poly(hydroxyalkanoates) (PHAs) have gained traction because they
provide alternative end-of-life options such as industrial composting (6). Compared to petroleum-
based commodity thermoplastics, however, biobased polyesters typically have inferior physical
properties, which limit their competitiveness (2).

For aliphatic polyesters that contain stereogenic centers in the backbone, the polymer
tacticity — the stereochemical configuration of sequential monomers in the polymer chains — can
have a substantial influence on its crystallinity and thermomechanical properties (7). Controlling
polyester tacticity by stereoselective ring-opening polymerization (ROP) is well-established for
monocyclic monomers such as meso- and rac-lactide (8-13), rac-B-butyrolactone (74, 15) and its
rac-diolide derivatives (16, 17), rac-alkyl-B-malolactonates (/8), and rac-O-carboxyanhydrides
(19-21). Bicyclic lactone monomers have recently received increased attention because polyesters
derived from these monomers incorporate cyclic structures in the repeating unit that can impart
improved thermomechanical properties and facilitate chemical recycling (22-30). In contrast to
monocyclic monomers, stereoselective ROP is not well established for bicyclic lactones, with a
few recent examples of stereoselective ROP of petroleum-based bicyclic lactones (30, 31).

Herein we describe two new stereoregular crystalline thermoplastics derived from racemic
(¥)-2-0x0-3,8-dioxabicyclo[3.2.1]octane ((£)-ODO), a bridged bicyclic lactone accessible from
the 6-carbon bio-sourced 5-hydroxymethylfurfural (HMF). We had previously reported the ring-
opening polymerization of racemic ODO to generate amorphous atactic (a-PODO) and the
copolymerization of ODO with L-lactide to generate more ductile PLA (22). As described below,
the stereoselective ring-opening polymerization of racemic (+)-ODO by new classes of organic
bisurea or Yttrium-based catalysts provide access to stereoregular, semi-crystalline thermoplastics
derived from erythro-di-isotactic PODO (isotactic, i-PODO) and erythro-di-syndiotactic PODO
(syndiotactic, s-PODO). We report the surprising discovery that chiral bisurea organocatalysts
(32, 33) can produce syndiotactic PODO by a chain-end control mechanism (34), supported
through polymerization and kinetic modeling of these chiral catalysts with enantiopure and
racemic ODO. Syndio- and isoselective yttrium catalyst mixtures were also developed to produce
high-molecular weight samples. The resulting polymers are distinct semi-crystalline materials that
exhibit tacticity- and processing-dependent thermal, mechanical, and gas barrier properties.
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Results and Discussion

Ring-opening polymerization of ODO with Bisureas
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Fig. 1. Reaction scheme for synthesis of ODO and PODO of various tacticities.

We first prepared homochiral i-PODO from the ROP of enantiopure ODO to determine
whether stereoregular PODO is semicrystalline (Fig. 1). The enantiopure monomer was
synthesized through diastereoselective hydrogenation of the chiral amide R-1 derived from 5-
(hydroxymethyl)-2-furoic acid and (R)-diphenyl(pyrrolidine-2-yl)methanol (35). Hydrogenation
of R-1 afforded (5-hydroxymethyl)tetrahydrofuran-2-carboxamide R-2 with 86% diastereomeric
excess, which could be recrystallized to diastereomerically pure R-2 (Fig. S11). Single crystal X-
ray diffraction established its absolute configuration as the (25,5R)-HMTA-(R)-amide (Fig. S76,
Table S6). Hydrolysis of R-2 to the acid, followed by acid-catalyzed lactonization under
azeotropic conditions afforded (—)-(1S,5R)-3,8-dioxabicyclo[3.2.1]-octan-2-one ((—)-(1S,5R)-
ODO) as a colorless crystalline solid (22).

Both (+)-ODO and (—)-ODO underwent rapid polymerization at room temperature with
deprotonated achiral bisurea, BU-1 (32) (Figure 1), reaching 93% conversion after 3 min (Table
S1, entries 8-10). The polymer obtained from (+)-ODO was a transparent viscous solid, whereas
the polymerization of (—)-ODO yielded a colorless powder (Fig. 2D). To measure polymer
tacticity, the mass quantities of diads in the carbonyl region of the carbon-13 nuclear magnetic
resonance ('>*C-NMR) of PODO were measured. PODO prepared from (£)-ODO displayed two
resonances of equal intensity (6 = 172.60 — 172.80 ppm, Fig. 2E), consistent with stereorandom,
a-PODO (22). PODO prepared from (—)-ODO displayed only the more upfield *C NMR
resonance, which we attribute to the isotactic diad of two (2S,5R)-5-
(hydroxymethyl)tetrahydrofuran-2-carboxylate repeat units. ROP of (—)-ODO and (£)-ODO with
the strongly basic phosphazene base P2-Bu afforded PODO with no new resonances, indicating
negligible epimerization during ROP (Table S1, entries 24-25).

Homochiral i-PODO derived from (—)-(15,5R)-ODO is optically active with a molar optical
rotation of [®]P of -9.4+1.3° (Table S5, entry 5). Interestingly, methyl (2S,5R)-5-
(hydroxymethyl)tetrahydrofuran-2-carboxylate, a model for the repeat unit of i-PODO, exhibits a
molar optical rotation of the opposite sign ([®]° = +4.3£0.1°, entry 3). The modest difference in
optical rotation between the monomer model and the polymer likely indicates a weak preference
towards helical polymer conformations in solution (36-38).

Differential scanning calorimetry (DSC) and wide-angle powder x-ray diffraction showed that
homochiral i-PODO is semicrystalline (Fig. 2A, F). These results established that stereoregularity
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can confer crystallinity to PODO and motivated the development of catalysts for direct
stereoselective polymerization of racemic ODO.

Stereoregular polyesters have been generated from racemic monomers by chain-end and
enantiomorphic site control mechanisms (7). Because ODO propagates from a primary alcohol
chain end and PODO made from (+)-ODO with achiral BU-1 is atactic, we initially suspected that
ODO would not be amenable to stereoselective polymerization by chain-end control. We therefore
synthesized and evaluated a library of chiral bisurea organocatalysts (32, 33) for the stereoselective
polymerization of (+)-ODO (Fig. S1, Table S1). Polymerizations performed with BU-2 (Fig. 1), a
chiral bisurea derived from 2,2',3,3'-tetrahydro-1,1'-spirobi[ 1H-indene]-7,7'-diamine, exhibited a
high rate of polymerization and high stereoselectivity compared to BU-1. ROP of (+)-ODO with
racemic BU-2 at room temperature proceeded to 88% conversion in 5 minutes (Table S1, entry
11). 3C NMR of the resulting polymer was enriched in the more downfield carbonyl resonance
(Fig. 2E), indicating predominantly erythro-di-syndiotactic PODO (syndiotactic, s-PODO, Ps =
0.73) was formed.

Many chiral syndioselective catalysts operate by a polymeryl exchange mechanism, rapidly
swapping mismatched chain ends between catalytic centers, which requires the presence of both
enantiomers of the catalyst (/2, 39-41). To probe the origin of syndioselectivity in BU-2, we
compared the polymerization of (+)-ODO using racemic versus enantiopure catalyst at various
temperatures (Table S1, entries 11-22). Surprisingly, both enantiopure and racemic BU-2 afforded
highly syndiotactic PODO (Ps> 0.90) when run at low temperatures (Table S1, entry 20-22). These
results are consistent with a chain-end control mechanism for BU-2, where monomer insertion is
dictated by the chirality of the active chain end (30, 41, 42), an unusual behavior for a chiral
catalyst. To the best of our knowledge, BU-2 is the only organocatalyst that exhibits a
syndioselective chain-end control mechanism.

Additional experiments with (R)-BU-2 suggest that the stereoselectivity of this organocatalytic
system is sensitive to the choice of non-nucleophilic base, the presence of both urea segments, and
the electronics of the phenyl motif (Table S3).

To gain further insights into the mechanism of BU-2 at low temperatures, the kinetics of (£)-
ODO and (—)-ODO ROP were investigated at -72 °C with BU-2 of various optical purities (Fig.
S77). Kinetic experiments closely follow first-order kinetics, with enantiopure, enantioenriched,
and racemic BU-2 exhibiting similar rates for the polymerization of (£)-ODO that are within
experimental error. This indicates that polymeryl exchange between catalysts of different chirality
is not the dominant syndioselective mechanism. Furthermore, the polymerization rates of (—)-ODO
by either BU-2 enantiomer are much slower than the polymerization rate of (+)-ODO, reinforcing
a chain-end control mechanism where the cross-propagation rate is much higher than the homo-
propagation rate. Since information on the stereoregularity of the polymer is limited to diad and
triad resolution on the '*C NMR (Table S7), we developed a model to supplement these
measurements. By adopting a first-order Markov kinetic model and assuming quasi-steady-state
on the active chain ends, we show that the syndiotactic propagation rate constants can be uniquely
determined from experimentally measured rates (kapp) and the syndiotacticity of the resulting
polymer (see supp. text). These calculations show that the cross-propagation rates are 5.7 and 43
times that of the homo-propagation rates depending on the chain end.



Thermal and Spectral Analysis of Stereoregular PODO
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Fig. 2. Diffractive and thermal characterization of low My stereoregular PODO from BU-1 and BU-2. (A) pXRD of i-PODO
(Pi>0.95) and s-PODO (Ps=0.91). (B) TGA of i-PODO (Pi > 0.95) and s-PODO (Ps= 0.91) at 10°C/min under N2. (C) TGA of i-
PODO (Pi > 0.95) and s-PODO (Ps= 0.91) at 10°C/min under air. (D) Images of atactic, isotactic and syndiotactic powder isolated
from BU experiments. (E) 3C-NMR of carbonyl resonance of PODO of various tacticities run at various reaction temperatures
(Trxn). (F) DSC heating ramp of PODO at 10°C/min. Heating scan shown was taken after samples were annealed at a designated
temperature (Ta) from the melt for 3 hours. (G) DSC cooling ramp of PODO at 10°C/min. Cooling scan was taken directly after
the heating scan previously shown.

We examined highly stereoregular samples of i-PODO (Pi = 1) and s-PODO (Ps = 0.91) with
comparable molecular weights (Mn = 10 - 15 kDa) via differential scanning calorimetry (DSC),
powder X-ray diffraction (pXRD), and thermogravimetric analysis (TGA) (Fig. 2). Samples
subjected to DSC were first annealed from the melt at a temperature (Ta) ~40 °C below their
melting temperature (Tm) for 3 hours to allow crystallinity to develop under similar processing
conditions (Table S4). DSC of i-PODO exhibited two melting endotherms at 118 and 128 °C with
a total enthalpy of fusion (AHr) of 47 J/g and no recrystallization exotherm upon cooling (Fig. 2G-
F), whereas s-PODO (Ps = 0.91) exhibited two melting endotherms at 180 °C and 192 °C (AHr =
52 J/g) and a crystallization exotherm at 160 °C (AHc = 52 J/g). Upon cooling from the melt at 10
°C/min, s-PODO completely recovered its crystallinity, indicating fast crystallization on the
timescale of the DSC ramp. The emergence of distinct X-ray diffraction peaks confirms the
crystallinity observed by DSC and suggests that differences in crystalline morphology may
contribute to the 60 °C difference in Tm between tacticities. (Fig. 2A). TGA revealed onset
decomposition temperatures under N2 (Tq,5%,N2) of 296 °C and 279 °C for i-PODO and s-PODO,
respectively (Fig. 2B), which is 15 °C higher than a-PODO (Tgq, s%.N2 = 262 °C) (22). Under air,
the onset decomposition temperatures (Td,5%.ir) of i-PODO and s-PODO samples are 250 °C and
228 °C, respectively.

As the Tm of the highly syndiotactic s-PODO (Ps = 0.91) samples are only 30 °C below the
decomposition temperature (Tds%.ir), the window for melt-processing these materials is quite
narrow (Fig. 2C, F). To improve s-PODO’s melt processibility, we generated PODO samples of
variable syndiotacticity (Ps = 0.73-0.91) by using different reaction temperatures with BU-2 (Fig.
2E, Table S1 & S4). The Tm and Tc of s-PODO decreased with Ps, indicating that the melting



properties can be tuned by controlling the degree of syndiotacticity (Fig. 2E-G) (31, 41). For
example, a syndiotactic sample of Ps=0.79 exhibits a Tm of 170 °C and still retains a crystallization
endotherm (Tc =87 °C) at 10 °C/min. Given the range of accessible melting behaviors for s-PODO,
moderately syndiotactic (Ps < 0.8) materials may be more useful thermoplastics as they have a
more than 60 °C processing window.

High Molecular Weight Stereoregular PODO.
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Fig. 3. Material characterization and chemical recovery of high Mw PODO. (A) Uniaxial tensile tests of representative
samples of a-PODO (M, = 67.1 kDa, B = 2.78, Pi = 0.53) and i-PODO (M, =43.0 kDa, b = 2.12, Pi > 0.95) after ambient
cooling from the melt and various thermal treatments at 5 mm/min. (B) Lap shear adhesion strength of hot-melted i-PODO (Mn =
43.0 kDa, b =2.12, Pi > 0.95), and s-PODO (Mn = 23.7 kDa, B = 3.55, Ps = 0.68) on various inorganic substrates. (C) Water
vapor permeability of thermally treated i-PODO (M = 43.0 kDa, b =2.12, Pi > 0.95), and s-PODO (Mx = 47.0 kDa, b =2.17, Ps
= 0.58) compared to ambiently cooled s-PODO (M = 23.7 kDa, B = 3.55, Ps = 0.68). (D) Oxygen permeability of thermally
treated (held for 24 hours at 80°C) i-PODO (M = 43.0 kDa, b = 2.12, Pi > 0.95), and s-PODO (Mn =47.0 kDa, b =2.17, Ps =
0.58) compared to ambiently cooled s-PODO (Mn =23.7 kDa, B = 3.55, Ps = 0.68). (E) Uniaxial tensile tests of representative
samples of a-PODO (M, = 67.1 kDa, B = 2.78, Pi = 0.53), s-PODO (M, = 23.7 kDa, b = 3.55, Ps = 0.68) and s-PODO (M, =
47.0 kDa, B =2.17, Ps = 0.58) after ambient cooling from the melt and long thermal treatment at 5 mm/min. (F) Chemical
recycling of i-PODO (Mn = 43.0 kDa, B =2.12, Pi > 0.95) to crude (+)-ODO. (G) Image of chemically recycled (+)-ODO. (H)
Images of s-PODO and i-PODO thin films.

The promising thermal properties of the i- and s-PODO encouraged us to develop metal-based
catalysts capable of making high molecular weight stereoregular PODO at room temperature or
via melt polymerization. We evaluated a series of yttrium complexes generated in situ by
combining an appropriate ligand with Y(N(Si(H)Me2)2)3*(THF)2 (Table S8), a catalyst system
previously utilized for the stereoselective polymerization of lactones (7, 43). From these screening
studies, two promising ligands were identified. A catalyst derived from rac-L8 produced isotactic-
enriched PODO from (£)-ODO under melt polymerization conditions, affording i-PODO with P;
> 0.95 and molecular weight (Mn) of up to 422 kDa. Under comparable conditions, a catalyst
derived from rac-L14 produced syndiotactic-enriched PODO with Ps between 0.58-0.81 and Mn
of up to 372 kDa (Table S9). Differing from the bisurea organocatalysts, these yttrium catalysts
exhibit higher rates and can maintain stereoselectivity at 45-60 °C in neat monomer (Table S9).
Variations in syndioselecivity were observed with the rac-L14 derived catalyst during large-scale
melt polymerizations (> 3 g), potentially due to uncontrolled heating from the reaction exotherm.
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We evaluated the tensile properties of high-molecular weight a-, i-, and s-PODO samples on
melt-pressed tensile bars in accordance with the ASTM-D638 standard. a-PODO (Mn = 67.1 kDa,
b =2.78, Pi = 0.53) exhibited a low modulus (E =1.6+0.3 MPa) and high elongation at break (&b
= 966.2+152.4%), consistent with previously reported mechanical behavior (Fig. 3A, Table S10-
11) (22). Tensile specimens of i-PODO (Mn = 43.0 kDa, b = 2.12, P; > 0.95) were prepared by
ambiently cooling samples from the melt, which resulted in a material that exhibits no clear melting
transition (Fig. S79). Ambiently cooled samples of i-PODO exhibited high ductility (eb = 1505.0
+ 462.0%) and a low modulus (E =113.7+266.2 MPa), similar to a-PODO. The absence of clear
melting transitions in ambiently cooled i- and a-PODO by DSC and the similarities in their
mechanical behavior (Fig. S78-S79, Table S12, entry 1,3) demonstrate that amorphous PODO
samples are elastomeric regardless of stereoregularity. Contrastingly, high molecular weight s-
PODO materials (Mn =23.7 kDa, B = 3.55, Ps = 0.68) prepared by ambient cooling from the melt
were stiff, strong, and relatively brittle (E = 2578.0+321.2 MPa, 6y =33.5+ 4.0 MPa, eb = 17.4 +
14.6%) (Fig. 3E, Table S11, entry 2). Fast crystallization in s-PODO renders semicrystalline
material under ambient cooling conditions, resulting in thermoplastic mechanical behavior.

Previous annealing experiments on i-PODO and s-PODO suggest that thermal treatment can
modulate crystallinity (Fig. 2F, Table S4). To study the impact annealing may have on the
semicrystallinity and mechanical behavior of i-PODO, high molecular weight samples were
thermally treated at 50 °C for less than 5 hours or at 80 °C for 24 hours. DSC verified a relationship
between annealing time and the resulting material’s crystallinity (Fig. S79-S84, Table S12).
Thermally treated i-PODO (Mn =43.0 kDa, b =2.12, Pi > 0.95) samples exhibited a high modulus
>1 GPa, reaching as high as ~3.6 GPa after considerable annealing (Fig. 3E, Table S11, entry 4-
6). The ductility of these samples rapidly decreased from > 500% to ~ 6% with increasing thermal
treatment, indicating that these materials embrittle as they crystallize. Interestingly, a mildly
syndiotactic sample (Mn = 47.0 kDa, B = 2.17, Ps = 0.58) can be subjected to a long annealing
time and attain a comparably high modulus > 3 GPa (Fig. 3E). This result suggests that the degree
of stereoregularity (Px) required to generate strong materials with a high Tm (> 100 °C) is much
lower for syndiotactic samples (Table S11-S12, entry 6-7). The wide variability in modulus,
strength and ductility across various processing conditions suggests that the mechanical behavior
of stereoregular PODO is closely linked to its crystalline morphology. Since commercial plastics
are processed in a variety of ways, having tunable crystallization and melting behaviors may be
advantageous.

The lap shear adhesion strength of hot-melted i- and s-PODO was measured on inorganic
substrates in accordance with ASTM D1002 for metal-to-metal adhesion and ASTM C961 for
glass-to-glass adhesion. Both i-PODO (Mn = 43.0 kDa, b = 2.12, Pi > 0.95), and s-PODO (Mn =
23.7kDa, b =3.55, Ps = 0.68) exhibited moderate adhesion strength (1-2 MPa) to steel, aluminum
and borosilicate glass substrates after thermal treatment for 24 hours at 80°C (Fig. 2B).

The water vapor and oxygen permeabilities of highly crystalline samples of i- and s-PODO
were measured on melt-pressed films in accordance with ASTM E96 and ASTM 3985,
respectively. Highly crystalline samples of i-PODO (Mn = 43.0 kDa, b = 2.12, Pi > 0.95, AHr =
29 J/g), and s-PODO (Mn = 47.0 kDa, b = 2.17, Ps = 0.58, AHr = 29 J/g) prepared by thermal
annealing (i.e., held at 80°C for 24 hours), were subject to gas barrier testing alongside an
unannealed, moderately syndiotactic (Mn = 23.7 kDa, B = 3.55, Ps = 0.68, AHr = 16 J/g) sample
of lower crystallinity (Fig. 2C-D, Table S12, entry 2, 6-7). Thermally treated samples of i- and s-
PODO exhibited a low water permeability (WVPipopo=8.12+0.57-10"'?-g[m-s-Pa] ™!, WVPs.popo
= 8.53£1.27-10'? -g[m-s-Pa]') and an extremely low oxygen permeability (PO2i-rono =
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8.95+3.77-1073 Barrer, PO2s-popo= 1.12+0.94-107 Barrer). An untreated sample of s-PODO (Ps =
0.68) also exhibited comparable water permeability (WVP = 10.92 + 1.80-10"?-g[m-s-Pa]") but
substantially higher Oz permeability (PO2 = 26.8+2.4-10 Barrer). Differences in permeability
between untreated s-PODO (Ps = 0.68) and thermally treated s-PODO (Ps = 0.58) suggest that
crystallinity and aging behavior are more important factors in attaining low gas permeability than
the degree of syndiotacticity.

Chemical recyclability has been previously demonstrated for a-PODO, however, we were
interested in understanding if stereoregularity impacts recyclability. High molecular weight i-
PODO (Mn =43.0 kDa, b = 2.12, Pi > 0.95) was heated to 180 °C under vacuum in the presence
of Sn(Oct)2 and glycerol ethoxylate (GEO, Mn = 1 kDa). Within hours, (£)-ODO was reactively
distilled from i-PODO in high yield (77% yield, Fig. 3F-G).

In comparing stereoregular PODO to the thermal, mechanical and barrier performance of other
commercial plastics, we see that PODO stands out as a promising new biobased thermoplastic.
The melting temperatures of stereoregular PODO lie well above 100 °C and are comparable to
commercial plastics like high-density poly(ethylene) (HDPE), poly(lactic acid) (PLA),
poly(hydroxybutyrate) (PHB) and poly(propylene) (PP) (Fig. 4A) (2). In its highly crystalline
form, stereoregular PODO can behave like a high modulus (E > 2 GPa), high strength (cy > 40
MPa) material comparable to PLA and PHB (Fig. 4B, Table S11, S17) (2). With minimal
processing, isotactic PODO is a high elongation (eb > 500%) material with comparable modulus
to HDPE (E ~ 1 GPa). Lastly, highly crystalline samples of stereoregular PODO exhibit
exceptionally low oxygen permeabilities comparable to poly(ethylene terephthalate) (PET) and
PHB, while retaining water vapor permeabilities lower than common bioplastics like PLA and
poly(butylene-adipate-co-terephthalate) (PBAT) (Fig. 4B) (2, 44-46).

A B C
300 8 30
o T, @ Degradable g B Non-degradable 251 m B Non-degradable
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5 58 = 0.06
e 150 N jsotacti 3 e otact 2
L [ . .
5 Ss croso PODO syndiotact S5 o0 % 000 yndiotact ~
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= PLA %3 (P,=068) 810 0.001@® ™S %) <
E ¢ | romo s P00 2 5 o/ \PBAT 10
@ ©059 o000 s [} @ 0 10 @
= 53 PHE S2 s -PODO =

. PBAT * (P, >0.95) 005 / \1\

a PODO o \_ sPODO
100 1 [l (‘>\>095) (2105?5) \(P.5 068) ".LA 5
- PBAT
2-PODO E PHe N\, /
150 0 i S 4 0018 L Wy o
10° 10' 10° 10° 0 5 10 15
Elongation at Break (%) WVP (+1012 g+(m-s+Pa)", 23-26 °C, 50% RH)

Fig. 4. Comparison of PODO’s material properties to commercial plastics. (A) Comparison of i-PODO (Pi > 0.95) and s-
PODO’s (Ps = 0.91) thermal properties to other commercial plastics compiled from ref. (2). (B) Comparison of i-PODO (P; > 0.95)
and s-PODO’s (Ps = 0.58-0.68) mechanical properties to other commercial plastics compiled from ref. (2). (C) Comparison of i-
PODO (Pi> 0.95) and s-PODO’s (Ps = 0.58-0.68) water vapor and oxygen barrier properties to other commercial plastics compiled
from ref. (2, 44-46).

Conclusions

As new bicyclic lactones continue to emerge, methods of stereoselective catalysis are needed
to access semicrystalline polyesters with exceptional thermal and mechanical properties. We
present two new biobased semicrystalline polyesters accessed through the stereoselective
polymerization of a racemic bicyclic lactone, ODO, using two different catalysts systems. We
demonstrate that syndioselectivity in our chiral bisureas arise through chain-end control, an
unusual mode of stereocontrol for an enantiopure organocatalyst. We also reveal two yttrium
catalysts that are iso- and syndioselective, capable of accessing high molecular weight materials
(Mn up to 422 kDa) with high stereoregularity (Pi > 0.95, Ps = 0.58-0.81).
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Stereoregularity can be tuned by decreasing the reaction temperature, which can increase the
melting temperature (Tm) of s-PODO over a 50 °C range. Thermal analysis of s-PODO reveals
that s-PODO has a higher Tm and an observable Tc compared to i-PODO made from enantiopure
(—)-ODO. Variation in X-ray diffraction peaks of s-PODO and i-PODO establishes that differences
in the crystalline morphology may be responsible for the enhanced thermal properties for s-PODO.

High molecular weight isotactic and syndiotactic PODO exhibit mechanical and barrier
behavior sensitive to processing conditions and crystalline morphology. Highly crystalline
stereoregular PODO exhibits exceptionally low oxygen barrier and high modulus. Highly isotactic
PODO can be chemically recycled to monomer in high yield, showcasing how tetrahydrofuran-
containing polyesters can be promising thermoplastics for a circular economy.
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