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List of abbreviations EoL end-of-life

Ad adamantyl EtioP etioporphyrin

at- atactic HDPE high-density polyethylene

BCP block copolymer IBAO isobutylaluminoxane

BDI B-diiminate IMes 1,3-bis(2,4,6-trimethylphenyl)imidazole-2-ylidene

BEMP 2-tert-butylimino-2-diethylamino-1,3- it- isotactic
dimethylperhydro-1,3,2-diazaphosphorine LDPE low-density polyethylene

BINAP ([1,1’-binaphthalene]-2,2’-diyl)bis(diphenylphosphane) MAO methylaluminoxane

BPLOR B-propiolactone mcl- medium-chain length

CHO cyclohexene oxide meso- a non-optically active member of a set of stereocisomers

CITPP meso-tetra(4-chlorophenyl)porphyrinato MLABZ benzyl-B-malolactone

cumyl -Me,Ph My number-average molecular weight

D dispersity NHC N-heterocyclic carbene

DBU 1,8-diazabicyclo[5.4.0]-undec-7-ene NMR nuclear magnetic resonance

dMMLAB?  dimethyl benzyl 8-malolactone Nu nucleophile

DSC differential scanning calorimetry n.rI. not reported

E young’s modulus P3HB poly(3-hydroxybutyrate)

e.e. enantiomeric excess P3HBHp poly(3-hydroxybutyrate-co-hydroxyheptanoate)

8DLMe 8-membered dimethyl diolide (cyclic dimer of 3- P3HBV poly(3-hydroxybutyrate-co-hydroxyvalerate)
hydroxybutyric acid) P3HD poly(3-hydroxydecanoate)

P3HDD  poly(3-hydroxydodecanoate)
P3HHp poly(3-hydroxyheptanoate)
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P3HO poly(3-hydroxyoctanoate)
P3H4PhB poly(3-hydroxy-4-phenylbutyrate)

P3HV poly(3-hydroxyvalerate)

P4HB poly(4-hydroxybutyrate) or poly(y-butyrolactone)

PBAT poly(butylene adipate terephthalate)

PBPLOR  poly(B-propiolactone)

PBS poly(butylene succinate)

PCHC poly(cyclohexene carbonate)

PCL poly(e-caprolactone)

PDL poly(e-decalactone)

PAMMLA poly([R/S]-3,3-dimethylmalic acid)

PHA polyhydroxyalkanoate

P probability of meso linkages between two consecutive
monomer units

PMLABZ  poly(benzyl-B-malolactone)

PPN bis(triphenylphosphine)iminium

Pr probability of rac linkages between two consecutive
monomer units

PP polypropylene

rac- racemic, an equal mixture of left-handed and right-
handed enantiomers in a solution

ROP ring-opening polymerization

sb- stereoblock

scl short-chain length

st- syndiotactic

TBD 1,5,7-triazabicyclo[4.4.0]dec-5-ene

Tc crystallization temperature

Tq degradation temperature

Tg glass-transition temperature

Tm melting-transition temperature

T™MS trimethylsilane

TPPAICI  (tetraphenylporphinato)(TPP)aluminum chloride

TPT 1,3,4-triphenyl-4,5-dihydro-1H-1,2,4-triazol-5-ylidene

B-BL B-butyrolactone

B-VL B-valerolactone

y-BL y -butyrolactone

AH enthalpy of fusion

e-CL g-caprolactone

o elongation at break

o ultimate tensile strength

1. Introduction

Polyhydroxyalkanoates (PHAs) are biologically produced, bio-
compatible polyesters that are ubiquitous in Nature and liv-
ing systems, and they have thus gained increasing attraction as
biodegradable plastic alternatives for a variety of applications that
emphasize better end-of-life (EoL) options and environmental pro-
tection [1-7]. PHAs have been shown to be biodegradable un-
der ambient conditions in both managed and unmanaged envi-
ronments [8-11]. The most commonly produced PHA in the large
PHA family that includes more than 150 known structures—which
are defined as, and limited to, poly(3-hydroxyacid)s in this review,
poly(3-hydroxybutyrate) (P3HB), exhibits several desirable materi-
als characteristics including its high crystallinity, perfect isotactic-
ity with each pendant group having exclusively (R)-configuration,
high melting-transition temperature (Ty,) up to ~180 °C, good ulti-
mate tensile strength (0 = ~40 MPa), and excellent barrier to oxy-
gen and moisture transport [12,13]. Despite those attractive perfor-
mance properties, P3HB suffers from low thermostability towards
melt-processing, with a degradation temperature (T4, defined as
the temperature at 5% weight loss) around 250 °C, and brittleness,
with an extremely low elongation at break (eg ~3-6%), therefore
largely limiting its wider industrial applications as a commodity
plastic.
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The development of fermentation routes from biorenew-
able feedstocks to P3HB and copolymers of P3HB with short-
chain length (scl, C4-Cs) and medium-chain length (mcl, Cg—Cy4)
comonomers has resulted in the commercial utilities of PHAs
(A, Fig. 1). There are several reviews highlighting the develop-
ments and advancements of biological routes towards PHAs [14-
26]. However, the high cost of the current biological production
of PHAs represents a major bottleneck in their large-scale com-
mercialization [27]. In addition, biological routes are limited by
the step-growth polymerization mechanism where incorporation
of 3-hydroxybutyrate is most common, thus engineering of the
metabolic pathways is typically required for tuning of PHA com-
positions [3,28]. For example, bacteria synthesize different PHAs
from coenzyme-A thioesters of hydroxyalkanoic acids via polycon-
densation, which produce PHAs with a high dispersity () > 2.0,
thus not suitable for synthesizing well-defined block copolymers
(BCPs). There is evidence that periodic feeding of microorganisms
can result in some “blocky” PHA copolymers that can be fraction-
ated out of the whole polymer product [29,30]. Although the ther-
mal and mechanical properties of these fractionated blocky copoly-
mers were different than the homo- and random copolymers, the
evidence overall is lacking for the formation of well-defined BCPs.
Furthermore, despite the tunability of the chiral repeat units of the
backbone, which allows for generation of various stereomicrostruc-
tures (tacticities) including isotactic (it), syndiotactic (st), atactic
(at), and stereoblock (sb) microstructures (Fig. 1), biologically de-
rived PHAs are exclusively accumulated as it-polymers with abso-
lute (R)-stereoconfiguration.

Like other classes of polymers, thermal and mechanical prop-
erties of polyesters can generally be tuned by manipulating the
polymer stereomicrostructure [31-34], topology [35], and pendant
group structure [36]. In this context, several advantages of chemo-
catalytic routes towards PHAs can be envisioned, in principle, in-
cluding: (i) precision in synthesis (control of chain length (M)
and b, comonomer sequence, and architecture); (ii) tunability in
polymer stereomicrostructure (it, st, at, sb-tacticities and R or S
stereoconfigurations), molecular catalyst structure (symmetry and
chirality, thus, stereoselectivity), and co/polymer structure (limit-
less designed monomers); and (iii) scalability and speed in pro-
duction (ease in processing and fast reaction kinetics typically as-
sociated with catalyzed ring-opening polymerization (ROP) pro-
cesses). However, currently a major challenge for the chemocat-
alytic route to PHAs is the need to develop cost-effective synthe-
sis of monomers (from renewable feedstocks) and catalysts and
ideally establish “monomer-polymer-monomer” closed-loop lifecy-
cles of PHAs, in addition to their biodegradation EoL option. The
key differentiating and overlapping features of both biological and
chemical synthetic routes towards PHAs are highlighted in Fig. 2.

Four key chemocatalytic routes towards PHAs, represented by
P3HB herein, are summarized in Fig. 1. The direct route is polycon-
densation of (R)-3-hydroxybutyric acid, which affords it-P[(R)-3HB]
(B, Fig. 1). However, this method is prone to crotonization, the
formation of crotonate end groups through transesterification side
reactions or elimination/termination reactions (Scheme 2); hence,
polycondensation is not a suitable route towards high-molecular-
weight P3HB [2,37-39]. On the other hand, the ROP, which pro-
ceeds via a chain-growth mechanism with fast initiation and prop-
agation kinetics, can produce P3HB with high molecular weights,
low b values, and tunable tacticities. In this context, the ROP of
the 4-membered S-butyrolactone (B-BL) leads to P3HB with vari-
ous tacticities, depending on the stereoselectivity of the catalyst (C,
Fig. 1). The direct carbonylative polymerization of propylene ox-
ide and CO results in the formation of atactic P3HB (D, Fig. 1).
In comparison, the ROP of the 8-membered cyclic dimer of 3-
hydroxybutyric acid, 8DLMe (E, Fig. 1), which bears two chiral cen-
ters and thus exists in three diastereomeric forms (R,R/S,S racemic
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Fig. 1. Representative common biological PHAs as copolymers:

3-hydroxybutyrate, 3HV

= 3-hydroxyvalerate, 3HHx = 3-hydroxyhexanoate, 3HO = 3-

hydroxyoctanoate, 3HD = 3-hydroxydecanoate, 3HDD = 3-hydroxydodecanoate (A) and three major chemocatalytic routes towards PHAs, represented by P3HB materials

with various tacticities: (B) step-growth polymerization, (C) chain-growth polymerization by ROP of four-membered S-BL, (D

growth polymerization by ROP of eight-membered dimethyl diolide (rac-8DLM¢ and

Biological
Accumulated
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) carbonylative polymerization, and (E) chain-
meso-8DLMe),

Chemical

Synthesized by catalyzed
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carbon & energy Biodegradable (chain-growth)
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random copolymer
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Biorenewable feeds or Tunable

waste streams but
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Bioderived feedstocks to
monomers but requiring
multiple steps

Fig. 2. Differentiating and overlapping features of biological and chemical routes to PHAs.

(rac) and R,S meso), allowing access to a more diverse set of possi-
ble stereomicrostructures (E, Fig. 1).

This review intends to focus on the chemocatalytic routes
towards PHAs, including investigations of the various stereomi-
crostructures that can be accessed through different catalytic ROP
strategies, the design of different organometallic and organic cat-
alysts to synthesize P3HB, as well as the controlled synthesis of
various homo- and copolymer PHAs that are either challenging to

produce or inaccessible through biological pathways. Several re-
cent reviews offer complementary perspectives that explore dis-
crete metal catalysts for the ROP of cyclic esters in general to
various stereomicrostructures [40-46], but this review focuses on
PHAs, poly(3-hydroxyacid)s, specifically, encompassing and analyz-
ing all of the three chemocatalytic routes towards various types of
PHA materials.
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Scheme 1. (A) General mechanism of ring-opening of B-BL resulting in stereo-retention via O-acyl bond cleavage and chiral inversion or racemization via O-alkyl bond
cleavage. [M] denotes a metal-based catalyst center and Nu a nucleophile, typically an alkoxy or amide ligand. (B) Generally accepted coordination-insertion mechanism for
the ROP of B-BL using metal-based catalysts. [M] denotes a metal-based catalyst center and Nu a nucleophile, typically an alkoxy or amide ligand.

2. Isotactic P3HB
2.1. Mechanistic considerations

The desire to make a synthetic analog to bacterial derived, per-
fectly it-P3HB has inspired research efforts spanning 60+ years
since the initial report on the ROP of 8-BL in 1961 [47]. It has been
well-established by now that the most facile synthetic approach
towards high-molecular-weight polyesters is the ROP of cyclic es-
ters (or lactones). For the synthesis of P3HB, the simplest lactone
monomer is the highly strained, four-membered B-BL. There are
two general mechanistic pathways for ring-opening of B-lactones:
0O-acyl bond cleavage or O-alkyl bond cleavage (Scheme 1, A). The
former allows the stereo-retention of the chirality at the B-carbon,
while the latter leads to either chiral inversion or racemization at
the chiral center. It is generally accepted that the metal-mediated
ROP of B-BL (or other cyclic esters) proceeds through the clas-
sic coordination-insertion mechanism, involving the following key
fundamental steps: (i) monomer coordination to the metal cata-
lyst center; (ii) nucleophilic attack of the coordinated monomer
by the nucleophilic ligand (Nu) on the metal to form the tetra-
hedral intermediate; (iii) ring-opening of the intermediate via con-
certed C-0 and [M]-0 bond breaking/forming events to generate
the Nu—[3HB]-O—[M] propagation species; (iv) repeated monomer
additions through the same coordination-insertion cycle to the
propagating species, producing the P3HB chains; and (v) quench-
ing of the propagating chain to the P3HB with Nu/H chain ends
(Scheme 1, B).

As B-BL has one stereogenic center, it is available in either
an enantiopure or rac form. A convenient, albeit expensive, strat-
egy to produce purely isotactic, optically active it-P3HB is to use
the enantiopure form of 8-BL, thereby avoiding the need to con-
trol the stereoselectivity of the polymerization, provided that the
ROP proceeds via O-acyl bond cleavage (C, Fig. 1) [48-51]. The
most common termination pathway is through formation of croto-
nate end groups, resulting in generation of low-molecular-weight
polymers and undesirable, non-biomimetic end groups (Scheme 2)
[2].

2.2. ROP of B-BL
Agostini et al. first reported the polymerization of (R)-8-BL with

the AlEt3/H,0O mixture [52]. The polymerization was presumed
to proceed via the O-acyl bond scission because the stereochem-

istry was retained resulting in optically active P[(R)-3HB]; how-
ever, due to the poorly resolved monomer (~73% optical clarity)
the resulting polymer had lower optical activity compared to bi-
ologically derived P3HB [50]. Lenz hypothesized a route towards
P[(R)-3HB] by inversion of stereochemistry via ROP of (S)-8-BL;[48]
with the AlEt3/H,O initiator, the inversion of stereochemistry was
observed, which is opposite to what Shelton et al. observed [50].
These conflicting results highlight the lack of control over this cat-
alyst structure and thus the polymer stereochemistry by the non-
discrete AlR3/H,0 system. Lenz also used ZnEt,/H,0 as the initia-
tor for ROP of (S)-B-BL but observed retention of stereochemistry
to give P[(S)-3HB] [48]. Tanahashi and Doi polymerized chiral g-
BL of different enantiomeric excess using ZnEt,/H,0 and obtained
it-diad fractions, with Py (defined as the probability of meso link-
ages between two consecutive monomer units) up to 0.85, thanks
to retention of the original S and R configurations of the B-BL
monomer. This it-polymer showed a T, of 135 °C and an enthalpy
of fusion (AH) = 64.3 J/g [53]. By comparison, the biologically pro-
duced P3HB has T, ~ 170 °C and AH ~ 80 ]/g. Kemnitzer et al.
employed the similar strategy using ZnEt,/H,0 and produced var-
ious stereo-copolymers by adjusting the enantiopurity of the B-BL
monomer [54].

Even with the chiral B-BL monomer, achieving synthetic
analogs of the biologically derived P3HB via the ROP is not
straightforward due to competing O-acyl and O-alkyl bond cleav-
age pathways (vide supra). In one example, a distannoxane com-
plex initiated the ROP of (R)-B-BL, proceeding via the O-acyl
bond cleavage with retention of configuration and thus pro-
ducing P[(R)-3HB] (1, Fig. 3) [55]. Ring-opening copolymeriza-
tion of (R)-B-BL with e-caprolactone, y-valerolactone, B-methyl-
y-valerolactone, and L-lactide by such a distannoxane complex
yielded copolyesters of high M, (> 100 kg/mol comprising mostly
(R)-3-hydroxybutyrate units) [56]. ROP of (R)-8-BL mediated by
potassium alkoxide crown ether complexes proceed via stereo-
inversion (i.e. O-alkyl bond cleavage) to afford it-poly[(S)-3HB]
[49]. This finding led to the synthesis of P[(R)-3HB] with a high
P, up to 0.95 through regioselective anionic polymerization of (S)-
B-BL using (R)-3-hydroxybutyric acid sodium salt and 18-crown-6
ether initiator (2, Fig. 3) via O-alkyl-bond scission with an inver-
sion of stereochemistry [51]. Overall, the methods of polymerizing
chiral B-BL to biomimetic it-P3HB by the anionic ROP remained
largely ineffective, due to often competing stereo-retention vs in-
version pathways, and also produced it-P3HB with relatively low
molecular weights (typically My ~ 10 kg/mol).
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Fig. 3. Catalyst or initiator systems that produced isotactic or iso-rich P3HB (Pn, <0.85, except for ROP of enantiopure (R)-S8-BL) from the ROP of rac-S-BL. (n.r. = not reported
in the original literature). M, in kg/mol and D values are placed in parentheses for each system.

A more economical but challenging route to produce it-P3HB
is the stereoselective polymerization of rac-8-BL. A number of
organometallic compounds have been employed in this endeavor
since the first example of the ROP of rac-8-BL to a “powdered
polymer” by ZnEt,/O, was reported by Inoue in 1961 [47]. One
of the first examples of stereoselective polymerization of rac-8-BL
was enabled by the use of a coordinative alkyl aluminum com-
plex (formulated as EtyAl-O-CPh:NPh) which yielded a mixture
of iso-enriched and at-polymer materials [57]. This mixture was
then fractionated with acetone to give the insoluble, crystalline
it-fraction that had high T values of 167-169 °C. Although this
method produced the crystalline it-P3HB, it also afforded large
fractions of soluble, at-polymer and took up to 7 days at 60 °C to
achieve appreciable polymer yields. There are several examples of
using mixtures of trialkylaluminum complexes, especially triethyla-
luminum, with water to polymerize rac-8-BL over several days to
fractions of the crystalline, relatively high molecular weight poly-
mer that was thermally similar to that of biologically produced
P3HB, plus large fractions of soluble, low molecular weight poly-
mer products [52,58,59]. The isotacticity of the P3HB produced
by trialkylaluminum complexes was quantitatively characterized
by 13C NMR [60]. The acetone insoluble crystalline fraction had
a Py up to 85%, Ty values of 165-170 °C, and a high AH up to
95 J/g.

Subsequent efforts seeking to achieve it-P3HB from the ROP
of rac-B-BL focused on the development and utilization of well-
defined, discrete catalyst or initiator systems. In this context, alu-
minum porphyrins, such as (tetraphenylporphinato)(TPP)aluminum
chloride (TPPAICI) (3a, Fig. 3), were found to mediate living
ROP of B-BL, but these catalysts suffered from very low activ-
ity, requiring 6 days to reach quantitative monomer conversion
at room temperature to yield only low-molecular-weight polymer
(Mp = 8.5 kg/mol) [61]. Changing the porphyrin from TPP to etio-
porphyrin (EtioP) (3b, Fig. 3) further reduced the activity and the
polymer molecular weight [62]. Although the tacticity of the re-
sulting polymer was not described, it was hypothesized the mecha-
nism of initiation resulted in loss of control of the stereogenic cen-
ter: the chloride of TPPAICl was proposed to attack the S-carbon
of the monomer which leads to lactone insertion through O-alkyl
bond scission [62], and this resulting carboxylate anion propa-
gates via the O-alkyl bond scission to regenerate the porphinatoa-
luminum carboxylate [61]. Despite the ability to mediate the living
ROP of B-BL, aluminum porphyrin complexes are poor catalysts in
terms of activity and stereoselectivity.

Methylaluminoxane (MAO) (4a, Fig 3) and isobutylaluminox-
ane (IBAO) (4b, Fig. 3), commonly employed as co-catalysts in the
metal-catalyzed olefin polymerization [63], were also utilized to
initiate the ROP of rac-B-BL [64]. Despite the need for high catalyst
loadings (10 mol%), the ROP led to 60% of the crude polymer prod-
uct being the insoluble, crystalline (T, = 163 °C and AH = 21 J/g)
polymer fraction with Py, ranging between 0.78-0.91 [64].

Polymerization of rac-B-BL with chiral initiators, such as a com-
plex of R(-)-3,3-dimethyl-1,2-butanediol and ZnEt,, resulted in the
partial kinetic resolution of the racemic monomer because the cat-
alyst preferentially polymerizes (R)-B-BL to P[(R)-3HB] and leaves
(S)-B-BL partially resolved (Scheme 3) [65]. Initiation and propa-
gation proceed via O-acyl bond cleavage thus retaining stereocon-
figuration of the enchained monomer. The insoluble fraction of the
resulting polymer showed two endotherms with Ty, = 122 °C and
166 °C by differential scanning calorimetry (DSC), and the latter
predominant crystalline fraction indicates the presence of an ex-
tended distribution of it-sequences (Py ~ 0.75). Noteworthy also is
that this catalyst system was much more active than the previous
Al or Zn systems (often mixed with water or common alcohol) -
achieving up to 84% conversion at room temperature in 5.5 h. Dif-
ferent metal alkyls including AlEt; and CdMe, were also studied;
AlEt3 had drastic reduction in activity (13% polymer yield after 18
days of reaction) but maintained the stereoselectivity, while CdMe,
was much more reactive but preferentially produced the opposite
enantiomeric poly[(S)-3HB] [65].

Mixing alkyl aluminum and zinc complexes with water or al-
cohol often resulted in formation of oligomeric species or non-
discrete complexes. To address this issue, Zintl et al. employed dis-
crete chromium salophen complexes (6, Fig. 3) for the ROP of rac-
B-BL and achieved appreciable isoselectivities (Py up to 0.66) [66].
These complexes produced moderately isotactic polymers due to
the binuclear mechanism involved that preferentially allows en-
try of an incoming B-BL enantiomer based on the stereoconfigura-
tion of the previous enchained enantiomer (i.e., chain-end control).
Adding a halogen to the bridging phenyl ring improved activity
and selectivity of the polymerization as well as molecular weight
of P3HB substantially. For example, fluorination at the 4-position
(6b, Fig. 3) yielded a catalyst that is not only twice as active as
the non-halogenated derivative, but also produced P3HB with My
(48.1 kg/mol) which is twice the weight of the P3HB produced by
the parent catalyst. Chlorination (6¢, Fig. 3) showed the similarly
enhanced activity and further increased M, to 81.3 kg/mol, but the
dispersity of the resulting P3HB is very high (P = 9.6) [66].
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Scheme 3. Partial kinetic resolution polymerization of rac-B-BL with a chiral Zn-based initiator system comprising R(-)-3,3-dimethyl-1,2-butanediol and ZnEt,.

Reichardt et al. further explored these profound electronic ef-
fects and found that, while electron withdrawing halogens, such
as Br (6a, Fig. 3), increased reactivity, electron donating groups
such as methyl (6b, Fig. 3) and tert-butyl (6¢, Fig. 3) completely
inhibited polymerization, relative to the parent model catalyst (6d,
Fig. 3) [67]. This activity inhibition was attributed to increasing
the electron density on the Lewis acidic metal center which weak-
ens the Lewis acid bonding to monomer and the growing polymer
chain [67]. The use of strongly electron withdrawing groups such
as CF; (6e, Fig. 3) and CN (6f, Fig. 3) also decreased activity be-
cause of enhancing chain affinity towards one catalyst center thus
hindering transfer of the activated monomers to the second com-
plex [67]. Further study revealed these chromium complexes even
transformed in situ into a heterogeneous catalytic process [G8],
which can also explain the formation of the polymer with high dis-
persity values. More specifically, the Cr complex crystalizes into a
polymeric form during polymerization, which allows for fast, enan-
tiomorphic, bimetallic or multinuclear stereoinduction of rac-8-BL
by specially arranged chromium centers. It was also suggested that
water is important, not as a chain transfer agent but in the forma-
tion of the active polymeric chromium species. Changing the ligand
substituents alters the complex’s ability to transform into the poly-
meric form and thus reduces activity. Although the polymers with
relatively high molecular weights could be achieved, they were ac-
companied by high dispersities, because of the continual initiation
of new polymer chains by newly generated catalyst centers during
propagation [68].

Recently, a benzyl-substituted amino-bisphenolate lanthanum
complex (5, Fig. 3) was found to increase the reactivity and isose-
lectivity of the ROP of rac-8-BL, upon addition of a neutral achiral
donor ligand [69]. Use of an electron-rich phosphine oxide donor
ligand, in particular trioctylphospine oxide (R3P=0), resulted in the
formation of iso-rich P3HB (Py, = 0.80) when the reaction temper-
ature was reduced to 0 °C (5a, Fig. 3) [69]. Switching the neutral
donor ligand to N-oxides, specifically MeLO, promoted enhance-
ments in both activity and isoselectivity in the ROP of rac-8-BL to
P3HB, achieving P, = 0.82 when reaction temperature was -30 °C
(5b, Fig. 3) [70].

A more common way of generating a heterogenous catalyst sys-
tem is through anchoring of a molecular catalyst onto an inorganic
support. In this context, lanthanide borohydrides were supported
on silica, and the resulting heterogenous catalyst was examined for
the ROP of rac-B-BL [71]. Specifically, a grafted neodymium boro-

hydride complex, Nd(BH,4)3(THF)/SiO, (7a, Fig. 3), exhibited good
activity (82% monomer conversion in 24 h) and stereoselectivity
(Pm = 0.85). The corresponding lanthanum complex with a large
ionic radius, La(BHg4);(THF)/SiO, (7b, Fig. 3), showed poor activity
and also lower stereoselectivity (P, = 0.59). Worth noting here is
that the trend for the molecular catalysts performed in solution
is often the opposite. In comparison, the (unsupported) molecular
version of these complexes led to totally at-polymer.

2.3. ROP of rac-8DLMe

Achieving P3HB with high isotacticity (Pm > 0.90 for the bulk
polymer without fractionation) remained elusive until 2018 when
Tang and Chen developed a new chemocatalytic route to P3HB
via the ROP of a rac-diolide, the 8-membered cyclic dimer of
3-hydroxybutyrate (rac-8DLMe), to perfectly it-P3HB (Py > 0.99)
(Fig. 4) [72]. The increased sterics present in rac-8DLMe relative to
rac-B-BL and the realized right substrate/catalyst matching are hy-
pothesized to be the causes for the higher degree of stereochemical
control (thus production of highly isotactic P3HB) in the catalyzed
ROP of rac-8DLMe, The ROP of rac-8DLMe was evaluated using a
series of discrete, molecular catalysts including La[N(SiMes3),]5 (8,
Fig. 4) and yttrium amido complexes supported by tetradentate
[0~,N,0,07] ligands (9-10, Fig. 4). These complexes had been uti-
lized for other ROP reactions [12,73,74] and their use to polymerize
rac-B-BL to st-P3HB [75-77] will be discussed in Sections 3.1.2 and
5.2. The investigation of the steric, electronic, and symmetry effects
of the salen-ligand framework (rac-11a-b, 11e, Fig. 4) highlighted
the ideal match between the C,-symmetric, trityl-ortho-substituted
salen ligated yttrium complex and rac-8DLMe resulting in the for-
mation of essentially stereo-perfect it-P3HB (rac-11d, Fig. 4). This
it-P3HB had a high Ty, of 171°C and AH ~80 J/g, thus exhibiting
the high crystallinity and thermal properties similar to those of the
microbial P3HB [72].

Further investigation into the stereocontrol of the ROP revealed
an enantiomorphic-site control mechanism, pointing to the pos-
sibility of kinetic resolution of rac-8DLMe if an enantiomerically
pure catalyst is used. Indeed, the polymerization of rac-8DLM¢ with
enantiopure (R,R)-11d resulted in 50% conversion of the monomer
where all of the (5,5)-8DLMe was polymerized to P[(S,S)-3HB], leav-
ing (R,R)-8DLMe unreacted. For typical kinetic resolution polymer-
ization, the reaction needs to be monitored and stopped manually
when the monomer conversion approaches ~50%, thereby avoiding
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stereo-tapering when the concentration factor of the slow-reacting
enantiomer overrides the kinetic preference of the fast-reacting
enantiomer with its concentration diminishes as the reaction pro-
gresses. If the reaction is allowed to continue to completion, then
a stereo-tapered diblock copolymer is typically produced. Fascinat-
ingly, the polymerization of rac-8DLMé by (RR)-11d automatically
stopped at 50% monomer conversion, without further incorporat-
ing the other enantiomeric monomer that would lead to a stere-
odiblock or stereo-tapered BCPs, thus achieving essentially perfect
enantioselectivity in the kinetic resolution polymerization (Fig. 4)
[72]. When enantiopure (S,5)-11d was employed, the ROP of rac-
8DLMe gave the results of mirror-image products: P[(R,R)-3HB] and
(RR)-DLMe (Fig. 4). The resulting pure it-P3HB exhibited a high Ty,
up to 175 °C, essentially identical to that the microbial P3HB, but
the synthetic P3HB by the ROP exhibits extremely narrow D values
(<1.03), relative to typically high p values (> 2.0) of the biological
P3HB [72]. The synthetic P3HB with a narrow b value showed a
much narrower crystallization peak and also a smaller [Ty - Tc]
window than that of bacterial P3HB, implying faster crystalliza-
tion; however, the overall crystallinity is essentially the same [72].
A recent study that compared crystallization behaviors of the syn-
thetic racemic P3HB of varying molecular weights and biologically-
derived P[(R)-3HB] observed that the enantiomeric purity is the
dominating factor in crystallization kinetics [78].

When rac-8DLMe is polymerized by a racemic catalyst such
as rac-11d, the resulting it-P3HB was shown to be a mixture
of enantiomeric polymers P[(R)-3HB] and P[(S)-3HB] (Scheme 4),
thanks to the complete enantioselectivity of (RR)-catalyst for
addition of (S,S)-8DLMe and (S,S)-catalyst for addition of (RR)-
8DIMe and no transesterification upon full monomer conver-
sion. Note that transesterification would lead to stereo(multi)block
copolymer. This methodology is an important leap forward in
discovering a scalable chemocatalytic route towards biomimetic
P3HB.

3. Syndiotactic P3HB
3.1. ROP of rac-B-BL

3.1.1. Sn-based initiators

Although microorganisms produce exclusively it-P3HB, chemo-
catalytic ROP of rac-B-BL can produce unnatural st-P3HB. Through-
out the 1990s, Sn complexes were examined for the ROP of rac-
B-BL because they had been shown to be active in the polymer-
ization of various lactones [79,80]. The use of "Bu3Sn-OCH3 (12a,
Fig. 5) led to a notable preference for st-placement, P; (defined
as the probability of rac linkages between monomer units) up to
0.70, but the activity was extremely low [81]. Room temperature
polymerization required 55 days to achieve only 37% yield; while
increasing the temperature to 90°C reduced the reaction time to
13 days, this condition consequently decreased the stereoselectiv-
ity (P = 0.61), yielding the syndio-enriched P3HB with a low Ty,
of only ~50 °C.

Different Sn(IV) complexes were employed for tuning the syn-
dioselectivity of the ROP of rac-8-BL. Using "Bu,Sn(OMe), (12b,
Fig. 5), ("Bu3Sn),0, and (Ph3Sn),0 (13a and 13b, Fig. 5) under var-
ious conditions reached a maximum P; value of 0.83 when the
polymerization temperature was lowered to -17°C [81-83]. The ac-
tivity of these complexes was extremely low, however, taking 13 to
75 days of reaction time when the reaction was carried out at this
temperature for the highest P; value [82]. The observed syndiose-
lectivity was attributed to be resulted from the asymmetry of the
chain end coordinated to the respective Sn catalysts, thus a chain-
end control mechanism [83].

Use of cyclic dibutyltin resulted in noticeably higher molec-
ular weights but the syndiotacticity remained only modest
(P = 0.62) [84]. Polymers with higher molecular weights (M, up
to 80 kg/mol) and syndiotacities (P; up to 0.72) were obtained with
dialkyltin(IV) oxides, R,Sn=0, in particular when R = "Bu (50 °C)
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and Et (100 °C) [85]. As distannoxane complexes (1, Fig. 3) were
found to polymerize (R)-S-BL with retention of stereochemistry to
form it-P3HB [56], they were also utilized for the ROP of rac-5-BL
to give syndio-enriched P3HB (P; = 0.67), attributed to the steric
control resulted from diastereomeric interactions between the Sn-
coordinated P3HB chain ends and the incoming enantiomeric 8-BL
monomers [86].

3.1.2. Rare-earth metal catalysts

As can be seen from the above selected examples of the initia-
tor systems, classical organometallic complexes of Zn, Al, and Sn
are sluggish and often require high temperatures to bring about
useful activities for either isoselective or syndioselective ROP of -
BL. Discrete, rare-earth metal-based molecular catalysts have been
shown to exhibit exceptional efficiency and activity in the ROP
of e-caprolactone and lactide under mild conditions and, natu-
rally, such catalysts were employed to polymerize S-BL [40,42].
Le Borgne et al. in 1994 polymerized rac-B-BL with yttrium 2-
methoxyethoxide (14, Fig. 5) and achieved high activity (100% con-
version in 20 min at room temperature) and living polymeriza-
tion characteristics, including the preparation of homopolymers
and well-defined BCPs with lactide [87]. The resulting P3HB was
shown to be atactic, however, based on NMR analysis.

Carpentier and co-workers subsequently explored multi-dentate
ancillary ligands to tune the catalytic properties of the rare-earth
metal complexes, minimize catalyst aggregation, and limit transes-
terification reactions, thereby enhancing activity and stereochem-
ical control [40,42]. In particular, yttrium bis(dimethylsilyl)Jamido
and bis(trimethylsilyl)methyl complexes supported by a tetraden-
tate bis(phenoxy) ligand (9a and 9b, Fig. 4 and 15a-d, Fig 5.)
[88] have been shown to be highly active and efficient catalysts
for syndioselective polymerization of rac-B-BL. With a bulky cumyl
group placed at the position ortho to the phenoxy oxygen (9b,
Fig. 5), this well-defined, Cs-symmetric single-site bis(phenolate)
yttrium complex converted rac-8-BL in toluene at -20°C to highly
st-P3HB (P; = 0.94, M;, = 113 kg/mol, b = 1.88) [76]. The less ster-
ically encumbered yttrium complex with tert-butyl group at the
ortho position (9a, Fig. 5) displayed an appreciable loss in stere-
oselectivity (P = 0.81). Changing the temperature and/or concen-
tration of the polymerization reaction notably affected the activity
and selectivity of the ROP. The highly st-P3HB (P;= 0.94) exhibited
a high Ty, of 178 °C [76].

The impressively high syndioselectivity was further investigated
by close analysis of the steric and electronic effects of this class
of methoxy-amino bis(phenolate)-yttrium complexes (with the ap-
pendant ether side arm) on their activity, syndioselectivity, and
living behavior (Fig. 6) [75]. It was discovered that, when bulky,
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aryl-containing substituents are placed at the ortho positions, steric
interactions are involved, and the P, value was increased com-
pared to sterically smaller substituents. For example, when running
the polymerization at 20°C in toluene, switching from the cumyl
substituted complex (9b, Fig. 5) to trityl substituted analog (15a,
Fig. 5) enhanced the syndiotacticity considerably from P, = 0.89
to Pr = 0.94. Alkyl ortho substituents, including those that are
rather bulky, gave lower P; values (9a and 15b, Fig. 5). Electron
withdrawing Cl substituents resulted in loss of stereoselectivity
(15¢, P = 0.42, Fig. 5). Introducing a para-trifluoromethyl group
on the phenyl ring of the cumyl substituent (15d, Fig. 5) achieved
higher stereoselectivity than the tert-butyl substituent (9a, Fig. 5),
most likely due to increasing sterics, but placing this electron-
withdrawing group on the cumyl phenyl ring lowered stereose-
lectivity compared to the parent cumyl complex (P, = 0.84 vs.
Pr = 0.89, Fig. 6) [75]. The beneficial effect of the phenyl group
in ortho substituents prompted further investigation by DFT calcu-
lations, indicating C-H-m interactions between one methylene hy-
drogen of the 3-hydroxybutyrate moiety and the ortho and meta
carbon atoms of a phenyl ring of the cumyl (-Me,Ph) substituent
which appeared as the most stable structure [75].

The previously described studies [75,76] showed that ligand
substituents are essential for stereochemical control through a
chain-end control mechanism and that the ROP of rac-8-BL by
metal alkoxides can proceed via a coordination-insertion mech-
anism or an anionic mechanism. However, the ROP by these
bis(phenolate) yttrium complexes proceeds via a coordination-
insertion mechanism; as a result, there was no clear crotonate for-
mation (cf, Scheme 2) which would indicate an anionic mech-
anism [76]. Further mechanistic investigation elucidated a chain-
end-control mechanism responsible for the resulting stereochem-
istry [77].

Cai et al. also synthesized a series of neutral amine-bridged
bis(phenolate)-lanthanide alkoxide complexes (16, Fig. 5) for the
ROP of rac-B-BL. These complexes with the appendant amine side
arm effected a controlled polymerization to produce st-P3HB with
narrow D values (<1.25) and P; = 0.83. The ROP carried out in
toluene showed higher activity and syndioselectivity, as compared
to the ROP in coordinating solvent THF. The size of ionic metal
radii had no notable effects on stereoselectivity, but it did affect
the catalytic activity, with Yb > Er > Y >> Sm (16a-d, Fig. 5) [89].
The influence of bimetallic complexes on stereoselectivity was also
investigated and similar activity and selectivity were observed [90].
Furthermore, bis(guanidinate) alkoxide complexes of lanthanides
(17, Fig. 5) were employed for the ROP of rac-B-BL. Complexes of

group 3 metals with smaller atomic radii (Y and Lu) were active
and produced st-P3HB with P; up to 0.84 (17a and 17b, Fig. 5) [91].
The neodymium complex (17c, Fig. 5) was also active, but it lacked
stereoselectivity and produced at-P3HB. Combining both the guani-
dinato and bis(phenolate) ligands for the metal center did not en-
hance polymerization activity [92].

3.2. ROP of meso-8DLMe

Another route to st-P3HB is via the stereoselective ROP of meso-
8DLMe  which is the diastereomeric co-product in the synthesis of
rac-8DLMe and generally discarded in favor of rac-8DLMe€ that is
utilized to produce it-P3HB. As described above, the ROP of rac-
8DLMe results in perfectly it-P3HB, thanks to the enantiomorphic
site control by the C,-symmetric, chiral salen-ligated yttrium com-
plexes. These results suggested that such racemic catalysts should
also be stereoselective toward meso-8DLMe, as the (R,R)-catalyst
should selectively ring-open meso-8DLMe at the (S)-site of the ester
(0-acyl) bond while the (S,S)-catalyst should selectively cleave the
ester bond of meso-8DLMe at the (R)-site, thus affording st-P3HB
(Scheme 5). Indeed, the catalyst with the bulky, trityl-substituted
ligand complexed to the larger lanthanum ion (11f, Scheme 5)
showed good activity and high syndioselectivity, affording st-P3HB
with a high T, of 170°C and P; up to 0.92 [93].

4. Atactic P3HB
4.1. Organocatalytic ROP of rac-B-BL

Metal-free approaches to polyesters via the ROP of cyclic es-
ters are important for accessing metal-free polyesters specifically
for microelectronics and biomedical applications, which can also
take advantage of mechanistic pathways unique to organocatalysts
[94,95]. In 2002, Hedrick and co-workers first reported the organic
ROP of cyclic esters using N-heterocyclic carbenes (NHCs) as cata-
lysts [96]. In that communication, the authors included one exam-
ple that 1,3-bis(2,4,6-trimethylphenyl)imidazole-2-ylidene (IMes,
19, Fig. 7) effectively polymerizes rac-8-BL to at-P3HB with a nar-
row D (1.15).

Another NHC, TPT (1,3,4-triphenyl-4,5-dihydro-1H-1,2,4-triazol-
5-ylidene) (20, Fig. 7), together with methanol, was employed for
the ROP of rac-B-BL at 80°C, yielding an uncontrolled polymer-
ization due to both postulated alkoxide and carboxylate initiation
pathways (Scheme 6) [97,98]. The basicity of the NHC was also at-
tributed to some undesired elimination reactions with unreacted
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Scheme 5. Stereoselective ROP of meso-8DLMe to st-P3HB by racemic catalyst rac-11f rendered by the catalyst-controlled enantiomeric-site selectivity.
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Scheme 6. Proposed mechanism of carbene initiation of rac-B-BL where the carboxy anion stabilized by the protonated carbene initiates ROP of rac-(-BL.

rac-B-BL that generate crotonate initiators [97]. To circumvent this
issue, tert-butyl alcohol was added as cosolvent to favor adduct
formation and minimize the concentration of the free carbene.
Such conditions allowed for the controlled formation of at-P3HB
although, when higher monomer loadings (>200 equiv.) were used
to achieve higher molecular weights, the control was apparently
lost. Mechanistic investigations revealed that the 8-BL-carboxy an-
ion, paired with the protonated carbene, was the initiating species
(Scheme 6) [98]. Using tert-butyl alcohol in combination with TPT
for the ROP of rac-B-BL brought about a living process absent of
the crotonation side reaction, affording higher molecular weight
polymer (32 kg/mol) with narrow P values. This living process al-
lowed for the synthesis of BCPs by the ROP of rac-8-BL initiated
from poly(ethylene glycol)-o-methoxy,w-carboxylic acid [98].

In comparison, TBD (1,5,7-triazabicyclo[4.4.0]dec-5-ene; 21,
Fig. 7), N-methyl-TBD, and DBU (1,8-diazabicyclo[5.4.0]-undec-7-
ene; 22, Fig. 7) were found to promote uncontrolled ROP of
rac-B-BL [99]. This behavior was ascribed to a 1:1 adduct for-
mation between B-BL and the guanidine/amidine organocatalyst,
promoted by a strong hydrogen bonding of the hydroxy pro-
ton of the ring-opened B-BL to the adjacent nitrogen atom of
the catalyst (Scheme 7). This 8-membered ring competes for
hydrogen bond formation of the incoming alcohol of the ini-
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tiator. Attempts to disrupt this adduct formation by increas-
ing the temperature of the reaction resulted in the formation
of oligomers with crotonate end-groups, highlighting the uncon-
trolled nature of the polymerization [99]. Jaffredo et al. over-
came this problem with these basic organocatalysts by using spe-
cific reaction conditions and found that a reaction temperature
of 60°C was crucial for enabling the controlled polymerization
[100]. TBD had good control over molecular weight and dispersity,
but BEMP, 2-tert-butylimino-2-diethylamino-1,3-dimethylperhydro-
1,3,2-diazaphosphorine (23, Fig. 7), performed better overall.

Two mechanisms were proposed in the above study (Scheme 7).
The first was the formation of the guanidine-S-BL adduct, followed
by relatively fast dehydration to the corresponding N-acyl-«,f-
unsaturated species, which then further propagates the chain via
a living process (Pathway 1, Scheme 7). The alternative mechanism
involves a zwitterion formed by partial dissociation of the organic
base-B-BL adduct that ring-opens an incoming B-BL monomer
(Pathway 2, Scheme 7). This second insertion is followed by prop-
agation of the resulting zwitterion, and the crotonate end-groups
would form via dehydration of the propagating species thus termi-
nating the polymerization [100]. Moins et al. refuted this mecha-
nism and instead contended that rac-B-BL is deprotonated by TBD,
generating a crotonate anion stabilized by the large cation (the
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Scheme 7. Proposed two mechanistic pathways for the ROP of rac-8-BL by TBD.

protonated TBD), and this stabilized carboxylate acts as the initi-
ating species [101]. In 2020, Shakaroun et al. reinvestigated this
mechanism with alkoxymethylene-substituted B-BL [102], which
will be discussed in Section 5 of this article. Nonetheless, the
investigations above reveal that the mechanism operating in an
organocatalyzed ROP of $-BL is highly dependent on the monomer
substituent identity and the organocatalyst used, as well as the re-
action conditions [100-102].

A series of bifunctional organoboron catalysts were used to ef-
ficiently polymerize rac-$-BL [103]. The authors proposed an initi-
ation mechanism where rac-B-BL competitively coordinates to the
boron center, allowing the dissociated anion to attack the activated
B-BL either at the methine carbon to generate a benzoate active
species or by abstracting an acidic proton thus proceeding via a
crotonate active species. The end-group analysis provided evidence
for the ROP to proceed via O-alkyl bond cleavage, generating a
carboxylate-terminated P3HB.

4.2. Carbonylative polymerization of epoxides

The metal-catalyzed carbonylative ring-expansion reactions
of heterocyclic compounds represent efficient one-step proce-
dures to synthesize lactams, lactones, and thiolactones. Lee et
al. observed that use of Co,(CO)g and 3-hydroxypyridine (27,
Fig. 8) as a cocatalyst for carbonylative ring-expansion of propy-
lene oxide resulted in 75% polyester and only 15% S-BL for-
mation [104]. On the other hand, ion pair [PPN]T[Co(CO)4]~
(PPN = bis(triphenylphosphine)iminium, 24, Fig. 8), in conjunction
with a Lewis acid such as BF3<Et,0, effectively catalyzed a range
of regioselective carbonylation of aliphatic epoxides to afford -
lactones with yields ranging 57-87% [104].

Getzler et al. improved the yield of B-BL in carbonylation of
epoxides by Lewis acids and oxyphilic cations capable of ether
coordination [105]. Specifically, cationic aluminum salen-cobaltate
complex, [(salph)AI(THF),]|*[Co(CO)4]~ (25a, Fig. 8) exhibited high
activity (95% conversion of propylene oxide to 8-BL in 1 h) with
limited formation of polyester side products. The primary mecha-
nistic pathway was proposed to undergo the nucleophilic attack of
the activated epoxide at the less hindered site by anion [Co(CO)4]~
to give the B-lactone.

1

The above described carbonylative ring-expansion catalyzed by
Co,(CO)g and 3-hydroxypyridine (27, Fig. 8) afforded P3HB as the
major product [104,106], which was reasoned through the direct
alternating copolymerization of propylene oxide and CO, rather
than by in situ ROP of the B-BL intermediate [106]. This mech-
anism was corroborated by three lines of evidence: 1) The rate
of P3HB formation is independent of the presence of 8-BL; 2) in
fact, repeating the exact reaction conditions without the epoxide
but with 8-BL resulted in no P3HB formation, but the polymeriza-
tion proceeded after addition of the epoxide to the reaction mix-
ture; and 3) using the enantiopure epoxide resulted in exclusively
it-P3HB even when rac-8-BL was present. More specifically, the
mechanism was thought to be ring-opening of the epoxide and
CO insertion at a tetracarbonyl cobaltate species. Pyridine appeared
to be an essential part of the process, but its role was more ob-
scure. Pyridine may assist in the electrophilic attack of the cobalt-
bonded acyl carbon of the epoxide, and it may be involved in a
back-biting reaction by deprotonating the —-OH group to form B-BL
as a side reaction [106]. In a subsequent study to better understand
the mechanism of propagation and the chain termination events
that shortened the resultant molecular weights, Allmendinger et
al. observed retention of stereochemistry when using the enantiop-
ure epoxide, thus supporting the mechanism previously suggested
where CO inserts on the less sterically hindered side of the epoxide
[107]. The major chain termination event observed was the hydrol-
ysis of Co-acyl bonds and crotonic ester group formation via de-
hydration. There was also evidence for the direct coupling of two
polymer chains which eliminated Co,(CO)g and thus acting as an-
other termination event.

While atom economy is preserved by the direct copoly-
merization of propylene oxide and CO, this method did not
convert monomer at high rates, only produced low-molecular-
weight polymers, and also resulted in the formation of B-BL
as the side product. In an effort to increase the molecular
weight, Lee and Alper changed 3-hydroxypyridine to the bulkier
and more basic diamine, 6,7-dihydro-5,8-dimethyldibenzo[b,j]-1,10-
phenanthroline and 2,9-dimethyl-4,7-diphenyl-1,10-phenanthroline
which were used in conjunction with Co,(CO)g and benzyl bro-
mide in benzene (28, Fig. 8), P3HB was formed in higher molecular
weight (M = 19 kg/mol) [108]. This method still achieved only a
maximum of 55% P3HB yield after 20 h.
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Dunn and Coates developed a one-pot tandem catalytic
transformation where B-BL is synthesized from propylene
oxide and CO by carbonylation catalysts and subsequently
polymerized to at-P3HB with ROP catalysts in situ [109]. Mul-
tiple carbonylation catalysts were examined, but aluminum
complex [(CITPP)AI(THF),]*[Co(CO4]~ (CITPP = meso-tetra(4-
chlorophenyl)porphyrinato) (26, Fig. 8) combined with the highly
active zinc complex supported by bulky B-diiminate (BDI) ligands
[(BDI)ZnO'Pr; 29a, Fig. 8] showed high activities for both carbony-
lation and ROP. Tuning the substituents on the Zn complex led
to an optimized system, and higher molecular weight polymers
(My up to 52 kg/mol) were produced. This process appeared to be
living and, when the enantiopure epoxide was used, the tandem
carbonylation/ROP process resulted in highly it-P3HB [109].

4.3. Metal-mediated coordinative-insertion ROP of rac-f-BL

As described in previous sections of this article, prior to the
2000s, most organometallic complexes studied for the ROP of 8-
BL were extremely slow or only resulted in low molecular weight
P3HB. In 2002, Coates and co-workers employed discrete zinc
alkoxy complex (BDI)ZnO'Pr (29a, Fig. 8) to initiate the ROP of rac-
B-BL and rac-B-valerolactone (B-VL) via a coordinative-insertion
mechanism at unprecedented rates at that time to controlled,
high molecular weight (M, > 100 kg/mol), at-P3HB and poly(3-
hydroxyvalerate) (P3HV), respectively [110].

A dimeric diaminophenolate zinc complex (30, Fig. 9) effectively
polymerized up to 2000 equiv. of rac-8-BL in less than 30 min
[111]. The resulting P3HB is syndio-enriched, but tuning the steric
bulk on the ligand changed the syndiotacticity of the resulting
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polymer. For example, changing the ortho substituent from a cumyl
(30a, Fig. 9) to adamantyl (30b, Fig. 9) increased the P; value from
0.57 to 0.65 [111]. Immortal polymerization, where chain transfer is
rapid and reversible thus forming polymers catalytically with nar-
row P values [112], was achieved using the most syndioselective
Zn complex, 30c (Fig. 9) and up to 5,000 equiv. of benzyl alcohol
as the effective chain transfer agent [111]. A Zn complex supported
by the bulky bis(morpholinomethyl)phenoxy ligand (31, Fig. 9) is
also effective for immortal polymerization of cyclic esters, convert-
ing 500 equiv. of rac-B-BL with 10 equiv. of PrOH in 95% con-
version within 3 h. The resulting at-P3HB had observed molecular
weights similar to those calculated theoretically, indicating good
control [113].

Another Zn(Il) complex stabilized by a bidentate fluorous ter-
tiary alkoxide-imino ligand (32, Fig. 9) promoted controlled ROP of
rac-B-BL to at-P3HB [114]. This fluorous alkoxide ligand overcame
the weakness of other alkoxide ligands which often produce highly
aggregated polynuclear species due to the bridging tendency of
the more basic alkoxide species compared to the phenoxide lig-
ands. However, complex 32 (Fig. 9) showed a tendency to catalyze
transesterification with prolonged reaction times, which resulted
in broader dispersities and decreased molecular weights over time
[114].

Group 4 (Ti, Zr, and Hf) complexes supported by 4,6-di-tert-
butyl-2-phenylsulfanylphenol ligands (33a-c, Fig. 9) were also ex-
amined as catalysts for the ROP of rac-8-BL [113]. When combined
with 5 equiv. of {PrOH, these complexes were moderately active
and promoted "living" polymerization of rac-B-BL to at-P3HB [115].
Group 3 yttrium borohydride and alkoxide complexes supported
by rigid dianionic bis(amide) ligands derived from 1,4-diaza-1,3-
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butadiene (34, Fig. 9) were also investigated for their catalytic per-
formance for the ROP of rac-$-BL to at-P3HB [116]. Generally, the
ROP was very slow, but the observed molecular weights were in
good agreement with the calculated values and the P3HB dispersi-
ties were narrow.

Salan-ligated indium complex 35 (Fig. 9) was found to have
high activity and polymerization control, polymerizing 1000 equiv.
of rac-B-BL in 8 h to P3HB with high M, (56.8 kg/mol) and narrow
dispersity (P = 1.07) [117]. The polymerization proceeded under
immortal conditions, allowing the use of up to 20 equiv. of chain
transfer agent (benzyl alcohol) with no decrease in activity or con-
trol of the ROP.

5. Other PHA homopolymers and copolymers
5.1. Uncommon or unnatural PHAs

To understand the diversity of material properties of the PHA
family and discover new PHA materials through PHA structure-
property relationship studies, tuning the R pendant groups must
be explored. One of the advantages of the chemocatalytic routes
is the facile tuning of the monomer substituents that can lead to
new PHAs, often uncommon or unnatural homopolymer PHAs and
random or block copolymers.

Through the catalytic carbonylation of epoxides, which are of-
ten commercially available, a wide range of S-lactones, including
B-lactones with fluorinated substituents were made available. The
highly active (BDI)ZnO'Pr (29a, Fig. 8) effectively polymerized such
B-lactones into the resultant fluorinated PHAs (A, Fig. 10) [118].
In general, the fluorinated PHAs have higher Tg values than their
non-fluorinated analogs. For example, naturally produced poly(S-
hydroxyoctanoate) (P3HO) has a Tg of -35°C, while the fluorinated

13

analog has a higher T of 4 °C. The direct carbonylative polymeriza-
tion of a wide range of epoxides by a trimetallic (Cr) salen complex
in combination with Co,(CO)g led to generation of 17 new PHAs
(Mp up to 38.2 kg/mol) with various structures, high regioselectiv-
ity (toward ring-opening of epoxides), diverse functionalities, and
tunability as reflected in the wide ranging T values from as low
as -45 °C to as high as 78 °C (B, Fig. 10) [119]. These examples
further highlight the ability of the chemocatalytic route for facile
tuning of the PHA structures.

Through stereoselective ROP of rac-8DLR (R = Et, "Bu) by
Cy-salen ligated yttrium complexes (11c and 11d), Chen et
al. extended the chemocatalytic synthesis of PHAs to isotactic
poly(3-hydroxyvalerate) (it-P3HV) and poly(3-hydroxyheptanoate)
(it-P3HHp) (Scheme 8). These homopolymer PHAs are uncommon
biologically, typically only found as random copolymers with it-
P[(R)-P3HB]; thus, this simple chemical synthesis provides access
to discrete homopolymer PHAs. It should be noted that P3HV
and its copolymers can also be synthesized by the ROP of ethyl-
substituted B-VL [110], but P3HHp is an uncommon PHA pre-
viously only accessible by highly engineered biological methods
[120].

The stereoselective copolymerization of rac-8DLMe with rac-
8DLR (R = Et, "Bu) yields high molecular weight (M, >100
kg/mol, ® ~ 1.10), crystalline it-PHA copolymers (A, Fig. 11)
[121]. As expected, increasing incorporation of rac-8DLR de-
creases the crystallinity, T, and Tg of the resulting PHA copoly-
mers. The mechanical properties of the random copolymers,
poly(3-hydroxybutyrate-co-hydroxyvalerate) (P3HBV) and poly(3-
hydroxybutyrate-co-hydroxyheptanoate) (P3HBHp) with ~7%,
~10%, and ~20% incorporation of rac-8DLR, were analyzed via
tensile testing of specimens prepared by compression molding (B
and C, Fig. 11, and Table 1). P3HBV with 19.8% 3HV incorporation
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showed polypropylene-like thermal and mechanical properties
with 0 = 25 4+ 0.2 MPa, Young’s Modulus (E) = 669 + 45 MPa,
and ¢g = 374 + 19% (B, Fig. 11). On the other hand, the P3HBHp
with 19.6% 3HHp incorporation exhibited polyethylene-like ther-
mal and mechanical properties with o = 20.5 + 0.4 MPa,
E = 226 £ 9 MPa, and €5 = 578 + 15% (C, Fig. 11). These results
highlight the versatility and efficiency of the chemocatalytic syn-
thesis via the stereoselective ROP of rac-8DLR towards crystalline,
it-PHA homopolymers and copolymers with tunable thermal and
mechanical properties.

This catalyzed chemical synthesis was extended further to pro-
duce unnatural, aromatic PHAs with relatively high Tg and T4
(Fig. 12) [122]. Specifically, the ROP of benzyl substituted meso-
8DLB" with Y and La complexes supported by C,-Salen ligands af-
fords syndiotactic ([rr] = 92%) poly(3-hydroxy-4-phenylbutyrate)
(st-P3H4PhB) with high molecular weight (M, = 147 kg/mol,
b = 1.19) and a high (relative to common PHAs) T of 43 °C (B,
Fig. 12) [122]. Careful selection of catalyst, monomer, and condi-
tions allowed for copolymerization of meso-8DLB" and rac-8DLR
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(R = Me, "Bu) to produce aromatic-aliphatic random, stereota-
pered, or crystalline stereo-diblock PHA copolymers (A, Fig. 12).
The statistical copolymerization of meso-8DLB" and rac-8DLBU gave
high molecular weight (M, = 205 kg/mol) copolymer, P3H4PhB-
co-P3HHp, which is strong, hard, and ductile (eg = 191%) material,
and displayed a high decomposition temperature, Ty = 281 °C (C,
Fig. 12) (compared to ~250 °C for PHAs generally).

Li et al. reported a B-lactone fused with a five-membered ring
at the - and B-positions from the carbonylation of cyclopen-
tene oxide with CO [123]. The coordinative-insertion ROP of this
monomer using yttrium complex 10 with BnOH as initiator pro-
ceeds via 0-acyl cleavage and produces a cis-PHA with a high Ty,
of ~ 185 °C (AH = 21 ]/g) and a Ty of ~ 268 °C (Scheme 9).
On the other hand, the organocatalyzed ROP with TBD (21) pro-
ceeds via O-alkyl cleavage and yields an amorphous, trans-PHA
with a mixture of linear and cyclic topologies. Using yttrium com-
plex 10 (Fig 4) alone (i.e., without an alcohol initiator) also pro-
duced a mixture of linear and cyclic topologies, and lanthanum
complex 8 afforded the cyclic polymer as the major product. Ther-
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mal degradation (pyrolysis) of this «,8-cyclopentane fused PHA led
to the formation of an «,B-unsaturated carboxylic acid, presenting
a route for open-loop chemical recycling (Scheme 9) [123].

5.2. Functionalized or alternating PHAs

PHAs with functional groups can significantly modulate their
physical, chemical, and mechanical properties, thereby becoming
sought-after targets from chemocatalytic routes. The routes us-
ing functionalized B-BLs are commonly coupled with subsequent
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post-polymerization transformations of the resulting functional-
ized PHAs. For example, allyl-functionalized PHAs were synthe-
sized by the ROP of rac-B-BL2M! and its copolymerization with rac-
B-BL using discrete amino-methoxy-bis(phenolate) yttrium-amido
complex 9a (Fig. 5) [77]. As expected, the ROP of rac-B-BL2V! is
slower than that of rac-8-BL, but the copolymers with various ra-
tios of rac-B-BL and rac-B-BL2W! are accessible by the controlled
copolymerization that resulted in st-copolymer PHAs. Straightfor-
ward chemical transformations of the allyl pendant groups to re-
spective alcohol, dihydroxyl, and epoxy derivatives were achieved
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(A, Scheme 10), showcasing the tunability offered by the allyl-
functionalized PHA.

Certain functional pendant groups such as protic (-OH and -
COOH) groups cannot be introduced until after polymerization be-
cause of catalyst’s functional group intolerance that can lead to
suppression or inhibition of catalyst activity. Therefore, developing
PHAs with pendant groups that can undergo post-polymerization
modifications offers a promising route to accessing functional
PHAs. With this strategy in mind, Guilaume et al. envisioned
boron-containing PHAs for their use in the biomedical field, but
attempts to polymerize a boron-functionalized rac-B-BL with Zn
complex 29c¢ was unsuccessful, presumably due to catalyst in-
hibition by the polar boronate groups [124]. To solve this is-
sue, the ROP of rac-B-BL2W! with Zn complex 29c mixed in situ
with BnOH, or Y complex 9a mixed in situ with ‘PrOH, was
employed first to the allyl functionalized PHA, followed by hy-
droboration to afford the targeted boron-functionalized PHA (A,
Scheme 10).
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Through the ROP of benzyl-B-malolactone (MLABZ), followed
by deprotection of O-benzyl groups via hydrogenolysis, hydrophilic
PHAs carrying the carboxylic acid function have been developed
(B, Scheme 10). The organocatalyzed ROP of MLABZ at 60°C with
organic bases such as DBU and BEMP was efficient and controlled
[125]. DBU and BEMP appeared to be more efficient than TBD for
the ROP of MLAPBZ, and investigation into the mechanism revealed
that the B-lactones are initiated by a 1:1 crotonate/TBD adduct
or by a DBU/BEMP-N-acyl crotonate intermediate [125]. Simultane-
ous copolymerization of MLABZ with B-BL by BEMP led to di-BCP
P(MLABZ-p-BL), due to drastic kinetic differences between MLAB?
and B-BL (B, Scheme 10). On the other hand, the same copolymer-
ization procedure by TBD and DBU resulted in only MLABZ con-
version, thus yielding only the homopolymer (B, Scheme 10) [126].
Subsequently, a copolymerization procedure by sequential addition
of MLABZ and B-BL afforded BCPs regardless of the order of addi-
tion for the above organic bases studied. These amphiphilic PMLA-
b-P3HB copolymers as well as the BCPs from cyclic carbonates
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and MLABZ were identified as biocompatible nanovectors for po-
tential use for systemic drug delivery [127,128]. ROP of MLABZ by
organometallic complex 15 results in highly syndiotactic polymer
(C, Scheme 10) [129]

Poly([R/S]-3,3-dimethylmalic acid) (PAMMLA) is another at-
tractive, water-soluble, aliphatic polyester with carboxylic pen-
dant groups along the chain (B, Scheme 10), thanks to its bio-
compatibility and degradation to 3,3-dimethylmalic acid, a non-
toxic molecule. The copolymerization of dimethyl benzyl g-
malolactone (dMMLAPB?) and rac-B-BL with triazole carbene 20
(Fig. 7) and ethylene glycol initiator proceeds via O-acyl cleav-
age of both dMMLABZ and B-BL with preferential incorporation of
dMMLABZ but affords a random copolymer P(dMMLABZ-co-BL) (B,
Scheme 10) [130]. Because of the diol initiation, the o,w-dihydroxy
P(dMMLABZ-co-BL) copolyester acts as a difunctional macroinitia-
tor for L-lactide ROP to give an amphiphilic A-B-A tri-BCP after the
0O-benzyl groups were removed by hydrogenolysis.

PHAs with the hydroxyl function in the pendant group were
produced by the ROP of rac-4-alkoxymethylene-gS-propiolactone
(rac-BPLOR) derivatives, followed by chemical modifications of the
resultant polymers with debenzylation, desilylation, or hydrogenol-
ysis (D, Scheme 10) [131]. Contrary to the ROP of MLAB? by dis-
crete yttrium complexes 15 where even small substituents on the
ortho position of the phenoxy ligand can achieve high syndioselec-
tivity [129], the ROP of rac-BPLOR to highly syndiotactic polymer
(Pr = 0.9) requires bulky ortho substituents on the phenolate ring
[132]. Thus, the stereoselectivity was found to be strongly influ-
enced by the nature of the ortho and para substituents on the phe-
nolate ligand, due to steric and electronic secondary interactions
between the ligand and monomer. In an intriguing twist, simply
switching these ortho substituents from the bulky aromatic groups
to halogens switches the stereochemical outcome from highly st-
to it-polymer with Py up to 0.93 (D, Scheme 10) [132]. For ex-
ample, the cumyl substituted catalyst with an ether pendant arm
(9b) resulted in highly st-PHBOR with P = 0.91, but the chloride
substituted catalyst with an amine pendant arm (15c) resulted in
it-PHBOR with Py, = 0.93 (D, Scheme 10) [131,132]. This stereo-
switching strategy was extended to the ROP of rac-8-BL by yttrium
complexes supported by a series of salan-like ligands with differ-
ent R groups on the ligand framework of the bridging N atoms
[133]. Aromatic phenyl groups on bridging N atoms afford iso-
enriched P3HB (P, > 0.66). When the phenyl groups were re-
placed by aliphatic cyclohexyl groups, syndio-rich P3HB (P; = 0.77)
was obtained instead. Replacing this group with a tert-butyl group
resulted in at-P3HB with Py, around 0.50 [133], providing another
example showing that simple tuning of the ligand architecture can
switch the stereoselectivity in the ROP of rac-8-BL.

Thomas, Coates, and co-workers developed a unique approach
to access alternating syndiotactic PHA copolymers through copoly-
merization of a mixture of two enantiomerically pure, different
B-lactones of opposite stereoconfiguration by a syndioselective
yttrium-based catalyst (36, Scheme 11) [134]. These enantiopure
B-lactones can be readily produced from carbonylation of the cor-
responding enantiopure epoxides, which were subject to copoly-
merization by the yttrium catalyst to produce various PHA copoly-
mers with 90-94% alternation and Ty, ranging from 47 to 210 °C,
depending on the substituents (Me, Et, "Bu, CH,C4Fg, CH,OC;Hs)
and their combinations.

This strategy has been extended to ROP of rac-BPLOR using syn-
dioselective catalyst 9b. Alternating PHA copolymers, P(HBOR!-qlt-
HBOR?), can be conveniently synthesized via copolymerization of
equimolar mixtures of (R)-BPLOR! and (S)-BPLORZ (A, Scheme 12)
[135]. Changing to the isoselective Cl-substituted Y complex (15c)
in combination with clever tuning of the monomer mixture can
drastically change the resulting copolymer microstructures (B-C,
Scheme 12). One such example is the polymerization of a 1:1 mix-
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ture of two differently substituted monomers of opposite stereo-
configuration, (R)-BPLOR! 4+ (S5)-BPLOR2 into a mixture of two iso-
tactic homopolymers, it-PHBOR! + it-PHBOR? (B, Scheme 12). On
the other hand, when using differently substituted monomers of
the same absolute configuration, (S)-BPLOR! 4 (S)-BPLORZ  ijt-(S)-
chain random copolymer, (S)-P(BPLOR!-co-BPLOR?) was produced
(C, Scheme 12). Lastly, using a racemic mixture of the differently
substituted monomers, rac-BPLOR! + rac-BPLOR2, a mixture of it-
(S)-chain random copolymers and it-(R)-chain random copolymers
was produced (D, Scheme 12) [135].

As in the organocatalyzed ROP of rac-8-BL (c.f. Scheme 7), a re-
cent investigation of the organocatalyzed ROP of BPLOR using TBD,
DBU, and BEMP to produce at-PHBOR revealed that each organocat-
alyst carries a different mechanism of initiation [102]. Specifically,
BEMP acts as a base and deprotonates the monomer to form the
[carboxylate anion |/ protonated BEMP cation] ion pair which is the
initiating species. Highly nucleophilic TBD forms a 1:1 N-acyl-«, -
unsaturated adduct via 0-acyl cleavage of BPLOR and this adduct
propagates in a similar manner to BEMP. Lastly, DBU, which is both
a nucleophile and base, favors scission of both 0-acyl and O-alkyl
bonds of BPLOR, thus forming alkoxy and carboxylate active species.

5.3. Stereoblock or stereosequenced PHAs

A common practice for polymerizing a monomer bearing two
stereogenic centers is to first separate its racemic and meso di-
astereomers and then subject the rac- or meso-diastereomer to dif-
ferent stereoselective catalysts to it- or st-polymer, respectively. In
the case of 8DLMe| the stereoselective ROP of rac-8DLMe can pro-
duce perfectly it-polymer (Pp, > 0.99) [72] while the stereoselec-
tive ROP of meso-8DLMe can lead to highly st-polymer (P; ~ 0.92)
[93]. One might expect that the polymerization of the mixture of
these diastereomers would result in a stereorandom, at-polymer.
But in the diastereoselective polymerization system developed by
Chen and co-workers, the racemic (R,R/S,S) yttrium and lanthanium
complexes supported by C,-symmetric salcy ligands with bulky,
trityl ortho substituents (11d, Fig. 4 and 11f, Scheme 5) were found
to be both highly enantioselective [72] and diastereoselective, thus
producing it/st-stereotapered diblock P3HB when directly polymer-
izing a rac/meso-8DLMe mixture (Scheme 13) [93].

The diastereoselectivity that renders the formation of the ta-
pered stereodiblock was revealed by monitoring of the polymeriza-
tion of the 1:1 rac/meso-8DLMe mixture, showing that rac-8DLMe
was rapidly polymerized within 30 s whereas meso-8DLMe was
much slower to react and required an additional 35 min to reach
near quantitative conversion [93]. The monomer reactivity ratios
of the copolymerization indicated a tendency for comonomers
to form long, blocky segments. The isolated it-sb-st-P3HB was
semicrystalline, having two T. values of 87° and 69 °C and two
corresponding Ty, values of 135° and 115 °C associated with the
respective it- and st-crystalline domains. Changing the rac/meso-
8DLMe ratio to 2:1 gave it-sb-st-P3HB with higher Ty, values of 150°
and 133 °C. The Ty, values were further enhanced (by 6 to 10 °C) in
the authentic stereodiblock P3HB synthesized by sequential addi-
tion of each diastereomer, due to the absence of the stereotapered
junctions in this strereodiblock P3HB [93].

The it-sb-st-P3HB (50% it) showed enhanced ductility
(eg = 17 + 5%) compared to it-P3HB (¢g < 5%), and the it-sb-st-
P3HB (86% it) was similarly brittle to it-P3HB, thus highlighting
the importance of the st-P3HB fraction in modulating mechanical
properties. The ductility was drastically enhanced by copoly-
merizing 8DLMe with 8DLE' (meso-8DLMe with rac-8DLE!, as an
example), which yielded a gradient stereo-BCP, st-P3HB-sb-it-P3HV
(A, Fig. 13), due to the inherent diastereoselectivity between faster
reacting meso-8DLMe compared to rac-8DLEt (B, Fig. 13). This
stereo-BCP (18% 8DLEt or 3HV incorporation) was shown to be a
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strong, ductile, and tough material with relatively high ultimate
strength (o0 = 24.1 & 1.5 MPa) and impressive elongation at break
(eg = 564 + 24%) (C, Fig. 13) [93].

Direct polymerization of all six 8DLMe/Et diastereomers together
with a selective catalyst (rac-11f) yielded a stereogradient di-BCP
consisting of the iso-rich P3HBV block and syndio-rich P3HBV
block (Scheme 14) [93]. This sequencing was attributed to the es-
tablished reactivity where rac-8DLMe > rac-8DLEt, meso-8DLMe ~
meso-8DLE!, and the catalyst’s enantioselectivity toward the rac
monomers and diastereoselectivity toward the rac/meso diastere-
omers. This stereogradient di-BCP is a semicrystalline material
with a narrow D value of 1.07. The scope was extended further
to the synthesis of semicrystalline BCP it-P3HBHp-sb-st-P3HBHp,
through copolymerization of a 1/1/1/1 diastereomeric mixture of
rac/meso-8DLBY and rac/meso-8DLMe. Overall, the unique catalyst-
site-controlled diastereoselective methodology enables direct poly-
merization of diastereomeric mixtures of the same or different
8DLR monomers (R = Me, Et, "Bu) into stereosequenced crystalline
PHAs with tunable properties.
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5.4. PHAs copolymers with other polyesters or polycarbonates

Copolymers of P3HB with other polymer segments or units
through copolymerizations should substantially tailor the PHA
properties by incorporating complementary comonomer units. A
summary table comparing the thermal and mechanical properties
of common polyolefins (it-PP, HDPE, LDPE), commercially available
biodegradable plastics (PBAT and PBS), and several known “de-
signer” PHAs are included at the end of this section (Table 1).
Several examples of copolymerizing rac-B-BL with other lactones
have been mentioned previously in this article [56,87,98]. Copoly-
mers of lactide and B-BL have been studied and show interest-
ing materials properties [55,136,137]. Tri-BCPs of rac-$-BL and
both D- and L- lactides showed improved ez and some elas-
tomeric behavior [138]. One particularly interesting copolymer of
P3HB is from the terpolymerization of mixed monomer feedstocks
consisting of rac-B-BL, cyclohexene oxide (CHO), and CO, using
(BDIF3)Zn[N(SiMe3),]| (29b, Fig. 8) [139]. This Zn complex cat-
alyzes the alternating copolymerization of CHO and CO, to make
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Table 1

Thermal and mechanical properties of PHA homopolymers and copolymers
Polymer M, (kDa) Tg (°C) T (°C) E (MPa) (MPa) & (%) Reference
it-PP 97 ~5 ~160 1360 35 429 a
HDPE 7.6 (MFI) -20 ~130 1680 22 424 a
LDPE 7.5 (MFI) ~ -28 ~110 190 12 385 a
PBAT 27.3 -30 110 126 16 560 [144]
PBS 116 ~-10 113 368 33 51 [144]
P3HB (P = 1.0) (bacteria) n.r. 1 180 2500 36 3 [145]
P3HV (Pyn = 0.97) 31.8 -17.5 108 587 9.6 2.3 [93]
P3HHp (P, = 0.97) 126 -29.6 - n.I. n.I. n.I. [121]
it-P3HBV-b-st-P3HB (18% 3HV) 113 1.7 135 169 241 564 [93]
P3HBV (7.6% 3HV) 175 2.1 143 1166 25.8 35 b
P3HBV (12.8% 3HV) 138 0 136 856 31 257 b
P3HBV (19.8% 3HV) 119 -2.2 132 669 25.0 374 [121]
P3HBHp (6.3% 3HHp) 169 0 143 1056 25 58 b
P3HBHp (10.5% 3HHp) 183 -1.3 133 532 20.8 215 b
P3HBHp (19.6% 3HHp) 144 -7.6 127 226 20.5 578 [121]
P3HPhBHp (15.6% 3HHp) 205 33 - 1360 22.7 191 [122]
P3HB-co-PCHC (75/25 ratio) 101 n.r. n.r. 150 5 350 [140]
P3HB-b-PCL (48.7% PCL) 70.6 33 544,166 1450 20.5 106 [141]

2 Because of the different values reported in literature, the mechanical properties (tensile modulus, E; ultimate stress,
o; elongation at break, ¢) of these three polyolefin controls were measured in house using known processing condi-
tions: it-PP, Sigma-Aldrich, film thickness = 0.83 + 0.02 mm, hot-pressed at 190 °C, 30 min, 7 kpsi, slow cooling (>1 h);
HDPE (melt-flow index, MFI = 7.6),), Goodfellow, film thickness = 0.783 + 0.02 mm, hot-pressed at 150 °C, 30 min, 7

kpsi, slow cooling (>2 h); LDPE (MFI = 7.5), INEOS Olefins & Polymers Europe, film thickness =

at 125 °C, slow cooling (>2 h).

~ 0.87 mm, hot-pressed

b The synthesis and mechanical properties of copolymers of varying composition were measured in house. All films
were 0.80-0.84 mm thick, hot-pressed at 150 °C, 5 min, 5 kpsi, slow cooling (>1 h).
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poly(cyclohexene carbonate) (PCHC), and the presence of CO, ef-
fectively turns off the ROP of rac-8-BL. This inhibition is attributed
to CO, insertion into the Zn-O bond, leading to a carbonate chain
end that is unable to ring-open an incoming rac-8-BL monomer.
Thus, once CO, is released, the ROP of rac-B-BL begins again.
Leveraging this on/off switch, tri-BCPs were synthesized by a one-
pot method simply by increasing CO, pressure when rac-8-BL con-
version reached 50% to produce P3HB-b-PCHC (A, Scheme 15). The
CO, pressure was then released so that rac-8-BL continued poly-
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merizing to full conversion to give the tri-BCP, P3HB-b-PCHC-b-
P3HB. Low CO, pressure resulted in similar rates of both CHO/CO,
copolymerization and ROP of rac-B-BL, thus forming statistical
copolymers (A, Scheme 15) [139]. This work was later extended
to show tunability of thermal and mechanical properties. For ex-
ample, incorporation of some at-P3HB units into PCHC greatly en-
hanced the ¢g value from 1 to 350% [140].

Copolymerization of rac-8DLMe with g-caprolactone (¢-CL) and
y-butyrolactone (y-BL) combines the desirable high crystallinity,
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high Ty, and low gas permeability of P3HB with the high ductility
of poly(e-caprolactone) (PCL) and poly(y-butyrolactone) (P4HB),
thus making tougher biodegradable materials. In this context, a
one-pot copolymerization of rac-8DLM¢ and e-CL comonomer mix-
ture resulted in a di-BCP P3HB-b-PCL, thanks to the substantially
higher rate of polymerization of rac-8DLM€ than that of &-CL (the
estimated initial kp,rac-8DLM¢/ k,,e-CL is 28.8) (B, Scheme 15)
[141]. By simply changing the conditions and comonomer feed
ratio (using the e-CL/rac-8DLMe feed ratio > 5/1 and quenching
the reaction before rac-8DLMe reaches full conversion to prevent
formation of the long PCL block), semicrystalline random copoly-
mers, P(3HB-co-CL) and P(3HB-co-4HB), can also be formed (B,
Scheme 15). Mechanical testing of the BCP P3HB-b-PCL showed a
strong and tough material with o of 20.5 MPa, E of 1.45 GPa, and
ep of 106%. Copolymerization of e-decalactone and rac-8-BL using
an yttrium bis(phenolate) catalyst (36, Scheme 11) led to the syn-
thesis of BCPs PDL-b-st-P3HB (PDL = poly(e-decalactone); Pr up
to 0.90) and PDL-b-st-P3HB-b-PDL [142]. These copolymers were
shown not to obey the Flory-Fox relationship as the microphase
separation influences the Tg of both blocks [142].

Tri-BCPs of st-P3HB (P = 0.73) and poly((-)-menthide) (PM)
were synthesized using a difunctional initiator and syndio-selective
yttrium-bis(phenolate) catalyst (9a, Fig. 4) [143]. A copolymer of
PM/st-P3HB = 45/56% (Tm = 110 °C) was compared to st-P3HB
(P = 0.74, T, = 117 °C) and the copolymer’s E was drastically re-
duced (195 MPa vs 4.2 MPa) while the ¢z was increased (18 vs
35%) [143].

6. Conclusions and outlook

PHAs, thanks to their biodegradability in either managed or
unmanaged environments and high structural tunability, are at-
tracting ever increasing attention because they hold great poten-
tial to offer a practical solution to address the plastics pollu-
tion crisis and ever-growing needs for more sustainable materi-
als that our society will rely on. However, the current high pro-
duction costs and undesired performance properties of the PHAs
produced by the biological routes largely limit their broader ap-
plications as commodity plastics. These challenges prompted the
development of the chemocatalytic routes that can offer preci-
sion in synthesis—enabled by the living or controlled chain-growth
ROP mechanism, greater tunability in polymer stereomicrostruc-
tures and the structures of monomers and molecular catalysts,
as well as scalability and speed in polymer production. Advances
to-date in the catalyzed chemical synthesis of PHAs have offered
rapid access to highly it- and st-P3HB through the stereoselec-
tive ROP of B-BL and 8DLMe enabled by the highly tunable chi-
ral and achiral metal-based complexes that promote, often living
or controlled, coordinative-insertion ROP. Rationally designed cat-
alyst and monomer structures and insights obtained from mecha-
nistic investigations have realized the precision synthesis of a wide
range of PHAs, including PHA homopolymers of diverse stereomi-
crostructures as well as random, block and stereosequenced PHA
copolymers that are often uniquely functionalized and uncommon
or unnatural and inaccessible by biological methods. Some of the
advanced, synthetic PHA materials offer thermal and mechanical
properties that rival those of commodity polyolefins. Organic cat-
alysts such as NHCs and superbases have offered new avenues to-
wards the synthesis of at-PHAs that target sensitive applications in
microelectronics and biomedical devices. As synthetic routes pro-
duce P3HB materials with diverse stereomicrostructures, it is im-
portant to examine their biodegradability or other types of degra-
dation. In this context, racemic P3HB with Py, ranging from 0.63
to 0.92 has been found to completely biodegrade in 28 days and
the rate of biodegradation is faster than for more crystalline, per-
fectly it-P3HB ([P(R)-3HB]) [146,147]. St-P3HB (P; = 0.70) showed
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low biodegradation, but a blended film of st-P3HB (P; = 0.70) and
[P(R)-3HB] (Pm = 1.0) biodegraded completely [147].

Despite tremendous advances made in the chemocatalytic
routes to PHAs over the past five decades, four key challenges are
yet to be addressed:

First, concerning the cyclic ester monomers used for the two
major routes, B-BL is toxic (possibly carcinogenic to humans),
while 8DLR monomers are currently prepared from a four-step syn-
thesis starting from succinic acid but require the use of an alkyl
halide and an oxidant, calling for more cost-effective and envi-
ronmentally benign monomer synthesis. Addressing the monomer
challenge would require efforts from multiple fronts, including the
developments of greener synthetic routes, more benign monomer
structures, selective recovery of monomers from PHAs (closed-
loop chemical recycling, vide infra), and combined biocatalytic and
chemocatalytic processes.

Second, the closed-loop chemical recycling of PHAs to their
monomers is presently not realized. Base-catalyzed depolymeriza-
tion of P3HB with catalysts such as Mg(OH), afforded the de-
hydration product, trans-crotonic acid, in essentially quantitative
yield (>97%) [148], but not the original lactone monomer (3-BL or
8DLMe) while the acid-catalyzed depolymerization of P3HB with
catalysts such as p-toluenesulfonic acid led to the formation of
cyclic oligomers, with the major product being the highly stable,
cyclic trimer (~50% yield) [149]. The ROP of this cyclic trimer
reformed only oligomeric 3-hydroxybutyrate with low molecu-
lar weights (~5 kg/mol) [150,151], which cannot be considered
a feasible route for closed-loop chemical recycling. Hence, there
is a pressing need to develop an efficient, “monomer-polymer-
monomer” closed-loop chemical recycling of PHAs, ultimately es-
tablishing the PHA-based circular materials economy. We believe
that endowing polymers with chemical recyclability is important,
especially in applications where plastic waste can be effectively
collected and sorted. Even in the case of plastic mixtures, chem-
ical recycling has also been shown to be feasible and advanta-
geous due to the ability to selectively recover the monomer from
the mixtures. These efforts, in conjunction with research and de-
velopment in decreasing the complexity of final plastic products,
will allow us to reach the ultimate goal of establishing carbon
circularity.

Third, PHAs suffer from low thermostability towards melt-
processing, particularly P3HB, with T4 values typically around
250 °C. This thermal property appears to be inherent to those un-
substituted PHAs at the 2 (or B)-position.

Fourth, the current synthetic PHAs are limited to offering prop-
erties of thermoplastics and elastomers. Endowing PHAs to deliver
performance properties of other polymer classes, such as thermo-
plastic elastomers, reprocessable thermosets, and adhesives, will
further broaden utilities of PHA-based materials and thus repre-
sents an exciting direction.

By way of critical analysis, the development of a biocatalytic
route to the monomers for the ROP of the chemocatalytic route to
PHAs should provide a desirable solution to meet the above stated
first challenge of the chemocatalytic route. On the other hand,
the second, third, and fourth challenges face both biocatalytic and
chemocatalytic routes. Meeting those challenges will require inno-
vative design of new monomers and catalyst structures, as well as
the development of novel selective, greener, and catalytic processes
for the synthesis of monomers and polymers, and their recovery
and recycling. Future catalyst developments should be directed at
enhancing selectivity/activity (thus lower catalyst loadings), enable
recovery/recyclability (thus better economics), and utilizing more
earth abundant metal or organic catalysts (thus more sustainable).
Therefore, ultimately, the above challenges should be solved more
effectively by coupling biocatalytic and chemocatalytic routes—the
use of this preferred, synergistic catalysis mode to address the
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plastics problems [152], including the above described challenges
still facing PHAs.
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