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chain, is highly crystalline with a melting temperature (Tm) of 170
~ 180°C, showing comparable thermal and mechanical properties
(especially tensile strength) to isotactic polypropylene (it-PP).
However, P[(R)-3HB] is stiff and brittle, and its high Tm and
relatively low degradation temperature (ca. 250°C) makes
processing by standard methods difficult. Incorporation of
comonomers with a longer side chain, such as 3-hydroxyvalerate
(3HV) with ethyl (Et) as the pendant group, leads an increase in
ductility and a decrease in crystallinity and Tm, resulting in a
decrease in stiffness and an increase in toughness. Thus, tuning
the copolymer composition leads to PHAs with more desirable
properties, better processability, and commercial applications,[3]
but broader applications as commodity thermoplastics are limited
due to their relatively high production costs and low volumes.
Although bacterial PHAs can incorporate various short and longer
pendant groups into copolymers with improved elongation relative
to P3HB, it requires specific growth substrates or metabolic
engineering to adapt incorporation of each type of side groups.
Compared with biosynthetic pathways, chemical catalysis
approaches could provide better scalability, more rapid catalyst
tuning to accommodate diverse substrate structures, and faster
reaction kinetics. In fact, the chemical synthesis of PHAs via ringopening polymerization (ROP) of cyclic esters has been
developed since 1960s,[5] affording PHAs with different structures
and stereoregularities. P3HB, the most common and prominent
member of PHAs, was synthesized through ROP of rac-βbutyrolactone (rac-β-BL).[5e-h] Highly syndiotactic (st) P3HB with
Pr (defined as the probability of racemic linkages between
adjacent monomer units) up to 0.95 was synthesized by discrete
yttrium complexes supported by tetradentate, dianionic alkoxyamino-bis(phenolate) [O–,N,O,O–] ligands.[6] Iso-enriched P3HB
with Pm ≤ 0.85 was synthesized by the ROP of rac-β-BL with alkyl
aluminoxanes,[7] chiral initiator by in-situ reaction of ZnEt2 with
(R)(-)-3,3-dimethyl-1,2-butanediol,[8] chromium(III) salophen
complexes,[9] grafted neodymium borohydrides onto silica,[10] and
salan-ligated rare-earth metal amide complexes.[11] There are
fewer successful examples on the synthesis of PHAs with a longer
side chain,[12] such as P3HV and poly(3-hydroxybutyrate-co-3hydroxyvalerate) (P3HBV).[7c,13]
Inspired by the ROP of the racemic lactide,[14] a cyclic dimer of
lactic acid, we recently realized the synthesis of perfectly isotactic
P3HB via the stereoselective ROP of the bio-sourced racemic
eight-membered diolide (rac-8DLMe, the superscripted Me

Abstract: Bacterial polyhydroxyalkanoates (PHAs) are a unique class
of biodegradable polymers due to their biodegradability in ambient
environments and structural diversity enabled by side-chain groups.
However, the biosynthesis of PHAs is slow and expensive, limiting
their broader applications as commodity plastics. To overcome such
limitation, the catalyzed chemical synthesis of bacterial PHAs has
been developed via the metal-catalyzed stereoselective ring-opening
(co)polymerization of racemic cyclic diolides (rac-8DLR, R = alkyl
group). In this combined experimental and computational study,
polymerization kinetics, stereocontrol mechanism, copolymerization
characteristics, and the resulting PHAs' properties have been
examined. Most notably, stereoselective copolymerizations of rac8DLMe with rac-8DLR (R = Et, Bu) have yielded high-molecular-weight,
crystalline isotactic PHA copolymers that are hard, ductile, and tough
plastics, and exhibit polyolefin-like thermal and mechanical properties.

Introduction
Petroleum-derived plastics that have fueled modern economies
are the most widely used man-made substances in modern life.
Owing to their lightweight, low cost, long-lasting, and highperformance properties, plastics have now become indispensable
to daily life and the global economy. However, when disposed or
leaked into the environment, their durability and resistance to
degradation in ambient environments result in severe plastics
pollution to landfills and oceans as well as other environmental
consequences.[1] Thus, the development of future polymers
including plastics should focus on biorenewable materials that are
sustainable in both production and use and can be recycled or
disposed of in ways that are environmentally innocuous.[2] In this
context, polyhydroxyalkanoates (PHAs),[3] a unique class of
biorenewable aliphatic polyesters that are biodegradable in
ambient environments,[4] have shown great potential as a
replacement for petroleum-based plastics. Natural PHAs,
produced by bacteria and other living microorganisms from
biorenewable resources, are purely isotactic polymers containing
a chiral site in each repeat unit, and their thermal and mechanical
properties span a wide range depending on the length of the
pendant group on the β-carbon, making them attractive for a wide
range of applications.[3b-d] Among them, bacterial poly[(R)-3hydroxybutyrate], P[(R)-3HB], with the methyl group as the side
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Scheme 1. Chemical synthesis of PHAs. (A) Stereoselective ROP of rac-8DLR
(R = Me, Et, Bu) by racemic catalysts to produce isotactic PHAs as a 1:1 mixture
of enantiomeric PHA chains. (B) Stereoselective copolymerization of rac-8DLMe
with rac-8DLR (R = Et, Bu) to isotactic random copolymers P3HBV (R = Et) and
P3HBHp (R = Bu).

Kinetics and Stereocontrol Mechanism for ROP of rac8DLMe. The kinetics of the ROP of rac-8DLMe in CH2Cl2 by racemic
4, combined with 1 equivalent of benzyl alcohol (BnOH) which
converts in situ the silylamide precatalyst to the alkoxide catalyst,
in varied [rac-8DLMe]0/[4]0 ratios at room temperature (r.t., ~23 °C)
were investigated (Table S1). While the concentration of rac8DLMe was set constant (0.40 M), varying the concentration of 4
from 1.33 mM to 2.00 mM to 2.67 mM to 4.00 mM, all showed the
first-order dependence on monomer concentration within this
catalyst concentration regime (Figure 1A). The corresponding
rate constant (kobs), obtained from the slope of the best-fit linear
line to the plot of ln([rac-8DLMe]0/[rac-8DLMe]t) vs. time, was 1.31
± 0.011, 1.75 ± 0.011, 2.65 ± 0.016, and 4.17 ± 0.136 min−1.
Hence, the rate of polymerization may be written as −d[rac8DLMe]/dt = kobs[rac-8DLMe], where kobs = kp[4]x, in which kp is the
propagation rate constant. To determine the rate order on catalyst
4 concentration (x), a double logarithmic plot (Figure 1B) of lnkobs
versus ln[4] was fit to a straight line (R2 = 0.975) with a slope of
1.08. Thus, the kinetic order with respect to [4], given by the slope
of ca. 1, was also first order, with rate constant kp = 26.3 L·mol1 -1
·s , as determined by the intercept of the regression line.
Therefore, the overall rate law for this ROP can be written as:
−d[rac-8DLMe]/dt = kp[rac-8DLMe][4].
To assist computational investigation into the stereocontrol
mechanism and monometallic propagation (based on the kinetics)
of this polymerization, the molecular structure of complex 4 was
determined by single crystal X-ray diffraction analysis. The
structure features a five-coordinate distorted square–pyramid
geometry around the yttrium center with all four donors of the
tetradentate salcy ligand and one silylamide group bonded to the
metal center (Figure S1). The bulky trityl groups at the 3-positions
of the salcy ligand framework rendered the metal center too
crowded to THF coordination; hence, unlike other complexes with
less bulky substituents, Y complex 4 (and its La 5) is base (THF)
free, also confirmed by NMR spectra of the complex. The distance
of 3.175 Å between Y(1) and Si(2) resembles Y−Si σ-bond
distances, suggesting an appreciable interaction in the solid state.
The distance of 2.768 Å between Y(1) and H(65) on Si(2) [vs
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Chart 1. Chemical structures of the metal (Y, La)-based chiral racemic catalysts
for (co)polymerization of rac-8DLR.

Results and Discussion
Racemic 4 has been shown to mediate stereoselective
coordination-insertion ROP of rac-8DLMe to produce it-P3HB.[15]
Owing to the complete enantioselectivity of (R,R)-4 for addition of
(S,S)-8DLMe and (S,S)-4 for addition of (R,R)-8DLMe and no
transesterification upon full monomer conversion, the resulting itP3HB was shown to be a mixture of enantiomeric poly[(R)-3HB]
and poly[(S)-3HB] (Scheme 1A). However, the stereoselective
copolymerization of rac-8DLMe with rac-8DLR (R = Et, Bu) to
produce crystalline, isotactic PHA random copolymers (Scheme
1B) has not been investigated, neither have the thermal and
mechanical properties of such PHA copolymers been explored.
To study the copolymerization in detail, the kinetics and
stereocontrol mechanism for the ROP of rac-8DLMe, as well as the
stereoselectivity in the ROP of rac-8DLEt and rac-8DLBu, which
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denotes methyl substituents on the 8DL ring), a cyclic dimer of 3hydroxybutyric acid (3HB), using racemic yttrium catalysts 1−4
supported
by
C2-symmetric
N,N′-bis(salicylidene)
cyclohexanediimine (salcy) ligands (Chart 1). In particular,
racemic catalyst 4 with bulky trityl groups installed at the orthophenoxy positions of the salcy ligand produced perfectly isotactic
P3HB (isotacticity in meso triads, [mm], > 99%) with a high Tm up
to 171ºC, Mn up to 1.54 ´ 105 g/mol (Da), and low dispersity (Đ =
1.01) under ambient conditions.[15] Kinetic resolution
polymerization of rac-8DLMe with enantiomeric catalysts (R,R)-4
and (S,S)-4 automatically stops at 50% conversion and yields
enantiopure (R,R)-8DLMe and (S,S)-8DLMe with >99% e.e. and the
corresponding poly[(S)-3HB] and poly[(R)-3HB] with a high Tm of
175ºC. We also developed the diastereoselective polymerization
methodology to enable the direct polymerization of
diastereomeric mixtures of rac/meso-8DLMe at varied rac/meso
ratios, or meso-8DLMe/rac-8DLEt (ethyl-substituted 8DL) into
stereosequenced semi-crystalline it-P3HB-sb-st-P3HB or stP3HB-sb-it-P3HBV with isotactic and syndiotactic stereoblock or
tapered stereoblock microstructures.[16] The stereosequenced
block copolymers of 8DLMe/Et or 8DLMe/Bu, it-P3HBV-sb-st-P3HBV
or it-P3HBHp-sb-st-P3HBHp, where P3HBHp = poly(3hydroxybutyrate-co-3-hydroxyheptanoate), can be also prepared
through direct copolymerization of six diastereomers of 8DLMe/Et
or 8DLMe/Bu (8DLBu: n-butyl-substituted 8DL) all together by
racemic catalysts 4−5. However, the stereoselective
copolymerization of rac-8DLMe with rac-8DLR has not been
previously studied, which could provide a catalyzed facile
chemical synthesis route to crystalline isotactic PHA copolymers
with potentially polyolefin-like thermal and mechanical properties;
hence, this topic is the central objective of this study.
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growing chain with the achiral −OCH2CH2C(=O)OCH(CH3)2 group,
and the transition states (TSs) were located for the first step of the
reaction corresponding to the monomer insertion into the Y−Ochain
bond. We found no meaningful Gibbs free energy difference
[Δ(ΔG≠) = 0.1 kcal/mol] between the (R,R)-8DLMe and (S,S)-8DLMe
TSs, indicating that the chirality of the propagating chain should
be involved in selectivity of the chiral monomer by chiral (R,R)-4.

(A)

(R)

(R)

N

N

OH HO
CPh3

Ph3C

(R,R)-H2Ltrityl
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Chart 2. The structures of (R,R)-H2Ltrityl ligand of complex (R,R)-4 and
propagating chain modelled for the DFT calculations.

Next, we investigated the relative stability of (R,R)-4 bearing an
S-chain or an R-chain to highlight possible interactions between
the catalyst and the chain end, and at the same time to
understand the stability of the overall reaction product of the ROP.
The results showed that the (R,R)-4–(S-chain) system is favored
by 3.1 kcal/mol relative to the (R,R)-4–(R-chain) system,
suggesting a preference for the formation of the reaction product
of (S,S)-8DLMe monomer with the (R,R)-4 catalyst. The higher
energy of the (R,R)-4–(R-chain) system is ascribed to unfavorable
steric interactions between the phenyl rings on the ligand and the
methyl groups on the growing chain (Figure 2), which also
suggests the importance of trityl-substituted group on the Ltrityl
ligand for the high isoselectivity of the catalyst.
Finally, we studied the influence of the chirality of the chain-end
on the selectivity of the monomer for the favored (R,R)-4–(Schain) system, by comparing the TSs for the insertion of (R,R)and (S,S)-8DLMe into the Y−Ochain bond (Figure 3). The best
conformation for the monomer coordination and insertion steps
with the [O–,N,O–,N]-yttrium systems is a seven-coordinate
environment for the metal that bonds to the tetradentate Ltrityl
ligand, the monomer, and the polymer chain by a k2 binding of the
two oxygen atoms. The alternative six-coordinate metal
environment with the polymer chain binding by only one oxygen
atom leads to both coordination species and TS geometries
higher by 3.0-3.5 kcal/mol on average, consistently with the
results reported by Rieger et. al.[18]. Moreover, among all the
conformations explored, the one displaying the 8DLMe trans to one
O– atom of the Ltrityl ligand is preferred. Using the more favored
(R,R)-4–(S-chain) as the active species, the energy barrier for
insertion of (S,S)-8DLMe (11.8 kcal/mol) is 2.1 kcal/mol lower than
that for the insertion of (R,R)-8DLMe (13.9 kcal/mol), indicating that
selectivity is determined by the interaction between the chiral
chain end and the monomer. The kinetic insertion products are
located at 9.4 and 11.5 kcal/mol for (S,S)-8DLMe and (R,R)-8DLMe,
respectively. The preference for the insertion of (S,S)-8DLMe on a
(R,R)-4–(S-chain) system is ascribed to the steric interaction
between the CH2 and CH carbons on the O and C atoms involved
in the C−O bond forming, which are on the same side for (R,R)8DLMe insertion (Figure 3). Moreover, the kinetically favored ringopening reaction of (R,R)-4–(S-chain) with (S,S)-8DLMe (by 2.1
kcal/mol over that with (R,R)-8DLMe) leads to the favored S-chainend again. These results explain the enantioselectivity in the ROP
of rac-8DLMe by (R,R)-4 to form poly[(S,S)-8DLMe] or P[(S)-3HB].

(B)

Figure 1. (A) Semilogarithmic plots of first-order kinetics of ln([rac-8DLMe]0/[rac8DLMe]t) versus time at different catalyst 4 concentrations: [rac-8DLMe]0 = 0.40
M; [4]0 = 1.33 (♦), 2.00 (▲), 2.67 (●), and 4.00 (■) mM in CH2Cl2 at r.t.). (B)
Double logarithmic plot of lnkobs vs ln[4] for ROP of rac-8DLMe.

Based on this X-ray crystal structure, we performed density
functional theory (DFT) calculations on the ROP of rac-8DLMe by
catalyst (R,R)-4, probing the stereocontrol mechanism
responsible for the observed essentially perfect isoselectivity
achieved by 4. Considering that the second chiral center of the
last inserted monomer is likely too far away from the catalyst
active center to affect the results and given the conformational
complexity of the system, the propagating chain was modelled as
−OCH(CH3)CH2C(=O)OCH(CH3)2, as shown in Chart 2 (the rest
of the chain P was modelled by CH3). The reactive system we
considered here shows three elements of chirality: (a) the catalyst
(R,R)-4 bearing a chiral salcy ligand; (b) the propagating chain
with one chiral center, labeled here as S-chain or R-chain,
depending on the configuration of the last inserted monomer; and
(c) the monomer, (R,R)-8DLMe or (S,S)-8DLMe. We then focused
on understanding how all these chirality elements work together
to determine the stereochemical outcome of the polymerization.
First, the selectivity between (R,R)-8DLMe and (S,S)-8DLMe
through interaction with (R,R)-4 was examined. To this end, the
chirality of the propagating chain was ignored by modelling the

3
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3.996 Å for Y(1)···H(66) distance] at the upper end of covalent
Y−H bonds indicates agostic, three-centered Si┄H−Y interaction,
which can be further documented in the contracted bond angle of
the
Y(1)−N(3)−Si(2)
(107.26(12)°
vs
Si(1)−N(3)−Y(1),
124.56(12)°). All atoms are located in one plane with torsion angle
Y(1)−N(3)−Si(2)-H(65) of 3.12°, completing the formation of
agostically fused four-membered ring.[17]
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Figure 3. Optimized geometries of the monomer insertion transition states.

Figure 2. Optimized geometries of (R,R)-4–(S-chain) and (R,R)-4–(R-chain)
and their relative free energy values (kcal/mol) in DCM.

When (R,R)-8DLMe insertion on the (R,R)-4 occurs, the R-chain
forms but the resulting R-chain is almost 3 kcal/mol less stable
than the starting S-chain (ΔΔG > 3.0 kcal/mol) so that the reverse
reaction occurs. As a consequence, the starting S-chain reforms
and the selection of another (S,S)-8DLMe is again favored. Instead,
if the polymerization proceeds, then the insertion of (R,R)-8DLMe
is kinetically preferred, but the direct product of the insertion is
calculated to be only isoenergetic with the TS and the overall
formation of a new R-chain is thermodynamically disfavored by
1.0 kcal/mol with respect to the previous R-chain and by 4.0
kcal/mol with respect to the starting S-chain. As a consequence,
the reverse reactions are again favored and the polymerization
proceeds only when insertion of (S,S)-8DLMe occurs on an Schain with formation of a new S-chain. Since (S,S)-8DLMe is
always selected for insertion with (R,R)-4, this stereoselective
ROP proceeds through an enantiomorphic-site control
mechanism.

The two separate energy profiles (Figure 4) show a kinetic
preference for the insertion of a (S,S)-8DLMe on an S-chain and of
a (R,R)-8DLMe on an R-chain, indicating that, kinetically, it is the
chirality of the chain-end that selects the chirality of the monomer
in the insertion step (i.e. the S-chain selects (S,S)-8DLMe and the
R-chain selects (R,R)-8DLMe). However, we are dealing with
equilibrium reactions, and, thermodynamically, the S-chain is
always preferred by (R,R)-4. As a result, (S,S)-8DLMe insertion on
the (R,R)-4-S-chain is favored about 3.0 kcal/mol from both a
thermodynamic and a kinetic perspective over the insertion of
(R,R)-8DLMe. Considering the unfavorable thermodynamics for
the ROP of medium-sized cyclic esters,[19] this ΔΔG of about 3
kcal/mol is in line with the almost complete no-reaction of (R,R)8DLMe with (R,R)-4 catalyst.

Figure 4. Calculated energy profiles of intermediates and transition states for monomer insertion into the favored (R,R)-4–(S-chain) active species vs the disfavored
(R,R)-4–(R-chain) species along the reaction coordinate. Free energy values (kcal/mol) are in CH2Cl2.
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Stereoselective ROP of Longer Alkyl-Substituted rac-8DLR
(R = Et, Bu). To probe the generality of the chemical synthesis of
PHAs via the stereoselective ROP of rac-8DLR and modulate the
properties of PHAs, we investigated two longer alkyl-substituted
monomers rac-8DLR (R = Et, Bu), which were prepared following
the procedures for the preparation of rac-8DLMe.[16] At the outset,
the ROP of rac-8DLEt was performed using yttrium catalysts 1−4
(Table S2), achieving high to near quantitative isotacticity with Pm
values ranging from 0.90 to 0.97. Complex 1 with the salen ligand
bearing the 3,5-di-tert-butyl substituents [20] polymerized 100
equivalents of rac-8DLEt to 87% and 98% conversion in 120 and
360 min, respectively, which was much slower than the ROP of
rac-8DLMe. The molecular weight of the resulting P3HV increased
with increasing monomer conversion while keeping the dispersity
relatively low (Đ = 1.19 to 1.16) and the calculated initiation
efficiency high (from 128% to 104 %, runs 1 and 2, Table S2).
Based on 1H and 13C NMR analysis[5e, 7c, 21] (Figure S4), the P3HV
produced by complex 1 exhibited high isotacticity with Pm ~ 0.90–
0.91 and [mm] triad ~85%, by somewhat lower than that of P3HB
by complex 1. However, with this level of isotacticity, the resulting
P3HV showed no Tm on the differential scanning colorimetry
(DSC) curve with a cooling and heating rate of as low as 1 °C/min.
Next, we investigated possible effects of the salen ligand
framework's electronics, sterics, and symmetry on the rac-8DLEt
polymerization activity and stereoselectivity. Complex 2 with the
electron withdrawing F atoms substituted at the 5-positions of the
salcy ligand produced P3HV with Pm and [mm] values (run 3,
Table S2) similar to those by 1. Turning to the steric perturbation
of the catalyst, the bulkier cumyl-substituted complex 3 produced
isotactic P3HV more rapidly and also achieved noticeably higher
isotacticity with Pm = 0.96 and [mm] = 95%) (run 4, Table S2,
Figure S4). Now the resulting P3HV is semi-crystalline, exhibiting
a Tm of 108 ºC and Tg of −18 ºC, while the Mn can be modulated
by adjusting the [rac-8DLEt]0/[3]0 ratio from 100/1 to 400/1 (runs
4–6, Table S2). Switching to complex 4 with even bulkier trityl
groups substituted at the 3-positions of the salcy ligand, which
exhibited extremely high activity and isoselectivity towards rac8DLMe, led to sluggish rac-8DLEt polymerization (run 7, Table S2),
highlighting the importance of the catalyst/monomer steric
matching. The use of the corresponding La 5 with a larger metal
center improved the activity somewhat but not the isotacticity (Pm
= 0.94, [mm] = 93%).[16] Lastly, the achiral salph-based complex
6 showed the highest activity in this catalyst series, but it exhibited
the lowest isoselectivity with Pm ~ 0.86 and [mm] ~ 75% (run 8,
Table S2) and yielded an amorphous P3HV.
As 3 showed both high activity and isoselectivity for rac-8DLEt,
it was then chosen for the ROP of rac-8DLBu to produce isotactic
poly(3-hydroxyheptanoate) (P3HHp). Indeed, P3HHp with high
molecular weight (Mn = 99.3 – 140 kDa, Ð = 1.19–1.24) and high
isotacticity (Pm = 0.97, [mm] = 93−94%, Figure S8) was obtained
(runs 1−3, Table S3). As in the case of rac-8DLEt, the tritylsubstituted 4 exhibited only marginal activity towards rac-8DLBu
polymerization. La 5 polymerized 50 equivalents of rac-8DLBu to
58% conversion after 20 h, producing P3HHp with isotacticity Pm
of 0.97 and [mm] of 96% but low molecular weight (Mn = 6.67 kDa,
Ð = 1.19, run 5, Table S3). The use of achiral 6 brought about the
fastest polymerization, but the resulting P3HHp had the lowest Pm
of 0.85 and [mm] of 74% (run 6, Table S3).
To gain insight into the control of the ROP of rac-8DLEt, the
P3HV samples produced at different times and [rac-8DLEt]/[3]
ratios
were
analyzed
by
matrix-assisted
laser
desorption/ionization time-of-flight mass spectroscopy (MALDI-

TOF MS). When a low ratio of 20/1 was used with a longer
reaction time (5 min), the MS spectra showed some
transesterification reactions, as evidenced by the appearances of
molecular ion peaks with the spacing between the neighboring
peaks being that of the half molar mass of the repeat unit (Figure
S11). When the polymerization was quenched after 1 or 2 min (at
which time the conversion was 55% or 87%), its MS spectrum
displayed exclusive molecular ion peaks with the spacing
between the neighboring peaks being that of rac-8DLEt (Figures
S9−10). These results indicate that transesterification occurred
when the reaction reached full conversion and thus can be shut
down by reducing the time or the catalyst amount in feed. For
example, when [rac-8DLEt]/[3] = 100, no transesterification was
observed even after the full conversion of rac-8DLEt (Figure S12).
The intercept of the linear plot of m/z values (y) vs the number of
rac-8DLEt repeat units (x), 108, indicated that each P3HV chain
carries BnO/H as chain ends [Mend = 108 (BnO/H) + 23 (Na+)
g/mol], which can be further confirmed by the 1H NMR spectrum
of P3HV (Figure S14). Similarly, the ROP of rac-8DLBu gave the
P3HHp with BnO/H as chain ends, confirmed by its MS and 1H
NMR spectra (Figures S13 and S15). Overall, these results are
consistent with the coordination-insertion mechanism proposed
for the ROP of rac-8DLMe.[15]
PHAs from Copolymerization of rac-8DLMe and rac-8DLR
(R = Et, Bu). The copolymerization of rac-8DLMe with rac-8DLEt
was carried out using 3 under different conditions (Table 1). As a
control, homopolymerization of rac-8DLMe was examined with 3
(0.5 mol% and 0.25 mol % loading) at r.t. (runs 1 and 2, Table 1),
achieving 100% and 98% rac-8DLMe conversion in 20 and 30 min
to give it-P3HB ([mm] = 94%) with Mn = 52.7 and 121 kg/mol,
narrow dispersity Đ = 1.14 and 1.24, and Tm = 156 and 157 °C,
respectively.[15] The copolymerization of rac-8DLMe with rac-8DLEt
was then conducted with different rac-8DLMe/rac-8DLEt ratios at
fixed [rac-8DLMe + rac-8DLEt]/[3] = 200. Decreasing the rac8DLMe/rac-8DLEt feed ratio from 10/1 to 1/1 significantly enhanced
rac-8DLEt incorporation (mol%) of the resulting P3HBV from 9.0%
to 42.1% (runs 3−7, Table 1), while the Tm of P3HBV decreased
from 149 to 128 °C with increasing the rac-8DLEt incorporation
from 9.0% to 23.9%, and no Tm was observed when the rac-8DLEt
incorporation reached 42.1%. To increase the molecular weight
of P3HBV, while keeping the catalyst loading constant (0.25
mol%), the reaction conditions (comonomer feed ratio, time,
conversion) were varied to produce P3HBV with rac-8DLEt
incorporations from 3.9 to 37.6%, Mn from 53.2 to 90.7 kg/mol,
and Ð from 1.16 to 1.24 (runs 8−17, Table 1 and Figures S16−17).
To further increase the molecular weight, the [rac-8DLMe + rac8DLEt]/[3] molar ratio was increased to 600/1 and 800/1 with rac8DLMe/rac-8DLEt feed ratio of 3/1 to 1/1, and the molecular weight
of the resulting P3HBV enhanced to 75.1−121 kDa with narrower
dispersity of 1.08−1.11, while keeping the rac-8DLEt incorporation
from 13.7 to 34.6% (runs 18−23, Table 1). Highly reactive La 5
was also tested for this copolymerization in a 1/1 feed ratio,
producing P3HBV with rac-8DLEt incorporation of 5.7% and Tm of
156 °C in 20 s (run 24, Table 1). The resulting P3HBV was shown
to be a random copolymer: (a) monitoring the copolymerization 1H
NMR revealed that both monomers were consumed concurrently,
although rac-8DLMe was consumed more rapidly (runs 8-17, Table
1; Table S4); (b) the peaks for 3HB-3HV and 3HV-3HB sequences
were observed clearly from the 13C NMR spectra of the
copolymers (Figure S17); and (c) there showed only one Tm for
each crystalline copolymer (vide infra).
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was increased to 800/1 with varied rac-8DLMe/rac-8DLBu feed
ratios of 3/1 to 1/1. Indeed, the Mn of the resulting P3HBHp was
enhanced to 126−139 kDa with narrower dispersity of 1.08−1.10,
while keeping the rac-8DLBu incorporation of 18.1−41.0% (runs
6−8, Table 2). In addition, La 5 was used to mediate rapid
copolymerization of rac-8DLMe and rac-8DLBu in a 1/1 feed ratio,
producing P3HBHp with rac-8DLBu incorporation of only 4.6% and
a high Tm of 160 °C (run 9, Table 2).

Table 1. Results of copolymerization of rac-8DLMe and rac-8DLEt by catalyst 3 [a]
rac-8DLEt
Conv. [b] (%)
[rac-DLMe]/
Time
Run
[8DL]/[3]
content [c]
Et
[rac-DL ]
(min)
rac-DLMe
rac-8DLEt
(mol%)

Mn [d]
(kg/mol)

Ð [d]
(Mw/Mn)

Tg [e]
(°C)

Tm [e]
(°C)

∆Hf [e]
(J/g)

1

200/1

1/-

20

100

-

-

52.7

1.14

6.4

156

56.5

2

400/1

1/-

30

99

-

-

121

1.24

4.9

157

53.0

3

200/1

10/1

15

100

89

9.0

71.4

1.29

2.6

149

33.7

4

200/1

5/1

15

99

75

13.4

67.5

1.28

1.6

144

15.6

5

200/1

3/1

15

99

67

18.6

61.8

1.33

-0.6

138

20.2

6

200/1

2/1

15

98

61

23.9

58.0

1.30

-4.3

128

19.4

7

200/1

1/1

20

99

72

42.1

54.3

1.22

-8.6

-

-

8

400/1

10/1

20

75

26

3.9

90.7

1.24

3.6

150

39.7

9

400/1

10/1

30

99

66

6.6

86.6

1.18

3.2

149

36.4

10

400/1

5/1

20

76

28

7.0

82.3

1.21

2.8

144

30.7

11

400/1

5/1

30

97

55

10.8

82.3

1.18

2.4

143

23.7

12

400/1

3/1

20

73

25

11.2

75.3

1.21

1.8

138

14.1

13

400/1

3/1

30

95

53

15.7

76.6

1.18

0.4

138

18.3

14

400/1

2/1

20

72

26

15.4

72.5

1.18

0.1

131

11.2

15

400/1

2/1

30

94

49

21.0

74.4

1.16

-3.3

130

21.7

16

400/1

1/1

20

61

18

26.9

53.2

1.23

-4.7

114

2.6

17

400/1

1/1

40

97

59

37.6

59.6

1.21

-7.9

-

-

18

600/1

3/1

120

95

50

15.0

94.8

1.09

-0.2

137

24.5

19

600/1

2/1

140

91

42

19.9

99.0

1.08

-2.6

131

20.8

20

600/1

1/1

160

95

49

34.6

75.1

1.10

-6.4

-

-

21

800/1

3/1

240

92

44

13.7

121

1.10

1.0

138

27.1

22

800/1

2/1

240

92

44

19.9

107

1.11

-2.2

132

22.3

23

800/1

1/1

240

84

35

29.3

83.6

1.10

-5.5

-

-

24 [f]

400/1

1/1

20 s

97

5.7

5.7

45.0

1.01

2.6

156

64.0

[a] Conditions: rac-8DLMe + rac-8DLEt = 0.80 mmol in CH2Cl2, Vsolvent = 0.8 mL; r.t.; catalyst to BnOH initiator ratio fixed at 1/1, and the amount varied according to
the [rac-8DLMe+rac-8DLEt]/[3] ratio. [b] Monomer conversions measured by 1H NMR. [c] rac-8DLEt content measured by 1H NMR of the isolated copolymer. [d]
Determined by GPC coupled with an 18-angle light scattering detector at 40 °C in chloroform. [e] Measured by DSC with the cooling and second heating rate of
10 °C/min for samples with rac-8DLEt incorporations of 0−13.4%, 5 °C/min for 13.7−18.6%, 2 °C/min for 19.9−23.9%, or 1 °C/min for 26.9−42.1%. [f] 5 was used.

Table 2. Results of copolymerization of rac-8DLMe and rac-8DLBu by catalyst 3 [a]
rac-8DLBu
Conv. (%)
[8DL]/
[rac-8DLMe]/
Time
Run
content
[3]
[rac-8DLBu]
(min)
rac-8DLMe
rac-8DLBu
(mol%)

Mn
(kg/mol)

Ð
(Mw/Mn)

Tg [b]
(°C)

Tm [b]
(°C)

∆Hf [b]
(J/g)

1

400/1

10/1

30

88

69

7.3

126

1.13

0.7

143

28.3

2

400/1

5/1

30

87

63

12.7

96.6

1.24

-3.1

135

17.8

3

400/1

3/1

30

86

61

19.1

108

1.16

-8.7

124

19.6

4

400/1

2/1

30

81

52

24.3

95.6

1.15

-11.5

118

1.3

5

400/1

1/1

40

96

78

44.8

105

1.17

-19.4

-

-

6

800/1

3/1

140

84

56

18.1

139

1.08

-7.6

127

8.4

7

800/1

2/1

140

82

55

25.1

126

1.10

-11.4

-

-

8

800/1

1/1

160

78

54

41.0

135

1.08

-18.4

-

-

9 [c]

400/1

1/1

20 s

98

4.7

4.6

47.2

1.01

2.8

160

59.4

[a] See Table 1 footnotes for explanations. [b] Measured by DSC with the cooling and second heating rate of 10 °C/min for samples with rac-8DLBu incorporations
of 0−7.3%, 5 °C/min for 12.7%, 2 °C/min for 18.1−19.1%, or 1 °C/min for 24.3−44.8%. [f] 5 was used as the catalyst.

Thermal and Mechanical Properties of PHAs. The DSC
curves of P3HV and P3HHp produced by catalyst 3 under
identical conditions ([rac-8DLR]/[3] = 200/1, CH2Cl2, r.t., 100%
conversion), and copolymers P3HBV and P3HBHp produced by
3 under identical conditions ([rac-8DLMe + rac-8DLR]/[3] = 400/1)
were compared in Figures 5, S25 and S27. For the P3HV with Pm

≤ 0.91, no Tm was observed with the cooling and second heating
rate of as low as 1 °C/min, and Tm can be only observed on the
first heating scan (Figures S20−21). On the other hand, the P3HV
with Pm = 0.94−0.97 exhibited a Tm from 104 to 108 °C with the
cooling and second heating rate of 2 °C/min,[16] but no Tm were
seen with the cooling and second heating rate of 10 or 5 °C/min
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Table 2 summarized the results of copolymerizations of rac8DLMe and rac-8DLBu by catalyst 3, affording P3HBHp random
copolymers with rac-8DLBu incorporation ranging from 7.3 to
44.8%, Mn from 95.6 to 126 kg/mol, and dispersity Ð from 1.13 to
1.24 (runs 1−5, Table 2 and Figures S18−19). The Tm of P3HBHp
decreased from 143 to 118 °C with an increase in the rac-8DLBu
incorporation from 7.3 to 24.3%, and no Tm was observed when
the rac-8DLBu incorporation reached 44.8%. To increase the
molecular weight of P3HBHp, the [rac-8DLMe + rac-8DLBu]/[3] ratio
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(Figures S22−23 and S25), due to the slow crystalline rate of
P3HV. For P3HHp with Pm = 0.97, a Tg of -34.3 °C, but no Tm, was
observed on the second heating scan. However, there exhibited
a Tm of 50.8 °C on the first heating scan (Figures S24−25).
The Tm of P3HBV copolymers prepared by 3 decreased from
150 °C to 114 °C with an increase in rac-8DLEt incorporation from
3.9% to 26.9%, and no obvious Tm was observed when the rac8DLEt incorporation reached 29.3% or higher (Figures 5 and S26).
Similarly, the Tm of P3HBHp produced by 3 decreased from
143 °C to 118 °C with an increase in rac-8DLBu incorporation from
7.3% to 24.3%, and no obvious Tm was observed on the second
heating scan when the rac-8DLEt incorporation reached 25.1% or
higher (Figures S27-28). Additionally, the Tm of the P3HBV and
P3HBHp obtained by 5 (Figure S29) was higher than that of the
copolymers with similar comonomer incorporation level obtained
by 3, due to the higher isotacticity of the P3HB component by 5.
Thermal degradation profiles of isotactic P3HV, P3HHp,
P3HBV, and P3HBHp produced by 3 were examined by thermal
gravimetric analysis (TGA). The TGA curve of P3HV (Mn = 31.8
kDa, Ð = 1.18, Figure S30) showed a decomposition temperature
(Td, defined by the temperature of 5% weight loss) of 258 °C and
a maximum rate decomposition temperature (Tmax) of 285 °C,
while P3HHp (Mn = 140 kDa, Ð = 1.20) exhibited a somewhat
lower Td of 247 °C and Tmax of 272 °C. Moreover, P3HBV with the
rac-8DLEt incorporation of 19.9% (Mn = 107 kDa, Ð = 1.11)
exhibited a Td of 247 °C and Tmax of 277 °C, and P3HBHp with the
rac-8DLBu incorporation of 18.1% (Mn = 139 kDa, Ð = 1.08)
showed a similar Td of 247 °C and Tmax of 274 °C (Figure S33).

Tensile testing of dog-bone-shaped copolymer (P3HBV with
rac-8DLEt incorporation of 19.8%) specimens, prepared by
compression molding, yielded by the resulting stress/strain curve
(Figure 6) an ultimate tensile strength (σB) of 25.0 ± 0.2 MPa,
Young’s modulus (E) of 669 ± 45 MPa, and elongation at break
(εB) of 374 ± 19%. In comparison, P3HBHp with rac-8DLBu
incorporation of 19.6% exhibited σB = 20.5 ± 0.4 MPa, E = 226 ±
9 MPa, and εB = 578 ± 15%. In addition, P3HBV showed a yield
point at elongation of 11.0 ± 0.05% and tensile strength of 17.3 ±
0.9 MPa, while P3HBHp exhibited a higher elongation of 15.7 ±
1.2%, but lower tensile strength of 9.09 ± 0.30 MPa at the yield
point. In general, both PHA copolymers can be described as hard,
ductile, and tough plastics, much like polyethylene and isotactic
polypropylene.[22] While P3HBV is stronger and stiffer due to the
higher tensile strength and Young’s modulus, P3HBHp exhibits
considerably higher elongation at break and lower Young’s
modulus and is thus more ductile and softer.

x
x

(A)
(B)
Figure 6. Stress-strain curves (10 mm/min, r.t.) of P3HBV with rac-8DLEt

(C)

incorporation of 19.8% (Mn = 119 kDa, Ð = 1.16) and P3HBHp with rac-8DLBu
incorporation of 19.6% (Mn = 144 kDa, Ð = 1.15). Break point indicated by "x".

(D)
(E)

Conclusions
The catalyzed chemical synthesis of PHAs using rac-8DLR
derived from the bio-sourced succinate has been shown to be
highly versatile in the efficient and stereoselective synthesis of
crystalline, isotactic PHA homopolymer and copolymers with
tunable properties. With a class of readily accessible racemic
metal-based catalysts supported by the C2-salcy ligand, the
stereoselective ROP of rac-8DLR (R = Me, Et, and Bu) leads to
highly to quantitatively isotactic PHAs, including P3HB (R = Me)
with Pm or [mm] > 99% and Tm up to 171 ºC, P3HV (R = Et) with
Pm = 0.97 ([mm] = 95%) and Tm = 108 ºC, and P3HHp (R = Bu)
with Pm = 0.97 ([mm] = 94%) and Tm = 50.8 °C (Tg = −34.3 °C).
The catalyst/monomer steric matching is found to be critical to
achieve a highly active and stereoselective ROP of rac-8DLR. In
the case of the smallest rac-8DLMe, the sterically most demanding
catalyst 4 with bulky trityl groups exhibits extremely high activity
and isoselectivity, leading to purely isotactic, high MW (Mn = 154
kDa) P3HB. However, this sterically encumbered catalyst exhibits
only marginal activity for the ROP of rac-8DLEt and rac-8DLBu,
whereas the less bulky cumyl-substituted 3 exhibits both high
activity and isoselectivity for these two bulkier monomers. For
example, P3HHp with Pm = 0.97 ([mm] = 94%) and Mn = 140 kDa
(Ð = 1.19) can be rapidly produced by 3.

Figure 5. DSC curves of P3HBV copolymers produced by [rac-8DLMe + rac8DLEt]/[3] = 400 with different rac-8DLEt incorporations: (A) 6.6%; (B) 10.8%; (C)
15.7%; (D) 21.0%; and (E) 37.6%.

To examine mechanical properties of copolymers, P3HBV and
P3HBHp with rac-8DLR incorporation of ca. 20mol%, the
copolymerizations of rac-8DLMe and rac-8DLR with 3 were carried
out in a multi-gram scale under similar conditions ([rac-8DLMe +
rac-8DLR]/[3] = 800/1, CH2Cl2, r.t.). The copolymerization of rac8DLMe and rac-8DLEt conducted with [rac-8DLMe]/[rac-8DLEt] feed
ratio of 2/1 produced P3HBV with rac-8DLEt incorporation of
19.8% and Mn = 119 kDal (Ð = 1.16), whereas the
copolymerization of rac-8DLMe and rac-8DLBu conducted with [rac8DLMe]/[rac-8DLBu] feed ratio of 3/1 produced P3HBHp with rac8DLBu incorporation of 19.6% and Mn = 144 kDa (Ð = 1.15). These
results obtained by the multi-gram scale reactions were
consistent with those performed in the small-scale runs (run 22,
Table 1 and run 6, Table 2, respectively).
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The results of the kinetic and computational studies of the ROP
of rac-8DLMe mediated by racemic 4 are consistent with the
proposed stereoselective ROP proceeding through an
enantiomorphic-site control mechanism. In such a stereocontrol
mechanism, (R,R)-4 has a preference to react with (S,S)-8DLMe
to form the (R,R)-4–(S-chain) propagating species that is favored
by 3.1 kcal/mol relative to the (R,R)-4–(R-chain) system. In the
next monomer insertion step, the more favored (R,R)-4–(S-chain)
active species has a kinetic preference for insertion of another
(S,S)-8DLMe with an energy barrier lower by 2.1 kcal/mol relative
to the insertion of (R,R)-8DLMe. Therefore, kinetic resolution
polymerization of rac-8DLMe can be realized with enantiomeric
catalysts [(R,R)-4 and (S,S)-4].
Molecular catalyst 3 effectively copolymerizes rac-8DLMe with
rac-8DLEt or rac-8DLBu to produce high-molecular-weight (> 105
Da) PHA random copolymers P3HBV or P3HBHp with various
levels of rac-8DLEt or rac-8DLBu incorporation. The Tm of P3HBV
or P3HBHp decreases with the increase of rac-8DLEt or rac-8DLBu
incorporation, but they all exhibit similar thermal degradation
temperature of ca. 250 °C. Notably, both P3HBV with rac-8DLEt
incorporation of 19.8% and P3HBHp with rac-8DLBu incorporation
of 19.6% are hard, ductile, and tough plastics having polyolefinlike thermal transition temperatures and mechanical properties,
with an ultimate tensile strength of 25.0 ± 0.2 MPa and 20.5 ± 0.4
MPa, Young’s modulus of 669 ± 45 MPa and 226 ± 9 MPa, and
elongation at break of 374 ± 19% and 578 ± 15%, respectively.
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