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Abstract: Linear poly(a-hydroxy acids) are important degradable
polymers, and they can be efficiently prepared by ring-opening
polymerization of O-carboxyanhydrides with pendant functional
groups. However, attempts to prepare cyclic poly(a-hydroxy acids)
have been plagued by side reactions, including epimerization and
uncontrolled intramolecular chain transfers or termination, that
prevent the synthesis of high-molecular-weight stereoregular cyclic
polyesters. Herein we report a scalable method for the synthesis of
high-molecular-weight (>100 kDa) stereoregular functionalized cyclic
poly(a-hydroxy acids) by means of controlled polymerization of O-
carboxyanhydrides using a catalytic system consisting of a lanthanum
complex with a sterically bulky ligand and a manganese silylamide.
Additionally, using this system, we could readily prepare cyclic block
poly(a-hydroxy acids) by means of sequential addition of O-
carboxyanhydrides. The obtained cyclic polyesters and their cyclic
block copolyesters exhibit distinctive physicochemical properties—
including elevated phase transition temperature, improved toughness
and reduced viscosity—compared to their linear counterparts.

Introduction

The topology of polymers markedly affects their material
properties.["! Cyclic polymers—which have a unique topology
without chain ends—exhibit various properties that are distinct
from those of their linear analogues, including lower
hydrodynamic volumes and radii, higher glass transition
temperatures (Tg), and lower intrinsic viscosities (n).?! Historically,
petrochemical-based cyclic polymers, such as polyolefins,
polyacrylates, and polyacetylenes, have been synthesized via
well-established  ring-expansion  polymerization  chemistry
whereby the monomers are inserted into a growing ring. Notably,
because of incomplete cyclization, intramolecular
macrocyclization reactions of linear precursors at low
concentrations cannot be scaled up.?> 3 Ring-expansion
polymerization catalysts such as cyclic ruthenium complexes
and Lewis pair systems!® efficiently produce cyclic polymers with
molecular weights (MWs) of >100 kDa, some of which are being
tested as lubricants or semiconducting materials for potential

industrial applications.®! In contrast, less work has been done on
degradable cyclic polymers, particularly cyclic polyesters.[”!

Aliphatic polyesters derived from renewable resources show
promise as recyclable, biodegradable, and biocompatible
materials.®! Controlled ring-expansion polymerization of cyclic
monomers to produce cyclic polyesters—regardless of whether
zwitterionic initiators® or metal complexes!'® are used—is often
plagued by side reactions such as linear chain propagation,@l
intramolecular chain transfer or termination,['% 106, 11 gnd
epimerization.® 2 Despite extensive work on methods for
preparing cyclic poly(lactic acid) (c-PLA),1*'% synthesis of cyclic
PAHAs with high MWs (>100 kDa) and narrow MW distributions
(P <1.2) remains a challenge (Figure 1A). For example, organotin
catalysts can produce high-MW c-PLAs (165 kDa), but the MW
distributions are large (P = 1.8-8.7).1'8l The polymerizations of L-
lactide using N-heterocyclic carbenes produce epimerized c-
PLAs with MWs of <30 kDa.['?@ Cerium(Ill) complexes have been
shown to produce high-MW c-PLAs (~ 250 kDa) with large B
values (~ 1.5-1.8)," and a recently discovered air-stable
indium(lll) complex quantitatively produces high-MW c-PLAs
(>400 kDa) with relatively broad MW distributions (B ~ 1.2—1.5).[13]
Additionally, methods for the formation of cyclic polyesters with
pendant functional groups remain underexplored. Ring-opening
polymerization (ROP) of O-carboxyanhydrides (OCAs),l"®! a class
of five-membered-ring monomers derived from amino acids,
produces only low-MW cyclic poly(a-hydroxy acids) (PAHAs) with
epimerization (Figure 1B).l'?*: 171 Moreover, only one example of
sequential addition of cyclic monomers to produce cyclic block
copolyesters has been reported (MW < 40 kDa, & ~ 1.4; Figure
1C),["® in strong contrast to the innumerable reports on the
synthesis of linear block copolyesters.[' These synthetic
difficulties have hampered exploration of the specific properties of
cyclic functionalized polyesters with the goal of expanding their
applications. Herein we present a method for controlled ROP of
OCAs to prepare functionalized cyclic PAHAs with MWs of >100
kDa, B values of <1.2, and no epimerization (Figure 1D). A
particularly notable aspect of the method is that it enabled one-
pot sequential addition of OCAs to prepare cyclic block
copolyesters.
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Figure 1. Strategies for synthesis of high-MW functionalized cyclic PAHAs and their block copolymers. (A) Synthesis of high-MW c-PLA. (B) Synthesis of

functionalized cyclic PAHAs using a lanthanum complex. (C) Synthesis of cyclic block copolyesters by sequential addition of lactones. (D) Scalable, controlled ROP

of OCAs with lanthanum/manganese complexes to afford high-MW functionalized cyclic polyesters and their block copolymers (this work). The pros and cons of

various synthetic strategies are indicated in green and red, respectively.

Results and Discussion

Identification of Catalysts for Controlled ROP of OCAs to
Afford Cyclic Polyesters

Historically, La[N(SiMes);]s has been employed as a practical
catalyst to produce cyclic polyesters, including ROP of y-
butyrolactone,?® and ROP of OCAs to produce PAHAs [120]
(Figure 1B). In ROP of y-butyrolactone, the resultant MWs were
below 30 kDa with high Bs > 1.5; and the ROP of ring-fused y-
butyrolactone yielded cyclic polymers with MWs less than 90 kDa
and Ps ~ 1.5.2% Epimerization occurs in ROP of OCAs,
preventing the synthesis of functionalized cyclic stereoregular
PAHAs with MWs exceeding 30 kDa.['?’! The frequent back-biting
cyclization observed during the enchainment?®d is believed to
contribute to the broad MW distribution and may also induce
epimerization (Scheme 1A).

To mitigate undesired side reactions, we hypothesized that
the outcome of controlled ROP to produce cyclic polymers could
be improved by selecting appropriate ligands for the lanthanum
complex. This approach aims to minimize epimerization?'! and
modulate steric hindrance around the catalytic metal center,
thereby avoiding undesired back-biting cyclization and chain

transfer reactions (Scheme 1B).”2 We posit that a sterically
confined active lanthanum center would facilitate rapid
enchainment, minimizing interruption by side reactions, thus
narrowing MW distributions and maintaining cyclic structures
during the enchainment. To further expedite enchainment, we use
redox-active metal silylamides that promote decarboxylation
during ROP of OCAs, which will enhance the production of high-
MW cyclic PAHAs 2% Notably, the selection of ligands has been
previously utilized to control cyclic polymers’ microstructures in
the ROP of lactide® and thiolactone,?®! and the purpose of using
ligands in these instances differs from our hypothesis.

Scheme 1. (A) Back-biting side reactions in cyclic PAHA synthesis.
Proposed strategy to mitigate such side reactions.
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To test our hypothesis, we initially focused on ROP of L-1
with the goal of identifying the optimal polymerization catalysts for
production of cyclic poly(L-1) (c-poly(L-1)) at =35 ° C ([L-1]/[La] =
300/1, [L-1] = 0.392 M). We were pleased to confirm that the
activity of La[N(SiMes).]s for producing cyclic polymers was
superior to the activities of cerium or yttrium silylamides (Table S1,
entry 1). In contrast, the use of La[N(SiHMe>),]s-(THF), resulted
in the formation of linear poly(L-1) (-poly(L-1), entry 2). Consistent
with the results of our previous study,?® the combination of redox-
active Mn[N(SiMez)2]> (Mn-1) with La[N(SiMes).]s increased the
MW of the obtained c-poly(L-1) (Table S2, entry 2). After extensive
screening of ligands for the La[N(SiMes);]s complex (Table S3;
analysis of catalyst ligand features in Supporting information
Section S6), we found the optimal combination that consisted of
a Cy-symmetric bis(oxazoline) ligand with the lanthanum
silylamide complex (this in situ—prepared mixture is designated
La-1) and Mn-1, which resulted in efficient polymerization that
was complete within 0.5 h and afforded a polymer with a number-
average MW (M,) of 58.4 kDa, and a D of 1.04 (Table 1, entry 1).
The dn/dc (refractive index increment) of the obtained polymer
was 0.064, which is markedly lower than that of /-poly(L-1) (~ 0.10),
suggesting a cyclic topology (see the size-exclusion
chromatography [SEC] spectra in Figure S1). Notably, the
addition of BnOH as an alcohol initiator for the ROP resulted in
the formation of /-poly(L-1) (entry 2). As a control, the same
experiment was performed without either Mn-1 or La-1, and in
both cases, monomer conversion was incomplete (entries 3 and
4). Using La[N(SiMe3).]s without a ligand resulted in uncontrolled
polymerization to afford a polymer with a lower M, and a larger D
(entries 5 versus 1; also see Table S4, entries 4 versus 7), and
the inclusion of a lanthanum complex in the catalytic system was
essential for the formation of a cyclic polymer (comparing entries
1 and 5 with entry 4). The reaction could also be performed at
-15 °C (entry 6); but at room temperature, monomer conversion
was incomplete, and a linear topology was obtained (entry 7),
indicating that a low reaction temperature was crucial for
preventing side reactions. Note that reversing the chirality of the
monomer (i.e., using D-1 instead of L-1) had a negligible effect on
the polymerization outcome (entry 8).

Table 1. Optimization of conditions for ROP of L-1 to afford c-poly(L-1)!

Bn
(o]
o La1 Mn-1 0/‘\&
iy ’ .
.25 O
THF, -35 °C Bn OA(LB"
o
L-1 c-poly(L-1)
Entry  Conditions Time  Conv. M (kDa)te! pl
(h) (%)
1 as shown 0.5 100 58.4 1.04
P add 1 equiv. BhOH 0.5 100 30.1 1.12
3 no Mn-1 0.5 28.3 68.1 1.09
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4 no La-1 0.5 24.8 41.9 1.17

5 La[N(SiMes)2]3 0.5 100 34.4 1.14
instead of La-1

6 -15°C 0.5 100 57.7 1.02

71 room temperature 0.5 47.3 30.7 1.06

8 D-1 instead of L-1 0.5 100 61.8 1.03

9 reaction time, 3h 3 100 57.6 1.03

[a] [L-1)/[La-1)/[Mn-1] = 300/1/1. The polymerizations were performed in a
glovebox. [b] Monomer conversion (Conv.) was determined from the intensity of
the Fourier transform infrared peak at 1805 cm™, which corresponds to the
anhydride group of the OCA. [c] Determined by SEC. [d] A polymer with linear
topology was obtained, as indicated by the dn/dc determined by SEC.

To confirm the cyclic nature of the obtained c-poly(L-1), we
characterized it by using SEC (Figure 2A—C). Compared with /-
poly(L-1) with a similar MW, our c-poly(L-1) had a smaller
hydrodynamic volume (i.e., it eluted later; Figure 2A) and a lower
radius of gyration (Ry, that is, the root mean square distance of
the molecule’s components from its center of gravity; Figure 2B).
Additionally, a Mark—Houwink—Sakurada plot (i.e., log n versus
log MW) showed that our c-poly(L-1) had a lower intrinsic viscosity
than -poly(L-1) (Ncycic/Ninear = 0.79; Figure 2C), confirming the
circular topology of our polymer. Furthermore, the matrix-assisted
laser desorption ionization (MALDI) mass spectrum of c-oligo(L-
1) ([L-1)/[La-1] = 20/1) displayed peaks in multiples of 148.05
(decarboxylated L-1 monomer) plus the ion mass, a result that
indicates no end groups (Figure S2a). The single distribution of
the peaks in MALDI spectrum confirmed the absence of linear
byproducts. Such spectrum is distinct from that of a linear oligo(L-
1) with BnO- end groups (Figure S2b).

Using the optimized conditions for polymerization of L-1, we
found that the MW of c-poly(L-1) increased linearly as the initial L-
1/La ratio was increased up to 450/1 ([La-1)/[Mn-1] = 1/1, [L-1] =
0.392 M; Figure 2D). At all the tested feed ratios, the D value of
the c-poly(L-1) was less than 1.1 (Table S4, Figure S1c); and
dn/dc showed little to no dependence on the feed ratio (Figure
2D), suggesting that the cyclic topology was maintained. Notably,
no epimerization of the a-methine hydrogen was observed in the
homodecoupled 'H NMR spectrum of c-poly(L-1) with a M, of 85.0
kDa (Figure S3). To confirm the living nature of the polymerization,
we monitored the progress of the polymerization ([La-1)/[Mn-1] =
1/1, [L-1] = 0.392 M) and found that the MW of c-poly(L-1) was
linearly correlated with L-1 conversion; and at all the tested
conversions, the polymer had a b of <1.1, and the dn/dc values
did not vary substantially with conversion (Figure 2E). Notably,
2.5 h post-polymerization, the M, and D values of the obtained
polymer remained nearly unchanged from those at polymerization
completion (Table 1, entry 9), indicating that no undesired
transesterification or back-biting cyclization!'*¥ occurred under
the reaction conditions. Purification of c-poly(L-1) by washing with
cold methanol did not affect the polymer's MW or dn/dc value
(Table S4, entries 3 versus 6). Moreover, our La/Mn-mediated
ROP ofL-1at -35 °C exhibited first-order reaction kinetics



(Figures 2F and S4). These results collectively demonstrate that
c-poly(L-1) retained its cyclic topology with a living reactive
enchainment site during propagation.

Next we evaluated the generality of our La/Mn-mediated
ROP strategy for polymerization of OCA monomers L-2 —L-4 (see
Figure 1D for structures). The ROP of L-2 proceeded smoothly
with complete monomer conversions at initial L-2/La ratios up to
400/1 (Table 2, entry 1; Table S5; Figure S5), although high-MW
c-poly(L-2) (>150 kDa) precipitated at =35 °C when the L-2/La
ratio was increased to 500/1. Notably, MALDI mass spectrum of
c-oligo(L-2) ([L-1)/[La-1] = 20/1) confirmed the only formation of
circular topology in the polymerization (Figure S2c). Changing the
a-carbon substituent from methyl (L-2) to phenyl (L-3) resulted in
incomplete monomer conversion at an L-3/La feed ratio of 200/1
at a reaction temperature of —35 °C, even when the reaction time
was extended to 30 h (Table 2, entry 2; Table S6). Although
considerable epimerization of L-3 was observed in a previously
reported synthesis of c-poly(L-3),['?®! that did not occur in our
system (Figure S6), suggesting that the ligands we incorporated
helped to prevent epimerization.?" Notably, MWs of c-poly(L-2)
and c-poly(L-3) were also found linearly correlated with the
monomer conversions; and the obtained polymers had Ds of <1.1
at all of the tested conversions (Figures S5e and S6e). The ROP
of L-4, which has a relatively bulky a-carbon substituent, showed
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a low monomer conversion at an L-4/La ratio of 200/1 even at
-15 °C (Table S7, entry 3). Replacing La-1 with La-7 increased
the monomer conversion (Table 2, entry 3) and no epimerization
occurred (Figure S7). Importantly, like c-poly(L-1) (Figure 2A—C),
all the obtained polymers had cyclic topologies, as determined by
comparison of their SEC data (elution time, Ry, and n) with those
for their linear counterparts (Figures S8-S10). Moreover, our
cyclic c-poly(L-1) and c-poly(L-2) exhibited lower bulk rheological
viscosities compared to their linear counterparts (Figure S11a-b),
due to the reduced chain entanglement in cyclic polymers.

We used differential scanning calorimetry (DSC) to compare
the thermal properties of the obtained cyclic PAHAs with the
properties of linear analogues with similar MWs. Cyclic polymers
c-poly(L-1), c-poly(L-3), and c-poly(L-4) all showed slightly higher
T4 values than their linear counterparts (Figure S11c, e, and f).
Similarly, c-poly(L-2) exhibited a Tr, of 171.8 °C, which was higher
than that of [-poly(L-2) (166.5 °C, Figure S11d). The
stereocomplex polymer c-poly(sc-1), which is a 1/1 mixture of c-
poly(L-1) and c-poly(D-1), had a slightly higher Ty (51.8 °C) than
that of c-poly(L-1) (49.6 °C, Figure S11c). Interestingly, the T, of
another stereocomplex polymer, c-poly(sc-2), was substantially
higher than that of c-poly(L-2) (214.8 °C versus 171.8 °C, Figure
S11d).
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Figure 2. La/Mn-mediated controlled living polymerization of L-1 to synthesize cyclic c-poly(L-1). (A) Plots of log MW versus SEC elution time, (B) plots of Rq versus
log MW, and (C) Mark—Houwink—Sakurada plots of log n versus log MW for /-poly(L-1) and c-poly(L-1), as determined by SEC. (D) Plots of M, and D versus [L-
1]/[La-1] ratio for c-poly(L-1) prepared at =35 °C ([La-1]/[Mn-1] = 1/1). (E) Plots of Mx and B versus L-1 conversion for c-poly(L-1) prepared at -35 °C ([L-1] = 0.392
M, [L-1)/[La-1]/[Mn-1] = 400/1/1). The dn/dc values of c-poly(L-1) in (D) and (E) are labelled in red. (F) Plots of L-1 conversion versus time at various La-

1 concentrations ([L-1] = 0.392 M, [La-1])/[Mn-1] = 1/1).



Table 2. Controlled polymerization and block copolymerization of various OCA monomers to produce cyclic block PAHAs®
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oo Rz
o MY
4 THF, -35 °C THF, -35°C

Entry Monomer Catalyst Feed ratio Time Conv. (%)® Mhn (Mn-b1) (kDa)l! D (B-b1)d
1 L-2 La-1 400 4h 100 139.3 1.07

2 L-3 La-1 200 30 h 85.0 78.8 1.06

3 L-4 La-7 100 2h 100 65.8 1.03

4 L-1/L-2 La-1 200/200 5 min/2 h 100/100 87.0 (47.0) 1.03 (1.07)
5 L-2/L-1 La-1 200/200 5min/3 h 100/100 91.1 (51.8) 1.03 (1.07)
Bl LA/L-4 La-7 100/100 1 min/20 h 100/82.4 69.9 (37.8) 1.06 (1.06)
7 L-2/L-4 La-7 200/100 15 min/12 h 100/70.0 75.2 (51.8) 1.07 (1.07)
8l L-4/L-2 La-7 100/100 2h/10h 100/74.0 72.1 (65.8) 1.03 (1.03)

[a] Polymerization conditions: [La]/[Mn-1] = 1/1 at =35 °C in a glovebox. [b] Monomer conversion (Conv.) was determined from the intensity of the Fourier transform
infrared peak at 1805 cm™", which corresponds to the anhydride group of the OCA. [c] Determined by SEC. Mx-b1 and B-b1 refer to the M, and D values of the first

block polymer. The cyclic topologies of the obtained polymers and block copolymers were also verified; see Figures 3A-C, S8-S10, S17, and S18. [d]

Copolymerization was performed at =15 °C.
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Figure 3. Characterization data for cyclic block copolyester c-poly(L-1-b-L-2). (A) Plots of log MW versus SEC elution time, (B) plots of Ry versus log MW, and (C)

Mark—Houwink—Sakurada plots of log n versus log MW for /- and c-poly(L-1-b-L-2), as determined by SEC. (D) Diffusion-ordered NMR spectrum (DOSY)) of c-poly(L-

1-b-L-2) ("H, °C, and DOSY NMR spectra of corresponding homopolymers, c-poly(L-1) and c-poly(L-2), are shown in Figure S12).

Preparation of Cyclic Block PAHAs

The living nature of our La/Mn-mediated polymerization for cyclic
polyester synthesis prompted us to investigate whether cyclic
block copolyesters could be prepared via sequential addition of
monomers. Indeed, cyclic diblock copolymers could be readily
prepared in one pot by sequential addition of L-1/L-2, L-1/L-4, and

L-2/L-4 monomer pairs; and remarkable control of M, and D was
achieved (Table 2, entries 4-8; Figures S12-S16). Note that the
monomer for the second block was added immediately following
the complete consumption of the first block's monomer in order to
leverage the active lanthanum species for continuous
enchainment. SEC measurements of dn/dc, elution time, Ry, and
n showed that the obtained block copolyesters (e.g., c-poly(L-1-b-



-2)) had cyclic rather than linear topologies (Figure 3A—C; SEC
data for the other block copolyesters are shown in Figures S17
and S18). Additionally, the diffusion-ordered spectroscopy NMR
data of all the block copolyesters showed a single diffusion
coefficient for all resonances, which confirmed the formation of
block copolymers (see Figure 3D and Figure S12 for c-poly(L-1-
b-L-2) and Figures S14, and S16 for other block copolyesters).
Notably, the diffusion coefficient (fi) of c-poly(L-1-b-L-2) was
approximately an order of magnitude lower than that of either c-
poly(L-1) or c-poly(L-2) (Figure S12d), suggesting that the cyclic
block copolymer was the only product and no homopolymer
remained after the reaction. Furthermore, NMR studies showed
no epimerization of the a-methine hydrogen atom (Figures S12—
S16), and all of the obtained cyclic block PAHAs had highly
ordered microstructures, as evidenced by the well-defined
methine peaks at 5.2 ppm (Figure S12-16). In comparison, the
cooresponding random (r) copolymer c-poly(L-1-r-L-2), c-poly(L-1-
r-L-4) and c-poly(L-2-r-L.-4) showed broad peaks in this region
(Figure S19).

Noticably, the cyclic block copolymers c-poly(L-1-b-L-2) and
c-poly(L-2-b-L-4) exhibited distinctive Ty and T, values (Figure
S20a, c), which were different from those of blended
homopolymers (i.e., c-poly(L-1) + c-poly(L-2), c-poly(L-2) + c-
poly(L-4), respectively) and those of random copolymers (c-
poly(L-1-r-L.-2) and c-poly(L-2-r-L-4). Notably, both random
copolymer (c-poly(L-1-r-L-2) and c-poly(L-2-r-L-4) did not exhibit
Tm peaks in DSC. Moreover, c-poly(L-1-b-L-4) showed a T, of
25.1 °C (Figure S20b), which is between the Ty values for c-
poly(L-1) (43.1 °C) and c-poly(L-4) (11.8 °C). However, the
blended c-poly(L-1) and c-poly(L-4) showed only one Ty peak in
DSC (46.5 °C). These DSC results, together with the well-splitted
peaks in NMR spectra (Figures S12-16 versus Figure S19),
confirmed the block microstructure of our synthesized cyclic
PAHA copolymers.

Assessment of Mechanical Properties of Cyclic PAHAs

We next turned our attention to assessing the mechanical
properties of cyclic PAHAs' mechanical properties and comparing
to corresponding linear PAHAs. Cyclic c-poly(L-1) (M, = 76.4 kDa)
exhibited a fracture strength (o) of 12.3 MPa and a fracture strain
(€) of 29.5 %, achieving 1.2-fold higher toughness compared to /-
poly(L-1) (M, = 48.2 kDa; Figure 4). Both c-poly(L-2) and c-poly(L-
3) retained brittle characteristics in the tensile tests (€ < 1%),
similar to their linear counterparts. Noticeably, the stereocomplex
polymer c-poly(sc-1) showed increased strength (o = 14.9 MPa)
and better ductility (€ = 33.7 %) relative to c-poly(L-1) (Figure 4).
Additionally, c-poly(L-4) displayed 3.6-times enhanced toughness
compared to linear /-poly(L-4) (Figure S20d). Furthermore, the
cyclic block copolymer c-poly(L-1-b-L-4), which comprising glassy
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block poly(L-1) and soft block poly(L-4), displayed an increased o
of 7.9 MPa compared to the linear MW-matched /-poly(L-1-b-L-4);
and such cyclic block copolymer had a decent € of 231% (Figure
4, detailed MWs and phase-transition temperatures in Table S8).

20
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Figure 4. Representative stress—strain curves obtained by uniaxial extension of
various linear and cyclic PAHA homopolymers and block copolymers. Polymer
MWs, Ds, and phase-transition temperatures are provided in Table S8.

Degradation of Cyclic PAHAs

Linear PAHAs can be recycled via enzymatic or chemical
degradation.?® Although /-poly(L-1) could be degraded to the
corresponding methyl ester by treatment with Zn[N(SiMe3).], in
MeOH at 50 °C, a higher temperature (65 °C) was required for
complete degradation of c-poly(L-1) (Scheme 2, Figure S21),
presumably because the cyclic polymer lacks a chain end. After
filtering off the insoluble zinc complex, we readily recovered the
corresponding enantiopure methyl ester in quantitative yield by
evaporation of the filtrate. This method could be extended to c-
poly(L-2), which could be completely degraded to the
corresponding methyl ester at 65°C (Figure S22). The obtained
methyl esters could be rapidly converted to the corresponding a-
hydroxy acids by means of our previously described method, !
thereby closing the recycling loop.

Scheme 2. Efficient degradation of cyclic PAHAs to a-hydroxy acids.

o]
Zn[N(SlMe;)Z]z o, LioH .o
\)ko/ 2, wo K,
MeOH 65°C R, Ry

no epimerization

ook
K, THF, -35 °C

quantitative yield



WILEY . vcH

A -La[N(SiMe,),); (La-1) / Mn-1/ L-2 D ) o *
0 SiMe. ¥ t J\r ,S|Me; ISiMe;,
5, 3 N o N
3o>\f“u/—siw|e3 o _o =07 “sime, 7/ ‘é{o SiMes
20 SN S 30 | b 2N
am o /N\ /La/\\ /La\N
(TMS),;N \N(TMSb MR Sime, (s N . ‘
_ TS1a TS1a ™o — L N(TMS), N(TMS),
O 104 La+ IM1a ) Ts1 Messi_  NTMS): iy, [] 204 Ts2 Ts3 TS-S
£ +1-2 —— wes 1 oo, | E . TS2
= e TS1 % 79T Lla,b © r 3.Mea
8 0 = mmsNT | N 3 o “SiMe,
7 N(TMS), K
= Mnd = : 4 10 \n
- n- IM1 M3 > e N/L\a\b
2
o)) + -2 IMZa |M3 Messi ‘Cl_.) L N(TMS), S—
o -10 1 = \-SiMeg 2 M5 IM6
i O siMe o —
° » ] IM2 § of — — =
o |
& :; 31=o Nws), j\)—‘u\lu—siMe; M| e M4 IM5
Mn 0= o-Mn —n > { SiMe, SiMe,
g 20 4 | mwe N(TMS), i \N(TMS)z © * °’£(N'\s - ‘\o/ng\siMea
B . iMe. o
= M1 IM2 _ e L 10- sl 7 e
- Me;Si Q <V =N
© Sitte. YR e >\ sitte, x /ﬁa\N\ SO
Q \;Oy Ny S o> W-sitte, o (TMS),N \ N (TMS),N \ N
- 1 ° N(TMS)
o 3091 b | AL oSl | Img N :
/ —N
(TMS)N \was)2 SN\ s, (TMS);N/ \ s — IM7
- N(TMS),
IM1a IM2a —
-40 - IM4 IM4

Figure 5. Proposed mechanism for ROP of OCAs to produce cyclic polyesters. (A) Free energy profile of proposed mechanism of initiation of Mn-1/La-1/L-2

polymerization, calculated by means of density functional theory. (B,C) Three-dimensional structures of IM3 (B) and IM4 (C). (D) Free energy profile of proposed

mechanism of propagation of La-1/L-2 polymerization, in which a second L-2 monomer reacts with IM4. (E) Three-dimensional structure of metallacycle IM7.

Hydrogen atoms were omitted from the three-dimensional structural representations for clarity of visualization.

Mechanistic Studies

We sought to elucidate the reason for the remarkably beneficial
effect of using the bis(oxazoline) ligand of La-1 for production of
cyclic polyesters. Electrospray ionization mass spectrometric
analysis of a 1/1 L-1/La-1 mixture revealed that ligand Ln-1 is
bound to the lanthanum atom when the complex inserts into L-1
(Figure S23). We then performed density functional theory (DFT)
calculation on the initiation stage of the L-2/La-1 polymerization
(at  the SMD+xe/wB97M-V/def2-TZVP//PBE0-D3/6-31G(d)
[MWB46(La), LANL2DZ(Mn)] level of theory, Figure 5A). Note
that the DFT calculation of systems including La-1 and Mn-1
presented significant computational challenges, primarily due to
the open-shell electronic configuration of manganese and the
difficulty in achieving self-consistent field (SCF) convergence in
such large molecular systems (over 200 atoms). Our previous
studies revealed that Mn-1 initiates the catalytic cycle through

OCA ring-opening, followed by decarboxylation and
transmetalation to generate metal-alkoxide species for
enchainment.”® Indeed, DFT computation showed the

thermodynamic preference for L-2 ring-opening by Mn-1 (TS1)
over La-1 (IM1a to TS1a, free energy profile of ring-opening of L-
2 by La-1 alone in Figure S24a). Since Mn-1 alone had limited
catalytic efficiency for enchainment (Table 1, entry 4), the cyclic
manganese complex could adopt a skewed perpendicular

orientation relative to the ligand plane when approaching the
lanthanum atom in La-1 (IM3, Figure 5B). The subsequent
formation of cyclic lanthanum intermediate IM4 proceeds via
thermodynamically favorable irreversible decarboxylation and
transmetalation steps. Notably, in this geometry, O3 and O5 of L-
2 are positioned 2.34 and 2.69 A, respectively, from the
lanthanum center (Figure 5C), forming a metallacycle. In contrast,
the linear conformation of ring-opened L-2 in intermediate IM4’
exhibits an energy that is 3.84 kcal/mol higher than that of the
metallacycle. The stability of the metallacycle and the steric bulk
of the ligand might prevent abstraction of an a-hydrogen by the
lanthanum atom, which could result in epimerization.

Our chain propagation analysis focused specifically on ligand
effects during enchainment (Figure 5D). Mn-1 was not included
for the DFT computation based on two key considerations: its role
is limited to lowering the activation barrier for OCA ring-opening
and acclerating decarboxylation kinetics,?® and its inclusion
would significantly increase DFT computational complexity as
mentioned above. For the new propagating lanthanum
metallacycle IM5, transition state TS2 is formed via nucleophilic
attack of a lanthanum alkoxide at the C5 carbonyl of L-2 followed
by decarboxylation to form a metallacycle (Figure 5E). Importantly,
the energy barrier for cyclization (IM7 to TS3, 29.37 kcal/mol,
Figure 5D) was substantially higher than that for monomer
insertion (IM5 to TS2, 20.60 kcal/mol), indicating that the



cyclization would not occur until all monomer was consumed up,
agreeing well with the experimental results (Figure S5e, D < 1.2
over the course of polymerization). On the other hand, DFT
computation of the chain propagation of L-2/La[N(SiMes)2]s
showed that the cyclization process could be thermodynamically
favorable for the lanthanum complex without ligand (Figure S24d).
Taken together, these results reveal that networks of attractive
interaction involving the lanthanum alkoxide and the trimethylsilyl
amide, aided by the rigid catalyst ligand scaffold, help stabilize the
putative cyclic structure and orient the enchainment in a controlled
manner. Our DFT calculations thus support our hypothesis of
employing sterically confined ligands for lanthanum complex to
facilitate enchainment while minimizing side reactions (Scheme
1B).

Conclusion

In polymer chemistry, ligands for metal complex are often
employed to control polymer stereochemistry. Herein, utilizing
sterically confined ligands for lanthanum complexes have been
shown to effectively hold the end of the growing cyclic polymers
while catalyzing the continued addition of monomers and
mitigating undesired side reactions, representing a powerful
strategy for producing cyclic polymers (Scheme 1). Non-intuitively,
in our synthesis of cyclic PAHAs, incorporating ligands to the
lanthanum complex does not lower the polymerization rates
(Table 1, entries 1 versus 5). Instead, the polymerization exhibited
living characteristics (Figure 2E, Figures S5e and S6e), with MWs
linearly increasing based on the monomer-to-catalyst feed ratios
(Figure 2D). This living polymerization enables the
unprecedented synthesis of cyclic block PAHAs, highlighting the
effectiveness of our ligand strategy in cyclic polymer synthesis,
which diverges from conventional use of ligands in cyclic polymer
synthesis. The obtained cyclic PAHAs display distinctive
physicochemical properties, including elevated Ty and T, values
(Figures S11 and S20), reduced viscosity, and enhanced
mechanical toughness (Figure 4), compared to their linear
analogues. The unique properties of cyclic block PAHAs are
poised to offer opportunities for applying such new degradable
polyester materials, particularly in biomedical engineering where
high mechanical strength and processability are essential for
degradable implants or sutures, and in drug delivery systems
where the cyclic topology facilitates extended circulation half-
lives. 281
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Living controlled ring-opening polymerization for cyclic polyesters

= MW>100kDa 2~1.1 - Pendant functional group = Cyclic block polyester
+ No epimerization + Elevated phase transition temperature + Scalable synthesis

A novel catalytic system consisting of a lanthanum complex with a sterically bulky ligand and a manganese silylamide has been
developed to prepare high-molecular-weight (> 100 kDa) stereoregular cyclic polyesters and block copolyesters with narrow
molecular weight distributions (b < 1.1) and unique physical properties.
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