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carbonates and aliphatic polycarbonatesf
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Simple and efficient synthetic routes for functionalized cyclic carbonates are indispensable for the practi-
cal application of side-chain bio-functionalized aliphatic polycarbonates as biodegradable functional bio-
materials. In this study, a six-membered cyclic carbonate with a triethylammonium carboxylate has been
prepared in one step from 2,2-bis(methylol)propionic acid (bis-MPA). We have demonstrated the suit-
ability of the organic carboxylate salt of the bis-MPA cyclic carbonate for esterification with alkyl bromides
via the Sy2 mechanism, leading to the formation of functionalized cyclic carbonate monomers. The
esterification of the organic carboxylate salt proceeds efficiently when alkyl bromides with a-carbonyl,
allyl, and benzyl groups are used. This approach enables a two-step synthesis of functionalized cyclic car-
bonates from bis-MPA. The organocatalyzed ring-opening polymerization of the resultant functionalized
cyclic carbonates is effectively controlled, indicating that the synthetic process involving the organic car-
boxylate salt does not influence their polymerizability. The ether-functionalized aliphatic polycarbonates
obtained from the organic carboxylate salt exhibit good antiplatelet properties, comparable to those of a
previously developed blood-compatible aliphatic polycarbonate. The synthetic pathways exploiting
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Introduction

Biodegradable aliphatic polycarbonates have been extensively
studied as materials for biomedical applications, electrolytes,
and sustainable processes.'™ Poly(trimethylene carbonate)
(PTMC) is a hydrophobic, flexible, and amorphous polymer
that can be hydrolyzed in vivo or with the assistance of
enzymes.’ Various functionalized PTMC analogs have been
developed over the last two decades towards the preparation of
biodegradable functional biomaterials for drug delivery appli-
cations, antimicrobial agents, and hydrogels."® A combination
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organic carboxylate salts enable alternative shortcuts to functionalized cyclic carbonates from bis-MPA.

of organocatalytic ring-opening polymerization (ROP) tech-
niques and substituted cyclic carbonates enabled the pro-
duction of such analogs."®
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Fig. 1 Synthesis of aliphatic polycarbonates with FGs in the side chains
from bis-MPA through key intermediate AC1, which enables a shortcut
to functional monomers 1. Representative side chain structures a—c are
designed for blood compatibility.
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2,2-Bis(methylol)propionic acid (bis-MPA; Fig. 1) is most
frequently used as a starting material for the synthesis of func-
tionalized six-membered cyclic carbonates such as 1 (Fig. 1).">
The controlled ROP of 1 using organocatalysts has been well
studied for producing aliphatic polycarbonates 2 (Fig. 1) with
different functional groups (FGs).">® Our research team
recently initiated the development of degradable, water-in-
soluble, and blood-compatible polymers’® with potential
applications in stent coatings, artificial blood vessels, and anti-
adhesive materials.'® The first antiplatelet aliphatic polycarbo-
nate (2a; Fig. 1) exhibited high blood compatibility due to the
hydration of ether side groups.® However, its degree of antipla-
telet adhesion was smaller than those of clinically applicable
blood-compatible polymers, such as poly(2-methacryloylox-
yethyl phosphorylcholine)>** and poly(2-methoxyethyl acry-
late) (PMEA)"™ and its analogs.'? In this context, we designed
2b and 2c, which are analogs of 2a with different ether-con-
taining side chains (Fig. 1).

Several routes were developed for the synthesis of cyclic car-
bonate monomers 1 from bis-MPA.">™*8 Its carboxy group is
used to install FGs via esterification and amidation with alco-
hols and amines, respectively, while the two hydroxy groups
can be applied to carbonylative cyclization. Because of the
poor solubility and competing reactivity of the carboxy and
hydroxy groups of bis-MPA, their protection and deprotection
are often required,'®'” thus increasing the number of syn-
thetic steps for 1. Bis(pentafluorophenyl)carbonate (PFC)
enabled the direct cyclization of bis-MPA as a part of a two-
step efficient synthesis of 1."® However, the cost of PFC and
cytotoxicity of liberated pentafluorophenol can be potential
issues. Therefore, we revisited the widely used route proposed
by Pratt et al.,"” in which MTC-H (Scheme 1) serves as a versa-
tile intermediate to produce 1. Three-step reactions including
(de)protection steps are required to obtain MTC-H from bis-
MPA in the conventional route."”” We found that the organic

O
3 steps (Pratt et al. 2008) Route A
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Scheme 1 Synthesis of functionalized cyclic carbonates 1 exploiting
organic carboxylate salts AC1 and AC2. The orange routes represent the
new processes developed in the present study.
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carboxylate salt of bis-MPA cyclic carbonate AC1 (Fig. 1) can be
formed directly from bis-MPA and converted to MTC-H via pro-
tonation (route A in Scheme 1).'° Recently, Tan et al. reported
a similar route with a more sophisticated procedure.”®

In this study, we further explored the shortcut between AC1
and 1 and the utilization of the AC2 intermediate (Fig. 1)
during the synthesis of AC1. Coulembier et al. successfully
initiated the ROP of p-butyrolactone by the carboxylate anion
of MTC-H in the form of an adduct with N-heterocyclic
carbene.”’ Their results motivated us to use the carboxylate
anion of AC1 as a nucleophile for esterification with haloge-
nated alkanes (such as alkyl bromides) containing FGs to
obtain 1 vig the Sy2 mechanism (route B in Scheme 1), which
has never been examined previously. In a similar manner, we
examined the efficiency of AC2 for the formation of bis-MPA
esters 3 serving as precursors of 1.

Results and discussion
Direct cyclization of bis-MPA

Based on a previously developed protocol,’”” we employed tri-
phosgene as a carbonylative cyclization reagent often used in
aprotic low-polarity solvents such as tetrahydrofuran (THF)
and CH,Cl,. However, bis-MPA is hardly soluble in these
organic solvents. In addition, both hydroxy and carboxy
groups can react with triphosgene, which necessitates a benzyl
protection step in the conventional approach.'” Inspired by
the work of Koga et al.,”> we examined the solubility of acid-
base organic salts of bis-MPA using eight commercially avail-
able nitrogen bases (Scheme S17). Although no clear tendency
was observed, these salts were soluble in solvents with high
dielectric constants when paired bases with high pK, values
were used. Accordingly, triethylammonium (TEAH') salt AC2
(Fig. S1t) exhibited a broad spectrum of solubility in aprotic
organic solvents (Table S17).

Next, we studied the direct cyclization of bis-MPA in the
presence of 3 equivalents of triethylamine (TEA) in CH,Cl,, in
which 1 equivalent of TEA was consumed to form AC2 in situ,
and the remaining 2 equivalents of TEA were used to scavenge
HCI generated from triphosgene. Eventually, 3.5 equivalents of
TEA were added for safety. As a result, cyclic carbonate AC1
was successfully formed with quantitative conversion (>99%).
Two types of TEAH' salts were generated in the reaction
mixture: AC1 and triethylammonium hydrochloride (TEAH'CI™).
Cyclic carbonate organic salt AC1 remained soluble in THF
and CH,Cl,, while TEAH'CI™ precipitated in these solvents.
Thus, TEAH'CI~ was effectively separated by filtration, and the
filtrate was evaporated to obtain AC1 (Fig. 2). The ratio
between the carboxylate and ammonium species was not 1:1
in most cases (Fig. S2 and S37) owing to the imperfect removal
of TEAH'CI™ and the partial evaporation of ammonium
species during purification. The latter reflects the dynamic
nature of the organic salt form.

This successful formation of AC1 suggests that the carboxy-
late anion of AC2 formed in situ does not react with triphos-

This journal is © The Royal Society of Chemistry 2022
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Fig. 2 *H NMR spectrum of AC1 (400 MHz, CDCly).

gene. In turn, the TEAH" ion deactivates the carboxylate, thus
preventing interference in the cyclization reaction. The reactiv-
ity of the carboxylate may correlate with solvent polarity as the
counter ion is often liable to reside nearby in low-polarity sol-
vents. As demonstrated previously by Tan et al.,>° TEAH" was
easily removed by an ionic exchange resin to yield MTC-H
(route A in Scheme 1). The quality of MTC-H produced in this
study was comparable to that of MTC-H formed through the
conventional route involving the hydrogenolysis of the benzyl-
functionalized cyclic carbonate (1d; Fig. 3), which was pre-
viously developed by Pratt et al.'” (Fig. S4 and S51). It is note-
worthy that the catalytic transfer hydrogenolysis®® using cyclo-
hexene with Pd/C was also effective for the deprotection of the
benzyl ester group of 1d (Scheme S27).

The ion-exchange protonation process generates heat owing
to the neutralization reaction between the resins and sub-
strates. Because the heat can induce polymerization, it should
be carefully managed, especially in a large-scale process.””
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Alternatively, approaches for circumventing the cumbersome
protonation work-up would be explored.

Esterification of cyclic carbonate organic salt

The carboxylate anion serves as a nucleophile in the Sy2 esteri-
fication reaction®*** and an initiator of the ROPs of 4-mem-
bered ring lactones.>" Because of their high accessibility and
reactivity, we employed alkyl bromides (FG-Br in Scheme 1) as
electrophiles for the esterification of AC1 (route B in
Scheme 1). In the present study, the nucleophilic attack of the
carboxylate anion of AC1 must be directed only towards alkyl
bromides rather than ring opening. Hence, we first monitored
the temperature, stoichiometry, and concentration for the
optimization of reaction conditions using benzyl bromide as
an electrophile (Scheme S3t). Acetonitrile was used as a reac-
tion medium due to its ability to promote typical Sy2 processes
in polar aprotic environments. After optimizing other para-
meters (Table S271), the reaction was performed using 1.5 M
AC1 and a small excess of alkyl bromide (1.2 equivalents rela-
tive to AC1) at 25 °C, which was considered the standard
condition.

Subsequently, the esterification of AC1 with various alkyl
bromides was examined (Fig. 3a). The conversions of AC1 to
the desired products 1 at predetermined time points were
obtained from the "H NMR spectra of the reaction mixtures
(Fig. S67). Fig. 3b reveals the existence of two types of FGs with
different reactivities toward the carboxylate. The formation of
1d-h proceeded faster than that of the other compounds,
leading to higher conversions. The FGs of 1d-h include
a-carbonyl, allyl, and benzyl structures. The corresponding
alkyl bromides typically exhibit high reactivity as electrophiles
in Sn2 reactions because the resonance effect of n-conjugation
stabilizes the transition state.”® Functionalized monomers 1d-
g were isolated, and some were further used for ROP, as
described below (Fig. S7-S101). In contrast, the formation of

(b)
100 -
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%0 1 o1b
< 801 m1c A o
- A °
o 70 1 g:]]d 8)( X
e
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2 o ©ff A & ° X
S X1g 8 o [m]
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Fig. 3 Formation of functionalized cyclic carbonates 1a—l from AC1 through esterification with various alkyl bromides. (a) Synthetic scheme and (b)

conversion of AC1 to 1 plotted as a function of reaction time.

This journal is © The Royal Society of Chemistry 2022
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la, 1c, 1i, and 1j required longer reaction times (Fig. 3b).
These products possess linear alkyl and methoxy alkyl struc-
tures as FGs. Moreover, the conversions of ether-functionalized
cyclic carbonates 1a, 1c¢, and 1j were below 50%. These results
imply that the esterification of AC1 is practically useful when
highly reactive electrophiles with a-carbonyl, allyl, and benzyl
FGs are employed. The transformation of AC1 into 1b, 1k, or 11
was not observed under the standard reaction condition in
this study (Fig. 3b). The alkyl bromides with branched and het-
eroalicyclic structures were less reactive than the other forms,
which was likely due to steric effects.*® Overall, the successful
esterification of AC1 enabled a two-step synthesis of functiona-
lized cyclic carbonates 1 from bis-MPA.

Cyclization using N,N’-carbonyldiimidazole, as developed
by Tan et al. is beneficial for avoiding the use of hazardous
phosgene derivatives. However, the successful formation of
MTC-H requires a large excess of acetic acid (4-16 equivalents)
upon heating, which may be detrimental to the ion-exchange
work-up step.”® Recent progress in microflow synthesis may
alleviate concerns about the use of hazardous chemicals
including phosgene derivatives while exploiting the intense
reactivities.”” Advantageously, our approach requires neither
heating nor large excess reagents and circumvents cumber-
some work-up procedures.

Esterification of bis-MPA organic salt

The esterification of AC1 using alkyl bromides via the
Sn2 mechanism restricts the FGs of 1. Hence, this chemistry
was applied to the TEAH" salt of bis-MPA AC2 to form bis-MPA
esters 3 (Scheme 2). The formation of 3 has been implemented
by the esterification of the potassium salt of bis-MPA and alkyl
bromides.'”*® This approach requires heating the reaction
mixture to approximately 100 °C and prolonged vacuum

OH OH OH OH (CI;C0O),CO
Z\H LH éj pyrldlne éj
o o@)"@ CH,CN ,@ CH,Cl, /@
60 °C -75 °C/IRT
AC2
®@:- > Y07
3a 3c — 1c
(32%, 72 h) (33%, 72 h) (46%)
o}
% AN\F
2 .
3e — 1e 39 — 19
(85%, 24 h) (65%) (75%, 24 h) (83%)
2
3h 3i 3k

(78%, 24 h) (53%,72h)  (29%, 190 h)

Scheme 2 Esterification of AC2 with different alkyl bromides and the
subsequent cyclization of 3 to form 1. The values in parentheses denote
the product yields and reaction times.
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drying because dimethylformamide was used for the dis-
solution of the bis-MPA potassium salt. In addition, a trace
amount of potassium might affect the polymerizability of the
resultant ether-functionalized carbonate monomers, such as
1a, 1b, 1c, and 1j (Fig. 3a). The higher solubility of AC2
enabled the use of more volatile solvents as reaction media
(Table S1t). We examined the reaction of AC2 with several
alkyl bromides (Scheme 2). Similar to the esterification of AC1,
acetonitrile was used as a reaction medium. Owing to the
absence of side reactions such as the ring-opening reaction of
AC1, the esterification process was conducted at 60 °C.
Although the reactivity trend of alkyl bromides was similar to
that observed during the esterification of AC1, most conver-
sions of AC2 to corresponding esters 3 were approximately
80%, except for 3k (~63% conversion). The seven resultant bis-
MPA esters were successfully isolated (Fig. S11-S177%). These
high conversions were due to the reaction temperature being
higher than that for the esterification of AC1 (60 vs. 25 °C).
The low isolated yields of 3a and 3¢ (Scheme 2) were attributed
to loss during the isolation step, as some fractions of these
compounds were trapped in the water phase during the extrac-
tion process. Nevertheless, the efficiency of the esterification
of AC2 was comparable to that of the bis-MPA potassium salt,
with the additional benefit of using low-boiling-point solvents.
Accordingly, the reactions of AC2 were performed at 60 °C,
making AC2 advantageous over the potassium salt, which
requires a higher reaction temperature (~100 °C).

Polymerization of functionalized cyclic carbonates prepared
using carboxylate organic salts

In this section, we verified the applicability of selected functio-
nalized cyclic carbonates 1 as monomers for ROP (Scheme 3).
Monomer 1b was difficult to prepare through the esterification
of AC1 and AC2. Thus, 1b was derived from MTC-H obtained
through the protonation of AC1 by ion exchange resins using
the previously established method">'” (route A in Scheme 1;
Fig. S18 and S191). Monomers 1d and 1g were isolated and
purified after the reaction of AC1 with alkyl bromides (route B
in Scheme 1). Monomers 1c, 1e, and 1g were synthesized from
corresponding bis-MPA esters 3 (route C in Scheme 1;
Fig. S20-5S237). All ROPs were conducted in CH,Cl, using 1,8-

TU, DBU (jio/aro% Oi/z\@ 1b/2b
5\)@ CH C|2 o 7

RT @ Y™"0" 1¢l2¢

2
X tdizd

O.
z/\;or K tel2e

zi/\/

Catalysts
CF3

QN 4O O

1g/2g

Scheme 3 Organocatalytic ROP of functionalized cyclic carbonates 1.
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Table 1 ROP of 17 realized via different routes

Polymer Monomer/precursor [1)/[1)/[TU)/[DBU] DP? M, ¢ (kg mol™) Py ¢
2b 1b/MTC-H 100/0/5/5 32 11 1.12
2¢ 1c/3¢c 100/0/2/2 34 14 1.09
2d 1d/AC1 100/29/5/5 57 14 1.25
2e 1e/3e 100/1¢/5/5 32 10 1.26
2g-i 1g/3g 100/0/2/2 107 24 1.12
2g-ii 1g/AC1 100/29/5/5 40 13 1.56

“[M] = 0.6-1.4 M in CH,Cl,. ” Degree of polymerization determined by "H NMR.  Determined by SEC (THF, 40 °C) with calibration using poly-

styrene standards. ¢ 1-Pyrenebutanol was used. ¢ Benzyl alcohol was used.

diazabicyclo[5.4.0Jundec-7-ene (DBU) and a thiourea (TU)
cocatalyst>®?° to form corresponding polycarbonates 2
(Fig. S24-S287). Table 1 summarizes the degrees of polymeriz-
ation (DPs) and molecular weights of resultant functionalized
aliphatic polycarbonates 2. These results show that the utilized
pathways and reaction intermediates do not affect the polymer-
izability of functionalized cyclic carbonates 1. Most of the ROP
results in this study were not ideal, suggesting insufficient
monomer purity, as small unidentified peaks were observed in
their NMR spectra (ESIT). As reported previously,”° these types
of monomers often contain trace amounts of water that can
serve as initiators and are difficult to remove completely by
column chromatography. In addition, the impurities may
include decarbonylated or unreacted diol, which can also serve
as initiators. Thus, polymers 2b, 2¢, and 2g-i were formed
without initiators (Table 1). The size-exclusion chromato-
graphy (SEC) traces of the polymers prepared with an alcohol
initiator (2d, 2e, and 2g-ii) were somewhat broader than those
of other products (Fig. S297), suggesting the concomitant for-
mation of polymer chains initiated by the impurities and
moisture.

Evaluation of biocompatibility

Ether-functionalized aliphatic polycarbonates 2b and 2c were
obtained with reasonable molecular weights of 11 and 14 kg
mol ™, respectively (Table 1), and were not water soluble. Thus,
the blood compatibility of 2b and 2¢ was evaluated by conduct-
ing platelet adhesion tests. For this purpose, the polymers
were dissolved in chloroform at a concentration of 0.2 wt/vol%
and then spin-coated on poly(ethylene terephthalate) (PET)
sheets with diameters of 14 mm. A human platelet suspension
(4 x 107 cells per cm?) was placed onto the polymer-coated sub-
strates, which were subsequently incubated at 37 °C for 1 h.
The numbers and shapes of platelets adhered to the polymer
were evaluated by scanning electron microscopy (SEM;
Fig. S301). PET and PTMC were used as positive controls, and
2a, a previously developed blood-compatible aliphatic polycar-
bonate,® was used as a negative control. Newly developed poly-
carbonates 2b and 2c¢ exhibited low numbers of adherent plate-
lets, which were comparable to that for 2a (Fig. 4). Fewer den-
dritic and spinal-shaped platelets were observed in the SEM
images of 2b and 2c than in those of the PET and PTMC sur-
faces (Fig. S30%), indicating that the adherent platelets on 2b
and 2c were not activated. Although the difference was not stat-

This journal is © The Royal Society of Chemistry 2022

** P <0.01 (vs 2b or 2¢), N.S. = Not significant
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Fig. 4 Numbers of adherent platelets on the polymer-coated sub-
strates displayed as mean values with standard deviations. (a) n = 10 (2
substrates x 5 points) per polymer and (b) n = 15 (3 substrates x 5
points) per polymer. Different platelet suspensions were used in the
tests for 2b and 2c.

istically significant, the number of adhered platelets on 2b was
higher than that on 2a (Fig. 4a). This trend was similar to the
tendency observed for polyacrylate analogs with the same side
chains.?' Kobayashi et al. previously reported that poly(3-meth-
oxypropyl acrylate) exhibited higher blood compatibility than
PMEA.** The antiplatelet adhesion properties of aliphatic poly-
carbonate analog 2c were comparable to those of 2a (Fig. 4b).
However, as compared to PMEA, which is a medically-
endorsed antiplatelet polymer, and its analogs, the blood com-
patibility levels of 2a-2¢ were not sufficient (Fig. S317).

As for the biodegradation of 2a, one would expect the
release of 2-methoxyethanol, which is further metabolized into
the Substances of Very High Concern (SVHC) compound
2-methoxyacetic acid, causing reproductive malformation.*?
Accordingly, the development of alternatives to 2a with com-
parable antiplatelet adhesion properties is of high significance
for researchers investigating biodegradable and biocompatible
materials.

Conclusions

In this study, we demonstrated that the ammonium carboxy-
late organic salts of cyclic carbonate and bis-MPA serve as

Polym. Chem., 2022, 13, 5193-5199 | 5197
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effective nucleophiles for esterification with alkyl bromides via
the Syx2 mechanism. The alkyl bromides containing
a-carbonyl, allyl, and benzyl structures exhibited high reactivity
with the ammonium carboxylate organic salts. The esterifica-
tion reaction produced functionalized cyclic carbonate mono-
mers with different substituents. Although the efficient two-
step synthesis of the functionalized monomers was applicable
to limited FGs, esterification via the Sy2 mechanism was
expanded to the organic salt of bis-MPA. In addition, more
diverse FGs could be attached using commercially available
modified a-carbonylalkyl and benzyl bromides. The resultant
monomers exhibited good polymerizability during oragnocata-
lyzed ROP, reflecting the absence of any effects of the synthetic
pathways on the monomer quality. Moreover, the new ether-
functionalized aliphatic polycarbonates possessed excellent
blood compatibility. The described synthetic pathways using
the organic salts can serve as alternative routes for the facile
and efficient synthesis of functionalized cyclic carbonates
from bis-MPA. These functionalization methods may also be
applicable to aliphatic polycarbonates as sustainable and
recyclable materials.
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