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ABSTRACT: Rigorous investigations of the organobase-catalyzed
ring-opening polymerizations (ROPs) of a series of five-membered
cyclic carbonate monomers derived from glucose revealed that
competing transcarbonylation reactions scrambled the regiochemis-
tries of the polycarbonate backbones. Regioirregular poly(2,3-α-D-
glucose carbonate) backbone connectivities were afforded by 1,5,7-
triazabicyclo[4.4.0]dec-5-ene (TBD)-catalyzed ROPs of three mono-
mers having different cyclic acetal protecting groups through the 4-
and 6-positions. Small molecule studies conducted upon isolated
unimers and dimers indicated a preference for Cx−O2 vs Cx−O3
bond cleavage from tetrahedral intermediates along the pathways of
addition−elimination mechanisms when the reactions were performed at room temperature. Furthermore, treatment of isolated 3-
unimer or 2-unimer, having the carbonate linkage in the 3- or 2-position as obtained from either Cx−O2 or Cx−O3 bond cleavage,
respectively, gave the same 74:26 (3-unimer:2-unimer) ratio, confirming the occurrence of transcarbonylation reactions with a
preference for 3-unimer vs. 2-unimer formation in the presence of organobase catalyst at room temperature. In contrast, unimer
preparation at −78 °C favored Cx−O3 bond cleavage to afford a majority of 2-unimer, presumably due to a lack of
transcarbonylation side reactions. Computational studies supported the experimental findings, enhancing fundamental
understanding of the regiochemistry resulting from the ring-opening and subsequent transcarbonylation reactions during ROP of
glucose carbonates. These findings are expected to guide the development of advanced carbohydrate-derived polymer materials by
an initial monomer design via side chain acetal protecting groups, with the ability to evolve the properties further through later-stage
structural metamorphosis.
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■ INTRODUCTION

Polymeric materials constructed from renewable resources are
prominent candidates toward achieving sustainability goals for
the plastics market1−6 while also offering potential for rich
chemical functionalities,7 stereochemical diversities,8 and
regiochemical differentiation.9 The regiochemical connectivity
between repeating units along the backbone is known to have
substantial impacts on physical,10 chemical,11,12 and mechan-
ical properties.13,14 Regiochemical differences may be intro-
duced through polymer connectivities being installed at
different polymerizable sites within a common substrate,15

via polymerization conducted on positional isomers,12,16 or
from directional polymer backbone connectivity (head-to-
head, head-to-tail, tail-to-tail).17−19

Naturally sourced sugar-based polymers are promising
alternatives to petroleum-based materials for various functional
and structural applications, due to their high abundance,

structural diversities, and degradation potential.20−28 To date,
organocatalytic ring-opening polymerizations (ROPs) of cyclic
carbonate monomers have been demonstrated as low toxic,
metal-free, and mild pathways to prepare sugar-based
polycarbonates with predeterminable molar masses and narrow
dispersities.29−37 However, there are few reports on the
regioregularity between sugar monomer repeat units. Buchard
and co-workers studied the 1,5,7-triazabicyclo[4.4.0]dec-5-ene
(TBD)-catalyzed ROP of six-membered D-mannose-based 4,6-
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cyclic carbonates.38 Initiated with 4-methylbenzyl alcohol,
regioregular polycarbonates with head-to-tail carbonate link-
ages were obtained, as indicated by the presence of a single
distinct carbonyl resonance frequency in 13C NMR spectra.
Recently, we showed that the regiochemistry of TBD-catalyzed
ROPs of D-glucose-based 4,6-cyclic carbonates could be tuned
by varying the side-chain substituents on the 2- and 3-positions
of the sugar ring.18 Density functional theory (DFT)
calculations revealed that the regioselectivity differences may
have resulted from intermolecular hydrogen bonding between
the carbonate side-chain functionalities and TBD in the
transition states. Further investigations are needed to fully
understand the mechanistic origins of regiochemical outcomes,
and then to translate that information into meaningful
adjustments to polymer properties.
In this work, fundamental studies on ROP regioregularity

were performed using methyl-α-D-glucopyranoside-derived
five-membered 2,3-cyclic carbonate monomers, which con-
tained different cyclic acetal protecting groups through the 4-
and 6-positions (Scheme 1). Based upon a hypothesis that
regioregularities at the initiation and early propagation stages
of ROP would essentially determine the overall repeat unit
connection directionalities along the backbones of resulting
poly(D-glucose carbonate)s (PGC), the regioselective prefer-
ences were examined on corresponding unimers and dimers via
a combination of comprehensive 1D and 2D NMR
spectroscopic studies (Scheme 2). Surprisingly, however,
transcarbonylation events were revealed, which upon initiation
and polymer chain extension led to scrambling of the polymer
backbone regiochemistry.

■ RESULTS AND DISCUSSION
Three five-membered cyclic carbonate monomers with varying
naturally sourced acetal protecting groups were prepared from
commercially available methyl-α-D-glucopyranoside or methyl
4,6-O-benzylidene-α-D-glucopyranoside, 1, through two- or
one-step sequences, as outlined in Scheme 1. The dimethyl
acetal of cinnamaldehyde, prepared according to literature
procedure,39 and the diethyl acetal of acetaldehyde, commer-
cially available, were used for selective acetalizations at the 4-
and 6-positions of methyl-α-D-glucopyranoside to afford the

respective methyl-4,6-O-alkylidene-α-D-glucopyranosides, 2
and 3, in 86 and 95% yields, respectively. From each glucose
derivative, having the 1-position protected by a methyl group
and the 4- and 6-positions tied up into benzylidene (1,
commercially available), cinnamylidene (2), or ethylidene (3)
acetals, the five-membered cyclic 2,3-glucose carbonates (4−6)
were synthesized through carbonylation reactions employing
phosgene (generated in situ from triphosgene).36 Monomers
4−6 were named MBGC, MCGC, and MEGC based on the
benzylidene, cinnamylidene, and ethylidene protecting groups
at the 4- and 6-positions of the sugar ring, respectively.
Installation of the carbonyls through the 2- and 3-positions was
confirmed by 13C NMR spectroscopy, with the introduction of
new peaks resonating at ca. 153 ppm, and by FT-IR
spectroscopy, as the observance of carbonyl stretching bands
at ca. 1800 cm−1, in agreement with the carbonate
functionalities. The monomer structures were characterized
additionally by further NMR spectroscopy studies, electrospray
ionization mass spectrometry (ESI-MS), and single-crystal X-
ray diffraction, the data from which can be found in the
Supporting Information.
A series of three poly(2,3-α-D-glucose carbonate)s 7−9 was

constructed through ROPs of 4−6 catalyzed by TBD and
initiated by a primary alcohol (Scheme 1). PMBGC, 7, and
PMCGC, 8, were prepared using 4-methylbenzyl alcohol
(MBA) as the initiator. In contrast, MEGC (6) was initiated by
a macroinitiator, mPEG113-OH, because the corresponding
homopolymer was insoluble in various organic solvents when
MBA was employed as the initiator, suggesting the ethylidene
protecting group is of insufficient size to influence the overall
polymer solubility favorably. The number-average molar
masses (Mn) and dispersities (Đ) were determined using size
exclusion chromatography (SEC), calibrated relative to
polystyrene standards. The molar stoichiometries of mono-
mer-to-initiator and the experimentally determined DPn values
are included in the reaction sequences of Scheme 1. To
investigate the polymer backbone regiochemistries, 1H NMR
and 13C NMR spectra of each polymer were collected. Polymer
backbone regioirregularities were suggested from indistinct and
broad 1H resonances across the NMR spectra (Figure S4a), in
addition to multiple broad 13C peaks for the backbone

Scheme 1. Reaction Scheme for the Syntheses of the Three Five-Membered Glucose Carbonate Monomers (4−6), Followed
by Their TBD-Catalyzed ROPs to Afford the Respective PGCs (7−9)
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carbonate carbons at 152−155 ppm (Figure S4b), in
comparison to narrow signals observed by 1H and 13C NMR
for the corresponding monomers (see Figures S1−S3).
To quantitatively probe the ring-opening directionalities in

the initiation step, unimers resulting from ring opening of the
three five-membered glucose carbonates were synthesized,
isolated, and characterized (Scheme 2a and Figures S5−S30).
Each unimer was prepared by allowing 1 equiv of monomer, 2
equiv of MBA, and 0.02 equiv of TBD to undergo reaction in
CH2Cl2 in a septum-sealed vial in a glovebox for 2 h before
being quenched by addition of an aliquot of acetic acid.
Various oligomers with repeat units of 2−4 were formed
simultaneously with the desired unimers (Figure S5b);
therefore, preparative SEC was employed to isolate the unimer
fractions, as confirmed by high-resolution mass spectrometry
(HRMS). Further characterization of the unimeric fractions
showed the existence of two isomeric unimers per each

composition, giving two distinctive spots by thin layer
chromatography (TLC) (Figure S5c) and two sets of 1H
resonances (Figures 1a and S6), suggesting regioisomers
resulting from cleavage of the acyl-oxygen bond at either the
2- or 3-position from the tetrahedral intermediates during the
ring-opening processes. The two isomers of each unimer
fraction were produced in differing proportions. For the
MBGC unimers (10, 11) and unimers derived from MCGC
and MEGC (12−15), integration of 1H signals that were
distinguishable as belonging to either the 3- or 2-unimer
indicated, consistently, ca. 70:30 differential concentrations of
the two regioisomers for each unimer type. However, the
absolute quantitation and determination of configuration
required in-depth 1D and 2D NMR studies. To facilitate
such studies and determine their absolute configurations, they
were separated by preparative TLC for further structural
determination.
Data obtained from detailed structural characterization

studies of MBGC unimers to determine the bond con-
nectivities are presented in Figures 1 and S7−S14 and in Table
S1. Homonuclear correlation spectroscopy (COSY), 1H−13C
heteronuclear single quantum correlation (HSQC), and
1H−13C heteronuclear multiple-bond (HMBC) 2D-NMR
analyses were employed to examine the structural details,
thereby identifying bond cleavage preferences during the first
ring opening step. The COSY spectrum of the high Rf isomer
(Figure 1c) displayed a cross peak at (2.48, 4.21 ppm)
resulting from the coupling between the protons of the
hydroxyl group and C3−H, while no coupling signal was
detected for the OH and proton at C2. Furthermore, a key 3JCH
coupling in the HMBC spectrum was observed between the
carbonate carbon and the proton connected with C2 at (4.66,
154.90 ppm), which correlated to the linkage of Cx−O2−C2.
Taken together, these data agree that cleavage of the Cx−O3
bond of the monomer had occurred during the initiation
process, placing the OH at position C3 and retaining
attachment of the carbonyl to C2, therefore, this unimer
isomer was named as the 2-unimer (11). The single-crystal X-
ray structure of 11 (Table S1) further confirmed its exact
configuration as the 2-unimer, showing a carbonate linkage at
the 2-position of the glucose. In addition, the same
characterization experiments were performed on the low Rf
fraction isomer, confirming its structure as the 3-unimer
(Figure 1b). Crosspeak signals resonating at (2.23, 3.71 ppm)
in COSY indicated connection between the OH and C2, and at
(5.14, 155.38 ppm) in the HMBC indicated connection
between the carbonyl and C3−H. These 2D NMR data
reflected the main structural differences between the 3-unimer
and 2-unimer. The absolute crystal structure of the 3-unimer
reinforced the exact bond connectivities in agreement with the
NMR studies. Having identified the isomer structures and their
1H NMR resonances, the quantitative ratio of the two
regioisomers of the initial fraction that contained the mixture
of isolated unimers was determined to be a molar ratio of 1:2.3
(2-unimer:3-unimer), according to integrations of the C7−H
signals (Figure 1a, the black dashed box with inset enlarge-
ment). The higher intensity peak of the 3-unimer resonating
slightly upfield at 5.47 ppm, relative to the corresponding C7−
H signal of the 2-unimer resonating at 5.55 ppm, allowed for
quantitation of the extent to which Cx−O2 bond cleavage was
preferred from tetrahedral intermediates along the addition−
elimination mechanistic pathway during the overall initiation
reaction procedure at room temperature.

Scheme 2a

a(a) Initiation of the series of 2,3-carbonate monomers (4−6) leads
to two distinct unimer regiochemistries for each during TBD-
catalyzed ROPs. (b) Isolated MBGC unimers (10, 11) were prepared
for use as initiators, respectively, for in-depth regiochemical evaluation
at the dimer stage. (c) MBGC dimer was also prepared with MBA as
the initiator.
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The same 1D and 2D NMR analyses were applied to the
unimers of MCGC and MEGC (12−15) to determine their
structural configurations. In both of these cases, similar to that
for the MBGC, the dominant bond cleavage during the
initiation step happened at the Cx−O2 site to generate a
majority fraction of 3-unimers. Interestingly, the ratios between
the two unimer isomers were nearly equivalent at ca. 1:2.3 (2-
unimer:3-unimer, Figure S6). Therefore, the acetal protecting
group was found to have little to no effect on regioselectivities
during the ring-opening initiation process with TBD as the
catalyst under the conditions of room temperature in CH2Cl2.
To study the regioselectivity during the ring-opening

propagation steps, MBGC dimers were synthesized using
MBA as initiator at a 1:2 molar ratio of MBA:MBGC, 4,
(Scheme 2c), followed by fractionation with preparative SEC.
There were four different dimers existing in the dimer fraction,
indicated by four distinct sets of proton resonances in the 1H

NMR spectrum (Figure 2a, bottom spectrum). The dimer
mixture was further separated using preparative TLC, followed
by NMR analyses on each fraction (Figure S31). The lowest Rf
fraction, as well as the most abundant species, was determined
to be the 3,3′-dimer (16) (Figures S36−S38), involving both
Cx−O2 cleavages of monomers in each ring-opening process.
By comparison, the highest Rf fraction was composed of the
2,2′-dimer (18) (Figures S32−S34), involving both Cx−O3
cleavages. However, the middle Rf fraction contained an
inseparable mixture of the other two dimers: 3,2′-dimer (17)
and 2,3′-dimer (19) (Figure S35).
To further distinguish the middle two dimers, MBGC 3-

unimer, 10, and MBGC 2-unimer, 11, were employed as pre-
established unimer-based initiators to prepare the correspond-
ing dimers, respectively (Scheme 2b). Ideally, it was expected
that each experiment would lead to only two distinct dimers:
3,2′- and 3,3′-dimers from the 3-unimer vs 2,2′- and 2,3′-

Figure 1. (a) 1H NMR (500 MHz, CDCl3) spectra of a crude mixture of MBGC unimers (bottom), MBGC 3-unimer (10, middle), and MBGC 2-
unimer (11, top), (b) COSY and HMBC spectra of MBGC 3-unimer (10), and (c) COSY and HMBC spectra of MBGC 2-unimer (11).
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dimers from the 2-unimer. Instead, more than two sets of
proton resonances were found in the 1H NMR spectra (Figure
2a, top and middle spectra), and the 3,3′-dimer was the most
abundant species in both scenarios. These results suggested
that other coincident reactions occurred during the ring-
opening process of chain extensions from unimers to dimers.
Therefore, model studies of 2-unimer (or 3-unimer) mixed

with TBD were conducted in CD2Cl2 to probe the hypothesis
of a transcarbonylation mechanism (Figure 2b), especially
involving intramolecular transcarbonylation. As expected, both
2-unimer and 3-unimer signals appeared in the 1H NMR
spectra for both samples, although only one unimer was
employed. The final molar ratio between the two unimers was
ca. 26:74 in both scenarios, of which the primary component
was the 3-unimer, suggesting the transcarbonylation favored
the formation of 3-unimer. In consequence, the trans-
carbonylation reaction would be expected to scramble
regioselectivies during TBD-catalyzed ring-opening reactions
at room temperature.
Further complicating these experimental findings, when the

unimer preparation was repeated at −78 °C, the elimination
reaction from the tetrahedral intermediate favored Cx−O3
bond cleavage to form the 2-unimer and produced an opposite
regiochemical molar ratio of 10:1 (2-unimer:3-unimer) (Figure
S43). These differential regiochemical outcomes could be

explained by either differential favoring of Cx−O2 vs Cx−O3
bond cleavage at room temperature vs −78 °C or inhibition of
the transcarbonylation side reaction at the reduced temper-
ature, or a combination of both.
Therefore, computational studies were pursued. Inspired by

previous ROP mechanistic studies,18,38,40−42 four different
structural arrangements of the initiator, monomer, and
bifunctional catalyst TBD were calculated through a proton
shift mechanism (Figure S39). The initiator attacked syn to the
anomeric methoxy group in pathways a and b, while the
initiator was anti to the methoxy group in pathways c and d,
yielding an alcohol chain end at the 3-position (pathways a and
c) or the 2-position (pathways b and d). The association of
initiator was the rate-determining step in the ring-opening
process, the barrier of which was accessible for all four
pathways at room temperature. Similar energy levels were
observed at the second transition state (TS2), resulting in
possible bond cleavage at either site to produce 3-unimer or 2-
unimer. Unfortunately, the differences of the Gibbs free energy
barriers found between C−O2 cleavage and C−O3 cleavage
were less than 2 kcal/mol, which was insufficient to make an
accurate prediction of the product ratio. Noteworthy, however,
the limiting energy barrier of intramolecular transcarbonylation
reaction (Figure S41) found that ΔΔG was less than +12 kcal/
mol for the TBD-assisted nucleophilic attack step (Figure
S42), allowing the reaction to occur reversibly and readily at
room temperature. The ring-opening propagation from each
unimer would thereby afford four different isomeric dimers,
which agreed with the experimental results.

■ CONCLUSIONS
The development of new synthetic routes for sustainable
materials using renewable feedstocks is of critical current
interest to deal with both the increasing global pressures from
plastic pollution to the planet and the need to reduce
dependence on petroleum-based chemicals. This work
investigated the regiochemical outcomes for a series of
naturally derived carbohydrate-based monomers that possess
significantly greater chemical complexity than typical olefinic
monomer building blocks. We intended to advance the
development of glucose-based polycarbonates through deter-
mination of relationships between monomer and polymer
composition, structure, reactivity, and properties.
Comprehensive 1D and 2D NMR spectroscopic analyses

were used to study the regiochemical outcomes obtained from
the organobase-catalyzed ring opening of glucose monomers
having unique five-membered 2,3-cyclic carbonates, with
variable 4,6-cyclic acetal protecting groups. The composition
of the cyclic acetal protecting groups were essential to the
solubility of the derived polymers, but provided little to no
effect on the regioselective preference. An unexpected
complication was found, in that transcarbonylation competed
with ROP and led to scrambling of the backbone
connectivities. Regioirregular backbone linkages were installed
in the resulting 2,3-PGCs by a combination of variability in
organocatalytic ring-opening directionality for five-membered
cyclic glucose carbonates and coincident organocatalytic
transcarbonylation side reactions. The exact regiochemical
determinations within the polymer structures were compli-
cated by signal overlaps in NMR analyses, however, small
molecule model studies provided detailed information,
experimentally and computationally. For each of three
monomers, a certain degree of selectivity was observed during

Figure 2. (a) 1H NMR (500 MHz, CDCl3) spectra of a crude mixture
of MBGC dimers (bottom curve: MBA as initiator; middle curve:
MBGC 3-unimer as initiator; top curve: MBGC 2-unimer as
initiator). (b) Scheme of the model reactions of 2-unimer (right)
or 3-unimer (left) with TBD yielding unimer mixture with same molar
ratio. 1H NMR (500 MHz, CD2Cl2) spectra of unimers and unimers
with TBD after 9 min.
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the initial ring-opening process, with the Cx−O2 bond
cleavage being dominant for 3-unimer formation at room
temperature. Coincident transcarbonylation reactions dimin-
ished the initial regiochemical preference. Interestingly, when
the unimer study was repeated at −78 °C, the elimination
reaction from the tetrahedral intermediate favored Cx−O3
bond cleavage and produced the opposite regiochemical
outcome, likely due to inhibition of the transcarbonylation
side reaction. Unfortunately, the polymerization at such low
temperatures proceeded exceedingly slowly, so that the
experimental effects of reduced temperature on regioselectivity
for longer chain polymers could not be determined.
Ongoing studies continue for monomers with variable

noncyclic protecting groups to pursue an in-depth under-
standing of composition−structure−topology−morphology−
property relationships for this family of 2,3-PGCs. These
abilities to tune the regiochemistry during polymerization of
highly functional monomers provide hints at new chemical
designs that could produce polymer structures with versatile
properties and that are capable of structural metamorphosis to
meet requirements of different applications. In addition, an
ability to understand and tune the relative intra- vs
intermolecular transcarbonylation events could be a powerful
approach to innovative and adaptive materials.
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