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ABSTRACT: Sugar-derived cyclic acetals were demonstrated to
undergo cationic copolymerization with a vinyl ether (VE) via the
vinyl-addition and ring-opening mechanisms. Cyclic acetals were
synthesized by the condensation reactions of sugar alcohols
(mannitol, xylose, erythritol, and sorbitol) with aldehydes or
ketones. These cyclic acetals differ in the number of cyclic acetal
moieties, the number of ring members, substituents, and stereo
configuration. Such structural features greatly affected the
copolymerization behavior. For example, erythritol-derived cyclic
acetals consisting of two isolated five-membered cyclic acetal
moieties undergo copolymerization with 2-chloroethyl VE, while
mannitol-derived cyclic acetals consisting of three fused seven- and
six-membered cyclic acetal moieties were not incorporated into
polymer chains. Moreover, a xylose-derived cyclic acetal that has a p-methoxyphenyl substituent at the carbon atom adjacent to two
oxygen atoms underwent copolymerization most effectively among the cyclic acetals examined in this study, which is likely due to
the efficient generation of a carbocation via ring-opening. In addition, cationic initiators or Lewis acid catalysts affected the frequency
of crossover reactions, resulting in a difference in incorporated ratios of sugar-derived cyclic acetals in polymer chains. The
copolymers synthesized from VEs and sugar-derived cyclic acetals were degraded by acid via cleavage of the VE-to-cyclic acetal
crossover reaction-derived acetal moieties in the main chain. A gluconic acid-derived cyclic acetal that has both cyclic acetal and
cyclic hemiacetal ester moieties was ineffective for copolymerization with a VE, whereas an oxirane was successfully copolymerized
with the gluconic acid-derived monomer via the ring-opening of the cyclic hemiacetal ester moiety.

■ INTRODUCTION
Various synthetic polymers are produced from petrochemicals
for general purposes in our daily life all over the world, while
there have been emerging problems of synthetic polymer
(plastic) wastes that are unsuitably released into nature.
Essential ways to solve the problem are to reduce the produced
and used amounts of synthetic polymers and to recycle
polymer wastes. Another strategy is to produce polymers from
renewable feedstocks as alternatives for petrochemicals. Plant-
derived compounds are promising as substrates for polymer
synthesis. For example, polylactide,1−3 which is derived from
starch, has attracted attention as a sustainable polymer material
for packaging.

Sugars are very attractive building blocks for polymer
synthesis. A representative method of polymer synthesis from
sugars is polycondensation of sugars and bifunctional
monomers.4−6 The hydroxy groups of sugars are directly
used in bond-forming reactions, such as reactions with carboxy,
acyl, or amino groups, in some studies, while reactive groups
converted from the hydroxy groups are used in other studies.
Sugars can also be transformed into monomers for chain-
growth polymerization. For example, D-xylose-derived cyclic
monomers having an oxetane ring were reported to yield high-

molecular-weight (high-MW) polymers by ring-opening (co)-
polymerization.7−13 An isosorbide-derived cyclic ether was also
polymerized by the ring-opening mechanism.14,15 In addition,
anhydrosugars (Scheme 1B), which are synthesized by
dehydration reactions of sugars, undergo cationic ring-opening
polymerization (ROP) via single ring-opening of the bicyclic
acetal structures16−18 in a manner similar to cationic ROPs of
not-sugar-derived monocyclic and bicyclic acetals.16,19,20

Recent examples of anhydrosugar polymerization include the
design of new monomers and the living cationic polymer-
ization of anhydrosugars.21−23

Motivated by promising possibilities of sugars for polymer
synthesis, we focused on sugar-derived cyclic acetals as
monomers for ROP. Since early 1900s, various cyclic acetals
were synthesized by condensation reactions of sugars and
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carbonyl compounds such as aldehydes and ketones.24−39

Some sugar-derived cyclic acetals bearing hydroxy groups were
used as monomers in polycondensation, yielding polymers
with rigid cyclic structures in the main chains.4 However, as far
as we know, there have been no example that demonstrate
ROP of sugar-derived cyclic acetals except for anhydrosugars.
Cyclic acetals synthesized from various diols and carbonyl
compounds were reported to undergo cationic copolymeriza-
tion with vinyl monomers such as vinyl ethers (VEs) and
styrene derivatives.40,41 Carbocations adjacent to an oxygen
atom (oxocarbenium ions) are generated from both VEs and
cyclic acetals (Scheme 1A). Our group has also developed the
cationic copolymerizations of VEs and cyclic acetals with a
focus on the effects of cyclic acetal structures on copoly-
merization (Scheme 1A).42−44 The polymerizability of cyclic
acetals depended on the number of ring members and the
substituents. In particular, most of 2,2-dimethyl or 2-aryl cyclic
acetals did not undergo homopolymerization but exhibited
copolymerizability; hence, alternating copolymers were
obtained by the copolymerizations with suitable VEs.
Structural variation of sugar-derived cyclic acetals is a very
attractive feature, considering the possibilities of cyclic acetals
as comonomers for precision polymer synthesis by cationic
copolymerization.

In this study, we investigated copolymerizations of VEs and
sugar-derived cyclic acetals synthesized by condensations
reactions of carbonyl compounds with sugar, sugar alcohols,
aldonic acid, or aldaric acid, such as mannitol, xylose,
erythritol, sorbitol, gluconic acid, and tartaric acid (Scheme

1D).24−39 The synthesized monomers have two or three cyclic
acetal moieties of five-, six-, or seven-membered rings in an
independent or fused manner. As a result of systematic
investigation on cationic polymerizations with 2-chloroethyl
VE (CEVE; Scheme 1C), polymerizabilities of the cyclic
acetals were demonstrated to differ depending on bulkiness,
stereo configuration, and substituents. In addition, a monomer
containing both cyclic acetal and cyclic hemiacetal ester
moieties was found to undergo cationic copolymerization with
oxiranes via the ring-opening of the latter moiety.

■ EXPERIMENTAL SECTION
See the Supporting Information.

■ RESULTS AND DISCUSSION
Synthesis of Sugar-Derived Cyclic Acetals. Most of the

sugar-derived cyclic acetals used in this study (M-1, M-4, X-1,
X-2, X-3, X-4, E-1, E-2, S-1, G-1, and T-1 in Scheme 1D) were
synthesized by one-step reactions from sugar, sugar alcohols,
aldonic acid, or aldaric acid according to the literature
methods24,25,28−39 (see the Experimental Section in the
Supporting Information). The one-step synthesis of the
monomers is an advantage of this study. M-2 and M-3
(Scheme 1D) were synthesized by two-step reactions
consisting of 1,3:4,6-di-O-methylene-D-mannnitol synthesis
from D-mannitol and subsequent condensation with carbonyl
compounds.26,27

Homopolymerization of Sugar-Derived Cyclic Ace-
tals. Cationic homopolymerization of M-4, S-1, G-1, E-1, E-2,

Scheme 1. (A) Cationic Copolymerizations of VEs and Cyclic Acetals; (B) Examples of Sugar-Derived Acetal Monomers in
Previous Studies; (C) Vinyl Monomers and Oxirane Used in This Study; and (D) Sugar-Derived Cyclic Monomers Examined
in This Study
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or X-4 was conducted using SnCl4 or Ph3CB(C6F5)4 as a Lewis
acid catalyst or a cationic initiator, respectively, in dichloro-
methane at −78 °C (Table S1). However, homopolymeriza-
tions of these monomers did not proceed at all. The results are
consistent with our previous studies, which demonstrated
nonhomopolymerizability of cyclic acetals with two substitu-
ents at the 2-position.43,44 In the case of X-4, which consists of
a diastereomeric mixture, the ratio of diastereomers changed
after the reaction with SnCl4 (from 89/11 to 71/29). This was
likely because the cyclic acetal moiety in X-4 opened in the
reaction with an acid, whereas the ring closed again without
undergoing homopolymerization.
Cationic Copolymerization of CEVE and Sugar-

Derived Cyclic Acetals. In our previous studies, CEVE,
which is a low-reactive VE due to the electron-withdrawing
chlorine atom, was reported to undergo cationic copolymeriza-
tions with various cyclic acetals via crossover reactions. In this
study, therefore, copolymerizations of CEVE and various
sugar-derived cyclic acetals (Scheme 1D) were investigated
with an initiating system consisting of IBVE−HCl (or IBVE-
AcOH and TiCl4, which generate IBVE−HCl in situ), SnCl4,
and ethyl acetate. This initiating system is effective for the
controlled/living cationic copolymerization of CEVE and
various cyclic acetals. The results are summarized in Table 1.
M-1, M-2, and M-3,24−27 which were obtained from D-
(−)-mannitol and have seven- and six-membered cyclic acetal
moieties, were not incorporated into polymer chains at all,
while CEVE homopolymers were obtained (entries 1−3; see
Figure S1 for the 1H NMR spectra). M-4 and S-1,37−39 which
were obtained from D-(−)-mannitol and D-(−)-glucitol,
respectively, and have three five-membered rings, were
incorporated into polymer chains (entries 4 and 5; see Figures

S2 and S3 for the molecular weight distribution [MWD]
curves and 1H NMR spectra, respectively), whereas G-1,35,36

which was derived from D-(+)-glucono-1,5-lactone and has two
five-membered cyclic acetals and one five-membered cyclic
hemiacetal ester, was not incorporated into polymer chains
(entry 6; Figures S2 and S3). Detailed comparisons of the M-4,
S-1, and G-1 results are discussed later. E-1 and E-2,31−34

which were obtained from meso-erythritol and have two five-
membered rings, underwent copolymerizations with CEVE to
yield copolymers with unimodal MWDs (entries 7 and 8;
Figure 1; see Figure S4 for the 1H NMR spectrum of the
product from E-2).45 In the cases of X-1, X-2, X-3, and X-
4,28−30 which were derived from D-(+)-xylose and have five-
and six-membered cyclic acetal moieties, the substituents at the
carbons adjacent to two oxygen atoms were responsible for the
copolymerizations. X-1 and X-2, which have alkyl substituents,
were not incorporated into polymer chains (entries 9 and 10;
Figure S5), while X-3 and X-4, which have aromatic rings,
underwent copolymerizations with CEVE (entries 11 and 12;
Figure S6). In particular, X-4 was copolymerized with CEVE
most effectively among the sugar-derived cyclic acetals
examined in this study. The details are discussed later.

The result of the copolymerization of CEVE and E-1 is
explained in detail as a representative example. The
copolymerization smoothly proceeded to reach a CEVE
conversion of 88% in 13 min (Figure 2A). The MWDs of
the copolymers were very narrow and shifted to the higher-
MW regions as the polymerization proceeded (Figure 2C),
which indicates the generation of long-lived species. The Mn
values of the copolymers linearly increased with an increase in
monomer conversion (Figure 2B), although the values were
lower than the theoretical values. Unintended initiation

Table 1. Cationic Copolymerization of Various Sugar-Derived Cyclic Acetals with CEVEa

conc (M) conv (%) units per blockf

entry CEVE cyclic acetal temp (°C) time CEVEb cyclic acetalc Mn × 10−3 (calcd)d Mn × 10−3 (exp)e Mw/Mn
e CEVE cyclic acetal

1 0.40 M-1 0.10 −6 3 min >99 0 10.8 2.5 1.44 − −
2 0.080 M-2 0.080 −40 1 min 98 0 10.6 2.2 1.49 − −
3 0.40 M-3 0.40 −78 3 min >99 0 10.8 7.7 1.07 − −
4 0.40 M-4 0.40 −78 12 min 66 3 8.1 7.0 1.09 22 1.0
5 0.40 S-1 0.40 −78 15 min 87 2 10.0 7.3 1.06 51 1.0
6 0.40 G-1 0.40 −78 30 min >99 0 10.8 7.0 1.08 − −
7 0.40 E-1 0.40 −78 8 min 81 5 9.8 8.1 1.08 18 1.0
8 0.40 E-2 0.40 −78 15 min 74 4 9.0 5.8 1.12 17 1.0
9 0.40 X-1 0.40 −78 3 min 98 0 10.6 9.0 1.12 − −
10 0.40 X-2 0.40 −78 1 min 92 0 9.9 8.5 1.13 − −
11 0.40 X-3 0.40 −78 5 min 75 <1 8.1 4.2 1.12 (165) 1.0
12 0.40 X-4 0.40 −78 2 h 81 15 14.5 5.7 1.31 5.4 1.0

aEntries 1−8, 11, and 12: [IBVE−HCl]0 = 1.0 (entry 2) or 4.0 mM (except for entry 2), [SnCl4]0 = 5.0 (entry 2) or 20 mM (except for entry 2),
[ethyl acetate] = 13 (entry 2) or 50 mM (except for entry 2), in dichloromethane. Entries 9 and 10: [IBVE−AcOH]0 = 4.0 mM, [SnCl4]0 = 20
mM, [TiCl4]0 = 5.0 mM, [ethyl acetate] = 20 mM, [2,6-di-tert-butylpyridine]0 = 10 mM, in toluene/dichloromethane (9/1 v/v). bDetermined by
gas chromatography. cDetermined by method B (see the Experimental Section for method B). dCalculated from the amounts of the cationogen and
the consumed monomers: ([CEVE]0 × conv × MW + [cyclic acetal]0 × conv × MW)/[IBVE−HCl]0. ([CEVE]0 + [cyclic acetal]0)/[IBVE−HCl]0
= 200 (except for entries 1 and 2), 125 (entry 1), or 160 (entry 2). eDetermined by GPC (polystyrene standards). fEstimated by 1H NMR analysis.
After purification by preparative GPC.
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reactions from adventitious water and the cyclic acetal−SnCl4
interaction44 are likely responsible for the results. These results
suggest that the copolymerization proceeded in a living
manner. Similar results were also obtained when E-2 and M-
4 were used as cyclic acetals (Figures S7 and S8). Higher-MW
polymers were obtained by the copolymerization at higher
monomers/cationogen concentration ratios (Table S2).

1H NMR analysis of the copolymer obtained from CEVE
and E-1 suggested that the copolymers were generated by the
reactions between CEVE and E-1 (Figure 3A). Peaks at 1.5−
2.0 ppm (peaks 1 and 12) were assignable to the methylene
group of CEVE units in the main chain, while peaks at 1.2−1.4
ppm (8 and 11) were assigned to the methyl group of E-1
units. The peaks at 4.6−5.0 ppm (peak 5) were assigned to the
acetal moieties derived from the crossover reaction from CEVE
to E-1. The copolymer structures were also confirmed by 13C
and 2D (1H−1H COSY, 1H−13C HSQC, and 1H−13C
HMBC) NMR analyses (Figures S9−S12). The average
number of CEVE and E-1 units per block was calculated to

be 18 and 1.0, respectively, from the integral ratios. The result
of matrix-assisted laser desorption/ionization time-of-flight
mass spectrometry (MALDI-TOF-MS) analysis (Figure S13)
was also consistent with the above results. Peaks with m/z
values that correspond to polymer structures consist of the
cationogen-derived α-end, CEVE units, E-1 units, and the
quencher-derived ω-end.

The obtained copolymer was subjected to acid hydrolysis,
resulting in the cleavage of the acetal moieties in the main
chain (Scheme 2). The 1H NMR spectrum of the acid
hydrolysis product (Figure 3B) did not exhibit the peaks of the
acetal structures, which was observed in the original copolymer
(peak 5), while aldehyde peaks were observed at 9.5 and 9.8
ppm (peaks 17 and 21). Moreover, the hydrolysis product had
a lower Mn value than the original copolymer, which supports

Figure 1. MWD curves of the (A) CEVE−E-1 (entry 7 in Table 1)
and (B) CEVE−E-2 (entry 8) copolymers [black; before (dashed)
and after (solid) purification by preparative GPC] and their hydrolysis
products (purple; hydrolyzed after purification by preparative GPC).
See Table 1 for the polymerization conditions.

Figure 2. (A) Time−conversion curves for the copolymerization of CEVE and E-1, (B) the Mn (open circle) and Mw/Mn (filled circle) values of
poly(CEVE-co-E-1)s, and (C) MWD curves of poly(CEVE-co-E-1)s. Polymerization conditions: [CEVE]0 = 0.40 M, [E-1]0 = 0.40 M, [IBVE−
HCl]0 = 4.0 mM, [SnCl4]0 = 20 mM, [ethyl acetate] = 50 mM, in dichloromethane at −78 °C. Conversion was determined by method A (see the
Experimental Section for method A).

Figure 3. 1H NMR spectra of (A) the CEVE−E-1 copolymer (entry 7
in Table 1; Figure 1A; after purification by preparative GPC) and (B)
its hydrolysis product (the purple curve in Figure 1A). *Water,
CHCl3, or 1,2-dimethoxyethane.
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the cleavage of the acetals in the main chain (Figure 1A,
purple; Scheme 2).
Polymerization Mechanisms and Discussion on the

Bulkiness of Sugar-Derived Cyclic Acetals. The reaction
mechanisms of the crossover reactions of VE and E-1 are
shown in Scheme 3A. E-1 adds to the propagating species
derived from a VE to generate an oxonium ion. The oxonium
ion undergoes ring-opening to generate a carbocation
(oxocarbenium ion). This carbocation is stabilized by the
electron-donating effects of a neighboring oxygen atom and
methyl groups at the 2-position of E-1 (Scheme 3C). The
carbocation stability is advantageous for efficient ring-opening
reactions. The E-1-derived cation does not react with E-1 as
confirmed by the nonhomopolymerizability of E-1 (Table S1),
whereas it reacts with a VE. The E-1-derived carbocation
potentially undergoes a ring-closing reaction to regenerate the
oxonium ion (the reverse reaction of “Ring-opening” in
Scheme 3A) and subsequently the VE-derived cation and an
E-1 monomer (the reverse reaction of “Crossover to E-1” in
Scheme 3A), while a reverse reaction does not occur once a VE
reacts with the E-1-derived carbocation (“Crossover to VE” in
Scheme 3A) due to negligible cleavage of the carbon−carbon
bond between E-1 and VE. The reverse reaction from the E-1-
derived carbocation and the reaction of the E-1-derived
carbocation and a VE likely correspond to thermodynamic and
kinetic processes, respectively.

The dormant−active equilibrium that consists of the
reversible activation−deactivation of the carbon−chlorine
bonds46−53 is most likely constructed (Scheme 3A), which is
responsible for the controlled/living copolymerization. The
carbon−chlorine bond formed from the cyclic acetal-derived
carbocation (oxocarbenium ion) is reversibly cleavable under
the conditions suited for VE polymerization due to the
similarity between the carbocations generated from VEs and
cyclic acetals. However, the E-1-derived carbocation has

dimethyl groups, which is similar to the carbocation derived
from α-methyl VEs.54 This carbocation is more stable and
more easily generated via the cleavage of the carbon−chlorine
propagating ends than the CEVE-derived counterpart. There-
fore, the CEVE-derived carbon−chlorine bonds are most likely
dominant during polymerization. Such propagating ends are
converted into the CEVE-derived ω-end acetals, which was
detected by 1H NMR (peaks 14 and 15 in Figure 3), by the
reaction with a methanol quencher.43 If the E-1-derived chain
end reacts with the quencher, a ketal moiety is generated;
however, such ketal structures are unstable and easily
hydrolyzed into ketone structures as reported in our previous
study on the living cationic polymerization of α-methyl VEs.54

The sugar-derived cyclic acetals used in this study have
multiple cyclic acetal structures. However, only one of the
cyclic acetal moieties in sugar-derived monomers reacted,
while the other rings remained intact in the obtained
copolymers in most cases. This is likely because the probability
of the reaction with the cyclic acetal moieties in monomer
molecules is much higher than that in polymer chains due to
the low incorporated ratios of the cyclic acetals. Indeed,
intermolecular reactions by the reaction of a propagating
cation and the cyclic moieties in polymer chains occurred
when a high incorporated ratio was achieved with X-4 as
demonstrated below.

The ring-opening reaction of the asymmetric cyclic acetal
moiety occurs in two possible manners via the reaction at
either of the two oxygen atoms in a ring, resulting in different
microstructures (Scheme 3B). The reaction of the cyclic acetal
at the methylene-adjacent oxygen atom is likely preferential
over that at the methine-adjacent oxygen atom due to the less
steric hindrance around the former, as demonstrated in our
previous study.55

M-4 and S-1 are diastereomers consisting of three five-
membered cyclic acetal moieties, while the incorporated ratio
of M-4 (4%) was higher than that of S-1 (2%) (the average
number of CEVE/cyclic acetal per block: 22/1.0 (M-4) and
51/1.0 (S-1) (entries 4 and 5 in Table 1; Figure S3). The
difference in the steric configuration likely caused the
difference in the copolymerization behavior. In addition, the
average number of CEVE/E-1 or M-4 per block was estimated
to be 18/1.0 or 22/1.0, respectively, via 1H NMR analysis,
indicating that the frequency of crossover reactions was similar
between E-1 and M-4. Therefore, steric hindrance near the
cyclic acetal moiety is likely more influential than that far from
it. G-1, which has two five-membered cyclic acetal moieties

Scheme 2. Acid Hydrolysis of Copolymers via Cleavage of
Acetal Moieties

Scheme 3. (A) Copolymerization Mechanisms [A Lewis Base (Ethyl Acetate) Is Omitted]; (B) Ring-Opening Modes
(Counteranions Are Omitted); and (C) Resonance Structures of the E-1-Derived Cation
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and one cyclic hemiacetal ester moiety, was not incorporated
into polymer chains. The reason why the copolymerization did
not proceed with G-1, which has a structure similar to those of
M-4 and S-1, is not clear.

From the reaction mechanism and relationship between
monomer structures and copolymerization behavior, we
hypothesized that the bulkiness of the substituent on a cyclic
acetal is largely responsible for the copolymerizability. To
examine the effects of the substituent, the copolymerizations of
CEVE and five-membered cyclic acetals having no (F-1),
methyl (F-2), or propyl (F-3) group at the 4-position were
conducted under the same conditions as those for the
copolymerizations of CEVE and sugar-derived cyclic acetals
(Table 2 and Figure S14). In all cases, the copolymerization

proceeded via crossover reactions, which was confirmed by 1H
NMR (Figure S15). The average number of CEVE/F-1, F-2, or
F-3 per block was estimated to be 2.2/1.0, 5.1/1.0, or 8.7/1.0,
respectively, via 1H NMR analysis, which indicates that cyclic
acetals with a bulkier substituent at the 4-position resulted in
lower incorporation ratios in polymer chains. This trend is
consistent with relatively low incorporated ratios of sugar-
derived cyclic acetal monomers in the copolymerizations. In
particular, the mannitol-derived monomers (M-1, M-2, and M-
3) have substituents at all the four carbon atoms in the
butylene unit of the seven-membered ring, which is obviously
disadvantageous for copolymerization via ring-opening reac-
tions compared to less bulky monomers such as the erythritol-
derived monomers (Scheme 4; only the reaction at the seven-
membered ring is shown because the carbocation generation is
preferential due to the dimethyl groups). Indeed, in our
previous study, a seven-membered cyclic acetal that does not
have substituents in the butylene unit (2,2-dimethyl-1,3-
dioxepane) underwent more frequent crossover reactions in
the copolymerization with VEs than the five-membered
counterpart (2,2-dimethyl-1,3-dioxolane; F-1).43 Therefore,

the copolymerizability of cyclic acetals is most likely governed
by several factors, such as ring strain (six- < five- ∼ seven-
membered ring43), the stability of generated carbocations
(affected by the substituents at the 2-position), and bulkiness
around the diol-derived moiety.

Bulkiness of the substituents at the carbon atom adjacent to
two oxygen atoms did not affect the frequency of the crossover
reactions. The average number of CEVE/E-2 (17/1.0) was
comparable to that of CEVE/E-1 (18/1.0) (entries 7 and 8 in
Table 1) in the copolymers, which suggests the negligible
difference between the cyclopentylidene group and dimethyl
groups.
Copolymerization of Xylose-Derived Monomers

Bearing Aromatic Substituents. As demonstrated above
(entries 11 and 12 in Table 1), the xylose-derived monomers
bearing aromatic substituents (X-3 and X-4) were incorporated
into polymer chains in the copolymerizations with CEVE
despite the bulky structures (Figure 4). 1H NMR analysis of

the copolymer of CEVE and X-4 suggested that the crossover
reactions occurred during copolymerization (Figure 5A).
Xylose-derived monomer X-4 has five- and six-membered
rings. When the six-membered ring opens, the five-membered
ring remains in the side chain of the polymer (peak 10; 5.8−
6.2 ppm56). On the other hand, when the five-membered ring
opens, the six-membered ring remains in the side chain of the
polymer (peak 21; 5.3−5.6 ppm56). 1H NMR analysis indicates
that both rings likely opened, whereas the six-membered ring
more preferentially opened. In our previous study,44 five- and

Table 2. Cationic Copolymerization of F-1, F-2, or F-3 with
CEVEa

conv (%)
units per
blockf

cyclic
acetal

time
(min) CEVEb

cyclic
acetalc

Mn × 10−3

(calcd)d

Mn ×
10−3

(exp)e CEVE
cyclic
acetal

F-1 3 >99 52 16.1 4.5 2.2 1.0
F-2 5 80 28 11.9 6.0 5.1 1.0
F-3 8 83 20 11.9 5.4 8.7 1.0

a[CEVE]0 = 0.40 M, [cyclic acetal]0 = 0.40 M, [IBVE−HCl]0 = 4.0
mM, [SnCl4]0 = 20 mM, [ethyl acetate] = 50 mM, in dichloro-
methane at −78 °C. bDetermined by gas chromatography.
cDetermined by method A (see the Experimental Section for method
A). dCalculated from the amounts of the cationogen and consumed
monomers: ([CEVE]0 × conv × MW + [cyclic acetal]0 × conv ×
MW)/[IBVE−HCl]0. ([CEVE]0 + [cyclic acetal]0)/[IBVE−HCl]0 =
200. eDetermined by GPC (polystyrene standards). fEstimated by 1H
NMR analysis. After purification by preparative GPC. The ratios of
monomer units in polymers are inconsistent with the values estimated
by monomer conversion. Side products such as cyclic dimers are likely
responsible for the inconsistency (Figure S15).

Scheme 4. Ring-Opening Reactions of M-3 and E-1

Figure 4. MWD curves of the (A) CEVE−X-3 (entry 11 in Table 1)
and (B) CEVE−X-4 (entry 12) copolymers [black; before (dashed)
and after (solid) purification by preparative GPC] and their hydrolysis
products (purple; hydrolyzed after purification by preparative GPC).
See Table 1 for the polymerization conditions.
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six-membered cyclic acetals bearing a p-methoxyphenyl group
at the 2-position exhibited comparable reactivity in the cationic
copolymerization with VEs. A possible cause of the preferential
ring-opening of the six-membered ring in X-4 is the electron-
withdrawing effect of an oxygen atom adjacent to both C-1 and
C-4 (Scheme 5). The electron-withdrawing effect is respon-
sible for both lowered reaction frequency due to the decreased
basicity of the other oxygen atom attached to C-1 and
ineffective reactions at the C-2-adjacent oxygen atom due to
the inefficient generation of an unstable carbocations that is
adjacent to an acetal moiety.

The average number of CEVE/X-4 units per block was
estimated to be 5.4/1.0, indicating that the frequency of
crossover reactions was the highest among the sugar-derived
cyclic acetals used in this study. Acid hydrolysis results (Figure
4B, purple; Figure 5B) also supported the copolymer structure
resulting from frequent crossover reactions. The stabilization
of a carbocation by the p-methoxyphenyl substituent is most
likely responsible for the copolymerizability of X-4 (Scheme
5). The ring-opening is likely facilitated by the stabilization of
the structure after the oxonium ion opens. The stabilization by
alkyl substituents is insufficient in the cases of X-1 and X-2,
resulting in ineffective copolymerizations.57

The copolymerization of X-4 was also examined using
isobutyl VE (IBVE) or p-methylstyrene (pMeSt) (Scheme 1C)
as comonomers (Table S3 and Figure S16). The average
number of IBVE or pMeSt/X-4 per block was estimated to be
148/1.0 or 25/1.0, respectively, by 1H NMR analysis (Figure
S17). The results indicate that X-4 was incorporated into
polymer chains, although the frequency of crossover reactions
was much lower than the case with CEVE.
Effects of Initiators and Catalysts. To examine the

effects of initiators and catalysts on the frequency of crossover
reactions, we conducted copolymerizations of CEVE and E-1
using GaCl3, Ph3CPF6, and Ph3CB(C6F5)4 instead of SnCl4
(entries 1−4 in Table 3; Figure S18). The average number of
CEVE/E-1 per block was 18/1.0 (SnCl4), 15/1.0 (GaCl3), 13/
1.0 (Ph3CPF6), or 5.6/1.0(Ph3CB(C6F5)4). The result suggests
that the incorporation ratio of E-1 increased in the order of
SnCl4 < GaCl3 < Ph3CPF6 < Ph3CB(C6F5)4. When SnCl4,
GaCl3, Ph3CPF6, and Ph3CB(C6F5)4 are used, the counter-
anions present near the propagating cations are SnCl5−,
GaCl4−, PF6

−, and B(C6F5)4−, respectively. The coordinating
ability of the anions is likely related to this order, although
there is no definitive scale of coordinating ability as far as we
know.58−60 The weaker interaction between the propagating
cation and counteranion is most likely advantageous for easier
access of the sugar-derived cyclic acetals to the propagating
cation, resulting in more frequent crossover reactions when
initiators or catalysts that generate counteranions with weaker

Figure 5. 1H NMR spectra of (A) the CEVE−X-4 copolymer (entry 12 in Table 1; Figure 4B; after purification by preparative GPC) and (B) its
hydrolysis product (the purple curve in Figure 4B). *Water or CHCl3.

Scheme 5. Ring-Opening Modes of X-4
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coordinating ability were used. The influence of counteranions
on crossover frequency was also observed in our recent study
on cationic terpolymerization of VE, oxirane, and ketone;61

however, a reason for such influences is unclear. From the
results of the copolymerization of CEVE and E-1 using
Ph3CB(C6F5)4, the monomer reactivity ratios of CEVE and E-
1 were determined to be 5.0 (CEVE) and approximately 0 (E-
1) (Figure S19 and Table S4; by the Meyer−Lowry
method62,63), which were consistent with the nonhomopoly-
merizability of E-1. The values indicate that a copolymer
obtained at equimolar amounts of CEVE and E-1 is expected
to consist of CEVE blocks that have approximately six CEVE
units in each block and E-1 blocks that have only one E-1 unit
in each block. In addition, the proportion of E-1 in copolymers
could be changed by the copolymerizations at different
monomer concentrations (Figure S20 and Table S5). The
CEVE/E-1 units per block were 19/1.0, 7.7/1.0, 5.3/1.0, 4.7/
1.0, and 4.3/1.0 when copolymers were produced with
Ph3CB(C6F5)4 at the CEVE/E-1 concentrations of 0.90 M/
0.10 M, 0.70 M/0.30 M, 0.50 M/0.50 M, 0.40 M/0.60 M, and
0.30 M/0.70 M, respectively.

Ph3CB(C6F5)4 was effective for copolymerization of the
cyclic acetals that did not undergo copolymerization with
SnCl4. When X-1 was copolymerized with CEVE by Ph3CB-
(C6F5)4, a very small amount of X-1 was incorporated into
polymer chains (entry 6 in Table 3). In addition, the frequency
of crossover reactions increased when X-3 was copolymerized
by Ph3CB(C6F5)4 (entry 8 in Table 3) instead of SnCl4.

The highest incorporated ratio was achieved when X-4 was
copolymerized with Ph3CB(C6F5)4. The average number of
CEVE/X-4 per block was 2.6/1.0 (entry 10 in Table 3; Figure
6A). Moreover, intermolecular reactions occurred between the
propagating cation and remaining cyclic acetal in polymer
chains as confirmed by the appearance of a shoulder in the
high-MW region in the MWD curve (entry 11; Figure 6B).
The increased probability of the reactions between the
propagating cation and the cyclic acetal moieties in polymer
chains is responsible for this result as a result of the increase in
the incorporated ratio of X-4.
Cationic Copolymerization of Oxiranes and Sugar-

Derived Monomers Bearing Cyclic Hemiacetal Ester

Moiety. Monomers with a cyclic hemiacetal ester structure
potentially undergo copolymerization with oxiranes, as
demonstrated in our previous study.64 G-1 has a cyclic
hemiacetal ester moiety; hence, cationic copolymerization of
G-1 and 4-vinyl-1-cyclohexene-1,2-epoxide (VCHO; Scheme
1C) was conducted using B(C6F5)3 as a catalyst in dichloro-
methane at −78 °C. The polymerization proceeded smoothly
to yield a polymer with a unimodal MWD (entry 1 in Table 4;
Figure 7).

1H NMR analysis of the copolymer of VCHO and G-1
(Figure 8A) exhibited both VCHO-derived peaks (peaks 1 and
4−7) and G-1-derived peaks (peaks 9−12 and 16). A peak of
an ester-adjacent methine proton (peak 8), which was derived
from the crossover reaction from VCHO to G-1, overlapped
with other peaks (peaks 6 and 7), although the methine peak
likely existed as judged from the integral ratios. The carbonyl
group-adjacent methine proton of the monomer (peak a) was

Table 3. Cationic Copolymerizations of CEVE and E-1, X-1, X-3, or X-4 with Different Initiators or Catalystsa

conv (%) units per blocke

entry cyclic acetal initiator or catalyst time CEVEb cyclic acetalc Mn × 10−3d Mw/Mn
d CEVE cyclic acetal

1 E-1 SnCl4 8 min 81 5 8.1 1.08 18 1.0
2 E-1 GaCl3 10 min 84 6 5.2 2.08 15 1.0
3 E-1 Ph3CPF6 45 min 92 7 37 2.01 13 1.0
4 E-1 Ph3CB(C6F5)4 75 min 75 13 21 2.32 5.6 1.0
5 X-1 SnCl4 3 min 98 0 9.0 1.12 − −
6 X-1 Ph3CB(C6F5)4 48 h >99 <1 15 1.80 (192) 1.0
7 X-3 SnCl4 5 min 75 <1 4.2 1.12 (165) 1.0
8 X-3 Ph3CB(C6F5)4 30 min 95 2 13 1.96 45 1.0
9 X-4 SnCl4 2 h 81 15 5.7 1.31 5.4 1.0
10 X-4 Ph3CB(C6F5)4 2.8 h 89 34 19 5.66 2.6 1.0
11 X-4 Ph3CB(C6F5)4 17 h >99 36 18f 12.7 2.7 1.0

a[CEVE]0 = 0.40 M, [cyclic acetal]0 = 0.40 M, [IBVE−HCl]0 = 4.0 mM, [SnCl4]0 = 20 mM, [ethyl acetate] = 50 mM (entries 1, 5, 7, and 9);
[CEVE]0 = 0.50 M, [cyclic acetal]0 = 0.50 M, [IBVE−HCl]0 = 5.0 mM, [GaCl3]0 = 5.0 mM, [1,4-dioxane] = 0.30 M (entry 2); [CEVE]0 = 0.50 M,
[cyclic acetal]0 = 0.50 M, [initiator]0 = 1.0 mM (entries 3, 4, 6, 8, 10, and 11); in dichloromethane at −78 °C. Entries 1, 5, 7, and 9 correspond to
entries 7, 9, 11, and 12 in Table 1, respectively. bDetermined by gas chromatography. cDetermined by methods B (except for entry 6) or C (entry
6) (see the Experimental Section for methods B and C). dDetermined by GPC (polystyrene standards). eEstimated by 1H NMR analysis. After
purification by preparative GPC. fInsoluble parts were present. A portion of this sample exceeded the exclusion limit of the GPC column used.

Figure 6. MWD curves of the CEVE−X-4 copolymers obtained by
Ph3CB(C6F5)4 for (A) short (entry 10 in Table 3) or (B) long (entry
11) reaction time [black; before (dashed) and after (solid)
purification by preparative GPC] and the hydrolysis product (purple;
hydrolyzed after purification by preparative GPC). See Table 3 for the
polymerization conditions.
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observed around 4.6 ppm (Figure 8B), while peaks were not
detected in this region in the spectrum of the copolymer. The
result suggests that not the cyclic acetal moiety but the cyclic

hemiacetal ester moiety of G-1 reacted in the copolymeriza-
tion. Specifically, an oxirane-derived oxonium ion reacts with
the carbonyl group of G-1 to generate an ester moiety and a G-
1-derived cation (Scheme S2). The G-1-derived cation reacts
with VCHO to generate a ketal moiety in the main chain. The
average number of VCHO/G-1 units per block was estimated
to be 5.6/1.0 from the integral ratios (Figure 8A). In addition,
the monomer reactivity ratios of VCHO and G-1 were
determined to be 3.7 (VCHO) and approximately 0 (G-1)
(Figure S21 and Table S6; by the Kelen−Tüdõs method),65,66

which were consistent with the nonhomopolymerizability of G-
1.

The VCHO−G-1 copolymer has ketal moieties in the main
chain; hence, the copolymers could be hydrolyzed by acid. The
hydrolysis product had a lower Mn value than the original
copolymer (Figure 7, purple), which supports the occurrence
of crossover reactions from G-1 to VCHO in the
copolymerization.

T-1,37,67 which is a cyclic hemiacetal ester derived from L-
(+)-tartaric acid, was also copolymerized with VCHO (entry 2
in Table 4; Figure S22). The average number of VCHO/T-1
per block was 11/1.0, respectively (Figure S23), indicating that
the frequency of crossover reactions was lower than that of G-
1.

As in the case of our previous study on polymerizations of
cyclic hemiacetal esters, G-1 and T-1 also underwent cationic
terpolymerization with VE and oxiranes. For example, IPVE,
VCHO, and G-1 were polymerized to yield a terpolymer with
an Mn of 6.2 × 103 (Table S7). The number of IPVE/VCHO/
G-1 units per block was 2.6/2.6/1.0. IPVE was likely
incorporated into polymer chains as a result of the crossover
reactions from the G-1-derived carbocation to IPVE (Scheme
S3). The detailed results are shown in the Supporting
Information (Table S7, Scheme S3, and Figures S24 and S25).
Summary of the Copolymerizations. The results of the

copolymerizations conducted in this study are summarized in
Chart 1. The polymerizability of cyclic acetals depends on
several factors, such as ring strain, the stability of generated
carbocations, and bulkiness. The obtained results suggest that
steric factors concerning bulkiness likely affected the polymer-
izability of the sugar-derived cyclic acetals more heavily than
ring strain. M-1, M-2, M-3, X-1, and X-2, which have bulky
structures, did not undergo copolymerization with CEVE. In
contrast, the copolymerization proceeded when E-1, E-2, M-4,
and S-1 were combined with CEVE. M-4, S-1, and G-1 have
similar structures, while the copolymerizability differed
depending on the configuration of the monomers and the

Table 4. Cationic Copolymerization of G-1 or T-1 with an Oxiranea

conv (%) units per blocke

entry monomer time VCHOb G-1 or T-1c Mn × 10−3d Mw/Mn
d VCHO G-1 or T-1

1 G-1 10 s 93 23 5.0 1.67 5.6 1.0
2 T-1 10 s >99 15 5.8 2.66 11 1.0

a[VCHO]0 = 0.50 M, [G-1 or T-1]0 = 0.50 M, [B(C6F5)3]0 = 3.0 mM, in dichloromethane at −78 °C. bDetermined by gas chromatography.
cDetermined by method C (see the Experimental Section for method C). dDetermined by GPC (polystyrene standards). eEstimated by 1H NMR
analysis. After purification by preparative GPC.

Figure 7. MWD curves of the VCHO−G-1 copolymer [entry 1 in
Table 4; black; before (dashed) and after (solid) purification by
preparative GPC] and the hydrolysis product (purple; hydrolyzed
after purification by preparative GPC). See Table 4 for the
polymerization conditions.

Figure 8. 1H NMR spectra of (A) the VCHO−G-1 copolymer (entry
1 in Table 4; Figure 7; after purification by preparative GPC) and (B)
G-1 monomer. *Water.
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presence of a cyclic hemiacetal ester moiety. Unlike X-1 and X-
2, which have alkyl groups at the 2-position of the cyclic acetal
moieties, X-3 and X-4, which are the aryl group-containing
counterparts, underwent cationic copolymerization with
CEVE. In particular, X-4, which has p-methoxyphenyl groups,
was the most effective for copolymerization among the sugar-
derived cyclic acetals examined in this study.

G-1 did not undergo copolymerization with CEVE, while
the copolymerization with an oxirane proceeded via the
reaction of not the cyclic acetal but cyclic hemiacetal ester
moiety. T-1, which is derived from tartaric acid, was also
copolymerized with an oxirane via reaction of the cyclic
hemiacetal ester moiety.
Thermal Properties of Copolymers. The thermal

properties of the copolymers were examined by differential
scanning calorimetry (DSC) and thermogravimetric analysis
(TGA) (Figures S26 and S27). The CEVE−E-1 copolymers
and CEVE homopolymer exhibited comparable glass transition
temperatures (Tgs) (−26 and −33 °C; entries 1, 2, and 5 in
Table 5), while the CEVE−X-4 copolymers exhibited
considerably higher Tgs (28 and 33 °C; entries 3 and 4).
The aryl substituents and/or fused ring structures of X-4 units
in copolymer chains are likely responsible for the higher Tgs of
the CEVE−X-4 copolymers than those of the CEVE−E-1
copolymers and CEVE homopolymer. The VCHO−G-1
copolymer exhibited a lower Tg (2 °C; entry 6) than that of
a VCHO homopolymer (50 °C;68 entry 7). In TGA analysis,
the copolymers began to degrade at around 200 °C (Figure

S27). Temperatures corresponding to 5% (Td5) and 20%
(Td20) weight loss are listed in Table 5.

■ CONCLUSIONS
Sugar-derived cyclic acetals with appropriate structures under-
went cationic copolymerization with CEVE. Specifically,
structural features, such as the number of cyclic acetal
moieties, the number of ring members, substituents, and
stereo configuration, were highly responsible for copolymeriza-
tion behavior. Mannitol-derived cyclic acetals with three fused
rings were inert for copolymerization. Erythritol-derived cyclic
acetals with two five-membered rings underwent copolymer-
ization with CEVE in a living manner under appropriate
conditions. Mannitol- or sorbitol-derived cyclic acetals with
three five-membered rings exhibited different reactivities likely
due to the difference in stereo configuration. The xylose-
derived cyclic acetal that has a p-methoxyphenyl substituent at
the carbon atom adjacent to two oxygen atoms underwent
copolymerization with CEVE very effectively, while other
xylose-derive cyclic acetals, which have alkyl or phenyl
substituents, exhibited very low reactivity. In addition, cationic
initiators and Lewis acid catalysts affected the incorporated
ratios of cyclic acetals. A cationic initiator that generates a
noncoordinating counteranion was effective for copolymeriza-
tion via frequent crossover reactions. A gluconic acid-derived
cyclic acetal that has both cyclic acetal and cyclic hemiacetal
ester moieties was not incorporated into polymer chains by the
copolymerization with CEVE, while copolymers were obtained
via the ring-opening of the cyclic hemiacetal ester moiety when

Chart 1. Summary of the Copolymerizations Examined in This Study

Table 5. Tg, Td5, and Td20 Values of the Obtained Polymersa

units per blockb

entry polymer CEVE or VCHO sugar-derived monomer Mn × 10−3c Mw/Mn
c Tg (°C)d Td5 (°C)e Td20 (°C)e

1 CEVE−E-1 copolymer 16 1.0 6.7 1.16 −26 186 252
2 CEVE−E-1 copolymer 4.3 1.0 8.4 2.05 −26 − −
3 CEVE−X-4 copolymer 5.4 1.0 6.4 1.21 28 216 246
4 CEVE−X-4 copolymer 2.6 1.0 24 4.34 33 − −
5 CEVE homopolymer − − 6.5 1.10 −33 104 269
6 VCHO−G-1 copolymer 5.6 1.0 4.5 1.70 2 241 327
7 VCHO homopolymer − − 45 1.95 50 368 409

aAfter purification by preparative GPC. Entry 1: obtained under the same conditions as those for entry 7 in Table 1. Entry 2: obtained under the
same conditions as those for entry 5 in Table S5. Entry 3: entry 12 in Table 1. Entry 4: entry 10 in Table 3. Entry 5: [CEVE]0 = 0.40 M, [IBVE−
HCl]0 = 4.0 mM, [SnCl4]0 = 20 mM, [ethyl acetate] = 50, mM, in dichloromethane at −78 °C. Entry 6: entry 1 in Table 4. Entry 7: [VCHO]0 =
0.26 M, [B(C6F5)3]0 = 1.0 mM, in dichloromethane at −78 °C (ref 68). bCalculated by 1H NMR. cDetermined by GPC (polystyrene standards).
dBy DSC (second heating scan, at 10 °C min−1; see Figure S26). eBy TGA (see Figure S27).
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oxiranes were used as comonomers. The results obtained in
this study contribute to the developments of sugar-derived
polymer synthesis by cationic copolymerization.
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