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ABSTRACT: Cationic copolymerization of different types of monomers, 4-hydroxybutyl vinyl ether (HBVE) and &
caprolactone (CL), was explored using EtSOsH as an acid catalyst, producing copolymers with a remarkably wide variety of
compositions and sequences. In the initial stage of the reaction, HBVE was unexpectedly isomerized to 2-methyl-1,3-
dioxepane (MDOP), followed by concurrent copolymerization of MDOP and CL via active chain end and activated monomer
mechanisms, respectively. The compositions and sequences of the copolymers were tunable depending on the initial mon-
omer concentrations. Moreover, a unique method was developed for transforming a copolymer with no CL homosequences
into an “alternating” copolymer by removing MDOP from the system using a vacuum pump. This was achieved by the tan-
dem reactions of depolymerization (unzipping) and random transacetalization (scrambling) under thermodynamic control.
Specifically, the unzipping of HBVE homosequences proceeded at the oxonium chain end until a nondissociable ester bond
emerged next to the chain end, while the scrambling of the main chain via transacetalization transferred mid-chain HBVE

homosequences into the polymer chain end.

Simultaneous copolymerization via different mecha-
nisms is an intriguing strategy for synthesizing highly func-
tional polymer materials.112 n particular, copolymers with
different types of monomers can be obtained without
cumbersome multistep reactions involving purification
and isolation. For example, a diblock copolymer of &
caprolactone (CL) and styrene was produced in one pot via
simultaneous (but orthogonal) living coordination ring-
opening polymerization (ROP) and nitroxide-mediated
radical polymerization using a bifunctional initiator with
initiating sites for both polymerizations.! A specific type of
this method, in which different mechanisms proceed non-
orthogonally, has a potential to produce copolymers that
are otherwise difficult to obtain. This class of copolymeri-
zation includes the copolymerization of vinyl monomers
and cyclic monomers via the concurrently occurring vinyl-
addition and ring-opening mechanisms?8 and chain- and
step-growth copolymerization.®10 These polymerizations
are effective for the synthesis of multiblock-type copoly-
mers via two-way crossover reactions. A wider variety of
copolymer sequences and architectures can be produced
via this type of copolymerization by completely different
intermediates or mechanisms!%12 because the relative
rates of both reactions are tuned independently by chang-
ing the reaction conditions, such as the amount of catalyst
and the solvent polarity.

The sequence of a copolymer chain is determined by
several factors depending on the type of polymerization
process. When previously formed polymer chains (back-

bone) do not collapse throughout a copolymerization pro-
cess, the sequence is exclusively dominated by the selectiv-
ity of the addition of each monomer to the active species,
which is related to the monomer reactivity ratio in chain-
growth polymerization!3, or by the selectivity of the reac-
tion between the reactive species in step-growth polymer-
ization.!* By contrast, when polymer chains are collapsed
via some reactions, additional factors should be taken into
consideration. For example, in copolymerization involving
depolymerization (equilibrium copolymerization), various
parameters, such as equilibrium constants, are responsible
for the resulting sequence of copolymer chains.151¢ Anoth-
er example is copolymerization involving random segmen-
tal exchanges (scrambling) in main chains, in which copol-
ymer sequences are eventually dominated by a statistical
distribution.7-1? Many studies have been conducted on this
type of polymerization based on reversible exchange reac-
tions of “dynamic covalent bonds”, such as transesterifica-
tion!8 and radical exchange reactions.!® Copolymerization
involving this type of reaction is generally not suitable for
precisely controlling copolymer sequences due to its ran-
dom nature.

In this study, we designed a novel nonorthogonal copol-
ymerization system by combining different types of cation-
ically polymerizable monomers, 4-hydroxybutyl vinyl
ether (HBVE) and CL, using EtSOsH as a catalyst (Scheme
1). In general, such copolymerizations via different mecha-
nisms require an astute strategy to avoid interfering with
each reaction and to connect different types of polymer



chains. The combination of the cationic polyaddition of
vinyl ethers with a hydroxyl group on the side chain (OH-
VEs)202t and the ROP of cyclic esters via the activated
monomer (AM) mechanism?? can satisfy these demands
due to their mechanistic similarity (Scheme S1 in the Sup-
porting Information). Indeed, copolymers containing HBVE
and CL units were successfully produced via simultaneous
copolymerization; however, HBVE was quantitatively
isomerized to 2-methyl-1,3-dioxepane (MDOP) in the very
early stage. Therefore, the reaction devised in this study is
essentially equivalent to the cationic ring-opening copoly-
merization of MDOP and CL, which has also not been re-
ported thus far.232¢ In the copolymerization, MDOP was
incorporated into polymer chains even below its equilibri-
um monomer concentration ([MDOP]e) because depoly-
merization via unzipping was suppressed due to the gen-
eration of MDOP-CL heterosequences. More interestingly,
the sequence transformation of a copolymer with no CL
homosequences to an “alternating” copolymer was
achieved by utilizing unzipping and scrambling reactions
during copolymerization.

Scheme 1. Synthesis of poly(HBVE-co-CL)s with various
sequences via isomerization of HBVE to MDOP and

subsequent cationic copolymerization of MDOP and CL.
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Table 1. Cationic homopolymerization of HBVE and
copolymerization of HBVE and CL using EtSOsH as a
catalyst at various monomer concentrations®

. .to units per
en- conc.(M) time . onV:t0 b Max My/ d
try b polymer (%) 05c M block
HBVE CL HBVE CL HBVE CL

0.50 0.50 87 19

0.50
(MDOP)

1 98 145 19 1.0 5.7
2
3 252 198 75 51 100 208 23 14 18
4
5

0.50 82 19 99 152 19 1.0 5.3

720 0.50 22 72 100 88 27 11 1.0
0.50 - 1 0 - - - - -
6 3.50 - 4 81 - 109 22 - -

a[EtSO3H]o = 5.0 mM, in CHzCl: (entries 1—3, 5 and 6) or bulk
(entry 4) at 30 (entries 1—5) or 0 (entry 6) °C. » Determined
by 1H NMR analysis of quenched reaction mixtures (Figure S1
shows an example). Time-concentration plots of entries 5 and
6 are shown in Figure S2. ¢ Determined by GPC (polystyrene
standards). The values were calculated from main peaks (GPC
chromatograms of entries 4 and 6 are shown in Figure S3). ¢
Determined by 'H NMR analysis (The H NMR spectrum of
entry 4 is shown in Figure S4). ¢ MDOP was used instead of
HBVE.

The cationic copolymerization of HBVE (0.50 M) and CL
(0.50 M) was examined using EtSOsH (5.0 mM) as a catalyst in
toluene at 30 °C, which resulted in a copolymer consisting of
both monomer units (entry 1 in Table 1). The number average
molecular weight (Mn; no unit because not defined as “molar
mass”) of the products increased as the polymerization pro-
ceeded (Figure 1B) to reach 14.5 x 103 (main peak). Tailing
was observed in the low-molecular-weight region of the GPC
chromatograms. MALDI-TOF-MS analysis suggested that the
main portion of the tailing was composed of cyclic oligomers
(Figure S5). The 'H NMR spectrum of the polymer obtained at
87 h (Figure 1C(i)) had peaks of structures derived from
HBVE and CL units and a structure resulting from the crosso-
ver reaction from HBVE to CL
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Figure 1. (A) Time-concentration plots for the copolymerlza-
tion of HBVE and CL [entry 1 in Table 1; determined by 'H



NMR analysis (Figure S1)], (B) GPC chromatograms of
poly(HBVE-co-CL)s (black, entry 1 in Table 1) and their acid
hydrolysis products (green); # conversion to polymer, and (C)
1H NMR spectra of (i) poly(HBVE-co-CL) obtained at 87 h, (ii)
its hydrolysis products, and (iii) CL homopolymer [Mu(GPC) =
2.4 x 103, Mw/Mn(GPC) = 1.5] [hydrolysis: 0.5 M HCl in
H20/1,2-dimethoxyethane (1/1 v/v) (0.5wt% polymer) at r.t.
for 3 h; in CDCls at 30 2C]; * vaseline.

[peak 12, which is absent in a CL homopolymer (Figure
1C(iii))], suggesting the successful formation of
poly(HBVE-co-CL). The average numbers of both monomer
units per block, calculated from the ratios of 1H NMR inte-
grals, were 1.0/3.8 and 1.0/5.7 for HBVE/CL at 12 h and 87
h, respectively. These results indicate that a copolymer
with negligible HBVE homosequences and multiple HBVE-
CL and CL-HBVE heterosequences per chain was success-
fully produced.

The hydrolysis of the copolymers under acidic condi-
tions was conducted to corroborate the copolymer struc-
ture. The 'H NMR spectrum after hydrolysis (Figure 1C(ii))
confirmed the disappearance of the peak of the acetal moi-
ety at 4.6 ppm. The hydrolysis products were composed
mainly of CL homosequences with a 4-hydroxybutoxy end
group derived from the HBVE moiety, as demonstrated by
'H NMR (Figure 1C(ii)) and MALDI-TOF-MS (Figure S6)
analyses. In addition, the clear shift in the GPC chromato-
grams to the lower region and the significant decrease in
M values after hydrolysis suggests that the copolymer had
not a diblock structure but a multiblock structure with
many acetal moieties of CL-HBVE heterosequences. The
M:u(GPC) values of the hydrolysis products were 0.6 and
0.8 x 103 at 12 h and 87 h, respectively, which is consistent
with the above-estimated numbers of units per block.

This copolymerization was found to be essentially iden-
tical to the cationic ring-opening copolymerization of
MDOP and CL due to the instantaneous isomerization of
HBVE to MDOP. Figure 1A presents the changes in the con-

centrations of HBVE, MDOP, and CL in the copolymeriza-
tion. HBVE was quantitatively consumed (filled blue circles
in Figure 1A), and instead MDOP was formed (open
squares) within five minutes. The generated MDOP was
gradually consumed in the copolymerization with CL. In
addition, the copolymerization of CL with MDOP instead of
HBVE under the same conditions, which was conducted to
observe differences, resulted in very similar kinetics, mo-
lecular weights, and microstructures (entry 2 in Table 1
and Figure S7). Cyclic acetals were also generated in previ-
ous reports on the cationic polyaddition of OH-VEs in
THF2021, although the cyclic acetals were suggested to be
unreactive.?s

The propagation reaction of MDOP is considered to pro-
ceed mainly via the active chain end (ACE) mechanism at
the oxonium chain ends?¢, while the propagation of CL
probably proceeds only at the hydroxy ends via the AM
mechanism (Scheme 2B, left). In addition, intra- and in-
termolecular chain end-coupling potentially occurs be-
tween the oxonium and hydroxy ends (Scheme 2B, right).
The former is likely responsible for the production of a
large amount of cyclic oligomers.2” The existence of both
oxonium and hydroxy ends is supported by the end group
analysis of HBVE homopolymers (Figure S8). In addition,
random segmental exchange via transacetalization282?
(scrambling) was found to occur frequently during the
copolymerization (Scheme 2C).30

The homopolymerization of HBVE under the same con-
ditions as those used for copolymerization produced only
MDOP, and no polymers were obtained (Scheme 2A and
Figure S2A), unlike the copolymerization with CL. This
result is attributed to the lower monomer concentrations
used (0.50 M) compared to [MDOP]e (2.7 M at 30 2C).2631
HBVE homsequences were also not generated in copoly-
merization conducted at the same concentration of HBVE
(0.50 M; entry 1 in Table 1). Therefore, depolymerization
(unzipping) via the

Scheme 2. (A) Isomerization of HBVE to MDOP and subsequent cationic copolymerization with CL, (B) propagation
and end-coupling reactions, (C) inter- and intramolecular transacetalization in the copolymerization of HBVE and
CL9, and (D) backbiting reactions in the cationic polymerization of HBVE (left) and its suppression in the presence

of a CL unit (right).



(A) Isomerization of HBVE to MDOP and copolymerization with CL
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a See Scheme S2 for more detailed reaction schemes.

backbiting reaction at the oxonium chain end (Scheme 2D,
left), which occurs below the equilibrium concentration of
MDOP, was most likely suppressed when an ester bond
with a CL unit exists next to the oxonium chain end
(Scheme 2D, right). This result is partially similar to the
copolymerization of nonhomopolymerizable monomers.32
36

Copolymers with various types of sequences were ob-
tained by varying the initial monomer concentrations. In
contrast to the aforementioned results, HBVE homopoly-
mers were generated at a high HBVE concentration (entry
6 in Table 1 and Figure S2B, 3.50 M; this value is higher
than [MDOP]e), as previously reported.3! This result sug-
gests that copolymers containing HBVE homosequences
can also be produced. Indeed, a multiblock-like copolymer
of HBVE and CL was generated at high concentrations of
both monomers (entry 3). Moreover, even a copolymer
with negligible CL homosequences was obtained at a much
higher concentration of HBVE compared to that of CL (en-
try 4).

Based on the characteristic copolymerization behavior,
we designed a unique strategy for producing an “alternat-
ing” copolymer as follows: First, the copolymerization is
performed at a much smaller concentration of CL than that
of HBVE in order to produce a copolymer with no CL ho-
mosequences, as in the case of entry 4 in Table 1 (step 1 in
Scheme 3). Subsequently, the pressure is reduced using a
vacuum pump to

Scheme 3. Strategies for the transformation of
poly(HBVE-co-CL) with no CL homosequences to
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a More detailed reaction mechanisms, which include intra-
and intermolecular transacetalization and the formation of
not head-to-tail but head-to-head sequences, are shown in
Scheme S3 and Figure S13A.
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Figure 2. (A) 1H NMR spectra of (i) poly(HBVE-co-CL), (ii) the
product obtained after vacuuming (a larger spectrum is
shown in Figure S10), and (iii) the product in the trap in CDCl3
at 30 2C; * CHzClz, (B) vacuuming time-units per block plots
for the copolymerization of HBVE and CL (the values were
calculated from 'H NMR integrals), and (C) GPC chromato-
grams of the products before (upper) and after (below) vacu-
uming (orange: transesterification products); # conversion to
polymer {polymerization conditions: [HBVE]wta = 6.42 M,
[CL]total =1.42 M, [EtSO3H]total =10 mM, [CHZCIZ]tQtal =0.40 M,
in bulk at 30 °C; transesterification: 25 mM Ti(OBu)s in
BuOAc/CHzClz (8/1 v/v) (0.3 wt% polymer) at 70 2C for 21 h}.

remove MDOP (b.p. 154 2C), which is generated via unzip-
ping reactions, from the system (step 2 in Scheme 3). The
decrease in MDOP concentration further moves the posi-
tion of the addition-unzipping equilibrium, which pro-
motes the unzipping of HBVE homosequences at the oxo-
nium chain end (Scheme 2D). Unzipping stops when a CL
unit emerges next to the chain end (step 2 (i)); however,
random sequence redistribution via scrambling occasion-
ally induces the reappearance of HBVE homosequences at
the chain end (step 2 (ii)), which leads to unzipping again.
The repetition of (i) and (ii) will eventually eliminate all
the HBVE homosequences from the polymer chain; hence,
a copolymer with “alternating” sequences (acetal and ester
units are alternatingly aligned; Scheme S3) will be ob-
tained.

An “alternating” copolymer was successfully generated
via the above-described method. In step 1, a copolymer
with negligible CL homosequences was produced by keep-
ing the instantaneous concentration of CL low (< 0.5 M) via
incremental additions of CL (CL was added three times and
quantitatively consumed). The 'H NMR spectrum of the
copolymer obtained before vacuuming (Figure 2A(i)) indi-
cates that the peak of CL homosequences (peak 5) is very
small, and the average number of units per block was cal-
culated to be 3.7/1.1 for HBVE/CL. Subsequently, vacuum-
ing of the system was conducted, which resulted in a grad-
ual decrease in the volume of the reactants. Accordingly,
the average number of HBVE units decreased (Figure 2B),
and finally 1.0/1.1 HBVE/CL units per block (Figure 2A(ii))
was reached, suggesting the formation of an “alternating”
sequence. The ESI-MS spectrum of the product after vacu-
uming had peaks with m/z values corresponding to struc-
tures consisting of comparable HBVE and CL units, which
also supported the “alternating” sequence (Figure S11).
The product after vacuuming had a lower M, value than
the original copolymer (Figure 2C, black) due to the re-
moval of the HBVE homosequences. In addition, the MDOP
removed via vacuuming was recovered in a trap with a
purity of >99.9% (Figure 2A(iii)). DSC measurements
showed that the “alternating” copolymer has the T, value
of =70 °C, which is between the values of HBVE and CL
homopolymers (Figure S12).

The ester degradation of the obtained copolymer via
transesterification reaction with butyl acetate by Ti(OBu)4
also supported the “alternating” sequence of the copoly-
mer. 'H NMR analyses of the product obtained by trans-
esterification confirmed the quantitative transformation of
the original ester moieties into esters with butyl acetate-
derived fragments (Figure S13B). The degradation product
had an M, value much lower than that of the original co-
polymer (Figure 2C, orange). In particular, the low M, val-
ue and narrow MWD of the degradation product (Figure
2C, orange, below) corroborated the “alternating” se-
quence of the copolymer.37 Structures derived from the
“alternating” sequences were detected in the ESI-MS anal-
ysis of the transesterification products (Figure S14)

In conclusion, the copolymerization of HBVE and CL was
demonstrated to proceed through the instantaneous isom-
erization of HBVE to MDOP and the subsequent cationic
ring-opening copolymerization of MDOP and CL via con-
currently occurring ACE and AM mechanisms. Copolymers
with various kinds of sequences were synthesized by
changing the initial monomer concentrations. Throughout
the copolymerization process, acetal moieties were fre-
quently rearranged via transacetalization and backbiting
reactions, while previously formed ester bonds were es-
sentially unchanged. These characteristic reaction behav-
iors allowed sequence transformation from copolymers
with no CL homosequences to “alternating” copolymers by
removing MDOP via vacuuming. The removed MDOP, re-
usable as a monomer, was collected in a trap and had a
purity of >99.9%. Using this novel copolymerization sys-
tem, a variety of poly(acetal-co-ester)s with different
monomer structures, composition ratios, and sequences
can be easily produced, which will contribute to a system-
atic understanding of the structure-property relationship.
Furthermore, the concept of sequence transformation can



be applied to other copolymerization systems with similar
reaction behaviors, which will widen the variety of acces-
sible copolymer architectures.
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