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Magnesium bromide (MgBr,) was found to be an effective catalyst for the ring-expansion cationic poly-
merizations of isobutyl vinyl ether (IBVE) initiated by a “cyclic” hemiacetal ester (HAE) bond-based initiator
leading to the syntheses of cyclic poly(IBVE)s. Crucial to the achievement is the choice of the quencher
(e.g., DMF or DMSOQ) instead of methanol as well as the realization of living cationic polymerization with
an “acyclic” HAE-based initiator under magnesium catalysis. The advantage of MgBr, over a conventional
catalyst (i.e., SnBry) is that several types of cyclic molecules are available as initiators, including a meth-
acrylate type vinylidene group-embedded cyclic compound. The reactive group-carrying initiator allowed
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Introduction

In cationic addition polymerization of vinyl monomers,
various metal halide Lewis acids (MX,s) are often used as a
catalyst in conjunction with a protonic acid (HB), and the
resultant counteranion (BMX, ) derived from the two com-
ponents greatly affects the propagation behaviors of the
growing carbocationic species.” The extensive investigations of
the binary system have allowed the living cationic polymeriz-
ation of various monomers such as vinyl ether, isobutylene,
and styrene derivatives, and thus the methodology to control
cationic polymerization has been systematically developed.
The selection of a Lewis acid is crucial to realize the living
polymerization, and particularly this is the case even for
achieving more advanced control of primary characteristics,
such as tacticity,®” regioselectivity,® and sequence.” ™"

In response to increasing interest in the physical properties
and functions of topologically unique polymers, the precise
syntheses of cyclic polymers have attracted attention.">> One
efficient and reliable approach is “ring-expansion polymeriz-
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Michael addition reaction while retaining the cyclic topology.

ation (REP)”.'®' The notable feature is that dilution con-
ditions are not necessarily required, which is completely
different from the cyclization approach using linear telechelic
chains. Most of the REP systems developed earlier were based
on the ring-opening polymerizations of cyclic monomers, but
recently the ring-expansion addition polymerization of acyclic
monomers (i.e., vinyl monomers)'®>® has also been achieved
through molecular design on the basis of precision polymeriz-
ation systems. For instance, we have reported the ring-expan-
sion cationic polymerization of vinyl ethers (Fig. 1A).>°° The
preliminary key for the achievement is the control of the
reversible activation of an in-chain hemiacetal ester (HAE)
bond in a cyclic initiator (1) on the basis of the living cationic
polymerization of vinyl ethers with the acetic acid adduct
initiator [2, an adduct of acetic acid to isobutyl vinyl ether
(IBVE)].***” The side reaction that could happen in cationic
polymerization, ie., f-proton elimination, is unfavorable for
the synthesis of cyclic polymers (Fig. 1B). In addition, the
counteranion exchange reaction between the acetate anion
and the halogen atom in the Lewis acid must be avoided
because the reaction causes the generation of halogen-capped
“linear” dormant species. Our previous study has revealed
typical Lewis acid catalysts that are known to be useful for cata-
lyzing living cationic polymerization, such as EtAICl,, SnCly,
and TiCly, in conjunction with 1 resulting in the generation of
a linear polymer carrying the methoxy terminal. Probably, a
counteranion exchange reaction occurred during the polymer-
ization, and the chlorine terminal was replaced with methoxy
on quenching with methanol to deactivate the Lewis acid cata-
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Fig. 1 (A) SnBr4-catalyzed ring-expansion cationic polymerization of vinyl ether with a cyclic HAE-based initiator (1); ideal propagation and termin-
ation (a) and unfavorable side reactions (b and c). (B) SnBry-catalyzed living cationic polymerization of IBVE with an acyclic HAE-based initiator 2

affording an HAE terminal structure.

lyst.>® On the other hand, tin(iv) bromide (SnBr,) specifically
allowed the syntheses of cyclic polymers even after quenching
by methanol. The result confirmed that SnBr,-catalyzed living
cationic polymerization of IBVE with the acyclic HAE-based
initiator (2) affords polyIBVEs carrying the HAE-bonded term-
inal after methanol quenching.’” To date, the applicable cata-
lyst for the cationic REP has been limited to SnBr, in combi-
nation with 1. An emergence of a versatile catalyst enabling
the construction of various ring-based architectures in con-
junction with some types of cyclic initiators has been in
demand.

In this report, we thus focused on magnesium bromide
(MgBr,) as a catalyst for ring-expansion cationic polymeriz-
ation. The magnesium ion (Mg”>") is categorized as a “hard”
acid showing relatively high oxygen affinity, and hence we
expected that it can work as a catalyst for activation of the HAE
bond via the coordination of the carbonyl group. Indeed, some
reports on organic reactions®® and polymerizations®®*® with
MgBr, showed the promotion of the reaction, as well as
enhancement in the selectivity, via coordination of the carbo-

This journal is © The Royal Society of Chemistry 2021

nyl group. As for cationic polymerization, the study on the use
of magnesium catalysts dates back to 1963,""*> and, to the
best of our knowledge, there have been no examples of living
cationic polymerization with a magnesium catalyst. Therefore,
prior to the study of ring-expansion cationic polymerization
with the “cyclic” initiator (1), we examined the potential of
MgBr,-catalyzed living cationic polymerization with the
“acyclic” initiator (2).

Results and discussion
Model experiments with acyclic initiator 2

Fig. 2 shows the results of the cationic polymerization of IBVE
with MgBr, as a catalyst in conjunction with 2 as an initiator.
A solution of MgBr, in diethyl ether (Et,O) was added to a
toluene solution containing other components for the
initiation of the polymerization. 2,6-Di-tert-butyl-4-methyl-
pyridine (DTBMP) was used as a proton trap to align the opti-
mized conditions in our previous study for ring-expansion cat-
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Fig. 2 MgBr,-catalyzed living cationic polymerizations of IBVE with 2 as an initiator: [IBVE]o/[2]o/[MgBr,]lo/[DTBMP], = 1520, 760, 380, or 190/5.0/
10/0.15 mM in toluene/Et,O (90/10 vol%) at 0 °C. (A) The first order kinetic plots, (B) the relationship between M,s of the obtained poly(IBVE) and
conversion, (C) SEC curves of the obtained poly(IBVE)s, and (D) *H NMR spectrum of poly(IBVE) obtained at 92% conversion for [monomerlo/

[initiator]y = 304.

ionic polymerization with SnBr,.>° Indeed, the proton trap
addition was helpful to ensure the reproducibility of the
results. As shown in Fig. 2A-C, the magnesium catalytic
system enabled highly controlled living cationic polymeriz-
ation: the first order kinetic plots were almost linear regardless
of the injection ratio ([monomer]y/[initiator],); the molecular
weight linearly increased in proportion to conversion depend-
ing on the injection ratio; the SEC curves shifted to a higher
molecular weight while keeping very narrow molecular weight
distributions (M,/M, < 1.06). The structure of the obtained
poly(IBVE) after quenching with methanol (92% conversion for

704 | Polym. Chem., 2021,12, 702-710

the 304 mer condition, M, = 28 000, M,,/M, = 1.06 from SEC
with PSt calibration) was characterized by '"H NMR (Fig. 2D).
The peak (f) derived from the methine proton neighboring to
the methoxy group at the w-terminal was clearly observed, and
the integration ratio to another minor peak (a) from the
methyl protons of the initiator at the a-terminal was almost
1:3. The peak from the methine proton of the HAE bond end
group was not observed. Thus, in this case, methoxy capping
took place by methanol for the deactivation of MgBr,. The
quenching reaction should be noted in the ring-expansion
polymerization for the syntheses of cyclic polymers.

This journal is © The Royal Society of Chemistry 2021
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MALDI-TOF-MS of the lower molecular weight sample (65%
conversion for the 38 mer condition, M, = 4200, M,,/M,, = 1.04
from SEC with PSt calibration) also supported the formation of
a well-defined polymer carrying the methoxy-capped acetal
terminal with the lower molecular weight sample (Fig. S17).

Other magnesium compounds, such as diethyl etherate
(MgBr,-OEt,), MgCl,, Mgl,, and Mg(OTf),, were also tested as
catalysts for cationic polymerization with 2 (Fig. S27). The ethe-
rate complex allowed living polymerization similar to MgBr,.
The polymerization with MgCl, proceeded heterogeneously
due to the low solubility, and the molecular weights of the
obtained polymers were not controlled. When iodide was used,
the polymerization proceeded very slowly. The molecular
weight distributions were narrow at the earlier stage but
became broader as polymerization proceeded. In particular, a
tailing peak was observed in the lower molecular weight
region, which is presumably due to the occurrence of a chain-
transfer reaction via f-proton elimination. Magnesium triflate
was incapable of catalyzing the polymerization at all. Thus,
MgBr, and etherate were found specifically to be appropriate
as catalysts for the HAE-based initiating system. In the follow-
ing polymerizations, MgBr, was used as a catalyst.

Cationic polymerization with cyclic initiator 1

The excellent catalyst performance of MgBr, in living cationic
polymerization with an acyclic initiator encouraged us to use
the catalyst for ring-expansion cationic polymerization with
the cyclic counterpart (1) (Fig. 3A). Given the fact that a
methoxy-capped polymer was formed by methanol quenching
in the acyclic initiator model system, it was predicted that
methanol was not suitable as the quencher to synthesize cyclic
polymers. Thus, we studied other Lewis bases as a quencher
for the deactivation of MgBr,. Here, from our previous
studies,”® some signs were observed in SEC analyses when
cyclic polymers are formed: SEC curves are multimodal; the
curves turn unimodal via an acidolysis treatment with trifluor-
oacetic acid (TFA) while giving higher peak molecular weights.
These signs are due to the generation of fused cyclic chains via
a counteranion exchange or chain transfer reaction between
cyclic polymers and transformation of the cyclic chains into
linear chains by irreversible cleavage of the HAE bonds in the
chains via the acidolysis treatment. Consequently, when
methanol was used as the quencher, the SEC curve was unimo-
dal similar to the case with 2, and the position of the SEC
curve did not shift at all via acidolysis. This trend indicated
that the obtained polymer was not cyclic but linear (Fig. 3B).
On the other hand, when DMF or DMSO was used as the
quencher, multimodal SEC curves peculiar to the formation of
a cyclic polymer via ring-expansion cationic polymerization
were obtained. As expected, the multimodal peak turned
unimodal via acidolysis with TFA, and the main peak shifted
to a higher molecular weight. The SEC curve after the acidoly-
sis was very narrow (M,/M, < 1.05), and the molecular weight
distribution was comparable to the model polymerization with
the acyclic initiator 2. The structures of the obtained polymers
after quenching with DMF, DMSO, and methanol were charac-

This journal is © The Royal Society of Chemistry 2021
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terized by 'H NMR and MALDI-TOF-MS. A peak from a
methine proton of the HAE bond (j) was clearly detected
when DMF or DMSO was used as the quencher. On the other
hand, the peak was not observed in the case with the methanol
quencher, and instead a peak from a methine proton of
methoxy-capped acetal (j') was observed. In all cases, the
apparent molecular weights calculated from the integration
ratio of the minor peak to the repeating unit peaks agreed well
with those from the injection ratio and conversion, suggesting
the quantitative introduction of the HAE or acetal bond. These
structures depending on the quencher were also supported by
MALDI-TOF-MS (Fig. S31). The mass of the peak series with
the interval of the IBVE repeating unit agreed with the mole-
cular weight of the ideal cyclic structure in the case with DMF
and DMSO as a quencher. A minor peak series that cannot be
identified was also observed for the DMSO quencher, but they
were not from the linear chain. On the other hand, the main
peak series in the case with methanol quencher clearly sup-
ported the formation of a different type of polymer that is defi-
nitely a linear chain capped with the methoxy group. As pre-
dicted from the result of the model polymerization with 2,
methanol likely worked as a capping agent via reaction with
the carbocationic species. It is assumed that a methoxy
capping reaction took place prior to the full deactivation of
MgBr, due to the relatively robust nature of MgBr,. On the
other hand, in the case of SnBr,, the catalyst is probably de-
activated very quickly upon methanol addition, and thus the
HAE bond is maintained. Thus, methanol was found to be
unavailable as the quencher for the syntheses of cyclic poly-
mers with the MgBr, catalyst. DMF was used as the quencher
for the following experiments of ring-expansion -cationic
polymerization with MgBr,. We also confirmed that DMF was
available as a quencher for the syntheses of cyclic polymers
even with SnBr, as the catalyst.

Fig. 4 shows some SEC curves of the polymers with
different conversions quenched by DMF in comparison with
those obtained with SnBr,. The curves consisted of unimodal
and multimodal peaks and shifted to higher molecular
weights without spreading to lower molecular weights as
polymerization proceeded. Thus, the polymerization was basi-
cally controlled without p-proton elimination. The SEC curves
were broad due to the ring fusion, and the trend was very
similar to the case with SnBr,. However, a careful analysis of
the SEC curves revealed differences in the ratio of the higher
molecular weight peak derived from ring fusion: MgBr,
seemed to give a slightly greater ratio than SnBr,. The ratio of
the fused ring to the whole cyclic polymer, which was esti-
mated from the integration ratio of the peaks, was plotted
against conversion for comparison between the two catalytic
systems. As a result, the system with MgBr, tended to give a
higher ratio of the fused ring than with SnBr,, and the differ-
ence was obvious at the earlier polymerization stage. To
confirm the peculiar feature of MgBr,, the evaluation of the
interaction for the cyclic initiator was attempted by '"H NMR.
However, the spectrum of the mixture of 1 and MgBr, was too
complicated for the evaluation due to the ring-opening
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Fig. 3 Effects of a quencher for the cationic polymerization of IBVE with 1 and MgBr,. (A) Scheme; (B) SEC curves of the obtained poly(IBVE)s with
methanol, DMF, and DMSO as the quencher and those after acidolysis with TFA/H,O. (C) *H NMR spectra of poly(IBVE)s: [IBVE]o/[1]o/[MgBr.lo/
[DTBMP], = 380/5.0/10/0.15 mM in toluene/Et,O (90/10 vol%) at 0 °C. Polymerization was terminated by the addition of a quencher (methanol,

DMF, or DMSO).

polymerization of 1. Therefore, 3 was newly prepared as an
“inactive” HAE bond-embedded cyclic molecule for the evalu-
ation. Herein, two carbons in the 6-membered cyclic HAE
structure are shared with benzene, and thus 3 is too stable to
be opened by the Lewis acid activation. Indeed, 3 was incap-
able of initiating the cationic polymerization at all. In the spec-
trum of the 1:2 mixture of 3 and MgBr,, the peak from the
methylene protons of the HAE bond apparently shifted to a
lower magnetic field. On the other hand, such a peak shift was
not observed with SnBr,. Here, for the rigorous comparison of

706 | Polym. Chem., 2021,12, 702-710

the catalytic activity in cationic polymerization between MgBr,
and SnBry, the cationic polymerization with 1/SnBr, was per-
formed under the conditions same as those with MgBr,
([Lewis acid], = 10 mM in the presence of 10 vol% Et,0). The
polymerization proceeded much faster, and the polymerization
was not controlled enough resulting in the generation of linear
polymers, which was found through the acidolysis experiment
(Fig. S47). From the result, the catalytic activity of MgBr, was
found to be essentially lower than that of SnBr,, while the opti-
mized conditions were required for the control of the ring-

This journal is © The Royal Society of Chemistry 2021
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Fig. 4 Comparison between MgBr, and SnBr4 in the ring-expansion cationic polymerization of IBVE with 1: (A) SEC curves of the obtained poly
(IBVE)s (B) ratios of the fused ring estimated by peak separation. (C) *H NMR analyses of the mixture of MgBr, or SnBr, with 3 as the model com-

pound for the evaluation of the interaction with the HAE bond.

expansion polymerization according to the Lewis acid catalyst.
Nevertheless, the model reaction experiments indicated that
MgBr, interacts with the HAE bond more strongly than SnBr,.
Presumably, due to the higher oxophilicity or poor solubility of
MgBr,, the degree of interaction with the HAE bond is higher,
and thus the apparent concentration of the initiator or the
generating polymer chain becomes higher, and thus ring
fusion is likely to occur more frequently than with SnBr,.

Ring-expansion cationic polymerization with various cyclic
initiators

Another type of HAE-embedded cyclic compound was also
studied as the initiator. When a 6-membered cyclic molecule
carrying the HAE bond (4)** was used as the initiator in con-
junction with SnBr,, the polymerization was apparently decel-

This journal is © The Royal Society of Chemistry 2021

erated in comparison with 1 (Fig. 5A). In the SEC analyses of
the obtained polymers, multimodal peaks shifted to higher
molecular weights as the polymerization proceeded, indicating
the progression of ring-expansion polymerization. However,
the ratio of the peak at lower molecular weight, which is prob-
ably derived from the non-fused or single ring, was low, and
the peak eventually became quite minor for the whole peak. In
addition, the SEC curves of the polymers after acidolysis were
relatively broad (M,,/M,, > 1.3). It is supposedly considered that
the initiation was not regulated and the polymerization was
accompanied by some side reactions. On the other hand,
MgBr, allowed almost the same rate as with 1, although a
slower initiation reaction of 4 was predicted than that of 1,
because the ring strain is lower. Presumably, the higher inter-
action of MgBr, with the HAE bond led to ring fusion at the

Polym. Chem., 2021,12, 702-710 | 707
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earlier stage, and therefore the effects of the ring strain were
negligible. The SEC curves of the polymers quenched by DMF
were peculiar to ring-expansion cationic polymerization.
Furthermore, they turned very narrow (M,,/M,, < 1.1) via acido-
lysis, and the peak top shifted to a higher molecular weight,
indicating that the cyclic chains including the fused rings were
converted into linear ones of narrow molecular weight distri-
bution. The cyclic structure of the resultant polymer was sup-
ported by "H NMR and MALDI-TOF-MS (Fig. S51). Note that
the specific peak to the moiety in the initiator 4 (methylene
protons neighboring the carbonyl group), which was not
detected when 1 was used (see Fig. 3C), was clearly observed at
around 2.5 ppm with a reasonable integration ratio. Thus,
MgBr, was found to work as a catalyst to control ring-expan-
sion cationic polymerization with 4 that was not available as
the initiator in conjunction with SnBr,.

MgBr, might contribute to expanding the scope of the
applicable initiator for ring-expansion cationic polymerization.

708 | Polym. Chem., 2021,12, 702-710

Particularly, the use of an initiator carrying a reactive site is of
great interest toward the modification of the resultant cyclic
polymer via post-polymerization. Thus, a 6-membered cyclic
molecule 5, in which the methacrylate-type vinylidene group is
embedded along with a HAE bond, was used as the initiator in
conjunction with MgBr,. The compound has been studied as a
methacrylate-type cyclic monomer for chain-growth polymeriz-
ation.” In contrast to SnBr, resulting in obviously poor
control (Fig. S61), MgBr, gave the typical results of ring-expan-
sion polymerization for the SEC analysis similar to those with
cyclic initiators such as 1 and 4 (Fig. S77). The structure of the
thus obtained polymer (conv. 49%, 6 hours, M, = 8000, M,,/M,
= 1.95, Fig. 6A) was characterized by "H NMR (Fig. 6B). The
minor peak based on the methine proton (a) in the HAE bond
around 6.5 ppm was observed as usual, and those from the
vinylidene group (b) seemed to overlap at the same area.
However, the mass of the peak series observed by
MALDI-TOF-MS certainly supported the generation of the ideal

This journal is © The Royal Society of Chemistry 2021
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Fig. 6 Ring-expansion cationic polymerization of IBVE with 5 and MgBr,, and the post-polymerization reaction of the vinylidene group with thio-
glycerol. (A) SEC; (B) 'H NMR; (C): MALDI-TOF-MS [IBVElo/[5lo/IMgBr2lo/[DTBMP], = 380/5.0/5.0 or 10/0.15 mM in toluene/Et,O (90/10 vol%) at
0 °C. The sample was obtained at 49% conversion (1 hour). See the ESI} for the conditions of the post-polymerization reaction.

cyclic polymer carrying the methacrylate vinylidene group in
the chain (Fig. 6C). The vinylidene group is available not only
as a monomer for radical or anionic polymerization, but also
as a reactive site for thiol-Michael addition. Herein, the latter
reaction was studied, and thioglycerol was selected as the
model reactant for the introduction of the glycerol group. An
excess of thioglycerol was added into a THF solution of the
polymer in the presence of EtzN. The structure of the thus
obtained polymer was then analyzed for the evaluation of
whether the glycerol group was introduced without damaging
the cyclic structure. The SEC curve after the reaction was
almost the same as before, indicating that the HAE bond was
not cleaved during the reaction or the workup process.
Meanwhile, a clear change was observed in the 'H NMR spec-
trum: several minor peaks around 6-7 ppm turned simpler,
and the peak shape resembled that usually observed from the
methine (b') of the HAE bond in cyclic polyIBVE. Instead,
other minor peaks appeared around 2.5-3 ppm, which was
likely attributed to the methylene and methine protons (c, d,

This journal is © The Royal Society of Chemistry 2021

and e) introduced via the reaction. The molecular weights cal-
culated with the integration ratios of the minor peaks almost
agreed with the calculated value from the conversion. Thus, it
can be concluded that the introduction of the vinylidene
group as well as the glycerol group was almost quantitative.

Conclusion

MgBr, was useful as a catalyst for synthesizing cyclic poly
(IBVE)s under the control of reversible activation of the HAE
bond in ring-expansion cationic polymerization. The key was
the precise control of the model polymerization with an acyclic
HAE-based initiator and judicious selection of the quencher
(DMF or DMSO) to terminate the polymerization while
keeping the cyclic dormant species. In contrast to SnBr, that is
a conventional catalyst useful only for the 7-membered
initiator, MgBr, allowed the generation of cyclic polymers from
other types of cyclic initiators including the methacrylate-

Polym. Chem., 2021,12, 702-710 | 709
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embedded one useful for pinpoint modification via post-
polymerization. Thus, the new initiation system with MgBr, is
promising for the construction of ring-based architectures
made of poly(vinyl ether)s.
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