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Alternating cationic copolymerizations of 2-chloroethyl vinyl ether (CEVE; unit A) and cyclic trimers pre-

pared from the cyclotrimerization of one vinyl monomer (unit B) and two aldehyde molecules (unit C)

were investigated to obtain polymers with ABCC-type monomer sequences. The kinds of vinyl monomers

and aldehyde molecules incorporated into the cyclic trimers affected the crossover frequencies during

the copolymerizations with CEVE. In particular, a cyclic trimer consisting of isobutyl VE (IBVE) and

2-nonenal (NNE) was highly effective for alternating copolymerizations with CEVE at appropriate
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Introduction

In the polymerization of two or more monomers, the differ-
ence in monomer sequences is an important structural para-
meter of the polymers."”” The ultimate goal of synthetic
polymer chemistry is to obtain polymers with defined
monomer sequences comparable with those of natural macro-
molecules such as proteins and DNA.? The polymerization pro-
tocols used to control monomer sequences are roughly divided
into the following three categories: the iterative method, direct
polymerization, and the sequence-programmed monomer
strategy.” Each method has inherent disadvantages, such as
time or yield losses and limitations of applicable monomers.
In the sequence-programmed monomer strategy, reactive oli-
gomers containing periodic monomer sequences are syn-
thesized and subsequently polymerized to yield polymers with
periodic sequences.”* Although the preparations of such
monomers generally require multiple steps consisting of itera-
tive reactions, isolations, and purifications, a high-molecular-
weight (high-MW) polymer with the desired monomer
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monomer concentrations. The obtained alternating copolymers potentially had three different sequences
of ABCC-, ACCB-, and ACBC-types due to the different addition and ring-opening modes of the cyclic
trimer. Structural analysis of the products obtained by methanolysis of the alternating copolymers
revealed that ABCC-type periodic sequences were mainly obtained (83% under optimized conditions).

sequences can be obtained. In addition, copolymerization of
sequence-programmed monomers and other monomers
widens the accessibility of monomer sequences.***’

In the copolymerization of the same types of monomers,
such as vinyl monomers, using chain-growth polymerization,
homopropagation and crossover reactions occur statistically
based on the reactivity ratios of comonomers, which results in
sequence-uncontrolled polymers in most cases. On the other
hand, copolymerizations of different types of monomers
potentially achieve highly selective propagation reactions due
to the reaction selectivity of propagating species derived from
different types of monomers. For example, concurrent vinyl-
addition and ring-opening copolymerizations of vinyl and
cyclic monomers are often difficult, while several studies have
overcome the inertness and realized the crossover reactions
between vinyl and cyclic monomers.'®>* Such reaction selecti-
vity in the copolymerization of different types of monomers
can be useful for the control of monomer sequences, particu-
larly when one or more comonomers do not exhibit
homopolymerizability.

The structures of active chain ends derived from vinyl
monomers and cyclic monomers are highly important for suc-
cessful copolymerization by frequent crossover reactions.
During cationic copolymerization, oxonium ions, which are
active species of oxygen-containing cyclic monomers, do not
react with vinyl monomers. Therefore, carbocation generation
by ring-opening reactions of oxonium ions is indispensable for
copolymerizing vinyl monomers and oxygen-containing cyclic
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monomers by crossover reactions.>* For example, ring-opening
reactions of cyclic acetals generate alkoxy-adjacent carbo-
cations that are structurally similar to vinyl ether (VE)-derived
carbocations. The cationic copolymerization processes of vinyl
monomers and cyclic acetals were reported several decades
ago.”*** Qur group has conducted systematic studies of the
effects of the ring members and substituents of cyclic acetals
on copolymerization behaviors.”® Additionally, the one-pot
synthesis of ABC-type periodic terpolymers has been achieved
by an AB-type sequence-programmed cyclic acetal synthesis
and subsequent alternating cationic copolymerizations with
VEs (unit C).>

In this study, a novel system for sequence-regulated
polymer synthesis was developed based on sequence-pro-
grammed monomer synthesis and alternating cationic copoly-
merizations (Scheme 1). We focused on cyclic trimers consist-
ing of one vinyl monomer and two aldehydes, which were gen-
erated by the side reactions during alternating cationic copoly-
merizations of vinyl monomers and conjugated aldehydes.>”"*®
Cyclic trimers are regarded as cyclic acetal monomers with
structures that are similar to that of 2-methyl-1,3-dioxane
(MDOX). Thus, cyclic trimers potentially undergo cationic
copolymerization with vinyl monomers. According to a sys-
tematic investigation of monomer structures, alternating cat-
ionic copolymerizations were shown to proceed when
2-nonenal (NNE)-containing cyclic trimers were used under
optimized conditions. The alternating copolymer potentially
has three different monomer sequence types—ABCC,**°
ACCB, and ACBC—due to the three possible ring-opening
modes. The monomer sequences of the obtained polymers
could be determined by structurally analyzing the acid metha-
nolysis products. The results indicated that the ABCC- and
ACBC-type periodic sequences were obtained via the ring-
opening reactions of cyclic trimers. The ratios of the two types

Previous studies
Cationic copolymerization of VEs and MDOX

\\l o/j (/Y //\ro\/\,oﬁ
+ =,

OR' /l\o OR! OR' n

Cyclotrimerization of VEs and aldehydes

Y %
0 Cyclic acetal structure
\ﬁonz" 13—— Jo\)j\ ~ i/j @,Varlous combinations
R "07 "R? (o)

9’ High selectivity

This study

Cationic copolymerization of VEs and cyclic trimers

OR?
\\

o
+
1

OR RgJ\ G

® &

Alternating
copolymerization

—_—
R3

ABCC-type ACBC-type

N YO YO

OR' OR?2 R® R® OR' R® OR? R®

o Wag 500

Composition of ABCC-type
40-83%

Scheme 1 Synthesis of the ABCC-type periodic terpolymer via alter-
nating cationic copolymerization of VEs and cyclic trimers.
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of sequences were affected by the polymerization conditions.
Specifically, the ABCC-type periodic sequences were mainly
generated by copolymerizing 2-chloroethyl VE (CEVE) and a
cyclic trimer consisting of isobutyl VE (IBVE) and NNE without
added bases (ABCC-type ratio = 83%).

Experimental section

See the ESIf for Materials, Polymerization procedure, Acid
methanolysis of product copolymers, and Characterization
subsections.

Sequence-programmed cyclic trimer synthesis

The following is a description of the typical procedure. A glass
tube equipped with a three-way stopcock was dried using a
heat gun (Ishizaki; PJ-206A; blow temperature of ~450 °C)
under dry nitrogen. Toluene, 1,4-dioxane (1,4-DO), IBVE, and
benzaldehyde (BzA) were added successively into the tube
using dry syringes. The reaction was started by the addition of
a prechilled EtAICl, solution (200 mM) in toluene/n-hexane.
After 24 h, the reaction was terminated with aqueous
ammonia. The quenched mixture was diluted with dichloro-
methane and washed with water. The volatile materials were
then removed under reduced pressure at 50 °C to yield the
polymer. When the obtained product contained a significant
amount of impurities, the crude product was purified using
silica gel column chromatography [n-hexane/ethyl acetate
(EA)]. During the cyclotrimerizations of VEs and NNE, the
second portion of VEs was added to the reaction mixture at a
predetermined time to increase NNE conversion. For example,
the cyclotrimerizations of isopropyl VE (IPVE) and NNE were
conducted via the following steps. Toluene (17.4 mL), tetra-
hydrofuran (THF; 2.4 mL) as an added base, IPVE (1.7 mL),
and NNE (4.1 mL) were placed successively into a glass tube
using dry syringes. The reaction was initiated by adding a pre-
chilled EtAICI, solution in n-hexane/toluene (500 mM; 3.0 mL)
at 0 °C. Then, 1.7 mL of IPVE was added at a predetermined
interval (10 min). The reaction was terminated by adding water
with a small amount of aqueous ammonia (approximately
10 mL; 0.3 wt%). The quenched reaction mixture was diluted
with dichloromethane and washed with water. The organic
layer was evaporated under reduced pressure to remove the
remaining volatile materials. The crude product was purified
using silica gel column chromatography (n-hexane/EA = 22/1
v/v; final yield = 44%).

Results and discussion

Selective cyclotrimerizations of various vinyl monomers and
aldehydes

Cyclotrimerizations of various vinyl monomers and aldehydes
were conducted to obtain cyclic trimers bearing various struc-
tures (Scheme 2). The electronic and steric environments
around the carbocations generated by ring-opening reactions

This journal is © The Royal Society of Chemistry 2023
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Scheme 2 Cyclotrimerization of various vinyl monomers and conju-
gated aldehydes.

of cyclic trimers were tunable by the types of vinyl monomers
and aldehydes incorporated into cyclic trimers (Table 1). First,
a cyclic trimer consisting of IBVE and BzA was produced using
EtAICl, as a Lewis acid catalyst with 1,4-DO at —78 °C (entry 1
in Table 1, and see Fig. $1-S37 for the '"H NMR, >C NMR, and
ESI-MS spectra). A cyclic trimer was generated quantitatively,
as in the case of the previous study on the alternating cationic
copolymerizations of IBVE and BzA.>” NNE, which is a linear
conjugated aldehyde, underwent relatively selective cyclotri-
merizations with VEs (yields of cyclic trimers = 33-53%j;
entries 2-4 in Table 1) to yield a cyclic trimer; a 3,4-dihydro-
2H-pyran derivative and a VE homopolymer were obtained as
side products (Fig. S4t1 for the 'H NMR spectrum of the
product obtained in the cyclotrimerizations of IBVE and NNE).
The cyclic trimer was isolated using silica gel column chrom-
atography [see Fig. S5-S7 (IBVE), S8-S10 (CEVE), and S11-S13
(IPVE)T for the 'H NMR, '*C NMR, and ESI-MS spectra of the
cyclic trimers separated by silica gel chromatography]. The
reactions of styrene (St) derivatives, such as p-methylstyrene
(pMesSt) and 1,1-diphenylethylene (DPE) (entries 5 and 6 in
Table 1), were also examined. The cyclotrimerizations of St
derivatives and BzA were promoted by Bi(OTf); or GaCls,
unlike the highly selective cyclotrimerizations of VEs and BzA
by EtAICl, as in the previous reports on the cyclotrimerization

Table 1 Cyclotrimerization of various vinyl monomers and aldehydes®
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of pMeSt or DPE and aldehyde.*"**> For pMeSt, the concen-
tration of BzA was set to approximately a fifth of that of pMeSt
to promote cyclotrimerization and suppress pMeSt homopoly-
merization (entry 5 in Table 1 and Fig. S141 for the "H NMR
spectrum of the cyclic trimer separated by silica gel column
chromatography). In contrast, DPE was demonstrated to be
efficient for selective cyclotrimerization (yield of cyclic trimer
> 99%) (entry 6 in Table 1 and Fig. S157).

Cationic copolymerizations of CEVE and various cyclic trimers

The cyclic trimer consisting of IBVE and BzA was employed in
a cationic copolymerization with CEVE using an initiating
system suited for controlled alternating copolymerizations of
various VEs and conjugated aldehydes (Scheme 3A).>” Both
CEVE and the cyclic trimer were consumed in a reaction using
GaCl; as a Lewis acid catalyst in conjunction with ethanesulfo-
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Scheme 3 Cationic copolymerization of CEVE with (A) various cyclic
trimers and (B) cyclic trimers consisting of VEs and BzA or NNE.

Conv.? (%)

Entry  Vinyl monomer M) Ald (M) Catalyst (mM) Time Vinyl monomer  Ald Yield of cyclic trimer” (%)
1 IBVE 0.48 BzA 0.98 EtAICI, 20 24h 87 >99 88

2 IBVE 0.50 NNE 0.99 EtAICI, 50 4h >99 76 53

3 CEVE 0.50 NNE 1.0 EtAICI, 50 24h >99 73 42

4 IPVE 0.52 NNE 0.99 EtAICl, 50 10 min >99 62 33

5 pMeSt 0.34 BzA 1.8 Bi(OTf); 5.0 48 h >99 15 50

6 DPE 0.50 BzA 0.98 GaCl; 5.0 168 h 92 92 >99

“[THF] = 0 (entries 1 and 6), 1.0 (entries 2-4), or 0.58 M (entry 5), [1,4-DO] = 1.0 (entry 1) or 0 M (entries 2-6), in toluene (entry 1) or dichloro-

methane (entries 2-6) at —78 (entries 1 and 6) or 0 °C (entries 2-5). ” Determined by 'H NMR analysis of quenched reaction mixtures using pyri-

dine or THF as the internal standard.

This journal is © The Royal Society of Chemistry 2023
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nic acid (EtSO;H) with 1,4-DO in toluene at —78 °C. 1,4-DO
was used as a weak Lewis base for the suppression of the side
reactions as in our previous studies on the cationic copolymer-
izations of VEs and aldehydes.?”"*® A product of M, = 1.1 x 10°
was obtained under these conditions (entry 1 in Table 2). The
initiation reaction most likely occurred via the addition reac-
tion of EtSO;H with the cyclic trimer or VE. Another possible
initiation reaction potentially occurs via ring opening triggered
by the interaction between GaCl; and the cyclic trimer.>® 'H
NMR analysis of the polymer revealed that the cyclic trimer
was introduced into the main chain by crossover reactions.
However, the average numbers of CEVE/cyclic trimer units per
block were approximately 25/1.0 (these values are based on the
assumption that CEVE homopolymer chains are not gener-
ated), suggesting that CEVE homopropagation reactions prefer-
entially occurred during copolymerization. To suppress CEVE

Table 2 Cationic copolymerization of CEVE and various cyclic trimers?
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homopropagation reactions, the initial concentration of the
cyclic trimer was set to twice that of CEVE. The "H NMR ana-
lysis of the obtained polymer indicated that the amount of the
incorporated cyclic trimer increased (Fig. S16t). However, the
result of the acid methanolysis of the obtained polymer indi-
cated unsuccessful copolymerization. The peak top of the MW
distribution (MWD) curve did not shift to the lower-MW region
after methanolysis (Fig. 1A). If the copolymerization is success-
ful, acid-labile acetal structures will be generated in the main
chain of a copolymer. The results revealed that CEVE homo-
polymer chains, which did not have acid-degradable units,
were predominantly produced during copolymerization.
Furthermore, the copolymerizations of CEVE and the cyclic
trimers consisting of BzA and St derivatives were examined
with the IBEA/TiCl,/SnCl, initiating system, which was suitable
for the controlled cationic copolymerization of VEs and the

Units per
Conv.? (%) block’

CEVE Cyclic Toluene/ Cyclic Cyclic
Entry (M)  trimer (M) Time Catalyst Additives dichloromethane CEVE trimer M, x107*¢ M,/M,° CEVE trimer
1 0.50 IBVE-BzA 0.50 70h  GaCl; (4.0 mM) 1,4-DO (1.0 M)  10/0 37 11 1.1 1.48 (25 (1.0)°
2 0.40 IBVE-BzA 0.80 24h  GaCl; (10 mM) 1,4-DO (1.0 M)  10/0 72 7 2.1 1.51 (11 (1.0
3 0.20 pMeSt-BzA 0.20 30s TiCl,/SnCl, (4.0 mM/20 mM) EA (20 mM) 9/1 74 2 5.5 1.07 45 1.0
4 0.20 DPE-BzA  0.20 5 min TiCl,/SnCl, (4.0 mM/20 mM) EA (20 mM) 9/1 >99 0 4.2 1.09 nd/ nd/
5 0.39 IBVE-NNE 0.40 25h  GaCl; (10 mM) 1,4-DO (0.47 M) 10/0 52 21 2.5 159 61 1.0

“[Cationogen], = 4.0 mM (EtSO;H for entries 1, 2, and 5 or IBEA for entries 3 and 4), at =78 °C. ? Determined by the "H NMR analysis of quenched reaction mix-

tures (entries 1, 2, 4, and 5) or - gas chromatography and the "H NMR analysis of the product polymer (entry 3). ©
4 Estimated by the "H NMR analysis of the obtained products.

(GPC; polystyrene standards).
CEVE homopolymers were predominantly produced (Fig. 1A).

(A) entry 2 in Table 2

Determined by gel permeation chromatography
¢The MWD curve of the acid methanolysis products indicated that

Not determined due to negligible crossover reactions.

(B) entry 5 in Table 2 and entries 6 and 8 in Table 3

Y\o OR
(o] (o] ( )
=
(0] (0]
( I
1 )\
(o]
Acid OR = j/\g 0 ~"o
methanolysis
— IBVE-NNE IPVE-NNE CEVE-NNE
M,x 10
(M,/My)
methanolysis
polymer product
2.2 1.4
(1.43) (1.96) (1 37) (1 31) (1 45) (1 35) (1 57) (1 69)
10* 10° 3x10° 10" 10° 3x10 1o 1o 3x10 10* 10° 3x10% Mw(Pst)
[_I‘I_[_I_I_I_ I = T T I =
15 18 15 18 15 18 15 18 EV/ml

Fig.1 MWD curves of the polymers obtained by the cationic copolymerization of CEVE and various cyclic trimers (black line; after purification by
preparative GPC; entries 2 and 5 in Table 2 and entries 6 and 8 in Table 3) and their acid methanolysis products (purple line). CEVE and various cyclic

trimers prepared from (A) BzA or (B) NNE.
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cyclic acetals.®® However, the crossover reactions did not occur
during the polymerizations, likely because of the steric hin-
drance around the cyclic acetal structures, and instead, CEVE
homopolymers were obtained (entries 3 and 4 in Table 2).
These results indicated that cyclic trimers consisting of BzA
and vinyl monomers would not be suitable for copolymeriza-
tion with CEVE.

Unlike BzA-containing cyclic trimers, NNE-containing cyclic
trimers were highly effective for copolymerization with CEVE
(entry 5 in Table 2 and Scheme 3B). Indeed, in our previous
study on alternating cationic copolymerizations of VEs and the
cyclic trimers, the ring number and substituents of the cyclic
trimers affected the crossover frequencies during the copoly-
merizations.*® The concurrent cationic vinyl-addition and ring-
opening copolymerization processes of CEVE and the IBVE-
NNE cyclic trimer were conducted under conditions similar to
those used for the cationic copolymerizations of CEVE and the
IBVE-BzA cyclic trimer, yielding a polymer of M, = 2.5 x 10>
(entry 5 in Table 2). The introduction of the cyclic trimer
derived from crossover reactions was confirmed by the 'H
NMR analysis of the obtained polymer (Fig. 2). The olefin
structures derived from NNE were assigned to the peaks at
5.1-5.8 ppm (peaks 15 and 16). The peaks at 4.5-5.1 ppm
(peaks 6, 9, 21, and 23) were attributed to the acetal structures
generated by the crossover reaction from CEVE to the cyclic
trimer. From the integral ratios of the olefin moiety and CEVE

CEVE CEVE-cyclic trimer
homosequence crossover
1 P
03

8
or  ABCC-ype
21 022 23 0 24 ---
2,3,4,7,8,10,14, o ~ O ~
c|j J\
4 4
ACBC-type
18 12,19

1,5,11,13,17
——

3
5 (ppm)

Fig. 2 *H NMR spectrum of the polymer obtained by the copolymeriza-
tion of CEVE and the cyclic trimer consisting of IBVE and NNE [entry 5 in
Table 2; after purification by preparative GPC; in CDCl; at 30 °C; * water,
grease, TMS, etc.; the structures derived from crossover reactions were
determined using the *H NMR and ESI-MS spectra of the methanolysis
product of the alternating polymer of CEVE and the IBVE-NNE cyclic
trimer (vide infra)].

This journal is © The Royal Society of Chemistry 2023
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homosequences (peaks 2-4), the average numbers of CEVE
and the cyclic trimer units per block were estimated to be 6.1
and 1.0, respectively, indicating that the cyclic trimer consist-
ing of IBVE and NNE underwent frequent crossover reactions
with CEVE, differing from the IBVE-BzA cyclic trimer. The
absence of cyclic trimer homopropagation was assumed from
the result that the homopolymerization of the cyclic trimer did
not proceed under the same conditions as those for copoly-
merization (see Fig. S171 for the MWD curve of the product
obtained in the cationic homopolymerization of the cyclic
trimer consisting of IBVE and NNE).

In addition, the MWD curve obviously shifted to the lower-
MW region after acid methanolysis (Fig. 1B, left), indicating
that acid-labile acetal moieties were incorporated into all the
polymer chains by successful copolymerization. The M,, value
of the acid methanolysis product was consistent with the
average numbers of CEVE and the cyclic trimer units per
block, as shown above.

Cationic copolymerizations of CEVE and cyclic trimers of VEs
and NNE under various conditions

To achieve ABCC-, ACCB-, or ACBC-type periodic sequences by
alternating copolymerizations of CEVE and the cyclic trimer,
appropriate reaction conditions were investigated; there was a
particular focus on solvents, VE units incorporated into cyclic
trimers, and monomer concentrations. Initially, the cationic
copolymerizations of CEVE and the IBVE-NNE cyclic trimer
were conducted in a mixture of toluene/n-hexane (6/4 v/v; entry
1 in Table 3 and Fig. 3). The "H NMR spectrum of the obtained
polymer indicated that the average number of CEVE and the
cyclic trimer units per block were estimated to be 4.0 and 1.0;
these results suggested that the crossover reactions occurred
more frequently in the mixed solvent than in toluene alone
(CEVE/cyclic trimer = 6.1/1.0; entry 5 in Table 2). The kinds of
VEs incorporated into cyclic trimers affected copolymerization
behaviors. The frequencies of crossover reactions increased
when the cyclic trimer consisting of NNE and IPVE, a more
reactive VE than IBVE, was used (entry 6 in Table 3). A polymer
with shorter CEVE blocks (CEVE/cyclic trimer = 4.4/1.0; entry 6
in Table 3) than the IBVE-NNE counterpart (CEVE/cyclic
trimer = 6.1/1.0; entry 5 in Table 2) was obtained. However, the
use of the CEVE-NNE cyclic trimer resulted in copolymeriza-
tion with less frequent crossover reactions (CEVE/cyclic
trimer = 6.3/1.0; entry 8 in Table 3). These results indicated
that the use of cyclic trimers containing more reactive VEs was
suitable for crossover reactions with CEVE.

For a cyclic trimer, copolymerization at a higher initial con-
centration than that of a VE drastically promoted the crossover
reactions. A polymer of M, = 4.3 x 10> was obtained in the
copolymerization at CEVE/IBVE-NNE cyclic trimer concen-
trations of 0.20 M/1.0 M (entry 2 in Table 3; dashed line in
Fig. 4A). In the "H NMR spectrum of the obtained polymer
(Fig. 5 upper), the peak intensities of the structures derived
from VE-to-cyclic trimer crossover reactions (peaks 2, 5, 17,
and 19) were obviously larger than those obtained at equal
concentrations of CEVE and the cyclic trimer (Fig. 2 and 5

Polym. Chem., 2023, 14, 2829-2837 | 2833
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Table 3 Cationic copolymerization of CEVE and a cyclic trimer consisting of VEs and NNE?

Units per

Conv.? (%) block

CEVE Cyclic Toluene/hexane Cyclic M, x M,/ Cyclic ABCC/ACBC

Entry (M) trimer (M) Additives (mM) (viv) Time CEVE trimer 107°°¢ M, CEVE trimer ratio’
1 0.40 IBVE-NNE 0.40 1,4-DO 2.0 X 10> 6/4 144h 92 27 3.7 1.51 4.0 1.0 —

2 0.20 IBVE-NNE 1.0 — 6/4 1min 92 20 4.3 1.41 1.7 1.0 86/14
3 0.10 IBVE-NNE 1.0 — 6/4 10 min >99 23 4.2 1.52 1.0, 1.0 83/17
4 0.10 IBVE-NNE 1.0 — 8/2 10 min >99 24 4.0 1.40 1.0 1.0 82/18
5 0.10 IBVE-NNE 1.0 EA 20 6/4 30 min >99 23 3.0 1.50 1.0 1.0 74/26
6 0.40 IPVE-NNE  0.40 1,4-DO 4.7 x10* 10/0 25h 43 8 1.6 1.76 4.4 1.0 —

7 0.049 IPVE-NNE 0.50 — 9/1 5min 61 7 2.0 1.61 1.0, 1.0 40/60
8 0.41 CEVE-NNE 0.40 1,4-DO 4.7 x10* 10/0 96 h 60 20 3.5 1.63 6.3 1.0 —

“[EtSO;H], = 4.0 (entries 1-6 and 8) and 2.0 mM (entry 7); and [GaCl;], = 10 mM, at —78 °C. ” Determined by '"H NMR analysis of quenched reac-

tion mixtures.  Determined by GPC (polystyrene standards).

9 Estimated by the 'H NMR analysis of the obtained products after purification by

preparative GPC. Numbers with two decimal places are shown when the values are very close to 1.00. ¢ Determined by the 'H NMR analysis of the

acid methanolysis products.

(A) (B)
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100 Conv. (/M)
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c
S
2
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Fig. 3 (A) Time—conversion curves of the cationic copolymerization of
CEVE and the cyclic trimer consisting of IBVE and NNE and (B) MWD
curves of the obtained polymers (dashed line), portions after purification
by preparative GPC (solid line), and their acid methanolysis products
(purple line) (entry 1 in Table 3).

upper). The integral ratio indicated that the average numbers
of CEVE and the cyclic trimer units per block were estimated
to be 1.7 and 1.0, respectively. The acid methanolysis of this
polymer produced a compound of M, = 0.5 x 10> (the purple
line in Fig. 4A). The generation of the low-MW product after
acid methanolysis indicated that acetal moieties were intro-
duced into the main chain by frequent crossover reactions.
Structural analysis of the methanolysis product obtained
above revealed the ring-opening mode of the cyclic trimer. The
possible reaction mechanisms of the copolymerization are
summarized in Scheme 4. Adding a cyclic acetal to the VE-
derived carbocation formed an oxonium ion. Two possible
oxonium ions were generated by the reaction of the oxygen
atom at the 1- or 3-position of the cyclic acetal. An oxonium
ion was subsequently converted to a carbocation via a ring-
opening reaction. The oxonium ion derived from the reaction
of the oxygen atom at the 1-position had two acetal moieties;
hence, two different carbocations were generated through

2834 | Polym. Chem., 2023, 14, 2829-2837

Acid
(A) Mathanolysis
g‘ime M,x 10"
onv. (M,/M,)
gEVII_E Units per block
yclic (CEVE / Cyclic)
1 min
i 5.0 0.5
92%
92% (1.30)(1.29)
1.7/1.0
10" 10° 3x10*MW(PSt)
T T | T 1
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Fig. 4 (A) MWD curves of the polymer obtained by the cationic copoly-
merization of CEVE and the cyclic trimer consisting of IBVE and NNE
(dashed line), a portion after purification by preparative GPC (solid line),
and its acid methanolysis product (purple line) and (B) ESI-MS spectrum
of the acid methanolysis product (entry 2 in Table 3).

paths (i) and (ii). The other possible oxonium ion afforded
different carbocations through path (iii). Therefore, three
different monomer sequences—ABCC-, ACCB-, and ACBC-type

This journal is © The Royal Society of Chemistry 2023
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Fig. 5 'H NMR spectra of the polymer obtained by the cationic copoly-
merization of CEVE and the cyclic trimer consisting of IBVE and NNE
and its acid methanolysis product (entry 2 in Table 3), after purification
by preparative GPC, in CDCl; at 30 °C; * water; structures of ABCC- and
ACBC-type sequences derived from alternating propagation reactions
are shown. Non-periodic structures, such as AABCC- and AAABCC-type
sequences, containing CEVE homosequences also exist (labels 21-24
are used for CEVE homosequences).

—were potentially generated through different addition and
cleavage modes. Methanolysis products had structures corres-
ponding to the constitutional repeating units of the original
polymers as a result of the cleavage of the acetal moieties; this
phenomenon was very useful in revealing the ring-opening
mode. Indeed, the ESI-MS analysis of the methanolysis
product (Fig. 4B) detected peaks assigned to structures com-
posed of four monomer units (CEVE/IBVE/NNE = 1/1/2; a circle
symbol with n = 0; two VE side chains were converted into
methoxy moieties by transacetalization with methanol) or two

) o
2
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monomer units (NNE/CEVE or IBVE = 1/1; a square symbol
with n = 0; a VE side chain was converted into a methoxy
moiety). The other peaks [CEVE/IBVE/NNE = 2 or 3/1/2 (circle
symbols with n = 1 or 2) and NNE/CEVE = 1/2 (a square symbol
with n = 1)] were derived from blocks with CEVE homose-
quences. The result suggested that the cyclic acetal underwent
a ring-opening reaction by the modes shown by paths (i) and
(iif) in Scheme 4. Possible products derived from the other
mode (path (ii) in Scheme 4) were not observed in the ESI-MS
analysis.

ABCC- and ACBC-type sequence generations were consistent
with the "H and >C NMR spectra of the methanolysis product
(Fig. 5 lower and Fig. S187). For example, peaks at 3.8 ppm
(peak 28) and 4.5 ppm (peak 26) of the "H NMR spectrum
were assigned to the two allyl methine protons adjacent to the
oxygen atom and the two acetal methine protons, respectively,
of the methanolysis product from the ABCC-type monomer
sequences. In addition, the hydroxy, hydroxy-adjacent
methine, and acetal peaks assigned to the product from ACBC-
type monomer sequences emerged at 2.6, 4.25, and 4.6 ppm
(peaks 34, 35, and 37). These assignments were confirmed by
analysis of the "H-"H correlation spectroscopy (COSY) NMR
spectrum (Fig. S19t). The ABCC-type/ACBC-type ratio was cal-
culated to be 86/14 by the integral ratios of two allyl methine
protons adjacent to the oxygen atom and hydroxy-adjacent
methine proton of each methanolysis product (peaks 28 and
35).

Alternating-like cationic copolymerizations were found to
proceed when the concentration of the cyclic trimer was set to
a tenth of that of CEVE due to the suppression of CEVE homo-
propagation (entries 3, 4, and 7 in Table 3). Moreover, the com-
position ratios of the ABCC- to ACBC-type monomer sequences
were tuned by the polymerization conditions. For example, the
ACBC-type monomer sequences were preferentially generated
with EA; hence, the selectivity of generation of the ABCC-type
monomer sequences decreased (ABCC-type ratio = 74%; entry
4 in Table 3). An alternating polymer with comparable
amounts of the ACBC- and ABCC-type monomer sequences
was obtained while copolymerizing CEVE and the IPVE-NNE

RS b A T
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W o ©®®©
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OR? OR! @?®@
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methanolysis product

Scheme 4 The reaction pathway of the generation of the different sequence-regulated polymers (AM: acid methanolysis).
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cyclic trimer (entry 7 in Table 3 and see Fig. S201 for the 'H
NMR spectra of the obtained polymer and its acid methanoly-
sis product). In addition, the alternating cationic copolymeri-
zations of CEVE and the IBVE-NNE cyclic trimer at —78 °C,
which was the most suitable polymerization temperature
(Table S1t), afforded a polymer with a relatively high ABCC-
type ratio [ABCC-type ratio = 83%; entry 3 in Table 3; M, = 4.2
x 10° (the dashed line in Fig. 6A)]. Although the average degree
of polymerization of the obtained polymer was approximately
9, the MWD curve indicated that portions with MWs higher
than 10 x 10%, which corresponds to a degree of polymerization
of approximately 21, were contained in the polymer. The
average numbers of CEVE and the cyclic trimer units per block
calculated by the "H NMR spectrum of this polymer were 1.0,
and 1.0, respectively, indicating the occurrence of alternating
copolymerizations. The MALDI-TOF-MS spectrum of the
obtained polymer (Fig. S217}) exhibited two series of peaks that
had alternating intervals corresponding to the mass values of
CEVE and the cyclic trimer. The unimodal MWD curve of the
high-MW portion separated by preparative GPC shifted to the
low-MW region after acid methanolysis (the purple line in
Fig. 6A). In the ESI-MS spectrum of the acid methanolysis
product (Fig. 6B), the major peak had an m/z value (465.3547)
corresponding to the structure with four monomer units
derived from the ABCC-type monomer sequences.
Interestingly, the peaks derived from two or more CEVE units
were extremely small; these results corroborated that ABCC-
type periodic sequences were mainly generated.

__/\/0 (0] ==
o_ O N N O @©@j&
CIj J\ CIj . '
( 4 ( 4 ABCC-type
Major

AM Major ACB_C-type : ACCB-type
0 (o] oL Minor : Not obs.
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Fig. 6 (A) MWD curves of the polymer obtained by the cationic copoly-
merization of CEVE and the cyclic trimer consisting of IBVE and NNE
(dashed line), a portion after purification by preparative GPC (solid line),
and its acid methanolysis product (purple line) and (B) ESI-MS spectrum
of the acid methanolysis product (entry 3 in Table 3).
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Conclusion

The alternating copolymerizations of CEVE and the NNE-con-
taining cyclic trimer were demonstrated to proceed under opti-
mized conditions. Among the three possible sequences—
ABCC-, ACCB-, and ACBC-type—in the polymer chain, the
ABCC- and ACBC-type sequences were selectively generated,
which was revealed by the structural analysis of the acid
methanolysis product of the obtained polymer. Moreover, the
ABCC-type periodic sequences were preferentially generated
during the copolymerizations of CEVE and a cyclic trimer con-
sisting of IBVE and NNE without added bases (ABCC-type
ratio = 83%). By utilizing a cyclic trimer consisting of one VE
and two aldehydes, we provided new insight into sequence-
regulated polymerization.
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