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Chapter 1.

General Introduction

1. Background

1.1 Development of Polymerization Techniques

Since the establishment of the concept of macromolecules by Staudinger in 1920s, synthetic
polymers have been widely used for household items and industrial products, becoming an essential part of
our lives today. Various properties of polymers depend on the number of monomers, monomer structure,
monomer sequence, molecular weight (MW), molecular weight distribution (MWD), chain end structure, and
tacticity (Figure 1). These elements are perfectly controlled in natural macromolecules, such as proteins and
DNA consisting of amino acids or nucleotides, respectively, with various side chains, through biological
synthesis in a cell, which dictates higher-order structures with characteristic functions." In synthetic polymers,
fundamental investigations into polymerization reactions have been demonstrated to control the basic
components of polymers such as molecular weight, sequences, or a combination of these factors, establishing
a wide range of synthetic approaches with various monomers.> ' These methods include novel polymerization
mechanisms based on the combination of the existing reactions or the design of specific primary structures
with unprecedented monomers inspired by the progress of organic chemistry. The development of simple and
sophisticated methods for polymer structures utilizing various monomers based on insights into polymerization

reactions has led to a dramatical improvement of material designs.

Polymerization Method

Monomer Pol ization T
O olymerization Type
The Number of Monomers Structure T~ ° (Stepwise, Chain-Growth)
[0} Polymerization Procedure
O : \ @ (One-pot, Sequential Addition, Macromonomer, etc.)
R n — | —_——
. — | o
Monomer Synthesis O lll
(e.g. Naturally-Derived Monomer, Functionalization, ...)
ooe x5 o '0) Initiating System (Catalyst, Solvent, Temp., etc)
\
MOII?II(:;\;IaDri:t\:-?!I)%rt‘itow W) Tacticity Sequence End Structure Topology
5 E E W Random o ®
: . : : R R 000000,  _ _ _ _J
' N , Isotactic Block - | Graft
Conventional 1 Living W Telechelic
AN T/n Gradient .* ‘. ®
R. R : : Macromonomer '
MW Syndiotactic Alternating Star Cyclic

Figure 1. Primary structures of polymers and methodologies for polymer design.



Chapter 1

1.2 Polymerization Mechanisms

In polymer synthesis, difference of monomer structures greatly affects their polymerization
mechanisms. Polymerization reactions are roughly classified into step-growth or chain-growth mechanisms.
In the step-growth mechanism, all the molecules including monomers, oligomers, and polymers, in a reaction
system can react with each other. In contrast, propagation reactions selectively occur at active chain ends in
the chain-growth mechanism. Chain-growth polymerization is further categorized into radical, cationic,
anionic, and coordination polymerization according to the types of active species.” The electronic and/or steric
effects of substituents around a polymerizable group significantly affect the polymerizability of monomers.
For example, in the case of vinyl monomers, the relationships between the electronic or resonance contribution
of substituents to the vinyl group and the polymerization mechanism are systematically investigated via the
polymerizability evaluation summarized as the Q-e plot.”> For example, the electron-donating or electron-
withdrawing group-substituted styrene derivatives are effective for cationic or anionic polymerization,
respectively.’”’

Another important category of monomers for the chain-growth mechanism is cyclic monomers,
which are polymerized by ring-opening polymerization (ROP).*** ROP of cyclic monomers generally
introduces functional groups into the main chains of the resulting polymers because polymerizable functional
groups, such as ether and ester moieties, in the monomer are maintained after the propagating reaction. In
many cases, the major driving force of propagating reaction is the release of ring strain, which leads to a
smaller change in the Gibbs free energy in ROP than vinyl-addition polymerization.** These differences are
often responsible for nonnegligible occurrences of depolymerization in ROP. Another feature of ROP is the
significant influence of heteroatoms in cyclic monomers on the reactivity and stability of the active species. In
cationic or anionic polymerization of cyclic ethers, active species with a positive or negative charge on the
oxygen atom possess properties unlike those with a carbocation or a carbanion.'® These features in propagating

reactions are also important factors to be considered for the design of polymerization reactions (Figure 2).

Propagating Species

(Chain-Growth Mechanism) Propagating Reaction

Vinyl Monomer Cyclic Monomer

Radical ioni
adica Cationic WW\R* . \R _»“WW\/\R* NW\&:) + X:) — ,wa/’\/’;(g

Anionic Coordination R

X = ether, ester, amide, carbonate, amine, etc.

Figure 2. Propagating reactions via the chain-growth mechanism.

Copolymerization between different polymerization mechanisms has a potential to generate novel
functional polymers with special primary structures that cannot be achieved by homopolymerization. However,
such copolymerization is generally difficult because the differences in the reactivity of different propagating
species adversely affect crossover reactions between the different types of monomers. To overcome this
restriction, the following strategies have been devised for the copolymerization via different types of
propagating mechanisms: (A) orthogonal polymerization through independently occurring propagation
reactions in a single chain,’®** (B) polymerization via an intermediate between the different types of active

29,30

species,” " and (C) generation of active species with similar reactivity via modulation of the property of active

species (Figure 3).*'? Orthogonal copolymerization affords block copolymers composed of different types of
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monomers (Figure 3A). For example, Trollsas and coworkers®® demonstrated the concurrent nitroxide-
mediated radical polymerization of styrene and living coordination ROP of e-caprolactone using a bifunctional
initiator with an alkoxyamine and a primary alcohol. Nonorthogonal copolymerization is an attractive method
for polymers with various monomer sequences because the kinetics of each polymerization and the frequency
of crossover reactions can be tuned by controlling reaction conditions. Kamigaito and coworkers® developed
the interconvertible radical and cationic copolymerization of acrylates and vinyl ethers (VEs) via reversible
activation of common dormant species (Figure 3B). Trithiocarbonate and dithiocarbamate worked as effective
chain transfer agents for reversible addition-fragmentation chain transfer radical polymerization, while the
thioester ends were also activated by Lewis acids to generate carbocationic species inducing the cationic
polymerization of VEs. Aoshima and coworkers®” reported the concurrent vinyl-addition and ring-opening
cationic copolymerization of VEs and oxiranes by focusing on the reactivity of the propagating cationic species,
generating copolymers with a variety of sequences (Figure 3C). The carbocations derived from oxirane
monomers generated by ring-opening reaction of the oxonium ion species led to the crossover reactions
between vinyl monomers and cyclic monomers. These developments have demonstrated the potential of
simultaneous copolymerization based on different mechanisms to construct polymers with structural and

compositional diversities via chain-growth polymerization.

(C) Generation of Active Species with

(A) Orthogonal Polymerization (B) Common Intermediate Similar Reactivity

ex) — (o)
Ph (o) :\ — _— _— R2 >
@ 0O M, oR * o — or * WLR1 —
Radical Coordination RO o ”
-~ % * ——
- e ., Cation Radical Vinyl-addition  Ring-opening

Figure 3. Concurrent copolymerization via (A) orthogonal mechanism, (B) common intermediate-mediated
mechanism, or (C) generation of propagating species with similar reactivity.

1.3 Living Cationic Polymerization

In conventional polymerization, the active chain end leads to not only propagation but also the
irreversible termination and chain transfer reaction. In general, living polymerization consists of only initiation
and propagation reactions, which enables the precise control of the polymer structures in terms of molecular
weight, molecular weight distribution, composition of monomers, and chain end structures. Living
polymerization was first reported by Szwarc in 1956 for the anionic polymerization of styrene.”® After this
discovery, controlled/living polymerizations have been reported via relatively stable propagating species

3336 and coordination polymerization.®’

including cationic ROP,** ring-opening metathesis polymerization,

Living/cocntrolled polymerization via unstable propagating species, such as carbocation or radical,
was achieved by introduction of a fast and reversible deactivation process into the active chain ends. The first
living cationic polymerization was achieved in the polymerization of isobutyl VE with the HI/I, initiating
system in 1984 and the polymerization of isobutene with the tertiary ester/BCl; system in 1986.%*2? In the HI/I,

initiating system, the fast initiation with HI and the reversible activation of the carbon—iodide propagating ends
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by I, were responsible for the construction of an appropriate dormant—active equilibrium. Based on these
concepts, various kinds of living cationic*** and radical’®>* polymerization systems have been developed.

Aoshima and Higashimura*'™

reported the living cationic polymerization of VEs or styrene
derivatives using metal catalysts in conjunction with a weak Lewis base (Figure 4). Lewis bases contribute to
establishing a suitable dormant—active equilibrium via the interaction with the Lewis acid catalysts and

#4 ether,* and cyclic

propagating cationic species. The effects of various weak Lewis bases, such as ester,
acetal®™> on the rate of the living cationic polymerization of VEs were also investigated. Moreover, Aoshima
and coworkers ®>’ demonstrated the systematic investigation using a series of metal halides in living cationic
polymerization of isobutyl VE or p-methoxystyrene. A comprehensive study revealed that the nature of the
central metals, such as the oxo- and chlorophilicities, and the structures of counteranions largely affect the
polymerization controllability. For example, the use of TiCls, which has a strong oxophilicity, in conjunction
with ester or ether resulted in much slower polymerization than that without additives, while the use of FeCls
or SnCly resulted in very fast living cationic polymerization of isobutyl VE even in the presence of ester or
ether.’® These results suggest that understanding the properties of various metal chlorides and additives in
cationic polymerization has great potential to access the versatile design of initiating systems, and

consequently, the development of controlled/living cationic polymerization of monomers with various

structures.
Living Cationic Polymerization with Lewis Bases
Dormant Species Active Species Effective Lewis Acid Catalysts for
Living/Controlled Cationic Polymerization
By B, B, B|C|N
H O O: -
WCHZ—(?H—CI + MtCl, WCHZ—(FH + CI—MtCl, Al | Si
R R Sc|Ti |V |[Cr|(Mn|Fe|[Co|Ni|Cu|Zn|Ga|Ge|As
Mt : Metal =\ Y |2r |[Nb (Mo | Tc |Ru Rh |Pd |Ag ([Cd | In | Sn | Sb
B : Lewis Base (Ester, Ether, Sulfide, Amide, etc.) R
Lu | Hf | Ta|W |[Re ([Os | Ir | Pt |Au|Hg | Tl | Pb| Bi

Propagation

Figure 4. The base-assisting living cationic polymerization of vinyl monomers with various initiating systems.

1.4 Sequence-Controlled Polymerization

Sophisticated designs of the structures of monomers and polymerization conditions have spurred the
development of the synthetic strategies for the sequence-controlled polymers consisting of more than two types
of monomers. Such methods are mainly categorized into the three groups shown in Figure 5.°**° The most
reliable strategy for sequence control is the step-by-step monomer addition, such as the polypeptide synthesis
with a Merrifield resin (Figure 5i).°® The iterative method affords well-defined polymers with desired
monomer sequences, although considerable amounts of time and efforts are required to prepare high molecular
weight polymers. Another method involves polymerization of a monomer containing specific sequences
prepared by multistep single unit monomer addition and functionalization (Figure 5ii).**® For example, the
radical polyaddition of a series of sequence-incorporated monomers produced the polymers with ABC-,
ABCD-, or ABBAC-type sequences.”® ™ However, the preparation of these monomers generally requires a
multistep reaction and purification steps, and these drawbacks often results in low polymer yield from the
starting materials. The most practical approach is direct polymerization of several types of monomers, whereas
successful reports are very limited because the extremely high selectivity in the crossover reactions among

monomers is indispensable for sequence regulation (Figure 5iii).”"
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A successive process consisting of the synthesis of sequence-incorporated monomers and subsequent
copolymerization with other monomers is an attractive approach for sequence control in terms of practicality
and controllability. Yokozawa and coworkers®'*? demonstrated the synthesis of sequence-incorporated
monomers by cycloaddition reaction of electron-deficient olefin and VE and subsequent alternating
copolymerization of the obtained cyclic monomer with an oxirane (Figure 5iv). This method requires
purification and isolation of the cycloaddition product before the copolymerization with an oxirane; however,
exclusive crossover reactions occurred, which showed the significant potential of this two-step strategy for
sequence-controlled polymers.

Step-growth polymerization based on the multicomponent organic reactions, such as Passerini or Ugi
reactions, has also been reported for sequence-controlled polymers.*> Moreover, a stepwise process of two or
more consecutive multicomponent reactions affords sequence-controlled polymers consisting of four or more
monomers.** An elaborate incorporation of the features of each method into a single reaction system can
enable the development of a simple and sophisticated strategy for synthesis of polymers with well-defined

sequences.

(i) Iterative method

9 c iv) Alternating copolymerization with sequence-incorporated monomer
®X — @OX — EOc-x--- ™ 9 copoly a P

(i) Polymerization of monomer <® +@ _’> L c 9’,,

containing specific sequence
ex)

n XC"Y — C+n < NC  ON NC CN NC CN

(o]
_ =\ — (o]
=t Tom = neen + AN A o
NC CN okt NC CN oEt n

(iii) Direct polymerization

n® + n@+nc:>_’,c—}n

Figure 5. Various approaches for synthesis of sequence-controlled polymers.

1.5 Acetal Structure in Polymer Synthesis

Acetal is one of the major structural skeletons in organic synthesis, as found in a variety of
compounds, such as natural saccharides and their derivatives, pharmaceutical synthesis, organic solvents,
fragrances, and thermoplastic resins in materials engineering. Acetal is stable to base, nucleophile, and
reducing conditions, while it is completely decomposed under acid conditions. Owing to high selectivity and
the simple procedures for introduction and elimination, acetal is widely applied as a protecting group of
carbonyl and hydroxy groups in organic synthesis.** Among the various synthetic methods for acetal
structures,®”® the most typical procedure involves the condensation reaction between carbonyl compounds
and alcohols in the presence of a Bronsted or Lewis acid catalyst (Figure 6). Transacetalization between acetals
and alcohols is a useful approach under mild and solvent-free conditions.**** For the case of diols, dioxolanes
and dioxanes, which are five- and six-membered cyclic acetals, respectively, are often utilized as the protective
groups. The addition of alcohol to VE is also a promising method for asymmetrical acetals.””*° In particular,
tetrahydropyranyl ethers, which are synthesized by addition of alcohol to 3,4-dihydro-2H-pyran (DHP), are
common and widely used due to inexpensive and easy procedures. Oxirane, which is an attractive building
block in synthetic chemistry and is a basic component of epoxy resin, is transformed into a cyclic acetal via

cycloaddition reaction with carbonyl compounds (mainly acetone) in the presence of Lewis acid catalysts.””



Chapter 1

106 also

192 Other methods including oxidative method,'® Prins cyclization,'**!*> and Wacker-type catalysts,
synthesize various acetal structures.

One of the notable advantages of acetal structures in organic synthesis is the selective
protection/deprotection and the tuning of the reactivities depending on the structural factors around acetals.
For example, an increase in the number of substituents on the central carbon atom of an acetal group improved
the rate of the hydrolysis reaction.'”'” Steric differences, such as the ring-member of cyclic acetals and
acyclic or cyclic structures, affect the stability of acetal structures.''” Moreover, the electron-donating or
withdrawing effects of the substituents on the aromatic ring adjacent to the central carbon of acetal are related
to the rate of hydrolysis.''""''* These structure—reactivity relationships for acetal structures are useful for the

design of organic compounds in synthetic strategies.

Formation of Acetal Structure Catalyst: Bransted or Lewis acid
Condensation of Alcohol and Carbonyl Compound Transacetalization
(o] R1 R1 R2 2 R)“QR2 R! R2
- S R H,0 R-OH + - + 2 R3-OH
R-OH + D Ro-“or R%0” “OR? ~ R0~ “oR °
Addition of Alcohol to Vinyl Ether Cycloaddition of Acetone to Oxirane
AN B OR R (o} ><
R-OH / \ — 7+ > 00
¥ ‘.__OR! \\_\orm [o] /k (—
R

Structural Effects on the Rates of Acetal Hydrolysis

+ Cyclic or Acyclic * The Number of Substituents * Ring-Member . Electronic I EDG 1 EWG
eature
oo /L >< > /L > A~ OXO o O
~ , RO” "OR RO” "OR ~ RO” "OR ~ RO” "OR , K)

RO° OR RO OR

Figure 6. Methods for the synthesis of acetal structures and the structural factors affecting the rate of acid
hydrolysis.

In polymer chemistry, polymerization of acetal compounds provides various properties with
synthetic polymers, such as acid degradability, introduction of reactive sites for further polymerization, or
protection of functional groups. Specifically, acetal compounds are generally applied as monomers, initiators,
additives, or crosslinkers (Figure 7). Among the various aspects of acetals in polymer synthesis, the most
fundamental usage is a monomer for polyacetals.

Cyclic acetals, such as 1,3-dioxolane, 1,3-dioxepane, and trioxane are employed to produce
polyacetals via cationic ring-opening polymerization with Bronsted or Lewis acid catalysts.”
Copolymerization of cyclic acetals with cyclic ethers or cyclic esters also generates various types of main
chain structures with acid degradable properties.''*'"” Structural studies revealed the homopolymerizability of
non-substituted cyclic acetals and the very low homopolymerizability (low ceiling temperature) of 2-

118

substituted cyclic acetals, ° which showed a similar trend to the case of cyclic ethers, such as the high

reactivity of tetrahydrofuran and the inertness of 2-methyltetrahydrofuran in cationic ring-opening
polymerization.'"” The use of appropriate initiators enabled controlled ring-opening polymerization.'*'*
Acetal compounds are effective for precise synthesis of polymers with specific structures when used

as initiators, additives, and crosslinkers. Cationic species derived from acetals through activation by a suitable
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Lewis acid catalyst can initiate the cationic polymerization.'*''* For example, living cationic polymerization
of vinyl monomers initiated by a cationogen derived from 1,3-dioxolane led to polymers with a hydroxy chain
end."?! In addition, appropriate Lewis acid catalysts with the oxophilic nature selectively activate acetal groups
on the side chains of polymers to initiate the polymerization from prepolymers, yielding graft copolymers with

well-defined structures.'**'*> The polymerization of acetal-containing vinyl monomers via anionic'**"** or

radical mechanisms'*>!3%

also produced vinyl polymers with protected hydroxy groups. As an additive, cyclic
acetals stabilize propagating cationic species to adjust the acidity of Lewis acid catalysts in the living cationic
polymerization of VEs.* Moreover, divinyl monomers containing acetal moieties are used as acid-labile
crosslinkers of nanocapsules and cross-linked micelles.**'* The substituent effects of acetals and ketals on
acid hydrolysis properties were also investigated for a variety of applications including drug delivery and tissue
engineering.'"'

Copolymerization through different polymerization mechanisms, such as vinyl-addition and ring-
opening mechanisms, potentially allows for synthesis of polymers with various primary structures depending
on the reaction conditions. Indeed, the conventional copolymerization of vinyl monomers and cyclic acetals
was reported several decades ago.'**'** More recently, Aoshima and coworkers'** reported the controlled
cationic copolymerization of 2-chloroethyl VE and 1,3-dioxepane using a carefully designed initiating system
based on the living cationic polymerization of VEs. The properties and reactivities of cyclic acetals described

above can be a key to developing synthetic strategies of copolymers and material designs from different types

of monomers.
Initiator \ Added Base Linker e 1- o
Yo\ Mtxn s R O\ —_—— O . é% o
> > n
BN O R @ MiX, ? { o .:ffi:‘:'y 0: drug
(Co)Monomer \ / /
R' R" . Initiator MtXn . Hydrolysis pu
o O %0/\(\/70% — o o —— v -
\_Q\ R R" Monomer (4
Copolymerization with Different Types of Monomers R' R" '

X o o M, 250 1 = ¢
N N N R Re —3 XpaMt-0 x 7'\ . macroinitiator
o\_QQ* + o\_é\i \OCH cl + 0*0 Monomer R R TWT
(CH,) \ ?\* — ® —
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—

Figure 7. Versatility of acetal structures for polymer synthesis.
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2. Objective and Outline of This Thesis

The objective of this thesis is to comprehensively study the relationship between the structures of
active species and copolymerization behavior in vinyl-addition and ring-opening copolymerization and to
construct novel strategies for the sequence-controlled polymers using different types of monomers (Figure 8).
For successful crossover reactions between different types of monomers, suitable mediation using common
intermediates or active species is required. As a promising candidate to meet this requirement, the author
focuses on cyclic acetals because the carbocations generated by the ring-opening reaction of the oxonium ion
species derived from cyclic acetals are structurally similar to those derived from VEs. In addition, the
differences in electronic and steric features around the active species probably influence the crossover reactions
between vinyl monomers and cyclic monomers. Therefore, the author designs a series of cyclic acetals with
various substituents and ring-members from aldehydes and ketones to investigate the correlation between the
structural difference and the copolymerizability in the concurrent vinyl-addition and ring-opening
copolymerization of cyclic acetals and vinyl monomers. The author develops facile approaches for sequence-
controlled polymers based on a rationally designed process consisting of selective cyclic acetal formation from
oxirane/carbonyl compound or cyclic enol ether/alcohol pairs and subsequent alternating cationic

copolymerization with a vinyl monomer.

Monomer Structures Copolymerization by Different Polymerization Mechanism Acetal Formation
R' R" Vinyl-Addition o \ ® - Reactivit i A
y of Carbocation O__OR
\\ OX o : o \{ « Balance of Monomer Reactivity OXO (_7/
R ) Progzgiar?V B AT AN
:; I : g .
Vinyl Monomer  Cyclic Acetal ~—O Carbocationic Species HO o \oxo/ ROH + / \\'(|m
1 n -, -
R' O _R* \ R' R" |- The Number of Substituents R o
FR? ﬁ’a ROH P --0 \/Hoy(ﬁ : E:;gicli\c;mber e S
Ring- i .
O. R ing-Opening x + Electronic Effect - Various Design of Structures
Oxirane Carbonyl Alcohol ——> Design of propagating species - Steric Effect . Selective Reaction

\

\

A

/

Systematic Investigation of Monomers in the Concurrent Vinyl-Addition and Ring-Opening Copolymerization
and Development of Facile Strategies for the Sequence-Controlled Polymers

Construction of
Guideline for Design of Main Chain Structures

One-Pot Synthesis of Sequence-Controlled Polymers
with Well-Defined Structure

MW, MWD — Cyclic Monomer
99%%%0y,  oe0 — ENd Structure | Lewis Acid > ¢ | Ld
0000 0 0 QOQ
m} Monomer Monomer
0000000000 | Sequence Combination Sequence-Programmed Alternating
0000000000 (Vinyl ether, Styrene derivatives, etc.) 3 Monomer Synthesis Copolymerization

Figure 8. Objective and outline of this thesis.

This thesis consists of two parts. Part I (Chapters 2 and 3) describes the development of guidelines
for the control of copolymer primary structures such as molecular weight and sequence in the concurrent vinyl-
addition and ring-opening copolymerization. In Part II (Chapters 4 and 5), the author presents novel strategies
for the synthesis of sequence-controlled polymers with different types of monomers via a one-pot approach
consisting of selective generation of sequence-incorporated cyclic monomers and subsequent living

copolymerization with vinyl monomers.



General Introduction

Chapter 2 describes the effects of the substituents and ring members of cyclic acetals on the
copolymerization behavior with VEs (Figure 9). The controlled cationic copolymerization of 2-chloroethyl
VE (CEVE) and various cyclic acetals successfully proceeds in a living manner, while the rate of the
copolymerization and the sequences of the copolymers are significantly related with the number of methyl
substituents at the 2-position of cyclic acetals and the ring member of cyclic acetals. The systematic study
based on the reaction mechanism of vinyl monomers and cyclic acetals in the propagating step reveals that
several factors, including the stability of the generated carbocation in the crossover reactions, the ring strain
of the oxonium ion species, and the Lewis basicity of cyclic acetals, influence the polymerization rate and the

sequences of the copolymers.

Controlled Cationic Copolymerization of Cyclic Acetals and Vinyl Ethers
RI Rll

~ ~o0 | 00 o X
0”0 | O O </Y / Ao )
|l N A OR * n
a=> J\ l J\ Lewis AcidM M M
2|l 00| 070|070 | ==
aff | Q@ block statistical  alternating
S
@ Y Y oxo OR - Sequence Controlled
0\_10 U { ) R = (CH,),CI - Acid Degradable
> CH,CH(CH,), - Structural Effects of
Ring member Cyclic Acetals

Figure 9. The effects of the number of substituents and ring-member of cyclic acetals on the copolymerization
behavior in the controlled cationic copolymerization with VEs.

Chapter 3 presents a structural investigation of cyclic acetals in the concurrent vinyl-addition and
ring-opening copolymerization and the improvement of copolymerizability with various vinyl monomers
(Figure 10). The electronic and steric features around the active species have a great influence on the
polymerizability and controllability in polymer synthesis. The author designs 2-aryl-substituted cyclic acetals,
which introduce a resonance effect at the propagating chain ends, and various bulky cyclic acetals. As a result
of systematic studies, substituent-derived stabilization effects on the propagating cationic species dramatically

increase the frequency of the crossover reactions in the copolymerization with various vinyl monomers.

Structural Investigation into Controlled Cationic Copolymerization

Aryl -Substituted
Bulky
@ Q Substituents l\llle X
R' R" \ =0, | %0000 <> #°%%%0geq00
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Crossover Reaction
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Figure 10. The structural investigation of cyclic acetals on the sequence of copolymers and the
copolymerizability of cyclic acetals with various vinyl monomers.




Chapter 1

In Chapter 4, the author develops the one-pot synthesis of ABC-type periodic terpolymers via a
successive process consisting of the selective generation of sequence-programmed cyclic acetals and
subsequent living alternating copolymerization with vinyl monomers (Figure 11). In this method, a cyclic
acetal generated by a selective cyclodimerization reaction of an oxirane and a carbonyl compound is subjected
to subsequent copolymerization without any isolation or purification. Alternating cationic copolymerization
ofthe cyclic acetal and VE proceeds smoothly under suitable conditions, which allows for simultaneous control
of the molecular weight, molecular weight distribution, and chain ends in addition to ABC-type periodic
sequence. In addition, the sequential addition of vinyl monomers during the living copolymerization afforded

ABC-b-ABD-type periodic block quaterpolymers.

ABC-Type Periodic Terpolymer Synthesis by One-Pot Method

R
T S =% Jo O,
o R3 R R' R2R®R* R
OXO

R2 —

A =+
( L r”R) @
| 2
Alternating

copolymerization

—
Lewis acid
(1

@
Sequence-programmed % Q
monomer synthesis °

Figure 11. One-pot synthesis of ABC-type periodic sequence terpolymers via the selective synthesis of
sequence-programmed cyclic acetals and subsequent alternating copolymerization with vinyl monomers.

Chapter 5 addresses the construction of a simple and versatile approach for copolymers with well-
defined sequences based on the methodology developed in Chapter 4 (Figure 12). As a conventional and
rational resource for diverse polymer structures, the author focuses on alcohol, which is an inhibitor in cationic
polymerization, for the one-pot synthesis of cyclic monomers and subsequent copolymerization with a VE.
Specifically, 2-alkoxy cyclic ether monomers, which are cyclic acetals with an exocyclic alkoxy group, are
selectively synthesized via the addition reaction of alcohol to a cyclic enol ether. The obtained cyclic acetals
are copolymerized with CEVE without isolation, yielding alternating copolymers. Highly frequent crossover
reactions between CEVE and a series of alcohol-derived cyclic acetals including natural-occurring alcohol-

derived monomers successfully proceed.

Selective Synthesis of Alcohol-Derived Cyclic Monomer and
Subsequent Copolymerization with Vinyl Monomers

o \\ Sequence-Controlled
/ . OR Copolymer
A —_—
ROH — ) — \60 n
Aleohol  Alkoxy Cyclic Ether OR OR

x=1o0r2
] One-Pot Synthesis [—>

Figure 12. Synthesis of sequence-controlled copolymers via the selective generation of alcohol-derived cyclic
monomers and subsequent copolymerization with VEs in one-pot process.
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Structural Investigation of Cyclic Acetals
in the Concurrent Cationic Vinyl-Addition and Ring-

Opening Copolymerization with Vinyl Monomers






Chapter 2.

Controlled Cationic Copolymerization of Vinyl Monomers and Cyclic Acetals via Concurrent
Vinyl-Addition and Ring-Opening Mechanisms: the Systematic Study of Structural Effects on

the Copolymerization Behavior

Introduction

The structures of polymerizable monomers have a considerable influence on their polymerizability
and the properties of the resulting polymers. The rational design of the propagating species based on the
monomer structures is also of great importance for controlling the primary structure, including the molecular
weight, chain end, and tacticity, of the resulting polymer. In addition, the polymerization of more than one
monomer enables the precise synthesis of polymers with various structures, such as block, gradient, graft, and
star-shaped polymers."® The copolymerization of different types of monomers, such as vinyl and cyclic
monomers,” ' is an attractive method for synthesizing materials with novel functions that cannot be achieved
in homopolymers or copolymers from similar types of monomers. However, the copolymerization of different
types of monomers is inherently challenging because of the differences in the active species generated during
the polymerization. Understanding the copolymerization mechanism based on systematic studies is expected
to provide guidelines for designing propagating species derived from different types of monomers.

In the concurrent cationic vinyl-addition and ring-opening copolymerization, the generation of the
carbocation through the ring-opening of the oxonium ion is critical because the oxonium ion species derived
from the oxirane does not react with the vinyl monomer.'* In previous work, oxiranes, such as isobutylene
oxide and isoprene monoxide, which generate tertiary and resonance-stabilized carbocations, respectively, by
the ring-opening reactions of the oxonium ion, were demonstrated to efficiently copolymerize with isopropyl
vinyl ether (VE) using B(C¢Fs); as a Lewis acid catalyst. Moreover, the copolymerization of IPVE with
alkoxyoxirane, which is a cyclic monomer that generates an alkoxy group-adjacent, VE-type carbocation via
ring-opening, proceeded efficiently despite the fact that the copolymerization involved an intramolecular
alkoxy group transfer.'’ Long-lived propagating species were also generated in the latter case, which is partly
due to the structural similarities between the active species derived from the alkoxyoxirane and VE.

Cyclic acetals also generate an alkoxy group-adjacent carbocation through ring-opening reactions.
Indeed, conventional cationic copolymerizations of VEs or styrene with cyclic acetals were reported several
decades ago.”® Recently, we have achieved a controlled cationic copolymerization of 2-chloroethyl VE
(CEVE) with 1,3-dioxepane (DOP) or 2-methyl-1,3-dioxolane (MDOL) using a carefully selected initiating
system based on the living cationic polymerization of vinyl monomers.'® The reversible activation—
deactivation reaction of the carbon—chlorine bond at the propagating chain end was most likely required for
achieving the appropriate dormant—active equilibrium (Scheme 1).

In this chapter, the author aims to synthesize various controlled copolymers and systematically
investigate the effects of the structures of cyclic acetals on their polymerization behaviours. Cyclic acetals are
prepared by the acetalization or the acetal exchange from the corresponding diols with carbonyl compounds

or acetals, respectively;'” hence, the author first synthesized five-, six-, and seven-membered cyclic acetalswith
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no substituents or one or two methyl substituents at the 2-position; the five- and unsubstituted six-membered
cyclic acetals were obtained commercially (Scheme 2). The as-prepared cyclic acetals were used for the
cationic copolymerization with CEVE. The copolymerizations of vinyl monomers and various cyclic acetals
proceeded in a controlled manner using a suitably designed initiating system. Based on the results of the
systematic copolymerizations, we discuss the effects of the number of substituents at the 2-position and the
ring member, which are related to the stabilities of the generated carbocation and the ring strain, respectively,

of the cyclic acetals on the polymerization rates and the frequencies of the crossover reactions.

Scheme 1. Possible Mechanisms of Controlled Cationic Copolymerization of Vinyl Monomers and Cyclic
Acetals

Dormant Active
Cl
-- MCl, | -- ® 0O —
/\|/ - /\ cl-mcl,, =1
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Scheme 2. Concurrent Cationic Vinyl-Addition and Ring-Opening Copolymerization of Vinyl Monomers and

Cyclic Acetals.
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Experimental Section

Materials

2-Chloroethyl VE (CEVE; TCI; >97.0%) and isobutyl VE (IBVE; TCI; >99.0%) were washed with
a sodium hydroxide solution and then water, and distilled twice over calcium hydride under reduced (CEVE)
or at atmospheric (IBVE) pressure. 1,3-Dioxolane (DOL; TCI; >98.0%), 2,2-dimethyl-1,3-dioxolane
(DMDOL; TCI; >98.0%), 1,3-dioxane (DOX; TCI; >98.0%), ethyl acetate (Wako; >99.5%), and heptane

(Nacalai Tesque; >99.0%) were distilled twice over calcium hydride. 1,3-Dioxepane (DOP) was synthesized
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via the reaction of 1,4-butanediol (TCI; >99.0%) and paraformaldehyde (Sigma-Aldrich; 95%) according to
the previously reported procedure.'® 2-Methyl-1,3-dioxolane (MDOL; TCI; >98.0%) was distilled over
calcium hydride and then lithium aluminum hydride. 2,6-Di-tert-butylpyridine (DTBP; Wako; 97%) was
distilled twice over calcium hydride under reduced pressure. The adducts of IBVE with HC1 (IBVE-HCI) or
acetic acid (IBEA) were prepared by addition reactions of IBVE with HCI or acetic acid, respectively.'**
TiCls (Sigma-Aldrich; 1.0 M solution in toluene), SnCl, (Sigma-Aldrich; 1.0 M solution in heptane), and 3-
buten-1-ol (TCI; >98.0%) were used without further purification. Toluene (Wako; 99.5%), dichloromethane
(Wako; 99.0%), and hexane (Wako; >96.0%) were dried by passage through solvent purification columns
(Glass Contour). All chemicals except for toluene, dichloromethane, hexane, and 3-buten-1-ol were stored in

brown ampules under dry nitrogen.

Synthesis of 2-Methyl-1,3-dioxane (MDOX), 2,2-Dimethyl-1,3-dioxane (DMDOX), 2-Methyl-1,3-
dioxepane (MDOP), and 2,2-Dimethyl-1,3-dioxepane (DMDOP)

The six- and seven-membered methyl and dimethyl cyclic acetals were synthesized by acetal
exchange between the corresponding acetal and diol using indium (III) trifluoromethanesulfonate as a catalyst
at room temperature.'’ After the acetal exchange, the reaction mixture was concentrated to remove ethanol or

methanol, which was generated as a byproduct. The product was purified by distillation under reduced pressure.

2-Methyl-1,3-dioxane (MDOX)

Synthesized from diethylacetal (60 g) and 1,3-propanediol (40 g). Colorless liquid. Isolated yield: 28%. '"H NMR
(CDCls; 500 MHz): 6 4.68 (1H, q), 4.11-4.07 (2H, m), 3.80-3.75 (2H, m), 2.12-2.02 (1H, m), 1.35-1.31 (1H, m),
1.30 (3H, d). >*C NMR (CDCl3; 125 MHz): § 99.4, 67.0, 25.7, 21.4. MS (ESI) m/z [M+Na]", calcd: 125.0537, found:
125.0537.

2,2-Dimethyl-1,3-dioxane (DMDOX)

Synthesized from 2,2-dimethoxypropane (54 g) and 1,3-propanediol (42 g). Colorless liquid. Isolated yield: 29%.
"H NMR (CDCls; 500 MHz): § 3.91 (4H, dd), 1.70 (2H, m), 1.43 (6H, s). *C NMR (CDCls; 125 MHz): § 98.2,
60.3,25.9, 24.6. MS (ESI) m/z [M+Na]", calcd: 139.0730, found: 139.0729.

2-Methyl-1,3-dioxepane (MDOP)

Synthesized from diethylacetal (126 g) and 1,4-butanediol (99 g). Colorless liquid. Isolated yield: 48%. '"H NMR
(CDCls; 500 MHz): § 4.90 (1H, q), 3.90-3.60 (4H, m), 1.76-1.65 (4H, m), 1.28 (3H, d). °C NMR (CDCl;; 125
MHz): § 99.5, 65.4, 29.3, 20.8. MS (ESI) m/z [M+Na]", calcd: 139.0730, found: 139.0729.

2,2-Dimethyl-1,3-dioxepane (DMDOP)

Synthesized from 2,2-dimethoxypropane (107 g) and 1,4-butanediol (102 g). Colorless liquid. Isolated yield: 49%.
"HNMR (CDCls; 500 MHz): & 3.68 (4H, m), 1.60 (4H, m), 1.33 (6H, s). *C NMR (CDCls; 125 MHz): § 101, 62.3,
29.8,25.2. MS (ESI) m/z [M+Na]", caled: 153.0886, found: 153.0885.

Polymerization Procedure
The following is a typical polymerization procedure with the IBEA/TiCL/SnCls initiating system. A
glass tube equipped with a three-way stopcock was dried using a heat gun (Ishizaki; PJ-206A; at 450 °C) under
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dry nitrogen. Dichloromethane, toluene, heptane or hexane (as an internal standard for gas chromatography),
ethyl acetate, a solution of DTBP in dichloromethane, and a solution of IBEA in hexane were added into the
tube using dry medical syringes. After cooling the solution to 0 °C for 10 min, a solution of TiCl4 in toluene
was added to the tube. After 15 min, the solution was cooled to =78 °C. The polymerization was started by
sequentially adding a solution of SnCls in toluene and a mixture of CEVE and cyclic acetals to the tube. After
a predetermined interval, the reaction was terminated with methanol or 3-buten-1-o0l containing a small amount
of aqueous ammonia or triethylamine, respectively. The quenched mixture was diluted with dichloromethane
and washed with water. The volatiles were then removed under reduced pressure at 50 °C to yield the polymer.
The monomer conversion was determined by gas chromatography (or by gravimetry and 'H NMR

spectroscopy for some reactions).

Acid Hydrolysis

The acid hydrolysis of the copolymers was conducted using 1.0 M HCl(aq) in 1,2-dimethoxyethane
at room temperature over 3 h (sample: 0.5 wt%). The quenched mixture was diluted with dichloromethane and
washed with aqueous sodium hydroxide and then water. The volatiles were removed at ordinary temperature

and normal pressure.

Characterization

The molecular weight distributions (MWDs) of the obtained polymers were determined by gel
permeation chromatography (GPC) in chloroform at 40 °C on polystyrene gel columns (TSKgel GMHur-M x
2 with an exclusion limit molecular weight = 4 x 10°; bead size = 5 um; column size = 7.8 mm i.d. x 300 mm;
flow rate = 1.0 mL min') connected to a Tosoh DP-8020 pump, a CO-8020 column oven, a UV-8020
ultraviolet detector, and an RI-8020 refractive-index detector. The number-average molecular weight (M,) and
the polydispersity ratio (weight-average molecular weight/number-average molecular weight [My/M,]) were
calculated from the chromatographs based on 16 polystyrenes standards (Tosoh; M, = 577—1.09 x 10°, My,/M,
< 1.1). NMR spectra were recorded using a JEOL JNM-ECA 500 (500.16 MHz for 'H and 125.77 MHz for
C) spectrometer. Matrix-assisted laser desorption/ionization time-of-flight mass spectrometry (MALDI-
TOF-MS) analyses were performed on a Shimadzu/Kratos AXIMA-Performance spectrometer (linear mode)
using dithranol as a matrix and sodium trifluoroacetate as an ion source. Electrospray ionization mass spectra

(ESI-MS) were recorded using a LTQ Orbitrap XL (Thermo Scientific) spectrometer.

Results and Discussion

Controlled Cationic Copolymerization of CEVE and Various Cyclic Acetals

Initially, the cationic copolymerization of DMDOL, which has two methyl substituents at the 2-
position, with CEVE was conducted using an IBEA/TiCls/SnCly initiating system in the presence of ethyl
acetate and DTBP at —78 °C. Ethyl acetate was used as a Lewis basic additive to both suppress side reactions
by stabilizing the growing carbocation and adjust the dormant—active equilibrium through the interaction with
Lewis acid catalysts.”! DTBP was employed as a proton trap reagent to suppress chain transfer reactions caused

by adventitious water.”>** This initiating system was designed based on the living cationic polymerization of

20



Controlled Cationic Copolymerization of Vinyl Monomers and Cyclic Acetals
via Concurrent Vinyl-Addition and Ring-Opening Mechanism

CEVE (entry 20 in Table 1).** In previous study, DOL, which is unsubstituted at the 2-position, did not
copolymerize with CEVE, while the copolymerization of CEVE and MDOL, which has one methyl substituent,
proceeded in a highly controlled manner.'® DMDOL also copolymerized with CEVE very efficiently to yield
copolymers with unimodal MWDs (Figure 1C). Interestingly, the copolymerization of DMDOL proceeded
approximately 10°-times faster than the reaction of MDOL, suggesting that the substituents at the 2-position
significantly affected the polymerization behavior. The sharp MWD peaks (My/M, = 1.2—1.3) of the obtained
copolymers shifted to the high-molecular-weight region as the polymerization proceeded, indicating the
generation of the long-lived propagating species. Moreover, the M, values measured by GPC analysis were
consistent with the values calculated from the conversions of the two monomers (Figure 1B). These results
suggest that the cationic copolymerization of CEVE and DMDOL proceeded in a highly controlled manner.
"H NMR analysis of the copolymer of CEVE and DMDOL revealed the occurrence of frequent
crossover reactions (Figure 2., see Figure S1 for °C NMR spectra). The peak at 4.9 ppm (peak 6) was assigned

Table 1. Cationic Copolymerization of CEVE and Various Cyclic Acetals”

conv” (%) crossover per chain’ units per block?

entry vinyl cyclic  time vinyl cyclic M, x 1073¢ My/M, VtoA® AtoV® vinyl cyclic
1 CEVE DOL 27h 100 18(0) 115 1.10 — — — —

2 — DOL 48h — 22 1.5 3.68 — — — —
3 CEVE MDOL 70h 60 31 5.2 1.37 30 25 27 098
4 — MDOL 24h — 7 — — — — — —
5 CEVE DMDOL 30s 36 11 3.2 1.33 11 11 2.1 0.96
6 13min 75 34 9.9 1.19 59 59 25 096
7 — DMDOL 10 min — 0 — — — — — —
8 CEVE DOX 2h 32 180) 3.1 1.10 — — — —
9 — DOX 9h — 15 — — — — — —
10 CEVE MDOX 2h 68 24 7.2 1.19 21 21 5.1 1.0
11 — MDOX 5h — 19 — — — — — —
12 CEVE DMDOX 30s 84 65 16.5 1.85 74 74 1.3 1.0
13 — DMDOX 49h — 37 — — — — — —
14 CEVE DOP 44h 71 92 11.2 1.84 9.0 13 8.3 12
15 — DOP 24h — 23 4.2 1.69 — — — —
16 CEVE MDOP 4h 61 62 6.8 1.65 33 37 1.5 1.7
17 — MDOP 4h — 29 0.3 1.58 — — — —
18 CEVE DMDOP 30s 91 72 15.6 1.41 66 66 1.7 0.92
19 — DMDOP 24h — 22 — — — — — —
20 CEVE — 30s 94 — 11.5 1.15 — — — —

“[CEVE]o =0 or 0.40 M, [cyclic acetal]o = 0 or 0.40 M, [IBEA]y = 4.0 mM, [TiCls]o = 5.0 mM, [SnCl4]o =20
mM, [DTBP], = 10 mM, [ethyl acetate] = 20 mM in toluene/dichloromethane (9/1 v/v) at—78 °C. * Determined
by gas chromatography. ¢ Determined by GPC (polystyrene standards). ¢ Estimated by 'H NMR analysis. ¢ V:
vinyl monomer; A: cyclic acetal.’ Determined by gravimetry and "H NMR analysis of products.
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Figure 1. (A) Time—conversion curves for the copolymerization of CEVE and DMDOL (circle) or MDOL
(square), (B) the M, determined by GPC (circle) or NMR (triangle; calculated from the integral ratios of the
peaks of the main chain and the w-ends) and M,,/M, (filled) values of poly(CEVE-co-DMDOL)s, and (C)
MWD curves of poly(CEVE-co-DMDOL)s (black) and acid hydrolysis products (purple). Hydrolysis
conditions: 1.0 M HCI in 1,2-dimethoxyethane (0.5 wt% polymer) at room temperature for 3 h. The data
correspond to entries 3, 5 and 6 in Table 1 and entry 3 in Table S1.

to the acetal proton derived from the crossover reaction from CEVE to DMDOL. However, the peaks assigned
to the structure derived from the crossover from DMDOL to CEVE (peaks 9 and 10) overlapped with peaks
of the CEVE units at 3.4 ppm. The integral of the methyl peak at 1.2 ppm (peak 11) derived from DMDOL
was almost six times that of the acetal peak (peak 6), indicating that the homopropagation of DMDOL was
negligible. This fact was also supported by the inefficient homopolymerization of DMDOL (entry 7 in Table
1). The numbers of crossover reactions from CEVE to DMDOL per chain were calculated to be 11 and 59 for
the copolymers obtained after 30 s and 13 min, respectively (entries 5 and 6 in Table 1). The average numbers
of CEVE/DMDOL monomer units per block were calculated to be 2.1/0.96 (30 s) and 2.5/0.96 (13 min) (the
numbers of DMDOL units per block were less than one due to acceptable error), which suggests that the

crossover reactions occurred at similar frequency regardless of monomer conversion.
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Figure 2. "H NMR spectra of (A) poly(CEVE-co-DMDOL) (entry 5 in Table 1) and (B) the hydrolysis product
(in CDCl; at 30 °C; * water, grease, etc; number written in orange: integral ratio).
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The copolymerization via crossover reactions was corroborated by acid hydrolysis (by HCl in 1,2-
dimethoxyethane; see the experimental part) of the obtained copolymer. In the '"H NMR spectrum of the acid
hydrolysis product (Figure 2B), the signals from the acid-labile acetal structures generated via the crossover
reaction from CEVE to DMDOL (peak 6) had disappeared, and instead, aldehyde peaks at 9.5 and 9.8 ppm
(peaks 25, 30, and 36) emerged.'®*>*” Moreover, the hydrolysis products had much lower M, values (0.2 x
10*) than the original copolymers regardless of the monomer conversion, which supports the frequent
occurrence of crossover reactions (Figure 1C).

The introduction of the structures derived from the quencher was confirmed by chain-end analysis,
indicating the generation of long-lived species in the copolymerization. 3-Buten-1-0l was used as a quencher
because the olefin moiety is easily distinguishable from the other peaks by 'H NMR analysis. The peaks at 2.3,
5.1, and 5.8 ppm (peaks 20, 22, 23 and 21) were assigned to the fragment derived from 3-buten-1-ol. A very
small peak assigned to an aldehyde moiety (peak 25), which was generated from the reaction of the CEVE-
derived propagating carbocation with adventitious water, was also detected (Scheme S1). Based on the ratios
of the integrals of these peaks, approximately 90% of the w-ends stemmed from the quencher, indicating the
copolymerization was highly controlled via an appropriate dormant-active equilibrium of the propagating
chain ends. In addition, the sum of the integrals from 3-buten-1-o0l (peak 21) and aldehyde (peak 25) agreed
with that of the a-end structures derived from IBEA (peak 17). Moreover, the M, value calculated from the
ratios of the integrals of the peaks from the detectable w-ends and the main chain (3.6 x 10%) was comparable
to the value obtained by GPC analysis (3.2 x 10°; Figure 1B). These facts suggest that most of the dormant
species were derived from CEVE instead of DMDOL because the DMDOL-derived m-ends are difficult to
detect due to the instability of the structure formed after the reaction with the quencher. ** In addition, most of
the m-ends stemmed from the quencher at higher monomer conversions, indicating that side reactions
negligibly occurred even at the late stage of the copolymerization. MALDI-TOF-MS analysis also supported
the generation of copolymers with the fragments derived from the cationogen and the quencher (Figure S2).

The livingness of the copolymerization of CEVE and DMDOL was also confirmed by a monomer
addition experiment (Figure 3). The unimodal and sharp MWD curves shifted to the high-molecular-weight
region after addition of a second portion of CEVE late in the copolymerization reaction, indicating that the
occurrence of side reactions such as chain transfer reactions was negligible.

Other cyclic acetals, except for DOL and DOX, were also successfully copolymerized with CEVE
in a controlled manner (entries 10, 12, 14, 16, and 18 in Table 1 and entries 7, 9, 11, 13, and 15 Table S1; Fig.
4). MDOX, DMDOX, DOP, MDOP, and DMDOP were synthesized by acetalization or acetal exchange from
1,3-propandiol or 1,4-butandiol with paraformaldehyde, diethyl acetal, or 2,2-dimethoxypropane using an acid
catalyst. In the copolymerizations of these cyclic acetals with CEVE, polymers with unimodal MWDs were
produced under conditions similar to those used for MDOL and DMDOL. The peaks of the MWD curves
shifted to higher molecular weights as the reactions progressed (Figure 4). The molecular weights obtained by
GPC analysis were consistent with the theoretical values. In addition, these M, values increased linearly with
increasing monomer conversion. The generation of low-MW compounds from the hydrolysis of the obtained
copolymers indicated that acetal structures were introduced into the main chain by the crossover reaction from

CEVE to the cyclic acetal.
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Figure 3. MWD curves of poly(CEVE-co-DMDOL)s (black) and acid hydrolysis products (purple) obtained
in the monomer-addition experiment. Polymerization conditions: [CEVE]o= [CEVE]a.a= 0.40 M, [DMDOL ]o
=0.40 M, [IBEA]o = 4.0 mM, [TiCls]o = 5.0 mM, [SnCls]o = 20 mM, [ethyl acetate] =20 mM, [DTBP], = 10
mM, in toluene/dichloromethane (9/1 v/v) at —78 °C. Hydrolysis conditions: 1.0 M HCI in 1,2-
dimethoxyethane (0.5 wt% polymer) at room temperature for 3 h.
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Figure 4. MWD curves of poly(CEVE-co-cyclic acetal)s (black) and acid hydrolysis products (purple). *
monomer conversion values calculated from '"H NMR and gravimetry. The data correspond to entries 8, 10,
12, 16, 18 in Table 1 and entries 6, 7, 9, 13, and 15 in Table S1

The difference in the number of substituents at the 2-position and the ring member of the cyclic acetal
had a remarkable influence on the polymerization rate and the frequencies of the crossover reactions in the
copolymerization with CEVE (Figure 5, left). Increasing the number of methyl groups at the 2-position resulted
in an increase in the frequency of crossover reactions (e.g., CEVE/DOL: no copolymerization, CEVE/MDOL.:
2.7/0.98 units per block, and CEVE/DMDOL: 2.1/0.96 units per block) and an acceleration of the
copolymerization (e.g., MDOL: 40 h and DMDOL: 2 min, for 50% conversion of CEVE). The ring member
also influenced the polymerization rate (e.g., MDOL: 40 h, MDOX: 1 h, and MDOP: 2 h, for 50% conversion
of CEVE). The controlled copolymerization of six- (DMDOX) and seven-membered (DMDOP) analogues of
DMDOL with CEVE also involved frequent crossover reactions (CEVE/DMDOX: 1.3/1.0 units per block and
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CEVE/DMDOP: 1.7/0.92 units per block) at very high rates (DMDOX: 7 s and DMDOP: 3 s, for 50%
conversion of CEVE). Crossover reactions were also frequent in the copolymerizations of CEVE and cyclic
acetals with one methyl group at the 2-position, although unlike MDOL and MDOX, homosequences were
observed in the case of MDOP (CEVE/MDOL.: 2.7/0.98 units per block, CEVE/MDOX = 5.1/1.0 units per
block, CEVE/MDOP = 1.5/1.7 units per block).

=| =|
(o) (o)
J Reactivity J\ Copolymer via
Cl CEVE IBVE frequent crossover
A 0~o 0o S 0”0 0o M
0O 0 o° o
Time for 50% conv.* 30h Units per block® 20/1.5
Units per block” 8.3/12 Vinyl / Cyclic
J\ J\ J\ J\ l J\ Occasional
o] ver
0”0 o0 o o s 0”0 0" o crossove

Sl Y ‘T'\_);Tﬁ”“‘w""‘

2.7/0.98 | 51/1.0 | 1.5/1.7 M
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2 min 7s 3s
Y| 27/1.0 | 3.3/095 | 28/1.0

2.1/0.96 1.3/1.0 1.7/0.92 M

| Ring member | | Ring member |

Vinyl homopolymer

Figure 5. Summary of the products obtained in the copolymerization of VEs and cyclic acetals (“ Time for
50% conversion of CEVE. ” Average numbers of VE (blue) and cyclic acetal (red) units per block).

The monomer reactivity ratios determined by the Kelen—Tiidds method® (Table 2 and Figure 6)
were consistent with the frequencies of the crossover reactions. The decrease in the 1 values was in agreement
with the increase in the number of methyl substituents and indicates the crossover reaction is favored over
homopropagation at the CEVE-derived propagating ends. The r» values of approximately zero in the cases of
MDOL, DMDOL, MDOX, DMDOX, and DMDOP are consistent with the nonhomopolymerizability of these
cyclic acetals (Table 2).

Among the examined cyclic acetals, DOL, DOP, and MDOP underwent homopolymerization under
the conditions used in the copolymerizations (entries 2, 15, and 17 in Table 1). In the cases of DOL and DOP,
long-lived species were generated, although the M,,/M, values were relatively large (M/M, = 1.7—3.7). The
homopolymerization of MDOP gave oligomers (M, = 0.3 x 10°). The homopolymerizabilities of the other
cyclic acetals were negligible (entries 4, 7, 9, 11, 13, and 19 in Table 1).
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Table 2 Monomer Reactivity Ratios®
M; M r 2
CEVE DOL — —
MDOL 2.6  0.06°
DMDOL 1.4 0.01
DOX — —
MDOX 1.7 0.02
DMDOX  0.32 0.09
DOP 4.8 18°
MDOP 1.6 1.3
DMDOP  0.58 0.01
IBVE DMDOX 1.2 0.02
MDOP 2.8 0.24
DMDOP 2.0 0.07

“ Determined by the Kelen—Tiiddos method. The values were calculated from the data shown in Figure 6 and
S5.? Values reported in reference 16.
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Figure 6. Copolymer compositions for the cationic copolymerizations of CEVE and (A) five-, (B) six-, or (C)
seven-membered cyclic acetals (broken curves: curves that were drawn using the 7 values obtained by the
Kelen—Tiidds method; dashed-dotted lines: azeotropic lines). Polymerization conditions: [CEVE]y + [cyclic
acetal]o = 1.0 M, [IBEA]o = 4.0 mM, [TiCls]o = 5.0 mM, [SnCls]o = 20 mM, [ethyl acetate] =20 mM, [DTBP]o
=10 mM, in toluene/dichloromethane (9/1 v/v) at =78 °C. The data for DOP and MDOL are the same to those
shown in reference 16.

Discussion of the Effects of Substituents at the 2-Position and the Ring Member on the Copolymerization
Behavior

The differences in the copolymerization behaviors, such as the polymerization rate and the frequency
of the crossover reactions, most likely stemmed from several factors based on the structure of the cyclic acetals.
The ring-opening reaction of cyclic acetals at the propagation step proceeds in the manner shown in Figure 7.
A cyclic acetal adds to the propagating species and subsequently forms an oxonium ion, which is then
converted to a carbocation via a ring-opening reaction. In this reaction, the nucleophilicities of the cyclic

acetals toward the propagating cationic species are primarily responsible for the addition of the cyclic acetal
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to the cation. Increasing the ring strain in the oxonium ion and the stability of the generated carbocation
facilitate the ring-opening of the oxonium ion. Therefore, the number of substituents at the 2-position and the
ring member of the cyclic acetal most likely affect the propagation reaction. The effects of these factors are

discussed in the following sections.
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Figure 7. Factors affecting the copolymerization behavior

Effects of the number of methyl groups at the 2-position.

The number of methyl groups at the 2-position of the cyclic acetal mainly influences the stability of
the carbocation generated by the ring-opening reaction of the oxonium ion. Cyclic acetals with zero, one, or
two substituents generate primary, secondary, or tertiary carbocations, respectively. The ring-opening of the
oxonium ion occurs more efficiently when the generated carbocation is more stable (primary < secondary <
tertiary), resulting in an acceleration of the copolymerization due to the facilitation of the crossover reaction
to CEVE. This trend is consistent with the high reaction rates of the acid hydrolysis reactions of cyclic acetals
with larger numbers of substituents at 2-position.”'

Crossover reactions were more frequent in the copolymerizations of cyclic acetals with larger
numbers of methyl groups (Figure 8) likely because the addition-ring elimination equilibrium of a cyclic acetal
monomer forms at the propagating end derived from CEVE (Figure 7). An inefficient ring-opening reaction,

related to the instability of the carbocation generated via the ring-opening, causes frequent elimination of the
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Figure 8. Frequencies of crossover reactions per chain: By "H NMR analysis. The values were calculated from
the data shown in entries 1, 3, 6, 8, 10, 12, 14, 16, and 18 in Table 1.
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cyclic acetal from the propagating end, leading to an increase in the homopropagation of CEVE and decreasing
the frequency of the crossover reaction to the cyclic acetal. The improvement in the stability of the carbocation
generated by the ring-opening of the oxonium ion contributes to the decrease in the rate of the reverse reaction
from the oxonium ion to the CEVE-derived carbocation, which enhances the efficiency of the crossover
reaction. This discussion is based on the assumption that cyclic acetals with the same ring member have

comparable nucleophilicities and ring strain regardless of the number of methyl groups at the 2-position.

Effects of the ring member.

The ring member of the cyclic acetal is related to its ring strain. In the reaction mechanism shown in
Figure 7, the ring-opening of the oxonium ion is most likely facilitated by higher ring strain (six- < five- ~
seven-membered ring).*> >’ However, the copolymerization of MDOX, a six-membered cyclic acetal, was the
fastest among the three cyclic acetals with one methyl substituent (MDOL: 40 h, MDOX: 1 h, and MDOP: 2
h, for 50% conversion of CEVE). These results suggest that factors other than ring strain also affect the
copolymerization behavior.

The difference in the Lewis basicities of the five- and six-membered cyclic acetals, which interact
with a Lewis acid catalyst, had a noticeable effect on the polymerization rates. Cyclic acetals are used as an
additive to moderate the Lewis acidity of the catalyst in controlled cationic polymerizations of VEs. In previous
report, cyclic acetals were an efficient additive in a manner similar to weak Lewis bases such as ethyl acetate,
1,4-dioxane, and tetrahydrofuran.*’ To examine the abilities of cyclic acetals to serve as Lewis basic additives,
the polymerization of IBVE was conducted in the presence of DOL, MDOL, DMDOL, or MDOX (Table 3).
In all cases, the incorporation of the cyclic acetal into the polymer chains under the examined conditions was
negligible. Notably, the polymerization of IBVE in the presence of MDOX proceeded much faster than that in
the presence of MDOL (entries 2 and 3 in Table 3), suggesting that MDOL is more Lewis basic than MDOX.
This tendency is consistent with the polymerization rates of the copolymerizations with CEVE. In addition,
the order of the basicity (six < five-membered [DOX < DOL]) is consistent with the previous report.**!
Moreover, the polymerization rates of IBVE were comparable regardless of the number of substituents (entries
1, 2, and 4; DOL, MDOL, and DMDOL). These results indicate that not only the ring strain but also the Lewis

basicity of the cyclic acetal affects the copolymerization rate.

Table 3. Homopolymerization of IBVE in the Presence of Cyclic Acetals as an Additive*
conv. (%)
entry cyclic time vinyl® cyclic
1 DOL 60s 12 0
2 MDOL 60s 24 0
3 MDOX 60s 75 0
4 DMDOL 60s 18 1

“ Polymerization conditions: [IBVE]o = 0.76 M, [cyclic acetal]o = 1.0 M, [IBVE-HCl]o = 4.0 mM, [SnCls]o
= 5.0 mM, in toluene at —78 °C. * Determined by gas chromatography. ¢ By gravimetry and "H NMR analysis
of products.
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Copolymerization of Cyclic Acetals with IBVE

The reactivity of the VE also affected the copolymerization via the concurrent vinyl-addition and
ring-opening mechanism. The copolymerization of cyclic acetals with IBVE, a more reactive VE than CEVE,
using the same initiating system as that used in the controlled copolymerization with CEVE yielded ill-defined
copolymers (Figure S3); hence, an initiating system was designed based on the living cationic polymerization
of IBVE.* As a result, the controlled copolymerization was achieved using SnCly as a Lewis acid catalyst in
conjunction with IBVE-HCI as a cationogen in the presence of ethyl acetate. The copolymerization results are
listed in Table 4 and Table S2. In previous study, DOP and MDOL were shown to be inefficient comonomers
for copolymerization with IBVE.'® In sharp contrast, DMDOL, DMDOX, MDOP, and DMDOP were
demonstrated to copolymerize with IBVE in a controlled manner (entries 3, 6, 8, and 9 in Table 4). For example,
the narrow MWD peak (M./M, < 1.2) of the DMDOP copolymer shifted to the high-molecular-weight region
as the reaction progressed (Figure 9C). The M, values obtained by GPC analysis linearly increased in
accordance with the values calculated from the monomer conversion (Figure 9B), which indicates that the
copolymerization was mediated by long-lived species. In all cases, the M,/M, values of the copolymers with
IBVE were smaller than those with CEVE, suggesting an improvement in the controllability. The occurrences
of the crossover reactions were confirmed by the detection of acetal protons derived from the crossover
reactions in the "H NMR spectrum of the product (Figure S4). The acid hydrolysis products had much lower
M, values than the original copolymers (Figure 9C), which supports the frequent occurrence of crossover
reactions. Accordingly, the selection of an appropriate initiating system allowed the controlled
copolymerization of VEs with different reactivities and suitable cyclic acetals.

The reactivities of the vinyl monomers mainly affected the frequencies of the crossover reactions.
The average numbers of IBVE units per block were larger than those in the case of CEVE (Figure 5), indicating

that the crossover reactions from IBVE to the cyclic acetals were less favorable. For example, the

Table 4. Cationic Copolymerization of IBVE and Various Cyclic Acetals”

conv (%)" crossover per chain’  units per block?

entry cyclic time vinyl cyclic M, x 10°¢ M /MY VtoA° AtoV® vinyl cyclic
1 DOL 30s 73 0/ 7.1 1.10 — — — —
2 MDOL 60s 60 V 6.7 1.09 — — — —
3 DMDOL 3min &4 3 9.9 1.09 3 3 27 1.0
4 DOX 60 s 68 0/ 6.4 1.18 — — — —
5 MDOX 60s 64 o 6.8 1.09 — — — —
6
7
8

DMDOX 30s 98 24/ 12.8 1.16 30 30 33 0.95
DOP 6h &3 8 4.5 1.34 1.5 ~0 29 1.5
MDOP  90s 92 58 8.6 1.36 20 21 2.6 1.4

9 DMDOP 30s 82 28/ 13.0 1.16 28 28 2.8 1.0

“[IBVE]o = 0.50 M, [cyclic acetal]o = 0.50 M, [IBVE-HCl]o = 5.0 mM, [SnCls]o = 5.0 mM, [ethyl acetate] =
1.0 M in dichloromethane at —78 °C. ? Determined by gas chromatography. ¢ Determined by GPC (polystyrene
standards). ¢ Estimated by "H NMR analysis. ¢ V: vinyl monomer; A: cyclic acetal./ Determined by gravimetry
and "H NMR analysis of products.
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Figure 9. (A) Time—conversion curves for the copolymerization of IBVE and DMDOP, (B) the M, (open) and
M,/M, (filled) values of the copolymers obtained, and (C) MWD curves of poly(IBVE-co-DMDOP)s (black)
and acid hydrolysis products (purple). Polymerization conditions: [IBVE], = 0.50 M, [DMDOP], = 0.50 M,
[IBVE-HCI]p = 5.0 mM, [SnCls]o = 5.0 mM, [ethyl acetate] = 1.0 M, in dichloromethane at —78 °C.
Hydrolysis conditions: 1.0 M HCI in 1,2-dimethoxyethane (0.5 wt% polymer) at room temperature for 3 h.
The data correspond to entry 9 in Table 4 and entry 17 in Table S3.

CEVE/DMDOL units per block were calculated to be 2.1/0.96, while for IBVE this value was 27/1.0.
Moreover, MDOL and MDOX, which produced copolymers with CEVE, did not copolymerize with IBVE
(entries 2 and 5 in Table 4). In the case of IBVE, the homopropagation of the vinyl monomer is favored due
to the high reactivity of IBVE, which disturbs the crossover reaction to the cyclic acetals. The larger 7, values
of the copolymerizations with IBVE relative to those with CEVE are consistent with the smaller ratios of the
crossover reactions to the homopropagation (Table 2; Figure S5). Suitable combinations of both vinyl and

cyclic monomers based on their reactivities are crucial for copolymerizations via efficient crossover reactions.

Conclusion

In conclusion, the systematic study of the controlled cationic copolymerizations of VEs and cyclic
acetals demonstrated the significant effects of both the numbers of substituents and the ring member of the
cyclic acetal on the copolymerization behavior. In most cases, the copolymerizations of CEVE and cyclic
acetals proceeded in a living manner, resulting in the generation of well-defined acid-degradable copolymers
with acetal moieties in the main chain. The differences in the structures of the cyclic acetals significantly
affected the propagation reactions. Specifically, an increase in the number of substituents at the 2-position of
the cyclic acetal improved the stability of the carbocation generated from the ring-opening reaction. In addition,
the ring member was responsible for the ring strain and the Lewis basicity. These factors affected both the
frequency of the crossover reactions and the polymerization rates. The balance between the reactivities of the
vinyl and cyclic monomers also influenced the sequence of the copolymer. The results of this study help
elucidate the correlation between the structure and the copolymerization behaviors of different types of
monomers. The synthesis of well-defined, acid-degradable copolymers from a variety of cyclic acetals, which
are easily synthesized from commercially available aldehyde or ketone, will enable the design of unique

copolymer chains.
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Figure S2. MALDI-TOF-MS spectrum of the copolymer of CEVE and DMDOL (entry 5 in Table 1): (A)
the whole spectrum and (B) the expanded spectrum and the simulated patterns.

Note for Figure S2

The spectrum had a series of peak groups at intervals of an m/z value of approximately 100. Notably, each
peak group had a relatively wide m/z range. Isotopes of chlorine atoms derived from CEVE and slight
differences of the molecular weights of both monomer units (CEVE: 106.55, DMDOL: 102.13) are responsible
for the wide m/z range of each peak group. To analyze the spectrum, peak simulation was conducted. The
simulation is based on the structures consisting of an a-end derived from the cationogen, CEVE and DMDOL
units, and an w-end derived from the quencher. The ratio of CEVE and DMDOL units (2.1/0.96), which was
determined by '"H NMR, was used for the simulation. For example, simulated peaks at the m/z range of 3100
to 3200 correspond to a mixture of equal amounts of copolymer chains consisting of 21/7 (Ci29H237037Cl21Na),
20/8  (Ci30H240038CloNa),  19/9  (Ci31H243030Cli9Na),  18/10  (Ci32H246040ClisNa), and  17/10
(C133H249041Cl117Na) of CEVE/DMDOL units. The observed peak groups had similar patters to the simulated
peak groups, which suggests the generation of copolymers with the fragments derived from the cationogen
and the quencher.
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Table S1. Cationic Copolymerization of CEVE and Various Cyclic Acetals*

conv’ (%)  units per block?

entry  cyclic time vinyl cyclic vinyl cyclic
1 DOL 2h 82 11(0y — —
2 27h 100 18(0) — —
3 MDOL 2h 19 9¢ 22 0.97
4 70 h 60 31 2.7 0.98
5 DOX 2h 32 18(0) — —
6 96 h 100 28(0) — —
7 MDOX lh 59 21 5.6 1.0
8 2h 68 24 5.1 1.0
9 DMDOX 7s 44¢ 32¢ 1.4 1.0
10 30s 84¢ 65¢ 1.3 1.0
11 DOP 23 h 36 75 2.7 2.5
12 44 h 71 92 8.3 12
13 MDOP  0.5h 29 36 1.5 1.8
14 4h 61 62 1.5 1.7
15  DMDOP 3s 63 36 1.7 1.0
16 30s 91¢ 72 1.7 0.92

“[CEVE]p = 0.40 M, [cyclic acetal]o = 0.40 M, [IBEA]o = 4.0 mM, [TiCls]o = 5.0 mM, [SnCls]o = 20 mM,
[DTBP]o = 10 mM, [ethyl acetate] = 20 mM in toluene/dichloromethane (9/1 v/v) at —78 °C. Entries 2, 4, 5, 8,
10, 12, 14 and 16 correspond to entries 1, 3, 8, 10, 12, 14, 16 and 18 in Table 1, respectively ” Determined by
gas chromatography. ¢ Determined by gravimetry and '"H NMR analysis of products. ¢ Calculated by "H NMR
analysis.

(T:'g::, M.x 10
L M.,/ M,
[VE,DMDOL] (M./M:)
30s 71
98%, 2% (1.41)

10° 10* 10° 3x10’ MW
I II Il T ll II (PSt)
12 15 18 EV/ml

Figure S3. MWD curves of products obtained via the copolymerization of IBVE and DMDOL. Polymerization
conditions: [IBVE]y = 0.40 M, [DMDOL] = 0.40 M, [IBEA]y = 4.0 mM, [TiCls]o = 5.0 mM, [SnCl4]o = 20
mM, [ethyl acetate] = 20 mM, [DTBP], = 10 mM, in toluene/dichloromethane (9/1 v/v) at =78 °C.
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Table S2. Cationic Copolymerization of IBVE and Various Cyclic Acetals®

b crossover per
conv (% .
(%) chain?

units per block?

entry vinyl cyclic time vinyl cyclic M, x 10°¢ My/M,* VtoA® Ato V¢ vinyl cyclic

1 IBVE DOL 15s 48  11(0) 5.0 1.13 — — — —
2 30s 73 14(0) 7.1 1.10 — — — —
3 IBVE MDOL 30s 46  9(V) 5.0 1.15 — — — —
4 60s 60  4(1) 6.7 1.09 — — — —
5 IBVE DMDOL 30s 38 0(1%) 4.4 1.12 1 1 35 1.0
6 3min 84  0(3) 9.9 1.09 3 3 27 1.0
7 IBVE DOX 30s 55 0 5.3 1.17 — — — —
8 60s 68 0 6.4 1.18 — — — —
9 IBVE MDOX 30s 43  13(0) 4.6 1.10 — — — —
10 60s 64  3(0) 6.8 1.09 — — — —
11 IBVE DMDOX 10s 48 1V 7.3 1.20 12 12 3.5 0.93
12 30s 98 24 12.8 1.16 30 30 33 0.95
13 IBVE  DOP 6h 83 8 4.5 1.49 1.5 ~0 29 1.5
14 24h 100 46 5.1 1.34 1.0 ~0 40 11
15 IBVE MDOP 30s 60 35 7.5 1.22 16 17 3.0 1.4
16 90s 92 58 8.6 1.36 20 21 2.6 1.4
17 IBVE DMDOP 10s 37 9 6.2 1.19 9 9 3.4 1.0
18 30s 82 28/ 13.0 1.16 28 28 2.8 1.0

“[IBVE]o = 0.50 M, [cyclic acetal]o = 0.50 M, [IBVE-HCl]o = 5.0 mM, [SnCls]o = 5.0 mM, [ethyl acetate] =
1.0 M in dichloromethane at —78 °C. Entries 2, 4, 6, 8, 10, 12, 13, 16 and 18 correspond to entries 1, 2, 3, 4, 5,
6,7, 8 and 9 in Table 4, respectively. ” Determined by gas chromatography. ¢ Determined by GPC (polystyrene
standards). ¢ Estimated by "H NMR analysis. ¢ V: vinyl monomer; A: cyclic acetal./ Determined by gravimetry
and "H NMR analysis of products.
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Figure S4. '"H NMR spectra of (A) poly(IBVE-co-DMDOP) (entry 17 in Table S3) and (B) the hydrolysis

product (in CDCls at 30 °C; * water, satellite, etc).
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Figure S5. Copolymer compositions for the cationic copolymerizations of IBVE with (A) DMDOX, (B)
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Chapter 3.

Alternating Cationic Copolymerization of Vinyl Ethers and Cyclic Acetals with Resonance-

Stabilized Substituents: Structural Investigation of Cyclic Acetals on the Copolymerizability

Introduction

The design of active chain ends is of great importance for controlling polymerization reactions.' In
chain-growth polymerization of vinyl monomers, the electronic and resonance effects derived from
substituents of the vinyl groups are systematically investigated for the evaluation of polymerizability.*” The
structure—reactivity relationships summarized as the Q-e scheme demonstrate an experimental principle that
the vinyl monomers with an electron-donating, electron-withdrawing, or resonance group are effective for
cationic, anionic, or radical polymerization, respectively. The suitable adjustment of the reactivity of active
chain ends leads to the living/controlled polymerization, which enables the control of primary structure of
synthetic polymers.* ' In addition, the bulky substituents, such as a,o- or o,B-disubstituents, generally
decrease the polymerizability due to the steric hindrance around the active species. These facts suggest that
the relationship between the structures of active species and the polymerization behavior is a fundamental
information in polymer synthesis.

The structural differences of active species also affect the copolymerizations of different types of
monomers. For example, the cationic polymerization of vinyl monomers and cyclic ethers proceeds via
carbocation and oxonium ion species, respectively. The generation of carbocation via the ring-opening reaction
of the cyclic ether-derived oxonium ion is of great importance in the occurrence of crossover reaction because
the nucleophilic addition of vinyl monomers to the oxonium ion species is difficult due to the difference in
reactivities of propagating species.'® In terms of the reactivity of carbocation species, cyclic acetals, which
generate an alkoxy group-adjacent carbocation species by the ring-opening reaction of the oxonium ion, are
promising candidates for copolymerization with vinyl monomers. Indeed, conventional -cationic
copolymerization of cyclic acetals and vinyl monomers was reported several decades ago.'”'® Recently, the
controlled cationic copolymerization of vinyl ether and cyclic acetals was reported via a carefully designed
initiating systems based on the living cationic polymerization of vinyl ethers (VEs)."

The copolymerization behavior in the cationic polymerization of VE and cyclic acetals is closely
related to the structural difference of cyclic acetals (Scheme 1).%° For example, the use of cyclic acetals with
no, one, or two methyl substituents at the 2-position generated the copolymers with multiblock, random, or
approximately alternating sequences, respectively. The ring member of cyclic acetals also affected the
frequency of the crossover reactions and the polymerization rates depending on their degree of ring strain and
Lewis basicity. The use of cyclic acetals with various other substituents in the cationic copolymerization is
expected to afford systematic information of the copolymerization behavior between different types of
monomers. However, copolymerization behavior of various cyclic acetals, such as aryl-substituted cyclic

acetals, has been not reported.
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Scheme 1. Effects of Substituents of Cyclic Acetals on the Copolymerization with Vinyl Monomers and the
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In this chapter, the author aims to investigate the resonance and steric effects on the copolymerization
behavior and copolymerizability of cyclic acetals with various vinyl monomers. To investigate the stabilization
effect derived from the substituents on cyclic acetals, the author designs the various alkyl- and/or aryl-
substituted cyclic acetals, as shown in Scheme 2. These cyclic acetals were simply synthesized by either the
acid-catalyzed condensation reaction of carbonyl compounds and diols or transacetalization of acetal and diols.
The cationic copolymerization of various aryl- or alkyl-substituted cyclic acetals and VEs successfully
proceeded in a controlled manner. In particular, the use of cyclic acetals with an aryl ring at the 2-position
underwent exclusive crossover reactions over homopropagation of each monomer, resulting in the generation
of alternating copolymers. The extremely high copolymerizabilities of these cyclic acetals enabled
copolymerization with various vinyl monomers. The relationship between the structural difference of cyclic

acetals and copolymerizability is comprehensively discussed.

Scheme 2. Cyclic Acetals Used in This Study
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Experimental Section

Materials

p-Methylstyrene (pMeSt; Sigma-Aldrich; 96.0%) and isopropyl VE (IPVE; Wako; >97.0%) were
washed with 10% sodium hydroxide solution and then water and distilled twice over calcium hydride under
reduced (pMeSt) or atmospheric (IPVE) pressure, respectively. 2,2,4-Trimethyl-1,3-dioxolane (TMDOL; TCI;
>98.0%) was distilled twice over calcium hydride. 2-Benzyl-1,3-dioxolane (BnDOL; TCI; >98.0%), 2-(2-
furyl)-1,3-dioxolane (FurylDOL; TCI; >98.0%), and p-methoxybenzaldehyde (Nacalai Tesque; >99.0%) were
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distilled over calcium hydride under reduced pressure. Ethanesulfonic acid (EtSO3;H; Sigma-Aldrich; 95%),
tetrabutylammonium chloride (Fluka; >99.0%), methanol (Nacalai Tesque; >99.8%), 3-buten-1-ol (TCI;
>98.0%), ammonia water (Nacalai Tesque), triethylamine (Wako; >99.0%), 1,2-dimethoxyethane (Nacalai
Tesque; >99.0%), hydrochloric acid (Nacalai Tesque; 35-37%), trifluoroacetic acid (Nacalai Tesque; >99.0%),
and sodium hydroxide (Nacalai Tesque; >97.0%) were used without further purification. Other materials were

prepared and used as described in Chapter 2.

Synthesis of Cyclic Acetals

Cyclic acetals other than MDOL, DMDOL, TMDOL, BnDOL, and FurylDOL were synthesized by
condensation reaction of the corresponding aldehyde and diol (method A) or acetal exchange between the
corresponding acetal and diol using indium(III) trifluoromethanesulfonate (method B).?' The following is a
typical procedure for method A (PMPDOL synthesis as an example): 55 g (0.40 mol) of p-
methoxybenzaldehyde (Nacalai Tesque; >99.0%; used as received), 62 g (1.0 mol) of ethylene glycol (Nacalai
Tesque; >99.5%), 0.17 g (8.9 x 10™ mol) of p-toluenesulfonic acid (monohydrate; TCI; >98.0%), and 70 g of
toluene were added to a round-bottomed flask with a Dean-Stark trap. The mixture was stirred at approximately
150 °C for 6 h. After the condensation reaction, the reaction mixture was added to 150 mL of aqueous NaHCO;
and then washed with water and brine. A large part of toluene was removed by evaporation under reduced
pressure. The crude product was purified by double or triple distillation over calcium hydride under reduced
pressure to yield PMPDOL. The following is a typical procedure for method B?' (PhDOL synthesis as an
example): 26 g (0.17 mol) of benzaldehyde dimethyl acetal (TCI; >98.0%), 19 g (0.30 mol) of ethylene glycol,
and 0.29 g (5.3 x 10 mol) of indium(III) trifluoromethanesulfonate (Sigma-Aldrich) was added to a round-
bottomed flask and the mixture was stirred for 1 h at room temperature. After acetal exchange, the reaction
mixture was evaporated under reduced pressure to remove methanol generated as a byproduct during exchange
reaction. The crude product was purified by double or triple distillation over calcium hydride under reduced

pressure to yield PhDOL.

2-(4-Methoxyphenyl)-1,3-dioxolane (PMPDOL)

Synthesized from 55 g (0.40 mol) of p-methoxybenzaldehyde and 62 g (1.0 mol) of ethylene glycol by method A.
Final yield after distillation: 54%. '"H NMR (CDCls; 500MHz): § 7.40 (2H, d, J= 9.0 Hz), 6.90 (2H, d, /= 9.0 Hz),
5.76 (1H, s), 4.11-4.14 (2H, m), 4.00-4.03 (2H, m), 3.81 (3H, s). *C NMR (CDCls; 125 MHz): § 160.5, 130.1,
128.0, 113.9, 103.8, 65.4, 55.4. MS (ESI) m/z [M + Na]", caled: 203.0679, observed: 203.0682.

2-Phenyl-1,3-dioxolane (PhDOL)

Synthesized from 26 g (0.17 mol) of benzaldehyde dimethyl acetal and 19 g (0.30 mol) of ethylene glycol by method
B. Final yield after distillation: 30%. "H NMR (CDCls; 500MHz): § 7.36-7.50 (5H, m), 5.82 (1H, s), 4.11-4.15
(2H, m), 4.01-4.05 (2H, m). *C NMR (CDCls; 125MHz): § 138.0, 129.3, 128.5, 126.6, 103.9, 65.4. MS (ESI) m/z
[M + Na]*, caled: 173.0573, observed: 173.0575.

2-(4-Methoxyphenyl)-1,3-dioxane (PMPDOX)
Synthesized from 68 g (0.50 mol) of p-methoxybenzaldehyde and 93 g (1.2 mol) of 1,3-propanediol (TCI; >98.0 %)
by method A. Final yield after distillation: 36%. '"H NMR (CDCls; 400MHz): § 7.40 (2H, d, J = 8.8 Hz), 6.88 (2H,
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d,J = 8.8 Hz), 5.45 (1H, s), 4.24 (2H, ddd, J = 12.0, 5.2, 1.2 Hz), 3.97 (2H, m(probably ddd, J = 12.4, 12.0, 2.8
Hz)), 3.79 (3H, s), 2.21 (1H, dtt, J = 13.6, 12.4, 5.2 Hz), 1.42 (1H, dtt, J = 13.6, 2.8, 1.2 Hz). 13C NMR (CDCl;;
125MHz): § 160.1, 131.5, 127.4, 113.7, 101.7, 67.5, 55.4,25.9. MS (ESI) m/z [M + Na]", calcd: 217.0835, observed:
217.0835.

2-(4-Methoxyphenyl)-1,3-dioxepane (PMPDOP)

Synthesized from 68 g (0.50 mol) of p-methoxybenzaldehyde and 91 g (1.0 mol) of 1,4-butanediol (TCI; >99.0 %)
by method A. Final yield after distillation: 16%. "H NMR (CDCls; 500MHz): § 7.41 (2H, d, J= 9.0 Hz), 6.88 (2H,
d, J= 9.0 Hz), 5.69 (1H, s), 3.89-3.94 (2H, m), 3.72-3.77 (2H, m), 3.80 (3H, s), 1.72-1.78 (4H, m). '*C NMR
(CDCls; 125MHz): § 159.6, 132.6, 127.6, 113.6, 100.8, 65.4, 55.4, 29.4. MS (ESI) m/z [M + Na]', caled: 231.0992,
observed: 231.0998.

2-Naphtyl-1,3-dioxolane (NpDOL)

Synthesized from 16 g (0.10 mol) of 1-naphthaldehyde (Aldrich; 95 %) and 16 g (0.25 mol) of ethylene glycol by
method A. Final yield after purification by column chromatography (silica gel, hexane/ethyl acetate = 5/1): 65%.
"H NMR (CDCls; 400MHz): § 8.22 (1H, d, J = 8.4 Hz), 7.85-7.887 (2H, m), 7.77 (1H, d, J = 7.2 Hz), 7.45-7.56
(3H, m), 6.48 (1H, s), 4.19-4.23 (2H, m), 4.13-4.18 (2H, m). *C NMR (CDCl;; 125MHz): § 134.0, 133.2, 131.1,
129.7, 128.7, 126.4, 125.9, 125.2, 124.1, 123.7, 102.4, 65.4. MS (ESI) m/z [M + Na]’, calcd: 223.0730, observed:
223.0726.

1,3-Dioxolane-2-spirocyclohexane (CyDOL)

Synthesized from 34 g (0.35 mol) of cyclohexanone (TCI; >99.0 %) and 49 g (0.79 mol) of ethylene glycol by
method A. Final yield after distillation: 44%. "H NMR (CDCls; 500MHz): § 3.94 (4H, s), 1.60-1.65 (4H, m), 1.41
(2H, s). *C NMR (CDCls; 125MHz): § 109.2, 64.3, 35.3, 25.3, 24.1. MS (ESI) m/z [M + Na]", calcd: 165.0886,
observed: 165.0889.

2,2-Dimethyl-hexahydro-1,3-benzodioxole (Cy-DMDOL)

Synthesized from 26 g (0.25 mol) of 2,2-dimethoxypropane (Wako; >95.0%) and 25 g (0.22 mol) of 1,2-
cyclohexanediol (TCI; >98.0%) by method B. Final yield after distillation: 49%. A mixture of diastercomers
(93/7). '"H NMR (CDCls; 500MHz): Major diastereomer: & 4.08-4.12 (2H, m), 1.67-1.82 (4H, m), 1.53-1.61
(2H, m), 1.51 (3H, s), 1.35 (3H, s), 1.25-1.32 (2H, m), Minor diastereomer: & 3.26-3.29 (2H, m), 2.09-2.12
(2H, m), 1.67-1.82 (2H, m), 1.42-1.48 (2H, m), 1.43 (6H, s), 1.25-1.32 (2H, m). *C NMR (CDCl;; 125MHz):
Major diastereomer: 6 107.8, 73.9, 28.6, 28.4, 26.5, 21.0, Minor diastereomer: 6 108.3, 80.3, 29.0, 27.1, 23.9.
MS (ESI) m/z [M + Na]", calcd: 179.1043, observed: 179.1047.

Polymerization Procedure

Polymerization was conducted in a manner similar to that described in Chapter 2.

Acid Hydrolysis

Acid hydrolysis was conducted in a manner similar to that described in Chapter 2. Acidolysis of the
obtained polymers was conducted with 0.50 M trifluoroacetic acid in dichloromethane at room temperature
for 1 h (sample: 0.5 wt%). After the reaction, the mixture was diluted with dichloromethane and washed with
an aqueous sodium hydroxide solution and then water. The volatiles were removed at room temperature at

atmospheric pressure.
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Characterization
The MWD, NMR spectra, and electrospray ionization mass spectra (ESI-MS) were measured in a

manner similar to that described in Chapter 2.

Results and Discussion

Controlled Cationic Copolymerization of PMPDOL and Various Vinyl Monomers

To investigate the effects of substituents other than a methyl group on the copolymerizability of
cyclic acetals, aromatic or bulky substituents-containing cyclic acetals were subjected to the cationic
copolymerization with vinyl monomers in this study. The results of the copolymerizations of 2-(4-
methoxyphenyl)-1,3-dioxolane (PMPDOL) with CEVE, IBVE, or pMeSt are listed in Table 1. The
copolymerizations of MDOL,” which is a methyl-substituted counterpart, are also listed in the table for
comparison. The copolymerizations were conducted using the initiating systems that are effective for the living
cationic polymerization of vinyl monomers.'**** Ethyl acetate was used as a Lewis base additive to suppress
side reactions such as chain transfer reactions by interacting with the propagating species and/or Lewis acid
catalysts.”> DTBP was employed as a proton trap reagent to suppress the undesired initiation or chain transfer
reaction caused by adventitious water.”®*” The cationic homopolymerization of PMPDOL under the adopted
conditions did not proceed (Table S1).

Under these conditions, the cationic copolymerization of aryl-substituted PMPDOL and CEVE
resulted in copolymers with narrow MWDs and a comparable incorporation of both monomers (Figure 1).
Both monomers were consumed at similar rates, and the MWDs of the obtained copolymers shifted to a high-

MW region as the reaction progressed (Figure 1C), indicating the generation of long-lived species. However,

Table 1. Cationic Copolymerization of Vinyl Monomers and Cyclic Acetals’

conv (%)" units per block®

entry vinyl cyclic acetal time vinyl cyclic M, x 1039 My/M,® vinyl  cyclic
1 CEVE PMPDOL 35 min 99 98 5.4 1.23 1.0s 1.0

2 MDOL 2h  19° ¢ 2.9 142 27 1.0

3 IBVE PMPDOL l1h 99 83 18.1 1.21 1.0s 1.0

4 MDOL 60s  60° 1€ 6.7 1.09 - -

5 pMeSt PMPDOL 49h 66 25 3.1 1.11 2.5 1.0

6 MDOL 9% h 77 9¢ 3.8 1.33 14 1.0

“ Polymerization conditions for entries 1 and 2: [CEVE]o = 0.40 M, [cyclic acetal]o = 0.40 M, [IBEA], = 4.0
mM, [TiCls]o = 5.0 mM, [SnCls]o = 20 mM, [ethyl acetate] = 20 mM, [DTBP]o = 10 mM, in dichloromethane
(entry 1) or toluene/dichloromethane (9/1 v/v) (entry 2) at —78 °C. Polymerization conditions for entries 3 and
4: [IBVE]o=0.50 M, [cyclic acetal]o = 0.50 M, [IBVE-HCI]o = 5.0 mM, [SnCls]o = 5.0 mM, [ethyl acetate] =
1.0 M, in dichloromethane at —78 °C. Polymerization conditions for entries 5 and 6: [pMeSt]o = 0.50 (entry
5) or 1.0 M (entry 6), [cyclic acetal]o = 0.50 (entry 5) or 1.0 M (entry 6), [EtSOsH]o = 10 (entry 5) or 20 mM
(entry 6), [SnCls]o = 20 mM, [#BusNCl]o = 8.0 (entry 5) or 10 mM (entry 6) in dichloromethane at 0 °C.
Hydrolysis conditions for entries 1-4: 0.50 M HCI in 1,2-dimethoxyethane (0.5 wt% polymer) at room
temperature for 3 h. Acidolysis conditions for entries 5 and 6: 0.50 M trifluoroacetic acid in dichloromethane
(0.5 wt% polymer) at room temperature for 1 h. * Determined by 'H NMR analysis. ¢ Determined by gas
chromatography. ¢ Determined by GPC (polystyrene standards). ¢ Evaluated by 'H NMR analysis./ Reported
in reference 20.
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the M, values measured by GPC analysis were lower than the theoretical values calculated by the feed of the
initiator (IBEA) and the monomer conversion (Figure 1B open circle; dushed line), suggesting the generation

of additional cationogens in a similar manner to the acetal-initiated living cationic polymerization of vinyl

monomers (Scheme S1).2%7!
PMPDOL was also effectively copolymerized with IBVE and pMeSt (Figure 2), which is in sharp
contrast to MDOL. MDOL was negligibly copolymerized with IBVE, which is more reactive than CEVE, or

pMeSt (Figure 2), demonstrating the effects of the substituents of cyclic acetals on copolymerizability.
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Figure 1. (A) Time—conversion curves for the copolymerization of CEVE and PMPDOL, (B) the M, (open)
determined by GPC (circle; polystyrene standards) or NMR (triangle; calculated from the integral ratios of
peaks of the main chain and the w-ends) and M./M, (filled circle) values of poly (CEVE-co-PMPDOL)s
(dashed line: theoretical line calculated by the ratio of the conversion of both monomers and IBEA feed;
dashed-dotted line: theoretical line based on the sum of IBEA and SnCls feed), and (C) MWD curves of
poly(CEVE-co-PMPDOL)s (black) and acid hydrolysis products (purple). The data correspond to entry 1 in

Table 1.
= =% -
o
_\_CI CEVE _>_ IBVE ‘Q pMeSt

gg:s_ HydronS|s HydronSIS Acidolysis
OCH [ Vinyl I _—
3 Cyclic
18.1 3.1
35 min (1 23) 1 h (1.21) (1.11)
99%
98% 3% 0.8
1 04 1 32 1.28
oo (1.04) (1.32) (1-28)
—/
PMPDOL 105 10‘ 1033)(102 104 1033)(102
T T T
15 18 21 15 18 21
3.8
(1.33)
0”0 Poe 3.2
1.09]
—/ (109 (1.29)
MDOL W
105 10‘1 103 3)(102 1[05 1|04 1|03 1[!)(102 1|05 1|04 1P3§x102(ps|)
1‘5 1|8 21 15 I 1|8 ‘ 2|1 ‘ 15 18 21 EV/ml

Figure 2. MWD curves of the copolymerization of vinyl monomers and cyclic acetals (black) and their acid
hydrolysis products (purple). The data correspond to entries 1-6 in Table 1.
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The 'H NMR analysis of vinyl monomer-PMPDOL copolymers indicated the frequent occurrence
of the crossover reactions between vinyl monomers and PMPDOL. The 'H NMR spectra of a CEVE-
PMPDOL copolymer and its acid hydrolysis product are shown in Figure 3 (see Figure S1 for *C NMR
spectrum). Peaks at 4.6 ppm (peak 8) were assigned to the acetal structure generated by the crossover reaction
from CEVE to PMPDOL. The peak at 4.3 ppm (peak 3) was attributed to the sec-benzyl ether structure
generated by the crossover reaction from PMPDOL to CEVE. Interestingly, peaks assignable to an aromatic
acetal structure of the PMPDOL-PMPDOL homosequence were not observed at 5—6 ppm, indicating that the
homopropagation of PMPDOL did not occur in the copolymerization (Table S1), corresponding to the absence
of the homopropagation. From the integral ratio of the aromatic peaks (peak 4 and 5), the acetal and sec-benzyl
ether peaks (peak 8 and 3), and the CEVE-derived methylene proton in the main chain (peak 7), the average
number of CEVE and PMPDOL units per block was estimated to be 1.0s5 and 1.0, respectively, indicating the
occurrence of an alternating copolymerization. DSC measurements of the CEVE-PMPDOL copolymer
showed the T, value of -5 °C, which is higher than CEVE homopolymer (Figure S2; —21 °C (M, =2.9 x 10*)).
In addition, the lower 7, value of the CEVE-PMPDOL alternating copolymer than that of CEVE—
benzaldehyde alternating copolymer (38 °C)** reflected the incorporation of oxyethylene units in the main
chains.

The alternating copolymerization of CEVE and PMPDOL was also corroborated by acid hydrolysis
of the obtained copolymers. In the 'H NMR spectrum of the hydrolysis product (Figure 3B), the peaks assigned
to p-methoxycinnamaldehyde, which was derived from the alternating sequences of CEVE and PMPDOL,
were exclusively observed. This product was generated via acid hydrolysis of acid-labile acetal and sec-benzyl
structures of the CEVE-PMPDOL-CEVE sequence and subsequent dehydration reaction (Scheme 3).
Ethylene glycol and 2-chloroethanol, which were derived from PMPDOL and CEVE units, respectively, were
removed during the purification process. Moreover, the disappearance of the peaks of the CEVE-derived

methylene protons in the main chain (peak 7) after hydrolysis indicated the selective generation of acid-
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Figure 3. "H NMR spectra of (A) poly(CEVE-co-PMPDOL) and (B) its hydrolysis product (in CDCI; at 30
°C); * water, CHCIs. The data correspond to entry 1 in Table 1.
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Scheme 3. Acid Hydrolysis of Copolymers via Cleavage of Acetal Moieties
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degradable PMPDOL-CEVE-PMPDOL sequence and negligible occurrence of CEVE homopropagation. The
very sharp peak in the low-MW region of the MWD curves of the hydrolysis products also supported the
selective generation of PMPDOL-CEVE-PMPDOL alternating sequences (Figure 1C).

The livingness of the copolymerization was confirmed by the incorporation of a quencher into the
chain ends of the obtained copolymers. The peaks at 2.3, 5.1, and 5.8 ppm in the '"H NMR spectra of the
copolymers (peak 13—16, Figure 3A) were assigned to the w-end structure derived from 3-buten-1-ol used as
a quencher. Moreover, the M, calculated from the integral ratios of the peaks of the main chain and this @w-end
(5.4 x 10*; Figure 1B triangle) was consistent with the value measured by GPC analysis (5.4 x 10°; Figure 1B
circle), indicating efficient introduction of the quencher into the chain ends. This result also suggests that the
copolymerization proceeded in a controlled manner via an appropriate dormant-active equilibrium at the
propagating chain ends. The addition of a fresh supply of CEVE into the reaction solution at the late stage of
the copolymerization reaction resulted in copolymers with higher-MWs without residual peaks in the MWD

curves, indicating the livingness of the copolymerization (Figure S3).

The Effects of the Substituents of Cyclic Acetals on the Copolymerization Behavior.

Controlled cationic copolymerization of CEVE and cyclic acetals other than PMPDOL also
proceeded effectively (Table 2 and Figure 4). A series of aryl-substituted cyclic acetals (Scheme 2; PhDOL
(with a phenyl group substituted at the 2-position), PMPDOX (a six-membered cyclic acetal), and PMPDOP
(a seven-membered cyclic acetal)) were synthesized by condensation reaction of the corresponding aldehydes
and diols. Moreover, alkyl-substituted cyclic acetals (Scheme 2; TMDOL (with a methyl group substituted at
the 4-position), CyDOL (with a cyclohexane ring directly substituted at the 2-position), and Cy-DMDOL
(with a cyclohexane ring introduced as a fused-ring structure)) were also prepared to investigate the effects of
bulkiness around the propagating species on copolymerizability. The cationic copolymerization of these cyclic
acetals and CEVE successfully produced copolymers with relatively narrow MWDs. The MWD curves of the
copolymers shifted to the higher-MW region as the copolymerization proceeded, indicating the generation of
long-lived species. The generation of low-MW products after acid hydrolysis of the obtained copolymers
indicated that the acetal moieties were introduced into the main chain by the crossover reaction from CEVE
to cyclic acetals. The average number of monomer units per block determined by '"H NMR analysis of the
obtained copolymers was independent of the conversion of both monomers, suggesting that the crossover

reactions occurred at constant frequencies throughout the copolymerization reaction. As in the case of
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Table 2. Cationic Copolymerization of CEVE and Cyclic Acetals”

conv (%)° units per block’
entry cyclicacetal time CEVE cyclic M, x 107 M,/M,* CEVE cyclic
1° MDOL 2h 19 9 2.9 1.42 2.7 1.0
2 DMDOL 13 min 75 34 9.9 1.19 25 1.0
3 PhDOL 2h 914 79 83 .13 1.2 1.0
4t PMPDOL 35min 99 98¢ 54 123 1.0s 1.0
5 PMPDOX 10 min 63¢ 367 3.4 127 1.2 1.0
6 PMPDOP 10 min 62 98¢ 1.7 1.59 1.4 1.2
7 TMDOL 10 min 91 56 7.8 .13 32 1.0
8 CyDOL 3min 46 44 8.4 1.08 3.3 1.0
9 Cy-DMDOL 5 min 82 54 5.4 122 29 1.0
10  BnDOL 2h 61 28 7.4 .11 11 1.0

“ [CEVE]o = 0.40 M, [cyclic acetal]o = 0.40 M, [IBEA]o = 4.0 mM, [TiCls]o = 5.0 mM, [SnCl]o = 20 mM,
[ethy] acetate] = 20 mM, [DTBP]o = 10 mM, in dichloromethane (entry 4) or toluene/dichloromethane (9/1
v/v) (except for entry 4) at —78 °C. Hydrolysis conditions: 1.0 M HCI in 1,2-dimethoxyethane (0.5 wt %
polymer) at room temperature for 3 h. ” Entries 1 and 4 correspond to entries 2 and 1 in Table 1, respectively.
¢ Determined by gas chromatography. ¢ Determined by 'H NMR analysis. ¢ Determined by GPC (polystyrene
standards)./ Evaluated by '"H NMR analysis. ¢ Determined by gravimetry and 'H NMR analysis.

OCH,4

o $; O
o” o
U \—/ M, x 103
PhDOL PMPDOX CyDOL Cy-DMDOL (MM,)
Time Hydrolysis —>  Units per block
Conv. A - CEVE / Cyclic
CEVE
Cyclic 3.1 2.8
3 min (1.25) 30s (1.20)
7% 0.1 20% 0.4
12% (1.04) 16% (1.36)
1.2/1.0 3.1/1.0
8.3 . 5.4
2h (1.13) 10 min (1.22)
91% 63%
79% 0.1 36% 0.4
(1.10) (2.22)
1.2/1.0 3.3/1. ' 2.9/1.0
10 10° 3x10? 104 10° 3x102 104 102 3x102 10 10° 3x102 mw(pst)
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15 18 21 15 18 21 15 18 21 15 18 21 EV/ml

Figure 4. MWD curves of poly(CEVE-co-cyclic acetal)s (black) and acid hydrolysis products (purple).

PMPDOL, the cationic homopolymerization of these 2-substituted cyclic acetals did not proceed (Table S1).
The absence of the aromatic acetal structures (at 5-6 ppm) in '"H NMR analysis of the obtained copolymer
revealed that the homopropagation of cyclic acetals did not occur in the copolymerization with cyclic acetals
except for PMPDOP. In the case of PMPDOP, the aromatic acetal structures derived from the
homopropagation of PMPDOP was partly generated in the main chain (entry 6 in Table 2; CEVE/PMPDOL =
1.4/1.2 units per block).

The difference in substituents on cyclic acetals mainly affected the frequency of the crossover
reactions in the controlled copolymerization with CEVE. Figure 5 summarizes the cyclic acetal composition

in the obtained copolymers. The maximum value of cyclic acetal content in Figure 5 is 50 % because the cyclic
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acetals used in this study, except for PMPDOP, did not generate homopropagation in the copolymerization.
The use of aryl-substituted cyclic acetals such as PhDOL, PMPDOL, PMPDOX, and PMPDOP exhibited a
much larger content of cyclic acetals than when using methyl-substituted cyclic acetals such as MDOL and
DMDOL, resulting in copolymers with alternating-like sequences (cyclic acetal content; PADOL = 46%,
PMPDOL = 50%, PMPDOX = 46%, PMPDOP = 46%, MDOL = 27%, DMDOL = 28%). The cyclic acetals
with bulky substituents, such as TMDOL, CyDOL, and Cy-DMDOL, exhibited slightly lower contents of
cyclic acetals in the products compared to MDOL and DMDOL (cyclic acetal content; TMDOL = 24%,
CyDOL = 18%, Cy-DMDOL = 26%). In addition, the copolymerization with 2-benzyl-1,3-dioxolane
(BnDOL) inefficiently proceeded (entry 10 in Table 2; cyclic acetal content; BnDOL = 8%)).

The M, values of the products obtained by acid hydrolysis obviously reflected the frequency of
crossover reactions (Figure 5, purple). For example, acid hydrolysis of PhDOL, PMPDOL, PMPDOX, or
PMPDOP copolymers produced compounds with M, values of approximately 100 (with the products assigned
to cinnamaldehyde or p-methoxy cinnamaldehyde by 'H NMR analysis), which corresponded to the
preferential introduction of CEVE—cyclic acetal-CEVE alternating sequences in main chains. In the case of
TMDOL, CyDOL, and Cy-DMDOL copolymers, the generation of hydrolysis products with M, values of 200—
500 was consistent with the number of CEVE units per block calculated by "H NMR analysis.

0
€ 0y
£550 ® ¢ ® © ], =
s a0 108 o5
=830 Jos %8
SE [ ) o . i x 2
8 220 o $ $ o4y
Sa10- @ 402 £
% £ 0 1 1 ’ ® ’ [ ] ] | | ] 0 s
Iy OMe OMe
OMe
N
° Q X
J o 0
Cl J\ y (o] (o] (o) (o} oyo
0”0 0”0 o”"o o”o U o Yo
CEVE
(- / (- / N — J
pel:rgllt:‘:k MDOL DMDOL PhDOL PMPDOL PMPDOX PMPDOP TMDOL CyDOL Cy-DMDOL
CEVE/ Cyclic 2.7/1.0 25/1.0 1.2/1.0 1.05/1.0 1.2/1.0 1.4/1.2 3.2/1.0 3.3/1.0 29/1.0
--0 o
Ar
®
ol lea LI ST
——oJ © -—oy® Ao 0 00
Secondary Tertiary Resonance-stabilization by an aromatic ring Tertiary carbocation with bulky substituents

d)OOOOOoooOOOOOod)H deOOOOOOOooooOOO | d;oOOOOooOOooooOQo

Alternating(-like) sequence

Figure 5. Cyclic acetal contents in the copolymers obtained by the copolymerization with CEVE. The data
correspond to entries 1-9 in Table 2. (Counteranions are omitted)

The differences in the copolymerization behavior of cyclic acetals are discussed based on the reaction
mechanisms in the propagating step (Scheme 4). A cyclic acetal adds to the propagating species to form an
oxonium ion and subsequently generates a carbocation via ring-opening (b and ¢ in Scheme 4). The frequent
crossover reactions using PhDOL, PMPDOL, PMPDOX, or PMPDOP compared to MDOL most likely
stemmed from aryl-derived resonance stabilization of the carbocation (Figure 5 and Scheme 5B). The efficient
generation of the stable carbocation via ring-opening of the cyclic acetal-derived oxonium ion accelerates the

subsequent occurrence of the crossover reaction with CEVE (d in Scheme 4). Moreover, in the case of

46



Alternating Cationic Copolymerization of Vinyl Ethers and Cyclic Acetals with Resonance-Stabilized
Substituents: Structural Investigation of Cyclic Acetals on the Copolymerizability

PMPDOL, which has a methoxy group at the p-position of the aromatic ring, the preferential addition of
PMPDOL to the CEVE-derived propagating end occurred due to its high reactivity, resulting in the alternating
copolymerization. These trends were also consistent with the result that acid hydrolysis of cyclic acetals was
accelerated with aryl substituents rather than alkyl substituents in organic reaction.**°

In contrast to these cases, the absence of the stabilization effects is obviously disadvantageous for
crossover reactions, as exemplified by the case of 1,3-dioxolane (DOL).* An inefficient ring-opening reaction
of DOL-derived oxonium ions, which is due to the instability of the primary carbocation generated via the
ring-opening reaction, leads to an elimination of a cyclic acetal from the propagating end (b’ and ¢’ in Scheme
4). The reaction between the generated CEVE-derived propagating end and CEVE (a in Scheme 4) resulted in
CEVE-CEVE homopropagation, and consequently, the crossover reactions between CEVE and DOL did not
proceed. The use of MDOL, which generates a relatively stable secondary carbocation, results in the crossover
reactions to yield CEVE-MDOL copolymers (d in Scheme 4; Scheme 5A). In addition, copolymerization
proceeded in a controlled manner via the dormant-active equilibrium consisting of the reversible activation of
carbon—chlorine bonds at the propagating ends derived from both monomers in a similar manner to the living
cationic polymerization of vinyl monomers (f and g in Scheme 4)."-**

The homopropagation of cyclic acetals did not proceeded except for PMPDOP (Table 2). The
instability of aromatic acetal structures, which stemmed from the homopropagation of cyclic acetals, is most
likely responsible for the negligible homopropagation (e’ in Scheme 4). Indeed, in a previous study, 1,3-
dioxolanes with substituents at the 2-position, such as PhDOL, were reported to be ineffective for
homopolymerization.’” In the copolymerization, therefore, the selective addition of CEVE to the cyclic acetal-
derived propagating end occurred, generating CEVE-—cyclic acetal-CEVE sequences. The PMPDOP
homosequence most likely resulted from the disturbance of the reverse reaction (Scheme 4e') due to the
inefficient generation of a strained seven-membered oxonium ion by the ring-closing reaction of the
carbocation.’®*’

The bulkiness around the carbocation disturbed the crossover reaction from the cyclic acetal-derived
carbocation to CEVE due to the steric hindrance (d in Scheme 4), which increased the relative rate of the
reverse reaction (b’ and ¢’ in Scheme 4). The addition of CEVE to the CEVE-derived propagating end after

elimination of a cyclic acetal (a in Scheme 4) led to the decreased frequency of the crossover reaction.

Scheme 4. Copolymerization Mechanisms (Counteranions are omitted)
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Scheme 5. Propagating Species Generated from (A) Alkyl-Substituted Cyclic Acetal and (B) Aryl-Substituted

Cyclic Acetal (Counteranions are omitted)
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The Effects of Aryl-Substituted Cyclic Acetals on the Copolymerization with Various Vinyl Monomers.

The resonance stabilization of the propagating species notably increased the frequency of the
crossover reactions in the copolymerization with other VEs or pMeSt. The average number of monomer units
per block in the products obtained from various vinyl monomers and cyclic acetals is summarized in Figure 6
(Table 1 and S2). PMPDOL was efficiently copolymerized with IBVE or IPVE, which are more reactive VEs
than CEVE, to yield copolymers with narrow MWDs (entry 3 in Table 1; Figure 2 upper; IBVE/PMPDOL =
1.05/1.0 units per block, IPVE/PMPDOL = 2.6/1.0 units per block). The generation of low-MW products after
acid hydrolysis of the obtained copolymers also supported the efficient occurrence of the crossover reactions
between the VEs and PMPDOL. pMeSt, which is a styrene derivative that is less reactive than CEVE,* also
underwent the copolymerization with PMPDOL (entry 5 in Table 1; Figure 2 upper; pMeSt/PMPDOL =
2.5/1.0 units per block). In contrast, the copolymerization of MDOL with IBVE, IPVE, or pMeSt indicated
the negligible occurrence of the crossover reactions (entries 4 and 6 in Table 1; Figure 2 lower). The
homopropagation of highly reactive VEs most likely disrupted the crossover reaction from VEs to MDOL.
Sharp differences between aryl- and alkyl-substituted cyclic acetals were also observed when PhDOL and

OMe
Units o; ;o oo | olo oyo
per block —/ —/ . —/ —/
Vinyl / |

Cyclic PhDOL PMPDOLE MDOL DMDOL

CEVE | 1.2/1.0 1.05/1.0 L 27/1.0 25/1.0

IBVE | 1.8/1.0 1.05/1.0 i, BVE  27/10

IPVE IPVE

IPVE | 9.3/1.0 2.6/1.0 homopolymer homopolymer

pMeSt | 3.8/1.0 25/1.0 : 14/1.0 29/1.0

. frequent . infrequent
I:I " crossover reaction I:I " crossover reaction
Figure 6. Average number of monomer units per block in the copolymerization of equimolar amounts of vinyl

monomers and cyclic acetals (determined by 'H NMR analysis of the obtained copolymers). The data
correspond to Table 1 and S2.
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DMDOL were used (Figure 6).

The monomer reactivity ratios determined by the Kelen—Tiidds method were also consistent with the
copolymerizability difference of the aryl- and alkyl-substituted cyclic acetals (Table 3, Figure 7, Table S3 for
the copolymerization data).*'** The 7| and 7> values (M;: vinyl monomer, M»: cyclic acetal) of approximately
zero in the copolymerization of CEVE and PMPDOL indicated the exclusive occurrences of crossover
reactions (b in Scheme 4) and the absence of the homopropagation (a in Scheme 4) (Figure 7, left;
CEVE/PMPDOL: 1 =0.15, > = 0.01). The smaller r; value in the copolymerization with PMPDOL than that
with MDOL is in accordance with the more frequent crossover reactions with PMPDOL (CEVE/PMPDOL: 7
= 0.15, CEVE/MDOL: r = 2.6). A drastic difference between PMPDOL and MDOL was observed in the
copolymerization with IBVE (Figure 7, center; IBVE/PMPDOL: r = 0.32, , = 0.06, IBVE/MDOL.: r1 = 93,
r2 = 0.01). The smaller r; values in the copolymerization of PMPDOL with pMeSt than that of MDOL also
reflected the efficient occurrence of the crossover reaction from pMeSt to PMPDOL (Figure 7, right; 71 = 1.81
for pMeSt/PMPDOL, | = 9.4 for pMeSt/MDOL). Interestingly, the larger ; value in the copolymerization of
pMeSt and PMPDOL than that of CEVE and PMPDOL (CEVE/PMPDOL: r; = 0.15, pMeSt/PMPDOL: r| =
1.81) was inconsistent with the order of reactivity of vinyl monomers* (pMeSt < CEVE) because the use of
less reactive pMeSt instead of CEVE was expected to suppress the homopropagation of pMeSt and lead to the
decrease of r; value. These results suggest that the difference in reactivity of the carbocations derived from

VEs or pMeSt affects the crossover reactions from vinyl monomers to cyclic acetals.

Table 3. Monomer Reactivity Ratio”

M Mz 71 72

CEVE PMPDOL 0.15 0.01
MDOL 2.6°  0.06°

IBVE PMPDOL 0.32 0.06
MDOL 93 0.01

pMeSt PMPDOL 1.81 0.01
MDOL 9.4 ~0

“ Determined by Kelen—Tiiddos method. The data used for the determination of the monomer reactivity ratios
are shown in Table S3. ” Values reported in ref. 20.
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Figure 7. Copolymer compositions for the cationic copolymerizations of vinyl monomers and PMPDOL or
MDOL (broken curves: curves that were drawn using the » values obtained by the Kelen—Tiidos method;
dashed-dotted lines: azeotropic lines). The copolymerization data used for the plots are summarized in Table
S3. The data for the copolymerization of CEVE and MDOL are the same to those shown in ref. 20.
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In the copolymerization of pMeSt and cyclic acetals, the presence of the ring-opening reaction in the
propagating reaction was notably related to the frequent crossover reactions. The cyclic acetal content in the
obtained polymers is showed in Figure 8 (Table 4). The use of PhDOL, FurylDOL, and NpDOL, which
generated aryl group-adjacent carbocation or furyl group-adjacent carbocation by ring-opening reaction,
indicated efficient incorporation of cyclic acetals into the copolymers in a similar manner to the case of
PMPDOL (entries 3, 5, and 6 in Table 4; pMeSt/PhDOL = 3.8/1.0 units per block, pMeSt/FurylDOL =2.5/1.0
units per block, pMeSt/NpDOL = 3.0/1.0 units per block). In contrast, copolymerization with p-methoxy
benzaldehyde, which generates a propagating species that is structurally similar to that form PMPDOL,
negligibly proceeded under the conditions examined in this study (entry 7 in Table 4; pMeSt/pMeOBzA =
26/1.0 units per block). These results possibly stemmed from the difference in reaction mechanisms during the
propagating step (Scheme 6). The addition and dissociation of a comonomer to the pMeSt-derived propagating
end establishes addition-ring elimination equilibrium, as described in Scheme 4. The dissociation of a
PMPDOL monomer from the propagating end occurs by both ring-closing of the oxonium ion species and the
subsequent elimination reaction, while that of pMeOBzA proceeded by the elimination reaction alone (Scheme
6). Therefore, the occurrence of the ring-opening reaction during the crossover reactions from pMeSt to a
cyclic acetal possibly suppressed the reverse reaction and consequently contributed to efficient crossover
reactions. Moreover, the difference in cyclic acetal content in the copolymerization of pMeSt and PMPDOL
or MDOL probably reflected both the stability and the similarity of the structures of propagation species. In
addition to the high stability of the resonance-stabilized carbocation derived from PMPDOL, the similarity of
the carbocation to the pMeSt-derived propagating carbocation contributed to improving the crossover reaction
from PMPDOL to pMeSt.

Table 4. Cationic Copolymerizations of pMeSt and Aryl-Substituted Cyclic Acetals®

conv (%)" units per block®
entry vinyl comonomer time vinyl cyclic M, x 1079 M/M,* vinyl cyclic
1 pMeSt  MDOL 9% h 77° 9¢ 3.8 1.33 14 1.0
2 DMDOL 9% h 56° 7¢ 2.1 1.29 29 1.0
3 PhDOL 9% h 39 54 3.7 1.33 3.8 1.0
4 PMPDOL 49h 66 25 3.1 1.11 2.5 1.0
5 FurylDOL 72h 12 15 1.8 1.34 2.5 1.0
6 NpDOL 72h 48 20 1.8 1.26 3.0 1.0
7 pMeOBzA 9Oh 87° 3 3.2 1.20 26 1.0

“ [pMeSt]o = 1.0 (entries 1-3) or 0.50 M (entries 4—7), [cyclic acetal]o = 1.0 (entries 1 —3) or 0.50 M (entries
4-6), [pMeOBzA]o = 0.50 M (entry 7), [EtSO;H]o = 20 (entries 1-3) or 10 mM (entries 4—7), [SnCls]o = 20
mM, [nBuNCl]o = 10 (entries 1-3) or 8.0 mM (entries 4—7) in dichloromethane at 0 °C. Acidolysis conditions:
0.50 M trifluoroacetic acid in dichloromethane (0.5 wt% polymer) at room temperature for 1 h. * Determined
by "H NMR analysis. ¢ Determined by gas chromatography. ¢ Determined by GPC (polystyrene standards).
Evaluated by '"H NMR analysis.
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Figure 8. Cyclic acetal contents in copolymers of pMeSt and cyclic acetals. The data correspond to Table 4.
(Counteranions are omitted.)

Scheme 6. Mechanisms of the Crossover Reactions from pMeSt to (A) PMPDOL or (B) pMeOBzA

(Counteranions are omitted.)
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Conclusion

The effects of the difference in electronic and steric factors around the propagating species on the
copolymerization behavior were investigated in the concurrent vinyl-addition and ring-opening cationic
copolymerization of vinyl monomers and cyclic acetals. A series of cyclic acetals with various substituents
were designed and synthesized from the corresponding aldehydes, acetals, and diols. The controlled cationic
copolymerization of CEVE and cyclic acetals produced the copolymers with different cyclic acetal contents.
Importantly, alternating copolymerization was feasible using aryl-substituted cyclic acetals. The electronic and
steric effects derived from their substituents affected the reactivity and stability of the carbocation generated
by the ring-opening reaction of the oxonium ion derived from cyclic acetals, which was significantly related
to the frequency of the crossover reactions. In addition, the difference in the copolymerization behavior
between PMPDOL and pMeOBzA suggested that the presence of the ring-opening reaction in the propagating

reaction is related to the efficiency of the crossover reactions. These results will contribute to the sophisticated
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design of copolymers consisting of vinyl monomers and cyclic monomers and the application of functionalities

based on their unique structures.
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Supporting Information

Table S1. Cationic Homopolymerization of Cyclic Acetals”
conv” (%)
entry  cyclic(M) time cyclic M, x 1073¢ My/My*

1 MDOL 24h 7 - -
2 DMDOL 13 min 0 = =
3 PhDOL 24h 6 - -
4 PMPDOL  48h 2 - -
5 PMPDOX 2h 2 - -
6 PMPDOP 2h 14 - -
7 TMDOL  48h 0 - -
8 CyDOL 10h 19 - -
9 Cy-DMDOL 2h 0 - -
10  BnDOL 72h 6 = =

“[cyclic acetal]o = 0.40 M, [IBEA]o=4.0 mM, [TiCls]o = 5.0 mM, [SnCls]o =20 mM, [ethyl acetate] =20 mM,
[DTBP]o = 10 mM, in toluene/dichloromethane (9/1 v/v) at —78 °C. * Determined by gravimetry. ¢ Determined
by GPC (polystyrene standards).

Scheme S1. Possible Mechanism of the Initiation Reaction of the Cationic Copolymerization of Cyclic Acetals

and Vinyl Ether
OCH;,
N
o CEVE, PMPDOL
SnCl &, cl o )
s CI;;Sn—O/\/O @ CI‘;Sn—O/\/0 ®
o SnCl,
0o 1
— cl
OCH;, OCH,
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Figure S1. °C and DEPT 135 NMR spectra of CEVE-PMPDOL copolymer (entry 1 in Table 1, entry 4 in
Table 2) (in CDCI; at 30 °C). * CDCls.
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Figure S2. DSC thermogram of CEVE-PMPDOL copolymer (entry 1 in Table 1, entry 4 in Table 2) (the
second heating scan; heating rate: 10 °C/min).

Time Hydrolysis M, x 1073
2 N I
IPMPDOL Units per block
. CEVE /PMPDOL
33 foin 54 0.1
98% (1.23) (1.12)
J 1.05/1.0
CEVE
addition
+4h (1.27) (1.89)
1:;;? 1.3,/1.0

105 10°  10° 3x10> MW(PSY)

| 1% | 1& | 2‘II EV/ml
Figure S3. MWD curves of poly(CEVE-co-PMPDOL)s (black) and acid hydrolysis products (purple) obtained
in the monomer-addition experiment. Polymerization conditions: [CEVE]y = [CEVE].aa = 0.40 M,
[PMPDOL], = 0.40 M, [IBEA]o = 4.0 mM, [TiCls]o = 5.0 mM, [SnCls]o = 20 mM, [ethy] acetate] = 20 mM,

[DTBP]p = 10 mM, in dichloromethane at —78 °C. Hydrolysis conditions: 1.0 M HCI (aq.) in 1,2-
dimethoxyethane (0.5 wt% polymer) at room temperature for 3 h.
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Alternating Cationic Copolymerization of Vinyl Ethers and Cyclic Acetals with Resonance-Stabilized
Substituents: Structural Investigation of Cyclic Acetals on the Copolymerizability

Table S2. Cationic Copolymerization of Various VEs and Cyclic Acetals®

conv (%)" units per block’

entry vinyl cyclic acetal time  vinyl cyclic M, x 10°¢ M,/M,* vinyl  cyclic
1 IBVE PhDOL 60 s 99 83 14.1 1.16 1.8 1.0
2 PMPDOL 1h 99 83 18.1 1.21 1.0s 1.0
3¢ MDOL 60 s 60° 1¢ 6.7 1.09 - -

48 DMDOL  3min 84 3¢ 9.9 1.09 27 1.0
5 IPVE PhDOL 8s 99 15 8.5 1.57 9.3 1.0
6 PMPDOL  10s 93 40 8.7 1.47 2.6 1.0
7 MDOL 4s 99¢ 0° 8.8 1.33 - -

8 DMDOL 4s 99¢ 0° 8.2 1.35 - -

9 pMeSt PhDOL 96 h 39 54 3.7 1.33 3.8 1.0
10 PMPDOL  49h 66 25 3.1 1.11 2.5 1.0
11 MDOL 96 h 77¢ 9¢ 3.8 1.33 14 1.0
12 DMDOL 96 h 56° 7 2.1 1.29 29 1.0

“ Polymerization conditions for entries 1-8: [IBVE]o = 0.50 M (entries 1-4), [IPVE]o = 0.50 M (entries 5-8),
[cyclic acetal]p = 0.50 M, [IBVE-HCI]p = 5.0 mM, [SnCli]o = 5.0 mM, [ethyl acetate] = 1.0 M, in
dichloromethane at —78 °C. Polymerization conditions for entries 9—12: [pMeSt], = 0.50 (entry 5) or 1.0 M
(entry 6), [cyclic acetal]o = 0.50 (entry 5) or 1.0 M (entry 6), [EtSOsH]o = 10 (entry 5) or 20 mM (entry 6),
[SnCls]o = 20 mM, [#BusNCl]o = 8.0 (entry 5) or 10 mM (entry 6) in dichloromethane at 0 °C. Hydrolysis
conditions for entries 1-8: 0.50 M HCl in 1,2-dimethoxyethane (0.5 wt% polymer) at room temperature for 3
h. Acidolysis conditions for entries 9-12: 0.50 M trifluoroacetic acid in dichloromethane (0.5 wt% polymer)
at room temperature for 1 h. * Determined by 'H NMR analysis. ¢ Determined by gas chromatography. ¢
Determined by gravimetry and "H NMR analysis. ¢ Determined by GPC (polystyrene standards)./ Evaluated
by '"H NMR analysis. ¢ Reported in reference 20.
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Table S3. The Data for Determination of Monomer Reactivity Ratio”

conv’ (%)

vinyl in copolymer”

entry vinyl (M) cyclic(M) (M) time vinyl cyclic M, x 1073¢ My/M¢

1 CEVE 0.10 PMPDOL 0.90 5 min 5 15 2.7 1.16 0.48
2 0.30 0.70 3 min 4 25 2.5 1.21 0.50
3 0.50 0.50 2 min 20 9 2.0 1.48 0.53
4 0.70 030 2s 14 14 2.0 1.49 0.58
5 IBVE 0.20 PMPDOL 0.80 3 min 17 7 5.6 1.20 0.49
6 0.40 0.60 90s 10 8 39 1.36 0.50
7 0.60 040 10s 13 9 5.6 1.37 0.60
8 0.80 020 1s 18 7 4.6 1.31 0.70
9 IBVE 0.10 MDOL 090 10s 26 ~0 0.9 1.10 0.91
10 0.20 0.80 10s 13 ~0 1.5 1.15 0.96
11 0.30 0.70 10s 17 ~0 2.1 1.14 0.98
12 0.40 0.60 5s 23 ~0 2.0 1.19 0.98
13 pMeSt 0.27 PMPDOL 0.73 20min 19 10 1.3 1.32 0.65
14 0.52 0.48 5 min 19 8 1.4 1.23 0.76
15 0.72 028 10s 4 15 1.4 1.25 0.85
16 0.89 0.11 2s 3 12 1.3 1.44 0.94
17 pMeSt 0.15 MDOL 0.85 10min 26 1 1.4 1.13 0.81
18 0.30 0.70 5 min 16 1 1.7 1.19 0.86
19 0.45 0.55 5min 15 ~0 1.7 1.15 0.90
20 0.60 0.40 1 min 17 ~0 2.4 1.27 0.94

“ Polymerization conditions for entries 1-4: [CEVE]o + [PMPDOL]y = 1.0 M, [IBEA]o = 4.0 mM, [TiCls]o =
5.0 mM, [SnCl4]o = 20 mM, [ethyl acetate] = 20 mM, [DTBP]o = 10 mM, in toluene/dichloromethane (9/1 v/v)
at —78 °C. Polymerization conditions for entries 4—12: [[BVE], + [cyclic acetal]o = 1.0 M, [IBVE-HCI], = 5.0
mM, [SnCls]o = 5.0 mM, [ethyl acetate] = 1.0 M, in dichloromethane at —78 °C. Polymerization conditions
for entries 13-20: [pMeSt]o + [cyclic acetal]o = 1.0 M, [EtSO3H]o = 10 mM, [SnCls]o = 20 mM, [#BusNCl]o
= 8.0 mM in dichloromethane at 0 °C. ” Determined by '"H NMR analysis.
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Chapter 4.

ABC-Type Periodic Terpolymer Synthesis by a One-Pot Approach Consisting of Oxirane-
and Carbonyl-Derived Cyclic Acetal Generation and Subsequent Living Cationic Alternating

Copolymerization with a Vinyl Monomer

Introduction

Monomer sequences are important structural factors of polymers.'* Natural macromolecules such as
peptides and proteins exhibit sophisticated functions due to their perfectly regulated monomer sequences. In
synthetic polymers, various methods have been developed to control the monomer sequences. One of the most
reliable strategies is iterative single unit monomer addition (Scheme 1A), such as polypeptide synthesis with
the Merrifield resin, although considerable time and effort are required to prepare long polymers.”™® The
polymerization of monomers containing a specific sequence (Scheme 1B) effectively produces sequence-
regulated polymers;”'® however, the preparation of sequence-incorporated monomers generally requires a
multistep reaction and challenging purification steps and/or results in low yield. The direct chain-growth
polymerization of several monomers (Scheme 1C) is the simplest approach, although extremely high
selectivity during the propagation reactions is indispensable for sequence regulation.”*** A simpler and more
sophisticated method is desirable for facile access to sequence-controlled polymers.

A promising strategy for facile synthesis of sequence-controlled polymers is a successive one-pot
process consisting of the synthesis of a sequence-incorporated monomer and subsequent polymerization with
another monomer (Scheme 1D). A relevant and important study on the copolymerization of a sequence-
incorporated monomer with another monomer describes the cycloaddition of an electron-deficient olefin and
vinyl ether (VE) and the subsequent copolymerization of the cycloaddition product with oxirane,*** although
this example is not a one-pot process and requires purification and isolation of the cycloaddition product before
polymerization with oxirane. To achieve a one-pot method, quantitative synthesis of a sequence-incorporated
monomer without residual starting materials, the absence of byproducts, and the use of catalysts that do not

disturb either the monomer synthesis or the polymerization are required.

Scheme 1. Schematic Illustration for (A), (B), (C) Synthesis of Sequence-Regulated Polymers and (D) the
Method Designed in This Study: /n situ Synthesis of a Sequence-Programmed Monomer and Subsequent
Copolymerization with Another Monomer

(A) lterative method (D) This study:
oX —— 00X o0 x - | | B
Lewis acid e
(B) Polymerization of monomer containing specific sequence 0
— Sequence—programmed Q Q Alternatlng
n X—m—Y — w,, monomer synthesis copolymerization
(C) Direct polymerization - ABC-type sequence control - One-pot process
n@+n@+n@ — wﬂ - Molecular weight control n
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To satisfy these requirements, we devised a one-pot method that consists of the synthesis of a
sequence-programmed cyclic acetal via selective cyclodimerization of oxirane and a carbonyl compound and
the subsequent copolymerization of the cyclic acetal with a vinyl monomer. The cyclic acetal formation was
reported to proceed from oxirane and acetone with the aid of a Lewis acid catalyst.***° In addition, in our
previous study, a cyclic acetal was generated as a byproduct in the cationic terpolymerization of oxirane,
ketone, and VE,” which suggests that the cyclization reaction of oxirane and a carbonyl compound occurs
even under the conditions required for cationic polymerization. The cationic copolymerization of cyclic acetals
and vinyl monomers via the cationic mechanism was reported several decades ago.’**' Recently, we reported
the controlled cationic copolymerization of VEs and cyclic acetals using a carefully designed initiating system
based on the living cationic polymerization of vinyl monomers.>* We also systematically investigated the
structural effects of cyclic acetals on copolymerization behavior.* The elaborate design of reaction conditions
that enable both the quantitative synthesis of a sequence-programmed cyclic acetal and the subsequent
alternating copolymerization of the cyclic acetal with a vinyl monomer can potentially afford ABC-type
periodic terpolymers by a one-pot method.

In this study, we examined the one-pot synthesis of sequence-controlled terpolymers composed of
oxiranes, carbonyl compounds, and vinyl monomers via the above-explained strategy (Scheme 2). Suitable
combinations of aldehydes or ketones with oxiranes underwent selective and quantitative cyclodimerization
reactions and yielded cyclic acetals without any byproducts under appropriately designed conditions. The
generated cyclic acetals were successively copolymerized with VEs or styrene derivatives in a living manner,
which afforded ABC-type periodic terpolymers with controlled molecular weights (MWs), molecular weight
distributions (MWDs), and chain end structures. Furthermore, the sequential addition of VEs with different
substituents, such as chloride or acetoxy moieties, produced unique block polymers consisting of blocks with

different ABC-type periodic sequences.

Scheme 2. Synthesis of Sequence-Regulated Polymers via Selective Cyclodimerization of Oxiranes and
Carbonyl Compounds and Subsequent Controlled Cationic Copolymerization with Vinyl Monomers (upper).
Monomers Used in This Study (lower)

N

R! 4 Lewis Lewis acid
e g Oy ad 070 T {0
o) R3 ‘—QRZ R'R2R3R* R
R Vinyl
Oxirane Carbonyl Cyclic acetal monomer
"""""" R =
\wanis N
(0] OR
ECH (R! = CH,CI R2 = H)
EGE (R'=CH OEt R2=H) CEVE (R=(CH).Cl)
SO (R!'= Ph =H) AcOVE (R = (CH,),0COCH3)
IBO (R'=R?=CHj,) IBVE (R = CH,CH(CHj),) pMeSt
BzA M |
pMeOBzA (R1 OCH H) Myrtenal es(I’ty Acetone
dMeOBzA (R = i)CH3 oxide
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ABC-Type Periodic Terpolymer Synthesis by a One-Pot Approach Consisting of Oxirane- and Carbonyl-Derived
Cyclic Acetal Generation and Subsequent Living Cationic Alternating Copolymerization with a Vinyl Monomer

Experimental Section

Materials

Epichlorohydrin (ECH; TCI; >99.0%), ethyl glycidyl ether (EGE; TCI; >98.0%), styrene oxide (SO;
Aldrich; 97.0%), p-methoxybenzaldehyde (pMeOBzA; Nacalai Tesque; >99.0%), benzaldehyde (BzA; Wako;
>98.0%), and (1R)-(—)-myrtenal (myrtenal; Aldrich; >97.0%) were distilled twice over calcium hydride under
reduced pressure. Mesityl oxide (Nacalai Tesque; >96.0%), isobutylene oxide (IBO; TCI; >97.0%), and ethyl
acetate (Wako; >99.5%) were distilled twice over calcium hydride. 2-Acetoxyethyl VE (AcOVE) was
synthesized by the substitution reaction of CEVE with sodium acetate and then distilled twice over calcium
hydride under reduced pressure.** 2,4-Dimethoxybenzaldehyde ({MeOBzA; TCI; >98.0%) was recrystallized
from hexane and dried under reduced pressure. In(OTf); (Sigma-Aldrich), potassium tert-butoxide (Wako;
>85.0%), sodium iodide (Wako; >99.5%), N,N-dimethylformamide (Nacalai Tesque; >99.5%), and toluene
(Nacalai Tesque; >99.5%) were used without further purification. Stock solutions of FeCls in diethyl ether and
GaCls in hexane were prepared from FeCls (Sigma-Aldrich; 99.99%) and GaCls (Sigma-Aldrich; >99.999%),

respectively. Other compounds were prepared and used as described in Part I.

Synthesis of Cyclic Acetals via Selective Cyclodimerization

A typical reaction for the cyclodimerization of an oxirane and a carbonyl compound is as follows.
A glass tube equipped with a three-way stopcock was dried using a heat gun (Ishizaki, PJ-206A; the air
temperature was approximately 450 °C) under dry nitrogen. Dichloromethane and pMeOBzA were added into
the tube using dry syringes. After cooling the solution to 0 °C, a solution of SnCl, (containing a small amount
of heptane) in dichloromethane kept at 0 °C was added to the tube. The reaction was initiated by dropwise
addition of a solution of ECH in dichloromethane (2 M). After 24 h, the reaction was terminated with methanol
containing a small amount of an aqueous ammonia solution. The monomer conversion and the amount of
cyclic acetal generated were determined by "H NMR spectroscopy of the quenched mixture. The quenched
solution was diluted with dichloromethane and washed with water. The volatiles were then removed under
reduced pressure to yield a colorless cyclic acetal. In the case of the one-pot process for the synthesis of a
terpolymer, the reaction mixture was subjected to subsequent copolymerization with a vinyl monomer without

quenching by methanol, as described below.

4-Chloromethyl-2-(4-methoxyphenyl)-1,3-dioxolane (the product of entry 1 in Table 1)

A mixture of diastereomers (58/42)."H NMR (CDCls; 500 MHz): Major diastereomer: & 7.41 (2H,
d, /=9.0 Hz), 6.91 (2H, d, J = 9.0 Hz), 5.79 (1H, s), 4.43 (1H, dddd, J = 7.0, 6.5, 4.5, 4.5 Hz),
4.14 (1H, dd, J = 8.5, 6.5 Hz), 4.12 (1H, dd, J = 8.5, 4.5 Hz), 3.81 (3H, s), 3.66 (1H, dd, J = 11,
4.5 Hz), 3.56 (1H, dd, J =11, 7.0 Hz), Minor diastereomer: 6 7.39 (2H, d, J =9.0 Hz), 6.90 (2H,
d, /=9.0 Hz), 5.93 (1H, s), 4.48 (1H, dddd, J = 7.0, 6.5, 4.5, 4.5 Hz), 4.32 (1H, dd, /= 8.5, 6.5 o o
Hz), 3.91 (1H, dd, J = 8.5, 4.5 Hz), 3.81 (3H, s), 3.72 (1H, dd, /=11, 4.5 Hz), 3.61 (1H, dd, J = \_&m
11, 7.0 Hz). *C NMR (CDCls; 125 MHz): Major diastereomer: & 160.6, 129.0, 128.0, 114.0,

105.0, 75.4, 69.0, 55.5, 44.7, Minor diastereomer: & 160.8, 129.0, 128.0, 114.0, 104.4, 75.7, 68.7,

55.5, 44.4. MS (ESI) m/z [M + Na]", calcd: 251.0445, observed: 251.0445.
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4-Chloromethyl-2-(2,4-dimethoxyphenyl)- 1,3-dioxolane (the product of entry 2 in Table 1)

A mixture of diastereomers (60/40). "H NMR (CDCls; 500 MHz): Major diastereomer: 8 7.48 (1H, o~
d,/=8.5Hz), 6.51 (1H, dd, J=8.5, 2.5 Hz), 6.45 (1H, d, J=2.5 Hz), 6.12 (1H, s), 4.42 (1H, dddd,
J=175,70,4.5,4.5Hz), 4.14 (1H, dd, J= 9.0, 4.5 Hz), 4.11 (1H, dd, J= 9.0, 7.0 Hz), 3.82 (3H,

s), 3.81 (3H, s), 3.66 (1H, dd, /=11, 4.5 Hz), 3.57 (1H, dd, J = 11, 7.5 Hz), Minor diasterecomer:

6 7.41(1H, d,J=8.5Hz), 6.49 (1H, dd, /= 8.5 Hz, 2.5 Hz), 6.45 (1H, d, J= 2.5 Hz), 6.25 (1H, s), \_&
4.49 (1H, dddd, J=17.5, 6.5, 6.5, 5.0 Hz), 4.32 (1H, dd, /= 8.5, 6.5 Hz), 3.90 (1H, dd, /= 8.5, 6.5 cl
Hz), 3.82 (3H, s), 3.81 (3H, s), 3.73 (1H, dd, J = 11, 5.0 Hz), 3.61 (1H, dd, J = 11, 7.5 Hz). °C

NMR (CDCls; 125 MHz): Major diastereomer: & 162.0, 159.0, 128.1, 117.5, 104.7, 100.4, 98.6,
75.6,68.6,55.8,55.5,44.6, Minor diastereomer: 6 161.9, 159.0, 128.0, 118.1, 104.4, 100.2, 98.7,

75.4, 69.0, 55.8, 55.5, 44.3. MS (ESI) m/z [M + Na]", calcd: 281.0551, observed: 281.0550.

4-Chloromethyl-2-phenyl-1,3-dioxolane (the product of entry 3 in Table 1)

A mixture of diastereomers (59/41). "H NMR (CDCls; 500 MHz): Major diastereomer: & 7.47—

7.49 (2H, m), 7.37-7.39 (3H, m), 5.83 (1H, s), 4.44 (1H, dddd, /= 8.0, 5.0, 5.0, 5.0 Hz), 4.13 (2H, @
d,J=5.0Hz), 3.65 (1H, dd, J= 11, 5.0 Hz), 3.55 (1H, dd, J = 11, 8.0 Hz), Minor diasterecomer:

8 7.47-7.49 (2H, m), 7.37-7.39 (3H, m), 5.99 (1H, s), 4.48 (1H, dddd, J = 7.5, 6.0, 6.0, 5.0 Hz), \_&
4.30 (1H, dd, J= 8.5, 6.0 Hz), 3.92 (1H, dd, J = 8.5, 6.0 Hz), 3.72 (1H, dd, /=11, 5.0 Hz), 3.61 cl
(1H, dd,J=11, 7.5 Hz). "*C NMR (CDCl;s; 125 MHz): Major diastereomer: § 136.9, 129.7, 129.5,

126.7,105.0, 75.9, 68.9, 44.5, Minor diastereomer: 6 137.6, 129.6, 128.6, 126.5, 104.4, 75.5, 68.8,

44.3. MS (ESI) m/z [M + Na]*, caled: 221.0340, observed: 221.0345.

4-Chloromethyl-2-(6,6-dimethyl-bicyclo[3.1.1]-hept-2-ene-2-yl)- 1, 3-dioxolane (the product of entry 4 in Table 1)
A mixture of diastereomers (55/45). "H NMR (CDCls; 400 MHz): Major diastereomers: § 5.74—

5.77 (1H, m); 5.18, 5.20 (1H, s); 4.23-4.28 (1H, m); 3.96, 3.97 (2H, probably d); 3.57, 3.66 (1H,

dd, J=11.2, 4.8 Hz); 3.42, 3.43, 3.51 (1H, dd, J=11.2,8.0 Hz; 11.2, 8.4 Hz); 2.41-2.46 (1H, m);

2.32-2.37 (1H, m); 2.24-2.29 (2H, m); 2.11 (1H, m); 1.30 (3H, s); 1.16-1.20 (1H, m); 0.82 (3H,

s); Minor diastereomers: 6 5.74-5.77 (1H, m); 5.31, 5.31 (1H, s); 4.28-4.35 (1H, m); 4.19, 4.21

(1H, dd,J=13.2,4.8 Hz; 15.2, 6.4 Hz); 3.76,3.77 (1H, dd, J= 8.8, 6.0 Hz; 8.8, 6.4 Hz); 3.53, 3.56

(1H, dd, J= 15.2, 4.4 Hz; 13.2 Hz, 5.2 Hz); 3.51-3.54 (overlap), 3.50 (1H, dd, J= 6.0, 4.8 Hz); °\_°&
2.41-2.46 (1H, m); 2.32-2.37 (1H, m); 2.24-2.29 (2H, m); 2.11 (1H, m); 1.30 (3H, s); 1.16-1.20

(1H, m); 0.82 (3H, s). *C NMR (CDCls; 125 MHz): Major diastereomer: & 144.6, 125.5, 105.9,
75.3,68.9,44.5,41.0,40.7,38.0,31.8, 31.5,26.2, 21.3, Minor diastereomer: 6 144.1, 125.4, 105.4,
75.2,68.8,44.4,41.0,40.7,38.0,31.7,31.4,26.2,21.3. MS (ESI) m/z [M + Na]", calcd: 265.0966,

observed: 265.0966.

Note: Multiple diastereomers exist because the alicyclic moiety at the 2-position of the cyclic acetal also has

Cl

stereocenters.

4-Chloromethyl-2-methyl-2-(2-methyl- I-propene-1-yl)- 1,3-dioxolane (the product of entry 5 in Table 1)
A mixture of diastereomers (65/35). "H NMR (CDCls; 500 MHz): Major diastereomer: & 5.20 (1H,

s), 4.22 (1H, dddd, J=17.5, 6.5, 4.5, 4.5 Hz), 3.96 (1H, dd, /= 8.5, 6.5 Hz), 3.84 (1H, dd, /= 8.5,

4.5 Hz), 3.57 (1H, dd, J= 11, 4.5 Hz), 3.45 (1H, dd, /=11, 7.5 Hz), 1.79 (6H, s), 1.51 (3H, s), Q/
Minor diastereomer: & 5.30 (1H, s), 4.29 (1H, dddd, J= 7.5, 6.0, 5.0, 4.5 Hz), 4.16 (1H, dd, J = o” o
8.5,6.0 Hz), 3.75 (1H, dd, J=8.5, 4.5 Hz), 3.61 (1H,dd, /=11, 5.0 Hz), 3.40 (1H,dd, /=11, 7.5 \—&

Cl
Hz), 1.70 (6H, s), 1.46 (3H, s). *C NMR (CDCls; 125 MHz): Major diastereomer: 8 136.7, 126.5,

109.6, 75.0, 68.3, 45.0, 26.7, 26.1, 18.2, Minor diastereomer: 8 136.7, 127.5, 109.6, 75.6, 67.3,
44.8,26.6,25.7, 18.7. MS (ESI) m/z [M + Na]", calcd: 213.0653, observed: 213.0654.
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ABC-Type Periodic Terpolymer Synthesis by a One-Pot Approach Consisting of Oxirane- and Carbonyl-Derived
Cyclic Acetal Generation and Subsequent Living Cationic Alternating Copolymerization with a Vinyl Monomer

4-Ethoxymethyl-2-(4-methoxyphenyl)-1,3-dioxolane (the product of entry I in Table S1)

A mixture of diastereomers (52/48). "H NMR (CDCls; 500 MHz): Major diastereomer: & 7.42 (2H,
d, /= 8.5 Hz), 6.90 (2H, d, J = 8.5 Hz), 5.76 (1H, s), 4.37 (1H, dddd, J = 7.0, 6.0, 5.5, 5.5 Hz),
4.08 (1H, dd, J = 8.0, 7.0 Hz), 3.95 (1H, dd, J = 8.0, 5.5 Hz), 3.804 (3H, s), 3.63 (1H, dd, J = 10,
5.5 Hz), 3.57 (2H, probably q (overlap)), 3.52 (1H, dd, J = 10, 6.0 Hz), 1.22 (3H, t, J = 7.0 Hz),
Minor diastereomer: 6 7.41 (2H, d, J = 8.5 Hz), 6.89 (2H, d, J = 8.5 Hz), 5.89 (1H, s), 4.42 (1H,
probably dddd, J = 7.0, 6.5, 6.0, 5.5 Hz), 4.25 (1H, dd, J = 8.5, 7.0 Hz), 3.806 (1H, probably dd
(overlap), J = 8.5, 6.5 Hz), 3.805 (3H, s), 3.63 (1H, dd, J = 10, 5.5 Hz), 3.57 (2H, probably q
(overlap)), 3.57 (1H, probably dd (overlap), J = 10, 6.0 Hz), 1.23 (3H, t, J = 7.0 Hz). '°C NMR
(CDCls; 125 MHz): Major diastereomer: 6 160.4, 129.6, 128.2, 113.8, 103.8, 75.1, 71.6, 68.0,
67.2, 55.4, 15.2, Minor diastereomer: 6 160.6, 130.2, 128.0, 114.4, 104.4, 75.4, 71.1, 67.9, 67.1,
55.7, 15.3. MS (ESI) m/z [M + Na]", calcd: 261.1097, observed: 261.1096.

4-Ethoxymethyl-2-(2,4-dimethoxyphenyl)-1,3-dioxolane (the product of entry 8 in Table 1)

A mixture of diastereomers (60/40). "H NMR (CDCls; 500 MHz): Major diastereomer: & 7.49 (1H,
d, J = 8.0 Hz), 6.50 (1H, dd, J = 8.0, 2.0 Hz), 6.44 (1H, d, J = 2.0 Hz), 6.10 (1H, s), 4.36 (1H,
dddd, J=6.5, 6.0, 5.5, 5.0 Hz), 4.07 (1H, dd, /= 8.5, 6.5 Hz), 3.95 (1H, dd, J = 8.5, 5.0 Hz), 3.82
(3H, s), 3.805 (3H, s), 3.64 (1H, dd, J = 9.5, 5.5 Hz), 3.53-3.60 (2H, probably q (overlap)), 3.50
(1H, dd, J=9.5, 6.0 Hz), 1.21 (3H, t, J= 7.0 Hz), Minor diasterecomer: 6 7.44 (1H, d, /= 8.0 Hz),
6.48 (1H, dd, J = 8.0, 2.0 Hz), 6.44 (1H, d, J = 2.0 Hz), 6.20 (1H, s), 4.43 (1H, probably dddd),
4.24 (1H, dd, J = 8.0, 6.5 Hz), 3.82 (3H, s), 3.801 (3H, s), 3.799 (1H, probably dd (overlap), J =
8.5, 6.5 Hz), 3.66 (1H, dd, J = 10, 5.5 Hz), 3.53-3.60 (2H, probably q (overlap)), 3.51 (1H,
probably dd (overlap)), 1.22 (3H, t, J = 7.0 Hz). 3*C NMR (CDCls; 125 MHz): Major
diastereomer: 6 161.8, 159.0, 128.2, 118.1, 104.6, 99.6, 98.5, 75.1, 71.6, 68.1, 67.2, 55.7, 55.5,
15.7, Minor diastereomer: 8 161.7, 159.0, 128.1, 118.7, 104.3, 99.7, 98.6, 75.0, 71.2, 68.1, 67.1,
55.7,55.5,15.3. MS (ESI) m/z [M + Na]*, calcd: 291.1203, observed: 291.01204.

4-Phenyl-2-(4-methoxyphenyl)-1,3-dioxolane (the product of entry 2 in Table S1)

A mixture of diastereomers (89/11). "H NMR (CDCls; 500 MHz): Major diastereomer: & 7.50 (2H,
d,/=8.5Hz), 7.27-7.41 (5H, m), 6.92 (2H, d, /=8.5 Hz), 5.92 (1H, s), 5.14 (1H, dd, J=7.5, 7.0
Hz),4.32 (1H, dd,J=8.0, 7.5 Hz), 3.90 (1H, dd, /= 8.0, 7.0 Hz), 3.77 (3H, s), Minor diastereomer:
6 7.47 (2H, d, J=8.5 Hz), 7.27-7.41 (5H, m), 6.91 (2H, d, /= 8.5 Hz), 6.12 (1H, s), 5.19 (1H, dd,
J=1.5,7.0 Hz), 450 (1H, dd, J = 8.0, 7.5 Hz), 3.82 (1H, dd, J = 8.0, 7.0 Hz), 3.77 (3H, s). °C
NMR (CDClIs; 125 MHz): Major diastereomer: 8 160.0, 139.2, 129.4, 128.1, 127.8, 127.6, 126.0,
113.3, 104.0, 78.0, 71.6, 54.5, Minor diastereomer: & 160.0, 139.5, 129.5, 128.1, 127.8, 127.6,
125.6, 113.8, 104.1, 77.3, 72.2, 54.8. MS (ESI) m/z [M + Na]’, calcd: 279.0992, observed:
279.0993.

4,4-Dimethyl-2-(4-methoxyphenyl)-1,3-dioxolane (the product of entry 4 in Table S1)

"H NMR (CDCls; 500 MHz): § 7.41 (2H, d, J = 8.5 Hz), 6.87 (2H, d, J = 8.5 Hz), 5.83 (1H, s),
3.84 (1H, d,J=8.0 Hz), 3.75 (3H, s), 3.72 (1H, d, J= 8.0 Hz), 1.40 (3H, s), 1.38 (3H, 5). *C NMR
(CDCl3; 125 MHz): 6 159.9, 131.4, 127.7, 113.8, 102.7, 78.4, 76.0, 55.0, 26.5. MS (ESI) m/z [M
+ Na]", calcd: 231.0992, observed: 231.0993.

Note

o
o

I

Comparison of chemical shifts in "H NMR spectra of the cyclic acetals with those of similar structures previously

reported® suggests that major diastereomers are trans isomers and minor diastereomers are cis isomers.
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Polymerization Procedure

The following is a typical procedure for the copolymerization of a cyclic acetal and a vinyl monomer
by a one-pot method. The glass tube containing the reaction mixture for cyclic acetal synthesis (explained
above) was cooled at —96 °C. The polymerization was started by sequentially adding ethyl acetate, CEVE, and
a solution of SnClys in dichloromethane to the tube. After a predetermined interval, the polymerization was
terminated with methanol or 3-buten-1-ol containing a small amount of aqueous ammonia or triethylamine,
respectively. The quenched reaction mixture was diluted with dichloromethane and then washed with water.
The volatiles were evaporated under reduced pressure at 50 °C. The residual cyclic acetal was removed by
reprecipitation with methanol to yield a terpolymer. Monomer conversion was determined by 'H NMR

spectroscopy of the quenched reaction mixture using heptane as an internal standard.

Acid Hydrolysis

Acid hydrolysis was conducted in a manner similar to that described in Part 1.

Formation of Vinyl Acetal Structure by Elimination of HC1

The polymer (15 mg) was dissolved in N,N-dimethylformamide (2 mL). Potassium ferz-butoxide (50
mg) and sodium iodide (65 mg) were added to the reactor, and the reaction mixture was stirred for 16 h at
room temperature. The reaction mixture was then diluted with toluene and washed with water. The volatiles

were removed under reduced pressure.

Characterization

The MWD, NMR spectra, and electrospray ionization mass spectra (ESI-MS) of the obtained
products were determined as described in Chapter 2. The absolute M, values were determined with a GPC
system composed of a Viscotek VE 1122 pump, polystyrene gel columns (TSKgel GMHur-M x 2; flow rate
= 0.7 mL/min), and a Viscotek TDA 305 triple detector [refractive index, laser light scattering (A = 670 nm;
90° RALS and 7° LALS), and differential pressure viscometer] in tetrahydrofuran. The thermal properties of
the polymers were examined with a Shimadzu DSC-60 Plus differential scanning calorimeter for differential

scanning calorimetry (DSC) analysis and PerkinElmer STA 6000 for thermal gravimetric analysis (TGA).

Results and Discussion

Selective and Quantitative Synthesis of Sequence-Programmed Cyclic Acetal.

To synthesize sequence-regulated monomers, the cyclodimerization reaction of various oxiranes and
carbonyl compounds was examined using SnCls as a Lewis acid in dichloromethane at 0 °C. SnCls was used
because this Lewis acid is highly effective for the living cationic polymerization of various VEs and styrene
derivatives.’® During the cyclodimerization reaction, complete consumption of both oxirane and carbonyl
compounds is required because residual oxirane and carbonyl compounds would potentially react with VE
during the subsequent cationic copolymerization.”’

Very high selectivity was attained in the cyclodimerization of epichlorohydrin (ECH) with various

aromatic aldehydes or conjugated ketones, among various combinations of monomers. The reactions
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effectively proceeded with almost complete consumption of both monomers, resulting in cyclic acetals
consisting of ECH and a carbonyl compound (entries 1-5 in Table 1). In the case of p-methoxybenzaldehyde
(pMeOBzA; entry 1 in Table 1), the "H NMR spectrum of the reaction mixture (Figure 1), which was recorded
after quenching with an excess amount of methanol, exhibited peaks attributed to a cyclic acetal (98%) and a
very small amount of residual pMeOBzA (2% this resulted from the experimental error when using equimolar
amounts of pMeOBzA and ECH), while no peaks attributed to residual ECH and undesired products, such as
oxirane homopolymer, were observed. Similar results were obtained with 2,4-dimthoxybenzaldehyde
(dMeOBzA; entry 2) and benzaldehyde (BzA; entry 3), which are more and less reactive aromatic aldehydes
than pMeOBzA, respectively. Moreover, the acyclic conjugated aldehyde (1R)-(—)-myrtenal (myrtenal; entry
4) and the conjugated ketone mesityl oxide (entry 5) also underwent an efficient cyclodimerization reaction
with ECH.* However, the use of acetone resulted in the incomplete generation of a cyclic acetal and the partial
formation of an ECH oligomer (entry 6), probably due to the smaller nucleophilicity of acetone than the
conjugated aldehydes and ketones.

Table 1. Selective Cyclodimerization of Various Oxiranes and Carbonyl Compounds®
conv (%)"

entry oxirane  carbonyl oxirane carbonyl CE(%)°

1 ECH pMeOBzA 100 98 >99
2 dMeOBzA 100 99 >99
3 BzA 100 99 >99
4 myrtenal 100 97 >99
5 mesityl oxide 100 98 >99
6 acetone 90 97 72
7 EGE pMeOBzA 100 68 64
8 dMeOBzA 100 94 98
9 SO pMeOBzA 100 82 83
10 dMeOBzA 87 70 71
11 IBO pMeOBzA 100 75 78
12 dMeOBzA 100 83 88

“ [oxirane]o = 0.50 (except for entry 8) or 1.0 (entry 8) M, [carbonyl compound]o = 0.50 (except for entry 8)
or 1.0 (entry 8) M, [SnCls]o = 20 (entries 1, 2, 7, and 9-12) or 5.0 (entries 3—6, and 8) mM in dichloromethane
at 0 °C (except for entries 9 and 10) or —78 °C (entries 9 and 10) for 24 h. ® Determined by 'H NMR analysis.
¢ Cyclization efficiency: the ratio of the generated cyclic acetal to the feeds of oxiranes ([cyclic]/[oxirane]o)
determined by '"H NMR analysis.

8 t
9 10 11 —12—
N OMe 8 - 1a ,
4 Reaction mixture —cEOH
(quenched by CH:,OH) CH,Cl, |
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6 . 37 2 1
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12 cl pMeOBzA 5 6 7

ECH pMeOBzA 14 J 4 T | I .[
[ T T T T T
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Figure 1. 'H NMR spectra of the reaction mixture quenched by methanol (upper; entry 1 in Table 1), ECH
monomer (middle), and pMeOBzA monomer (lower). In CDCIs at 30 °C. * CHCI; and water. T heptane.
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Oxiranes other than ECH also generated cyclic acetals when combined with appropriate carbonyl
compounds, although the selectivity was inferior to that of ECH. The reaction of ethyl glycidyl ether (EGE)
and dMeOBzA produced a cyclic acetal without any byproducts (entry 8 in Table 1). However, when
pMeOBzA was used, the selectivity of the cyclodimerization reaction was relatively low because the
oligomerization of EGE also occurred (entry 7). The selective cyclodimerization of EGE and pMeOBzA
proceeded when the amount of pMeOBzA was twice that of EGE (entry 1 in Table S1). The cyclodimerization
of pMeOBzA with styrene oxide (SO), which generates a benzyl-type carbocation by a ring-opening reaction,
effectively proceeded at a lower temperature (—78 °C), although a slight amount of SO oligomer was also
produced (entry 9 in Table 1, entry 3 in Table S1). In the case of isobutylene oxide (IBO), which generates a
tertiary carbocation by the ring-opening reaction, IBO oligomers containing a homodimer were partly
generated at an equimolar feed of both monomers (entries 11 and 12 in Table 1). When an excess of pMeOBzA
(2 equiv. with respect to SO or 4 equiv. with respect to IBO) was charged, selective cyclodimerization
proceeded successfully (entries 2 and 4 in Table S1). The ESI-MS spectra of the obtained products also
corroborated the generation of the corresponding cyclic acetals. As demonstrated here, various oxiranes were
used for cyclodimerization; however, equimolar amounts of both oxirane and carbonyl compounds need to be
used because residual monomers disturb the sequence control of the subsequent copolymerization.

An appropriate choice of a Lewis acid catalyst is important for the efficient cyclodimerization
reaction (Table S2). Among the various Lewis acids examined, SnCls was superior in terms of activity and
selectivity in the cyclodimerization reaction of SO and BzA. Lewis acids such as FeCls, TiCls, and GaCls did
not result in complete consumption of SO (Table S2). These differences probably stemmed from the difference
in the interaction between the Lewis acids and BzA, partly arising from the difference in oxophilicity of the

Lewis acids.>”*

Synthesis of an ABC-Type Periodic Terpolymer: Controlled Cationic Copolymerization of a Sequence-
Programmed Cyclic Acetal and a Vinyl Monomer.

Cationic copolymerization of the above-obtained cyclic acetal and CEVE was subsequently
conducted to synthesize an ABC-type sequence-regulated terpolymer with an initiating system that is effective
for the controlled cationic copolymerization of CEVE and cyclic acetals (entries 1 and 2 in Table 2; Figure
2).32* First, the selective cyclodimerization of ECH and pMeOBzA was performed as explained above. After
cooling the reaction solution to —96 °C, without any purification processes, ethyl acetate, CEVE, and SnCls
were added to the solution. Ethyl acetate was used as a Lewis basic additive to suppress side reactions such as
chain transfer reactions during cationic polymerization.”® The additional SnCls was used to compensate for the
deficiency of the catalytic activity at lower temperatures. Milder reaction conditions, such as higher
temperatures and lower catalyst loading, would be feasible by tuning reaction conditions, such as the amount
of ethyl acetate. The copolymerization proceeded with the consumption of both monomers, yielding a polymer
with a unimodal MWD (Figure 2A and 2C).* Interestingly, the MWD curves of the terpolymers shifted to the
high-MW region as copolymerization proceeded, indicating the generation of long-lived species (Figure 2C).
The M, values measured by GPC with polystyrene standards (circle symbols in Figure 2B) or light-scattering

detectors (square symbols) were consistent with the values calculated from the conversion of both monomers
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Table 2. Controlled Cationic Copolymerization of Sequence-Programmed Cyclic Acetals and Vinyl

Monomers®

conv (%) units per block?
entry oxirane carbonyl vinyl  time cvclic vinvl M,x107%¢ M. /M, oxirane carbony vinyl
1 ECH pMeOBzA CEVE 15min 8 32 54 1.26 1.0 1.0s 1.0s
2 50min 25 95 12.4 1.51 1.0 1.0o 1.0s
3 dMeOBzA 50min 13 49 4.3 1.19 1.0 1.0 1.09
4 BzA 24h 12 42 53 1.69 1.0 1.0; 1.2
5 myrtenal 40min 24 99 9.5 1.54 1.0 1.0o 1.24
6 mesityl oxide 24 h 1 68 2.1 1.21 1.0 1.0 4.1
7 ECH pMeOBzA AcOVE 30min 24 81 12.8 1.43 1.0 1.0o 1.0;
8 IBVE 46h 9 73 15.7 1.71 1.0 0.99 2.1
9 pMeSt 93 h 6 68 3.0 1.18 1.0 1.0 34
10 EGE pMeOBzA pMeSt 96h 30 76 2.4 1.19 1.0 1.0 4.8
11 1BO pMeOBzA pMeSt 96h 36 38 2.3 1.15 1.0 1.0 13

“ Reaction conditions for the synthesis of cyclic acetals: [oxirane]o = 1.0 (entries 1-9), 0.50 (entry 10), or 0.25
(entry 11) M; [carbonyl compound]o = 1.0 M; [SnCls]o = 5.0 (entries 1-8) or 20 (entries 9-11) mM; in
dichloromethane at 0 °C for 24 h. Polymerization conditions: [cyclic acetal]o = 1.0 (entries 1-9), 0.50 (entry
10), or 0.25 (entry 11) M; [vinyl monomerJ.aa = 0.25 (entries 1-9) or 0.50 (entries 10 and 11) M; [ethyl
acetate]aaa = 0.25 (entries 1, 2, 5, and 7) or 1.0 (entry 8) M; [SnCls]aaa = 10 (entries 1-5 and 7), 20 (entry 6), or
5.0 (entry 8) mM; [EtSO3H]Jaaa = 10 mM (entries 10 and 11); in dichloromethane at —96 (entries 1, 2, 5, 7, and
8), —78 (entries 3, 4, and 6), or 0 (entries 9-11) °C. * Determined by 'H NMR analysis. ¢ Determined by GPC
(polystyrene standards). ¢ Evaluated by "H NMR analysis.
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Figure 2. (A) Time—conversion curves for the copolymerization of CEVE and the cyclic acetal synthesized by
the selective cyclodimerization of ECH and pMeOBzA (circle) and the average number of monomer units per
chain (square; calculated from "H NMR analysis and MW values measured by GPC analysis), (B) the M,
(open) determined by GPC (circle; polystyrene standards, square; light-scattering detector) or NMR (triangle;
from the main chain and the w-ends) and M,/M, (filled) values of the polymers, and (C) MWD curves of
poly(CEVE-co-cyclic acetal)s (black) and acid hydrolysis products (purple). The data correspond to entries 1
and 2 in Table 2.

and the amounts of the first portion of SnCls (5.0 mM), which also suggests propagation in a living manner.
Livingness of the copolymerization is slightly inferior to that of the homopolymerization of CEVE under
similar conditions, as indicated by the slight broadening of MWDs of the high MW terpolymers. The
broadening probably resulted from the additional initiation from the cyclic acetal via the interaction with SnCla.
Polymers with higher MWs are potentially obtained by an increase in the feed of oxiranes, carbonyl

compounds, and vinyl monomers.
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The 'H NMR analysis of the obtained terpolymers indicated the occurrence of extremely frequent
crossover reactions between CEVE and the cyclic acetal (Figure 3A; Figure S1 for *C NMR spectra). Peaks
assigned to acetal and sec-benzyl ether structures, which were generated by the crossover reaction from CEVE
to the cyclic acetal and from the cyclic acetal to CEVE, respectively, were detected (peaks 9 and 4). Moreover,
a peak attributed to an aromatic acetal was not observed at 5—6 ppm, indicating that homopropagation of the
cyclic acetal did not occur. The absence of homopropagation is consistent with the result that the
homopolymerization of the cyclic acetal did not proceed under the same conditions (Table S3, [cyclic acetal]o
= 1.0 M). From the integral ratios of the aromatic peaks (peaks 5 and 6), the peaks of acetal and sec-benzyl
ether (peaks 9 and 4), and the peaks of the CEVE-derived methylene group in the main chain (peak 8), the
average number of ECH, pMeOBzA, and CEVE units per block was estimated to be 1.0, 1.0s, 1.0s, respectively
(entry 1 in Table 2), suggesting that the copolymerization of CEVE and the cyclic acetal occurred in an
alternating manner; thus, the terpolymer has ABC-type periodic sequences. The terpolymers obtained at
different degrees of monomer conversion also had similar ABC-type periodic sequences (entries 1 and 2 in
Table 2; Figure 2).

The ABC-type periodic sequences derived from alternating copolymerization were also
corroborated by acid hydrolysis of the obtained terpolymers. In the '"H NMR spectrum of the hydrolysis
product, peaks assigned to p-methoxycinnamaldehyde, which was derived from one CEVE unit and one
pMeOBzA unit, were exclusively observed (Figure 3B). This compound was generated via acid hydrolysis of
the acid-labile acetal and sec-benzyl ether structures of the ECH-pMeOBzA—-CEVE-ECH sequence and the
subsequent dehydration reaction (Scheme 3A). 3-Chloro-1,2-propanediol and 2-chloroethanol, which are
derived from the ECH and CEVE units, respectively, were most likely removed during purification.
Importantly, other possible hydrolysis products, such as compounds derived from two or more CEVE units,
were not observed in the '"H NMR spectrum (Scheme 3B), which indicates the negligible occurrence of CEVE
homopropagation during alternating copolymerization. The very sharp peaks in the low-MW region of the

(A) Terpolymer (entry 1)

6 7
1,2,3,
10,11,13
18 -0 Units per block 3
ECH 1.0
20~ 19 pMeOBzA 1.0
Acld CEVE 1.0,
Hydrolysis
y Y 21
22 Integral ratio  [4.08] [2.00] [2.11]
Expected value for
o, 23 complete “ABC” [4.00] [2.00] [2.00]
(B) Hydrolysis product
21 22 23 x
20
M, (GPC) =5.4 x 103 18 r +
M, (NMR) =5.8 x 103 19
- 3 *
w-end from quencher My (caled) =5.1 x 10 H* I |
T T T T T T T T T T
10 9 8 7 6 5 4 3 2 1
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Figure 3. '"H NMR spectra of (A) ECH-pMeOBzA—CEVE terpolymer (entry 1 in Table 2) and (B) its
hydrolysis product. In CDCI; at 30 °C. * CHCIl; and water.
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Scheme 3. Possible Mechanism of Acid Hydrolysis of the Terpolymers with ABC-Type Periodic Sequences
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MWD curves of the hydrolysis products also suggest the ABC-type periodic sequences of the original
terpolymer (Figure 2C, purple).

The livingness of the copolymerization was confirmed by the incorporation of a quencher into the
chain ends and the monomer-addition experiment. In the '"H NMR spectrum (Figure 3A), the peaks at 2.3, 5.1,
and 5.8 ppm (peaks 14—17) were assigned to the m-end structure derived from 3-buten-1-ol, which was used
as a quencher.” The M, value calculated from the integral ratio of the peaks of the main chain to those of the
o-end (5.8 x 10°; Figure 2B triangle) was comparable to both the theoretical value based on the conversion of
both monomers (5.1 x 10*) and the value measured by GPC analysis (5.4 x 10°; Figure 2B open circle, Figure
2C upper). This result suggests that copolymerization proceeded in a highly controlled manner via an
appropriate dormant-active equilibrium at the propagating chain ends. Moreover, when the second portion of
CEVE was added to the reaction mixture after almost complete consumption of the first portion of CEVE
(conversion = 95%), the unimodal MWD curve shifted smoothly to the high-MW region without any tailings
(Figure S2), indicating the occurrence of living polymerization.

The copolymerization mechanism is summarized in Scheme 4. Successful regulation of the ABC-
type periodic sequence was achieved as a result of the nonhomopolymerizability of the cyclic acetal and the
frequent crossover reactions from VE to cyclic acetal. A cyclic acetal adds to the VE-derived propagating
carbocation to form an oxonium ion (Scheme 4a), which is subsequently converted to a carbocation via a ring-
opening reaction (Scheme 4b). The selective scission of an acetal moiety rather than an ether moiety during
the ring-opening reaction occurs because an alkoxy-adjacent carbocation is more stable than an alkyl-adjacent
carbocation.**** At the cyclic acetal-derived propagating end, the homopropagation of cyclic acetals did not
proceed (Scheme 4e), which is consistent with the nonhomopolymerizability of 2-aryl-1,3-dioxolanes under
the adopted conditions (Table S3).*® The instability of an aromatic acetal structure in the main chain, which
results from the homopropagation of the cyclic acetal, may be responsible for the nonhomopolymerizability.
Therefore, the selective addition of VE to the cyclic acetal-derived propagating end proceeds (Scheme 4c¢),
exclusively generating an oxirane—carbonyl-VE sequence. The acid hydrolysis of the obtained terpolymer
(Figure 3B) also suggested an ABC-type periodic sequence, as explained above. The frequent crossover
reactions from VE to cyclic acetal (Scheme 4a), which is also consistent with the copolymerization of VEs
and 2-aryl-1,3-dioxolanes,*” most likely stem from the higher reactivity of the cyclic acetal than of CEVE and

the efficient occurrence of the ring-opening reaction. The monomer reactivity ratios determined by the Kelen—
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Scheme 4. Copolymerization Mechanisms (Counteranions are omitted; R' = CH,Cl, R* = C¢H4OCH;, R
CH,CH-CI)
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Tiid6s method also supported the frequent occurrence of crossover reactions (Table S4; M; = CEVE, M, =
cyclic acetal consisting of ECH and pMeOBzA).** An r; value of less than 1 (»; = 0.41) and an r; value of
approximately zero (7> = 0.03) indicate the favorable crossover from VE to cyclic acetal (Scheme 4a) over the
homopropagation (Scheme 4d) and the nonhomopolymerizability of the cyclic acetal (Scheme 4e),
respectively. To completely suppress the homopropagation of CEVE (Scheme 4d), the charged amount of
CEVE was one-fourth the amount of cyclic acetal (Figure 2), resulting in alternating copolymerization. The
initiation reaction most likely occurs via ring opening of the cyclic acetal with the first portion of SnCly in a
manner similar to the acetal-initiated living cationic polymerization of VEs or styrene derivatives.’>>* The
reaction of CEVE with the cyclic acetal-derived carbocation generates the CEVE-derived propagating end,
which is followed by smooth propagation reactions as explained above (Scheme S1). The living
copolymerization most likely proceeded via a dormant-active equilibrium consisting of the reversible
activation of carbon—chlorine bonds at the propagating ends in a similar manner to the living cationic
polymerization of vinyl monomers.***'

The microstructures of the ABC-type periodic terpolymer were investigated with a focus on the ring-
opening mode of the cyclic acetal. The cyclodimerization reaction of an oxirane and a carbonyl compound
generates a 2,4-disubstituted asymmetric cyclic acetal via the a-scission or 3-scission of an oxirane (Scheme
S2). During copolymerization, the asymmetric cyclic acetal reacts with a VE-derived propagating species via
the reaction of the oxygen atom at the 1-position or that at the 3-position, resulting in different microstructures
(Scheme 5). The ratio of the two microstructures in the main chain was determined by the transformation of
the VE-ECH sequence into vinyl acetal (i) and divinyl acetal (ii) structures with fBuOK (Scheme 6). The
(i)/(ii) ratio was calculated to be 63/37 by '"H NMR (Figure S3) and 64/36 by *C NMR (Figure S4), which
indicates that the reaction of the cyclic acetal at the 1-position was preferential over that at the 3-position
probably due to the less steric hindrance around the 1-position (Scheme 5). The main chains of the obtained

terpolymers were not cleaved by the transformation under the basic conditions.
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Scheme 5. The Addition Mode of the Cyclic Acetal in the Copolymerization with a VE (Counteranions are

omitted)
R2
o)\o R2
(- @0

Scheme 6. Determination of Microstructure Distribution by Elimination Reaction (R = CsH4OCH3)

. o -~ BuokK --~Z o .
\(l)/O/j/ 1/ in DMF \0/0/\“/ 1/

J Cl atr.t. Tl
Cl

Vinyl acetal (i)

atr.t.

-- o -- BuoK --~Z o --
YOT ey
I

in DMF
CIJ

Divinyl acetal (ii)

The one-pot synthesis of the ABC-type terpolymer demonstrated above exhibited adequate
controllability in terms of sequences and MWs, even when compared with the polymerization of an isolated
cyclic acetal and CEVE, whereas this method was obviously superior to the direct terpolymerization of ECH,
pMeOBzA, and CEVE. The cationic copolymerization of CEVE and the cyclic acetal that was isolated and
purified after the cyclodimerization reaction of ECH and pMeOBzA resulted in an ABC-type periodic
terpolymer with similar degrees of sequence and MW control (Figure S5). In contrast, the direct cationic
terpolymerization of ECH, pMeOBzA, and CEVE did not proceed under the same conditions as those used for
the copolymerization of the cyclic acetal and CEVE (entries 2 and 3 in Table S5), likely because the Lewis
basicities of the ECH and pMeOBzA monomers suppressed the catalytic activity of SnCls at —-96 °C. At a
higher temperature (0 °C), terpolymerization proceeded; however, both ECH and pMeOBzA reacted with the
CEVE-derived propagating species, resulting in a statistical sequence rather than an ABC-type periodic
sequence (entry 1 in Table S5, Figure S6). These results indicate that the selective synthesis of the sequence-
incorporated monomer is significantly important for the sequence regulation of the terpolymer.

The use of other monomers was also effective for the synthesis of ABC-type periodic terpolymers.
When dMeOBzA was used instead of pMeOBzA, frequent crossover reactions between CEVE and the cyclic
acetals generated quantitatively from ECH and dMeOBzA occurred, yielding ABC-type periodic terpolymers
(entry 3 in Table 2; ECH/dMeOBzA/CEVE = 1.0/1.0:/1.09 units per block). The use of BzA or myrtenal-
derived cyclic acetal also generated ABC-type sequence-controlled terpolymers, although CEVE
homosequences were partly generated (entries 4 and 5 in Table 2; ECH/BzA/CEVE = 1.0/1.0+/1.2¢ units per
block, ECH/myrtenal/CEVE = 1.0/1.0¢/1.24 units per block). In the case of mesityl oxide, however, the number
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of CEVE units per block was obviously large (entry 6 in Table 2; ECH/mesityl oxide/CEVE = 1.0/1.0/4.1 units
per block). The difference in the substituents at the 2-position of cyclic acetals most likely affected the
efficiency of the crossover reaction from VEs to cyclic acetals.

The difference in vinyl monomers mainly affected the length of vinyl monomer units. The use of 2-
acetoxyethyl VE (AcOVE), which has an electron-withdrawing ester group and exhibits reactivity comparable
to that of CEVE, also generated an ABC-type periodic terpolymer by copolymerization with ECH- and
pMeOBzA-derived cyclic acetals (entry 7 in Table 2; ECH/pMeOBzA/AcOVE = 1.0/1.00/1.03 units per block).
In addition, the M, values corresponded to the calculated values, indicating the livingness of the
copolymerization (Figure 4). Copolymerization with isobutyl VE (IBVE), which is a more reactive VE than
CEVE, resulted in a terpolymer containing a larger number of IBVE units per block (entry 8 in Table 2;
ECH/pMeOBzA/IBVE = 1.0/0.94/2.1 units per block). These results indicate that the use of VEs with low
reactivity is important for the construction of ABC-type periodic sequences. The copolymerization of p-
methylstyrene (pMeSt), which exhibits a smaller reactivity than CEVE,* and the cyclic acetal resulted in a
terpolymer with several pMeSt units per block (entry 9 in Table 2; ECH/pMeOBzA/pMeSt = 1.0/1.0/3.4 units
per block), which probably stemmed from the difference in the reactivity of the carbocations derived from
pMeSt and VEs. The longer reaction time was required for the copolymerization with less reactive pMeSt.
Faster polymerization is possibly achieved by tuning reaction conditions (e.g., higher reaction temperatures,
larger amounts of the catalyst, etc.) without losing controllability. Interestingly, in the case of pMeSt,
terpolymers with ABC-type sequences were successfully generated even when an excess amount of pMeOBzA
was charged for the selective cyclodimerization with EGE or IBO. Unreacted pMeOBzA did not disturb the
subsequent copolymerization (entries 10 and 11 in Table 2; EGE/pMeOBzA/pMeSt = 1.0/1.0/4.8 units per
block, IBO/pMeOBzA/pMeSt = 1.0/1.0/13 units per block). Indeed, during the copolymerization of pMeSt
and pMeOBzA under similar conditions, negligible crossover reactions occurred between pMeSt and
pMeOBzA.*’

20 (A) (BLJ:‘T?V) Hydrolysis M, x 103
. VE] — (My/My)
[?Sg?,’? Units per block
16 , ) Ox/ Car/ Vinyl
‘ 15 min
o caled -~ O 28% 54 0.1
212} 0 8% (1.26) (1.45)
* = 1.0/0.99/1.0¢
) 23
&8 — 7 o =
= Be . 128 0.1
% 411.8 1.43) (1.71
ar 70O o 16 (143 (1.71)
Q P ® 14 1.0/1.09/1.05
e [ 1Y —H1.2
0 1 1 1 1 1.0 5 N 3 "
0 4 8 12 16 20 105 10* 10%3x102 MW(PSY)

-3
M, (calcd by conv) x 10 15 18 21 EV/mI

Figure 4. (A) M, (open) and M,,/M, (filled) values (by GPC) of the copolymers obtained and (B) MWD curves
of poly(AcOVE-co-cyclic acetal)s (black) and acid hydrolysis products (purple). The data correspond to entry
7 in Table 2.

Synthesis of a Block Quaterpolymer with Periodic Sequences.

The livingness of the copolymerization was effective for the synthesis of block polymers consisting
of blocks with different ABC-type periodic sequences, such as an ABC-b-ABD quaterpolymer, by a one-pot
process (Figure S7). The alternating cationic copolymerization of the ECH- and pMeOBzA-derived cyclic
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acetal with CEVE was conducted using four equivalents of the cyclic acetal with respect to CEVE (Figure S7
upper; CEVE/ECH/pMeOBzA = 1.05/1.0/1.0; units per block). At the late stage of copolymerization, a fresh
portion of AcOVE was added to the reaction mixture, which triggered the subsequent copolymerization of
AcOVE and the residual cyclic acetal. The sequential monomer addition afforded a high-MW polymer via
frequent crossover reactions between AcOVE and the «cyclic acetal (Figure S7 lower;
CEVE/ECH/pMeOBzA/AcOVE = 1.03/1.0/1.0¢/1.33 units per block), resulting in a block polymer consisting
of blocks with ECH-pMeOBzA—CEVE and ECH-pMeOBzA—AcOVE periodic sequences.

Thermal Properties of an ABC-Type Periodic Terpolymer.

The thermal properties of the ECH-pMeOBzA—CEVE terpolymers with different sequences were
examined by DSC analysis (Figure 5). The glass transition temperature (7,) of the ABC-type periodic
terpolymer (7, = -3 °C; Figure 5A; see Figure S8 for TGA) was lower than that of the statistical terpolymer
(T, =9 °C; Figure 5C). The ABC-type periodic monomer sequences probably affected the lower T, value than
that of the statistical sequences. In copolymerization of two kinds of monomers, the differences of 7, between
alternating and statistical sequences were reported in several past studies.’®>’ However, whether alternating
copolymers exhibit higher or lower T, than statistical copolymers depends on the combinations of monomers.
Further investigation is needed to clarify the 7, difference in the present study. Interestingly, the 7} of the
ABC,-type sequence-controlled terpolymer containing CEVE homosequences (7, = -2 °C; Figure 5B) was
comparable to that of the ABC-type periodic-sequence terpolymer, which suggests that regular incorporation
rather than statistical incorporation of the three monomers in the order of ECH, pMeOBzA, and CEVE into

polymer chains also affected the thermal properties.

(A) ABC-type periodic terpolymer ABCABC
Ty -3°C
@ Units per block
ECH / pMeOBzA /CEVE

10/ 1.0, /1.0

(B) ABC,-type sequence-controlled terpolymer
with CEVE homosequences

T,;:-2°C ABCCC

ECH / pMeOBzA / CEVE
1.0/ 095 /275

-«—— endo

(C) Statistical terpolymer
Ty3:9°C ABCCBC

ECH/ pMeOBzA / CEVE
08,/ 11, / 14

T T T T T 1
-80 -60 -40 -20 0 20 40 60 80
Temperature (°C)

Figure 5. DSC thermogram of the ECH-pMeOBzA—CEVE terpolymers with (A) ABC-type periodic
sequences (entry 1 in Table S5), (B) ABC,-type sequences with CEVE homosequences (entry 4 in Table S4),
and (C) statistical sequences (Figure S6) (the second heating scan; heating rate: 10 °C/min).

Conclusion

A one-pot strategy consisting of the quantitative synthesis of a sequence-programmed monomer and
the subsequent copolymerization reaction was developed using oxiranes, carbonyl compounds, and vinyl

monomers as monomers. The selective cyclodimerization reaction of oxiranes and carbonyl compounds
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quantitatively produced sequence-programmed cyclic acetals, even when both monomers were charged in
equimolar amounts. The subsequent cationic copolymerization with vinyl monomers proceeded in an
alternating manner to give terpolymers with an ABC-type periodic monomer sequence. Moreover, the
livingness of the copolymerization enabled the simultaneous control of the MW, MWD, and chain end
structures. The sequential addition of vinyl monomers yielded unique ABC-b-ABD-type quaterpolymers. The
use of oxiranes with sufficient reactivity and low tendency to homocyclization, aldehydes with an electron-
donating group, and VEs with low reactivity is of great importance for the selective cyclodimerization and
alternating polymerization reactions. This strategy is expected to provide a concept for the simple conversion
of various types of commercially available monomers, such as vinyl, cyclic, and carbonyl monomers, into ter-
or quaterpolymers with a high degree of sequence and MW control. Further progress in both the efficient
synthesis of sequence-programmed monomers and the occurrence of exclusive crossover reactions between
different types of monomers will contribute to the construction of polymers with unique properties from

various types of monomers and to the development of novel technologies with sequence-controlled polymers.
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Supporting Information

Table S1. Selective Cyclodimerization of Various Oxiranes and pMeOBzA*

conv (%)

entry oxirane (M) pMeOBzA (M) oxirane aldehyde CECA)Y
1 EGE, 0.50 1.0 100 46 >99
2 SO, 0.50 1.0 100 46 >99
3 SO, 0.50 0.50 100 64 73
4 IBO, 0.25 1.0 100 21 98

“ [SnCls]o = 20 mM in dichloromethane at 0 (except for entry 2) or —78 (entry 2) °C for 24 h. * Determined by
"H NMR analysis. ¢ Cyclization efficiency: the ratio of the generated cyclic acetal to the feed of oxirane
([cyclic]/ [oxirane]o) determined by "H NMR analysis.

Table S2. Cyclodimerization of Styrene Oxide and Benzaldehyde Using Various Lewis Acids”
conv (%)”
entry catalyst time SO BzA  CE(%)°

1 FeCl; 48h 54 13 25
2 TiCls  72h 42 14 28
3 GaCl; 72h 86 33 60
4 SnCly 24 h 100 40 82

“[SOJo=0.50 M, [BzA]o = 1.0 M, [catalyst]o = 20 mM in dichloromethane at 0 (entry 1) or —78 °C (except for
entry 1). ” Determined by 'H NMR analysis. ¢ Cyclization efficiency: the ratio of the generated cyclic acetal to
the feed of oxirane ([cyclic]/ [oxirane]o) determined by "H NMR analysis.
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Figure S1. °C and DEPT 135 NMR spectra of the ECH-pMeOBzA—-CEVE terpolymer (entry 1 in Table 2)
(in CDCl; at 30 °C). * CDCls.
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Table S3. Homopolymerization of Cyclic Acetal Consisting of ECH and pMeOBzA*
conv (%)’
entry cyclic (M) time  cyclic M, x 107¢ My/M,°
1 1.0 24 h 0 - -
“ Reaction conditions for the synthesis of the cyclic acetal: [ECH]o = 1.0 M, [pMeOBzA]o = 1.0 M, [SnCl4]o =
5.0 mM, in dichloromethane at 0 °C for 24 h. Polymerization conditions: [cyclic acetal]o = 1.0 M, [ethyl
acetate]aad = 0.25 M, [SnClsJaga = 10 mM in dichloromethane at 96 °C. * Determined by '"H NMR analysis.
Determined by GPC (polystyrene standards).

Time units per
Conv. Hydrolysis block
CEVEI —, M,x103° CEVE
Cyclic ECH
(M/ M) pMeOBzA
50 min 124
95% (1.51) 1.05
25 /0 01 1 .go
CEVE (1.47)
addition
50 min+2h (f%g)
199% : 1.1,
39% 0.1 1.0
(1.83) 1.0,
5 4 1033x102 MW
17 P sy

"5 18 21 EV/mI
Figure S2. MWD curves of the copolymerization of CEVE and a cyclic acetal consisting of ECH and
pMeOBzA (black) and the acid hydrolysis products (purple) in the monomer-addition experiment. Reaction
conditions for the synthesis of the cyclic acetal: [ECH]o = 1.0 M, [pMeOBzA]o = 1.0 M, [SnCls]o = 5.0 mM in
dichloromethane at 0 °C for 24 h. Polymerization conditions: [cyclic acetal (ECH-pMeOBzA)]o = 1.0 M,
[CEVE]aa = 0.25 + 0.25 M, [ethyl acetate]aaa = 0.25 M, [SnCls]aga = 10 mM in dichloromethane at —96 °C.

Table S4. The Data for Determination of Monomer Reactivity Ratios®

conv (%)’ CEVE in
entry CEVE (M) cyclic((M) time CEVE cyclic My x 10%¢ My/M, copolymer’
1 0.25 1.0  5min 19 4 3.7 1.22 0.50
2 0.50 075  60s 6 4 5.8 1.37 0.55
3 0.75 050  10s 9 5 42 1.16 0.60
4 1.0 025 10s 11 10 4.1 1.33 0.73

“ Reaction conditions for the synthesis of the cyclic acetal: [ECH]o = 0.25—1.0 M, [pMeOBzA], = 0.25—1.0
M, [SnCls]o = 5.0 mM, in dichloromethane at 0 °C for 24 h. Polymerization conditions: [cyclic acetal]o +
[CEVE]awa = 1.25 M, [ethyl acetate]aas = 0.25 M, [SnCls]as = 10 mM in dichloromethane at —96 °C. °
Determined by '"H NMR analysis. ¢ Determined by GPC (polystyrene standards).
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Scheme S1. Possible mechanism of the initiation reaction of the cationic copolymerization of the cyclic acetal
and vinyl ether
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Scheme S2. Possible mechanisms of generation of cyclic acetals via selective cyclodimerization reaction

Note
The oxygen atoms at the 1-position are derived from a carbonyl compound or an oxirane when the a- or [3-

scission occurs, respectively. The oxygen atom at the 3-position is also derived from either compound.
However, the origins of the two oxygen atoms are not distinguished in this study because both the a- and [3-

scission products have the same structures irrespective of the origin.
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Figure S3. 'H NMR spectra of (A) the product obtained by elimination reaction of the ECH-pMeOBzA—
CEVE terpolymer and (B) the original terpolymer (entry 2 in Table 2) (in CDCls at 30 °C). * CHCIs, toluene.
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Figure S4. °C and DEPT 135 NMR spectra of the product obtained by elimination reaction of the ECH—
pMeOBzA—-CEVE terpolymer (in CDCls at 30 °C). * CDCl;.
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Figure S5. MWD curves of the product obtained by the cationic copolymerization of CEVE and 4-
chloromethyl-2-(4-methoxyphenyl)-1,3-dioxolane (the cyclic acetal consisting of ECH and pMeOBzA;
isolated before use) (black) and its acid hydrolysis product (purple). Polymerization conditions: [CEVE], =
0.25 M, [cyclic acetal]o = 1.0 M, [ethyl acetate] = 0.25 M, [SnCls]o = 15 mM in dichloromethane at —96 °C.
Reaction conditions for synthesis of the cyclic acetal: [ECH]o = 1.0 M, [pMeOBzA]o = 1.0 M, [SnCls]o = 5.0
mM in dichloromethane at 0 °C for 24 h.

Table S5. Direct Cationic Terpolymerization of ECH, pMeOBzA, and CEVE®
conv (%)’
entry time temp.(°C) ECH pMeOBzA CEVE M, x 10°¢ My/M,*

1 12h 0 100 93 100 2.7 1.26
2 50 min -96 0 0 0 - -
3 24 h -96 9 4 0 - -

“[ECH]Jo=1.0 M, [pMeOBzA]y, = 1.0 M, [CEVE]o = 0.25 M, [ethyl acetate] = 0.25 M, [SnCls]o = 15 mM in
dichloromethane. * Determined by '"H NMR analysis. ¢ Determined by GPC (polystyrene standards).
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Figure S6. MWD curve of the product obtained by the direct cationic terpolymerization of ECH, pMeOBZzA,
and CEVE. See entry 1 in Table S5 for the polymerization conditions.
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Figure S7. MWD curves of the (ECH-pMeOBzA—CEVE)-b-(ECH-pMeOBzA—AcOVE) quaterpolymer.
Reaction conditions for the synthesis of the cyclic acetal: [ECH]o = 1.0 M, [pMeOBzA]y = 1.0 M, [SnCls]o =
5.0 mM in dichloromethane at 0 °C for 24 h. Polymerization conditions: [cyclic acetal]o = 1.0 M, [CEVE Jaqa
=0.25M, [AcOVE]aa =0.25 M, [ethyl acetate]aqa = 0.25 M, [SnCls]adqa = 10 mM in dichloromethane at —96 °C.
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Figure S8. TGA thermogram of the ECH-pMeOBzA—CEVE terpolymer with ABC-type periodic sequences
(the sample obtained under the same conditions as those for entries 1 and 2 in Table 2; M, (GPC) = 8.5 x 10°,
ECH/pMeOBzA/CEVE = 1.0/1.0,/1.05 units per block) (N> atmosphere; heating rate: 10 °C/min).
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Chapter 5.

Synthesis of Alternating Copolymers via Selective Generation of Alcohol-Derived 2-Alkoxy
Cyclic Ethers and Subsequent Cationic Copolymerization with a Vinyl Ether in One-Pot

Process

Introduction

Sequence control of synthetic polymers has attracted great interest, inspired by the possibility of
sophisticated functions based on perfectly controlled structures of biopolymers.'* For example, alternating
sequences consisting of two types of monomers can uniformly introduce their functionalities throughout the
polymer chains, which can lead to unique properties compared to mixtures of homopolymers or block polymers.
A well-known method for the synthesis of alternating sequences in chain-growth polymerization is the radical
copolymerization of monomers with large difference in electronic densities, such as styrene and maleic
anhydride.”° The copolymerization of a bulky monomer with higher reactivity and a less reactive monomer is
another route for the preferential occurrence of crossover reactions over homopropagations due to the steric
repulsions.””'" The homopolymerization of elaborately designed monomers consisting of two or more
monomer units also affords sequence-controlled polymers.”"® These methods produce specific sequences,
although the special selections of monomers or multistep synthesis for the sequence-incorporated monomers
are required. Developing a widely applicable approach from a simple compound will provide opportunities for
designing sequence-controlled copolymers with various structures.

As a promising resource for polymer synthesis, the author focuses on alcohol, which is abundant in
both nature and industrial fields. However, in cationic or anionic polymerization, the hydroxy group of alcohols
generally results in chain transfer reaction and/or irreversible termination by the reaction with the propagating
species.'”? Therefore, the transformation of hydroxy groups into other structures is a practical approach for
the participation of alcohols in the polymerization reaction. In synthetic chemistry, acetal structures are widely
used for the protection of hydroxy groups. Among the various synthetic approaches for acetal compounds, the
synthesis of 2-alkoxy cyclic ether structures via the acid-catalyzed addition reaction of alcohol to 2,3-
dihydrofuran (DHF) or 3,4-dihydro-2H-pyran (DHP)*" % is a promising strategy to obtain an alcohol-derived
comonomer that can be used in copolymerization with vinyl monomers. In cationic polymerization, the
resulting 2-alkoxy cyclic ether possibly generates an alkoxy group-adjacent carbocation, which is structurally
similar to the carbocation derived from a vinyl ether (VE), by the ring-opening reaction of the oxonium ion
(Scheme 1). Indeed, in Part I, the author reported the controlled cationic copolymerization of various cyclic
acetals and vinyl monomers.*® Moreover, in Chapter 4, the author devised a one-pot synthesis of ABC-type
sequence regulated terpolymers based on a successive process consisting of the selective generation of
sequence-incorporated cyclic acetals and subsequent alternating copolymerization.”” The cationic ring-
opening copolymerization of substituted cyclic ethers such as 2-methyltetrahydrofuran (2-methyl-THF) or 3-
methyl-THF with 1,3-dioxolane was reported several decades ago, whereas the homopolymerization of the
substituted cyclic ethers is negligible because the conformations of the substituted cyclic ethers

28-30

thermodynamically disfavor the polymerization reaction. Therefore, the elaborate design of reaction
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conditions affording both selective synthesis of 2-alkoxy cyclic ethers and subsequent alternating
copolymerization with a vinyl monomer potentially allows for one-pot synthesis of alternating copolymers

using alcohol as a starting material.

\\ R_®, R/\ ® Alkoxy-Adjacent
OR OR Carbocation Species
o RO
OR ®
R ®
g B . R0 ], = ROTMNN®
* OR

Scheme 1. Propagating Species Derived from 2-Alkoxy Cyclic Ether.

In this chapter, the author aims to develop the one-pot synthesis of sequence-controlled copolymers
using various alcohols as monomer precursors. The addition reaction of various alcohols, such as methyl,
primary, and secondary alcohols, including naturally-occurring alcohols, to DHF or DHP, which are
inexpensive and commercially available cyclic enol ethers, is used to selectively generate the corresponding
2-alkoxy cyclic ethers under suitable reaction conditions. These 2-alkoxy cyclic ethers subsequently
copolymerized with 2-chloethyl VE (CEVE) without any purification, yielding alternating copolymers with a
well-defined molecular weight (MW), molecular weight distribution (MWD), and chain end fidelity.

Enol Ether \\I
o/ . ©qQ o\/\CI
Acid Catalyst )
M % | —=
x=1o0r2
(e}
| Alcohol Sequence-Controlled
~ O OR Copolymer
MeOH HO,_A_ HoO,
2 @ o ™Y,
EtOH 2-Alkoxy Cyclic Ether OR OR’
iPrOH thoi fenchyl * Alcohol-Derived Monomer + Molecular Weight Control
mentiol aiconol | |+ Exocyclic Acetal Monomer | - One-Pot Synthesis

Scheme 2. The Synthesis of Alcohol-Derived Sequence-Controlled Copolymers in One-Pot Approach: In-situ
Synthesis of 2-Alkoxy Cyclic Ethers and Subsequent Living Cationic Copolymerization with a Vinyl Ether.

Experimental Section
Materials

2,3-Dihydrofuran (DHF; TCI; >98.0%) and 3,4-dihydro-2H-pyran (DHP; TCI; >97.0%) were
distilled twice over calcium hydride. Methanol (MeOH; Wako; super dehydrated), ethanol (EtOH; Wako;
super dehydrated), 2-propanol (PrOH; Aldrich; 99.5%), (—)-menthol (TCI; >99.0%), and (+)-fenchyl alcohol
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(Aldrich; 96%) were used without further purification. Stock solutions of p-toluenesulfonic anhydride in
dichloromethane and ZrCly in ethyl acetate were prepared from p-toluenesulfonic anhydride (PTSA; Aldrich;
97%) and ZrCls (Aldrich; 99.99%), respectively. Other materials were prepared as described in Part L.

Synthesis of 2-Alkoxy Cyclic Ethers via Addition of Alcohol to Enol Ethers

A typical reaction for the addition of alcohol to enol ether is described as follows. A glass tube
equipped with a three-way stopcock was dried using a heat gun (Ishizaki, PJ-206A; the air temperature of
approximately 450 °C) under a nitrogen atmosphere. Then, dichloromethane, hexane (as an internal standard
for calculation of monomer conversion), alcohol, and enol ether were added into the tube using dry syringes.
After cooling the solution at 0 °C for 10 min, a solution of ZrCls (containing a small amount of ethyl acetate)
in dichloromethane kept at 0 °C was added to the tube to initiate the reaction. After 1 h, an excess amount of
methanol containing a small amount of an aqueous ammonia solution was added to the solution to terminate
the reaction. The monomer conversion and the amount of 2-alkoxy cyclic ether generated were determined by
"H NMR analysis of the quenched mixture. The quenched mixture was diluted with dichloromethane and
washed with water. The volatiles were then removed under reduced pressure to yield the 2-alkoxy cyclic ether.
For the case of the one-pot process, the reaction mixture was directly subjected to subsequent copolymerization

with a VE without quenching by methanol, as described below.

2-Isopropoxytetrahydrofuran (2-iPrO-THF)
"H NMR (CDCls; 500MHz): § 7.41 (1H, dd, J = 5.0, 1.5 Hz), 3.82-3.92 (3H, m), 1.83-2.03 (4H, m), 1.18 (3H, d,
J=6.0 Hz), 1.14 (3H, d, J = 6.0 Hz).">C NMR (CDCls; 125MHz): § 102.0, 68.6, 66.7, 32.8, 23.8, 23.7, 21.9.

2-Isopropoxytetrahydropyran

Conformational isomers are observed in NMR analysis (90/10). '"H NMR (CDCls; 500MHz): Major conformer: &
4.67 (1H, dd, J = 7.0, 2.5 Hz), 3.95 (1H, sept, J = 6.0 Hz), 3.47-3.91 (2H, m), 1.81-1.88 (1H, m), 1.68-1.74 (1H,
m), 1.50-1.60 (2H, m), 1.23 (3H, d, /= 6.0 Hz), 1.14 (3H, d, J = 6.0 Hz), Minor conformer: 4.96 (1H, dd, J= 7.0,
3.0 Hz), 4.03 (1H, sept, J = 6.0 Hz), 3.47-3.91 (2H, m), 1.81-1.88 (1H, m), 1.68-1.74 (1H, m), 1.50-1.60 (2H, m),
1.23 (3H, d, J = 6.0 Hz), 1.14 (3H, d, J = 6.0 Hz). '>°C NMR (CDCls; 125MHz): Major conformer: & 96.9, 68.4,
62.8,31.4,25.7,23.7,21.6, 20.1, Minor conformer: 6 94.8, 64.6, 63.1, 30.8, 25.4, 23.7, 21.6, 19.9.

2-Methoxytetrahydrofuran

Conformational isomers are observed in NMR analysis (99/1). '"H NMR (CDCls; 500MHz): Major conformer: &
5.01 (1H, dd, J=5.0, 1.5 Hz), 3.82-3.92 (2H, m), 3.33 (3H, s), 1.80-2.03 (4H, m), Minor conformer: 5.43 (1H, dd,
J=5.0, 1.5 Hz), 3.89 (2H, m) 3.33 (3H, s), 1.80-2.03 (4H, m). '*C NMR (CDCls; 125MHz): Major conformer: &
105.1, 67.0, 54.7, 32.4, 23.5, Minor conformer: & 105.9, 67.0, 54.7, 32.4, 23.5.

2-Ethoxytetrahydrofuran

Conformational isomers are observed in NMR analysis (94/6). '"H NMR (CDCls; 500MHz): Major conformer: &
5.13 (1H, dd, J = 5.5, 1.5 Hz), 3.83-3.93 (2H, m), 3.41-3.75 (2H, m), 1.79-2.03 (4H, m), 1.19 (3H, t), Minor
conformer: & 5.43 (1H, dd, J= 5.5, 1.5 Hz), 3.83-3.93 (2H, m), 3.41-3.75 (2H, m), 1.79-2.03 (4H, m), 1.19 (3H,
t). C NMR (CDCls; 125MHz): Major conformer: § 103.8, 66.9, 62.7, 32.5, 23.7, 15.4, Minor conformer: § 100.2,
67.1,62.7,32.4,23.5,15.4.
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2-((1R, 28, 5R)-Menthyl)tetrahydrofuran

A mixture of diastereomer (66/34). "H NMR (CDCls; 500MHz): Major diastereomer: § 5.31 (1H, dd, J = 6.0, 3.0
Hz), 3.81-3.96 (2H, m), 3.45 (1H, dd, /=10.5, 6.0 Hz), 1.78-2.19 (6H, m), 1.58-1.66 (2H, m), 1.32-1.44 (1H, m),
1.15-1.20 (1H, m), 0.77-1.01 (12H, m). Minor diastereomer: 6 5.20 (1H, dd, J = 6.0, 3.0 Hz), 3.81-3.96 (2H, m),
3.29 (1H, dd, J = 10.5, 6.0 Hz), 1.78-2.19 (6H, m), 1.58-1.66 (2H, m), 1.32-1.44 (1H, m), 1.15-1.20 (1H, m),
0.77-1.01 (12H, m). 3C NMR (CDCls; 125MHz): Major diastereomer: § 99.5, 73.7, 66.7, 48.2, 40.2, 34.8, 32.7,
31.6, 25.5,23.8, 23.3, 22.5, 21.2, 15.7, Minor diastereomer: 6 105.5, 78.8, 66.7, 48.9, 43.6, 34.6, 32.7, 31.8, 25.7,
23.6,23.5,22.4,21.3,16.4.

2-((1R, 2R, 4S)-Fenchyl)tetrahydrofuran

A mixture of diastereomer (51/49). "H NMR (CDCls; 500MHz): Major diastereomer: & 5.05 (1H, m), 3.79-3.94
(2H, m), 3.29 (1H, s), 1.78-2.03 (4H, m), 1.61-1.69 (3H, m), 1.43-1.46 (1H, m), 1.33-1.39 (1H, m), 1.00-1.11 (7H,
m), 0.90-0.95 (1H, m), 0.85 (3H, s), 0.80 (1H, s), Minor diastereomer: 6 5.08 (1H, m), 3.79-3.94 (2H, m), 3.08 (1H,
s), 1.78-2.03 (4H, m), 1.61-1.69 (3H, m), 1.43-1.46 (1H, m), 1.33-1.39 (1H, m), 1.00-1.11 (7H, m), 0.90-0.95
(1H, m), 0.85 (3H, s), 0.80 (1H, s). *C NMR (CDCls; 125MHz): Major diastereomer: & 103.4, 87.8, 66.5, 49.0,
48.3,41.5,39.2,32.3, 31.9, 26.3, 26.2, 23.6, 21.4, 19.6, Minor diastereomer: & 105.6, 90.6, 67.1, 49.2, 48.7, 41.5,
39.2,32.6, 30.3, 26.2, 26.1, 24.0,21.4, 19.9.

Polymerization Procedure

The following is a typical procedure for the copolymerization of a 2-alkoxy cyclic ether and a VE by
a one-pot process. A glass tube containing the reaction mixture of the 2-alkoxy cyclic ether, which was
obtained as described above, was cooled to —78 °C. The copolymerization was started by sequential addition
of CEVE and a solution of SnCls in dichloromethane kept at 0 °C to the tube. After a predetermined interval,
the polymerization was terminated with methanol or 3-buten-1-ol containing a small amount of aqueous
ammonia or triethylamine, respectively. The quenched reaction mixture was diluted with dichloromethane and
then washed with water. The volatiles were evaporated under reduced pressure at 50 °C. When the monomers
were insoluble in water, the residual cyclic monomer was removed by reprecipitation with methanol. The
monomer conversion was determined by 'H NMR spectroscopy of the quenched reaction mixture using hexane

or ethyl acetate as an internal standard.

Alcoholysis

Alcoholysis of the obtained polymers was conducted with 0.50 M HCl(aq) in dichloromethane/n-
butanol or methanol (1/1 v/v) (sample: 0.5 wt%) at 50 °C for 3 h. The reaction mixture was diluted with
dichloromethane and washed with an aqueous sodium hydroxide solution and then water. The volatiles were

removed under reduced pressure to obtain the products.

Characterization
The MWs, MWDs, 'H and '*C NMR spectra, and electrospray ionization mass spectra (ESI-MS)

were measured in a similar manner to that described in the preceding chapters.
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Results and Discussion

Selective and Quantitative Synthesis of Alcohol-Derived 2-Alkoxy Cyclic Ethers

For the selective generation of 2-alkoxy cyclic ethers from alcohols and cyclic enol ethers, the author
examined the effects of various reaction conditions such as catalysts, alcohols, cyclic enol ethers (DHF or
DHP), and solvents, on the reaction selectivity (Table 1). In the subsequent copolymerization with a VE,
residual alcohol results in chain transfer reaction and/or irreversible termination. In addition, residual cyclic
enol ethers potentially react as a monomer with the propagating species to be incorporated into the main chain.
Therefore, the complete consumption of both alcohol and cyclic enol ether is highly required for the successive
process of 2-alkoxy cyclic ether generation and subsequent copolymerization.

Among various Brensted and Lewis acids examined, ZrCls, one of the efficient catalysts for the
synthesis of tetrahydropyranyl ether by the addition reaction of alcohol to DHP,** provided the best
performance in terms of the reaction rate and selectivity (entries 1-3 in Table 1). Other catalysts, such as p-
toluenesulfonic acid, a conventional Brensted acid, and SnCls, which is applied for living cationic

polymerization of various vinyl monomers,"

also induced selective addition reactions, while these acids
required a longer time for the reactions (entries 1 and 2 in Table 1). The '"H NMR spectrum of the reaction
mixture recorded after quenched with methanol (Figure 1) exhibited peaks attributed to a 2-alkoxy cyclic ether,
while peaks attributed to 2-propanol (;PrOH), DHF, and other undesired products were not observed. Moreover,
the amount of the 2-alkoxy cyclic ether, which was calculated by the integral ratio of the cyclic ether and
hexane as an internal standard, corresponded to the original feeds of DHF and 2-propanol (~0.50 M), indicating
quantitative generation of the cyclic monomer.

The addition reaction of alcohols with DHP instead of DHF also quantitatively generated 2-alkoxy
cyclic ethers (entries 5 and 6 in Table 1). For the case of DHP, the reaction in dichloromethane led to a faster

reaction than that in toluene. This difference most likely stems from the lower reactivity of DHP than DHF.

Table 1. Synthesis of 2-Substituted Cyclic Ethers via Addition of Alcohol to Cyclic Enol Ethers”

conv. (%)”

entry alcohol enol ether catalyst solvent time RE*
alcohol  enol ether
1 iPrOH DHF PTSA  tol 24h 100 100 >99
2 SnCls  tol 24h 100 100 >99
3 ZrCly  tol lh 100 100 >99
4 ZrCly, DCM 1h 100 100 >99
5 iPrOH DHP ZrCls  tol 24h 100 100 >99
6 ZrCly, DCM 1h 100 100 >99
7 MeOH DHF ZrCls  tol lh 100 100 >99
8 EtOH ZrCls  tol lh 100 100 >99
9 menthol ZrCly  tol l1h 100 100 >99
10 fenchyl alcohol ZrCly; DCM 1h 100 100 >99

“ [alcohol]o = 0.50 M, [cyclic enol ether]o = 0.50 M, [catalyst]o = 5.0 mM, [ethyl acetate]o = 100 mM (entries
3-10) or 0 mM (entries 1 and 2) at 0 °C. ” Determined by '"H NMR analysis. ¢ Reaction efficiency: the ratio of
the generated 2-alkoxy cyclic ether to the feeds of cyclic enol ether ([2-alkoxy cyclic ether]/[cyclic enol ether]o)
determined by 'H NMR analysis. tol: toluene. DCM: dichloromethane.
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Figure 1. "H NMR spectra of the reaction mixture quenched by methanol (upper; entry 3 in Table 1), iPrOH
(middle), and DHF (lower). In CDClIs at 30 °C. * CHCl; and water; 1 hexane; # ethyl acetate (a solvent for the
ZrCly stock solution).

The use of a series of alcohols successfully quantitatively generated the corresponding 2-alkoxy
cyclic ethers (entries 3 and 7-10 in Table 1). Structural difference, such as methyl (MeOH), primary (EtOH),
and secondary (iPrOH) alcohols, negligibly affected the selectivity of the addition reaction (entries 3, 7, and 8
in Table 1). Moreover, naturally-occurring alcohols with bulky substituents, such as (—)-menthol and fenchyl

alcohol, were also transformed into 2-alkoxy cyclic ethers by reaction with DHF (entries 9 and 10 in Table 1).

Living Cationic Copolymerization of Alcohol-Derived Cyclic Ether and CEVE

The controlled cationic copolymerization of the above-obtained 2-alkoxy cyclic ethers and CEVE
successfully proceeded without any isolation or purification of 2-alkoxy cyclic ethers when using an initiating
system that is effective for the living cationic polymerization of VEs (Figure 2). The reaction solution
containing the obtained 2-isopropoxy-THF was cooled to —78 °C, without any purification, followed by the
addition of CEVE and SnCl, solutions to start the copolymerization (entry 2 in Table 2). The SnCl, catalyst
was employed to enable fast propagation reactions at low temperatures.'” The copolymerization proceeded
with the consumption of both monomers, generating a copolymer with very narrow MWDs (Figure 2). The
MWD curves of the copolymers shifted to the higher MW region as the reaction progressed, indicating the
generation of long-lived species. Moreover, the M, values measured by GPC analysis were consistent with the
theoretical values calculated from the monomer conversion and the amounts of ZrCls (5.0 mM), suggesting
the livingness of the copolymerization.

"H NMR analysis revealed that the obtained copolymers showed alternating sequences of the 2-
alkoxy cyclic ether and CEVE (Figure 3, Figure S1 for *C NMR spectra). The peaks at 4.7 ppm was assigned
to the acetal structures derived from the crossover reaction from CEVE to the 2-alkoxy cyclic ether (peak 8),
while the peaks at 3.5 ppm was assigned to the structure derived from the crossover reaction from the cyclic
ether to CEVE (peak 4). The integral ratio of the methyl protons (peak 6) of the isopropyl group was almost

six times that of the acetal proton derived from the crossover reaction (peak 8) and three times that of the
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Table 2. Controlled Cationic Copolymerization of 2-Alkoxy Cyclic Ethers and CEVE*

enol . M%L oy CM

entry alcohol ether time cyclic CEVE M,y x 107 My/M, cyclic CEVE
1 iPrOH DHF 15 min 52 99 8.7 1.20 1.0, 1.00

2 l16h 54 99 11.8 .10 095 1.0y

3 MeOH DHF 16h 51 99 0.2 142 - -

4 EtOH 8h 49 88 6.2 1.26 099  1.09

5 menthol 2h 50 99 15.0 .10 1.00 1.1,

6 fenchyl alcohol 2h 50 99 4.3 .30 1.00 1.06

7 iPrOH DHP 2h 44 99 9.0 1.18 0.9 1.1,

8 DHF 16h 59 76 15.8 .11 09 1.1y
9¢ iPrOH DHF 5h 3 — — — — -

“ Reaction conditions for the synthesis of 2-alkoxy cyclic ethers: [alcohol]o = 0.50 M, [cyclic enol ether]o =
0.50 M, [ZrCls]o = 5.0 mM, [ethyl acetate]o = 100 mM (derived from the stock solution of ZrCls) in
dichloromethane (entries 1, 5-7, and 9) or toluene (entries 2—4 and 8) at 0 °C for 1 h. Polymerization
conditions: [2-alkoxy cyclic ether]o = 0.50 M, [CEVE]aaq = 0.25 (entries 1-7), 0.50 (entry 8), or 0 (entry 9) M,
[SnCls]ags = 20 mM in dichloromethane (entries 1, 5-7, and 9) or toluene (entries 2—4 and 8) at —78 °C.
Alcoholysis conditions: 0.50 M HCI in dichloromethane/n-butanol (entries 1-4, 7, and 8) or methanol (entries
5 and 6) (1/1 v/v) (0.5 wt% polymer) at 50 °C for 3 h. * Determined by '"H NMR analysis. ¢ Determined by
GPC (polystyrene standards). ¢ Estimated by 'H NMR. ¢ CEVE was not added. The 2-alkoxy cyclic ether was
used alone.

Time i -3
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290 58 —~ 15 - C%r;\(l:.li(ck) - (M/M,)
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5 1508 2-Alkoxy 130, X — §
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8 j00- ! log2 2687 O 1.8 02
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£ o .
L 95 /1.
2 50 110 E 3 O 0.95/1.04
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Figure 2. (A) Consumed amounts of CEVE and 2-alkoxy cyclic ether synthesized from iPrOH and DHF in
the copolymerization (circle) and the average number of monomer units per chain (square: calculated from 'H
NMR analysis and MW values measured by GPC), (B) the M, (open) determined by GPC and M,,/M, (filled)
values of the polymers, and (C) MWD curves of poly(CEVE-co-2-alkoxy cyclic ether)s (black) and alcoholysis
products (purple). The data correspond to entry 2 in Table 2.

methylene proton of the CEVE units in the main chain (peak 7), indicating the negligible occurrence of
homopropagation of the cyclic ether. Indeed, the homopolymerization of 2-iPrO-THF did not occur under the
same conditions as those for the copolymerization (entry 9 in Table 2). Moreover, from the integral ratios of
the acetal peak (peak 8), the methylene peaks of the CEVE units (peak 7), and the peaks for the isopropyl
group (peak 6), the average number of the 2-alkoxy cyclic ether and CEVE units per block was calculated to

be 0.95 and 1.0, respectively, indicating the occurrence of alternating copolymerization.
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Figure 3. '"H NMR spectra of (A) iPrOH-DHF-CEVE copolymer obtained by the copolymerization of CEVE
and 2-iPrO-THF (entry 2 in Table 2) and (B) its alcoholysis product. In CDCl; at 30 °C. * water.

The alcoholysis products of the obtained copolymers also supported the realization of alternating
sequences of the copolymers. To examine the structures of the repeating units of the copolymers, a
transacetalization reaction was conducted by using hydrochloric acid and 1-butanol as an acid catalyst and an
alcohol, respectively. From the '"H NMR spectrum of the alcoholysis products (Figure 3B), peaks assigned to
the acetal compound derived from one 2-alkoxy cyclic ether unit and one CEVE unit were selectively observed.
This compound is likely generated via the transacetalization of the acetal structures derived from the crossover
reaction from CEVE to the cyclic ether and the intramolecular cyclization reaction accompanied by the
elimination of isopropyl alcohol (Figures S2 and S3). The MWD curves of the alcoholysis products showed a
very sharp peak in the low-MW region, suggesting the occurrence of alternating propagation (Figure 2C
purple).

The chain-end analysis of the copolymers indicated the livingness of the copolymerization. From the
"H NMR spectrum of the obtained copolymer (Figure 3A), the peaks at 2.3, 5.1, and 5.8 ppm were assigned to
the w-end structure derived from 3-buten-1-ol, which was used as a quencher. The M, value calculated from
the integral ratio of the w-end structure (13.2 x 10°; Figure 2B triangle) was comparable to both the value
measured by GPC analysis (11.8 x 10%; Figure 2B circle) and the theoretical value (11.8 x 10%; Figure 2B).
These results showed the negligible occurrence of side reactions such as chain transfer reactions was confirmed
during copolymerization.

The one-pot synthesis of the alternating copolymers demonstrated above indicated the adequate
controllability compared with the copolymerization using an isolated 2-alkoxy cyclic ether, while the one-pot
method was superior to the direct polymerization of i;PrOH, DHF, and CEVE (Table 3). The cationic
copolymerization of CEVE and 2-isopropoxy-THF, which was obtained via the addition reaction of iPrOH to
DHF using PTSA as an acid catalyst and subsequent threefold distillation over calcium hydride, smoothly
proceeded with similar controllability (entry 2 in Table 3) to that in the one-pot method (entry 1 in Table 3)
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Table 3. Cationic Copolymerization of 2-iPrO-THF and CEVE*®

. conv. (%)” units per block’
entry comonomer time eyclic CEVE My x 107°¢ My/M,* eyclic vinyl
1¢ 2-iPrO-THF (in situ synthesis) 16 h 54 99 11.8 .10 095 1.0y
2 2-iPrO-THF (isolated) 16 h 45 88 13.4 .12 09 1.0

conv. (%)”
iPrOH DHF CEVE
3 iPrOH + DHF 16h 0 5 5 — — — -
¢ Polymerization conditions for entry 2: [2-iPrO-THF]o = 0.50 M, [CEVE]o = 0.25 M, [ZrCls]o = 5.0 mM,
[SnCls]o = 20 mM 1in toluene at —78 °C. Polymerization conditions for entry 3: [(PrOH]o = 0.50 M, [DHF], =
0.50 M, [CEVE], = 0.25 M, [SnCls]o = 20 mM in toluene at —78 °C. ” Determined by 'H NMR analysis. °

Determined by GPC (polystyrene standards). ¢ Estimated by 'H NMR. ¢ Entry 1 corresponds to entry 2 in Table
2.

in terms of sequences and MWs. In contrast, the direct polymerization of iPrOH, DHF, and CEVE did not
proceed because iPrOH acted as a terminator and/or a chain transfer agent (entry 3 in Table 3). These results
showed the selective generation of the alcohol-derived cyclic monomer was significantly important for the

one-pot synthesis of the copolymers with well-defined structures.

Copolymerization of 2-Alkoxy Cyclic Ether Using Various Alcohols and Cyclic Enol Ethers with CEVE

The use of other alcohols or cyclic enol ether also resulted in highly controlled copolymerization
(entries 3-8 in Table 2). A cyclic ether derived from ethanol and DHF efficiently copolymerized with CEVE
(Figure 4; entry 4 in Table 2; cyc(DHF-EtOH)/CEVE = 0.9¢/1.09 units per block). Moreover, the living
copolymerization of 2-alkoxy cyclic ethers and CEVE with bulky substituents that were derived from
naturally-occurring (—)-menthol and fenchyl alcohol successfully proceeded in an alternating manner (Figure
4; entries 5 and 6 in Table 2; cyc(DHF-menthol)/CEVE = 1.00/1.1;, cyc(DHF-fenchyl alcohol)/CEVE =
1.00/1.0¢ units per block). A six-membered 2-alkoxy cyclic ether obtained using DHP instead of DHF as a
cyclic enol ether also underwent frequent crossover reactions between the 2-alkoxy cyclic ether and CEVE,
yielding copolymers with narrow MWDs (Figure 4; entry 7 in Table 2; cyc(DHP-iPrOH)/CEVE = 0.94/1.1;
units per block). The alcoholysis products of the obtained copolymers indicated sharp MWDs in the low-MW
region, supporting the efficient occurrence of crossover reactions (Figure 4). In addition, an increased feed of
CEVE monomer led to an increase of the M, values of the alternating copolymers (entry 8 in Table 2). The M,
value obtained from GPC analysis (15.8 x 10°) was highly consistent with the theoretical values calculated
from the conversion of the both monomers (15.8 x 10%), suggesting the generation of high-MW copolymers
by the polymerization that occurred in a living manner. The use of dichloromethane instead of toluene enabled
faster copolymerization (entry 1 in Table 2).

Interestingly, the cationic copolymerization of a methanol-derived 2-alkoxy cyclic ether and CEVE
produced low-MW compounds (entry 3 in Table 2; Figure 4). '"H NMR analysis of the products showed that
the major products were oligomers consisting of one or few CEVE units with a THF structure at the a-end

and a methoxy group at the m-end, suggesting that the methanol-derived cyclic ether acted as a chain transfer
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Figure 4. MWD curves of poly(CEVE-co-2-alkoxy cyclic ether)s (black) and alcoholysis products (purple).
The data correspond to entries 3—5 and 7 in Table 2.

agent rather than a monomer (Figure S4). The reaction mechanism for generation of the abovementioned
products is discussed in the following sections.

The exceptional copolymerizability of 2-alkoxy cyclic ethers in the copolymerization with CEVE is
most likely attributed to the stability of the carbocation derived from 2-alkoxy cyclic ethers and the negligible
homopolymerizability of 2-alkoxy cyclic ethers (Scheme 3). In the propagating reaction, the oxygen at the 1-
position of a 2-alkoxy cyclic ether reacts with the CEVE-derived propagating species (Scheme 3a) to form an
oxonium ion species, which is subsequently transformed into a carbocation via the ring-opening reaction
(Scheme 3b). The alkoxy group-adjacent stable carbocation is structurally identical to the carbocation derived
from a VE, which is responsible for the frequent crossover reaction from the cyclic monomer-derived
carbocation to CEVE (Scheme 3c). The negligible homopolymerizability of 2-alkoxy cyclic ethers, which
probably stems from the small change in the Gibbs free energy of the homopropagation reaction, under the
adopted conditions (entry 9 in Table 2) also contributes to the exclusive crossover to CEVE (Scheme 3e). In
general, the polymerization of THF derivatives with a substituent at the 2-position negligibly proceeds because
of steric repulsion.**° Similar effects were possibly exerted on the inertness of homopropagation of 2-alkoxy
cyclic ethers. The preferential occurrence of the crossover reaction from CEVE to the cyclic ethers (Scheme
3a) over CEVE homopropagation (Scheme 3d) likely stems from the higher reactivity of cyclic ethers to the
propagating carbocations than that of CEVE. In the preceding chapters, the use of various cyclic acetals was
effective for crossover reactions with VEs. The higher basicity of 2-substituted cyclic ethers compared to
cyclic acetals is also likely responsible for the frequent crossover reactions.”” The initiation reaction most likely
occurs via ring opening of the cyclic acetal with ZrCl, in a manner similar to the acetal-initiated living cationic
polymerization of VEs.>' ™ The living cationic copolymerization proceeded via a dormant-active equilibrium
consisting of the reversible activation of carbon-chlorine bonds at the VE-type propagating ends derived from
both monomers in a similar manner to the living cationic polymerization of VEs (Scheme 3f and g; using SnCl,

as a Lewis acid catalyst)."
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Scheme 3. Copolymerization Mechanisms

The sharp difference in the polymerization behavior between the methanol-derived cyclic ether and
other cyclic ethers was likely derived from the selectivity in the reaction of cyclic ethers with the propagating
species. During the propagating reaction, the reaction of the oxygen atom at the 1-position of the 2-alkoxy
cyclic ethers leads to ring-opening and the subsequent crossover reaction with CEVE (Scheme 3), whereas the
reaction of the alkoxy group at the 2-position of the cyclic ethers results in an acetal chain end and an oxygen
atom-adjacent cyclic carbocation (Scheme 4). The subsequent addition of CEVE to the cyclic carbocation
generates another chain with a THF structure at the a-end. The bulkiness of the alkoxy groups is likely related
to the selective occurrence of crossover reactions. Methanol-derived cyclic ether, which has a less bulky alkoxy
group compared to the other molecules, was not effective for the crossover reactions and rather underwent
frequent chain transfer reactions. In addition, the methanol-derived cyclic ether potentially functioned as not
only a chain transfer agent but also a cationogen via the abstraction of the methoxy group by a Lewis acid

catalyst. Further investigation is required for better understanding.
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Scheme 4. Chain Transfer Reaction Using Methanol-Derived Cyclic Ether

Conclusion

The development of a successive process consisting of selective monomer generation and subsequent
alternating copolymerization was demonstrated to generate well-defined copolymers from simple compounds
using alcohols, cyclic enol ethers, and a vinyl ether. The use of a series of alcohols, cyclic enol ethers and acid
catalysts was effective for the selective synthesis of 2-alkoxy cyclic ethers with corresponding structures. The
subsequent copolymerization of the 2-alkoxy cyclic ethers with CEVE produced alternating copolymers with
well-defined structures. In addition, the selective generation of 2-alkoxy cyclic ethers was crucial for the
progress of the copolymerization reaction using alcohols as a starting material. The difference in the bulkiness
of the alkoxy groups of 2-alkoxy cyclic ethers was possibly related to the preferential occurrence of the
crossover reactions rather than the chain transfer reaction. The results obtained in this study will provide a

facile strategy of sequence-controlled copolymers with various structures from diverse resources.
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Figure S2. °C and DEPT 135 NMR spectra of alcoholysis products of iPrOH-DHF-CEVE copolymer. (in
CDCl; at 30 °C). * CDCls.
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Figure S3. '"H-'H COSY NMR spectrum of alcoholysis products of iPrOH-DHF—-CEVE copolymer. (in
CDCl; at 30 °C). * CDCls.

2,6
11

& 5 a3 2y
8 (ppm)
Figure S4. '"H NMR spectrum of the copolymerization product of a cyclic ether from MeOH and DHF and

CEVE. (in CDCl; at 30 °C). * water
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Chapter 6.

Summary

The development of the polymerization methods for controlling molecular weights, topologies,
sequences, and microstructures of polymers have enabled the synthesis of polymeric materials with high
functionality and encouraged to discover novel polymerization reactions. The significant progress in polymer
chemistry have afforded well-defined homopolymers and copolymers from similar types of monomers via
specific polymerization mechanism. In contrast, the copolymerization of different types of monomers
potentially generates novel functional polymers with special primary structures. However, such
copolymerization is difficult because of the sharp differences in the reactivity of different propagating species
derived from the monomers. As a suitable candidate for the successful crossover reactions between different
types of monomers such as vinyl and cyclic monomers, the author focused on cyclic acetals that generate
active species structurally similar to those derived from vinyl ethers. This thesis addressed the comprehensive
study of the relationship between the structures of active species and copolymerization behavior in concurrent
vinyl-addition and ring-opening copolymerization. Moreover, the rationally designed process consisting of
selective cyclic acetal formation from various compounds and subsequent copolymerization was developed as

a facile approach for sequence-controlled polymers.

Part I described a systematic investigation of the effects of the structures of cyclic acetals and vinyl
monomers on the copolymerization behavior via the concurrent vinyl-addition and ring-opening mechanism.

In Chapter 2, it was demonstrated that the number of substituents and ring-member of cyclic acetals
significantly affected the frequency of crossover reactions between vinyl ethers and cyclic acetals and
copolymerization rates. Methyl substituents at the 2-position of cyclic acetals largely influenced the stability
of carbocations generated by the ring-opening reaction of the oxonium ion species. Specifically, cyclic acetals
with no, one, or two methyl groups at the 2-position resulted in the generation of multiblock, random, or
approximately alternating sequences, respectively. In addition, the ring-member of cyclic acetals was related
with the degree of ring strain and the Lewis basicity, which affected the frequency of the crossover reactions
and the polymerization rates.

Chapter 3 presented the electronic and steric effects of the substituents of cyclic acetals on the
copolymerization mechanism. Cyclic acetals with various substituents, which were prepared from aldehydes,
ketones, and diols, were subjected to the cationic copolymerization with vinyl monomers. Among the various
structures, cyclic acetals with aryl substituents at the 2-position underwent the exclusive occurrence of the
crossover reactions in the copolymerization with vinyl ethers. The high tendency for the crossover reactions
was mainly derived from the resonance-stabilization of the active species by the aryl substituents adjacent to
the carbocation. The characteristic stabilization of the 2-aryl cyclic acetals was effective for the
copolymerization with a wide range of vinyl monomers, such as vinyl ethers with diverse reactivities and

styrene derivatives.
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In Part II, the author developed novel strategies for the synthesis of sequence-controlled polymers in
one-pot process. In this method, cyclic acetals selectively synthesized from starting materials were subjected
to subsequent alternating copolymerization without any isolation or purification.

Chapter 4 dealt with the successive process consisting of cycloaddition reaction of oxiranes and
carbonyl compounds and subsequent alternating copolymerization with vinyl monomers. The elaborate design
of reaction conditions that enable both the quantitative synthesis of a sequence-programmed cyclic acetal and
the controlled copolymerization of the cyclic acetal with a vinyl monomer afforded ABC-type periodic
terpolymers with defined molecular weight, molecular weight distribution, chain ends, and monomer
sequences.

In Chapter 5, the synthesis of sequence-controlled polymers from diverse and abundant resources
was demonstrated using alcohol, cyclic enol ethers, and a vinyl ether as starting materials. 2-Alkoxy cyclic
ethers, which are cyclic acetals with an exocyclic alkoxy group, were selectively synthesized via addition of a
variety of alcohol to cyclic enol ethers. Living cationic copolymerization of the generated 2-alkoxy cyclic
ethers and a vinyl ether effectively proceeded without any purification, yielding alternating copolymers with
well-defined structures. The slight bulkiness of the alkoxy group derived from alcohols possibly affected the
preferential occurrence of the crossover reactions between the cyclic ethers and a vinyl ether rather than the

chain transfer reaction.

In conclusion, this thesis demonstrated the overall investigation into the concurrent vinyl-addition
and ring-opening cationic copolymerization by using cyclic acetals as a key component for designing the
propagating species. The results obtained in this study will provide the guidelines for cationic
copolymerization of different types of monomers. The consecutive approaches consisting of selective organic
reaction and subsequent polymerization opened the possibilities of transforming simple monomers into
polymers with diverse structures and complexity. Therefore, the author believes that the studies in this thesis
contribute to construction of polymers with unique properties from various types of monomers and to the

development of novel technologies for highly designed polymers.
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