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General Introduction



Chapter 1

1.1 Macromolecular Architectures
1.1.1 Introduction of Macromolecular Architectures

Synthetic polymers exhibit a variety of physical and chemical properties depending
on their chemical structures involving the main chain structure, side chain structure, tacticity,
and molecular weight. In addition to such classical structural characteristics,
macromolecular architectures have also been recognized as an important characteristic that
affects the polymer properties. For example, star-shaped polymers show a lower glass
transition temperature (Tg) value compared to that of the linear counterpart due to enhanced
chain mobility originating from the branched main chain and chain ends.® In contrast, cyclic
polymers show a higher Ty value than the linear counterpart due to the restricted chain
mobility originating from the absence of chain ends.”® Interestingly, both star-shaped and
cyclic polymers show a lower intrinsic viscosity than that of the linear counterpart because of
their reduced hydrodynamic volume.® In recent years, many types of polymers possessing
nonlinear architectures, such as star-shaped, brush, cyclic, figure-eight-shaped, sun-shaped,
and dendrimer-like star-branched polymers, have been reported with the development of a
living polymerization system as well as highly efficient coupling reactions, which enabled
researchers to investigate the relationship between the polymer properties and

4-15

macromolecular architectures (Figure 1-1). Such structure-property relationship studies

should be of fundamental importance to provide novel guidelines for the creation of high
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value-added polymeric materials with unprecedented performances that are unachievable by
the linear polymers. Despite the significant efforts, the preparation of a series of
macromolecular architectures with a fixed chemical composition, molecular weight, and
dispersity still remains a challenging task, which limits the systematic investigation of the
relationship between the macromolecular architectures and polymer properties. In particular,
the structure-property relationship study for a block copolymer system is in the exploration
stage simply due to the lack of a synthetic methodology for the block copolymers with
various achitectures. Therefore, continuing efforts to develop precise synthetic
methodologies for a series of architectural polymers with a well-controlled molecular weight
and narrow dispersity is necessary to fully understand the essential effect of the
macromolecular architectures on the polymer properties. Such a study is one of the central
subjects in the field of current polymer chemistry. In this section, the general synthetic
routes for the nonlinear homopolymers, i.e., star-shaped and cyclic homopolymers, will be
reviewed. The current status of the research regarding the star-shaped and cyclic block
copolymers will then be reviewed to clarify the remaining tasks to be addressed for the

sustainable development of this research field.
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star-shaped

ONNO®

macrocyclic figure-eight-shaped sun-shaped

Figure 1-1. Schematic representation of macromolecular architectures.

1.1.2 Synthesis of Star-shaped Polymers

Star-shaped polymers are well-known to exhibit unique properties, like a lower Ty
and viscosity than the linear counterpart due to their smaller hydrodynamic volume, and have
received increased attention because their properties can be easily varied by changing the
number of arms.  The well-defined star-shaped polymers have been generally synthesized by
two synthetic methods; (i) core-first method and (ii) coupling-onto method. The core-first
method utilizes the polymerization of monomers using a core with a well-defined number of
initiating sites.’*?  For example, Matyjaszewski et al. demonstrated the synthesis of three
and four-armed star-shaped polyacrylates by atom transfer radical polymerization (ATRP)
using multifunctional core initiators (Scheme 1-1a).** Kim et al. synthesized three- and

four-armed star-shaped polyethers by the anionic ring-opening polymerization of an epoxide

using the pentaerythritol initiator.?>  On the other hand, the coupling-onto method utilizes the
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coupling reactions of living or end-functionalized linear precursor polymers with a

2526 For example, Ritchie et al. synthesized the four-armed

multifunctional coupling core.
star-shaped PEO, in which the hydroxyl-terminated PEO arms reacted with pentaerythritol
tetrabromide (Scheme 1-1b)."® The click coupling between the azido end-functionalized

arm and multifunctional alkyne-containing agent was applied to the synthesis of various

star-shaped polymers such as polystyrene.?’
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Scheme 1-1. Synthesis of star-shaped polymers by (a) core-first method and (b) coupling-onto
method

(a) Core-first method
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A huge number of synthetic studies for the star-shaped polymers has been performed
based on the above-described methodologies, some of which served as the model polymer
system for studying the effect of the branched architectures on the polymer properties and

functions. However, in many cases of the core-first method, the synthesis of the appropriate
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multifunctional initiators is required depending on the polymerization methods, and the

homogeneous growth of each arm cannot be assured. In contrast, the coupling-onto method

promises a uniform length of each arm in the resultant star-shaped polymer, though several

steps are required to prepare the linear precursors and to remove the remaining linear

precursors. Thus, the precise synthesis and characterization of well-defined star-shaped

polymers still remains a challenging task.

1.1.3 Synthesis of Cyclic Polymers

Cyclic polymers are also gaining significant attention for their unique properties

originating from the absence of the chain end. Several synthetic approaches for cyclic

polymers have already been developed, which led to finding unprecedented physical and

chemical properties of the cyclic polymers. In general, the synthetic approaches for cyclic

polymers are classified into two types, i.e., “ring-expansion polymerization” and “ring-closure

reaction”.

The “ring-expansion polymerization”provides cyclic polymers in one-pot, which

involves the polymerization using a catalyst or initiator featuring a cyclic structure with an

active bond for monomer insertion. For example, Grubbs et al. reported the synthesis of

macrocyclic polyethylene by the ring-expansion metathesis polymerization of cyclooctene
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using cyclic ruthenium complex catalysts (Scheme 1-2a).®® Lee et al. synthesized
macrocyclic polyesters using the cyclic tin oxide as an initiator (Scheme 1-2b).* Most
recently, a novel organometallic catalyst was reported for synthesizing the conjugated cyclic
polyacetylene having a high-purity and high molecular weight**  Although the
ring-expansion polymerization approach allows the simple and easy synthesis of various
cyclic polymers, tailor-made cyclic initiators or catalysts are required for the desired polymers.
Furthermore, this methodology sometimes suffers from difficulties in controlling the
molecular weight and removing the active species embedded in the cyclic polymer main

chain. 3t %

Scheme 1-2. Synthesis of cyclic polymers by (a) ring-expansion metathesis polymerization,
and (b) ring-expansion polymerization of cyclic esters using the cyclic tin oxide as an initiator
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The “ring-closure reaction” has been recognized as the general route for the synthesis
of cyclic polymers, which can be further classified into two types, i.e., “intramolecular
cyclization” and “intermolecular cyclization”. The intramolecular cyclization is based on
the coupling reaction between complementary reactive functional groups at the «- and

33-39

w-chain ends. For example, Deffieux et al. synthesized the cyclic poly(chloroethyl vinyl

ether) using the heterodifunctional cyclization between the iodo and styrenic end groups.*’
Huang et al. also reported the synthesis of macrocyclic poly(ethylene oxide) (PEO) using the
Glaser coupling of the a,w-end ethynyl functionalized precursor (Scheme 1-3a).** For the
cyclization reaction, the end groups of the linear precursor are required to be highly reactive
in a selective manner.

The click reaction is well-known as an excellent reaction due to the qualitative yields
and high selectivities.*” In particular, the copper-catalyzed azido-ethynyl cycloaddition

(CUAAC) is a typical click reaction.**

Grayson et al. synthesized the macrocyclic
polystyrenes (PSs) by intramolecular cyclization of the a-ethynyl-w-azido end-functionalized
linear PS based on the CUAAC (Scheme 1-3b).”3** Pan et al. reported the synthesis of the
figure-eight-shaped polystyrene via the CUAAC of the linear PS possessing two ethynyl

groups at the chain center and two azido groups at the w-ends (Scheme 1-3c).*®  In addition

to this, many scientists have achieved the synthesis of cyclic polymers via the CUAAC.
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Scheme 1-3. Synthesis of cyclic polymers by (a) Glaser coupling of linear precursor, and (b)
intramolecular click cyclization of telechelic polystyrene
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On the other hand, the intermolecular cyclization approach by a reaction between an
end-functionalized polymer and a coupling agent was reported.® *" *  Tezuka et al.
established a new synthetic method based on the “electrostatic self-assembly and covalent
fixation (ESA-CF) process” using the telechelic polymer having a cyclic ammonium salt at
the chain ends and the dicarboxylate linker (Scheme 1-4a).**! This method enabled the

synthesis of not only macrocyclic polymers, but also figure-eight-shaped, tadpole-shaped,

theta-shaped, and more complex cyclic polymers. The CuAAC was also used for the

10
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intermolecular cyclization approach to obtain complex cyclic polymers. Paik et al. achieved
the synthesis of the figure-eight-shaped and the 4-armed cage-shaped PS via the click
coupling of the w-azido functionalized star-shaped PS and the ethynyl-functionalized linkers

(Scheme 1-4b).>?

Scheme 1-4. Synthesis of (a) the figure-eight shaped polytetrahydrofuran prepared by
ESA-CF method, and (b) the figure-eight-shaped and the 4-armed cage-shaped polystyrenes
via the click coupling
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As already described, the ring-closure reaction is one of the successful

methodologies to prepare many types of cyclic polymers. Among them, the CUAAC (click

11
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cyclization) is particularly useful because the azido and ethynyl end-functionalized linear

precursors can be easily prepared through controlled/living polymerizations. Despite the

remarkable progress in the synthetic strategies for cyclic polymers, previous reports about the

cyclic polymers had mainly focused on the vinyl polymer system. In addition, the

preparation of a complehensive set of nonlinear polymers, including star, cyclic, multicyclic,

and cages-shaped polymers, had never been achieved, in spite of its fundamental importance

to fully understand the correlation between the macromolecular architecture and polymer

properties/functions. Thus, a challenge still exists in developing novel synthetic strategies

for a series of well-defined cyclic polymers which can be used as the model system for the

structure-property relationship study.

12
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1.2 Macromolecular Architectures in Block Copolymer System
1.2.1 Synthesis of Block Copolymers

Block copolymers consisting of more than two different polymer segments (or
blocks) have attracted considerable attention as advanced functional materials because they
exhibit chemical and physical properties different from their constitutional blocks. The most
important characteristic of block copolymers is their self-assembly properties, such as

53-56

microphase-separation and micellization. For example, PS-block-poly(methyl

methacrylate) (PS-b-PMMA) is well-known to show microphase separated structures.>” >
PEO-containing block copolymers, such as PS-b-PEO,**®* PEO-block-poly(e-caprolactone)
(PEO-b-PCL),%*® and PEO-block-polyethylene (PEO-b-PE),*> " have also been used as the
model system for the self-assembly study.

In general, block copolymers are synthesized by three strategies; (i) single-mode
polymerization (sequential addition of monomers), (ii) coupling of complementary reactive
functional polymers, and (iii) use of a dual initiator consisting of two distinct initiating sites
(Figure 1-2). These methods basically require the controlled/living polymerization
techniques, such as living radical polymerization (ATRP® and reversible

70,71

additional-fragmentation®®), ring-opening polymerization (ROP), ring-opening metathesis

72,73 74,75

polymerization, and chain-growth polycondensation.

13
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Figure 1-2. Schematic representation for synthetic method of block copolymer

Among the many types of block copolymers, amphiphilic block copolymers
consisting of hydrophobic and hydrophilic segments are of significant interest because of their
ability to self-assemble into ordered nanostructures in both the bulk and aqueous solution
(Figure 1-3). In addition, the resultant self-assembled structures can be controlled by
changing the molecular weights and hydrophilic’/hydrophobic ratio of the block copolymer.”
Therefore, the synthesis and characterization of various amphiphilic block copolymers are

still an active area of research, which would provide useful information for designing drug

77,78 80-82

delivery carriers, nanoreactors,”® nanoporous materials, and nanoparticles.

in Bulk Hydrophobic  Hydrophilic ) yater

Amphiphilic block copolymer

Microphase-separation Micellization

Figure 1-3. The self-assembled structures obtained from the amphiphilic block copolymer

14
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1.2.2 Synthesis and Characteristics of Star-shaped Block Copolymers

The self-assembly behaviors of a block copolymer is basically determined by the
molecular weight and volume fraction of each block. In addition, the macromolecular
architectures and block arrangements also affect the self-assembly behavior of the
amphiphilic block copolymers.”® In this context, star-shaped block copolymers have
received attention for a long time because their architecture can be easily varied by changing
the number and length of their branching arms. Therefore, various star-shaped block
copolymers, such as the star-block (AB), and miktoarm A,Bn, types, as shown in Figure 1-4,
have been attractive synthetic targets, some of which were employed to investigate the effect
of the star-shaped architecture on the self-assembly behavior.®* %

The star-block copolymers are mainly synthesized by the core-first method. For
example, Kim et al. synthesized the PEO-b-poly(L-lactide) and PEO-b-PCL amphiphilic
star-block copolymers with varied arm numbers by the living ROP (Scheme 1-5).%”  Gnanou
et al. achieved the synthesis of PEO-b-PS star-block copolymers via the ATRP of styrene
using the star-shaped PEO as the macroinitiators (Scheme 1-5).28  These synthetic studies
provided new knowledge about the differences in the self-assembly behavior between the

star-block copolymers and the corresponding AB- or ABA-type linear counterparts.®®

15
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(AB), star-block A,B,, miktoarm

Figure 1-4. Schematic representation for (AB), star-block and A.Bn miktoarm types
star-shaped block copolymers.

Scheme 1-5. Synthetic approaches for (AB), star-block copolymers
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The miktoarm star polymers are synthesized by the combination of the core-first and
coupling onto method. For example, two approaches were developed to synthesize A,B or
ABC miktoarm star polymers as shown in Scheme 1-6; one is the core-first method using

91-93

specially-designed multifunctional initiators, and the other one is the coupling between

2949 Based on these approaches, several studies

two or three types of functional polymers.
achieved the synthesis of a comprehensive set of amphiphilic miktoarm star polymers with

comparable arm numbers and predicted molecular weights to investigate the effect of the

branched architectures on the self-assembly behavior. For example, Faust et al. revealed that

16
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the micellar properties, such as the critical micelle concentration (CMC) and the
hydrodynamic radius (Rp) of micelles, were different among the AB-, A;B-, and A,B-type
miktoarm star polymers.”” Isono et al. succeeded in the synthesis of a series of miktoarm
star copolymers, i.e., the AB, AB,, AB3, ABy, A:B, and A3B type polymers, by the click
coupling of the azido-functionalized PCLs and ethynyl-functionalized maltoheptaose (Figure
1-5).% % These ingenious studies have revealed that the microphase-separated structures
and micellar morphologies are affected by the arm numbers and block arrangements.
Although the synthetic methods for both the star-block and miktoarm star copolymers have
been established, comprehensive studies of the self-assembly behaviors have rarely been

carried out using a set of star-shaped block copolymers

17
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Scheme 1-6. Synthetic approaches for miktoarm star polymers
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Figure 1-5. The synthesis and self-assembling behaviors of the maltoheptaose/PCL miktoarm
star polymers.
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1.2.3 Synthesis and Characteristics of Cyclic Block Copolymers

The cyclic block copolymers have also been synthesized to investigate their
properties derived from the cyclized architecture. Indeed, several studies indicated that
cyclic block copolymers display a unique self-assembly behavior.*®  For example, Tezuka et
al. synthesized amphiphilic cyclic PEO-b-poly(butyl acrylate) and found that the structural

stability of the micelles formed from the cyclic polymer was drastically increased as

101

compared to the corresponding ABA linear counterpart (Figure 1-6a). In addition,

Hawker et al. revealed that the cyclic PS-b-PEO exhibited a phase-separated structure with a

smaller domain-spacing in the thin film states as compared to that of the corresponding linear

102

diblock copolymer (Figure 1-6b). In contrast to the monocyclic polymers, Wu and Huang

et al. reported that the amphiphilic figure-eight-shaped block copolymer formed larger and

103, 104

looser aggregates due to lower packing of the structures. In addition to these studies,

there were several reports about the synthesis and characteristics of the cyclic-containing

block copolymers, such as the tadpole-shaped'® %" and jellyfish-structures. %% 1

Thermal stability

C%<*o

Domain spacmg

Figure 1-6. The self-assembled structures formed by linear and cyclic block copolymers (a) in
the solution state, and (b) in the bulk state.
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The cyclic block copolymers are generally synthesized by the ring-closure of the
linear precursor. For example, a monocyclic diblock copolymer was obtained via the
intramolecular or intermolecular click cyclization of end-functionalized linear precursors that
were prepared by the living polymerization techniques. In a similar way, more complex
cyclic-containing block copolymers, such as the figure-eight- and tadpole-shaped block
copolymers, were synthesized via intermolecular and intramolecular coupling techniques
(Scheme 1-7a). For example, Monteiro et al. established the synthetic approaches to
produce amphiphilic tadpole-shaped block copolymers consisting of poly(acrylic acid) and
PS.197 1% Tezyka et al. achieved the synthesis of a comprehensive set of cyclic-containing
PEO-b-poly(THF) amphiphilic block copolymers by the combination of the ESA-CF
technique and click reaction.™* In addition, the intramolecular cyclization of star-shaped
block copolymers was also reported as an effective method to produce the multicyclic block

copolymers (Scheme 1-7b).1% 112

20
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Scheme 1-7. Synthetic approaches for the cyclic containing block copolymers prepared from
(@) linear precursors, and (b) star-shaped precursors
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As already mentioned, the cyclic architectures affect the self-assembly behavior of
amphiphilic block copolymers, leading to unprecedent and unique properties that are
unattainable from the linear counterparts. Therefore, understanding the correlation between
the cyclic architecture and self-assembly behavior would allow creation of high value-added

materials based on the design of the macromolecular architecture.  However, such

21
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information is still unavailable because the inherent difficulty in the synthesis and purification
has limited the access to a comprehensive set of cyclic-containing block copolymers with
comparable molecular weights and monomer compositions. Therefore, concise and robust
synthetic strategies are required for preparing the well-defined cyclic-containing block

copolymers.

22
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1.3 Polyether Based Polymer

1.3.1 Polyether Based Block Copolymers
Polyethers having a PEO backbone have been recognized as an important class of

polymeric materials due to their nonionic character, chemical stability, low toxicity, and

113-115

biocompatibility. For example, PEO and poly(propylene oxide) (PPO), which are the

representative examples of the polyethers, have indeed been used for a wide range of

industrial applications such as nonionic surfactant agents, electrolytes of the lithium-polymer

76, 116-119

battery, medical agents, and soft segments of polyurethanes. In addition,

polyether-based amphiphilic block copolymers (polyethers) are of particular importance in
relation to their self-assembly properties to form micelles or microphase-separated structures.
Due to such properties, the amphiphilic block copolyethers based on PEO and PPO have been

commercialized with the brand name of Pluronic and been used for the applications involving

77, 120

carriers for drug delivery, nanoreactors,”® template for nanoporous materials, and

81, 82

amphiphilic nanoparticles. Therefore, much effort is still being directed toward the

development of new polyether-based block copolymer systems, such as poly(ethylene

121 118

oxide)/poly(butylene oxide),” poly(glycidol)/poly(propylene oxide),”™ poly(ethoxyethyl
glycidyl  ether)/poly(propylene  oxide) triblock  copolymer,*?***  poly(ethylene
oxide)-b-poly(allyl glycidyl ether)-b-poly(t-butyl glycidyl ether),'?

125

poly(glycidol)-b-poly(glycidyl amine),” and poly(ethylene oxide)-b-poly(furfuryl glycidyl
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ether)*?® (Scheme 1-8).

As described in Section 1.2, the self-assembly behavior of block copolymers is
generally affected by their chemical compositions, hydrophilic/hydrophobic ratios, molecular
weights, and dispersities. Considerable research efforts have revealed that the self-assembly

127-129 In

behaviors of the block copolyethers are also affected by these characteristics.
contrast, there are few reports related to the synthesis and characterization of the well-defined
block copolyethers with various architectures, such as the star-shaped and cyclic-containing

polyethers. Thus, the establishment of a synthetic approach for architecturally complex

amphiphilic block copolyethers is desired for the development of advanced materials.

Scheme 1-8. The polyether-based amphiphilic block copolymers

TP

n m
poly(ethylene oxide)/poly(propylene oxide)

WP
Ro%v%loi: %\Eoﬂ )

n poly(glycidol)/poly(propylene oxide)

poly(ethylene oxide)/poly(butylene oxide)
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1.3.2 Synthesis of Polyether Derivative

For the synthesis of the well-defined block copolyethers, the anionic ROP of epoxide
monomers is an effective method due to its living nature.  The alkali-metal-mediated anionic
ROP at high temperature is well-known as a general anionic ROP method of epoxides
(Scheme 1-9). For example, Hawker et al. reported the living polymerization of allyl
glycidyl ether using benzyl alcohol/potassium naphthalenide as an initiator.™*® Booth et al.
also reported the polymerization of propylene oxide using potassium alkoxide and
18-crown-6-ether.’**  However, these alkoxide-mediated ROPs suffer from a chain transfer
reaction to the monomer, and this could afford less control over the molecular weight,

dispersity, and chain end functionality (Scheme 1-10)."*

Therefore, there have been many
efforts to explore novel controlled/living polymerization systems for substituted epoxide

monomers to reduce such side reactions.

Scheme 1-9. ROP of epoxides initiated by metal alkoxide

Co
LK
Co oK* H
- >R RO R.OJ(\(ojrlj
R
R'O-K+ Propagation R
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Scheme 1-10. Chain transfer reaction occurring during the polymerization of epoxides

)
- %/R
. o (ol , OjH .
Ro/f\[jn\[ MF\H EEE—— Ro{/\[ h+ RXg
R R

B —
R

Propagation

Recently, Misaka and coworkers reported that 1-tert-butyl-4,4,4-tris(dimethyl—
amino)-2,2-bis[tris(dimethylamino)phosphoranylidenamino]-2A5,4 A5-catenadi(phosphazene)

(t-Bu-P,) is an effective catalyst for the ROP of substituted epoxides.***%°

t-Bu-P, was
developed by Schwesinger et al., which has a high stability in air, high solubility in organic
solvents, and strong basicity (0Kgsnmecn) = 42.7) similar to alkyl lithiums.'*®  The positive
charge in t-Bu-P, can be delocalized after protonation and the formed bulky cation of
t-Bu-P,H" made possible less aggregation with the alkoxide anion. These two factors
endowed the counter anion with a high reactivity (Figure 1-7). Such specific features of
t-Bu-P, produced a higher polymerization rate at room temperature than the
alkali-metal-mediated anionic ROP, resulting in better control of the polymerization with
minimal side reactions. The t-Bu-P,-catalyzed ROP system made it possible to produce

various a-end-functionalized polyethers with predictable molecular weights and narrow

dispersities by using functional alcohol initiators (Scheme 1-11).
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\N/ \N/ +
\ |/ N
N—P-N N—P-N
A [ Z2RRTEE
\N/ H+ \N/ N
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| H
- ~ /N\
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N-P-N N-P-N
4 | \ /7 \
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t—Bu—P4 [Z-Bu-P4, H]+

Figure 1-7. Phosphazene base “t-Bu-P,” and protonated t-Bu-Pg.

Scheme 1-11. t-Bu-P,4-catalyzed ROP of epoxides using various alcohols as the initiator

t-Bu-P, ' O3H
?%R + ROH ——> RO<\(>
R n
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1.4 Objectives and Outline of the Thesis

As described in Section 1.1, the macromolecular architectures of polymers as well as
their molecular weights, dispersities, and monomer compositions affect the polymer
properties. In particular, the effect of the macromolecular architectures on the self-assembly
behavior of amphiphilic block copolymers is of significant importance to create advanced
materials, because the macromolecular architecture could be one of factors that affect the
packing of polymer chains in the microphase-separated structures (Section 1.2). Although
several reports have revealed the unique self-assembly properties of star-shaped and cyclic
block copolymers, there are few reports about the systematic study of the relationship
between polymer architectures and their self-assembly behavior. Generally, the construction
of the block copolymers with complex macromolecular architectures, such as the star-block,
miktoarm star, multicyclic, and tadpole-shaped, had been difficult due to the limitation of
polymerization techniques as described in Section 1.2. Moreover, the difference in the
molecular weights and monomer compositions have the potential to influence the
self-assembly behavior. To reveal the essential topological effect on the self-assembly
properties, it is necessary to prepare the architectural block copolymers with precisely
controlled molecular weights, monomer compositions, and very narrow dispersities.
Therefore, in this thesis, the author focused on the development of novel synthetic approaches

for the well-defined architectural block copolymers, with a controllable molecular weight and
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narrow dispersity, based on the combination of living polymerization techniques and efficient

organic reactions.

As mentioned in Section 1.3, polyethers composed of a PEO backbone are an

important class of polymers as well as vinyl polymers. In particular, amphiphilic block

copolyethers have received much attention as surfactants in the medical and industrial fields.

Thus, many types of polyether-based block copolymers were studied to create

high-value-added materials based on their self-assembled structures. In addition, the

investigation into the synthesis and properties of the amphiphilic block copolyethers with

complex architectures would have a significant impact on the development of novel

nanomaterials. However, the systematic characterization of the polyether-based block

copolymers with various architectures has never been achieved, and the establishment of

synthetic approaches providing well-defined block copolyethers is also a challenging issue.

Therefore, the objective of this thesis is to establish novel synthetic methodologies

for a comprehensive set of well-defined amphiphilic block copolyethers possessing

star-shaped, tadpole-shaped, and multicyclic architectures. The t-Bu-P4-catalyzed ROP

system and the CUAAC click reaction were used as the key steps in the synthetic approaches.

The well-controlled living nature of the ROP and the highly efficient coupling reaction could

enable the production of such polyethers with a highly-controlled molecular weight and

narrow dispersity in high purity. As the second objective, the author investigated the
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aqueous self-assembly properties of the amphiphilic block copolyethers with comparable

molecular weights, monomer compositions, and narrow dispersities to reveal the essential

effect of the macromolecular architectures.

The outline of this thesis is as follows:

Chapter 2 describes the synthesis of a comprehensive set of amphiphilic star-shaped

block copolyethers with a fixed molecular weight and composition via the t-Bu-P,-catalyzed

ROP (Figure 1-8). The three- and four-armed star-block copolyethers, i.e., the (AB)s-,

(BA)s-, (AB),-, and (BA),-type star-block copolyethers, where A and B represent hydrophobic

and hydrophilic blocks, respectively, were synthesized by the sequential t-Bu-P,-catalyzed

block copolymerization using tri- and tetra-alcohol initiators, respectively, according to the

core-first method. The homogeneous growth of each arm was confirmed by cleaving of the

linkages between the initiator residue and polyether arms.  The synthesis of the A,B,-, AB,-,

and A,B-type miktoarm star copolyethers was achieved by the combination of the

t-Bu-P4-catalyzed ROP and azido-ethynyl click chemistry. The azido- and

ethynyl-functionalized precursor polyethers with the predicted molecular weights were

separately prepared by the t-Bu-P,4-catalyzed ROP with the aid of functional initiators as well

as terminators. The intermolecular click reaction of the precursors provided the desired
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miktoarm star copolyethers. All the obtained star-shaped block copolyethers had a
comparable monomer composition (ratio in degree of polymerization = 50:50) and total
molecular weight (ca. 22,200 g mol™) with a narrow dispersity (<1.05). The hydrodynamic
diameter and the cloud point analyses for the aqueous micellar solution of the amphiphilic
star-shaped block copolyethers revealed that the self-assembly properties were affected by the

block arrangements and branched architectures of the amphiphilic polymers.

HO 0+ I/ \/,;i N—
~ Initiators / +-Bu-P, Ca\t;Iysts Amphiphilic star-shaped block copolyethers

Figure 1-8. The synthesis of a comprehensive set of amphiphilic star-shaped block
copolyethers with fixed molecular weights and compositions via the t-Bu-P,-catalyzed ROP.

Chapter 3 describes the synthesis of systematic sets of figure-eight- and
tadpole-shaped amphiphilic block copolyethers, together with the corresponding cyclic
counterparts, via the combination of the t-Bu-P,4-catalyzed ROP and click cyclization (Figure
1-9). The clickable linear block copolyether precursors, with precisely controlled azido and

ethynyl group placements as well as a fixed molecular weight and monomer composition
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(degree of polymerization for each block was adjusted to be around 50) were prepared by the

t-Bu-P4-catalyzed ROP with the aid of functional initiators and terminators. The click

cyclization of the precursors under highly diluted conditions produced a series of cyclic,

figure-eight-, and tadpole-shaped block copolyethers with narrow dispersities of less than 1.06.

Preliminary studies of the aqueous self-assembly behavior of the cyclic-containing block

copolyethers revealed the significant variation in their cloud points depending on the block

copolyether architecture, though there were small architectural effects on their critical micelle

concentration and morphology of the aggregates.

Monomers Catalyst Initiators Terminators
( N
o o >( \N/ h|l Ph(CH,);0H Br/\\\ 3
N PIN | | NSNS o
\,  N-P-N" \
o 0 /_NN.‘P\‘, Y, OH OH X _o o Z b
| /N\ ?\—N—\ _<
8 o N o]
3 \ Ngﬁo Oy N3 <
t-Bu-P, 6 ﬁﬁ Br Br

t-Bu-P,-Catalyzed ROP
&

—~——r e =

“——___ (Click Cyclization ////

To—— —
—_

Figure 1-9. The synthesis of systematic sets of figure-eight- and tadpole-shaped amphiphilic
block copolyethers, together with the corresponding cyclic counterparts.

Chapter 4 describes a novel synthetic approach for the three- and four-armed

cage-shaped polyethers based on the topological conversion of the corresponding trefoil- and
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quatrefoil-shaped precursors (Figure 1-10). The trefoil- and quatrefoil-shaped polyethers

were synthesized by the following three reaction steps: (1) the t-Bu-P,-catalyzed ring-opening

polymerization of butylene oxide using multiple hydroxy- and azido-functionalized initiators

to produce the three- or four-armed star-shaped polymers possessing three or four azido

groups at the focal point, respectively, (2) the w-end modification to install a propargyl group

at each chain end, and (3) the intramolecular multiple click cyclization of the clickable

star-shaped precursors. The topological conversion from the trefoil- and quatrefoil-shaped

polyethers to the cage-shaped polyethers was achieved by the catalytic hydrogenolysis of the

benzyl ether linkages that had been installed at the focal point. The amphiphilic cage-shaped

block copolyethers together with the corresponding trefoil- and quatrefoil-shaped counterparts

were also synthesized in a similar way using 2-(2-(2-methoxyethoxy)ethoxy)ethyl glycidyl

ether as a hydrophilic monomer and decyl glycidyl ether as a hydrophobic monomer.

Interestingly, significant changes in the critical micelle concentration and micellar

morphology were observed for the amphiphilic block copolyethers upon the topological

conversion from the trefoil- and quatrefoil-shaped to cage-shaped architectures.
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Figure 1-10. A novel synthetic approach for three- and four-armed cage-shaped polyethers
based on the topological conversion of the corresponding trefoil- and quatrefoil-shaped
precursors.

Chapter 5 summarizes the synthesis and self-assembling behavior of the well-defined

star-shaped and multicyclic block copolyethers.
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Chapter 2

2.1 Introduction

The polyethers prepared from epoxy monomers are industrially important polymeric
materials."® As described in Section 1.3, amphiphilic block copolymers consisting of
hydrophilic and hydrophobic polyether segments are of particular interest due to their
widespread applications.*®  The amphiphilic block copolyethers consisting of PEO and PPO
with a wide variety of molecular weights and compositions are indeed commercially available
under the brand name of Pluronic. In addition, the related families of amphiphilic block
copolyethers have been synthesized by employing epoxy monomers with various substituents,
such as butylene oxide,* styrene oxide,’ allyl glycidyl ethers,™ furfuryl glycidyl ether,"* and
ethoxyethyl glycidyl ether.*?  The most interesting aspect of these block copolyethers is the
ability to self-assemble into a wide variety of nanostructures in both the solution and bulk

14-15

states, which can be utilized for nanoreactors,® drug carriers, and templates for porous

material fabrication.'®*®

Thus, further investigations into the synthesis and self-assembly of
novel amphiphilic block copolyether systems should be of fundamental importance for
expanding their possible applications.

Over the past two decades, significant efforts have been made to understand the
aqueous self-assembly behaviors of these amphiphilic block copolyethers, especially for the

PEO/PPO system, which provided the main conclusion that the parameters influencing the

resultant nanostructures were the total molecular weight and hydrophilic/hydrophobic ratio as
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well as temperature and concentration.> *°

In addition, the polymer architecture involving
the block arrangement and topological structure was also found to be an important variable
that modulates the self-assembly behaviors. For example, Chu et al. reported that
PEO-b-PPO-b-PEO triblock copolyethers showed a lower critical micelle concentration
(CMC) and larger hydrodynamic radius (Ry) of the micelle than those of the
PPO-b-PEO-b-PPOs.”®  Furthermore, Booth et al. investigated the effect of the cyclic
architecture  on the  micellization  properties using  cyclic-PEO-b-PPO  and
cyclic-PEO-b-poly(butylene oxide), which proved that cyclic ones formed micelles with
higher association numbers and larger radii as compared to the corresponding starting linear
block copolyethers.?

Despite the interesting results for the linear and cyclic architectures, the amphiphilic
star-shaped block copolyethers have received little attention in terms of both their synthesis
and self-assembly.  Star-shaped block copolymers can be basically classified into two types;
i.e., the star-block copolymer and miktoarms star copolymer. As a consequence of the
progress in the living polymerization techniques, a number of methodologies are now
available for synthesizing a variety of star-block and miktoarm star copolymers with vinyl

polymer backbones.?? %

In sharp contrast, only a few examples of the amphiphilic
star-shaped block copolyethers are known, e.g., (PEO-b-PPQO),-type four-armed star-block

copolyethers (Tetronic). Although several investigations into the self-assembly behavior of
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Tetronic were reported,”® 2’ the synthesis and characterization of a comprehensive set of
star-shaped amphiphilic block copolyethers have never been achieved. To understand the
effect of the star-shaped architectures on the self-assembly behavior, robust and simple routes
are desired for synthesizing the star-block and miktoarm star copolyethers with varied arm
numbers as well as different block arrangements.

Star-shaped polyethers with a strictly defined arm number and predictable molecular
weight can be obtained by the methodologies referred to as “core-first” and “coupling-onto”

strategies (Section 1.1.2).2%%

For the synthesis of the well-defined block copolyethers, the
anionic ring-opening polymerization (ROP) of epoxide monomers should be the most
effective method because of its living nature.  Recently, Kakuchi and coworkers
demonstrated that 1-tert-butyl-4,4,4-tris(dimethylamino)-2,2-bis[tris(dimethylamino)—
phosphoranylidenamino]-2A5,4A5-catenadi(phosphazene) (t-Bu-P,) effectively catalyzed the
anionic ROP of various substituted epoxides to produce the corresponding polyethers with the

03¢ The well-controlled nature of the

predicted molecular weight and narrow dispersity.
t-Bu-P4-catalyzed ROP system allowed the sequential block copolymerization, yielding
narrowly-dispersed block copolyethers. Importantly, the alcohol initiator used in the ROP is
quantitatively incorporated into the a-chain end of the resultant polyethers, which is of critical

importance to synthesize well-defined star-shaped polyethers.

In this chapter, the author describes the synthesis of a comprehensive set of
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amphiphilic star-shaped block copolyethers, i.e., the (AB)s-, (BA)s-, (AB)s-, and (BA);-type

star-block copolyethers and A;B,-, A;B-, and AB,-type miktoarm star copolyethers, where A

and B represent the hydrophobic and hydrophilic blocks, respectively, via the

t-Bu-P4-catalyzed ROP of decyl glycidyl ether (M1) as a hydrophobic monomer and

2-(2-(2-methoxyethoxy)ethoxy)ethyl glycidyl ether (M2) as a hydrophilic monomer (Scheme

2-1). The (AB)s-, (BA)s-, (AB)4-, and (BA)s-type star-block copolyethers were synthesized in

one step according to the “core-first method”, in which 1,3,5-benzenetrimethanol and

1,2,4 5-benzenetetramethanol were used as the initiator. On the other hand, the author

employed the “coupling-onto” approach to synthesize the A;B,-, A;B-, and AB,-type miktoarm

star copolyethers. The azido- and ethynyl-functionalized prepolymers, which had been

separately prepared via the t-Bu-P4-catalyzed ROP, were coupled by the click reaction,

producing the desired miktoarm star copolyethers. With a comprehensive set of the block

copolyethers in hand, the critical micelle concentration, the morphology, and cloud point were

evaluated in water to provide an insight into the correlation between the branched architecture

and self-assembly properties.
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Scheme 2-1. Synthesis of amphiphilic
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2.2 Results and Discussion
2.2.1 Synthesis of Four-Armed Star-Shaped Poly(butylene oxide)

The author first demonstrated the synthesis of the four-armed star-shaped
poly(butylene oxide) (star-PBO) to verify the synthetic strategy in this study based on the
core-first approach. 1,2,4,5-benzenetetramethanol (i-1) was used as the tetraol initiator to
obtaine the star-PBO because the linkage between a benzyloxy group in the core unit and a
PBO arm was expected to be easily cleaved by a hydrogenolysis to confirm the homogeneous

growth of each PBO arm during the polymerization (Scheme 2-2).

Scheme 2-2. Synthesis of four-armed star-shaped poly(butylene oxide)s (star-PBO) by the
t-Bu-Ps-catalyzed ROP of butylene oxide (BO).

H

/5
OH n/4 O
OH
HO n/4 H2 Pd/C 4 HO
T Burs ”/4
OH
I toluene HO-PBO
star-PBO ,O/n/4

H

The t-Bu-P4-catalyzed ROP of BO in toluene was carried out with the [BO]o/[i-1]o
ratios of 60/1 at room temperature. The polymerization system was heterogeneous during
the early stage and became homogeneous within ca. 1 h because the initiator was insoluble in

toluene. The monomer conversion (conv.) reached >99% after 20 h, which was directly
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determined from the *H NMR spectrum of the aliquots of the polymerization mixture in
CDCls. The polymerization mixture was purified by passing through a pad of alumina to
remove the catalyst residue, giving the product as a colorless viscous liquid in a 30.6%
isolated yield. The SEC trace of the product exhibits a unimodal peak with a molecular

weight distribution (D) of 1.03, as shown in Figure 2-1.

‘N
L

After cleavage

15 16 17 18 19 20
Elution time (min)

Figure 2-1. SEC traces of four-armed star-shaped poly(butylene oxide) (star-PBO; M, nmr =
4650 g mo %) and the cleaved PBO arm.

The *H NMR spectrum of the product shows signals in the ranges of 3.29 — 3.75, 1.36 —
1.69, and 0.75 — 1.05 ppm due to the protons of the PBO backbone (protons b, c, d, and e,
respectively), while a minor signal due to the benzyl protons (proton a) is clearly observed at
452 ppm (Figure 2-2a). In addition, only one signal due to an aromatic proton was
observed at 7.37 ppm, meaning that the four hydroxymethyl groups of i-1 initiated the
polymerization to give a four-armed star-shaped PBO. The number average molecular

weight estimated by NMR (M, nvr) Well agreed with that (M, caic) calculated by the monomer
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conversion and the initial ratio of [BO]o/[i-1]o; Manmr = 4,650 g mol™ and My carc = 4,520 g
mol ™, indicating that the initiation efficiency of i-1 was highly quantitative. The number
average degree of polymerization (DP) was calculated to be 56. In addition, the
MALDI-TOF MS spectrum of star-PBO shows only one set of peaks, which is assignable to
the expected PBO structure having a benzenetetramethanol residue because the peak of the
resultant polymer at m/z of 4,400.91 Da agreed with the 58-mer of PBO initiated from i-I
(4,400.41 Da, calculated for [M + Na]*) (Figure 2-3a). Thus, no side reactions, such as a

chain transfer reaction to the monomer, occurred during the polymerization.

(a) star-PBO
H

/}'

4 O

H@mj@? f(
aromatii:ﬁ L ?L/l/m

(b) After cleavage

e ot

y L

8

5 (ppm)

Figure 2-2. 'H NMR spectra of (a) four-armed star-shaped poly(butylene oxide) (star-PBO;
Mnnwvr = 4,650 g mol™) and (b) the cleaved poly(butylene oxide) arm in CDCl; (400 MHz).
The inset shows the expanded *H NMR spectrum of the cleaved arm.
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Figure 2-3. MALDI-TOF MS spectra of (a) four-armed star-shaped poly(butylene oxide)
(star-PBO; My nur = 4,650 g mol™) and (b) the cleaved poly(butylene oxide) arm.

To provide an insight into the arm length and number of the star-shaped PBO,
cleavage of the linkage between the initiator residue and PBO arms was performed. The
cleavage experiment for star-PBO was carried out by catalytic hydrogenation using a Pd/C
under a hydrogen atmosphere for 24 h, and the reaction product was obtained in an 83.0%
isolated yield after removing the Pd/C. In the *"H NMR spectrum of the cleaved PBO arm
(Figure 2-2b), the signal due to the benzyl protons and aromatic protons completely
disappeared, indicating that the hydrogenolysis of star-PBO perfectly occurred. Figure 2-1

displays the SEC traces of star-PBO and the cleaved PBO arm. After the cleavage
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experiment, the SEC trace shifted to the lower molecular weight region, and the SEC trace
retained the unimodal dispersity with the B value of 1.13. The MALDI-TOF MS
measurement was employed to compare the absolute molecular weights of star-PBO and its
cleaved arm (Figure 2-3). The MALDI-TOF MS spectrum of the cleaved arm from
star-PBO shows one set of peaks, which is assignable to the structure of PBO with two
hydroxyl groups at both the a- and w-chain ends because the peak of the resultant polymer at
m/z of 1,121.86 Da well agreed with the 15-mer of the cleaved PBO arm (1,121.86 Da,
calculated for [M + Na]*). The number average molecular weight calculated from the
MALDI-TOF MS (Mywms) for the cleaved PBO arm was 1,104.93 g mol™, while that for
star-PBO was 4,392.05 g mol™*. Thus, the arm number of star-PBO was calculated to be
3.97 by dividing the M, us of star-PBO by that of the cleaved PBO arm. These results
provided definitive evidence for the homogeneous growth of the PBO arms from each
hydroxymethyl group of the initiator to afford the star-PBO with the desirable arm numbers
and uniform arm length. Hence, the t-Bu-Ps-catalyzed ROP of the substituted epoxy
monomer coupled with the initiator possessing multiple numbers of hydroxyl groups is one of

the useful core-first methods for the precise synthesis of star-shaped polyethers.
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2.2.2 Synthesis of Amphiphilic Linear and Star-block Copolyethers

2.2.2-1 Synthesis of Amphiphilic Linear block Copolyethers

Before the synthesis of star-shaped block copolyethers, the author confirmed the

t-Bu-P4-catalyzed ROP  properties of  decyl glycidyl ether (M1) and

2-(2-(2-methoxyethoxy)ethoxy)ethyl glycidyl ether (M2). The polymerizations of M1 and

M2 were carried out using 3-phenyl-1-propanol (i-1V) as the initiator at the

[monomer]o/[i-1V]o/[t-Bu-P4]o ratio of 25/1/1 in toluene at room temperature (Scheme 2-3).

Scheme 2-3. (a) Homopolymerization and (b) block copolymerization for decyl glycidyl
ether (M1) and 2-(2-(2-methoxyethoxy)ethoxy)ethyl glycidyl ether (M2)

(a)
o) Ph/\/\OH Ph/\/\o O>\H
n L __OR i-IV n
M1: R = -(CH,)sCH t-Bu-P, RO

M2: R = -(CH,CH,0)3CH3  toluene poly-M1: R = -(CH,)oCH;z = o™ e

poly-M2: R = (CH,CH,0)3CH; = oo™ ™

R0
b o) H
(b) P "0 o)
t-Bu-Py m M2 n m
-V + nMI——————»——> R'O
toluene I

linear-1I: R" = -(CH,)gCH3, R? = -(CH,CH,0)3CHj;

toluene
linear-1I: R" = -(CH,CH,0)3CHj3, R2 = -(CH3)9CH3

The monomer conversions of M1 and M2 reached >99% within 20 h to produce the
narrowly dispersed poly-M1 and poly-M2 with the M;s determined from the NMR of 5,710

and 5,750 g mol™, respectively. The My cacs calculated from the initial monomer-to-initiator
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ratio and monomer conversion matched with the M,nmrS Of poly-M1 and poly-M2,
indicating the controlled nature of the t-Bu-P4-catalyzed ROP systems. The NMR and
matrix-assisted laser desorption/ionization mass spectral analyses of the obtained polymers
revealed that the polymerizations of poly-M1 and poly-M2 proceeded without side reactions,

such as the transfer reaction to the monomer (Table 2-1, Figures 2-4 and 2-5).

Table 2-1. The t-Bu-P4-catalyzed ROP of M1 and M2?2

uy  Monomer [MIo/[i-1V]o/  conv.®  Micac®  Monvr”  Mnsec© .

(M) [tBu-Pdo (%) (gmol™) (gmol™) (gmol™)
1 M1 25/1/1 >99 5,500 5,710 4,890 1.05
2 50/1/1 >99 10,900 10,200 8,730 1.03
3 M2 25/1/1 >09 5,640 5,750 4,440 1.05
4 50/1/1 >99 11,000 10,700 7,440 1.06

 Ar atmosphere; solvent, toluene; temperature, r.t.; polymerization time, 20 h; [M], = 2.5 mol
L%, P Estimated by *H NMR. ¢ Estimated by SEC in THF using polystyrene standard.

(b) i
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Figure 2-4. (a) SEC traces of poly-M1 and poly-M2, (b) *H NMR spectra of poly-M1 (run 2
in Table 2-1) and poly-M2 (run 4) in CDClI;3 (400 MHz).
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Figure 2-5. MALDI-TOF MS analysis of (a) poly-M1 (Mynvr = 5,710 g mol™) and (b)
poly-M2 (Mnnmr = 5,750g mol ™). Both of the MALDI-TOF MS spectra showed one set of
peaks, which is assignable to the expected structures of poly-M1 and poly-M2 with a
3-phenyl-1-propoxy group. For example, the peak observed in the spectrum (a) at m/z of
4657.22 Da well agreed with the theoretical mass of the 21-mer of poly-M1 having a
3-phenyl-1-propoxy group (4,657.10 Da, calculated for [M + Na']). No peak assignable to
the product coming from the side reactions was detected.

Based on these results, the linear amphiphilic diblock copolymers, linear-1 and
linear-11, were then synthesized via the sequential block copolymerization of M1 and M2, as
shown in Scheme 2-3.  Unless otherwise noted, the number-average degree of
polymerization (DP) of the targeted block cpolyether (poly-M1/poly-M2) is adjusted to be
around 100 (50/50). A poly-M1 with the M, nmr of 10,800 g mol™ and B of 1.03 was first

prepared by the t-Bu-Ps-catalyzed ROP of M1 using i-1V as the initiator with the perfect
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monomer conversion at the [M1]o/[i-1V]o/[t-Bu-P.]o ratio of 50/1/1.  The polymerization was
further continued by the subsequent addition of 50 equivalents of M2 with respect to i-1V to
afford linear-1 with the M, nvr Of 21,900 g mol™ and B of 1.04 in 90% vyield. The SEC
trace of poly-M1 was completely shifted to the high molecular weight region after the
subsequent polymerization of M2, indicating the successful block copolymerization of M1
and M2 (Figure 2-6a). The *H NMR spectrum of linear-1 showed signals due to both the
poly-M1 and poly-M2 along with the minor signals due to the 3-phenyl-1-propoxy group at
2.68 and 1.85 ppm, confirming that the obtained linear-1 possesses an initiator moiety at the
w-chain end (Figure 2-7). Noteworthy is that the block copolymerization of M1 and M2
with the opposite monomer addition sequence also produced the corresponding block
copolymer, linear-11, with the M,nmr Of 21,800 g mol™ and B of 1.05 (Figure 2-6b).
Therefore, the t-Bu-P4-catalyzed block copolymerizations of M1 and M2 were successful

method to obtain the amphiphilic block copolyethers.

(b)

IIIIIIIIII|IIII|IIII|II.;.I|IIII| IIIII|IIIIIIIIII[III'[IIIIIIIII'

13 14 15 16 17 18 19 13 14 15 16 17 18 19
Elution time (min) Elution time (min)

Figure 2-6. SEC traces of (a) linear-1 and (b) linear-11. The dashed lines show the
poly-M1 and poly-M2 obtained by the first polymerization.

S7



Chapter 2

¢, defjk h
V—A—V ——
I I
Y
Ph/a\/\o(jd/o%ﬁj\ow '
b e
i
ih "7 g
Phenyl
b L
T T I T T T T I T T T T I T T T T I T T T T I T T T T I T T T T I T T
7.0 6.0 5.0 4.0 3.0 2.0 1.0

6 (ppm)

Figure 2-7. *H NMR spectrum of linear-1 in CDCl; (400 MHz).
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2.2.2-2 Synthesis of Amphiphilic Star-block Copolyethers

Next, the author applied the t-Bu-P4-catalyzed ROP system to the synthesis of the
amphiphilic (AB)s,- and (BA)s-type star-block copolyethers (star-1 and star-11) by the
sequential block copolymerization of M1 followed by M2 (and vice versa) using i-I as the

tetraol initiator based on the core-first method (Scheme 2-4).

Scheme 2-4. Synthetic pathway for amphiphilic star-block copolyethers, star-1, star-I1,
star-111, and star-1V (R* = —(CH,)eCHs, R* = —(CH,CH,0)3CHs)
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For the synthesis of star-1, M1 was first polymerized with the [M1]o/[i-1]o/[t-BuP4]o
ratio of 50/1/1, and the monomer conversion of M1 reached >99% after 20 h of
polymerization to provide a four-armed star-shaped poly(M1) ([poly(M1)]4). Subsequently,
the polymerization was continued by the addition of 50 equiv. of M2, producing the desired
star-1 in 88.1% yield. The SEC trace of [poly(M1)]s obtained by the first polymerization
(Mnsec = 8,840 g mol™) clearly shifted toward the higher molecular weight region after the
second polymerization (M, sec = 16,800 g mol™) while retaining the narrow B of 1.03, which
confirmed the success of the block copolymerization (Figure 2-8a). In the 'H NMR
spectrum of star-1, the signals assignable to the polyether backbone were observed along with
a minor signal due to the benzyl protons of the corresponding initiator residue (4.50 ppm)
(Figures 2-8a and 2-9a). Based on the end group analysis by NMR, the DPs were
calculated to be 51 for M1 and 50 for M2 (Table 2-2). In addition, the M, nvr OF star-1 well
agreed with the My caic; Maamr = 22,200 g mol™ and My cae = 21,900 g mol™.  With this
established procedure, the (BA)4-type star-block copolyether star-11 (M, nmr = 22,200 g mol™
and B = 1.02) was also prepared by the sequential polymerization of M2 (50 eq.) followed by
M1 (50 eq.) in 84.3% vyield. The SEC traces of the obtained polymers from each
polymerization stage strongly supported the successful synthesis of the well-defined star-11

(Figure 2-8b). These results confirmed that the t-Bu-P4-catalyzed ROP was an effective
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method to produce the well-defined star-block copolyethers with a predictable molecular

weight and narrow D.
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Figure 2-8. SEC traces of (a) star-1, (b) star-11, (c) star-111, and (d) star-1V.
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Figure 2-9. *H NMR spectrum of (a) star-1, (b) star-11, (c) star-I11, and (d) star-1V in CDCl;

(400 MHz).
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Table 2-2. Synthesis of the Star-block Copolyethers via the t-Bu-P4-catalyzed Block
Copolymerization 2

polymer  monomer Mo/l s Mn’calcj Mn'NMRlb Mn'SEc,lc ‘
[t-Bu-Pa4]o [gmol™] [gmol™] [gmol]
1st M1 501 51 10,000 11,200 8840  1.03
Sar-l o M2 som1 50 21,000 22200 16800  1.03
1st M2  50//1 50 11,200 11,300 9100  1.03
starll ond M1 s 51 21,900 22200 16200 1.02
1st ML 50//1 52 10900 11,300 10500  1.03
sl ond M2 5011 50 21900 22200 15600 1.02
1st M2  50//1 51 11,200 11,400 9630  1.03
star-1V

2nd M1 50/1/1 51 21,900 22,200 15,900 1.02
& Ar atmosphere; solvent, toluene; temperature, r.t.; polymerization time, 20 h; [Mig]o = 2.5
mol L™, [Manglo = 1.25 mol L. ® Determined by *H NMR in CDCls. ¢ Determined by SEC in
THF using polystyrene standards.

In a similar manner, the amphiphilic (AB)s- and (BA)s-type star-block copolyethers
(star-111 and star-1V) were also synthesized by the t-Bu-P, catalyzed ROP combined with
1,3,5-benzenetrimethanol (i-11) as the triol initiator. The block polymerizations were carried
out at the [M1]o/[M2]o/[i1]o/[t-Bu-P4]o ratio of 50/50/1/0.5 in toluene at room temperature to
give star-111 and star-1V in 80.0% and 75.3% vyields, respectively (Scheme 2-4). The clear
increase in the SEC elution volume by the second polymerization indicated the success of the
block copolymerizations, and the obtained products were observed to have the narrow B
value of 1.02 (Figures 2-8c and d). The *H NMR spectra of star-111 and star-1V showed

signals due to the polyether backbone along with the minor signals due to the initiator residue
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at 4.50 ppm (Figures 2-9c and d), and the M, nvr Values of star-111 and star-1V (22,200 and

22,200 g mol ™, respectively) well agreed with the My caics (21,900 g mol ™) (Table 2-2).

The star-block copolyethers were also subjected the cleavage of the linkages between
the polyether arms and the initiator residue to verify the arm length and number of the
obtained star-block copolyethers. The cleavage reaction was performed on star-11 by

hydrogenolysis using Pd/C as a catalyst under a hydrogen atmosphere (Scheme 2-5).

Scheme 2-5. Hydrogenolysis of star-11 and a,w-end acetylation of poly(M2)-b-poly(M1)

Boy Wotf[ e oo e s

_ a,w-end acetylated
star-11 poly(MZ)-b-poly(Ml) poly(M2)-b-poly(M1)

After the reaction for 48 h, the cleaved arm of star-11 was isolated in 92.0% yield. In the
'H NMR spectrum of the cleaved arm (Figure 2-11b), no signal due to the benzyl proton was
observed, indicating that the linkages between the polyether arms and the initiator residue
were perfectly cleaved. The SEC trace of the cleaved arms demonstrated a clean shift
toward the lower molecular weight region (Mnsec = 4,850 g mol™) as compared to star-11

(Mnsec = 16,200 g mol™), strongly supporting the complete cleavage of the four benzyl
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positions on the initiator residue (Figure 2-10a). Importantly, the shape of the elution peak
retained the unimodal and narrow B of 1.04 during the cleavage reaction, which is an
indication of the uniform arm length of star-1l. The cleaved arm was treated with acetic
anhydride in the presence of pyridine/DMAP to give the a,w-end acetylated
poly(M2)-b-poly(M1), which was used for determining the absolute molecular weight by end
group analysis (Scheme 2-5). The signals due to the acetyl proton (A, 2.07 ppm), methylene
proton at the a-chain end (B, 4.04 — 4.30 ppm), and methine proton at the w-chain end (C,
5.09 ppm) were visible in the *H NMR spectrum of the product (Figure 2-11c), and the
Mnnvr Was determined to be 5,470 g mol™.  Thus, the arm number of star-11 was calculated
to be 4.06 by dividing the M, nvr OF star-11 by that of the cleaved arm.  These results clearly
demonstrated that the block copolymerization of M1 and M2 was initiated from each
hydroxyl group on the initiator i-1 to afford the amphiphilic four-armed star-block
copolyethers with a uniform arm length.

after cleavage after cleavage

@ \/

(b) \\ -

L o d . b o
star | I [> poly(M2)-b-poly(M1) //star-w E> poly(M2)-b-poly(M1)
M, sec = 16,200 - M sec = 4,850 M, sec = 15,900 - M, sec = 6,130
Mo = 22,2000 Mg = 5,470 M, g = 22,200 Mynmr = 7,280
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Figure 2-10. SEC traces of the star-block copolyethers (dotted line) and those of the cleaved
arms (solid line).
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Figure 2-11. 'H NMR spectra of (a) star-11, (b) the cleaved arm of star-11, and (c) the
a,w-end acetylated poly(M2)-b-poly(M1) in CDCl; (400 MHz). The inset shows the
expanded *H NMR spectrum of (b). Asterisks mean residual solvent peak.

The cleavage reaction and «,w-end acetylation of the cleaved arm were also performed on
star-1V, which revealed that the three-armed star-block copolyethers with a uniform arm
length had been obtained (Figure 2-10b and Figure 2-12). Thus, the author succeeded in
producing a series of the amphiphilic star-block copolyethers with a fixed molecular weight

and composition through the core-first approach combined with the t-Bu-P,4-catalyzed ROP.
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Figure 2-12. *H NMR spectra of (a) star-1V, (b) the cleaved arm of star-1V, and (c) the
a,w-end acetylated poly(M2)-b-poly(M1) in CDCIl; (400 MHz). The inset shows the
expanded "H NMR spectrum of (b). Asterisks mean residual solvent peak.
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2.2.3 Synthesis of Amphiphilic Miktoarm Star Copolyethers

The author next investigated the synthesis of the amphiphilic miktoarm star
copolyethers, i.e., the A;B; (star-V), A;B (star-V1), and AB,-type miktoarm star copolyethers
(star-VII), in which the so-called coupling-onto method was employed as shown in Scheme

2-6.

Scheme 2-6. Synthetic pathway for amphiphilic miktoarm star copolyethers, star-V, star-VI,
and star-VII (Rl = —(CHz)gCH:g, R2 = —(CH2CH20)3CH3)
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In order to synthesize star-V, two types of precursor polymers, i.e., a linear poly(M2)
having two azido groups at the chain center (s-1) with the DP of ca. 50 and a poly(M1) having
an ethynyl group at the w-chain end with the DP of ca. 25 (s-3), were prepared (Scheme 2-6) .
s-1 was obtained in 45.6% vyield by the t-Bu-P4s-catalyzed ROP wusing the
[M2]o/[i-111]o/[t-Bu-P4]o ratio of 50/1/1, and a monomodal and sharp elution peak with the B
value of 1.04 was observed in the SEC trace of the product (Figure 2-13a). In the '"H NMR
spectra of the product (Figure 2-13b), the signals assignable to the poly(M2) backbone were
observed along with minor signals due to the methylene adjacent to the azido group of the
initiator residues at 3.26 ppm (proton A), indicating that the polymerization of M2 was
initiated from the two hydroxyl groups on i-I11 to provide s-1 (Mnnmg = 11,200 g mol ™, B =
1.04, DP = 49) with the predicted chemical structure. Next, s-2 was prepared by the
t-Bu-P4-catalyzed ROP of M1 with i-1V as the initiator, then the w-end ethynylation of s-2
was performed by treating with propargyl bromide in the presence of sodium hydride to give
s-3 (Manwr = 5,800 g mol™, B = 1.05, DP = 25). The quantitative introduction of the
ethynyl group at the w-chain end was verified by comparing the integral values of the *H
NMR signals due to the ethynyl group (proton B at 4.30 ppm and proton C at 2.50 ppm) and
the initiator residue (proton a’ at 2.68 ppm) (Figure 2-13b). The SEC trace of s-3 also
showed a unimodal peak with the B value of 1.05 (Figure 2-13a). In addition, a

matrix-assisted laser desorption ionization time-of-flight mass (MALDI-TOF MS) spectral
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analysis provided detail information about the end group structures of s-1 and s-3 (Figure
2-14, 2-15). Thus, the NMR and MALDI-TOF MS results confirmed that the precursor

polymers, s-1 and s-3, with the expected structures had been produced.
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Figure 2-13. (a) SEC traces of s-1, s-3, and star-V (dotted line, before purification; solid line,
after the purification using preparative SEC). (b) *H NMR spectra of s-1, s-3, and star-V in
CDCl; (400 MHz). The insets show the expanded *H NMR spectra.
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Figure 2-14. (@) MALDI-TOF MS spectrum of s-1 (Mynvr = 11,200 g mol™), (b) the
expanded spectrum from 8900 to 9500 Da, and (c) the structure assignment. The
MALDI-TOF MS spectrum of s-1 showed two sets of peaks, which have a regular interval of
220.13 Da corresponding to the M2 repeating unit. The major set of peaks denoted by the
filled circle (o) was assigned to the poly(M2) having two amino groups at the chain center,
and another set of peaks denoted by the open circle (o) was assigned to the poly(M2) having
an amino group and an azido group at the chain center. It had been reported that the azido
group decomposed into an amino group during the ionization process of the MALDI-TOF MS
measurement,®’ thus the author concluded that the observed two species corresponded to the
expected chemical structure of s-1.
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Figure 2-15. (a) MALDI-TOF MS spectrum of s-3 (Manmr = 5,800 g mol™), (b) the
expanded spectrum from 5200 to 6000 Da, and (c) the structure assignment. The
MALDI-TOF MS spectrum of s-3 showed only one set of peaks having a regular interval of
220.13 Da for the molar mass of the M1 unit, and the peak at m/z of 5554.46 Da well agreed
with the molar mass for the 25-mer of s-3 with Na* (5554.94 Da).

The intermolecular click reaction of s-1 and s-3 was carried out using the CuBr/PMDETA
catalyst system in DMF at 100 °C in which an excess amount of s-3 was added with respect to
s-1. The absence of the starting material s-1 was confirmed by FT-IR analysis in which the
absorption at 2098 cm™ due to the azido groups completely disappeared (Figure 2-16). The
obtained product was purified by removing the unreacted s-3 using preparative SEC to give a
light brown waxy solid in 50.9% vyield. The SEC analysis revealed an increase in the
molecular weight of the product when compared to the precursor polymers, s-1 and s-3

(Figure 2-13a). In addition, the dispersity value remained narrow (B = 1.03). These
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results indicated that the quantitative coupling of s-1 and s-3 had occurred to produce the
A2B;-type miktoarm star copolyether star-V. The 'H NMR spectra of the obtained product
showed the new signals A’(4.26-4.40 ppm), B’ (4.75-4.91 ppm), and C’(7.58-7.64 ppm) due
to the newly formed triazole rings and it neighboring methylenes produced through the click
reaction, while the signals due to the methylene adjacent to the azido group (A; 3.26 ppm) of
s-1 and the ethynyl group (B; 4.30 ppm, C; 2.39 ppm) of s-3 completely disappeared (Figure
2-13b). In addition, the Mynwr OF 22,200 g mol™ for the isolated star-V well agreed with
the Mpcac Of 22,400 g mol™ (Table 2-3). These results definitely confirmed that the

well-defined A,B,-type miktoarm star copolyether, star-V, was obtained with a sufficient

purity.

Table 2-3. Synthesis of A,B,-type Miktoarm Star Copolyether (star-V) and the Corresponding
Precursors (s-1 and s-3)

polymer Mn’calcj Mn’NMFfla Mn’SEC: pP
[g mol ] [g mol ] [g mol ]

s-1 11,400 11,200 9,420 1.04

s-3 5,530 5,800 4,900 1.05

star-V 22,400 22,200 15,300 1.03

2 Determined by 'H NMR in CDCls. ® Determined by SEC in THF using polystyrene
standards.
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Figure 2-16. FT-IR spectra of s-1 (upper) and star-V (lower).

The A,B-type miktoarm star copolyether star-VI was also synthesized via the
intermolecular click coupling strategy (Scheme 2-6). First, the t-Bu-P4-catalyzed ROP of
M1 using i-V as an initiator was carried out at the [M2]o/[i-V]o/[t-Bu-P4]o ratio of 50/1/1 to
give the hydrophobic precursor polymer having an azido group at the chain center (s-4) in
81.9% (Mnnmr = 10,600 g mol ™, © = 1.03, DP = 49). The *H NMR spectrum of s-4 showed
the signals of the polyether backbone along with the minor signal at 3.26 ppm (proton A) due
to the initiator residue (Figure 2-17b). In addition, the MALDI-TOF MS analysis definitely
confirmed that s-4 with the expected chemical structure was obtained (Figure 2-18). The
hydrophilic precursor polymer having an ethynyl group at the w-chain end (s-5; Mpnmr =
11,400 g mol*, © = 1.04, DP = 50) was prepared by the w-end ethynylation of the poly(M2)

which was obtained by the t-Bu-P4-catalyzed ROP of M2 with i-1V as the initiator. The
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intermolecular click reaction between s-4 and s-5 was carried out using the same condition as
described for the reaction between s-1 and s-3. The excess of s-4 was removed by reacting
with the propargyl-functionalized Wang resin (PSt-C=CH), and the disappearance of s-4 was
confirmed by an FT-IR analysis (Figure 2-19a). The reacted mixture was then purified
using an alumina column and preparative SEC to give a coupling product in 61.5% vyield.
The obtained polymer was identified to be the targeted miktoarm star copolymer star-VI by
the 'H NMR and SEC analyses. The *H NMR spectrum showed signals, A’(4.25-4.36 ppm),
B’ (4.74-4.84 ppm), and C’ (7.59-7.62 ppm) due to the triazol ring and its neighboring
methylenes, while the signals due to the ethynyl group (B; 4.33 ppm, C; 2.49 ppm) and the
methylene adjacent to the azido group (A; 3.26 ppm) were not detected (Figure 2-17b). The
Mnnmr (22,200 g mol™) of star-V1 was well agreed with the predicted value (22,200 g mol™),

and the B value was determined to be 1.05 by the SEC analysis (Table 2-4).
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Figure 2-17. (a) SEC traces of s-4, s-5, and star-V1 (dotted line, before purification; solid line,
after the purification using preparative SEC). (b) *H NMR spectra of s-4, s-5 and star-V1 in
CDCl; (400 MHz).
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Figure 2-18. (a) MALDI-TOF MS spectrum of s-4 (Mynwr = 10,600 g mol™), (b) the
expanded spectrum from 9000 to 9800 Da, and (c) the structure assignment.
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Figure 2-19. FT-IR spectra of the polymers. (a) s-4 (upper) and star-VI (lower). (b) s-6
(upper) and star-VI1I (lower).

In a similar fashion, the AB,-type miktoarm star copolyether (star-VII; Mynmr =
22,300 g mol!, B = 1.03) was obtained in 61.8% vyield, starting from the hydrophilic
precursor with an azido group at the chain center (5-6; My amr = 11,500 g mol™, B = 1.03, DP
= 50) and the hydrophobic precursor with an ethynyl group at the w-chain end (s-7; M, nvRr =
10,800 g mol™?, ® = 1.03, DP = 50) (Figure 2-20). Thus, the coupling-onto method
combined with the well-defined precursors prepared via the t-Bu-P,4-catalyzed ROP worked

well to produce the miktoarm star copolyethers star-V, star-VI, and star-V1I.
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Table 2-4. Synthesis of A,B- and AB,-type Miktoarm Star Copolyethers (star-VI, star-V1I)
and the Corresponding Precursors

polymer Mn’calcj Mn'NMFfla Mn'SEC: pP
[g mol™] [g mol™] [g mol™]
s-4 11,100 10,600 8,390 1.03
s-5 11,100 11,400 9,450 1.04
star-VI 22,200 22,200 16,700 1.05
s-6 11,500 11,500 11,100 1.03
s-7 10,700 10,800 8,940 1.03
star-VI1l 22,200 22,300 17,000 1.03

2 Determined by *H NMR in CDCls. ® Determined by SEC in THF using polystyrene
standards
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Figure 2-20. (a) SEC traces of s-6, s-7, and star-V11 (dotted line, before purification; solid
line, after the purification using preparative SEC). (b) *H NMR spectra of s-6, s-7 and
star-VI1I in CDCl3; (400 MHz).
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2.2.4 Self-assembly Properties of Amphiphilic Star-shaped Block Copolyethers in Water
In order to investigate the effect of the branched architecture on the self-assembly
properties in water, the author determined the critical micelle concentration (CMC), the
morphology of the aggregates, and the cloud point (T.4) for the obtained star-shaped block
copolyethers (star-1, star-11, star-111, star-1V, star-V, star-VI, and star-VII) and linear
diblock copolymer (linear-1). Importantly, the samples used in this study have comparable
total molecular weights (ca. 22,200 g mol ™) and hydrophobic/hydrophilic ratios (ca. 50:50)
(Table 2-5). Thus, the author can obtain information about the pure effect of the star-shaped
architectures on the aqueous self-assembly behaviors. First, the author determined the CMC
of the block copolyethers in pure water by a fluorescence technique using pyrene as the probe
at room temperature. The CMC value of the block copolyethers were in the range of 1.3 to
52 mg L™ (Table 2-5 and Figure 2-21), implying a minimal effect of the branched

architecture on the CMC value.
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Figure 2-21. Variation in l,/l3 of pyrene emission spectra for star-1, star-11, star-111, star-1V,
star-V, star-VI, and star-V11 as a function of polymer concentrations (measured at 25 °C).

Table 2-5. Molecular Characteristics, Critical Micelle Concentrations (CMC),
Hydrodynamic radii (Ry), and Cloud Points (T.g4,) of the Amphiphilic Block Copolyethers
MnnmR cmc® Tea'

sample g mol ' P®  DPy/DP,° mg L] Rn® [nm] el
star-I  (AB); 22,200  1.03 50/50 2.0 57 83
star-1l (BA); 22,200  1.02 50/50 2.8 116  n.d. (<30)¢
star-Ill ~ (AB); 22,200  1.02 52/50 1.3 106 77
star-IV  (BA); 22,200  1.02 51/51 5.1 102 n.d.(<30)¢
star-vV. A)B, 22200 1.03 50/50 2.8 43 96
star-VI  AB 22,200  1.05 50/51 5.2 46 77
star-VIl  AB, 22,300  1.03 50/50 3.4 18 92
linear-I AB 21,900 1.04 50/51 1.4 62 83

% Determined by 'H NMR. ° Determined by SEC in THF. © Number-average degree of
polymerizations of 2-(2-(2-methoxyethoxy)ethoxy)ethyl glycidyl ether (DP;) and decyl
glycidyl ether (DP,) in the copolymer were determined by *H NMR. ¢ Determined by
steady-state fluorescence method using pyrene as a probe at 25 °C. ® Determined based on
multi-angle DLS measurements (concentration, 0.50 g L™; temperature, 25 °C). " Determined
by turbidimetric analysis (concentration, 0.50 g L™). Tcq was defined by the temperature at
which the transmittance of sample solution reached 50%. ¢ The solution has already gotten
clouded.

79



Chapter 2

Next, the author investigated the micellar aggregate structures by dynamic light
scattering (DLS) and transmission electron microscopy (TEM). The micellar solution was
prepared by direct dissolution of the block copolyethers in pure water followed by filtration
using a 0.45 um PTFE membrane filter (the polymer concentration was adjusted to be 0.50 g
LY. The dynamic light scattering (DLS) experiment was employed to investigate the size
of the aggregates (Figure 2-22). The intensity-average size distribution of every block
copolymer aqueous solution displayed a monomodal peak corresponding to the aggregates
formed through the self-assembling process. Multi-angle DLS measurements for the
solutions revealed the linear dependence of the relaxation frequency (I" = 1/z) on the square of
the wavevector (g°), which clearly indicated the Brownian diffusive motion. The slope is
equal to the diffusion coefficient (D) of the aggregates in water, from which the
hydrodynamic radius (Ry) was calculated by the Stokes-Einstein relation and was in the range
of 18 — 116 nm (Table 2-5 and Figure 2-22). The actual morphology of the nanoparticles
was then evaluated by TEM observations, which revealed the presence of spherical
nanoparticles or agglomerates for every block copolyether sample (Figure 2-23). Given that
the Ry, value for the spherical nanoparticles of star-1, star-11, star-111, star-1V, star-V, star-VI,
and linear-1 were apparently higher than the fully-extended chain length of the block
copolyether (the full-extended chain lengths of star-1 and star-VI were calculated to be 18 nm

and 27 nm, respectively, in which the DP and molecular length of the monomeric repeating
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unit were assumed to be 100 and 0.358 nm, respectively), the resultant morphologies can be

assigned to a large compound micelle. Meanwhile, the spherical nanoparticle of star-VII

should be attributed to a regular spherical micelle due to the lower Ry, value of 18 nm. Thus,

the author found that the branched architecture of the block copolymer affected both the

dimensions and inner structure of the self-assembled nanoparticle. Interestingly, the author

found a tendency that the star-block copolyethers had larger micellar sizes than for the

miktoarm star ones (Figure 2-24a). Among the star-block coplyethers, however, no clear

correlation was observed between the micellar size and branched architecture. This should

be due to the complicated chain packing structures around the interface between the

hydrophobic core and hydrophilic shell regions. In contrast, the comparison of the micellar

size among the miktoarm star copolyethers proved the tendency that the introduction of the

branched hydrophilic block led to forming smaller micellar aggregates; star-VI (46 nm) >

star-V (43 nm) >> star-VII (18 nm) (Figure 2-24a). The local growth in the shell region

due to the branched hydrophilic block caused the increase in the curvature at the core-shell

interface, which might led to forming a micellar aggregate with a smaller size (Figure 2-24b).

On the other hand, linear-1 showed larger micellar size than the miktoarm star ones, that was

also explainable due to the longer chain length of hydrophilic and hydrophobic blocks.
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Figure 2-22. Particle size distribution (measured at the scattering angle of 90 °; left) and
dependence of the relaxation frequency (I') on the squared wave vector (g°) (right) for the
micellar solutions of star-1, star-11, star-111, star-1V, star-V, star-VI, star-VIl, and linear-I
(050 g L™, 25 °C). The R, value (hydrodynamic radius) was calculated based on the
Stokes-Einstein relation using the slope of the I" vs. g° plot.
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star-\I1 star-\/I1

Figure 2-23. TEM images of micellar aggregates formed from star-1, star-11, star-11l,
star-1V, star-V, star-VI, and star-VI1 (polymer concentration, 0.50 g L ™).
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Figure 2-24. Schematic representation of (a) Ry values of the amphiphilic block copolyethers
and (b) the proposed correlation between the branched architecture and Ry, values of star-V,
star-VI, and star-VI1I.
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Finally, the author evaluated the cloud point (T.g4) of the block copolyether solution,
which is one of the important specifications of nonionic surfactants. The T.gq, in water was
evaluated based on a turbidimetric measurement and was defined as the temperature at which
the transmittance of the block copolyether solution reached 50%. The (AB);- and (AB)3-type
star-block copolyethers, star-1 and star-111, exhibited a T.4 at 83 °C and 77 °C, respectively,
while the (BA);- and (BA)s3- type star-block copolyethers, star-11 and star-1V, had already
clouded at room temperature (Table 2-5, Figure 2-25, and Figure 2-26). The significantly
low T.q Vvalues of star-1l and star-1V were attributed to the enhanced inter-micelle

cross-linking through the hydrophobic end blocks.*

When compared with the T4 values
among the miktoarm star copolyethers and the linear copolyether, the author found that the
introduction of the branched hydrophilic block led to a higher T.q4 value; star-V (96 °C) =
star-VII (92 °C) > linear-1 (83 °C) > star-VI (77 °C). These results suggested that the
branched hydrophilic arm on the shell region would reduce the inter-micelle linkage due to its
lower entanglement nature. From these results, the author can conclude that the star-shaped
arhictectures as well as the block arrangement of the hydrophilic/hydrophobic parts play an

important role in the aqueous self-assembly properties of the amphiphilic block copolyethers

leading to various micellar morphologies, solubilities, and stabilities.
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Figure 2-25. Temperature dependence of optical transmittance at 300 nm obtained for 0.50 g
L aqueous solution of star-shaped block copolyethers.
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Figure 2-26. Schematic representation of T.4 values of the amphiphilic star-shaped block
copolyethers.
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2.3 Conclusions

The author have demonstrated the synthesis of a comprehensive set of amphiphilic

star-shaped block copolyethers, i.e., the (AB)s-, (BA)s-, (AB)s-, and (BA)s-type star-block

copolyethers and the A;B,-, AB,-, and A,B-type miktoarm star copolyethers, via the

t-Bu-P,4-catalyzed ROP combined with the core-first or the coupling-onto approaches. The

well-controlled nature of the t-Bu-P4-catalyzed ROP system made it possible to produce the

narrowly-dispersed amphiphilic star-shaped block copolyethers with a comparable molecular

weight and monomer composition. The presented synthetic route provided easy access to

well-defined block copolyethers with various branched architectures, which might be useful

as a model system for investigating the pure effect of the branched architecture on the

self-assembly properties. The preliminary study of the aqueous self-assembly of the

obtained amphiphilic block copolyethers revealed that the branched architecture affected the

inner structure and size of the resultant micelles but did not affect the CMC values. In

addition, the T.4 value of the aqueous solution was also found to be dependent on the

branched architecture.
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2.4 Experimental Section

Materials. 6-Azido-1-hexanol,*® Decyl glycidyl ether (M1)* and
2-(2-(2-Methoxyethoxy)ethoxy)ethyl glycidyl ether (M1)** were synthesized according to
reported methods, purified by distillation under vacuum over calcium hydride, and stored
under ~ an  argon  atmosphere. 1,2,4,5-Benzenetetramethanol (i-1),%
2-[(6-azidohexyloxy)methyl]-2-methylpropane-1,3-diol (i-V),*
5,5-bis(bromomethyl)-2,2-dimethyl-1,3-dioxane,”® and propargyl-functionalized Wang resin
(PSt-C=CH)* were prepared according to reported methods. 60% NaH, propargyl bromide,
1,3,5-benzenetrimethanol (i-11), palladium 10% on carbon (Pd/C; wetted with ca. 55% water),
and N,N,N’,N”,N "-pentamethyldiethylenetriamine (PMDETA) were purchased from Tokyo
Chemical Industry Co., Ltd. (TCI) and used as received. 1,2-Butylene oxide (BO) and
3-Phenyl-1-propanol (i-1V) was purchased from TCI, and purified by distillation under
vacuum over calcium hydride. t-Bu-P4 (in n-hexane as 1.0 mol L™ solution) and copper(l)
bromide were purchased from Sigma-Aldrich Chemicals Co. and used as received. Dry
dimethylformamide (DMF; >99.5%; water content, <0.005%), dry toluene (>99.5%; water
content, <0.001%), and dry tetrahydrofuran (THF; >99.5%; water content, <0.001%) were
purchased from Kanto Chemical Co., Inc., and used as received.

Instruments. The polymerization was carried out in an MBRAUN stainless steel

glovebox equipped with a gas purification system (molecular sieves and copper catalyst) and
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a dry argon atmosphere (H,O, O, <1 ppm). The moisture and oxygen contents in the
glovebox were monitored by an MB-MO-SE 1 moisture probe and an MB-OX-SE 1 oxygen
probe, respectively. The solvent used for the polymerization (toluene) was purified using an
MBRAUN solvent purification system (MB SPS COMPACT) consisting of an activated
alumina column and an activated copper catalyst column. The number-average molecular
weight (Mnsec) and dispersity (B) of the polymers were calculated on the basis of a
polystyrene (PSt) calibration. The size exclusion chromatography (SEC) was performed at
40 °C in THF (flow rate, 1.0 mL min™) using a Shodex GPC-101 gel permeation
chromatography system (Shodex DU-2130 dual pump, Shodex RI1-71 reflective index detector,
and Shodex ERC-3125SN degasser) equipped with a Shodex KF-G guard column (4.6 mm x
10 mm; particle size, 8 um) and two Shodex KF-804L columns (linear, 8 mm x 300 mm).
The preparative SEC was performed in CHCI5 (3.5 mL min™) at 23 °C using a JAI LC-9201
equipped with a JAI JAIGEL-2H column (20 mm x 600 mm; exclusion limit, 5 x 10%), a JAI
JAIGEL-3H column (20 mm x 600 mm; exclusion limit, 7 x 104) and a JAI RI-50s refractive
index detector. The intrinsic viscosity ([7]) of the polymer solution was determined by SEC in
THF (flow rate, 1.0 mL min) at 40 °C using an Agilent 1100 series instrument equipped
with two Shodex KF-804L columns (linear, 8 mm x 300 mm) and a viscosity detector (Wyatt
Technology). The *H (400 MHz) and **C NMR (100 MHz) spectra were recorded using a

JEOL ECS400 instrument. The Fourier transform infrared spectroscopy (FT-IR) analysis was
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carried out using a Perkin-Elmer Frontier MIR spectrometer equipped with a Single
Reflection Diamond Universal Attenuated Total Reflection (ATR) accessory. Matrix-assisted
laser desorption ionization time-of-flight mass spectrometry (MALDI-TOF MS) of the
obtained polymers was performed using an Applied Biosystems Voyager-DE STR-H equipped
with a 337-nm nitrogen laser (3-ns pulse width). Two hundred shots were accumulated for the
spectra at a 20-kV acceleration voltage in the reflector mode and calibrated using polystyrene
as the internal standard. Samples for the MALDI-TOF MS measurement were prepared by
mixing the polymer (10 g L™, 100 pL, in THF), a matrix (dithranol, 20 g L%, 20 uL, in THF),
and a cationizing agent (sodium trifluoroacetate, 10 g L™, 20 L, in methanol).

Synthesis of 2,2-Bis((6-azidohexyloxy)methy)propane-1,3-diol (i-11l). To a
stirred solution of 6-azido-1-hexanol (5.67 g, 39.6 mmol) in dry DMF (50.0 mL) was added
NaH (3.20 g, 80.0 mmol; 60% in mineral oil) and stirred under a nitrogen atmosphere at
50 °C for 30 min. After cooling to 0 °C, 5,5-bis(bromomethyl)-2,2-dimethyl-1,3-dioxane
(4.00 g, 13.2 mmol) was added to the reaction mixture, and the entire mixture was stirred
under a nitrogen atmosphere at 60 °C for 48 h.  After removing the solvent by evaporation,
the obtained residue was dissolved in diethyl ether and washed three times with water. The
combined organic layer was dried over anhydrous Na,SO, and then concentrated. The
residue was purified by silica gel column chromatography (n-hexane/AcOEt = 3/2 (v/v), Rs =

0.62) to give 5,5-bis((6-azidohexyloxy)methy)-2,2-dimethyl-1,3-dioxane (2.69 g) as a
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colorless liquid. Yield: 47.8%. 'H NMR (400 MHz, CDCls): & (ppm) 3.74 (s, 4H,
N3(CH,)sOCH,-), 3.38 (m, 8H, —C(CH,0),C—, N3(CH,)sCH,-), 3.26 (t, J = 8.00 Hz, 4H,
N3CH,-), 1.41-1.59 (m, 16H, NsCH2(CH,)sCH,0-), 1.26 (s, ~CH3). *C NMR (100 MHz,
CDCls) § (ppm): 98.0 ((CH3),C-), 71.3 (N3(CH,)sCH,0-), 71.2 (N3(CH,)sOCH,-), 62.8
(C(CH,0—Acetal),), 51.4 (N3CH,-), 39.3 (—(CH.),C(CH,),-), 29.6 (NsCH,CH,-), 29.3
(N3(CH>)4CH3-), 27.0 (N3(CH2).CH2-), 25.7 (N3(CH2)3sCH2—), 23.75(—CH3).

To a stirred solution of 5,5-bis((6-azidohexyloxy)methy)-2,2-dimethyl-1,3-dioxane
(2.69 g, 6.31 mmol) in methanol (50.0 mL) was added a cation exchange resin (DOWEX
50W-X2-200, 2.67 g), and the reaction mixture was stirred at room temperature for 24 h.
The reaction mixture was filtered to remove the resin, and the filtrate was concentrated. The
residue was purified by silica gel column chromatography (n-hexane/AcOEt = 1/2 (v/v), Rs =
0.56) to give i-111 (987 mg) as a colorless liquid. Yield: 40.5%. 'H NMR (400MHz,
CDCls): & (ppm) 3.64 (s, 4H, —CH,0H), 3.49 (s, 4H, N3(CH,)sOCH,-), 3.43 (t, J = 4.00, 4H,
N3(CH,)sCH,0-), 3.27 (t, J = 4.00, 4H, N3CH,-), 2.93 (s, 2H, —OH), 1.59 (m, 8H,
N3(CH2).CH,—, N3(CH3)3sCH2—), 1.37 (m, 8H, N3CH,CH,—, N3(CH,),CHy-). 3C NMR
(100 MHz, CDCl3): & (ppm) 72.9 (N3(CH)sCH,0-), 71.7 (N3(CH2)sOCHy-), 64.5
(-CH,OH), 51.3 (N3CHy-), 44.5 (—(CH,0),C(CH,0H),), 29.3 (N3CH,CH,-), 28.9
(N3(CH2)4CH2-), 26.4 (N3(CH,),CHy-), 25.7 (N3(CH3);CH,-).  Anal. Calcd. for

C17H34Ng04: C, 52.83; H, 8.87; N, 21.74. Found: C, 52.86; H, 8.94; N, 21.55.
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Synthesis of Four-Armed Star-Shaped Poly(butylene oxide) (star-PBO). To a
stirred suspension of i-1 (19.0 mg, 95.9 pmol) and t-Bu-P, (95.9 pL as 1.0 mol-L™ stock
solution in n-hexane, 95.9 pumol) in toluene (536 pL) was added BO (500 uL, 5.76 mmol),
and the mixture was stirred at room temperature for 20 h. An excess of benzoic acid was then
added to the mixture to terminate the polymerization, and the polymer was purified by passing
through a pad of alumina to give star-PBO as a colorless viscous liquid (132 mg). Yield:
30.6%. '"H NMR (400 MHz, CDCls): § (ppm) 7.30 (aromatic), 4.52 (Ph(CH,O—PBO),),
3.29-3.75 (~OCH2CH(CH,CH3)0-, —OCH,CH(CH,CH3)0-), 1.36-1.69
(—OCH,CH(CH,CH3)0-), 0.92 (-OCH,CH(CH,CH3)0-). Mynmr = 4650 g mol™; My sec =
5770 g mol % B = 1.03.

Hydrogenolysis of star-PBO. A mixture of star-PBO (M, nwvr = 4650 g mol™, 100
mg) and the Pd/C (100 mg) in THF (15 mL) was stirred under a hydrogen atmosphere at room
temperature for 24 h. The reaction mixture was filtered to remove Pd/C, and the filtrate was
evaporated to dryness to give the cleaved PBO (HO-PBO) as a colorless viscous liquid (83.0
mg). Yield: 83.0%. *H NMR (400 MHz, CDCl5): & (ppm) 3.29-3.75 (~OCH,CH(CH,CHs)O—,
~OCH,CH(CH,CH3)0-), 1.36-1.69 (~OCH,CH(CH,CH3)0-), 0.92
(~OCH,CH(CH,CH3)0-). My sec = 1320 g mol % B = 1.13.

Synthesis of poly-M1. A typical polymerization procedure is as follows (Procedure

A): M1 (276 pL, 1.17 mmol) was added to a stirred solution of i-1V (46.7 uL as a 1.0 mol L™
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stock solution in toluene, 46.7 umol) and t-Bu-P, (46.7 uL as a 1.0 mol L stock solution in
n-hexane, 46.7 umol) in toluene (97 pL), and the mixture was stirred at room temperature for
20 h. An excess of benzoic acid was then added to the mixture to terminate the polymerization,
and the polymer was then purified by passing through a pad of alumina with THF to give
poly-M1 as a colorless viscous liquid (232 mg). Yield: 93.0%. *H NMR (400 MHz, CDCl5): 6
(ppm) 7.36, 7.17 (aromatic), 3.29-3.75 (Ph(CH2),CH,OCH,—,
~OCH,CH(CH,OCH,(CH,)sCH3)0-), 2.68 (PhCH,CH,CH,-), 1.85 (PhCH,CH,CH,0-),
1.10-1.69 (~OCH,CH(CH,0CH,CH,(CH,);CH3)0-), 0.78-0.95
(~OCH,CH(CH,0CH,(CH,)sCH3)0-). Manwr = 5710 g mol™; Mysec = 4890 g mol ™
Mw/M,, = 1.05.

Synthesis of poly-M2. Procedure A was used for the polymerization of M2 (234
uL, 1.14 mmol) with i-1V (45.4 pL as 1.0 mol L™ stock solution in toluene, 45.4 umol) and
t-Bu-P, (45.4 pL as 1.0 mol L™ stock solution in n-hexane, 45.4 pmol) in toluene (129 pL) to
give poly-M2 as a colorless viscous liquid (101 mg). Yield: 40.0%. 'H NMR (400 MHz,
CDCl3): o (ppm) 7.36, 7.17 (aromatic), 3.29-3.75 (Ph(CH),CH,OCH,—,
~OCH,CH(CH,0(CH,CH,0)sCH3)0-), 2.68 (PhCH,CH,CH,-), 1.85 (PhCH,CH,CH,0-).
Mnnmr = 5750 g mol™; My sec = 4440 g mol™*; My/M, = 1.05.

Synthesis of linear-1. A typical block copolymerization procedure is as follows

(Procedure B): M1 (276 pL, 1.17 mmol, first monomer) was added to a stirred solution of
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i-1V (23.3 pL as 1.0 mol L™ stock solution in toluene, 23.3 pmol) and t-Bu-P, (23.3 pL as 1.0
mol L* stock solution in n-hexane, 23.3 pmol) in toluene (144 uL), then the mixture was
stirred at room temperature for 20 h. M2 (241 pL, 1.17 mmol, second moonmer) and
toluene (226 uL) were added to the stirred mixture to further continue the polymerization.
After stirring for 20 h at room temperature, an excess of benzoic acid was then added to the
mixture to terminate the polymerization, and the polymer was purified by passage through a
pad of alumina with THF to give linear-1 as a colorless waxy solid (456 mg). Yield: 90.0%.
'H NMR (400 MHz, CDCl3): & (ppm) 7.36, 7.17 (aromatic), 3.29-3.75 (Ph(CHy),CH,OCH,—,
~OCH,CH(CH,OCH,(CH,)sCH3)0—,  —OCH,CH(CH,O(CH,CH,0);CH3)0-),  2.68
(PhCH,CH,CHy-), 1.10~1.69 (PhCH,CH,CH,0—, ~OCH,CH(CH,OCH,CH,(CH,);CH3)0-),
0.78-0.95 (~OCH,CH(CH,0CH2(CH,)sCH3)0-). Mynmr = 21900 g mol™; My sec = 15900 g
mol™; My/M, = 1.04.

Synthesis of linear-11. Procedure B was used for the polymerization of M2 (234 puL, 1.14
mmol, first monomer), and M1 (269 pL, 1.14 mmol, second moonmer) with i-1V (22.7 pL as
1.0 mol L™ stock solution in toluene, 22.7 umol) and t-Bu-P4 (22.7 pL as 1.0 mol L™ stock
solution in n-hexane, 22.7 pmol) in toluene (360 pL) to give linear-11 as a colorless waxy
solid (457 mg). Yield: 93.0%. *H NMR (400 MHz, CDCls): 6 (ppm) 7.36, 7.17 (aromatic),
3.29-3.75 (Ph(CH,),CH,OCH,—, ~OCH,CH(CH,OCH,(CH,)sCH3)O—,

~OCH,CH(CH,0(CH,CH,0)sCH3)0-), 2.68 (PhCH,CH,CH,-), 1.10-1.69
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(PhCH,CH,CH,0—, ~OCH,CH(CH,OCH,CH,(CH,)7CH3)0O-), 0.78-0.95
(~OCH,CH(CH,0CH3(CH2)sCH3)0~). Manwr = 21800 g mol™; Mysec = 13800 g mol %
Mw/M, = 1.05.

Synthesis of (AB);-type star-block copolyether (star-1). Procedure B was used for
the diblock polymerization of M1 (553 pL, 2.33 mmol, first monomer, polymerization time =
20 h) and M2 (482 pL, 2.33 mmol, second monomer, polymerization time = 20 h) with i-I
(9.3 mg, 47 pmol) and t-Bu-P, (23.3 uL as 1.0 mol L™ stock solution in n-hexane, 23.3 pmol)
in toluene (809 L) to give star-1 as a colorless waxy solid (893 mg). Yield: 88.1%. *H NMR
(400 MHz, CDCl3): o (ppm) 7.17 (aromatic), 4.55 (-PhCH,0-), 3.29-3.75
(~OCH,CH(CH,0CH3(CH,)sCH3)0—, —OCH,CH(CH,0(CH,CH,0);CH3)0-), 1.10-1.69
(—~OCH,CH(CH,0CH,CH,(CH,);CH3)0-), 0.78-0.95 (~OCH,CH(CH,OCH,(CH,)sCH3)O-).
Mnnwmr = 22,200 g mol™*; My sec = 16,800 g mol™; B = 1.03.

Synthesis of (BA),-type Star-Block Copolyether (star-11). Procedure B was used
for the diblock polymerization of M2 (467 pL, 2.27 mmol, first monomer, polymerization
time = 20 h) and M1 (538 pL, 2.27 mmol, second monomer, polymerization time = 20 h) with
i-1 (9.0 mg, 45 umol) and t-Bu-P4 (22.7 pL as 1.0 mol L™ stock solution in n-hexane, 22.7
pmol) in toluene (809 L) to give star-11 as a colorless waxy solid (832 mg). Yield: 84.3%.
'H NMR (400 MHz, CDCls): 6 (ppm) 7.17 (aromatic), 4.55 (-PhCH,O-), 3.29-3.75

(~OCH,CH(CH,0CH,(CH,)sCHs)O—, —OCH,CH(CH;0(CH,CH,0);CH3)0-), 1.10-1.69
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(—~OCH,CH(CH,0CH,CH,(CH,);CH3)0-), 0.78-0.95 (~OCH,CH(CH,OCH,(CH,)sCH3)O-).
Mnnwvir = 22,200 g mol ™% My, sec = 16,200 g mol % B = 1.02.

Hydrogenolysis of star-11. Pd/C (450 mg) was added to a stirred solution of star-11
(150 mg) in THF (3.0 mL), then the mixture was stirred under a hydrogen atmosphere at room
temperature for 48 h. After removing the Pd/C by filtration, the cleaved
poly(M2)-b-poly(M1) arm was obtained as a colorless viscous liquid (138 mg). Yield:
92.0%. H NMR (400 MHz, CDCl): &  (ppm)  3.29-3.75
(—~OCH,CH(CH,0CH,(CH,)sCH3)0—, —OCH,CH(CH,0(CH,CH,0)sCH3)0-), 1.10-1.69
(—~OCH,CH(CH,0CH,CH,(CH,);CH3)0-), 0.78-0.95 (~OCH,CH(CH,OCH,(CH,)sCH3)O-).
Mnsec = 4,850 g mol™; © = 1.04.

a,w-End acetylation of Cleaved Poly(M2)-b-poly(M1). The cleaved
poly(M2)-b-poly(M1) arm (50 mg) and acetic anhydride (20.4 mg, 200 umol) were added to
a solution of 4-dimethylaminopyridine (2.4 mg, 20 pumol) in pyridine (3.0 mL), then the
mixture was stirred at room temperature for 24 h. The reaction mixture was diluted with
EtOAc and washed three times with a CuSO,4 aqueous solution. The organic layer was
concentrated, and the residue was purified by dialysis against MeOH to give
a,w-end-acetylated poly(M2)-b-poly(M1) as a colorless viscous liquid (47.6 mg). Yield:
95.2%. *H NMR (400 MHz, CDCls): d (ppm) 5.09 (CH3COOCH(CH;0(CH,)eCHs)CH,0-),

4.04-4.12 (CHsCOOCH,CH(CH,0(CH,CH,0);CH3)0-), 3.29-3.75
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(~OCH,CH(CH,0CH3(CH.)sCH3)0—,  —OCH,CH(CH,0(CH,CH,0)3sCH3)0-), 2.07
(CH;COO0-), 1.10-1.69  (—OCH,CH(CH,OCH,CH,(CH,);CH3)0-),  0.78-0.95
(~OCH,CH(CH,0CH3(CH.)sCH3)0-).  Mnnwr = 5,470 g mol™; My sec = 5,460 g mol™; B
=1.04.

Synthesis of (AB)s-type star-block copolyether (star-111). Procedure B was used
for the block copolymerization of M1 (553 pL, 2.33 mmol, first monomer, polymerization
time = 20 h) and M2 (482 pL, 2.33 mmol, second monomer, polymerization time = 20 h) with
i-11 (7.9 mg, 47 umol) and t-Bu-P4 (23.3 pL as 1.0 mol L™ stock solution in n-hexane, 23.3
pmol) in toluene (1.21 mL) to give star-111 as a colorless waxy solid (811 mg). Yield: 80.0%.
'H NMR (400 MHz, CDCly): 6 (ppm) 7.17 (aromatic), 4.50 (-PhCH,0O-), 3.29-3.75
(~OCH,CH(CH,0CH3(CH,)sCH3)0—, —OCH,CH(CH,0(CH,CH,0);CH3)0-), 1.10-1.69
(—~OCH,CH(CH,0CH,CH,(CH,);CH3)0-), 0.78-0.95 (~OCH,CH(CH,OCH,(CH,)sCH3)O-).
Mnnwmr = 22,200 g mol™*; My sec = 15,600 g mol™; B = 1.02.

Synthesis of (BA)s-type star-block copolyethers (star-1V). Procedure B was used
for the diblock polymerization of M2 (467 pL, 2.27 mmol, first monomer, polymerization
time = 20 h) and M1 (538 pL, 2.27 mmol, second monomer, polymerization time = 20 h) with
i-11 (7.6 mg, 45 umol) and t-Bu-P4 (22.7 pL as 1.0 mol L stock solution in n-hexane, 22.7
pmol) in toluene (1.17 mL) to give star-1V as a colorless waxy solid (743 mg). Yield: 75.3%.

'H NMR (400 MHz, CDCl3): 6 (ppm) 7.16 (aromatic), 4.50 (—~PhCH,0-), 3.29-3.75
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(—~OCH,CH(CH0CH,(CH,)sCH3)0~, —OCH,CH(CH,0(CH,CH,0)sCH3)0-), 1.10-1.69
(—~OCH,CH(CH,0CH,CH(CH,);CH3)0-), 0.78-0.95 (~OCH,CH(CH,OCH,(CH,)sCH3)O-).
Mnnwvir = 22,200 g mol ™% My, sec = 15,900 g mol % & = 1.02.

Hydrogenolysis of star-IV and a,w-End acetylation of the cleaved
poly(M2)-b-poly(M1). Pd/C (300 mg) was added to a stirred solution of star-1V (100 mg)
in THF (3.0 ml), and the mixture was stirred under a hydrogen atmosphere at room
temperature for 48 h.  After removing Pd/C by filtration, the cleaved poly(M2)-b-poly(M1)
arm was obtained as a colorless viscous liquid (89 mg). Yield: 89.0%. 'H NMR (400 MHz,
CDCly): 5 (ppm) 3.29-3.86 (—~OCH,CH(CH,0CH,(CH,)sCH3)0—,
~OCH,CH(CH,O(CH,CH,0);CH3)0-), 1.16-1.77
(—~OCH,CH(CH,0CH,CH,(CH,);CH3)0-), 0.78-0.95 (~OCH,CH(CH,OCH,(CH2)sCH3)O-).
Mnsec = 6,130 g mol™; © = 1.03.

The cleaved poly(M2)-b-poly(M1) arm (50 mg) and acetic anhydride (14.0 mg, 137 pumol)
were added to a solution of 4-dimethylaminopyridine (1.7 mg, 14 umol) in pyridine (3 mL),
and the mixture was stirred at room temperature for 24 h.  The reaction mixture was diluted
with EtOAc, then washed three times with a CuSO,4 aqueous solution.  The organic layer was
concentrated, and the residue was purified by dialysis against MeOH to give the
a,w-end-acetylated poly(M2)-b-poly(M1) as a colorless viscous liquid (42.2 mg). Yield:

84.4%. "H NMR (400 MHz, CDCl3): 6 (ppm) 5.08 (CHsCOOCH(CH,0(CH2)sCH3)CH,0-),
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4.04-4.27 (CH3sCOOCH,CH(CH,0(CH,CH,0)3sCH3)0-), 3.29-3.85
(~OCH,CH(CH,0CH3(CH.)sCH3)0—,  —OCH,CH(CH,0(CH,CH,0)3sCH3)0-), 2.07
(CH;COO0-), 1.05-1.69  (~OCH,CH(CH,OCH,CH2(CH,);CH3)0-),  0.78-0.95
(~OCH,CH(CH,0CH2(CH2)sCH3)0-). Manmr = 7,280 g mol ™ My sec = 6,770 g mol %, B =
1.03.

Synthesis of Poly(M2) with Two Azido Groups at Chain Center (s-1). The
typical homopolymerization procedure is as follows (Procedure A): M2 (234 L, 1.14 mmol)
was added to a stirred solution of i-111 (22.7 pL as 1.0 mol L™ stock solution in toluene, 22.7
pmol) and t-Bu-P4 (22.7 uL as 1.0 mol L™ stock solution in n-hexane, 22.7 pmol) in toluene
(174 pL), then the mixture was stirred at room temperature for 20 h. After the
polymerization, an excess of benzoic acid was then added to the mixture to terminate the
polymerization, and the polymer was purified by passage through a pad of alumina with THF
to give s-1 as a colorless viscous liquid (114 mg). Yield: 45.6%. ‘H NMR (400 MHz,
CDCl3): & (ppm) 3.29-3.75 (N3(CHy)sCH,OCH,—, —OCH,CH(CH,OCH(CH,)sCH3)O—,
~OCH,CH(CH,0(CH,CH,0)sCH3)0-), 3.26 (N3CHx-), 1.10-1.69 (N3CH,(CH2)4CH,0O-).
Mnnwvir = 11,200 g mol™; My sec = 9,420 g mol™; B = 1.04.

Synthesis of Poly(M1) with an w-End Hydroxyl Group (s-2). Procedure A was
used for the polymerization of M1 (276 pL, 1.17 mmol) with i-1V (46.7 pL as 1.0 mol L™

stock solution in toluene, 46.7 umol) and t-Bu-P, (46.7 pL as 1.0 mol L stock solution in
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n-hexane, 46.7 pmol) in toluene (97 pL) to give s-2 as a colorless viscous liquid (232 mg).
Yield: 93.0%. *H NMR (400 MHz, CDCls): § (ppm) 7.36, 7.17 (aromatic), 3.29-3.75
(Ph(CH,),CH,OCH,—, —OCH,CH(CH,OCH,(CH,)sCH3)0-), 2.68 (PhCH,CH,CH,-), 1.85
(PhCH,CH,CH,0-), 1.10-1.69 (~OCH,CH(CH,OCH,CH,(CH,):CHz)0-), 0.78-0.95
(—~OCH,CH(CH0CH3(CH2)sCH3)0-).  Mnnmr = 5,710 g mol™; My sec = 4,890 g mol™; B
= 1.05.

Synthesis of Poly(M1) with an w-End Ethynyl Group (s-3). The typical
procedure for the w-chain end ethynylation is as follows (Procedure C): NaH (14.0 mg, 350
pumol; 60% in mineral oil) was added to a stirred solution of s-2 (200 mg, 35.0 pmol) in THF
(9.0 ml), then the solution was stirred at 40 °C for 30 min. After cooling to room
temperature, propargyl bromide (26.2 pL, 350 pumol) was then added to the solution, and the
entire mixture was stirred at room temperature for 48 h. The polymer was purified by
passage through a pad of alumina to give s-3 as a pale yellow waxy solid (190 mg). Yield:
95.0%. *H NMR (400 MHz, CDCl3): 6 (ppm) 7.36, 7.17 (aromatic), 4.30 (-OCH,C=CH),
3.29-3.75 (Ph(CH>),CH,0OCH,—, ~OCH,CH(CH,0CH,(CH,)sCH3)0-), 2.68
(PhCH,CH,CH,-), 239  (-C=CH), 1.85  (PhCH,CH,CH,0-),  1.10-1.69
(~OCH,CH(CH,0CH,CH,(CH,);CH3)0-), 0.78-0.95 (~OCH,CH(CH,OCH,(CH,)sCH3)O-).

Mn nwvir = 5,800 g mol™; My sec = 4,900 g mol ™%; & = 1.05.
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Synthesis of A;B,-type miktoarm star copolyether (star-V). CuBr (10.1 mg, 70.2
pmol) and PMDETA (29.3 uL, 140 pmol) were added to a stirred solution of s-1 (114 mg,
10.2 pmol) and s-3 (161 mg, 28.1 umol) in degassed DMF (2.63 mL). The mixture was
stirred at 100 °C for 24 h.  After cooling to room temperature, the solvent of the mixture was
removed by evaporation, and the residue was purified by passage through a pad of alumina
followed by preparative SEC to give star-V a light brown waxy solid (140 mg). Yield:
50.9%. *H NMR (400 MHz, CDCls): J (ppm) 7.56 (triazole methine), 7.17 (aromatic), 4.79 (—
OCH,—triazole  ring), 4.33 (triazole ring—CHy(CH,)sO—-), 3.29-3.75 (triazole
ring—(CH3)sCH,OCH,—, Ph(CH,),CH,OCH,—, —OCH,CH(CH,0OCH,(CH2)sCH3)O—,
~OCH,CH(CH,0(CH,CH,0)sCH3)0-), 2.68 (PhCH,CH,CH,-), 1.85 (PhCH,CH,CH,0-),
1.10-1.69 (triazole ring~CH(CH,)sCH,0~, —~OCH,CH(CH,OCH,CH,(CH,);CH3)0-),
0.78-0.95 (~OCH,CH(CH,0OCH,(CH,)sCHz)0-).  Munmr = 22,200 g mol™; Mysgc =
15,300 g mol™; B = 1.03.

Synthesis of Poly(M1) with an azido group at chain center (s-4). Procedure A
was used for the polymerization of M1 (773 pL, 3.26 mmol) with i-V (16.0 mg, 65.3 pmol)
and t-Bu-P4 (65.3 pL as 1.0 mol L™ stock solution in n-hexane, 65.3 pmol) in toluene (467
uL) to give s-4 as a colorless viscous liquid (573 mg). Yield: 81.9%. *H NMR (400 MHz,
CDCly): ) (ppm) 3.29-3.80 (N3(CH2)sCH,OCH,-, —C(CH3)CH,0-,

~OCH,CH(CH,OCH,(CH,)sCH3)0-), 3.26 (NsCHz-), 1.10-1.69 (NsCHa(CH2)4CH,0-,
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~OCH,CH(CH,OCH,CH,(CH,)7CH3)0-), 0.78-0.98 (~OCH,CH(CH,OCH,(CH,)sCH3)O—,
—~C(CH3)CH,0-). M amr = 10,600 g mol™; M, sec = 8,390 g mol™; B = 1.03.

Synthesis of Poly(M2) with an w-end ethynyl group (s-5). Procedure A was used

for the polymerization of M2 (937 uL, 4.54 mmol) with i-1V (90.8 uL as 1.0 mol L™ stock
solution in toluene, 90.8 pmol) and t-Bu-P; (90.8 pL as 1.0 mol L™t stock solution in
n-hexane, 90.8 umol) in toluene (697 uL) to give poly(M2) as a colorless viscous liquid (715
mg). Yield: 71.5%. ‘H NMR (400 MHz, CDCls): § (ppm) 7.28, 7.18 (aromatic), 3.29-3.80
(Ph(CH,),CH,OCH,—, —OCH,CH(CH,0(CH,CH,0)3CH3)0-), 2.67 (PhCH,CH,CH,-), 1.87
(PhCH,CH,CH,0-). My nwir = 11,000 g mol ™% My, sec = 9,580 g mol™%; B = 1.03.
Procedure C was used for the propargylation of poly(M2) (710 mg) with NaH (44.7 mg, 644
umol; 60% in mineral oil) and propargyl bromide (48.3 uL, 644 pmol) in THF (5.0 mL) to
give s-5 as a pale yellow viscous liquid (632 mg). Yield: 89.0%. *H NMR (400 MHz, CDCls):
d (ppm) 7.28, 7.18 (aromatic), 4.33 (-OCH,C=CH), 3.29-3.80 (Ph(CHy);CH,OCH,—,
~OCH,CH(CH,0O(CH,CH,0)sCH3)0-), 2.67 (PhCH,CH,CH,-), 2.49 (-C=CH), 1.87
(PhCH,CH,CH,0-). My nwir = 11,400 g mol™; My sec = 9,450 g mol™; B = 1.04.

Synthesis of A;B-type miktoarm star copolyether (star-V1). To a stirred solution
of s-4 (153 mg, 14.4 umol) in degassed toluene (5.0 mL) were added s-5 (150 mg, 13.1 pumol),
CuBr (18.8 mg, 131 pumol), and PMDETA (54.7 pL, 262 pumol). The mixture was stirred at

70 °C for 24 h. PSt-C=CH (100 mg) was then added to the reaction mixture, and the entire
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mixture was stirred at 70 °C for 24 h.  After cooling to room temperature, the solvent of the
mixture was removed by evaporation, and the residue was purified by passage through a pad
of alumina followed by preparative SEC to give star-V1 as a light brown waxy solid (178 mg).
Yield: 61.5%. *H NMR (400 MHz, CDCls): 6 (ppm) 7.60 (triazole methine), 7.16 (aromatic),
4.79 (—OCH,—triazole ring), 4.30 (triazole ring—CH2(CH,)sO-), 3.29-3.80 (triazole
ring—(CHz)sCH,OCH,—, Ph(CH,),CH,OCH,—, —C(CH3)CH,0-,
~OCH,CH(CH,OCH,(CH,)sCH3)0—,  —OCH,CH(CH,O(CH,CH,0);CH3)0-),  2.70
(PhCH,CH,CH,-), 1.89 (PhCH,CH,CH,0-), 1.10-1.69 (triazole ring—CH,(CH,)sCH,0—,
~OCH,CH(CH,OCH,CH,(CH,);CH3)0-), 0.78-0.96 (~OCH,CH(CH,OCH,(CH,)sCH3)O-,
—~C(CH3)CH,0-).  Maamr = 22,200 g mol™; My sec = 16,700 g mol™; B = 1.05.

Synthesis of poly(M2) with an azido group at chain center (s-6). Procedure A
was used for the polymerization of M2 (522 pL, 2.53 mmol) with i-V (12.4 mg, 50.6 pmol)
and t-Bu-P4 (50.6 pL as 1.0 mol L™ stock solution in n-hexane, 50.6 pmol) in toluene (439
HL) to give s-6 as a colorless viscous liquid (358 mg). Yield: 64.3%. *H NMR (400 MHz,
CDCl): &  (ppm)  3.29-3.75  (N3(CHy)sCH,OCH,, ~C(CH3)CH.0-,
~OCH,CH(CH,0(CH,CH,0);CH3)0-), 3.26 (N3CHy-), 1.10-1.69 (N3CH(CH,)4CH,0-),
0.82 (~C(CH3)CH20-).  Mpnmr = 11,500 g mol™*; M, sec = 11,100 g mol ™ © = 1.03.

Synthesis of Poly(M1) with an w-end ethynyl group (s-7). Procedure A was used

for the polymerization of M1 (1.11 mL, 4.67 mmol) with i-1V (93.3 pL as 1.0 mol L™ stock
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solution in toluene, 93.3 pmol) and t-Bu-P; (93.3 pL as 1.0 mol L™t stock solution in
n-hexane, 93.3 umol) in toluene (575 pL) to give poly(M1) as a colorless viscous liquid (952
mg). Yield: 94.8%. H NMR (400 MHz, CDCl5): 6 (ppm) 7.26, 7.18 (aromatic), 3.29-3.75
(Ph(CH,),CH,0CH,—, —OCH,CH(CH,OCH,(CH5)sCH3)O-), 2.67 (PhCH,CH,CH,-), 1.86
(PhCH,CH,CH,0-), 1.10-1.65 (~OCH,CH(CH,OCH,CH,(CH,):CHz)0-), 0.78-0.95
(—~OCH,CH(CH,0CH,(CH.)sCH3)0-). My nwvr = 10,600 g mol™; My sec = 9,100 g mol %;
=1.03.
Procedure C was used for the propargylation of poly(M1) (500 mg) with NaH (18.8 mg, 470
pmol; 60% in mineral oil) and propargyl bromide (35.3 pL, 470 pmol) in THF (4.0 mL) to
give s-7 as a pale yellow viscous liquid (476 mg). Yield: 95.2%. *'H NMR (400 MHz,
CDCls): 6 (ppm) 7.26, 7.18 (aromatic), 4.33 (-OCH,C=CH), 3.29-3.75 (Ph(CH,),CH,0OCH,—,
~OCH,CH(CH,0OCH4(CH,)sCH3)0-), 2.67 (PhCH,CH,CH,-), 2.41 (-C=CH), 1.86
(PhCH,CH,CH,0-), 1.10-1.65 (—OCH,CH(CH,OCH,CH,(CH,);CH3)0-), 0.78-0.95
(—~OCH,CH(CH,0CH,(CH,)sCH3)0-). My nmr = 10,800 g mol %; M, sec = 8,940 g mol ™;
=1.08.

Synthesis of AB,-type miktoarm star copolyether (star-VII). To a stirred
solution of s-6 (175 mg, 15.2 umol) in degassed toluene (5.0 mL) were added s-7 (150 mg,
13.8 pmol), CuBr (19.8 mg, 138 umol), and PMDETA (57.6 pL, 276 pmol). The mixture

was stirred at 70 °C for 24 h. PSt-C=CH (100 mg) was added to the reaction mixture, then
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the mixture was stirred at 70 °C for 24h.  After cooling to room temperature, the solvent of
the mixture was removed by evaporation, and the residue was purified by passage through a
pad of alumina followed by preparative SEC to give a light brown waxy solid (191 mg).
Yield: 61.8%. *H NMR (400 MHz, CDCls): 6 (ppm) 7.58 (triazole methine), 7.18 (aromatic),
480 (—OCH,—triazole ring), 4.31 (triazole ring—CH2(CH,)sO0-), 3.29-3.80 (triazole
ring—(CHz)sCH,OCH,—, Ph(CH,),CH,OCH,—, —C(CH3)CH,0-,
~OCH,CH(CH,OCH(CH,)sCH3)0—,  —OCH,CH(CH,0(CH,CH,0);CH3)0-),  2.67
(PhCH,CH,CH,-), 1.86 (PhCH,CH,CH,0-), 1.10-1.69 (triazole ring—CH,(CH,)4sCH,0—,
~OCH,CH(CH,OCH,CH,(CH,);CH3)0-), 0.78-0.96 (~OCH,CH(CH,OCH,(CH,)sCH3)O-,
—C(CH3)CH,0-).  Mnamr = 22,300 g mol™; My sec = 17,000 g mol ™; B = 1.03.
Determination of Critical Micelle Concentration (CMC). The CMC of the block
copolyether was determined by fluorescence spectroscopy using pyrene as a fluorescence
probe. 100 pL of the pyrene solution in acetone (1.0 x 10*mol L) was placed in different
vials, and the solvent was evaporated. The aqueous micellar solution of the block
copolyether (0.50 g L™) was added to the vial containing pyrene. The final volume was
adjusted with deionized water to obtain a series of solutions with a constant pyrene
concentration (1.0 x 10 mol L™) and varying polymer concentrations (0.05g L™ to 10° g L~
). Each solution was sonicated for 30 min and allowed to equilibrate for 24 h. The

emission spectrum was recorded by a JASCO FP-6300 spectrofluorometer equipped with a
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Jasco STR-313 temperature controller (lex = 337 nm, excitation bandwidth 2.0 nm and
emission bandwidth 2.0 nm). The ratio of the emission intensities of I; (at 373 nm) and I (at
384 nm) was plotted versus the polymer concentrations and the CMC was determined from
the inflection point of the graph.

Dynamic Light Scattering (DLS) Measurement. The block copolyether sample
(5.0 mg) was dissolved in deionized water (10 mL) and sonicated at room temperature for 1 h,
followed by equilibration for 24 h. Before the DLS measurement, the sample solution was
passed through a 0.45 um PTFE membrane filter. The DLS measurements were performed
using an Otsuka Electronics FDLS-300 light scattering spectrometer with an Otsuka
Electronics NM-454L temperature controller. The sample solutions were maintained at
25 °C in all experiments. The relaxation-time (z) distribution and particle size distribution
were obtained by the CONTIN analysis using the autocorrelation function. The apparent

diffusion coefficient (D) was calculated using the following equation:

d =D
qZ q-0

where I is the relaxation frequency (I' =7 %) and q is the wave vector defined by the following

equation:

A 2
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where A is the wavelength of the laser beam (532 nm), & is the scattering angle, and n is the
refractive index of the medium. Consequently, the hydrodynamic radius (R) was calculated

from the Stokes-Einstein relation as follows:

keT

R — kgT
h = 6mnl’

2 p—
6mnD

q

where kg is the Boltzmann constant, T is the temperature, and # is the viscosity of the
medium.

Transmission Electron Microscopic (TEM) Measurement. A drop of the
aqueous micellar solution (0.50 g L) was placed on a copper grid coated with carbon, then
the grid was air-dried for 24 h before the experiment was performed. No staining was
required. TEM measurements were carried out using a JEM-2000FX microscope operating
at an accelerating voltage of 80 kV.

Determination of Cloud Point (T.q4). The transmittance of the aqueous micellar
solution (0.50 g L ™) was measured at 300 nm by a Jasco V-550 spectrophotometer equipped
of the Jasco ETC-505T temperature controller with a heating rate of 1 °C min?. The Teq.
was defined as the temperature at which the transmittance of the sample solution reached

50%.
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Chapter 3

3.1 Introduction

Macromolecules possessing cyclic architectures, such as cyclic, figure-eight-shaped,
and tadpole-shaped polymers, are of great interest due to the endless nature of the cyclic chain,
which endowed them with an increased glass transition temperature, lower viscosity, and
smaller hydrodynamic volume.>® In addition, the cyclic block copolymers provided special
properties in relation to self-assembly as described in Section 1.2, which are typically not

attainable with the corresponding linear counterparts.”*®

Although many synthetic
approaches for cyclic block copolymers have been established,’** the synthesis of
cyclic-containing block copolymers, such as figure-eight- and tadpole-shaped block
copolymers, is still a remaining and challenging task. Moreover, the synthesis of a
comprehensive set of such block copolymers, i.e., linear, cyclic, figure-eight-shaped, and
tadpole-shaped block copolymers, possessing comparable chemical structures, monomer
compositions, and molecular weights have been never achieved. To provide a fundamental
insight into the relationship between the cyclic-containing topology and self-assembling
property, a concise and robust strategy is required for preparing figure-eight- and
tadpole-shaped block copolymers possessing varied block arrangements.

Among the wide range of block copolymer systems, polyether-based amphiphilic
block copolymers have been recognized as the most traditional but important class of block

24-2
3.24-26

copolymer materials as described in Section 1. Indeed, there has been considerable
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efforts to investigate the self-assembly of polyether-based block copolymers in both bulk and

252734 However, there is less information

solution states during the past several decades.
available about the topological effects on the self-assembly.  The synthesis of
polyether-based block copolymers possessing a macrocyclic architecture was achieved by the
acetalization of PEO-b-PPO-b-PEO or PEO-b-PBO-b-PEO triblock copolymers through the
reaction of a hydroxyl end group with dichloromethane under Williamson conditions and high

dilution 33

Although this methodology is hard to use for the synthesis of polyether-based
block copolymers with figure-eight- and tadpole-shaped architectures, the other approaches
based on the intramolecular click reactions of a-azido-w-ethynyl- (or a-ethynyl-w-azido-)
functionalized precursors have emerged as a powerful method for constructing cyclic

polymers and cyclic block copolymers.®>%

Such a highly efficient method should be
expandable for the synthesis of polyether-based block copolymers with figure-eight- and
tadpole-shaped architectures by combining the appropriately designed precursor block
copolymers with precisely controlled azido and ethynyl group placements as well as a fixed
molecular weight and monomer composition.

This chapter describes a novel approach to provide systematic sets of cyclic,
figure-eight- and tadpole-shaped amphiphilic block copolymers via the intramolecular click

reaction of linear block copolymer precursors bearing azido and ethynyl functionalities at

designed positions, together with the corresponding figure-eight-shaped homo polymer, as
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shown in Scheme 3-1. The clickable linear block copolymer precursors were precisely

synthesized based on the t-Bu-Ps-catalyzed ROP of decyl glycidyl ether (M1) as a

hydrophobic monomer and 2-(2-(2-methoxyethoxy)ethoxy)ethyl glycidyl ether (M2) as a

hydrophilic monomer with the combination of functional initiators and terminators. The

intramolecular click reaction of a-azido-w-ethynyl-functionalized poly-M1-block-poly-M2

was then examined to produce the cyclic block copolymer and to provide fundamental insight

into the cyclization conditions. Finally, the combination of the t-Bu-P,4-catalyzed ROP and

intramolecular click cyclization was applied to clickable linear precursors with various di-, tri-,

and penta-block sequences for producing figure-eight-shaped block copolymers with four

different block arrangements and tadpole-shaped block copolymers with two different block

arrangements. A preliminary study of the self-assembling properties in water was performed

using the obtained linear, cyclic, figure-eight-shaped, and tadpole-shaped block copolymers.
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Scheme 3-1. Synthesis of cyclic, figure-eight-shaped, and tadpole-shaped amphiphilic block
copolyethers by combining the t-Bu-P4-catalyzed ring-opening polymerization (ROP) and

intramolecular click cyclization
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3.2 Results and Discussion

3.2.1 Synthesis of Figure-Eight-Shaped Poly(butylene oxide)

The author first demonstrated the synthesis of the figure-eight-shaped poly(butylene
oxide) (eight-PBO) to verify the synthetic strategy based on the intramolecular click
cyclization. The intramolecular click cyclization of azido and ethynyl end-functionalized

37-40 and

polymers is one of the most reliable methods for the synthesis of cyclic polyethers,
Pan et al. used the click cyclization method for producing a figure-eight-shaped polystyrene.*
Our synthetic strategy for the figure-eight-shaped PBO (eight-PBO) involves (1) the
preparation of a PBO with two azido groups at the chain center ((N3)-(PBO),), (2) the
preparation of a PBO with two azido groups and two ethynyl groups ((N3).-(PBO-C=CH),)

by modification of (N3).-(PBO), with propargyl bromide, and (3) the intramolecular double

click cyclization of (N3),-(PBO-C=CH), as shown in Scheme 3-2.

Scheme 3-2. Synthesis of figure-eight-shaped poly(butylene oxide) (eight-PBO) by the
t-Bu-P,4-catalyzed ROP of butylene oxide (BO)

—»

Ty %JA%A@ \*JA%AKM Jiﬁ ﬁ? OO

o o o o NaH o o 2) PSt-C=CH N- N
/rT f\L toluene /ﬁs ﬁ\s THF j *L CuBr
N N PMDETA
3 3 Ny N3

DMF eight-] PBO

i-ITT (N3),-(PBO), (N3);-(PBO-C=CH),

To obtain the (N3).-(PBO),, the t-Bu-P,4-catalyzed ROP of BO was performed using

2,2-bis((6-azidohexyloxy)methyl)propane-1,3-diol (i-111) as the initiator in toluene at the
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[BOJo/[i-111]o/[t-Bu-P4]o ratio of 30/1/0.5. The SEC trace of the product shows a unimodal
peak with dispersity (D) of 1.06. In the *H NMR spectrum of the product, the signals
assigned to the protons of the PBO backbone and a minor signal due to the methylene proton
adjacent to the azido group (proton a). The number average molecular weight determined
from 'H NMR (Mnnmr) Of (N3)o-(PBO), was calculated to be 2,480 g mol™, which well
agreed with the number average molecular weight calculated from monomer conversion

(M caie) of 2,550 g mol™ (Table 3-1)

Table 3-1. Synthesis of Figure-eight-shaped Poly(butylene oxide) (eight-PBO) and the
Precursor Polymers

Polymer M”'Ca"’j M"'N“"Ffla M”'SECE (G) pb

[g mol ] [g mol 7] [g mol ]
(N3)2-(PBO), 2,550 2,480 3,020 1.06
(N3)2-(PBO-C=CH), 2,620 2,560 2,800 0.83 1.07
eight-PBO 2,620 6,700 2,330 1.06

% Determined by 'H NMR spectrum in CHCls. ® Determined by SEC in THF using
polystyrene standards.
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Figure 3-1. *"H NMR spectra of (a) poly(butylene oxide) (PBO) with two azido groups at
chain center ((N3).-(PBO);) (b) w,w'-diethynyl PBO with two azido groups
((N3)2-(PBO-C=CH);), and (c) figure-eight-shaped PBO (eight-PBO) in CDClI; (400 MHz).

The obtained (N3).-(PBO), was treated with a three-fold excess of propargyl bromide
using NaH in THF to give (N3),-(PBO-C=CH), as a pale yellow viscous liquid in 94.8%
isolated yield. The *H NMR spectrum of the resultant polymer shows new signals due to the
protons of the propargyl group at the w-chain ends (protons A, 4.30 ppm; proton B, 2.39 ppm),
as shown in Figure 3-1b, and the M,nmr Of 2,560 g mol™ firmly agreed with the My cac OF
2,560 g mol™ for the (N3),-(PBO-C=CH),. These results definitely concluded that the

propargyl group was quantitatively introduced on the w-chain ends. Furthermore, the
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MALDI-TOF MS measurement result confirmed the 100% conversion from (N3).-(PBO),

into the desired (N3),-(PBO-C=CH), (Figure 3-2).

@ ) 228662
1 1
' 71.83!
1 O O
n o}
[ N oA
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» m ‘ntm=25 i
Il ?ﬁ (| *Na | [M+Na]* = 2286.62 |
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@ [((H2N)(N3))-(PBO(n4my2-C=C) + Na]"  Ol(HzN)2-(PBO(4my2-C=C), + Na]"

A [(N3)2-(PBO(nsmy2-C=C),]"
Figure 3-2. (@) MALDI-TOF MS spectrum of (N3),-(PBO-C=CH),, (b) the expanded
spectrum from 2,200 to 2,450 Da, and (c) the structural assignment.

Finally, the double click cyclization of (N3),-(PBO-C=CH), was carried out using

CuBr/N,N,N’,N’’,N’’-pentamethyldiethylenetriamine (PMDETA) in DMF at 100 °C under a

highly diluted condition. The polymer solution was added to the catalyst solution using a

syringe pump over 26 h, thus ensuring the highly diluted condition. To remove the

unreacted (N3),-(PBO-C=CH),, the ethynyl-functionalized Wang resin (PSt-C=CH) was

added to the reacting mixture. After completing the reaction, the mixture was purified by
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passing it through a pad of alumina followed by preparative SEC to give the product as a light
brown viscous liquid in 74.4% isolated yield. Figure 3-3 shows a comparison of the SEC
traces between (N3),-(PBO-C=CH), and the resultant product. The SEC trace of the product
before purification using preparative SEC shows two peaks, in which no elution peak of the
starting materials (Mnsec = 2,800 g mol™) is observed. Although ca. 9% of a by-product
was observed in the higher molecular weight region (Mysec = 5,120 g mol™), it was
completely removed using preparative SEC. The isolated lower molecular weight fraction
(Mnsec = 2,330 g mol™) should be the desired eight-PBO because the (G) value ((G) = My sec
(eight-PBO)/My sec ((N3)2-(PBO-C=CH),)) of 0.83 was comparable to the reported values for

42 In the 'H NMR spectrum of the isolated product

the figure-eight-shaped polymers.
(Figure 3-1c), the signals due to the terminal acetylene protons (proton B, 2.39 ppm) and the
methylene protons adjacent to the azido group (proton a, 3.27 ppm) completely disappeared,
while the signals assignable to the methine protons in the triazole rings (proton B’, 7.56 ppm)
and methylene protons adjacent to the triazole rings (proton 4°, 4.79 ppm; proton a’, 4.33
ppm) are observed. The M,nwr and DP were calculated to be 2,700 g mol™ and 31,
respectively. The complete disappearance of the azido group in the isolated product was
also confirmed from the FT-IR analysis (Figure 3-4). These results suggested that there was

no unreacted azido group in the product, and the azido group was converted into the triazole

ring. Finally, the chemical structure of the product was identified by the MALDI-TOF MS
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measurement (Figure 3-5); the peak at 2,286.77 Da completely agreed with the calculated
molar mass for the 25-mer of eight-PBO (2,286.72 Da, calcd. for [M + Na]").

Thus, the intramolecular double click cyclization turned out to be a useful method to
produce the figure-eight-shaped polyether, in which the suitable design of the initiator is
necessary for the t-Bu-P,-catalyzed ROP of epoxy monomers leading to the polyether

precursor with two azido groups and two ethynyl end-functional groups.

----- (N;),-(PBO-C=CH),
----- eight-PBO (before preparative SEC)
—— eight-PBO (after preparative SEC)

16 18 20
Elution time (min)
Figure 3-3. SEC traces of (N3),-(PBO-C=CH), (dashed line), and eight-PBO before
preparative SEC (dotted line), and eight-PBO after preparative SEC (solid line).
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(N;),-(PBO-C=C),
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3000 2000 1000
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Figure 3-4. FT-IR spectra of (N3),-(PBO-C=CH), and eight-PBO.
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Figure 3-5. (a) MALDI-TOF MS spectrum of eight-PBO, (b) the expanded spectrum from
2200 to 2450 Da, and (c) the structural assignment.
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3.2.2 Synthesis of Cyclic and Figure-Eight-Shaped Block Copolyethers
3.2.2-1 Synthesis of Cyclic Block Copolyether

Utilizing the t-Bu-P4-catalyzed ROP and click cyclization procedure, the author
firstly synthesized the cyclic amphiphilic block copolymer, cyclic-1, through three reaction
steps as shown in Scheme 3-3: (1) the block copolymerization of M1 and M2 initiated from
6-azido-1-hexanol (i-VI) to form the a-azido-functionalized poly-M1-block-poly-M2 (c-1),
(2) the modification of the terminal hydroxyl group into the propargyl group to form the
a-azido-w-ethynyl-functionalized poly-M1-block-poly-M2 (c-2), and (3) the intramolecular

click cyclization.

Scheme 3-3.  Synthesis of cyclic amphiphilic block copolyether

R20

N tBuP, M2 }QJ\ }X cumr }Qj\
BoH v Mt —— Wo%j/ O m _
5 Toene PMDETA KMA v

i-VI 88.8%
el X=H —4_‘ BICH,C=CH 37 0%
¢-2: X = CH,C=CH NaH, THF
87.0% cyclic-I: R" = -(CH,)gCHg3, R? = -(CH,CH,0)3CHs

The t-Bu-P4-catalyzed ROP of M1 using 6-azido-1-hexanol (i-V1) as the initiator was
performed with the [M1]o/[i-VI1]o/[t-Bu-P4]o ratio of 50/1/1 and the monomer conversion of
M1 reached >99% after 20 h of polymerization. The NMR and SEC measurements for the
aliquot sample verified the formation of the a-azido-functionalized poly-M1 with the M, nur
of 11,000 g mol™ and B value of 1.05. The subsequent addition of 50 equiv. of M2 (with
respect to i-V1) to the polymerization mixture allowed the block copolymerization to produce

c-1 with Mynmr Of 22,000 g mol™. The SEC trace of c-1 was completely shifted to the
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higher molecular weight region as compared to that of the poly-M1 obtained by the first
polymerization while retaining the narrow B of 1.05 (Figure 3-6a). The hydroxyl w-chain
end of c-1 was then treated with propargyl bromide in the presence of sodium hydride to
produce c-2 (Maamr = 21,900 g mol™, © = 1.04). The quantitative introduction of the
propargyl group was verified by comparing the integration ratio of the signals due to the
methylene adjacent to the azido group (proton a in Figure 3-6b) at 3.26 ppm and the

methylene adjacent to the ethynyl group (proton A) at 4.40 ppm.

b,c,deijk
) (b) b e fon
jisd
b
----- 1st polym. NG%O%TOMO}".H W
{1 ——2nd polym. o d

A
Ng\a/Hs\o O}f)\ot\\\g N
o - a
/u)g c-2 .
B

crude
——isolated

B’

L

14 16 18 9.0 8.0 7.0 6.0 5.0 4.0 3.0 2.0 1.0 0.0
Elution time (min) é(ppm)

Figure 3-6. (a) SEC traces of c-1 (dashed line, poly-M1 obtained by the first
polymerization; solid line, c-1 obtained by the second polymerization), c-2, and cyclic-I
(dashed line, before purification; solid line, after the purification using preparative SEC). (b)
'H NMR spectra of c-1, ¢c-2, and cyclic-l in CDCl; (400 MHz). The insets show the
expanded *H NMR spectra.
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The «a-azido-w-ethynyl-functionalized linear precursor, c-2, was subjected to the
intramolecular click cyclization with the CuBr/N,N,N’,N’’,N’’-pentamethyldiethylenetriamine
(PMDETA) catalyst system in DMF at 120 °C. To ensure highly diluted conditions, the
DMF solution of c-2 (40 g L™*) was slowly (0.3 mL h™*) added to the catalyst solution in DMF
(27.5 mL). After completing the addition, propargyl-functionalized Wang resin (PSt-C=CH)
was added to the reaction mixture to completely remove the unreacted c-2, and the absence of
the starting material c-2 after the reaction was confirmed by an FT-IR analysis, in which the
absorption at 2100 cm™* due to the azido group completely disappeared (Figure 3-7).
Although ca. 7% of a high molecular weight elution peak due to byproducts formed by
intermolecular click reaction was observed in the SEC trace, the cyclic diblock copolymer,
cyclic-1 (Mnnmr = 22,300 g mol™), was isolated after the purification using preparative SEC
as a light brown waxy solid in 37.0% yield. The cyclized product cyclic-1 displayed a
unimodal elution peak with the  value of 1.04 (Figure 3-6a). A decrease in the elution
volume was observed from the starting materials c-2 to cyclic-1, indicating the formation of a
cyclic product having a hydrodynamic volume smaller than the linear precursor. The ratio
between the My secs at the peak top of cyclic-1 and c-2, i.e., Mp sec(cyclic)/Mp sec(iinear) = (G), Was
determined to be 0.80 (Table 3-2), which was in good agreement with the reported value for
the monocyclic polymer ((G) = 0.69 — 0.81). This is strong evidence for the intramolecular

cyclization to form the cyclic polymer. Furthermore, the shrinking factor, g’, based on the
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intrinsic viscosities of cyclic-1 ([#7]eycic = 8.0 mL g ™) and ¢-2 ([77]iinear = 13.1 ML g Y), ie. g* =
[7)eyclic/[ 77]iinear = 0.61 (Table 3-2), also supported the decrease in the hydrodynamic volume
due to cyclization. The *H NMR comparison of c-2 and cyclic-1 confirmed that the signals
due to the methylene adjacent to the azido group (proton a; 3.26 ppm), ethynyl proton (proton
B; 2.50 ppm), and methylene adjacent to the ethynyl group (proton A; 4.40 ppm) of c-2 were
replaced after the click reaction by a methine proton of the newly formed triazole ring (proton
B’; 7.60 ppm) and two methylene protons adjacent to the triazole ring (protons ¢’ and 4”; 4.33
and 4.80 ppm). Thus, the desired cyclic block copolyether, cyclic-1, was obtained by the

intramolecular click cyclization of the a-azido-w-ethynyl-functionalized linear precursor.

Table 3-2. Molecular Characteristics and Intrinsic Viscosities ([#]) of the Cyclic Block
Copolyether and the Precursors

Monvr®  Mpsec” e ield
sample n,NMIiL p,secﬁ1 <G> DC Dpllezd [’7] o g, y
[g mol™] [g mol™] [mLg™] [%]
c-1 22,000 - 1.05 - 88.8
c-2 21,900 16,100 1.04 51/50 13.1 87.0
_ 0.80 0.61
cyclic-1 22,300 12,800 1.04 8.0 37.0

2 Determined by *H NMR. ® Determined by the peak top of SEC trace in THF using
polystyrene standerds. ¢ Determined by SEC in THF. ¢ Number-average degree of
polymerizations of decyl glycidyl ether (DP;) and 2-(2-(2-methoxyethoxy)ethoxy)ethyl
glycidyl ether (DP,) in the copolymer were determined by *H NMR. ¢ Determined by
SEC-MALS in THF (0.3 mg mL™).
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c-2 azido

cyclic-1

4000 3000 2000 1000

Wavenumber (cm™)

Figure 3-7. FT-IR spectra of c-2 (upper) and cyclic-1 (lower).

3.2.2-2 Synthesis of Figure-eight-shaped Block Copolyethers

The intramolecular click cyclization was further applied to produce four types of
figure-eight-shaped block copolymers using the appropriate linear precursors with azido and
ethynyl functionalities, as depicted in Scheme 3-4 and Scheme 3-5. First, a triblock
copolymer bearing two azido groups at the chain center, e-1, was prepared by the
t-Bu-P,4-catalyzed sequential block copolymerization of M1 (50 equiv.) and following M2 (50
equiv.) using i-111 as the initiator. The progress of the block copolymerization was followed
by SEC measurements, and the elution peak of the polymer obtained by the first
polymerization of M1 shifted to a higher molecular weight region by the second
polymerization of M2 while retaining a narrow dispersity (Figure 3-8a). The presence of
the initiator moiety was confirmed by the signal due to the methylene proton adjacent to the

azido group (proton a in Figure 3-8b). In a similar fashion, the pentablock copolymers, e-3
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and e-5, were prepared by the sequential block copolymerizations using i-111 as the initiator
with the following monomer addition sequence: 25 equiv. of M1 — 50 equiv. of M2 — 25
equiv. of M1 for e-3 and 25 equiv. of M2 — 50 equiv. of M1 — 25 equiv. of M2 for e-5.
The SEC results clearly demonstrated the progress of the sequential block copolymerizations

(Figure 3-9a, 3-10a).

Scheme 3-4. Synthesis of figure-eight-shaped amphiphilic block copolyethers consisting of
the same two cyclic units
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For all the block copolymerizations, the full conversion of the monomer was ensured by the
NMR measurement of the aliquot of the reacting mixture before adding the next monomer.
The Manwir Values of e-1, e-3, and e-5 (21800, 22100, and 22000 g mol™* for e-1, e-3, and e-5,
respectively) well agreed with the predicted value (22,100 g mol ™), and the B values were in
the range of 1.04 — 1.08. The treatment of e-1, e-3, and e-5 with propargyl bromide in the
presence of sodium hydride produced e-2, e-4, and e-6, which was confirmed by the signals
due to the ethynyl proton (proton B in Figure 3-8b, 3-9b, 3-10b) and methylene proton
adjacent to the ethynyl group (proton A). The a,a'-diazido-w,w'-diethynyl linear block
copolymer precursors e-2, e-4, and e-6, were then subjected to the click cyclization using the
same conditions for the synthesis of cyclic-l. The figure-eight-shaped block copolymers,
eight-1 (Maamr = 21,800 g mol ™, B = 1.06), eight-11 (Mynvr = 22,300 g mol ™, B = 1.03),
and eight-111 (Mynmr = 22,200 g mol ™, B = 1.03), were obtained as a light brown waxy solid
by purification using an alumina column and preparative SEC in 39.6 — 46.0% yields (Table
3-3). In the SEC traces of the crude products, ca. 14%, 16%, and 21% of high molecular
weight byproducts were detected for the click cyclization of e-2, e-4, and e-6, respectively.
The 'H NMR analyses of the isolated figure-eight-shaped block copolymers confirmed the
absence of the azido and ethynyl groups as well as the formation of triazole rings (Figure
3-8b, 3-9b, 3-10b). For example, the *H NMR spectrum of eight-1 exhibited a signal due to

the triazol methine (proton B’) at 7.56 ppm and methylenes adjacent to the triazole ring
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(proton a’ and A4°) at 4.33 and 4.79 ppm, while the signals due to the propargyl group and

methylene adjacent to the azido group disappeared (Figure 3-8b). The FT-IR analysis also

confirmed the absence of the azido group in the isolated products (Figure 3-11). Moreover,

the cyclized structures for the obtained block copolymers were established by the lower

molecular weight region in the SEC trace as compared to the linear precursors as well as the

decrease in the intrinsic viscosity. For example, the SEC trace shifted to the lower molecular

weight region after the click reaction of e-2 to form eight-1 (Figure 3-8a), and the (G) value

was calculated to be 0.80 (Table 3-3), which was in good agreement with that of the

figure-eight-shaped poly(butylene oxide) ((G) = 0.83). The g’ values of eight-I, eight-11,

and eight-111 were in the range of 0.46 — 0.56 (Table 3-3) and were lower than that of cyclic-I,

indicating the more compact conformations of eight-1, eight-11, and eight-111 than the cyclic-I.

Thus, the three types of figure-eight-shaped block copolymers with different distributions of

hydrophilic and hydrophobic blocks were obtained by the double click cyclization of the

multiblock type precursors having two ethynyl groups at the w-chain ends and two azido

groups at the chain center.
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Table 3-3. Molecular Characteristics and Intrinsic  Viscosities ([#]) of the
Figure-eight-shaped Block Copolyether and the Precursors

M & Mpsec” e ield
sample n,NMFj1 p,secﬁ1 (G) pe Dpllezd [7] B g y

[g mol™] [gmol™] [mLg™] [%]
e-2 21,900 14,100 1.04 12.2

) 0.80 50/48 0.46 46.0
eight-1 21,800 11,300 1.06 5.6
e-4 22,100 15,400 1.06 14.0

) 0.86 52/48 0.47 42.1
eight-11 22,300 13,300 1.03 6.6
e-6 22,100 15,300 1.08 14.7

eight-11 0.90 50/50 0.56 39.6
| 22,200 13,700 1.03 8.2
e-11 22,100 16,500 1.05 10.3

eight-1 0.75 50/50 0.60 38.7
22,200 12,400 1.04 6.2

2 Determined by 'H NMR. ® Determined by the peak top of SEC trace in THF using
polystyrene standerds. ¢ Determined by SEC in THF. ¢ Number-average degree of
polymerizations of decyl glycidyl ether (DP;) and 2-(2-(2-methoxyethoxy)ethoxy)ethyl
glycidyl ether (DP,) in the copolymer were determined by 'H NMR. ¢ Determined by
SEC-MALS in THF (0.3 mg mL™).
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Figure 3-8. (a) SEC traces of e-1 (dashed line, poly-M1 obtained by the first
polymerization; solid line, e-1 obtained by the second polymerization), e-2, and eight-I

L
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(dashed line, before purification; solid line, after the purification by preparative SEC). (b)
'H NMR spectra of e-1, e-2, and eight-1 in CDCl; (400 MHz).
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Figure 3-9. (a) SEC traces and (b) *H NMR spectra in CDCl; (400 MHz) of e-3, e-4, and
eight-11.  The asterisk means solvent peaks.
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Figure 3-10. (a) SEC traces and (b) *H NMR spectra in CDCl; (400 MHz) of e-5, e-6, and
eight-111.  The asterisk means solvent peaks.
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Figure 3-11. FT-IR spectra of e-2, e-4, e-6, e-11, eight-1, eight-11, eight-111 and eight-1V.

The next target is the figure-eight-shaped block copolymer consisting of two different
cyclic units, eight-1V, which is in contrast to the above-prepared figure-eight-shaped block
copolymers having the same two cyclic units. Our synthetic strategy for eight-1V is based
on the double click cyclization of a linear diblock copolymer of M1 and M2 bearing two
ethynyl groups at the w-chain end and two azido groups at the a-chain end and the chain
center (e-11), as shown in Scheme 3-5. To synthesize the diblock copolymer having two
azido groups at the a-chain end and the chain center (e-10), the author first prepared the

a,w-diazido-w-hydroxyl poly-M1 (e-8), in which the hydroxyl group would be used as the
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initiation site for the subsequent chain extension.

synthesized

1-(((1-azido-3-(1-ethoxyethoxy)propan-2-yl)oxy)methyl)-4-(bromomethyl)benzene (t-1) as

the terminator for introducing both the azido and hydroxyl groups at the w-chain end.

was prepared by the ring-opening of ethoxyethyl glycidyl ether using sodium azide in the

presence of ammonium chloride followed by the treatment with an excess amount of

a,a-dibromo-p-xylene, as shown in Scheme 3-5b.

Scheme 3-5. Synthesis of figure-eight-shaped amphiphilic block copolyethers consisting of

two different cyclic units
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An a-azido end-functionalized poly-M1 (e-7, M,nmr = 10900, B = 1.02) was treated with
t-1 in the presence of sodium hydride, and the ethoxyethyl group was then deprotected under
acidic conditions to give e-9. The *H NMR spectrum of e-9 showed the signals due to the
benzyl protons (protons A and D in Figure 3-12b) at 4.70 ppm as well as methylene protons
adjacent to the azido group (protons a) at 3.26 ppm, from which the quantitative introduction
of an azido and a hydroxyl group at the w-chain end was verified. After a rigorous
dehydration, e-9 was utilized as a macroinitiator for the synthesis of a diblock copolymer of
M1 and M2 with two azido groups at the a-chain end and the junction point of the two blocks,
e-10. The polymerization was carried out at the [M2]o/[e-9]o/[t-Bu-P4]o ratio of 50/1/1 to
give e-10 in 77.7% vyield. The SEC trace of e-9 shifted to the higher molecular weight
region after the polymerization (Figure 3-12a), which confirmed that the polymerization was
initiated from the hydroxyl group of e-9. The Mynwr and B of the isolated e-10 were
determined to be 22000 g mol™ and 1.06, respectively. e-10 was then further converted to
the requisite linear precursor, e-11 (Mynmr = 22100 g mol ™, = 1.05), by the treatment with
1-bromomethyl-3,5-bis(2-propynyloxy)benzene (t-11) in the presence of sodium hydride.
The double click cyclization of e-11 and SEC fractionation led to the desired eight-1V with
the M, nmr and B of 22,200 g mol™ and 1.04, respectively, in 38.7% isolated yield. Here, ca.
38% of high molecular weight byproducts formed through the intermolecular click reaction

were detected in the SEC trace of the crude product. The *H NMR and IR spectroscopic
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analyses proved that there were no unreacted azido and ethynyl groups (Figures 3-12b and
3-11), implying that the obtained product should have a doubly cyclized structure. In
addition, the *H NMR spectrum of eight-1V showed two signals due to the triazole methine
protons (proton J’ in Figure 3-12b) at 7.76 and 7.64 ppm. The increase in the SEC elution
volume (Figure 3-12a; (G) = 0.75) as well as decrease in the intrinsic viscosity (g° = 0.60)
also provided evidence of the doubly cyclized architecture of the product (Table 3-3).
Therefore, the synthesis of a series of figure-eight-shaped amphiphilic block copolymers with
four different types of hydrophobic/hydrophilic orientations has been achieved via the double

click cyclization of diazido-diethynyl-functionalized linear precursors.
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Figure 3-12. (a) SEC traces of e-7, e-9, e-10 (dashed line, before purification; solid line,

after the purification using preparative SEC), e-11, and eight-1V (dashed line, before
(b) *H NMR spectra of

purification; solid line, after the purification using preparative SEC).

e-7,e-9, e-10, e-11, and eight-1V in CDCl3 (400 MHz).
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3.2.3 Synthesis of Tadpole-Shaped Block Copolyethers

The synthesis of the tadpole-shaped block copolymers were attempted as illustrated
in Scheme 3-6. Poly-M1 having a 3-phenyl-1-propoxy a-chain end (poly-M1, Mpnur =
11100 g mol™, B = 1.05) was modified by the treatment with t-1 and following deprotection
of the ethoxyethyl group, providing w-azido-w-hydroxyl-functionalized poly-M1, tp-1. The
t-Bu-P4-catalyzed ROP of M2 using tp-1 as a macroinitiator followed by treatment with
propargyl bromide led to the poly-M1-block-poly-M2 with an ethynyl group at the w-chain
end and an azido group at the junction point between the two blocks, tp-3 (Mnnmr = 22400 g
mol™, = 1.05). An analog of tp-3 with the opposite block sequence, tp-6 (M nvr = 22100
g mol™, B = 1.05), was prepared in a similar fashion, beginning with poly-M2 having the
3-phenyl-1-propoxy a-chain end (poly-M2, M,nmr = 10900 g mol™, © = 1.06). The click
cyclization of tp-3 and following SEC fractionation gave the desired tadopole-shaped block
copolymers consisting of a hydrophilic cyclic unit and a hydrophobic tail, tadpole-1 (Mnnmr =
21900 g mol ™, B = 1.04), in 56.2% yield. In a similar fashion, the tadopole-shaped block
copolymers consisted of a hydrophobic cyclic unit and a hydrophilic tail, tadpole-11 (M, nvr =
22400 g mol™, B = 1.06), was obtained in 32.7% yield. Although 23% and 20% of
byproducts were formed during the cyclization reaction of tp-3 and tp-6, respectively, as
indicated by the SEC traces of the crude products, these were removed through the SEC

fractionation process. The chemical structures of tadpole-1 and tadpole-11 were confirmed
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by IR and NMR analyses, in which the disappearances of the azido and ethynyl groups as well
as the formation of the triazol ring were observed (Figures 3-13b, 3-14b, 3-15). The
cyclized architectures for tadpole-1 and tadpole-11 were further verified by the (G) values
(0.88 for tadpole-1 and 0.91 for tadpole-11; Figures 3-13a, 3-14a, and Table 3-4) as well as

the g’ values (0.88 for tadpole-1 and 0.68 for tadpole-11, Table 3-4).

Scheme 3-6. Synthesis of tadpole-shaped amphiphilic block copolyethers
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Figure 3-13. (a) SEC traces of poly-M1, tp-1, tp-2 (dashed line, before purification; solid
line, after the purification using preparative SEC), tp-3, and tadpole-1 (dashed line, before
purification; solid line, after the purification using preparative SEC). (b) *H NMR spectra of
poly-M1, tp-1, tp-2, tp-3, and tadpole-1 in CDCl; (400 MHz).
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Figure 3-14. (a) SEC traces of poly-M2, tp-4, tp-5 (dashed line, before purification; solid
line, after the purification using preparative SEC), tp-6, and tadpole-11 (dashed line, before
purification; solid line, after the purification using preparative SEC). (b) *H NMR spectra of
poly-M2, tp-4, tp-5, tp-6, and tadpole-11 in CDClI; (400 MHz).
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Table 3-4. Molecular Characteristics and Intrinsic Viscosities ([#]) of the Tadpole-shaped
Block Copolyether and the Precursors

Mn,NMRa Mp,secb [I’]] ¢ , yield

sample G p¢  DP,/DP,¢
e gmor gmory (¢ R S T
tp-3 22,500 16,400 1.06 9.7
0.88 51/49 0.88 53.0
tadpole-1 21,900 14,500 1.04 8.5
tp-6 22,100 16,000 1.05 10.3
0.91 51/50 0.68 32.7
tadpole-l | 22,400 14,600 1.06 7.0

2 Determined by *H NMR. ® Determined by the peak top of SEC trace in THF using
polystyrene standerds. ¢ Determined by SEC in THF. ¢ Number-average degree of
polymerizations of decyl glycidyl ether (DP;) and 2-(2-(2-methoxyethoxy)ethoxy)ethyl
glycidyl ether (DP,) in the copolymer were determined by 'H NMR. ® Determined by
SEC-MALS in THF (0.3 mg mL™).

azido azido
tp-3« tp-6
tadpole-I tadpole-I1
IIIII|IIIIIIIII|IIII|IIII|IIIIIIII| IIIII|IIII|IIII|IIII|IIII|IIIIIIII|
4000 3000 2000 . 1000 4000 3000 2000 . 1000
Wavenumber (cm ) Wavenumber (cm )

Figure 3-15. FT-IR spectra of tp-3, tp-6, tadpole-1, and tadpole-11.
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3.2.4 Self-assembly Properties of Cyclic, Figure-eight-shaped, and Tadpole-shaped
Amphiphilic Block Copolyethers in Water

For the preliminary study on regarding effect of the cyclic architecture, the author
investigated the self-assembly of the cyclic (cyclic-1), figure-eight-shaped (eight-1, eight-II,
eight-111, and eight-1V), and tadpole-shaped (tadpole-1 and tadpole-11) amphiphilic block
copolymers together with the linear block copolymer (linear-1, as described in Chapter 2) in
water. The micelle solutions (concentration, 0.50 g L) were prepared by the direct
dissolution of the block copolymers in pure water at room temperature by sonication. The
dynamic light scattering (DLS) experiment was employed to investigate the size of the
aggregates (Figure 3-20). The intensity-average size distribution of every block copolymer
aqueous solution displayed a monomodal peak corresponding to the aggregates formed
through the self-assembling process. Multi-angle DLS measurements for the solutions
revealed the linear dependence of the relaxation frequency (I = 1/7) on the square of the
wavevector (g°), which clearly indicated the Brownian diffusive motion. The slope is equal
to the diffusion coefficient (D) of the aggregates in water, from which the hydrodynamic
radius (Rp) was calculated by the Stokes-Einstein relation and was in the range of 42 — 111 nm
(Table 3-5). The Ry values of the block copolymers were apparently greater than those of
the fully-extended chain lengths (approximately 18 nm for cyclic and figure-eight-shaped
block copolymers, 27 nm for tadpole-shaped block copolymers, in which the DP and

molecular length of a monomer unit were assumed to be 100 and 0.358 nm,* respectively),
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suggesting that the aggregates of every block copolymer were large compound micelles or
vesicles. The actual morphologies of the aggregates were then confirmed by transmission
electron microscopy (TEM), in which all of the samples were observed without staining.
The TEM images revealed the presence of hard sphere-like nanoparticles or its agglomerates
in all case (Figure 3-21), leading to the conclusion that all of the aggregates consisted of large
compound micelles. Therefore, the cyclic architecture of the block copolymer as well as the

block arrangement would have a small impact on the morphology of the aggregate in water.

Table 3-5. Molecular Characteristic, Critical Micelle Concentration (CMC), Hydrodynamic
Radius (Rp), and Cloud Point (T.4) of Cyclic (cyclic-1), Figure-eight-shaped (eight-I, eight-I1,
eight-111, and eight-1V), and Tadpole-shaped Block Copolymers (tadpole-1 and tadpole-11)

sample M"’NMFE: pP DP,/DP, ¢ CMC? R’ Tea!
(g mol™) (mgL™) (nm) (°C)

cyclic-1 22,300 1.04 51/50 1.8 83 87
eight-1 21,800 1.06 50/48 15 69 75
eight-11 22,300 1.03 52/48 1.0 90 80
eight-111 22,200 1.03 50/50 1.4 86 67
eight-1vV 22,200 1.04 50/50 1.2 111 85

tadpole-1 21,900 1.04 51/49 1.4 42 n.d.®
tadpole-11 22,400 1.06 51/50 3.4 85 59
linear-1" 21,900 1.04 50/51 14 62 83

2 Determined by 'H NMR. ° Determined by SEC in THF. ¢ Number-average degree of
polymerizations of decyl glycidyl ether (DP,) and triethyleneglycol methyl glycidyl ether
(DPy) in the copolymer were determined by ‘H NMR. ¢ Determined by steady-state
fluorescence method using pyrene as a prove at 25 °C. ® Determined based on multi-angle
DLS measurements (concentration, 0.50 g L*; temperature, 25 °C). ' Determined by
turbidimetric analysis (concentration, 0.50 g L ™). Tcq was defined by the temperature at
which the transmittance of sample solution reached 50%. ¢ T.4 was not observed upon the
heating up to 90 °C. " Detail data were described in Chapter 2.
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The critical micelle concentrations (CMC) for the block copolymers in water were
determined by a fluorescence technique using pyrene as the fluorescence probe at 25 °C
(Figure 3-22). There is no distinctive difference in the CMC values among the block
copolymers (1.0 — 3.4 mg L™, Table 3-5), indicating that the CMC value is not significantly
affected by the cyclic topology as well as the block arrangement. Booth et al. reported the
similar results which were determined by using the linear and cyclic poly(ethylene
oxide)-b-poly(propylene oxide).**

The cloud point (T.q) for the aggregates, that is a measure of their structural
stability,” were determined by the variable-temperature UV-Vis absorption measurements of
the aqueous block copolymer solutions (Figure 3-16 and 3-23). The transmittance at 300
nm was monitored during the continuous heating at the 1.0 °C min* heating ratio, and Tcg.

was defined as the temperature at which the transmittance of the sample solution reached

50%.
Cloud Point of Aqueous Micellar Solution high
eight-111: 67 °C eight-11:80 °C eight-1V : 85 °C tadpole-1 : >90 °C
Oo linear-1:83°C
tadpole-11 : 59 °C eight-1:75°C cyclic-1 : 87 °C

Figure 3-16. Schematic representation of T.4 values of the amphiphilic cyclic-containing
block copolyethers.
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Every block copolymer, except for tadpole-1, exhibited the characteristic phase transition

phenomenon at the T¢4 ranging from 59 — 87 °C, whereas tadpole-1 exhibited no such phase

transition up to 90 °C. Although the difference in the polymer structures among the block

copolymers is only the macromolecular architecture, a significant variation in T.4 was

observed, which should provide an interesting insight into the thermal stabilities of the

aggregates depending on the cyclic architecture. The cyclic amphiphilic block copolymer

cyclic-1 showed a T.q4, at 87 °C, which was 4 °C higher than that of the linear counterpart

linear-1 (T.q. = 83 °C in Chapter 2). The increased T4 value of cyclic-1 with respect to

linear-1 should be ascribed to the restricted inter-micelle linking due to the looped

conformation of the hydrophilic block at the shell region. A significant difference in the T¢gq,

was observed between tadpole-1 (T4 >90 °C) and tadpole-11 (T¢q4. = 59 °C), though both of

them were categorized as having a tadpole-shaped architecture. Given that the aggregate of

tadpole-1 and tadpole-11 is surrounded by the shell of hydrophilic cyclic or linear poly-M2,

respectively, these results suggest that the cyclic architecture of the shell-forming block

contributes to the increase in the T4 by reducing the inter-micelle linking as a consequence

of their restricted chain mobility and lower entanglement nature. These results also implied

that the cyclic architecture of the core-forming block led to a decrease in the T.4 with respect

to the corresponding linear diblock counterpart. It should be noted that a similar tendency
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was observed for the amphiphilic miktoarm star copolyethers (star-V1 and star-VII in

Chapter 2) as shown in Figure 3-17.

Lower temperature <{——————) Higher temperature

X oo &%

tadpole-11: 59 °C tadpole-1: >90 °C

eight-1V : 85 °C
PN\~ N~
star-VI1: 77 °C linear-I : 83 °C star-VI1:92 °C

Figure 3-17. The correlation in T.4 values between the cyclic-containing block copolyethers
and the miktoarm star copolyethers.

On the other hand, the lower T.4 values for the figure-eight-shaped block copolymers,
eight-1, eight-11, and eight-111, than that of linear-1 could not be explained by such effects
due to their complicated chain packing at the interface of the micelle core and shell. Given
that eight-1l  and eight-1ll are regarded as the analogs of the
poly-M2-block-poly-M1-block-poly-M2 and poly-M1-block-poly-M2-block-poly-M1
triblock copolymers, respectively, an interesting comparison can be made between their T g,
values. The relatively low T.4 values of the triblock copolymers with hydrophobic end
blocks with respect to those of the opposite block arrangement were reported for the

poly(ethylene oxide)/poly(propyrene oxide) and poly(ethylene oxide)/poly(butylene oxide)
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triblock copolymer systems.”” In fact, the author could find similar results from the
synthesized poly(M1)-b-poly(M2)-b-poly(M1) (linear-1ll, T.4 = <30 °C) and
poly(M2)-b-poly(M1)-b-poly(M2) (linear-1V, T.q = 54 °C) triblock copolyethers (Figure
3-18). This effect is related to the inter-micelle linking through the hydrophobic end blocks
(Figure 3-19).* Therefore, the low T.q value of eight-111 should be ascribed to the
enhanced inter-micelle linking due to the hydrophobic end block. Similar trends were also
provided from the star-block copolymers in Chapter 2, as shown in Figure 3-18. In addition,
eight-111 showed the T4 at 67 °C, though star-11 and linear-111 had already clouded at room
temperature.  These results suggested that the cyclic architecture may prevent an
inter-micelle linking. On the other hand, the higher T.q4 values of eight-111 and star-I
compared to linear-1V suggested that the cyclic and branched architectures of the triblock
copolymers with hydrophilic end blocks may increase the structural stability of their micellar
aggregations.

In this study, the author determined the systematic relationship of the aqueous
self-assembly behavior between the star-shaped and cyclic-cntaining block copolymers for the

first time.
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low -; Cloud Point of Aqueous Micellar Solution ® high

X OO0 OO OO

star-11: <30 °C eight-111:67°C  eight-1:75°C  eight-11:80°C
L Y NN~
linear-111:<30 °C linear-1V : 54 °C
star-1:83 °C

Figure 3-18. Schematic representation of the correlation in T.4q Vvalues between the
figure-eight-shaped block copolyethers and the star-block copolyethers.

NN~

l Micellization

Temperature

Figure 3-19. Schematic representation of proposed mechanism for the inter-micelle linking.
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Figure 3-20. Intensity-average particle size distribution (measured at scattering angle of 90 °;
left) and dependence of relaxation frequency (I') on squared wave vector (q°) (right) for the
micellar solution of cyclic-1, eight-1, eight-11, eight-111, eight-1V, tadpole-1, and tadpole-11
(050 g L™, 25 °C). The 2R, value (hydrodynamic radius) was calculated based on
Stokes-Einstein relation using the slope of the T v.s. g plot.
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cyclic-1

eight-111

tadpole-1 tadpole-I1

Figure 3-21. TEM images of BCP aggregates formed from cyclic-1, eight-l, eight-Il,
eight-111, eight-1V, tadpole-I, and tadpole-11 (polymer concentration, 0.50 g L ™).
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Figure 3-22. \Variation in I:/I3 of pyrene emission spectra for cyclic-1, eight-1, eight-I1,
eight-111, eight-1V, tadpole-1, and tadpole-l1l as a function of polymer concentrations
(measured at 25 °C).
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Figure 3-23. Temperature dependence of optical transmittance at 300 nm obtained for 0.50

g L aqueous solution of cyclic-1, eight-1, eight-11, eight-111, eight-1V, tadpole-1, and
tadpole-I1.

152



Synthesis of Well-Defined Cyclic, Figure-Eight-Shaped,
and Tadpole-Shaped Block Copolyethers

3.3 Conclusion

The author have demonstrated the synthesis of systematic sets of cyclic, figure-eight-,
and tadpole-shaped amphiphilic block copolymers via the combination of the
t-Bu-P4-catalyzed ROP of hydrophobic and hydrophilic glycidyl ethers and the click
cyclization. The well-controlled nature of the ROP system allowed us to attain a series of
azido- and ethynyl-functionalized di-, tri-, and multi-block copolymers with a predicted
molecular weight, monomer composition, and narrow dispersity, which led to produce the
corresponding cyclic-containing amphiphilic block copolymers via the intramolecular click
cyclization. Preliminary studies on the self-assembly of the cyclic, figure-eight-shaped, and
tadpole-shaped amphiphilic block copolymers in water revealed the significant variation in
the T.q values depending on the cyclic topology. In addition, by comparing with the
obtained results in Chapter 2, the author provided the systematic relationship of the structural
stability of micellar aggregates based on the branched and cyclic architectures. Considering
the capability of the functional groups in the glycidyl ether-based block copolymers, the
present synthetic strategy provides a wide array of block copolymer systems with
cyclic-containing architectures, which would be used as a model system for investigating the

topological effect of the block copolymer self-assembly in both the solution and bulk states.
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3.4 Experimental Section

Materials. 6-Azido-1-hexanol  (i-V1),**  ethoxyethyl glycidyl ether,*”®
1-bromomethyl-3,5-bis(2-propynyloxy)benzene (t-11),** and propargyl-functionalized Wang
resin  (PSt-C=CH)*® were prepared according to previously reported methods.
2,2-bis((6-azidohexyloxy)methy)propane-1,3-diol (i-111), decyl glycidyl ether (M1) and
2-(2-(2-methoxyethoxy)ethoxy)ethyl glycidyl ether (MZ2) were described in chapter 2,
purified by distillation under vacuum over calcium hydride, and stored under an argon
atmosphere. 60% NaH, sodium azide, a,0’-dibromo-p-xylene, propargyl bromide, and
N,N,N’,N”,N "-pentamethyldiethylenetriamine (PMDETA) were purchased from Tokyo
Chemical Industry Co., Ltd. (TCI), and used as received. 3-Phenyl-1-propanol (i-1V) was
purchased from TCI and purified by distillation under vacuum over calcium hydride. t-Bu-P4
(in n-hexane as 1.0 mol L™ solution), copper(l) bromide, and Dowex 50WX2 were purchased
from the Sigma-Aldrich Chemicals Co., and used as received. Dry dimethylformamide (DMF;
>99.5%; water content, <0.005%), dry toluene (>99.5%; water content, <0.001%), and dry
tetrahydrofuran (THF; >99.5%; water content, <0.001%) were purchased from Kanto

Chemical Co., Inc., and used as received.
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Instruments. The instruments used in this study, such as the glovebox, size
exclusion  chromatography (SEC), NMR, FT-IR, and matrix-assisted laser
desorption/ionization time-of-flight mass spectrometry (MALDI-TOF MS), are the same as
Chapter 2.

Synthesis of Poly(butylene oxide) with Two Azido Groups at Chain Center
((N3).-(PBO),). A typical polymerization procedure is as follows (Procedure A): BO (1.20
mL, 13.8 mmol) was added to a stirred solution of i-111 (460 pL as 1.0 mol-L™* stock solution
in toluene, 460 pmol) and t-Bu-P,4 (230 pL as 1.0 mol-L* stock solution in n-hexane, 230
pmol) in toluene (873 pL), and the mixture was stirred at room temperature for 20 h. An
excess of benzoic acid was then added to the mixture to terminate the polymerization, and the
polymer was then purified by passing through a pad of alumina with THF to give
(N3),-(PBO), as a colorless viscous liquid (1.03 g). Yield: 87.5%. 'H NMR (400 MHz,
CDCly): 6 (ppm) 3.29-3.75 (N3(CH,)sCH,0—, N3(CH,)sOCH,—, —CH,~O-PBO,
~OCH,CH(CH,CH3)O—,  —OCH,CH(CH,CH3)O-), 3.26  (NsCH»-),  1.36-1.69
(N3CH,(CH,)4sCH,0—, ~OCH,CH(CH,CH3)0-), 0.92 (~OCH,CH(CH,CH3)O-). Monmr =
2480 g mol™; My, sec = 3020 g mol™; B = 1.06.

Synthesis of o,w'-Diethynyl Poly(butylene oxide) with Two Azido Groups
((N3)2-(PBO-C=CH),). The typical procedure for the w-chain end ethynylation is as follows

(Procedure B): To a stirred solution of (N3)2-(PBO)z (Mnnwr = 2480 g mol™, 147 mg) in THF
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(3.95 mL) was added NaH (16.0 mg, 355 pumol; 60 % in mineral oil), then the solution was
stirred at 40 °C for 1 h. After cooling to room temperature, propargyl bromide (26.8 pL, 355
pmol) was then added to the solution, and the entire mixture was stirred at room temperature
for 48 h. The polymer was purified by passing through a pad of alumina to give
(N3)>-(PBO-C=CH), as a pale yellow viscous liquid (140 mg). Yield: 94.8%. *H NMR (400
MHz, CDCls): 6 (ppm) 4.30 (-OCH,C=CH), 3.29-3.75 (N3(CH2)sCH,0—, N3(CH2)sOCH,—,
—CH,—0-PBO, —OCH,CH(CH,CH3)O—, —OCH,CH(CH,CH3)O-), 3.26 (N3sCH,-), 2.39
(—C=CH), 1.36-1.69 (N3CH3(CH,)4CH,0-, —OCH,CH(CH,CH3)0-), 0.92
(—~OCH,CH(CH,CH3)O-). Maamr = 2560 g mol™; My, sec = 2800 g mol™; B = 1.07.
Synthesis of Figure-Eight-Shaped Poly(butylene oxide) (eight-PBO). The typical
click cyclization procedure is as follows (Procedure C): A solution of (N3),-(PBO-C=CH),
(Manmr = 2560 g mol™, 40.3 mg) in a degassed DMF (7.9 mL) was added to a stirred
solution of CuBr (229 mg, 1.58 mmol) and PMDETA (658 pL, 3.15 mmol) in degassed DMF
(100 mL) using a syringe pump at the rate of 0.3 mL-h™* at 100 °C under an argon atmosphere.
After completing the addition, PSt-C=CH (185 mg), CuBr (48.5 mg, 3.15 mmol), and
PMDETA (132 pL, 6.30 mmol) were added to the reaction mixture. After stirring at 120 °C
for 24 h, the solvent was removed by evaporation, and the residue was purified by passing
through a pad of alumina followed by preparative SEC to give eight-PBO as a light brown

viscous liquid (30.0 mg). Yield: 74.4%. *H NMR (400 MHz, CDCls): & (ppm) 7.56 (triazole
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methine), 4.79 (—OCH,—triazole ring), 4.33 (triazole ring—CH,(CH;)s0-), 3.29-3.75 (triazole
ring—(CH;)sCH,0O—, triazole ring—(CH;)sOCH,—, —CH,—O-PBO, —OCH,CH(CH,CHj3)O-,
~OCH,CH(CH,CH3)0-), 1.36-1.69 (triazole ring—CHa(CH,)4CH,0—,
~OCH,CH(CH,CH3)0-), 0.92 (~OCH,CH(CH,CH3)O-). Manmr = 2700 g mol™; Mysec =
2330 g mol; B = 1.06.

Synthesis of c-1. Procedure A was used for the polymerization of M1 (276 uL, 1.17
mmol, first monomer, polymerization time = 20 h) and M2 (241 pL, 1.17 mmol, second
monomer, polymerization time = 20 h) with i-VI (23.3 pL as 1.0 mol L™ stock solution in
toluene, 23.3 umol) and t-Bu-P, (23.3 pL as 1.0 mol L™ stock solution in n-hexane, 23.3
umol) in toluene (370 pL) to give c-1 as a colorless waxy solid (450 mg). Yield: 88.8%. *H
NMR (400 MHz, CDCl):  s(ppm)  3.29-3.75  (N3(CH2)sCH,OCH,—,
~OCH,CH(CH,0CH,(CH,)sCH3)O—, ~OCH,CH(CH,0(CH,CH,0);CH3)0-), 3.26
(NsCHp-), 1.10-1.69 (N3CHa(CH.)4,CH,0—~, —~OCH,CH(CH,OCH,CH,(CH,);CH3)0-),
0.78-0.95 (~OCH,CH(CH,0CH,(CH,)sCH3)0-). My nmr = 22000 g mol Y; M, sec = 16900 g
mol™; B = 1.05.

Synthesis of c-2. Procedure B was used for the propargylation of c-1 (300 mg, 15.0
pmol) with NaH (6.00 mg, 150 umol; 60% in mineral oil) and propargyl bromide (11.3 puL,
150 pumol) in THF (3 mL) to give c-2 as a pale yellow waxy solid (261 mg). Yield: 87.0%. *H

NMR (400 MHz, CDCls): & (ppm) 4.40 (-OCH,C=CH), 3.29-3.75 (N3(CH5)sCH,0CH,—,

157



Chapter 3

~OCH,CH(CH,OCH,(CH,)sCH3)0—,  —OCH,CH(CH,O(CH,CH,0);CH3)0-),  3.26
(N3CHy-), 2.39 (-C=CH), 1.10-1.69 (N3CH2(CH,)sCH,0—,
~OCH,CH(CH,OCH,CH,(CH,)7CH3)0-), 0.78-0.95 (~OCH,CH(CH,OCH,(CH5)sCH3)O-).
Mnnvr = 21900 g mol™%; My sec = 15900 g mol™; B = 1.04.

Synthesis of cyclic-1. Procedure C was used for the click cyclization of c-2 (100
mg, 4.50 pumol in degassed DMF (2.5 mL)) with a solution of CuBr (64.6 mg, 450 umol) and
PMDETA (181 pL, 900 umol) in degassed DMF (27.5 mL) to give cyclic-1 as a light brown
waxy solid (37.0 mg). Yield: 37.0%. *H NMR (400 MHz, CDCls): J (ppm) 7.56 (triazole
methine), 4.79 (-OCH,—triazole ring), 4.33 (triazole ring—CH3(CH,)s0-), 3.29-3.75 (triazole
ring—(CH3)sCH,OCH,—, —0OCH,CH(CH,0OCH,(CH,)sCH3)O—,
~OCH,CH(CH,O(CH,CH,0)sCH3)0-),  1.10-1.69  (triazole  ring—CHy(CH,)sCH,0—,
~OCH,CH(CH,OCH,CH,(CH,)7CH3)0-), 0.78-0.95 (~OCH,CH(CH,OCH,(CH,)sCH3)O-).
Mnnvr = 22300 g mol™; My sec = 13300 g mol™; B = 1.04.

Synthesis of e-1. Procedure A was used for the block copolymerization of M1 (276
uL, 1.17 mmol, first monomer, polymerization time = 20 h) and M2 (241 pL, 1.17 mmol,
second monomer, polymerization time = 20 h) with i-111 (23.3 uL as 1.0 mol L™ stock
solution in toluene, 23.3 pmol) and t-Bu-P4 (23.3 pL as 1.0 mol L™ stock solution in n-hexane,
23.3 pmol) in toluene (370 pL) to give e-1 as a colorless waxy solid (466 mg). Yield: 92.0%.

'H NMR (400 MHz, CDCL): & (ppm) 3.29-3.75 (N3(CH2)sCH,OCH,—,
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~OCH,CH(CH,OCH,(CH,)sCH3)O—,  —OCH,CH(CH,O(CH,CH,0);CH5)0-),  3.26
(NsCHp-), 1.10-1.69 (N3CH2(CH,)sCH,0—, —OCH,CH(CH,OCH,CH2(CH,);CH3)0-),
0.78-0.95 (~OCH,CH(CH,0CH2(CH,)sCH3)0-). Manmr = 21800 g mol™; My sec = 14000 g
mol™"; B = 1.04.

Synthesis of e-2. Procedure B was used for the propargylation of e-1 (300 mg) with
NaH (6.00 mg, 150 umol; 60% in mineral oil) and propargyl bromide (11.3 pL, 150 pmol) in
THF (4 mL) to give e-2 as a pale yellow waxy solid (282 mg). Yield: 94.0%. *H NMR (400
MHz, CDCly): & (ppm) 4.40 (-OCH,C=CH), 3.29-3.75 (N3(CH,)sCH,OCH,—,
~OCH,CH(CH,OCH,(CH,)sCH3)O—,  —OCH,CH(CH,O(CH,CH,0);CH5)0-),  3.26
(NsCH,-), 2.39 (-C=CH), 1.10-1.69 (N3CH2(CH,)sCH,0—,
~OCH,CH(CH,OCH,CH,(CH,);CH3)0-), 0.78-0.95 (~OCH,CH(CH,OCH,(CH,)sCH3)O-).
Mnnwvir = 21900 g mol™; My sec = 14000 g mol™; © = 1.04.

Synthesis of eight-1. Procedure C was used for the click cyclization of e-2 (100 mg,
4.50 umol in degassed DMF (2.5 mL)) with a solution of CuBr (64.6 mg, 450 umol) and
PMDETA (181 pL, 900 umol) in degassed DMF (27.5 mL) to give eight-1 as a light brown
waxy solid (46.0 mg). Yield: 46.0%. 'H NMR (400 MHz, CDCls): 6 (ppm) 7.56 (triazole
methine), 4.79 (—OCH,—triazole ring), 4.33 (triazole ring—CH3(CH;)s0-), 3.29-3.75 (triazole
ring—(CH3)sCH,OCH,—, —OCH,CH(CH,OCH,(CH2)sCH3)O—,

—OCH2CH(CHzo(CH2CH20)3CH3)O—), 1.10—-1.69 (triazole ring—CHg(CH2)4CH20—,
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~OCH,CH(CH,OCH,CH,(CH,)7CH3)0-), 0.78-0.95 (~OCH,CH(CH,OCH,(CH5)sCH3)O-).
Mnnvr = 21800 g mol™%; My sec = 11300 g mol %; = 1.06.

Synthesis of e-3. Procedure A was used for the triblock copolymerization of M1 (166
pL, 700 pmol, first monomer, polymerization time = 20 h), M2 (301 pL, 1.46 mmol, second
monomer, polymerization time = 20 h), and M1 (180 pL, 758 pmol, third monomer,
polymerization time = 20 h) with i-111 (29.2 pL as 1.0 mol L™ stock solution in toluene, 29.2
umol) and t-Bu-P4 (23.3 uL as 1.0 mol L™ stock solution in n-hexane, 23.3 pmol) in toluene
(641 pL) to give e-3 as a colorless waxy solid (491 mg). Yield: 77.5%. *H NMR (400 MHz,
CDCl3): 6 (ppm) 3.29-3.75 (N3(CH2)sCH,OCH,—~, —OCH,CH(CH,OCH,(CH,)sCH3)O—,
~OCH,CH(CH,0(CH,CH,0);CH3)0-), 3.26 (N3CHp—), 1.10-1.69 (N3CH,(CH,)4CH,O-,
~OCH,CH(CH,OCH,CH,(CH,);CH3)0-), 0.78-0.95 (~OCH,CH(CH,OCH,(CH,)sCH3)O-).
Mnnvr = 22100 g mol™; My, sec = 14300 g mol™; © = 1.06.

Synthesis of e-4. Procedure B was used for the propargylation of e-3 (300 mg, 15.0
pmol) with NaH (6.00 mg, 150 umol; 60% in mineral oil) and propargyl bromide (11.3 pL,
150 pumol) in THF (4 mL) to give e-4 as a pale yellow waxy solid (295 mg). Yield: 98.4%. *H
NMR (400 MHz, CDCls): 6 (ppm) 4.40 (-OCH,C=CH), 3.29-3.75 (N3(CH,)sCH,OCH,—,
~OCH,CH(CH,0CH,(CH,)sCH3)0—, ~OCH,CH(CH,0(CH,CH,0)sCH3)0-), 3.26

(N3CH2*), 2.39 (*CECH), 1.10—1.69 (N3CH2(CH2)4CHQO*,

160



Synthesis of Well-Defined Cyclic, Figure-Eight-Shaped,
and Tadpole-Shaped Block Copolyethers

~OCH,CH(CH,OCH,CH,(CH,)7CH3)0-), 0.78-0.95 (~OCH,CH(CH,OCH,(CH,)sCH3)O-).
Mnnvir = 22100 g mol ™Y My sec = 14300 g mol™; © = 1.06.

Synthesis of eight-11. Procedure C was used for the click cyclization of e-4 (150 mg,
6.79 umol in degassed DMF (3.4 mL)) with a solution of CuBr (96.9 mg, 676 pumol) and
PMDETA (282 puL, 1.35 mmol) in degassed DMF (41.6 mL) to give eight-11 as a light brown
waxy solid (63.1 mg). Yield: 42.1%. *H NMR (400 MHz, CDCls): J (ppm) 7.56 (triazole
methine), 4.79 (—OCH,—triazole ring), 4.33 (triazole ring—CH,(CH2)s0-), 3.29-3.75 (triazole
ring— (CH3)sCH,OCH,—, —OCH,CH(CH,0CH,(CH2)sCH3)O—,
~OCH,CH(CH,O(CH,CH,0);CH3)0-),  1.10-1.69 (triazole  ring—CH,(CH,)sCH,0-,
~OCH,CH(CH,OCH,CH,(CH,);CH3)0-), 0.78-0.95 (~OCH,CH(CH,OCH,(CH,)sCH3)O-).
Mnnwvir = 22300 g mol™%; My sec = 12900 g mol™; © = 1.03.

Synthesis of e-5. Procedure A was used for the triblock copolymerization of M2 (141
pL, 681 pmol, first monomer, polymerization time = 20 h), M1 (336 pL, 1.42 mmol, second
monomer, polymerization time = 20 h), and M2 (152 pL, 738 pmol, third monomer,
polymerization time = 20 h) with i-111 (28.4 uL as 1.0 mol L™ stock solution in toluene, 28.4
umol) and t-Bu-P4 (28.4 pL as 1.0 mol L™ stock solution in n-hexane, 28.4 pmol) in toluene
(602 pL) to give e-5 as a colorless waxy solid (496 mg). Yield: 80.3%. *H NMR (400 MHz,
CDCls): & (ppm) 3.29-3.75 (N3(CH.)sCH,OCH,—, —OCH,CH(CH,OCH,(CH,)sCH3)O—,

~OCH,CH(CH,0(CH,CH,0):CH3)0-), 3.26 (N3CH), 1.10-1.69 (N3CH(CH,)sCH,O-,
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~OCH,CH(CH,OCH,CH,(CH,)7CH3)0-), 0.78-0.95 (~OCH,CH(CH,OCH,(CH5)sCH3)O-).
Mnnvr = 22000 g mol™Y; My, sec = 14300 g mol ™ B = 1.08.

Synthesis of e-6. Procedure B was used for the propargylation of e-5 (300 mg, 15.0
pmol) with NaH (6.00 mg, 150 umol; 60 % in mineral oil) and propargyl bromide (11.3 pL,
150 umol) in THF (4 mL) to give e-6 as a pale yellow waxy solid (293 mg). Yield: 97.6%. *H
NMR (400 MHz, CDCl3): & (ppm) 4.40 (-OCH,C=CH), 3.29-3.75 (N3(CH,)sCH,OCH,—,
~OCH,CH(CH,OCH(CH,)sCH3)O—,  —OCH,CH(CH,0(CH,CH,0);CH3)0-),  3.26
(NsCH,-), 2.39 (~C=CH), 1.10-1.69 (N3CH,(CH,)4CH,0-,
~OCH,CH(CH,OCH,CH,(CH,)7CH3)0-), 0.78-0.95 (~OCH,CH(CH,0CH,(CH,)sCH3)0-).
Mnnvr = 22100 g mol™%; My, sec = 14300 g mol™; B = 1.08.

Synthesis of eight-111. Procedure C was used for the click cyclization of e-6 (150 mg,
6.79 umol in degassed DMF (3.4 mL)) with a solution of CuBr (96.9 mg, 676 umol) and
PMDETA (282 pL, 1.35 mmol) in degassed DMF (41.6 mL) to give eight-111 as a light brown
waxy solid (59.4 mg). Yield: 39.6%. 'H NMR (400 MHz, CDCls): 6 (ppm) 7.56 (triazole
methine), 4.79 (—OCH,—triazole ring), 4.33 (triazole ring—CH,(CH;)s0-), 3.29-3.75 (triazole
ring—(CH,)sCH,OCH,—, ~OCH,CH(CH,0CH,(CH,)sCH3)O—,
~OCH,CH(CH,O(CH,CH,0)sCH3)0-),  1.10-1.69  (triazole  ring—CHy(CH,)sCH,0—,
~OCH,CH(CH,OCH,CH,(CH,)7CH3)0-), 0.78-0.95 (~OCH,CH(CH,0CH,(CH,)sCH3)0-).

Mnnvr = 22200 g mol™%; My sec = 13300 g mol™; & = 1.03.
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Synthesis of 1-azido-3-(1-ethoxyethoxy)propan-2-ol. NaN3 (41.5 g, 639 mmol) and
NH4CI (17.1 g, 320 mmol) were added to a stirred solution of ethoxyethyl glycidyl ether (31.2
g, 213mmol) in a water/isopropanol mixed solvent (1/6, 300 mL), and the entire mixture was
stirred at 80 °C for 4 h. After removing the solvent by evaporation, the obtained residue was
dissolved in AcOEt and washed three times with water. The combined organic layer was dried
over anhydrous MgSQO, and then concentrated. The residue was purified by silica gel column
chromatography (n-hexane/AcOEt = 3/1 (v/v), R = 0.33) to give titled compound (17.8 g) as
a colorless liquid. Yield: 44.0%. 'H NMR (400 MHz, CDCls): 6 (ppm) 4.71 (m, 1H, —
OCH(CH3)O-), 391 (m, 1H, N3CH,CH(OH)CH,-), 3.45-3.66 (m, 4H, -
CH,OCH(CH3)OCH,-), 3.37 (m, 2H, NiCH,-), 2.86 (m, 1H, —-OH), 1.33 (d, 3H, -
OCH(CH3)0-), 1.22 (t, 3H, —OCH,CHj3). *C NMR (100 MHz, CDCls): ¢ (ppm) 100.4 (—
OCH(CH3)0-), 69.9 (N3CH,CH(OH)CH,-), 67.1 (~CH(OH)CH,0-), 61.5 (-OCH,CHy),
53.5 (NsCH,-), 19.8 (-OCH(CH3)0O-), 15.3 (-OCH,CHs). Anal. calcd for CsHsN3Os: C,
44.43; H, 7.99; N, 22.21. Found: C, 44.13; H, 8.00; N, 21.40.

Synthesis of
1-(((1-azido-3-(1-ethoxyethoxy)propan-2-yl)oxy)methyl)-4-(bromomethyl)benzene (t-1).
Under a nitrogen atmosphere, NaH (4.23 g, 105.7 mmol; 60% in mineral oil) was added to a
stirred solution of 1-azido-3-(1-ethoxyethoxy)propan-2-ol (10 g, 52.85 mmol), and then the

solution was stirred at 40 °C for 1 h. After cooling to room temperature, the solution was
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dropwise added to a stirred solution of a,0’-dibromo-p-xylene (27.9 g, 105 mmol) in dry THF
(200 mL) and stirred at room temperature for 5 h under a N, atmosphere. After removing the
solvent by evaporation, the obtained residue was dissolved in AcOEt and washed three times
with water. The combined organic layer was dried over anhydrous MgSO, and then
concentrated. The residue was purified by silica gel column chromatography
(n-hexane/AcOEt = 8/1 (v/v), Ry = 0.30) to give t-1 (12.60 g) as a colorless liquid. Yield:
64.1%. 'H NMR (400 MHz, CDCls): 6 (ppm) 7.36 (g, 4H, aromatic), 4.71 (m, 1H, —
OCH(CH3)0-), 4.66 (s, 2H, ~CH,PhCH,Br), 4.49 (s, 2H, —~CH,Br), 3.80-3.41 (m, 5H,
N3CH,CH(O-)CH,—, —~CH,OCH(CH3)OCH,CHs), 3.40 (m, 2H, NsCH,-), 1.30 (d, 3H, —
OCH(CH3)0-), 1.19 (t, 3H, ~OCH,CHs). *C NMR (100MHz, CDCl3): 6 (ppm) 138.4, 137.4,
129.3, 128.2 (aromatic), 99.9 ( — OCH(CH3)O-), 76.8 (-OCH,PhCH.Br), 72.0
(NsCH,CH(O-)CH,-), 64.1 (-CH(O-)CH,0-), 61.5 (-OCH,CHs), 52.2 (N3CH»-), 33.4 (-
CH,Br), 19.8 (-OCH(CH3)O-), 15.3 (-OCH,CHpg3). Anal. calcd for C;H15N303: C, 48.40; H,
5.96; N, 11.29. Found: C, 48.21; H, 5.91; N, 11.59.

Synthesis of e-7. Procedure A was used for the polymerization of M1 (1.11 mL, 4.67
mmol) with i-VI (93.3 pL as 1.0 mol L™ stock solution in toluene, 93.3 pmol) and t-Bu-P,
(93.3 pL as 1.0 mol L™* stock solution in n-hexane, 93.3 pmol) in toluene (575 pL) to give e-7
as a colorless viscous liquid (619 mg). Yield: 61.9%. *H NMR (400 MHz, CDCls): d (ppm)

3.29-3.75 (Ng(CH2)sCH20CHz—, N3(CHy)s0CH,—, —OCH,CH(CH;OCH,(CH,)sCH3)0-),

164



Synthesis of Well-Defined Cyclic, Figure-Eight-Shaped,
and Tadpole-Shaped Block Copolyethers

3.26 (N3CHy-), 1.10-1.69 (N3CH,(CH2)4CH,0—, ~OCH,CH(CH,OCH,CH,(CH,);CH3)0-),
0.78-0.95 (~OCH,CH(CH,OCH,(CH2)sCH3)0-). Manmr= 10900 g mol ™ Mysec = 9990 g
mol™*; B = 1.02.

Synthesis of e-8. A typical procedure for the w-end functionalization is as follows
(Procedure D): Under a nitrogen atmosphere, NaH (25.4 mg, 635 pumol; 60 % in mineral oil)
was added to a stirred solution of e-7 (690 mg, 63.5 pumol) in THF (4 ml), and the solution
was stirred at 40 °C for 30 min. After cooling to room temperature, t-1 (236 mg, 635 umol)
was then added to the solution, and the entire mixture was stirred at room temperature for 48
h. The polymer was purified by dialysis against MeOH (molecular weight cut-off, MWCO
5000 Da) to give e-8 as a pale yellow viscous liquid (572 mg). Yield: 82.9%. *H NMR (400
MHz, CDCIl3): o (ppm) 7.36 (aromatic), 4.70 (—poly-M1-CH,PhCH,0-), 4.64
(-OCH(CH3)0-), 3.29-3.75 (N3(CH3)sCH,0CH,—~, —OCH,CH(CH,OCH,(CH,)sCH3)O-,
N3CH,CH(O-)CH,~, —CH,OCH(CH3)OCH,CH3), 3.26  (N3CH,CH,—), 1.10-1.69
(N3CH3(CH,)4CH,0—, ~OCH,CH(CH,OCH,CH,(CH,);CHs)0-), 0.78-0.95
(—OCH,CH(CH0CH,(CH,)sCH3)0-). My nvr = 11200 g mol %; My sec = 11000 g mol %; B =
1.03.

Synthesis of e-9. A typical procedure for the deprotection of the ethoxyethyl group is
as follows (Procedure E): Cation-exchange resin (100 mg; Dowex 50WX2) was added to a

stirred solution of e-8 (572 mg, 51.1 pumol) in a mixed solvent of CH,Cl, : MeOH = 4:1 (10
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mL), then the solution was stirred at room temperature for 48 h. The polymer was purified by
passing through a pad of alumina to give e-9 as a colorless viscous liquid (572 mg). Yield:
87.0%. 'H NMR (400 MHz, CDCly): &(ppm) 7.36 (aromatic), 4.70
(—poly-M1-CH,PhCH,0-), 3.29-3.75 (N3(CH,)sCH,OCH,—,
~OCH,CH(CH,OCH,(CH,)sCH3)O—, N3CH,CH(O-)CH,—, —CH,OH), 3.26 (N3CH,-),
1.10-1.69  (N3CH,(CH5)4CH,0—~, —OCH,CH(CH,OCH,CH,(CH,);CH3)0-), 0.78-0.95
(—OCH,CH(CH,0CH,(CH,)sCH3)0-). My nmr = 11100 g mol™; M, sec = 11000 g mol™; B =
1.03

Synthesis of e-10. Procedure A was used for the polymerization of M2 (267 pL, 1.29
mmol) with the e-9 macroinitiator (288 mg, 25.9 umol; dehydrated by lyophilization using
dry benzene) and t-Bu-P4 (25.9 pL as 1.0 mol L stock solution in n-hexane, 25.9 pmol) in
toluene (435 L) to give e-10 as a colorless waxy solid (445 mg). Yield: 77.7%. 'H NMR
(400 MHz, CDCl3): o (ppm) 7.36 (aromatic), 4.70 (—poly-M1-CH,PhCH,0-), 3.29-3.75
(N3(CH2)sCH,0OCH,—, —OCH,CH(CH,0CH,(CH,)sCH3)O—,
~OCH,CH(CH,0(CH,CH,0);CH3)0—, N3CH,CH(O-)CH,~, —CH,O-poly-M2-), 3.26
(NsCHp-), 1.10-1.69 (N3CH2(CH,)4CH,0—, —OCH,CH(CH,OCH,CH(CH,);CH3)0-),
0.78-0.95 (~OCH,CH(CH,0CH(CH,)sCH3)0-). My nmr = 22000 g mol Y; M, sec = 15500 g

mol™; B = 1.06.
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Synthesis of e-11. Procedure D was used for the w-end functionalization of e-10
(273 mg, 12.4 pmol) with NaH (5.44 mg, 136 umol; 60% in mineral oil) and t-11 (38.0 mg,
136 pumol) in THF (4 mL) to give e-11 as a pale yellow waxy solid (268 mg). Yield: 98.0%.
'H NMR (400 MHz, CDCls): § (ppm) 7.36 (aromatic), 6.60 (aromatic), 6.50 (aromatic), 4.70
(—poly-M1-CH,PhCH,0—~,  —poly-M2-CH,Ph-), 4.65 (~OCH,C=CH), 3.29-3.75
(N3(CH3)sCH,0OCH,—, —OCH,CH(CH,0OCH,(CH2)sCH3)O—,
~OCH,CH(CH,0O(CH,CH,0)sCH3)0~, N3CH,CH(O-)CH,~, —CH,O-poly-M2-), 3.26
(NsCH,-), 2.60 (~CH,C=CH), 1.10-1.69 (N3CH2(CH,)sCH,0—,
~OCH,CH(CH,OCH,CH,(CH,);CH3)0-), 0.78-0.95 (~OCH,CH(CH,OCH,(CH,)sCH3)O-).
Mnnwvir = 22100 g mol™%; My, sec = 16000 g mol™; © = 1.05.

Synthesis of eight-1V. Procedure C was used for the click cyclization of e-11 (150
mg, 6.75 umol in degassed DMF (5.0 mL)) with a solution of CuBr (96.8 mg, 675 pumol) and
PMDETA (281 pL, 1.35 mmol) in degassed DMF (40 mL) to give eight-1V as a light brown
waxy solid (58.0 mg). Yield: 38.7%. *H NMR (400 MHz, CDCls): & (ppm) 7.76, 7.64 (triazole
methine), 6.60 (aromatic), 6.50 (aromatic), 5.15 (-OCHy—triazole ring), 4.70
(—poly-M1-CH,PhCH,0—, —poly-M2-CH,Ph-), 4.45 (triazole ring—CH,CH-), 4.35 (triazole
ring—CHy(CH,)s0-), 3.29-3.75 (triazole ring—(CH3)sCH,OCH,—,
—OCH,CH(CH;0CHy(CH,)sCH3)O—, —OCH,CH(CH,0O(CH,CH;0)3CH3)0O-), 1.10-1.69

(triazole ring—CHz(CH2)4CHzO—, —OCH2CH(CHzOCHzCHz(CHz)7CH3)O—), 0.78—0.95
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(—~OCH,CH(CH,0CH2(CH2)sCH3)0-). Mnamr = 22200 g mol™Y; My sec = 12400 g mol %, B =
1.04.

Synthesis of tp-1. Procedure D was used for the w-end functionalization of poly-M1
(500 mg, 45.6 pmol; Myamr = 11000 g mol ?, Mysec = 9840 g mol %, B = 1.05) with NaH
(18.2 mg, 456 pumol; 60% in mineral oil) and t-1 (170 mg, 456 pmol) in THF (4 mL) to give a
pale yellow viscous solid (442 mg). Yield: 88.3%. *H NMR (400 MHz, CDCls): 6 (ppm) 7.36
(aromatic), 7.17 (aromatic), 4.70 (—poly-M1-CH,PhCH,0-), 4.64 (-OCH(CH3)O-),
3.29-3.75 (Ph(CH,),CH,OCH,—, ~OCH,CH(CH,OCH,(CH5)sCH3)O—, N3CH,CH(O—-)CH,—,
~CH,OCH(CH3)OCH,CH3), 2.68 (PhCH,CH,CH,-), 1.10-1.69 (PhCH,CH,CH,O-,
~OCH,CH(CH,OCH,CH,(CH,);CH3)0-), 0.78-0.95 (~OCH,CH(CH,OCH,(CH,)sCH3)O-).
Mnnvr = 11300 g mol ™t Mysec = 9940 g mol™®; B = 1.05.  Procedure E was used for the
deprotection of the product (441 mg, 39.2 umol) with a cation-exchange resin (100 mg;
Dowex 50WX2) in a mixed solvent of CH,Cl,;:MeOH = 4:1 (10 mL) to give tp-1 as a
colorless viscous liquid (401 mg). Yield: 90.9%. *H NMR (400 MHz, CDCls): 6 (ppm) 7.36
(aromatic), 7.17 (aromatic), 4.70 (—=poly-M1-CH,PhCH,0-), 3.29-3.75
(Ph(CH,),CH,0CH,—, “OCH,CH(CH,0CH,(CH,)sCH3)O—, N3CH,CH(O—)CH,—, —CH,OH),
2.68 (PhCH,CH,CH-), 1.10-1.69 (PhCH,CH,CH,0-,
~OCH,CH(CH,OCH,CH,(CH,);CH3)0-), 0.78-0.95 (~OCH,CH(CH,OCH,(CH5)sCH3)O-).

Mnavr = 11300 g mol™; M, sec = 10100 g mol *; B = 1.03.
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Synthesis of tp-2. Procedure A was used for the polymerization of M2 (199 uL, 212
pmol) with the tp-1 macroinitiator (215 mg, 19.2 pmol) and t-Bu-P4 (19.2 pL as 1.0 mol L™
stock solution in n-hexane, 19.2 pumol) in toluene (344 pL) to give tp-2 as a colorless waxy
solid (339 mg). Yield: 79.3%. *H NMR (400 MHz, CDCls): § (ppm) 7.36 (aromatic), 7.17

(aromatic), 4.70 (—poly-M1-CH,PhCH,0-), 3.29-3.75 (Ph(CH;),CH,OCH,-,

~OCH,CH(CH,OCH,(CH,)sCH3)O-, ~OCH,CH(CH,0(CH,CH,0)sCH3)O-,
NsCH,CH(O-)CH,—,  —CH,O-poly-M2-), 268  (PhCH,CH,CH,),  1.10-1.69
(PhCH,CH,CH,0-, ~OCH,CH(CH,OCH,CH,(CH,);CH3)0-), 0.78-0.95

(—OCH,CH(CH,0CH,(CH.)sCH3)O-). My amr = 22400 g mol ™ My sec = 16400 g mol™; B =
1.05.

Synthesis of tp-3. Procedure B was used for the propargylation of tp-2 (230 mg,
10.4 pmol) with NaH (4.40 mg, 110 umol; 60% in mineral oil) and propargyl bromide (8.26
pL, 110 pmol) in THF (4.0 mL) to give tp-3 as a pale yellow waxy solid (187 mg). Yield:
81.4%. 'H NMR (400 MHz, CDCls): § (ppm) 7.36 (aromatic), 7.17 (aromatic), 4.70
(—poly-M1-CH,PhCH,0-), 4.30 (~OCH,C=CH),  3.29-3.75 (Ph(CH,),CH,OCH,-,
~OCH,CH(CH,0CH,(CH,)sCH3)O—, ~OCH,CH(CH,0(CH,CH,0);CH3)O—,
N3CH,CH(O-)CHy—, —~CH,0—poly-M2), 2.68 (PhCH,CH,CH,-), 2.39 (-C=CH), 1.10-1.69

(PhCH,CH,CH,0O-, ~OCH,CH(CH,0CH,CH,(CH,)7CH3)0-), 0.78-0.95
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(—~OCH,CH(CH,0CH2(CH2)sCH3)0-). Mnamr = 22500 g mol™Y; My sec = 16400 g mol % B =
1.06.

Synthesis of tadpole-1. Procedure C was used for the click cyclization of tp-3 (150
mg, 6.75 pumol in degassed DMF (5.0 mL)) with a solution of CuBr (96.8 mg, 675 umol) and
PMDETA (281 pL, 1.35 mmol) in degassed DMF (40 mL) to give tadpole-I as a light brown
waxy solid (84.3 mg). Yield: 56.2%. *H NMR (400 MHz, CDCls): 6 (ppm) 7.70 (triazole
methine), 7.36 (aromatic), 7.17 (aromatic), 4.78 (—OCH,-triazole ring), 4.50-4.70
(—poly-M1-CH,PhCH,0-), 4.40 (—CHCH_triazole ring), 3.29-3.75 (Ph(CH;),CH,OCH,—,
~OCH,CH(CH,OCH,(CH,)sCH3)0—,  —OCH,CH(CH,O(CH,CH,0)sCH3)0-),  2.68
(PhCH,CH,CH,-), 1.10-1.69 (PhCH,CH,CH,0—, ~OCH,CH(CH,0CH,CH,(CH,);CH3)0-),
0.78-0.95 (~OCH,CH(CH,0CH2(CH,)sCH3)0-). Mnnmr = 21900 g mol™; My, sec = 14600 g
mol™; B = 1.04.

Synthesis of tp-4. Procedure D was used for the w-end functionalization of poly-M2
(1.10 g, 100 pmol; My nwmr = 10900, My sec = 7030, B = 1.06) with NaH (39.8 mg, 996 pmol;
60% in mineral oil) and t-1 (371 mg, 996 pumol) in THF (4.0 mL) to give a pale yellow
viscous liquid (581 mg). Yield: 53.0%. *H NMR (400 MHz, CDCls): § (ppm) 7.36 (aromatic),
7.17 (aromatic), 4.70 (—poly-2-CH,PhCH,0-), 4.64 (—~OCH(CH3)O-), 3.29-3.75
(Ph(CH_2),CH,0OCH_—, —OCH,CH(CH,0O(CH,CH,0)3CH3)0—, N3CH,CH(O—-)CH,—,

~CH,OCH(CH3)OCH,-), 2.68 (PhCH,CH,CH,-), 1.85 (PhCH,CH,CH,-), 1.30
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(~OCH(CH3)0-), 1.19 (-OCH,CH3). Mynmr = 11300 g mol™; My sec = 9040 g mol™; B =
1.04. Procedure E was used for the deprotection of the product (580 mg, 51.1 pumol) with a
cation-exchange resin (100 mg; Dowex 50WX2) in MeOH (10 mL) to give tp-4 as a colorless
viscous liquid (310 mg). Yield: 53.4%. *H NMR (400 MHz, CDCls): § (ppm) 7.36 (aromatic),
7.17 (aromatic), 4.70 (—poly-M2-CH,PhCH,0-), 3.29-3.75 (Ph(CH),CH,OCH,—,
~OCH,CH(CH,O(CH,CH,0);CH3)0O-, N3CH,CH(O-)CH,-, ~CH,0H), 2.68
(PhCH,CH,CH,-), 1.85 (PhCH,CH,CH2-). My nwir = 11300 g mol™; My sec = 8660 g mol™;
b =1.05.

Synthesis of tp-5. Procedure A was used for the polymerization of M1 (292 pL, 1.36
mmol) with the tp-4 macroinitiator (307 mg, 27.2 pmol) and t-Bu-P, (13.6 pL as 1.0 mol L™
stock solution in n-hexane, 13.6 pmol) in toluene (730 uL) to give the crude tp-5, which was
further purified by preparative SEC to give tp-5 as a colorless waxy solid (74.2 mg). Yield:
24.2%. 'H NMR (400 MHz, CDCls): § (ppm) 7.36 (aromatic), 7.17 (aromatic), 4.70
(—poly-M2-CH,PhCH,0-), 3.29-3.75 (Ph(CH,),CH,0OCH,—,
~OCH,CH(CH,0CH,(CH,)sCH3)O—, ~OCH,CH(CH,0(CH,CH,0);CH3)O—,
NsCH,CH(O-)CH,~,  —CH,O-poly-M1), 268  (PhCH,CH,CHy,-),  1.10-1.69
(PhCH,CH,CH,0—, ~OCH,CH(CH,0CH,CH,(CH,)-CH3)0-), 0.78-0.95
(—OCH,CH(CH,0CH,(CH.)sCH3)O—). My amr = 22100 g mol ™ My sec = 16800 g mol ™ B =

1.05.
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Synthesis of tp-6. Procedure B was used for the propargylation of tp-5 (74.2 mg,
3.37 umol) with NaH (1.35 mg, 33.7 umol; 60% in mineral oil) and propargyl bromide (2.53
pL, 33.7 umol) in THF (4.0 mL) to give tp-6 as a pale yellow waxy solid (73.0 mg). Yield:
98.4%. 'H NMR (400 MHz, CDCls): J (ppm) 7.36 (aromatic), 7.17 (aromatic), 4.70
(-poly-M2-CH,PhCH,0-), 4.30 (-OCH,C=CH),  3.29-3.75 (Ph(CH,),CH,OCH,—,
—OCH,CH(CH,0OCH,(CH2)sCH3)O—, —OCH,CH(CH,0O(CH,CH,0)3CH3)O—,
N3CH,CH(O-)CH,—, —CH,0—poly-M1), 2.68 (PhCH,CH,CH,-), 2.39 (~C=CH), 1.10~1.69
(PhCH,CH,CH,0—, ~OCH,CH(CH,OCH,CH,(CH,);CH3)O-), 0.78-0.95
(—OCH,CH(CH,0CH,(CH,)sCH3)0-). My nmr = 22100 g mol™; My, sec = 16900 g mol ™%, B =
1.05.

Synthesis of tadpole-11. Procedure C was used for the click cyclization of tp-6 (70
mg, 3.17 umol in degassed DMF (4.0 mL)) with a solution of CuBr (45.5 mg, 317 umol) and
PMDETA (132 pL, 634 pumol) in degassed DMF (20 mL) to give tadpole-11 as a light brown
waxy solid (22.9 mg). Yield: 32.7%. 'H NMR (400 MHz, CDCls): 6 (ppm) 7.70 (triazole

methine), 7.36 (aromatic), 7.17 (aromatic), 4.78 (—OCH,—triazole ring) 4.50-4.70

(—poly-M2—-CH,PhCH,0-), 4.40 (—CHCH,—triazole ring), 3.29-3.75
(Ph(CH,),CH,0CH,—, —OCH,CH(CH;0CH,(CH2)sCH3)O—,
~OCH,CH(CH,0(CH,CH,0);CH3)0-), 2.68 (PhCH,CH,CH,-), 1.10-1.69
(PhCH,CH,CH,0—, ~OCH,CH(CH,OCH,CH,(CH,);CH3)O-), 0.78-0.95
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(—~OCH,CH(CH20CH3(CH2)sCH3)0-). Mnmr = 22400 g mol™Y; My sec = 13600 g mol %, B =
1.06.

Synthesis of linear-111. Procedure A was used for the triblock copolymerization of
M1 (111 pL, 467 pmol, first monomer, polymerization time = 20 h), M2 (193 pL, 933 mmol,
second monomer, polymerization time = 20 h), and M2 (111 pL, 467 pmol, third monomer,
polymerization time = 20 h) with i-1V (18.7 pL as 1.0 mol L™ stock solution in toluene, 18.7
pmol) and t-Bu-P4 (18.7 uL as 1.0 mol L™ stock solution in n-hexane, 18.7 pmol) in toluene
(482 pL) to give linear-I11 as a colorless waxy solid (329 mg). Yield: 81.0%. *H NMR (400
MHz, CDCls): & (ppm) 7.28, 7.18 (aromatic), 3.29-3.80 (Ph(CH,),CH,OCH,—,
~OCH,CH(CH,OCH,(CH,)sCH3)0—,  —OCH,CH(CH,O(CH,CH,0);CH3)0-),  2.68
(PhCH,CH,CH,-), 1.88 (PhCH,CH,CH,0-), 1.15-1.80
(—~OCH,CH(CH,0CH,CH,(CH,);CH3)0-), 0.78—1.00 (~OCH,CH(CH,0OCH,(CH,)sCH3)O-).
Mnnwvir = 21700 g mol™; My sec = 16200 g mol™; © = 1.03.
Synthesis of linear-1V. Procedure A was used for the triblock copolymerization of M2 (187
pL, 908 pmol, first monomer, polymerization time = 20 h), M1 (430 pL, 1.82 mmol, second
monomer, polymerization time = 20 h), and M2 (187 pL, 908 pmol, third monomer,
polymerization time = 20 h) with i-1V (36.3 uL as 1.0 mol L™ stock solution in toluene, 36.3
pmol) and t-Bu-Py4 (36.3 pL as 1.0 mol L™ stock solution in n-hexane, 36.3 pmol) in toluene

(763 pL) to give Il as a colorless waxy solid (683 mg). Yield: 86.6%. *H NMR (400 MHz,
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CDCly): & (ppm) 7.28, 7.18 (aromatic), 3.29-3.80 (Ph(CH.),CH,OCH,—,
~OCH,CH(CH,OCH,(CH,)sCH3)0—,  —OCH,CH(CH,0O(CH,CH,0);CH3)0O-), 2.67
(PhCH,CH,CH,-), 1.87 (PhCH,CH,CH,0-), 1.15-1.80
(—~OCH,CH(CH,0CH,CH,(CH,);CH3)0-), 0.78—1.00 (~OCH,CH(CH,0OCH,(CH,)sCH3)O-).
Mnnmr = 21800 g mol™%; My sec = 16400 g mol™; My/M,, = 1.03.

Self-assembly studies of the amphiphilic block copolymers. The experimental methods
used for the investigation of the CMC, micelle morphology, and T4, in agueous solutions are

the same as Chapter 2.
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Chapter 4

4.1 Introduction

Constructing various macromolecular architectures, such as cyclic, star, and brush
polymers, has been one of the central subjects in the polymer chemistry field over the past
few decades.® Such considerable synthetic efforts have revealed a variety of existing
properties coming from the non-linear architecture, which, in turn, offered a huge opportunity
to design novel functional polymers based on topological effects. Among the various
macromolecular architectures, cyclic architectures have attracted particular attention for a
long time due not only to their fascinating structures, but also to their distinctive physical

7-12

properties originating from the absence of chain ends. To date, a number of efficient

synthetic methodologies for cyclic polymers and related architectures like figure-eight-shaped

13-17
d.?

and tadpole-shaped polymers has been demonstrate Some of the most successful

18.19 ving-closing metathesis,?®"

synthetic approaches were the ring-expansion polymerization,
22 and click cyclization,* % by which cyclic polymers with a variety of main chain and side
chain structures were prepared.

Meanwhile, only a little attention has been paid to the polymers with a cage-shaped
architecture, which is a special class of cyclic architectures, such as theta-shape and
delta-graph, in spite of its intriguing structural characteristic due to the three-dimensional

cavity. Such cage-shaped polymers can be regarded as a macromolecular analog of cryptand.

Thus, it is highly expected that the cage-shaped polymers show an ability to encapsulate
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relatively large molecules in their cavities, leading to a range of applications such as

26 stabilization of unstable molecules,?’ and

size-selective molecular recognition,®
nano-reactors.”® However, the basic properties as well as molecular functions due to the
cage-shaped architectures have not been investigated because of the inherent synthetic
difficulties.

The first efficient synthesis of a cage-shaped polymer was achieved by Tezuka et al.,
in which the “electrostatic self-assembly and covalent fixation” (ESA-CF) method was
applied to build the three-armed cage-shaped (theta-shaped) poly(THF) from the combination
of the three-armed star poly(THF) possessing a quaternary ammonium cation moiety at each
arm end with a tricarboxylate molecule (Scheme 4-1a).?> * The ESA-CF process to
produce a figure-eight-shaped poly(THF) possessing two olefin groups followed by its
intramolecular olefin metathesis led to formation of the four-armed cage-shaped (delta-graph)
poly(THF) (Scheme 4-1b).3'  On the other hand, Paik et al. reported the synthesis of three-
and four-armed cage-shaped polystyrenes by the click coupling reaction of the w-azido
functionalized star-shaped polystyrenes using multiple alkynyl coupling agents (Scheme
4-1a).32' % Such “intermolecular cyclization” approaches are useful and straightforward for
the synthesis of a series of cage-shaped polymers. However, exact stoichiometric amount of

the functional star-shaped polymer precursor and coupling agent have to be used to implement

the cyclization. The inexact stoichiometry can result in forming byproducts, such as
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oligomeric products and non-cyclized products. In addition, an appreciable polymer
concentration is typically required for the intermolecular cyclization, which causes the
pronounced formation of the oligomeric products. Therefore, of particular interest is to
develop an efficient route to high purity and narrowly-dispersed cage-shaped polymers by
“intramolecular cyclization” approach.  The intramolecular cyclization approach is
advantageous over the intermolecular cyclization for the effective preparation of cage-shaped
polymers with high purity because the problem stem from the inexact stoichiometry of the
complementary reactive functionalities can be eliminated. Furthermore, the high dilution
condition is applicable for this approach and therefore the formation of the intermolecular
coupling byproduct can be minimized. Despite its potential, however, there has been only
one example of the cage-shaped polymer synthesis through the intramolecular cyclization®
(Scheme 4-1c)

The author now propose a novel synthetic approach toward cage-shaped polymers, in
which trefoil- and quatrefoil-shaped polymers were first synthesized as the precursor
according to the intramolecular cyclization approach and were converted into three- and
four-armed cage-shaped polymers, respectively, by cleaving the focal point. A schematic
diagram for this “topological conversion” approach is described in Scheme 4-1d. The most
important feature of the proposed approach is that byproduct formation can be avoided during

the cage-shaped polymer formation step. This allows direct comparison of the polymer
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properties between the trefoil/quatrefoil and cage-shaped polymers without changing the
degree of polymerization and monomer composition, which could provide an insight into the

structure-property relationship for the highly complexed topological polymers.

Scheme 4-1. Synthetic approaches of reported methods and present method for cage-shaped
polymers.
--- Reported Method  -----------------c

a) Intermolecular Cyclization b) Intramolecular
XN Cyclization

>
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)
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VC‘X . XDN ESACE £ N/
s X Yy X L —> = z

Ph o a) ESA-CF or Azido-Ethynyl Click
esacrx=48_J v= 2o b) Azido-Ethynyl Click
Azido-Ethynyl Click: X = N5, Y =-C=CH ¢) Metathesis

@&

Three-armed cage-shaped  Four-armed cage-shaped
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To realize such a synthetic approach, each polymer precursor has to be guaranteed a
perfect chain end functionality; otherwise, inseparable byproducts would be generated during
the cyclization step. For the synthesis of the trefoil- and quatrefoil-shaped polymer
precursors, the author employed the combination of the t-Bu-Pj-catalyzed ring-opening
polymerization of the epoxide with simultaneous click cyclizations. The methodology was
verified to be effective for the synthesis of a series of cyclic, figure-eight-shaped, and
tadpole-shaped polyethers with very narrow dispersities, as described in Chapter 3. Scheme
4-2 describes a detailed synthetic scheme for constructing the three- and four-armed
cage-shaped poly(butylene oxide)s (PBO) (cages-PBO and cage4-PBO, respectively). Thus,
the author have prepared the trefoil- and quatrefoil-shaped PBOs (trefoil-PBO and
quatrefoil-PBO) having two benzyl ether linkages at the focal point by the intramolecular
click cyclization of the clickable star-shaped precursors (tf-2 and qt-2). The subsequent
topological conversion from trefoil-PBO and quatrefoil-PBO was accomplished by removing
the benzyl ether moiety to yield the three- and four-armed cage-shaped PBOs cages-PBO and
cages-PBO. Although the polymer topological conversion from linear to single-cyclic and
from cyclic to bicyclic (vice versa) had been reported,® % this is the first example of the
topological conversion from the trefoil/quatrefoil to cage-shaped architectures. This new
approach was further extended for the synthesis of the trefoil/quatrefoil and cage-shaped

amphiphilic block copolyethers, and the preliminary study of their aggregation behavior in
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water was performed to demonstrate the polymer property change upon the topological

conversion.

Scheme 4-2. Synthetic pathway for trefoil/quatrefoil and cage-shaped polybutylene OXIdeS
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4.2 Results and Discussion
4.2.1 Design and Synthesis of Multifunctional Initiators

To realize the synthesis of the cage-shaped polymers via the topological conversion
approach, the author newly designed multifunctional initiators (i-V11 and i-V111) consisting of
multiple hydroxy- and azido-functionalized components tethered by a p-xylene moiety. The
hydroxy functionality will serve as the initiating site of the t-Bu-P4-catalyzed ring-opening
polymerization (ROP), while the azido groups will act as reactive sites for the subsequent
click cyclization. The key point of these initiator designs is the two benzyl ether linkages
that tether the azido and hydroxy functionalities. The author envisaged that the benzyl ethers
installed at the focal point of the trefoil- and quatrefoil-shaped polymers can be cleaved upon
the catalytic hydrogenolysis, which would allow the topological conversion to the
corresponding cage-shaped polymers.

The initiators i-VII and i-VII1 were synthesized as shown in Schemes 4-3 and 4-4,
respectively. For the synthesis of i-VII, the triazido-functionalized alcohol (i1) was first
prepared starting from pentaerythritol in accordance with previous report.*®*  The
triazido-functionalized benzyl bromide i2 was then synthesized by reacting the sodium
alkoxide of i1 with an excess amount of dibromo-p-xylene. The reaction of the potassium
alkoxide of i3 with i2 followed by the deprotection of the orthoester yielded the desired i-V1I

as a colorless viscous liquid. For the synthesis of i-VIII, a dendron-like compound i6 was
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first prepared by the coupling of i4 and 3-chloro-2-chloromethyl-1-propene followed by
hydroboration-oxidation in two steps. The obtained i6 was then derivatized into the benzyl
bromide i7 and the tetraazido-functionalized alcohol 112, then the two segments (i7 and i12)
were coupled by an etherification reaction. The desired i-VIII was finally obtained as a
colorless viscous liquid after removal of the acetal protecting groups by acidic treatment.
The obtained initiators i-VII and i-VIII were subjected to the polymerizations after careful
purification by column chromatography and subsequent freeze-drying from a dry-benzene

solution.

Scheme 4-3. Synthetic pathway for i-VII

X % “Y)g
KOH DMSO /
NaH THF 2) HCI, THF
56.5% ) KOH, MeOH
6N3

e Ns 51.3%
il i-VII

Scheme 4-4. Synthetic pathway for i-VI1I

0
>< X O>< O>< Br/\EjV Br o
o oH >< ) 9-BBN X X ><
:CC' i4 :< THF o 0 Br Q o d
—_— _— =
al NaH T2NeOH kG o 0 NaH /_Co o
15-crown-5 X >< H,0, X >< THF
THF o

89.4% . 50.4%
89.3%

O OH
X >< X N3(CH,)sOTs X
PMBCI /_{0 o TFA /_CO OH i10 o
NaH,DMF  PMBO 0X0>< MeOH/H,0  PMBO o OH  NaH,DMF PMBO o
N TBAI X
69.79
% g 62.8% OH
i8 ill

. 50.6%
i9

oFin,
o* N,
o

J(\b}"‘s
I~

0 §Ng

PN
PN
DDQ o Oi/\e;Na . TFA Ns™ g0 © ° OH
- ﬁ( - .7 A
CH,ClyH,0 HO o 0" INs NaH MeOH/H,0 Ng™ O o /_<° OH
o O~><:OH
OH

THF
81.7% oj(\ém 59.2% st/\é

i12 i-VIII

187



Chapter 4

4.2.2 Synthesis of Three- and Four-armed Cage-shaped Poly(butylene oxide)s by the
Topological Conversion from Trefoil- and Quatrefoil-shaped Precursors

With the specially designed initiators in hand, the author developed a feasibility
study to demonstrate the principle of the topological conversion from the trefoil- and
quatrefoil-shapes to cage-shaped architecture, i.e., trefoil to a three-armed cage-shape and
quatrefoil to a four-armed cage shape.

The trefoil-shaped poly(butylene oxide) (PBO) (trefoil-PBO) was synthesized in
three steps involving the polymerization of butylene oxide (BO) with i-VII, end group
modification with propargyl bromide, and intramolecular click cyclization (Scheme 4-2).
According to Chapter 3,% the t-Bu-P,-catalyzed ROP of BO using i-VII as an initiator was
carried out at the [BO]o/[i-VII]o/[t-Bu-P4]o ratio of 30/1/1 to produce the three-armed
star-shaped PBO having three azido groups at the focal point (tf-1; Mynvr = 3180 g mol ™,
DP = 34, b = 1.07) in 71.3% isolated yield. The 'H NMR spectrum showed the
characteristic signals due to the PBO backbone along with the minor signals due to the
initiator residue, such as the methylene adjacent to the azido group (A: 3.26 ppm in Figure
4-1d) and the benzyl group (B: 4.45 ppm), verifying that the ROP of BO was initiated from
i-VIl. Note that the obtained tf-1 should fairly possess three arms with uniform length, as
indicated by Chapter 2 based on the arm cleavage experiments. Next, tf-1 was treated with
an excess amount of propargyl bromide in the presence of sodium hydride to give the

three-armed star-shaped PBO having three azido groups at the focal point and three propargy!l
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groups at the w-ends (tf-2; Mynmr = 3300 g mol™, DP = 34, = 1.06). No significant
difference was observed between the SEC trace of the tf-1 and tf-2, suggesting the absence of
any side reactions (Figures 4-1a and 4-1b). The proton signal due to the terminal alkyne
(proton D) was observed at 2.39 ppm in Figure 4-1e, and the quantitative introduction of the
propargyl groups was verified by comparing the peak areas of the ethynyl proton D (2.39

ppm) and benzyl proton B (4.45 ppm).
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Figure 4-1. (a—c) SEC traces of tf-1, tf-2, and trefoil-PBO (dotted line, before purification;
solid line, after purification using preparative SEC). The M,nmrS, MnsecS, and Ds were
determined from the respective isolated polymers. (d—f) *H NMR spectra of tf-1, tf-2, and
trefoil-PBO in CDCl3 (400 MHz). The insets show the expanded *H NMR spectra which
indicated the disappearance of the azido groups after the intramolecular click cyclization.
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The intramolecular multiple click cyclization of tf-2 was next performed to obtain
the trefoil-shaped PBO trefoil-PBO under a high dilution condition using the
CuBr/N,N,N',N",N"-pentamethyldiethylenetriamine (PMDETA) catalyst system in DMF at
90 °C. After the purification using an alumina column, the complete disappearance of the
azido groups was confirmed by an FT-IR analysis (Figure 4-2a). The obtained crude
product was subjected to an SEC analysis to confirm the progress of the cyclization reaction,
as shown in Figure 4-1c. The elution peak maximum of the product was observed in the
lower molecular weight region as compared to the star-shaped precursor tf-2, which strongly
supported the decrease in the hydrodynamic volume by the intramolecular cyclization reaction.
On the other hand, broad peaks were visible in the higher molecular weight region, which
could be attributed to the oligomeric byproducts formed by the intermolecular click reaction.
Further purification was performed by the preparative SEC to remove the high molecular
weight byproducts, giving an analytically pure product in 47.5% yield. The isolated product
displayed a unimodal SEC trace with the  value of 1.04 (Figure 4-1c). The ratio between
the Mysecs at the SEC peak top of the cyclized trefoil-PBO and tf-2, i.e.,
M p(trefoil-pBOY M p@ir-2) = (G), was calculated to be 0.76 (Table 4-1). The new signals (4"
4.30 ppm, C”: 4.66-4.86 ppm, D”: 7.54 ppm in Figure 4-1f) assignable to the triazole rings
formed by the click reaction appeared in the *H NMR spectrum, while the signals due to the

ethynyl groups and the methylene adjacent to the azido groups completely disappeared.
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Based on the end group analysis by *H NMR, the M, nmr and DP were calculated to be 3250 g
mol™ and 34, respectively. Furthermore, a matrix-assisted laser desorption/ionization
time-of-flight mass spectrometry (MALDI-TOF MS) measurement was performed to identify
the chemical structure of the isolated product. Note that the MALDI-TOF MS spectrum of
the star-shaped precursor tf-2 showed several set of peaks other than the predicted molar mass
of tf-2, which can be assigned to the fragment peaks due to the decomposition of the azido
groups during the ionization process of the measurement (Figure 4-3). In contrast, the
MALDI-TOF MS spectrum of the cyclized product showed only one set of peaks having a
regular interval of 72.05 Da for the molar mass of a BO unit, which indicated the absence of
the unreacted azido group. More importantly, the peak observed at m/z of 3049.92 Da well
agreed with the calculated molar mass for the 30-mer of the trefoil-shaped PBO (3049.25 Da,
calculated for [M+Na]") (Figure 4-4). Based on the SEC, FT-IR, NMR, and MALDI-TOF
MS analyses, the obtained product was assigned to the desired trefoil-shaped PBO,

trefoil-PBO.
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Table 4-1. Synthesis of trefoil/quatrefoil and cage-shaped PBOs and the corresponding
precursors

Mn.amr 2 Mp.sec ” Mpp "
polymer g mol ' Dp? g mol p’ o mglfl] (G)
tf-2 3,300 4,170 1.06 4,380
trefoil-PBO 3,250 34 3,180 1.06 3,310 0.76
cages-PBO 3,150 3,260 1.05 3,370
qt-2 3,780 4,770 1.02 4,830 0.73
quatrefoil-PBO 3,770 33 3,460 1.02 3,520
cages-PBO 3,660 3,550 1.02 3,600

2 Determined by 'H NMR in CDCls. ° Determined by SEC in THF using polystyrene
standards.

(a) . azi:do (b) azi:do

trefoil-PBO quatrefoil-PBO

Illll]lllllllll]lllllllll]lllllllll] Illll]llllIllll]lllllllll]lllllllll]
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Figure 4-2. FT-IR spectra of the PBOs. (a) tf-2 (upper) and trefoil-1 (lower). (b) qt-2 (upper)
and quatrefoil-PBO (lower).
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In a similar fashion, the quatrefoil-shaped PBO (quatrefoil-PBO) was synthesized in
three steps, beginning with i-VI11 as the initiator (Scheme 4-2). The t-Bu-P4-catalyzed ROP
of BO using i-VIII ([BO]Jo/[i-VII]o/[t-Bu-P4]o ratio of 30/1/1) followed by the end group
modification with propargyl bromide afforded the four-armed star-shaped PBO having four
azido groups at the focal point and four propargyl groups at the w-chain ends (qt-2). It
should be noted that a non-negligible amount of a high molecular weight byproduct was
observed in the SEC trace of the crude qt-2 (Figure 4-5b). According to the recent report
by Grayson, such a byproduct should be attributed to the oligomers produced by the
uncatalyzed dimarization.’  Thus, the crude product was purified by the preparative SEC to
give the pure qt-2 in 53.8% isolated yield (Mnxmr = 3780 g mol™, DP =33, = 1.02). The
precursor polymer qt-2 was then subjected to the intramolecular multiple click cyclization.
Although the SEC trace of the crude product indicated the formation of high molecular weight
byproducts, the analytically pure quatrefoil-shaped PBO quatrefoil-PBO (Mpnmwr = 3770 g
mol ™, DP = 33, b = 1.02) was isolated in 78.0% yield by SEC fractionation (Figure 4-5c).
The 'H NMR, FT-IR, and MALDI-TOF MS analyses also identified the predicted structure of
quatrefoil-PBO (Figure 4-2b, Figure 4-5f, and Figure 4-6). The (G) value of 0.73
(M p(quatrefoil-poy = 3520 g mol™ and My pqe2) = 4830 g mol™) was lower than that of the

trefoil-shaped PBO, indicating the formation of a more compact cyclized architecture.
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Figure 4-5. (a—c) SEC traces of qt-1, qt-2, and quatrefoil-PBO (dotted line, before
purification; solid line, after the purification using preparative SEC). The M, nmRrS, Mn secS,
and Ps were determined from the respective isolated polymers. (d—f) *H NMR spectra of
gt-1, gt-2, and quatrefoil-PBO in CDClI;3 (400 MHz).
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Figure 4-6. (a) MALDI-TOF MS spectrum of quatrefoil-PBO (upper) and cages-PBO
(lower), (b) the expanded spectra from 3360 to 3600 Da, and (c) the predicted polymer
structure and calculated molecular weight.

Finally, the author attempted to synthesize the cage-shaped PBOs (cages-PBO and
cages-PBO) by the topological conversion from the trefoil- and quatrefoil-shaped PBO
precursors trefoil-PBO and quatrefoil-PBO, respectively. The topological conversion was
achieved by cleaving the two benzyl ether linkages located at the focal point of the trefoil and
quatrefoil structures. Thus, the author first performed the catalytic hydrogenolysis reaction
on trefoil-PBO in the presence of Pd/C under a hydrogen atmosphere (1 atm) at room
temperature. The extent of the hydrogenolysis was monitored by *H NMR, and the complete
disappearance of the signals due to benzyl ether linkage was observed in 24 h. After a

thorough purification to remove any metal residue by washing with a NaCN aqueous solution,
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a product was obtained in 60.8% yield which was subjected to NMR, MALDI-TOF MS, and
SEC analyses. In the NMR spectrum, the signal due to the benzyl group (B; 4.45 ppm in
Figure 4-7b) completely disappeared, while the other signals were intact. Indeed, the
Mnnwvir (3150 g mol™) of the cleaved product well agreed with the expected M, value (M caic,
= 2930 g mol™). The unimodal SEC elution peak with a narrow B value also guaranteed the

absence of any undesirable side reactions like a main chain scission (Figure 4-7a).
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Figure 4-7. (a) SEC traces of cages-PBO (upper) and cage;,-PBO (lower; dotted line, before
the cleavage reaction). (b) *H NMR spectra of cages-PBO (upper) and cages-PBO (lower)
in CDCl3 (400 MHz). The insets show the expanded *H NMR spectra which indicated the
absence of the p-xylene group.

The MALDI-TOF MS spectrum exhibited only one series of peaks as shown in Figure
4-4a, even after the hydrogenolysis reaction. Most importantly, one of the peaks observed at

m/z of 2947.87 Da well agreed with the calculated mass for the expected chemical structure of
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30-mer of cages-PBO (2947.20 Da), unambiguously indicating the loss of the p-xylene
moiety without any side reaction (Figure 4-4b). These spectroscopic data provided
compelling evidence of forming the three-armed cage-shaped PBO cages;-PBO via the
topological conversion upon the catalytic hydrogenolysis of the benzyl ethers at the focal
point of trefoil-PBO. In a similar manner, the topological conversion was also performed on
quatrefoil-PBO to produce the four-armed cage-shaped PBO cage;-PBO (M,nmr = 3660 g
mol™, DP = 33, P = 1.02, 80.9% vyield), which was fully characterized by *H NMR and
MALDI-TOF MS spectroscopic analyses (Figure 4-7 and Figure 4-6). Interestingly, the
SEC elution peaks of cages-PBO and cages-PBO (M, sec = 3260 g mol ™ and 3550 g mol ™,
respectively) slightly shifted to the high molecular weight region as compared to their trefoil-
and quatrefoil-shaped precursors trefoil-PBO and quatrefoil-PBO (M;,sec = 3180 g mol ™ and
3460 g mol™, respectively), while keeping the unimodal and symmetric peak shape. This
observation was most likely due to the increase in the hydrodynamic volume of the polymers
via the topological conversion from the trefoil/quatrefoil to cage-shaped architectures. Thus,
cage-shaped polymers with a very narrow dispersity are now accessible in a well-defined
fashion via the intramolecular multiple click cyclization of the star-shaped precursor to form

trefoil- and quatrefoil-shaped polymers followed by the topological conversion.
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4.2.3 Synthesis of Amphiphilic Trefoil/Quatrefoil and Cage-shaped Block Copolyethers

Encouraged by the promising results, the author next targeted the amphiphilic

caged-shaped polyethers (cages-1 and cages-l) as shown in Scheme 4-5. It has been

reported that cyclic amphiphilic block copolymers exhibited peculiar self-assembly properties,

which are unattainable from the linear counterparts, both in the solution and solid states.

Thus, of particular interest is to understand the effect of the macromolecular architecture on

the self-assembly properties based on a series of architecturally complex amphiphilic block

copolyethers with a fixed molecular weight and monomer composition. The author

envisaged that cages-1 and cages-1 as well as their trefoil/quatrefoil-shaped precursors

trefoil-1 and quatrefoil-1 should be of interest as the model system for such an architecture—

property  relationship  study. The  decyl glycidyl ether (M1) and

2-(2-(2-methoxyethoxy)ethoxy)ethyl glycidyl ether (M2) were then employed as hydrophobic

and hydrophilic monomers, respectively, and the DP of each monomer in the copolymer was

adjusted to approximately 50. Note that the t-Bu-P4-catalyzed sequential block

copolymerization of these monomers, leading to linear, star, cyclic, tadpole, and

figure-eight-shaped amphiphilic block copolyethers, was successfully achieved in Chapter 2

and 3.
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Scheme 4-5. Synthetic pathway for trefoil/quatrefoil and cage-shaped block copolyethers
(trefoil-1, cages-1, quatrefoil-1, and cages-1)
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First, the three-armed star-block copolyether having three azido groups at the focal

point and three propargyl groups at the w-ends tf-4 (Mnnvr = 22700 g mol™, DPypy/DPp; =

51/51, B = 1.04) was synthesized by the t-Bu-P4-catalyzed block copolymerization using
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I-VIIl as an initiator at the [M1]o/[M2]o/[i-VI1]o ratio of 50/50/1 followed by the w-end
ethynylation. The SEC trace of poly(M1) obtained by the first polymerization completely
shifted to the high molecular weight region after the second polymerization of M2 while
retaining a narrov B (1.04), which is convincing evidence of the successful block
copolymerization (Figure 4-8a). In the *H NMR spectrum of tf-4, the signals due to the
poly(M1) and poly(M2) backbone were observed together with the minor signals due to the
initiator residue (proton B in Figure 4-8f) and the ethynyl groups (protons C and D). Next,
the author performed the intramolecular click cyclization of the precursor polymer tf-4 to
obtain the trefoil-shaped block copolyethers trefoil-1. The SEC analysis confirmed the clear
shift of the elution peak into the lower molecular weight region (Figure 4-8c). Thus, the
established cyclization conditions were found to work well to produce the intramolecularly
cyclized product, though ca. 8% of the high molecular weight byproduct formed by the
intermolecular click reaction was observed. After removing the byproduct by preparative
SEC purification, the narrowly-dispersed trefoil-1 with the M, nvr of 22900 g mol™ (DP; =
51, DP, = 51) was isolated in 71.5% vyield. The (G) value was calculated to be 0.78, which
well agreed with that for the trefoil-shaped PBO (Table 1). The *H NMR and FT-IR spectra
were reasonably assigned to the expected chemical structure of trefoil-1 (Figure 4-8g and
Figure 4-9a), which definitely confirmed the successful formation of the trefoil-shaped

architecture via the intramolecular click cyclization. In a similar fashion, the amphiphilic
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quatrefoil-shaped block copolyethers quatrefoil-I (Mynwr = 23400 g mol™, DPw1/DPp =
50/50, B = 1.02) was obtained in 61.1% isolated yield, beginning from the
w,0’,0" w'"'-tetraethynyl four-armed star-block precursor with four azido groups at the focal
point qt-4 (Mnamr = 23300 g mol ™, DPyy/DP; = 50/50, © = 1.03) (Table 2, Figure 4-9b

and Figure 4-10).

Table 4-2.  Molecular Characteristics and Intrinsic Viscosities ([#]w) of the Trefoil/quatrefoil
and Cage-shaped Block Copolyethers together with the Star-shaped Precursors

Mnnvr Mn.sec © Mnp* [l ®

e mat . PP o ® gmoty © g
tf-4 22,700 16,400 1.04 16,500 0.78 11.4
trefoil-1 22,900 51/51 13,000 1.03 12,900 1,09 5.9
cages-1 22,500 14,500 1.03 14,000 6.5
qt-4 23,300 15,400 1.03 15,100 0.77 7.2
quatrefoil-1 23,400 50/50 11,600 1.02 11,600 1.05 5.1
cagey-1 23,200 12,400 1.02 12,200 5.6

2 Determined by *H NMR. ® Number-average degree of polymerizations of decyl glycidyl
ether (DP;) and 2-(2-(2-methoxyethoxy)ethoxy)ethyl glycidyl ether (DP,) in the copolymer
were determined by *H NMR. ¢ Determined by SEC in THF. ¢ Determined by SEC equipped
with viscometer in THF (0.3 mg mL™).
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Figure 4-8. (a—d) SEC traces of tf-3 (red line, 1st polymerization of M1; blue line block
copolymerization of M2), tf-4, trefoil-1 (dotted line, before purification; solid line, after the
The MpynmrS, Mnsecs, and Ds were
(e-h) 'H NMR spectra of tf-3, tf-4,
trefoil-1, and cages-1 in CDCl; (400 MHz). The insets show the expanded *H NMR spectra.

purification using preparative SEC), and cages-I.
determined from the respective isolated polymers.
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(a) azido (b)

tf-4 qt-4~

trefoil-1 | ‘VM quatrefoil-1 E V M

Illll]llllIllll]lllllllll]lllllllll] Illll]llllIllll]lllllllll]lllllllll]

4000 3000 2000 1000 4000 3000 2000 1000
Wavenumber (cm™) Wavenumber (cm™)

Figure 4-9. FT-IR spectra of the amphiphilic block copolyethers. (a) tf-4 (upper) and trefoil-I
(lower). (b) gt-4 (upper) and quatrefoil-1 (lower).
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Figure 4-10. (a—d) SEC traces of qt-3 (red line, 1st polymerization of M1; blue line block
copolymerization of M2), qt-4, quatrefoil-1 (dotted line, before purification; solid line, after

the purification using preparative SEC), and cages-I.

determined from the respective isolated polymers.
quatrefoil-1, and cages-1 in CDCIl3 (400 MHz).

spectra.
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The insets show the expanded ‘H NMR

205



Chapter 4

The topological conversion from the trefoil-shaped to three-armed cage-shaped block
copolyether via the hydrogenolysis reaction was then investigated. During the course of this
reaction, the author found that the ordinary Pd/C catalyst did not work to completely remove
the benzyl ether linkages from trefoil-1, even after three weeks. This is presumably due to
the presence of long side chains, i.e., decyl and tetraethylene glycol bristles, along the
polymer backbone, which may hamper the access of the benzyl ether moiety to the catalytic
site.  On the other hand, a highly active Pd/C catalyst “ASCA-2" was found to quantitatively
cleave the benzyl ether linkages, affording the targeted cages-1 (Mnnmr = 22500 g mol™, B =
1.03) in 89.1% yield (Figure 4-8h). The SEC elution peak of cages-1 (M,sec = 14500 g
mol™ in Figure 4-8d) clearly shifted to the higher molecular weight region as compared to
trefoil-1 (My sec = 13000 g mol™ in Figure 4-8c), which was consistent with that observed of
the topological conversion from trefoil-PBO to cages;-PBO. Likewise, the quatrefoil-shaped
block copolyether quatrefoil-1 was also subjected to the hydrogenolysis reaction to produce
the four-armed cage-shaped block copolyether cages-1 (Mnnmr = 23200 g mol ™, B = 1.02) in
74.5% isolated yield (Figure 4-10). Thus, our topological conversion approach was verified
to be highly effective for the synthesis of the well-defined amphiphilic cage-shaped block
copolyethers.

To further characterize the series of block copolyethers, an online SEC measurement

conjugated with viscosity and RI detectors was performed in THF (Table 4-2). The
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viscometic data provided valuable information about the macromolecular architecture of each
block copolyether. The intrinsic viscosities ([#]ws) of the trefoil- and quatrefoil-shaped
polyethers (trefoil-1; [#]w = 5.9 mL g* and quatrefoil-1; []w = 5.1 mL g ) were apparently
lower than those of the star-shaped precursors (tf-4; [#]w = 11.4 mL g* and qt-4; [#]w = 7.2
mL g%). This observation can be interpreted as the decrease in the hydrodynamic volume
via the intramolecular cyclization, which again confirmed the successful formation of the
trefoil- and quatrefoil-shaped architectures. On the other hand, the cage-shaped polyethers
showed a higher [#]w (cages-1; [#]w = 6.5 mL g * and cages-1; [5]w = 5.6 mL g *) as compared
to those of the trefoil- and quatrefoil-shaped precursors, indicating that the hydrodynamic
volume of the block copolyether increased via the topological conversion from the
trefoil/quatrefoil to the cage-shaped architecture. The [#]w value of the quatrefoil-shaped
quatrefoil-1 was lower than that for the trefoil-shaped trefoil-1, as can be expected by the
number of cyclic units in the macromolecule. As a similar result, the four-armed
cage-shaped cages-1 was found to exhibit a lower [#]w value than that for the three-armed

cage-shaped cages-I.
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4.2.4 Self-assembly Properties of Amphiphilic Multicyclic Copolyethers in water

Our novel amphiphilic block copolyethers that had been synthesized as already
described (trefoil-1, cages-1, quatrefoil-1, and cages-1) are highly expected to self-assemble
into a certain morphology of a micellar aggregate in water. Before starting the investigation
into the micellar morphology of the trefoil-, quatrefoil- (trefoil-1 and quatrefoil-1), and
cage-shaped block copolyethers (cages-1 and cages-1), the critical micelle concentration
(CMC) of each polymer was determined by the standard fluorescence technique and was
observed in the range of 0.80-1.8 mg L™ (Figure 4-11). Interestingly, the cage-shaped
polyethers cages-1 and cages-1 exhibited higher CMC values (1.8 and 1.7 mg L™
respectively) than those of the trefoil- and quatrefoil-shaped polyethers trefoil-1 and
quatrefoil-1 (0.83 and 0.80 mg L%, respectively), which implied the change in the hydrophilic

character of the polymer by the topological conversion.
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Figure 4-11. Variation in I,/ of pyrene emission spectra for trefoil-1, quatrefoil-1, cages-I,
and cages-l1 as a function of the polymer concentrations (25 °C, lex = 337 nm, 2.0 nm
excitation bandwidth, and 2.0 nm emission bandwidth). The ratio of the emission intensities
of I; (at 373 nm) and I3 (at 384 nm) was plotted versus the polymer concentrations and the
CMC was determined from the inflection point of the graph.
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The DLS and TEM measurements were then performed on the micellar solutions of
trefoil-1, cages-1, quatrefoil-1, and cages-1 in pure water with the polymer concentrations
well-above the CMC (0.50 g L™). For the micellar solutions of trefoil-1 and cages-I, the
monomodal particle size distributions were observed by DLS, and the number average
hydrodynamics diameter (2Ry) was determined to be 60 nm for trefoil-1 and 48 nm for cages-1I
(Figure 4-12). The TEM images exhibited the presence of spherical or rather irregular
shaped aggregates, whose number average diameter was determined to be 77 nm for trefoil-I
and 60 nm for cages-1 which was essentially consistent with the DLS data (Figure 4-12).
For the micellar solutions of the quatrefoil- and four-armed cage-shaped block copolyethers
quatrefoil-1 and cages-1, the DLS analysis proved the bimodal particle size distribution. The
2Ry, value of the major population was 20 nm for quatrefoil-1 and 17 nm for cages-1. The
TEM images for the micellar solutions of quatrefoil-1 and cages-1 clearly displayed the
coexistence of small spherical nanoparticles as the major component and large
irregular-shaped particles as the minor component. This observation is consistent with the
DLS analysis. The large particles seem to be formed by agglomeration of the smaller
spherical nanoparticles. Although the detailed micellar morphology and molecular packing
geometry in the micelle are unclear at this time, the significant difference in the micellar size
between trefoil-1/cages-1 and quatrefoil-1/cages-1 could be due to the hydrodynamic volume

or the architecture of each polymer. On the other hand, the slight decrease in the 2R}, value
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by the topological conversion from the trefoil/quatrefoil (trefoil-1 and quatrefoil-1) to
cage-shaped architectures (cages-1 and cages-1) would be attributed to the change in the

molecular packing geometry in the micelle.

(a)
trefoil-1 2R, =60 nm cage,-| 2R,=48nm  quatrefoil-1 [j 2R, =20 nm cage,-1 [ 2R, =17 nm
2R, =85nm 2R, =65nm
T | E— T T T sy T
1 10 100 1000 1 10 100 1000
2R, (nm) 2R, (nm)

STl 7

trefoil-1 ; QUaLreton2

(measured by DLS at the scattering angle of 90°, 0.50 g L™, 25 °C). (b) TEM images of
micellar aggregates of trefoil-1, quatrefoil-1, cages-l, and cages-l1. The insets are the
expanded TEM images.

To investigate the structural stability of the micellar aggregates as the cloud point (T.g4), we
performed the turbidimetric measurement for the micellar solutions (Figure 4-13). The Tc45S
of the trefoil-1 (69 °C) and quatrefoil-1 (64 °C) were lower than that of the corresponding
cage-shaped polyether (cages-1; Tcq. = 78 °C and cages-I; Tcq. = 67 °C). These results also

suggested that the packing structure in the micellar aggregates was changed after the
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topological conversion. Interestingly, we could find the correlationship between the
amphiphilic cyclic-containing polyethers as shown in Figure 4-14. The T.4S were
decreased depending on the increase of cyclic units, which indicated the structural stability of
the micellar aggregates was affected by the number of cyclic units. Although several
previous studies reported that the monocyclic architecture increase the structural stability of
their micelles, the author revealed for the first time the excessive numbers of cyclic

architecture in a molecule lead the decreasing of their structural stability of micelles.
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Figure 4-13. Temperature dependence of optical transmittance at 300 nm obtained for 0.50
g L™ aqueous solution of trefoil-1, quatrefoil-1, cages-1, and cages-1.
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Cloud point T4
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Figure 4-14. Schematic representation of the correlation in T.4 values between the
cyclic-containing block copolyethers.
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4.3 Conclusion

The author has demonstrated the synthesis of cage-shaped polyethers via the

topological conversion from the trefoil- and quatrefoil-shaped polyethers. The well-defined

trefoil- and quatrefoil-shaped polyethers were synthesized by the intramolecular multiple

click cyclization of the clickable star-shaped precursors that had been prepared by the t-Bu-P,

catalyzed ROP of BO using the specially-designed multifunctional initiators i-VI1I and i-VI11.

The hydrogenolysis of the benzyl ether linkages installed at the focal point of the trefoil- and

quatrefoil-shaped polyethers successfully produced the corresponding cage-shaped polyethers

without any undesired side reaction. Moreover, the author succeeded in the preparation of a

series of trefoil/quatrefoil and cage-shaped amphiphilic block copolyethers according to the

established procedure, which made it possible to directly compare the aggregation properties

in water before and after the topological conversion. The author investigated for the first

time the aggregation properties of amphiphilic multicyclic polyethers and revealed that the

numbers of cyclic units in amphiphilic block copolyethers directly affect to the hydrodynamic

size and structural stability of their aggregates. It is envisaged that the topological

conversion approach will provide concise access to the trefoil/quatrefoil and cage-shaped

polyethers with various main chain and side chain structures as well as contributing to a

greater understanding of the properties and functions due to the complexed macromolecular

architectures.
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4.4 Experimental Section

Materials. Decyl glycidyl ether (M1)*® and 2-(2-(2-methoxyethoxy)ethoxy)ethyl
glycidyl ether (M2)*® were synthesized according to reported methods, purified by distillation
under vacuum over calcium hydride, and stored wunder an argon atmosphere.
1-(6-Azidohexyloxy)-2,2-bis((6-azidohexyloxy)methyl)-3-propanol (i1),*®
4-(hydroxymethyl)-2,6,7-trioxa-bicyclo[2.2.2]octyl methane (i3),%
5-(hydroxymethyl)-2,2,5-trimethyl-1,3-dioxane (i4),** 6-azidohexyl tosylate (i10),** and
propargyl-functionalized Wang resin (PSt-C=CH)*® were synthesized according to reported
methods. p-Methoxy benzyl chloride was purchased from Kanto Chemical Co., Ltd., and used
as received. Pentaerythritol, 60% NaH, tetrabutylammonium iodide (TBAI), trifluoroacetic
acid (TFA) 2,3-dichloro-5,6-dicyano-1,4-benzoquinone (DDQ), a,a’-dibromo-p-xylene,
propargyl bromide, N,N,N’ ,N” N”-pentamethyldiethylenetriamine (PMDETA), and 10%
palladium on carbon (Pd/C; wetted with ca. 55% water) were purchased from Tokyo
Chemical Industry Co., Ltd. (TCI), and used as received. ASCA-2 (wetted with ca. 50%
water) was purchased from Wako Pure Chemical Industry Co., Ltd. (Wako), and used as
received. 1,2-Butylene oxide (BO) was purchased from TCI, and purified by distillation over
CaH,. t-Bu-P,4 (in n-hexane as 1.0 mol L™ solution), copper(trefoil-PBO) bromide (CuBr),
aluminum oxide (alumina), 9-borabicyclo[3.3.1]nonane (in THF as 0.5 mol L™ solution),

dithranol, and sodium trifluoroacetate were purchased from the Sigma-Aldrich Chemicals Co.,
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and used as received. Dry dimethylformamide (DMF; >99.5%; water content, <0.005%), dry
toluene (>99.5%; water content, <0.001%), dry tetrahydrofuran (THF; >99.5%; water content,
<0.001%), and dimethyl sulfoxide (DMSO; >98.0%) were purchased from Kanto Chemical
Co., Inc., and used as received.

Instruments. The instruments used in this study, such as the glovebox, size
exclusion  chromatography (SEC), NMR, FT-IR, and matrix-assisted laser
desorption/ionization time-of-flight mass spectrometry (MALDI-TOF MS), are the same as
Chapter 2 and 3.

Synthesis of 1-(6-azidohexyloxy)-2,2-bis((6-azidohexyloxy)methyl)-3—
(4-bromomethylbenzoxy)propane (i2). Under a nitrogen atmosphere, il (7.72 g, 15.1
mmol) was treated with NaH (3.62 g, 90.5 mmol; 60% in mineral oil) in THF (200 mL) at r.t.
for 1 h to prepare the corresponding sodium alkoxide. The alkoxide solution was slowly
transferred to a stirred solution of «,a’-dibromo-p-xylene (12.0 g, 45.3 mmol) in THF (100
mL) via a cannula, and the entire mixture was stirred at 60 °C for 3 days under a nitrogen
atmosphere. After removing the solvent by evaporation, the resulting residue was dissolved in
cold Et,O, and the insoluble part was removed by celite filtration. The filtrate was
concentrated to dryness, and the residue was purified by silica gel column chromatography
(n-hexane/EtOAc = 9/1, Rs = 0.18) to give i2 (5.93 g, 8.53 mmol) as a colorless liquid. Yield:

56.5%. *H NMR (400 MHz, CDCl3): & (ppm) 7.35 (d, J = 8.0 Hz, 2H, aromatic), 7.28 (d, J =
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8.0 Hz, 2H, aromatic), 4.50 (s, 2H, ~OCH,Ph-), 4.47 (s, 2H, ~OCH,Br), 3.46 (s, 2H,
—CCH,0CH,Ph-), 3.42-3.32 (m, 12H, ~CH,CH,0CH,C—, —-CH,CH,0CH,C-), 3.25 (t, J =
7.2 Hz, 6H, N3CH,-), 1.62-1.48 (m, 12H, N3CH,CH2(CH,)40—, N3(CH2)4CH,CH,0-), 1.42—
1.32 (M, 12H, N3CH2)2(CH,)2(CH3),0-). *C NMR (100MHz, CDCls): § (ppm) 139.5, 136.8,
129.1, 127.6 (aromatic), 72.9 (-CCH,0-), 71.4 (-CH,CH,OCH,C-), 70.0 (~CH,OCH,C-),
69.8 (-OCHzPh-), 51.5 (N3CH>-), 45.6 ((~CH.)(—CH,)(—CH>)(-CH>)C), 33.6 (-PhCH,Br),
29.6, 29.0 (N3CH,CH,(CH,)40—, N3(CH,)4CH,CH,0-), 26.7, 26.0 (N3(CH,),CH(CH2):0—,
N3(CH,)3CH2(CH,),0-). HRMS-FD (m/z): [M + H]" calcd for C33HsBrNgQO4, 694.3404;
Found, 694.3409.

Synthesis of a-(1-(6-azidohexyloxy)-2,2-bis((6-azidohexyloxy)methyl)—
3-propoxy)a’-(1,1,1-tris(hydroxymethyl)-2-ethoxy)-p-xylene (i-VII). i2 (1.2 g, 1.73
mmol) was added to a stirred solution of KOH (1.46 g, 26.0 mmol) and i3 in DMSO (15 mL),
and the entire mixture was stirred at r.t. for 10 h. The stirred solution was diluted with water
and extracted with Et,O. The combined organic layers were concentrated. The residue was
dissolved in THF, then 1N-HCI (5 mL) was added to the solution. After stirring at r.t. for 24 h,
KOH (1.00 g, 17.8 mmol) and MeOH (5 mL) were added to the stirred solution, and the
solution was again stirred at r.t. for 24 h. After removing the solvent by evaporation, the
resulting residue was dissolved in EtOAc and washed with water. The organic layer was dried

over anhydrous MgSO,, then concentrated. The residue was purified by silica gel column
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chromatography (n-hexane/EtOAc = 1/3, Ry = 0.37) to give i-VII (666 mg, 888 umol) as a
colorless viscous liquid. Yield: 51.3%. *H NMR (400 MHz, CDCls): 6 (ppm) 7.32-7.23 (m,
4H, aromatic), 4.51, 4.49 (s, 4H, ~OCH,Ph), 3.73 (s, 6H, —C(CH,OH)s), 3.53 (s, 2H,
—CH,C(CH,0H)3), 3.47 (s, 2H, —CCH,0OCH,Ph-), 3.42-3.34 (m, 12H, ~CH,CH,OCH,C-,
—CH,CH,OCH,C-), 3.25 (t, J = 7.2 Hz, 6H, N3CH,-), 2.47 (s, 3H, —OH), 1.66-1.48 (m, 12H,
N3CH2CH2(CH2)40—, N3(CH,)4CH,CH,0-), 1.42-1.32 (m, 12H, N3CHy)2(CH,)2(CH2)20-).
3C NMR (100MHz, CDCls): § (ppm) 139.4, 137.0, 128.0, 127.8 (aromatic), 74.1, 73.4
(-PhCH,0CH,C-), 72.8 (-PhCH,0-), 71.7 (~CH,CH,OCH.C-), 70.3 (-~PhCH,0-), 70.2
(-CH,CH,OCH,C-), 654  (-C(CH,OH)s), 519  (NsCH,-), 459, 454
((=CH2)(—CH2)(—CH.)(-CH>)C), 29.9, 29.3 (N3CH,CH(CH5)s0—, N3(CH,):CH,CH,0-),
27.1, 26.3 (N3(CH5)2CH,(CH2)30—, N3(CH,)3CH,(CH,),0-). Anal. calcd. for C3sHg3sNgOs: C,
57.66; H, 8.47; N, 16.81. Found: C, 57.58; H, 8.37; N, 16.63.

Synthesis of 1,1-bis(((2,2,5-trimethyl-1,3-dioxan-5-yl)methoxy)methyl)ethylene
(i5). Under a nitrogen atmosphere, i4 (38.5 g, 240 mmol) was added to a stirred solution of
3-chloro-2-chloro propene (10.0 g, 80.0 mmol), NaH (14.4 g, 360 mmol; 60% in mineral oil),
and 15-crown-5 (3.17 mL, 16.0 mmol) in THF (400 mL), then the solution was stirred at
60 °C for 24 h. After removing the solvent by evaporation, the obtained residue was dissolved
in EtOAc and washed three times with water. The organic layer was dried over anhydrous

MgSO,, then concentrated. The residue was purified by silica gel column chromatography
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(n-hexane/EtOACc = 5/1, R; = 0.27) to give i5 (26.6 g, 71.4 mmol) as a white solid. Yield:
89.3%. H NMR (400 MHz, CDCl3): & (ppm) 5.15 (s, 2H, CH,=C-), 3.99 (s, 4H,
CH,=C(CH;0-)), 3.73-3.53 (m, 8H, -CCH,0C-), 3.41 (s, 4H, CH,=CCH,OCH,C-), 1.43,
1.39 (s, 12H, —OC(CHs),), 0.89 (s, 6H, —CH,C(CH3)(CH2-),). **C NMR (100MHz, CDCls): &
(ppm) 1132  (CH,=C-), 98.0 (-OC(CHs),), 733, 722 (CH,=CCH,0-,
—OCH,C(CH3)(CH2-),), 66.7 (~C(CHs3)(CH,0-),), 34.5 (-OCH,C(CH3)(CH,-)), 26.5, 21.4
(—C(CHj3)2), 18.5 (-C(CH3)(CH2-)3). Anal. calcd for CH3606: C, 64.49; H, 9.74. Found: C,
64.12; H, 9.57. HRMS-ESI (m/z): [M + Na]* calcd for CyH3s0sNa, 395.2410; Found,
395.2402.

Synthesis of 1,3-bis((2,2,5-trimethyl-1,3-dioxan-5-yl)methoxy)-
2-hydroxymethylpropane (i6). 9-BBN (0.5 M in THF, 100 mL, 50 mmol) was dropwise
added to a stirred solution of i5 (12.0 g, 32.2 mmol) in dry-THF (300 mL) at -10 °C under a
N, atmosphere. The mixture was stirred at 0 °C for 2h, then stirred overnight at 25 °C. An
aqueous NaOH solution (6.0 g of NaOH in distilled water) and H,0, (30% in water, 100 mL)
were slowly added to the reaction mixture at 0 °C. After stirring overnight at 50 °C, the
mixture was extracted three times with AcOEt. The combined organic layers were washed
three times with brine, dried over anhydrous MgSQO,, and concentrated. The residue was
purified by silica gel column chromatography (n-hexane/acetone = 2/1, R; = 0.35) to give i6

(11.3 g, 28.8 mmol) as a colorless liquid. Yield: 89.4%. *H NMR (400 MHz, CDCls): 6 (ppm)
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3.76 (t, 3 = 7.2 Hz, 2H, HOCH,-), 3.70-3.50 (m, 12H, ~OCH,C(CH3)(CH,0-),), 3.43 (m, 4H,
HOCH,CH(CH,0-),), 2.59 (t, J = 7.2 Hz, 1H, ~OH), 2.16 (m, 1H, HOCH,CH(CH,0-),),
1.43, 1.39 (s, 12H, ~OC(CHa),), 0.85 (s, 6H, —CH,C(CH3)(CH2-),). *C NMR (100MHz,
CDCl): 6 (ppm) 98.0 (-OC(CHs)y), 73.3, 72.2 (-CH(CH,0-),, ~OCH,C(CH3)(CH2-),), 66.7
(—=C(CHj3)(CH,0-),), 64.5 (HOCH,-), 41.6 (HOCH,CH-) 34.6 (-OCH,C(CH3)(CH2-)2), 26.8,
21.0 (-C(CHg)>), 18.4 (-C(CHg3)(CH2-)3). Anal. calcd for C,oH3307: C, 61.51; H, 9.81. Found:
C, 61.15; H, 9.81. HRMS-ESI (m/z): [M + Na]* calcd for CH3s07Na, 413.2515; Found,
413.2504.

Synthesis of 1,3-bis((2,2,5-trimethyl-1,3-dioxan-5-yl)methoxy)—
2-((4-bromomethylbenzoxy)methyl)propane (i7). Under a nitrogen atmosphere, i6 (11.1 g,
28.4 mmol) was added to a stirred solution of NaH (3.0 g, 75.0 mmol; 60% in mineral oil) in
THF (300 mL), then the solution was stirred at 50 °C for 1 h. A solution of
a,a’-dibromo-p-xylene (22.5 g, 85.2 mmol) in THF (100 mL) was added to the reacting
mixture, and the entire mixture was stirred under reflux condition for 3 days. After removing
the solvent by evaporation, the obtained residue was dissolved in cold Et,0, and the insoluble
part was removed by celite filtration. The filtrate was concentrated to dryness, and the residue
was purified by silica gel column chromatography (n-hexane/acetone = 8/1, Ry = 0.29) to give
i7 (8.22 g, 14.3 mmol) as a pale yellow liquid. Yield: 50.4%. 'H NMR (400 MHz, CDCls): &

(ppm) 7.37-7.26 (m, 4H, aromatic), 4.49, 4.48 (s, 4H, —-PhCH,-), 3.70-3.50, 3.37 (m, 18H,
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—OCH,C(CHg3)(CH,0-),, -OCH,CH(CH,0-),), 2.59 (t, J = 7.2 Hz, 1H, —-OH), 2.23 (m, 1H,
—OCH,CH(CH,0-)), 1.42, 1.39 (s, 12H, —OC(CHj3),), 0.85 (s, 6H, —CH,C(CH3)(CH2-),).
BBC NMR (100MHz, CDCls): & (ppm) 139.2, 137.0, 129.2, 128.0 (aromatic), 97.9
(-OC(CHa),), 74.1 (-OCH,C(CH3)(CHz-),), 72.8 (-PhCH,0-), 69.9 (-CH(CH,0-),), 69.0
(-PhCH,OCH,CH-), 66.7 (—C(CH3)(CH20-)y), 40.6 (-OCH,CH-) 34.6
(~OCH,C(CHs)(CHx-),), 33.6 (BrCHy-), 26.8, 21.0 (-C(CHs),), 18.4 (~C(CH3)(CH2-)s).
HRMS-ESI (m/z): [M + Na]" calcd for CsH450,BrNa, 595.2246; Found, 595.2241.

Synthesis of 1,3-bis((2,2,5-trimethyl-1,3-dioxan-5-yl)methoxy)-2-((p-methoxy—
benzoxy)methyl)propane (i8). Under a nitrogen atmosphere, i6 (11.3 g, 28.8 mmol) was
added to a stirred solution of NaH (2.30 g, 57.6 mmol; 60% in mineral oil) and TBAI (1.06 g,
2.88 mmol) in DMF (300 mL), then the solution was stirred at 45 °C for 30 min. A solution of
p-methoxybenzyl chloride (5.86 mL, 43.2 mmol) in DMF (10 mL) was dropwise added to the
reacting mixture, and the entire mixture was stirred at 80 °C for 17 h under a nitrogen
atmosphere. After removing the solvent by evaporation, the obtained residue was dissolved in
AcOEt, and washed with water and brine. The organic layer was dried over anhydrous MgSQOy,
then concentrated. The residue was purified by silica gel column chromatography
(n-hexane/AcOEt/acetone = 10/1/1, R = 0.34) to give i8 (10.3 g, 20.1 mmol) as a colorless
liquid. Yield: 69.7%. *H NMR (400 MHz, CDCls): & (ppm) 7.24, 6.86 (d, J = 8.0 Hz, 4H,

aromatic), 4.41 (s, 2H, -PhCH,-), 3.80 (s, 3H, CH3;OPh-), 3.70-3.46 (m, 14H,
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—PhCH,0CH,-, -OCH,C(CH3)(CH,0-)2), 3.35 (s, 4H, -OCH,CH(CH,0-),), 2.20 (m, 1H,
—OCH,CH(CH,0-),), 1.42, 1.38 (s, 12H, —OC(CHj3)), 0.86 (s, 6H, —CH,C(CH3)(CH2-)2).
BC NMR (100MHz, CDCl3): & (ppm) 159.2, 130.8, 129.3, 113.8 (aromatic) 97.9
(~OC(CHs),), 74.1 (-OCH,C(CH3)(CH2-),), 73.0 (-PhCH,0-), 69.9 (-CH(CH,0-),), 68.6
(~PhCH,OCH,CH-), 66.7 (—-C(CH3)(CH,0-),), 55.4 (CH3;0Ph-), 40.5 (-OCH,CH-) 34.6
(~OCH,C(CH3)(CH2-),), 26.1, 21.7 (~C(CHa)), 18.5 (~C(CH3)(CH2-)s). Anal. calcd for
CaH460s: C, 65.86; H, 9.08. Found: C, 65.47; H, 8.86. HRMS-ESI (m/z): [M + Na]" calcd for
Ca2sH160sNa, 533.3090; Found, 533.3076.

Synthesis of 1,3-bis((1-methyl-1,1-bis(hydroxymethyl))-2-ethoxy)-
2-((p-methoxybenzoxy)methyl)propane (i9). TFA (1.0 mL, 13.1 mmol) was added to a
stirred solution of i8 (10.0 g, 19.6 mmol) and water (2 mL) in MeOH (50 mL), then the
mixture was stirred at r.t. for 4 h. After removing the solvent by evaporation, the residue was
purified by silica gel column chromatography (EtOAc to AcOEt/MeOH (5/1)) to give i9 (5.30
g, 12.3 mmol) as a white solid. Yield: 62.8%. *H NMR (400 MHz, CDCls): § (ppm) 7.24, 6.88
(d, J = 8.0 Hz, 4H, aromatic), 4.41 (s, 2H, -PhCH,-), 3.81 (s, 3H, CHzOPh-), 3.61 (s, 8H,
—CH,0H), 3.58-3.40 (m, 10H, —PhCH,0CH,—, ~CH,0CH,C(CHs)-), 3.16 (b, J = 8.0 Hz, 4H,
—OH), 2.19 (m, 1H, —OCH,CH(CH,0-),), 0.77 (s, 6H, —CH,C(CH3)(CH2-),). *C NMR
(100MHz, CDClg): o6 (ppm) 159.3, 130.3, 1295, 1139 (aromatic), 76.2

(-OCH,C(CH3)(CH,0H);), 730  (-PhCH,0-), 704  (-CH(CH,0-),), 68.8
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(~PhCH,0OCH,CH-), 68.1 (-CH,0OH), 55.4 (CH3OPh-), 40.9 (~OCH,C(CH3)(CH,0H),),
40.1 (-OCH,CH-), 17.3 (-C(CH3)(CH2-)3). Anal. calcd for C,,H330g: C, 61.37; H, 8.90.
Found: C, 60.52; H, 8.47.HRMS-ESI (m/z): [M + Na]* calcd for CxHzsOgNa, 453.2464;
Found, 453.2459.

Synthesis  of  1,3-bis((1-methyl-1,1-bis(6-azidohexyloxymethyl))-2-ethoxy)—
-2-((p-methoxybenzoxy)methyl)propane (i11). Under a nitrogen atmosphere, i9 (4.00 g,
11.3 mmol) was added to a stirred solution of NaH (1.78 g, 44.6 mmol; 60% in mineral oil) in
DMF (300 mL), then the solution was stirred at 50 °C for 1 h. i10 (13.2 g, 44.6 mmol) and
TBAI (857 mg, 2.32 mmol) were added to the reacting mixture, and the entire mixture was
stirred at 50 °C for 24 h under a nitrogen atmosphere. After removing the solvent by
evaporation, the obtained residue was dissolved in n-hexane and washed three times with
water. The combined organic layers were dried over anhydrous MgSQ,, then concentrated.
The residue was purified by silica gel column chromatography (n-hexane/EtOAc = 7/1, Ry =
0.26) to give i1l (4.38 g, 4.70 mmol) as a colorless liquid. Yield: 50.6%. *H NMR (400 MHz,
CDCI3): o (ppm) 7.23, 6.86 (d, J = 8.0 Hz, 4H, aromatic), 4.41 (s, 2H, —-PhCH,>-), 3.80 (s, 3H,
CH30OPh-), 3.48 (d, J = 8.0 Hz, 2H, —PhCH,OCH,-), 3.41 (d, J = 8.0 Hz, 4H,
—CH,0OCH,C(CH3)-), 3.35 (t, J = 7.2 Hz, 8H, ~C(CH3)CH,OCH,CH,-), 3.25 (t, J = 7.2 Hz,
8H, —C(CH3)CH,0CH,CH,-), 3.24-3.21 (m, 4H, —~CHCH,0OCH,C(CHs)-), 3.22 (s, 8H,

~CHoNs), 217 (m, 1H, -OCH,CH(CH,0-),), 1.64-150 (m, 16H,
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—OCH,CH,(CH,),CH,CH;N3), 1.40-1.32 (m, 16H, —OCH,CH,(CH,),CH,CH,N3), 0.90 (s,
6H, —CH,C(CH3)(CH2-),). *C NMR (100MHz, CDCl5): é (ppm) 159.1, 130.9, 129.2, 113.8
(aromatic), 74.0 (-OCH,C(CH3)(CH2-),), 73.7 (-CH,OCH,CH,-), 72.9 (-PhCH,0-), 71.4
(-CH,OCH,CH,-) 70.0 (-CH(CH,0-),), 68.8 (-PhCH,OCH,CH-), 55.4 (CH3;0Ph-), 51.6
(=CH2Ns3), 41.1 (-OCH,C(CH3)(CH,0H),), 40.5 (-OCH,CH-), 29.6 (-O(CH,)4sCH,CH;N3),
29.0 (-OCH2CH,(CH3)4N3), 26.7 (-O(CH2)3CH2(CH2)2N3), 26.0 (—O(CH,)2CH,(CH,)3N3),
17.6 (—C(CH3)(CH2-)3). Anal. calcd for C4HgoN120s: C, 59.33; H, 8.88; N, 18.05. Found: C,
59.43; H, 9.01; N, 17.69. HRMS-ESI (m/z): [M + Na]" calcd for C4sHg2N1,0gNa, 953.6276;
Found, 953.6274.

Synthesis  of  1,1-bis(((1-methyl-1,1-bis(6-azidohexyloxymethyl))-2-ethoxy)—
methyl)-2-ethanol (i12). DDQ (2.10 g, 9.24 mmol) was added to the stirred solution of i11
(4.30g, 4.62 mmol) in CH,Cl,/water (150 mL, v/v = 2/1), and the entire mixture was stirred at
r.t. for 4 h. The reaction was quenched by adding a saturated solution of NaHCO3, and the
organic layer was washed three times with water. The organic layer was dried over anhydrous
MgSQ,, then concentrated. The residue was purified by silica gel column chromatography
(CH.CI, , R = 0.01 — CH,CI,/MeOH = 5/1, R; = 1.0) to give i12 (3.06 g, 3.77 mmol) as a
pale orange liquid. Yield: 81.7%. *H NMR (400 MHz, CDCls): 6 (ppm) 3.74 (t, J = 7.2 Hz,
2H, HOCH,-), 3.51-3.41 (m, 4H, —CH,OCH,C(CHj)-), 3.37 (t, J = 7.2 Hz, 8H,

~C(CH3)CH,0CH,CH»-),  3.28-3.24  (m,  12H,  —C(CHs)CH,OCH,CHy,
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—CHCH,0OCH,C(CHa3)-), 3.23 (s, 8H, —CH,N3), 2.14 (m, 1H, —OCH,CH(CH,0-),), 1.64—
150  (m,  16H,  —OCH,CH(CH,),CH,CH,N3),  1.40-132  (m,  16H,
—OCH,CH,(CH,),CH,CH,N3), 0.91 (s, 6H, —CH,C(CH3)(CH»-),). *C NMR (100MHz,
CDCls): 6 (ppm) 746 (-OCH,C(CH3)(CHz-)2), 73.7 (-CH,OCHCH.-), 71.9
(-CH(CH,0-),), 71.4 (-CH,OCH,CH,-) 65.0 (-CH,OH), 515 (-CH,Nj), 41.3
(-OCH,C(CH3)(CH,0-),), 41.0 (-OCH,CH-), 29.6 (~O(CH,)4CH.CH;N3), 29.0
(=OCH,CH2(CH2)4N3), 26.7 (—O(CH,)3CH,(CH,)2N3), 25.9 (—O(CH,),CH,(CH,)3N3), 17.7
(-C(CH3)(CH2-)3). Anal. calcd for CsgH74N1207: C, 56.27; H, 9.20; N, 20.72. Found: C,
56.26; H, 9.31; N, 20.33. HRMS-ESI (m/z): [M + Na]* calcd for CssH7sN1,0-/Na, 833.5701;
Found, 833.5694.

Synthesis of a-(1,1-bis(((1-methyl-1,1-bis(6-azidohexyloxymethyl))-2-ethoxy)—
methyl)-2-ethoxy)-a’-(1,1-bis(((1-methyl-1,1-bis(hydroxymethyl))-2-ethoxy)methyl)-2—
ethoxy)-p-xylene (i-VIII). 12 (1.99 g, 2.45 mmol) was added to a stirred solution of NaH
(294 mg, 7.35 mmol) in THF (50 mL), then the solution was stirred at 50 °C for 1 h. A
solution of i7 (2.11 g, 3.68 mmol) in THF (10 mL) was added to the stirred solution, and the
entire mixture was stirred under reflux for 2 days. After removing the solvent by evaporation,
the residue was purified by silica gel column chromatography (n-hexane/AcOEt = 4/1, Ry =
0.32) to give the liquid mixture. The mixture was dissolved in MeOH (50 mL), then TFA (500

ML) and distilled water (2 mL) were added to the solution. After stirring at r.t. for 5 h, the
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solvent was removed by evaporation. The residue was purified by silica gel column
chromatography (n-hexane/EtOAc/MeOH = 7/3/1, Ry = 0.42) to give i-VIII (1.78 g, 1.45
mmol) as a colorless viscous liquid. Yield: 59.2%. *H NMR (400 MHz, CDCls): 6 (ppm) 7.29
(d, J = 8.0 Hz, 4H, aromatic), 4.47 (s, 4H, —-PhCH»-), 3.59 (s, 8H, HOCH,-), 3.55-3.40 (m,
20H, ~CH,OCH,C(CHs)—, ~PhCH,0CH,—, —~C(CH3)CH,0CH,CH.-), 3.36 (t, J = 7.2 Hz, 8H,
—CH,0CH,CH,-) 3.28-3.24 (m, 16H, ~CHCH,OCH,C(CHz)-, —~CH,Ns), 2.20 (m, 2H,
—OCH,CH(CH,0-),), 1.64-1.50 (m, 16H, ~OCH,CH2(CH,),CH,CH,N3), 1.40-1.32 (m, 16H,
—OCH,CH,(CH,),CH,CH,N3), 0.91 (s, 6H, —CH,C(CH3)(CH,OH),), 0.77 (s, 6H,
—CH,C(CHs)(CH,0CH,-)). **C NMR (100MHz, CDCls): & (ppm) 138.3, 137.4, 127.9, 127.7
(aromatic), 76.2 (-OCH,C(CH3)(CH,OH),;), 74.1 (-OCH,C(CH3)(CHz-),), 73.6
(-CH,OCH,CH,-), 73.1 (-PhCH,0-), 714 (-CH,OCH,CH,-) 70.3, 69.9
(~PhCH,OCH,CH(CH,0-),), 69.3, 68.9 (-PhCH,OCH,CH-), 68.3 (-CH,OH), 51.5
(~CH2N3), 41.1 (-OCH,C(CH3)(CH,OCH,CH,-);), 40.9 (-OCH,C(CH3)(CH,0OH),), 40.5,
40.1 (-OCH,CH-), 29.6 (~O(CH,)isCH,CH;N3), 29.0 (~OCH,CH,(CH,)sN3), 26.7
(—O(CHa)3CH,(CH,)2N3), 25.9 (-O(CH,),CH,(CH,)3Ns3), 17.6, 17.3 (—C(CHj3)(CH2-)3). Anal.
calcd for CgoH110N12014: C, 58.90; H, 9.06; N, 13.74. Found: C, 58.60; H, 9.12; N, 13.20.
HRMS-ESI (m/z): [M + Na]" calcd for CagH74N1,0,Na, 1245.8162; Found, 1245.8144.
Synthesis of three-armed poly(butylene oxide) with three azido groups at the

chain center (tf-1). A typical polymerization procedure is as follows (method A): BO (864
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ulL, 10.0 mmol) was added to a stirred solution of i-VII (251 mg, 334 umol) and t-Bu-P4 (167
uL as 1.0 mol L™ stock solution in n-hexane, 167 umol) in toluene (2.06 mL), then the entire
mixture was stirred at room temperature for 40 h. An excess of benzoic acid was then added
to the mixture to terminate the polymerization, and the product was purified by passing it
through a pad of alumina using THF to give tf-1 as a colorless viscous liquid (413 mg). Yield:
71.3%. 'H NMR (400 MHz, CDCls): & (ppm) 7.26 (aromatic), 4.45 (—~PhCH,-), 3.70-3.20
(N3CH2—, N3(CH2)sCHz—, N3(CH2)sOCH_,—, —PhCH,OCH,-, PBO-OCH,—,
—OCH,CH(CH,CH3)O—-, ~OCH,CH(CH,CH3)O-), 1.66-1.34  (N3CHx(CH,)sCH,0-,
—OCH,CH(CH,CH3)0-), 0.92 (-OCH,CH(CH,CH3)0-). Mynvr = 3180 g mol™ (CDCly);
Mnsec = 3800 g mol ™ (THF); & = 1.07.

Synthesis of o,0',w'"'-triethynyl three-armed poly(butylene oxide) with three
azido groups at the chain center (tf-2). A typical procedure for the w-chain end
ethynylation is as follows (method B): NaH (58.9 mg, 1.47 mmol) was added to a stirred
solution of tf-1 (M nmr = 3180 g mol™, 442 mg) in THF (5 mL), then the entire mixture was
stirred at room temperature for 30 min. Propargyl bromide (160 pL, 1.47 mmol) was then
added to this mixture, and the entire mixture was stirred at room temperature for 48 h. The
product was purified by passing it through a pad of alumina to give tf-2 as a pale yellow
viscous liquid (227 mg). Yield: 51.2%. *H NMR (400 MHz, CDCls): 6 (ppm) 7.26 (aromatic),

445 (-Ph-CH,-), 4.32-4.26 (HC=CCH,0-), 3.70-3.20 (NsCH,, N3(CHp)sCHy,
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N3(CH,)6OCH,—, —Ph-CH,OCH,-, PBO-OCH,-, —OCH,CH(CH,CH3)O-,
—OCH,CH(CH,CH3)0-), 239  (HC=C-),  1.66-1.34  (N3CHy(CH,)sCH,0,
—OCH,CH(CH,CH3)0-), 0.92 (<OCH,CH(CH,CH3)0-). Mynmr = 3300 g mol™ (CDCly);
M sec = 4170 g mol ™ (THF); & = 1.06.

Synthesis of trefoil-shaped poly(butylene oxide) (trefoil-PBO). A typical
procedure for the intramolecular click cyclization is as follows (method C): A solution of tf-2
(Manmr = 3300 g mol ™, 165 mg) in degassed DMPF (25 mL) was added to a stirred solution of
CuBr (731 mg, 5.10 mmol) and PMDETA (2.10 mL, 10.2 mmol) in degassed DMF (300 mL)
using a syringe pump at the rate of 0.3 mL h™* at 90 °C under a nitrogen atmosphere. After
completing the addition, PSt-C=CH (30 mg), CuBr (146 mg, 1.02 mmol), and PMDETA (420
uL, 2.03 mmol) were added to the reaction mixture. After stirring at 90 °C for 24 h, the
solvent was removed by evaporation, and the residue was purified by passing it through a pad
of alumina followed by preparative SEC to give trefoil-PBO as a pale yellow viscous liquid
(78.3 mg). Yield: 47.5%. *H NMR (400 MHz, CDCls): § (ppm) 7.54 (m, triazole ring), 7.25
(aromatic), 4.86-4.66 (~triazole ring—CH,0-), 4.45 (-Ph—CHj-), 4.30
(-O(CH,)sCHj—triazole  ring-), 3.70-3.20 (-triazole ring—(CH2)sCH,OCH,—, —Ph-
CH,0CH,-, PBO-OCH,-, —OCH,CH(CH,CH3)O—, —OCH,CH(CH,CH3)O-), 1.66-1.34
(~triazole ring—CH,(CH,)4CH,0—, —OCH,CH(CH,CH3)0-), 0.92 (-OCH,CH(CH,CH3)O-).

Mnnwvr = 3250 g mol™ (CDCls); My sec = 3180 g mol™ (THF); b = 1.04.
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Synthesis of three-armed cage-shaped poly(butylene oxide) (cages-PBO). A
typical procedure for the cleavage reaction is as follows (method D): A mixture of
trefoil-PBO (M, nmr = 3250 g mol™, 74.3 mg) and the Pd/C (149 mg) in THF (3.0 mL) was
stirred under a hydrogen atmosphere at room temperature for 24h. After filtration of the
reaction mixture, the solvent was removed by evaporation. The resulting residue was
dissolved in CHCI; and washed three times with a NaCN aqueous solution to remove the
metal residue. The combined organic layers were dried over anhydrous MgSO, and
concentrated to give the cages-PBO as a pale yellow viscous liquid (45.2 mg). Yield: 60.8%.
'H NMR (400 MHz, CDCls): 6 (ppm) 7.54 (triazole ring), 4.86-4.66 (~triazole ring—-CH,0-),
4.30 (—O(CH)sCHy-triazole ring-), 3.70-3.20 (-triazole ring—CH,—, -triazole ring—
(CH.)sCH,—,  -triazole  ring—(CH»)6OCH,—,  —Ph-CH,OCH,~, = PBO-OCH,-,
—OCH,CH(CH,CH3)O-, —OCH,CH(CH,CH3)O-), 1.66-1.34 (—triazole ring—
CH32(CH,)4CH,0—, —OCH,CH(CH,CH3)0-), 0.92 (-OCH,CH(CH,CH3)O-). Mynmr = 3150
g mol™ (CDCls); My sec = 3260 g mol™ (THF); = 1.05.

Synthesis of four-armed star-shaped poly(butylene oxide) with four azido
groups at the chain center (qt-1). Method A was used for the polymerization of BO (717
uL, 8.32 mmol) with i-VIII (1.06 mL as 0.26 mol L™ stock solution in toluene, 277 pmol)
and t-Bu-P4 (277 pL as 1.0 mol L™ stock solution in n-hexane, 277 pmol) in toluene (1.27

mL) to give gt-1 as a colorless viscous liquid (918 mg). Yield: 97.8%. *H NMR (400 MHz,
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CDCly): 0 (ppm) 7.27 (aromatic), 4.45 (-PhCH2-), 3.77-3.15
(~OCH,C(CHj3)(CH,0CH,(CH,)4CH2N3)2, —OCH,C(CHj3)(CH,0-PBO),,
—PhCH,0OCH,CH(CH,0-);, -OCH,CH(CH,CH3)0-), 2.18 (-OCH,CH(CH,0-),), 1.68-1.28
(~OCH,CH3(CH3),CH,CH,N3, -OCH,CH(CH,CH3)O-), 1.04-0.81 (-OCH,CH(CH,CH3)O-,
—CH,C(CH3)(CH,0-PBO),, —CH,C(CH3)(CH20CH;-)2). Manwr = 3620 g mol™ (CDCly);
Mnsec = 4300 g mol ™ (THF); & = 1.02.

Synthesis of w,0',0",w'"’'-tetraethynyl four-armed star-shaped poly(butylene
oxide) with four azido groups at the chain center (qt-2). Method B was used for the
w-chain end ethynylation of gt-1 (Mnnmr = 3620 g mol™, 918 mg) with NaH (203 mg, 5.07
mmol) and propargyl bromide (380 pL, 5.07 mmol) in THF (10 mL). The residue was
purified by preparative SEC to give qt-2 as a pale yellow viscous liquid (516 mg). Yield:
53.8%. 'H NMR (400 MHz, CDCls): & (ppm) 7.27 (aromatic), 4.45 (-PhCH,-), 4.29
(-OCH,C=CH), 3.77-3.15 (-OCH,C(CH3)(CH,0CH,(CH2)4sCH2N3)a,
—OCH,C(CH3)(CH,0-PBO),;, —PhCH,OCH,CH(CH,0-);, —~OCH,CH(CH,CH3)O-), 2.39
(HC=C-), 2.18 (-OCH,CH(CH,0-);), 1.68-1.28  (~OCH,CH,(CH,),CH,CH;Ns,
—OCH,CH(CH,CH3)0-), 1.04-0.81 (—OCH,CH(CH,CH3)O—, —~CH,C(CH3)(CH,O-PBO),,
—CH,C(CH3)(CH,0CH-)2). Manmr = 3780 g mol™ (CDCls); My sec = 4770 g mol™ (THF);
D =1.02.

Synthesis of quatrefoil-shaped poly(butylene oxide) (quatrefoil-PBO). Method
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C was used for the intramolecular click cyclization of qt-2 (Mynwr = 3780 g mol™, 460 mg)
with CuBr (2.10 g, 14.6 mmol), PMDETA (6.11 mL, 29.3 mmol), and PSt-C=CH (500 mg) in
degassed DMF (874 mL) to give quatrefoil-PBO as a light brown waxy solid (359 mg).
Yield: 78.0%. 'H NMR (400 MHz, CDCls): § (ppm) 7.54 (triazole ring), 7.27 (aromatic),
4.85-4.65 (-triazole ring—CH,0O-), 4.45 (-PhCH2-), 4.31 (-O(CH2)sCHy-triazole ring-),
3.73-3.10 (~OCH,C(CH3)(CH,0CH,(CH,)s)2, —OCH,C(CH3)(CH,0-PBO),,
—PhCH,OCH,CH(CH,0-),, -OCH,CH(CH,CH3)0-), 2.17 (-OCH,CH(CH,0-),), 1.98-1.28
(-OCH,CH,(CH,),CH,CHy-triazole  ring-, = —OCH,CH(CH,CH3)O-),  1.10-0.71
(<OCH,CH(CH,CHj3)O-, —CH,C(CHj3)(CH,0O-PBO),, —CH,C(CH3)(CH,0CH2-)2). MpnvRr =
3770 g mol ! (CDCls); My sec = 3460 g mol™ (THF); = 1.02.

Synthesis of four-armed cage-shaped poly(butylene oxide) (cages-PBO).
Method D was used for the hydrogenolysis of quatrefoil-PBO (Mnamr = 3770 g mol 2, 150
mg) with Pd/C (300 mg) in dry THF (5 mL) for 24 h to give cages,-PBO as a colorless viscous
liquid (118 mg). Yield: 80.9%. *H NMR (400 MHz, CDCls): § (ppm) 7.54 (triazole ring), 7.27
(aromatic), 4.85-4.65 (-triazole ring—CH,0-), 4.31 (-O(CH,)sCH,-triazole ring-), 3.73-3.10
(-OCH,C(CH3)(CH,0CH2(CH2)s—)2, —OCH,C(CH3)(CH,0-PBO),, HOCH,CH(CH,0-),,
—OCH,CH(CH,CH;)0-), 2.17 (~OCH,CH(CH,0-),), 1.98-1.28
(-OCH,CH,(CH,),CH,CH,—triazole  ring-, =~ —OCH,CH(CH,CHz)0-),  1.10-0.71

(-OCH,CH(CH,CH3)0O-, —CH,C(CHj3)(CH,0-PBO),, —CH,C(CH3)(CH20CH3-)2). Mpnwvr =
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3660 g mol*(CDCls); My sec = 3550 g mol ™ (THF); & = 1.02.

Synthesis of three-armed star-block copolyether having three azido groups at
the chain center (tf-3). A typical procedure for the block copolymerization is as follows
(method E): M1 (774 uL, 3.27 mmol) was added to a stirred solution of i-VII (49.0 mg, 65.3
umol) and t-Bu-P4 (65.3 uL as a 1.0 mol L™ stock solution in n-hexane, 65.3 umol) in toluene
(467 pL), and the mixture was stirred at room temperature for 20 h. M2 (674 uL, 3.27 mmol)
and toluene (1.29 mL) were added to the stirred mixture, which was stirred at room
temperature for 20 h. An excess of benzoic acid was then added to the mixture to terminate
the polymerization, and the product was purified by passing it through a pad of alumina using
THF to give tf-3 as a colorless waxy solid (1.39 g). Yield: 97.6%. *H NMR (400 MHz,
CDCl3): ¢ (ppm) 7.25 (aromatic), 4.44 (—PhCH,-), 3.84-3.29 (N3(CH32)sCH,OCH,—,
—PhCH,0OCH,C(CH,—polymer)s, —OCH,CH(CH,OCH3(CH,)sCH3)O-,
—OCH,CH(CH,0O(CH,CH,0)3CH3)0-), 3.24 (N3CHy-), 1.75-1.07 (N3CH2(CH,)sCH,0O—,
—OCH,CH(CH,OCH,CH,(CH);CH3)0O-), 0.95-0.78 (-OCH,CH(CH,OCH,(CH,)sCH3)O-).
Mnnwvr = 22800 g mol™ (CDCls); My sec = 15600 g mol ™ (THF); B = 1.04.

Synthesis of w,w',w'-triethynyl three-armed star-block copolyether having
three azido groups at the chain center (tf-4). Method B was used for the w-chain end
ethynylation of tf-3 (Mynmr = 22800 g mol ™, 1.38 g) with NaH (24.4 mg, 609 pmol; 60% in

mineral oil) and propargyl bromide (45.7 pL, 609 pmol) in THF (5 mL) to give tf-4 as a pale
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yellow waxy solid (946 mg). Yield: 51.6%. 'H NMR (400 MHz, CDCls): § (ppm) 7.25
(aromatic), 4.44 (—-PhCH,-), 4.34 (-OCH,C=CH), 3.84-3.29 (N3(CH)sCH,OCH,—, -
CCH,0OCH,Ph—, —OCH,CH(CH,0OCH2(CH,)sCH3)O-, —
OCH,CH(CH,O(CH,CH,0);CH3)O-), 3.24 (NsCHy»-), 249 (-C=CH), 1.75-1.07
(NsCH2(CH,)sCH,0—,  —~OCH,CH(CH,OCH,CH»(CH,);,CH3)0-),  0.95-0.78 (-
OCH,CH(CH,0CH,(CH2)sCH3)O-). Mynmr = 22700 g mol * (CDCls); Mysec = 16400 g
mol™* (THF); P = 1.04.

Synthesis of trefoil-shaped block copolyether (trefoil-1). Method C was used for
the intramolecular click cyclization of tf-4 (M, nvr = 22700 g mol™, 715 mg) with CuBr (542
mg, 3.78 mmol), PMDETA (1.58 mL, 7.56 mmol), and PSt-C=CH (220 mg) in degassed
DMF (226 mL) to give trefoil-I as a light brown waxy solid (511 mg). Yield: 71.5%. *H NMR
(400 MHz, CDCl3): ¢ (ppm) 7.63 (triazole methine), 7.25 (aromatic), 4.79 (-OCHj-triazole
ring-), 4.43 (-PhCH,-), 4.31 (-triazole ring—CH,(CH;)s0-), 3.84-3.29 (—(CH;)sCH,OCH,-,
—CCH,;0OCH,Ph-, —OCH,CH(CH,0OCH,(CH,)sCH3)O-,
—OCH,CH(CH,0O(CH,CH,0)3CH3)0-), 1.75-1.07 (-triazole ring—CH,(CH,)4CH,0—,
—OCH,CH(CH,0OCH,CH3(CH,);CH3)0-), 0.95-0.78 (-OCH,CH(CH,OCH,(CH,)sCH3)O-).
Mnnmr = 22900 g mol™* (CDCls); My sec = 13000 g mol™ (THF); & = 1.03.

Synthesis of three-armed cage-shaped block copolyether (cages-1). Method D was

used for the hydrogenolysis of trefoil-1 (Mnnvr = 22900 g mol™, 82 mg) with ASCA-2 (400

232



Synthesis of Well-Defined Three- and Four-armed Cage-shaped Polyethers
via “Topological Conversion” from Trefoil- and Quatrefoil-shaped Polyethers

mg) in dry THF (5 mL) for 3 weeks to give cages-1 as a colorless waxy solid (71.7 mg).
Yield: 89.1%. *H NMR (400 MHz, CDCls):  (ppm) 7.63 (triazole methine), 4.79 (-OCH,—
triazole ring-), 4.31 (-triazole ring—CH,(CH)sO-), 3.84-3.29 (—(CH2)sCH,OCH,—,
—CCH,0OCH,Ph—, HOCH,C-, —OCH,CH(CH,0CH,(CH,)sCH3)O-,
—OCH,CH(CH,0(CH,CH,0)3CH3)O-), 1.75-1.07 (-triazole ring—CHy(CH,)4,CH,0—,
—OCH,CH(CH,OCH,CH,(CH,);CH3)0-), 0.95-0.78 (~OCH,CH(CH,OCH,(CH,)sCH3z)O-).
Mnnwvir = 22,500 g mol ™t (CDCls); My sec = 14,500 g mol ™! (THF); B = 1.03.

Synthesis of four-armed star-block copolyether having four azido groups at the
chain center (qt-3). Method E was used for the block copolymerization of M1 (553 uL, 2.33
mmol, first monomer, polymerization time = 24 h) and M2 (482 uL, 2.33 mmol, second
monomer, polymerization time = 24 h) with i-VI11 (179 pL as a 0.26 mol L™ stock solution in
toluene, 46.7 umol) and t-Bu-P, (46.7 pL as a 1.0 mol L™ stock solution in n-hexane, 46.7
umol) in toluene (1.10 mL), to give qt-3 as a colorless waxy solid (992 mg). Yield: 92.3%. *H
NMR (400 MHz, CDCl3): § (ppm) 7.26 (aromatic), 4.45 (~CH,PhCH,-), 3.98-3.11
(~OCH,C(CH3)(CH,0CH,(CH,)4CH2N3)y, —OCH,C(CH3)(CH,0-polymer)s,
—PhCH,OCH,CH(CH,0-),, —OCH,CH(CH,OCH,(CH,)sCH3)O-,
—OCH,CH(CH,0O(CH,CH,0)3CH3)0-), 2.18 (-OCH,;CH(CH,0-),), 1.75-1.06
(~OCH,CH(CH,),CH,CH,N3,  —OCH,CH(CH,OCH,CH,(CH,)-.CH5)O-),  1.05-0.78

(—~CH,C(CH3)(CH,0—polymer),, —CH,C(CH3)(CH20CH2-),,
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—OCH,CH(CH20CH3(CH,)gCH3)O-). Mynmr = 23000 g mol™* (CDCls); Mpsec = 14800 g
mol* (THF); b = 1.04.

Synthesis of w,0',0" w""'-tetraethynyl four-armed star-block copolyether having
four azido groups at the chain center (qt-4). Method B was used for the w-chain end
ethynylation of gt-3 (M nvr = 23000 g mol ™, 982 mg) with NaH (34.1 mg, 852 pmol; 60%
in mineral oil) and propargyl bromide (63.9 pL, 852 pmol) in THF (5 mL). The residue was
purified by preparative SEC to give qt-4 as a pale yellow waxy solid (616 mg). Yield: 62.0%.
'H NMR (400 MHz, CDCls): § (ppm) 7.26 (aromatic), 4.45 (~CH,PhCH,-), 4.34
(-OCH,C=CH), 3.98-3.11 (~OCH,C(CHs)(CH,0CH,(CH2)4CH,N3),,
—OCH,C(CHs3)(CH,0—polymer),, —PhCH,OCH,CH(CH,0-),,
—OCH,CH(CH,0CH,(CH,)sCH3)O—, ~OCH,CH(CH,0(CH,CH,0)sCH3)0-), 2.49 (-C=CH),
2.18 (~OCH,CH(CH,0-),), 1.75-1.06 (~OCH,CH2(CH,),CH2CH NS,
—OCH,CH(CH,0OCH,CH(CH);CH3)0-),  1.05-0.78  (—CH,C(CHg3)(CH,O—polymer),,
—CH,C(CH3)(CH,0CH,-);, ~OCH,CH(CH,OCH,(CH,)sCH3)O0-). Monmr = 23300 g mol™
(CDCls); My sec = 15400 g mol * (THF); = 1.03.

Synthesis of quatrefoil-shaped block copolyether (quatrefoil-1). Method C was
used for the intramolecular click cyclization of qt-4 (Mnnwr = 23300 g mol ™, 550 mg) with
CuBr (407 mg, 2.83 mmol), PMDETA (1.18 mL, 5.66 mmol), and PSt-C=CH (150 mg) in

degassed DMF (172 mL) to give quatrefoil-1 as a light brown waxy solid (336 mg). Yield:
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61.1%. *H NMR (400 MHz, CDCls): 6 (ppm) 7.63 (triazole methine), 7.26 (aromatic), 4.79
(—OCHy—triazole ring), 4.44 (-CH,PhCH,-), 4.31 (—triazole ring—CH3(CH;)s0—), 3.98-
311 (-OCH,C(CH3)(CH20CH3(CH2)4CH2-)2, —OCH,C(CH3)(CH,0—-polymer),,
—PhCH,OCH,CH(CH,0-),, —OCH,CH(CH,0OCH,(CH,)sCH3)O-,
—OCH,CH(CH,0O(CH,CH,0)3CH3)0-), 2.19 (-OCH,;CH(CH,0-),), 1.75-1.06
(~OCH,CH2(CH,),CH,CH,—, —OCH,CH(CH,0CH,CH,(CH,);CH3)0-), 1.05-0.78
(—~CH,C(CHs)(CH,0—polymer),, —CH,C(CH3)(CH,OCH>-),,
—OCH,CH(CH,OCH,(CH2)sCH3)O-). Mpynmr = 23400 g mol ™t (CDCls); My sec = 11600 g
mol™* (THF); b = 1.02.

Synthesis of four-armed cage-shaped block copolyether (cages-1). Method D was
used for the hydrogenolysis of quatrefoil-1 (M, nvr = 23400 g mol ™, 150 mg) with ASCA-2
(450 mg) in dry THF (5 mL) for 3 weeks to give cages-I as a colorless waxy solid (111 mg).

Yield: 745%. 'H NMR (400 MHz, CDCls): & (ppm) 7.64 (triazole methine), 4.79

(—OCHj—triazole  ring), 4.31  (~triazole  ring—CHy(CH)s0-), 3.98-3.11
(—OCH2C(CH3)(CH200H2(CH2)4CH2—)2, —OCHgC(CH3)(CH20—ponmer)2,
HOCH,CH(CH,0-),, _OCH,CH(CH,OCH,(CH,)sCH3)O-,

~OCH,CH(CH,0(CH,CH,0);CH35)0-), 219  (-OCH,CH(CH,O-),),  1.75-1.06

(~OCH,CH»(CH2),CH.CHy—,  ~OCH,CH(CH,0CH,CH,(CH;):CHs)O-),  1.05-0.78

(=CH,C(CHgs)(CH,0O—polymer),, —CH,C(CH3)(CH,0CH2-),,
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—OCH,CH(CH,0OCH,(CH2)sCH3)0-). Mnnmr = 23200 g mol ™ (CDCl); My sec = 12400 g
mol * (THF); b = 1.02.

Self-assembly studies of the amphiphilic block copolyethers. The experimental
methods used for the investigation of the CMC, micelle morphology, and T.4 in aqueous

solutions are the same as Chapter 2 and 3.
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In this thesis, the author described the precise synthesis and self-assembly properties

of the polyether-based star-shaped, tadpole-shaped, and multicyclic block copolyethers.

These block copolyethers were synthesized by combining the t-Bu-P,4-catalyzed ring-opening

polymerization (ROP) of glycidyl ethers and the CUAAC click reaction. The well-controlled

nature of the ROP enabled the production of the well-defined block copolyethers with a

perfect end-functionality and allowed us to construct the complex macromolecular

architectures.  In addition, the characterization of the self-assembly properties for a

comprehensive set of block copolyethers provided systematic information about the

relationship between the macromolecular architectures and the self-assembly behaviors in

water.

A summary of this thesis is as follows:

Chapter 2 “Synthesis of Well-Defined Amphiphilic Star-block and Miktoarm Star
Copolyethers”

The synthesis of a systematic set of amphiphilic star-shaped block copolyethers, i.e.,

the (AB)s-, (BA)s-, (AB)s-, and (BA),-type star-block copolyethers and A,B,-, AB,-, and

A,B-type miktoarm star copolyethers, with comparable molecular weights and monomer

conpositions were achieved. The star-block copolyethers were synthesized according to the

core-first approach, and the predicted arm number and the uniform arm length of these
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polyethers were identified by the cleavage of the initiator residue. The miktoarm star
copolyethers were synthesized using the coupling-onto approach, in which the azido or
ethtnyl end-functionalized precursors were used. The investigation of the aqueous
self-assembly behavior of the obtained amphiphilic block copolyethers revealed that the
branched architecture affected the structure of the resultant micelles and the cloud points
(Tcas) value of the aqueous solution. In particular, the comparison of the self-assembly
behavior of the miktoarm star polyethers provided unique insights into the effect of the
branched architecture in the amphiphilic block copolymers. The presented synthetic
strategies provided easy access to well-defined block copolyethers with various branched
architectures and might be useful as a model system for investigating the essential effect of

the branched architecture on the self-assembly properties.

Chapter 3 “Synthesis of Cyclic, Figure-Eight-Shaped, and Tadpole-Shaped Amphiphilic Block
Copolyethers ™

The synthesis of systematic sets of cyclic, figure-eight-, and tadpole-shaped
amphiphilic block copolyethers was achieved by the combination of the t-Bu-P,-catalyzed
block copolymerization and the intramolecular click cyclization. A series of well-defined
azido- and ethynyl-functionalized di-, tri-, and penta-block linear precursors were prepared by
the sequential post-polymerization and the end-functionalization techniques. The

intramolecular click cyclization of these precursors provided the well-defined
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cyclic-containing amphiphilic block copolyethers with predicted molecular weights, monomer

compositions, and narrow dispersities. The topological effect of the cyclic architecture on

the self-assembly properties was revealed by the investigation of the hydrodynamic radii and

Tcq. values of the micellar solutions. Interestingly, the T.4S of the tadpole-shaped block

copolyethers showed significantly different values depending on their block arrangements.

These results indicated that the cyclic architecture directly affected their self-assembly

behavior. The present synthetic strategies provide a wide array of block copolymer systems

with cyclic-containing architectures, and would be used as a model system for investigating

the topological effect of the block copolymer self-assembly in both the solution and bulk

states.

Chapter 4 “Synthesis of Well-Defined Three- and Four-armed Cage-shaped Polyethers via
“Topological Conversion” from Trefoil- and Quatrefoil-shaped Polyethers ”

The synthesis of cage-shaped amphiphilic block copolyethers was achieved via the

topological conversion from the well-defined trefoil- and quatrefoil-shaped block

copolyethers which were synthesized by the intramolecular multiple click cyclization of the

clickable star-shaped precursors. The topological conversion was accomplished by the

hydrogenolysis of the focal point of the trefoil- and quatrefoil-shaped polyethers without any

undesirable side reaction. The significant difference in the micellar sizes and the T4, values

between the amphiphilic trefoil/quatrefoil- and cage-shaped block copolyethers were observed
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during the aqueous self-assembly study. This is the first example of the investigation of the

self-assembly behaviors of cage-shaped block copolyethers. It is envisaged that the

topological conversion approach will provide concise access to the trefoil/quatrefoil and

cage-shaped polymers with various main chain and side chain structures as well as

contributing to a greater understanding of the properties and functions due to the complex

macromolecular architectures.

In conclusion, the author established the synthetic methods for the polyether-based

star-shaped, tadpole-shaped, and multicyclic block copolyethers using the t-Bu-P,-catalyzed

ROP system and click reaction. These methods make it possible to obtain a systematic set of

architecturally complex block copolyethers with highly-controlled molecular weights,

monomer compositions, and quite narrow dispersities, which is suitable for studying the novel

insight into the relationship between the macromolecular architecture and the polymer

properties such as the self-assembly behavior. In fact, the author investigated the

micellization properties of the amphiphilic block copolyethers possessing various

architectures, and revealed that the branched and cyclic architectures significantly affect the

self-assembly behavior of the block copolymers. The author expects that the presented

synthetic approaches will contribute to the synthesis and characterization of architecturally

complex block copolymers, leading to the creation of novel advanced polymer materials.
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