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Chapter 1

Chapter 1

General Introduction

1-1. Challenge in Polymer Synthesis: Control of Intervals between Functional
Groups

Biopolymers, e.g., proteins and nucleic acids, form higher-order
structures based on strictly controlled monomer sequences to express various functions
essential for biological activities.! In contrast, synthetic copolymers obtained through
conventional polymerization techniques usually have distributions of monomer sequence
and molecular weight. Since polymer properties are strongly dependent on the monomer

3 various strategies have been devised to synthesize sequence-controlled

sequence,”
polymers.*> Lutz et al.%’ reported synthesis of sequence-controlled polymers by
controlled radical polymerization of electron-donating and accepting monomers. By
adding a small amount of functional maleimides during atom transfer radical
polymerization (ATRP) of styrene, various functionalities were introduced at arbitrary
positions in the polymer chain. However, this technique has limitation to achieve

1 8,9

complete control of monomer sequence. Satoh et. al.®” synthesized sequence-regulated

polymers by copper(I)-catalyzed radical addition of vinyl oligomers with olefin and
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chlorine at the ends. The monomer sequence of the polymers was completely controlled,
but the molecular weight was not controlled; the polymers exhibited a relatively broad
molecular weight distribution. The solid-phase synthesis reported by Merrifield'%!! is a
technique that allows ones to synthesize specific monomer sequence and molecular
weight. Protected amino acids are polymerized by repeated condensation and
deprotection using beads as a solid phase to obtain oligopeptides with specific monomer
sequence and molecular weight. Although solid phase synthesis is the most powerful tool
for synthesis of polymers of specific monomer sequence and molecular weight (i.e.,
uniform polymers), it requires a long time and a lot of efforts.

In the design of synthetic polymers, it is necessary to control the interval of
functional side chains to maximize the function of the polymers. Linking functional side
chains to each other with a linker of a fixed length is a simple strategy to interval-
controlled polymers. One of candidates for a system-independent universal linker is a

monodisperse oligo(ethylene glycol) (MD-OEGQG).

1-2. Control of Group Intervals with Monodisperse Oligo(ethylene glycol)s as
Linkers

The interval of functional side chains of polymers is an important parameter that
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determines the polymer properties. For example, the mechanical properties of network
polymers depend on the interval between cross-linking points. As the interval between
cross-linking points decreases, the density of cross-linking points increases, resulting in
an increase in Young's modulus. However, network polymers of a high cross-linking
density are usually fragile presumably because of heterogenous distribution of cross-
linking points. This is because the stress is concentrated in dense cross-liking regions.
Sakai et al.!>!3 synthesized uniform network polymers using tetra-armed poly(ethylene
glycol)s (PEGs) with narrow molecular weight distribution. The obtained polymers

exhibited excellent mechanical properties based on the uniform network structure (Figure

1-1).
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Figure 1-1. Illustration of the gel formed from tetra-armed poly(ethylene glycol)s.

Reprinted with permission from ref. 13. Copyright 2010 WILEY-VCH.
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The aggregation behavior of polymers is influenced by intervals between the

1'* prepared

main chain and functionalities in side chains. Farhangi and Duhame
methacrylate monomers bearing a pyrenyl (Py) group linked through monodisperse
oligo(ethylene glycol) (MD-OEG) linkers of different molecular weights, and
copolymerized the Py-carrying methacrylates with butyl methacrylate. They investigated
the effect of the length of MD-OEG spacer on photophysical properties of the Py-labeled
polymers by steady-state and time-resolved fluorescence measurements. They have
demonstrated that Py excimers form more favorably for a polymer of a longer MD-OEG

spacer. This is because the flexible longer MD-OEG spacer increases the encounter

probability of excited and ground state Py moieties (Figure 1-2).
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Figure 1-2. The effect of the length of MD-OEG spacer on photophysical properties of

the pyrene-labeled polymers. Reprinted (adapted) with permission from ref. 14.

Copyright 2016 American Chemical Society.
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The interval between functional groups that interact with each other is a key for
the formation of supramolecular complexes. Maartje et al.'’> synthesized ditopic
compounds possessing S-protein and S-peptide, a pair that form a supramolecular
complex (ribonuclease S) by strong noncovalent interaction (association constant K, ~ 7
x 10® M! in aqueous sodium acetate at 25 °C), using MD-OEG linkers of different
lengths. They analyzed the complexes by a combination of size exclusion
chromatography (SEC) and mass spectrometry (MS). Cyclic oligomers with different
degrees of polymerization were formed depending on the length of MD-OEG and the

concentration of the ditopic compound (Figure 1-3).

%pmﬂ

Kmam la|2)

&

Figure 1-3. Schematic illustration of the ring—chain supramolecular polymerization of

the ditopic compound. Repritend with permission from ref. 15. Copyright 2010 Royal

Society of Chemistry.
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These studies have demonstrated that the polymer function strongly depends on
the interval of functional groups and MD-OEG is useful to synthesis of interval-controlled
polymers or oligomers. Thus, the author focuses on MD-OEG as a spacer to synthesize

polymers or oligomers with controlled intervals of functional groups in this study.

1-3. Click Chemistry for Synthesis of Various Polymers and Oligomers

Click chemistry, proposed by Kolb et al.!¢ in 2001, is a technique to create new
functional molecules from simple molecules using several robust reactions. The reactions
used in click chemistry, so-called click reactions, include copper(I)-catalyzed azide—
alkyne cycloaddition (CuAAC),""!° thiol-ene reaction,?*2? thiol-yne reaction,>**
Diels—Alder reaction,?>2° nitrile N-oxide—ene reaction,?’-*® and nucleophilic ring opening
reactions of three-membered heterocycles.”” CuAAC is a reaction catalyzed by copper(I)
compounds to form 1,4-disubstituted 1,2,3-triazole from azide and alkyne groups under
mild conditions (Scheme 1-1A).!” When strained alkynes are used, the reaction proceeds
efficiently without any catalysts (strain-Promoted azide—alkyne cycloaddition,
SPAAC).3%3! Thiol-ene reaction is addition of thiol to alkene in radical or anionic

mechanism to form thioether (Scheme 1-1B).2! When alkynes are used instead of alkenes

(i.e., thiol-yne reaction), two equivalents of thiol react with one equivalent of alkyne to
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form dithioether (Scheme 1-1C).2*?* Diels-Alder reaction forms cyclohexene structure
from conjugated diene and alkene (Scheme 1-1D).2> Extremely electron-deficient
heterocycles such as tetrazine and triazine react rapidly with strained alkenes at room
temperature (strain-promoted inverse electron-demand Diels—Alder Cycloaddition,
SPIEDAC).?? Nitrile N-oxide—ene reaction is cycloaddition of nitrile N-oxide to alkene
to form isoxazoline ring (Scheme 1-1E).2” Three-membered heterocycles including
epoxide and aziridine readily undergo a nucleophilic ring-opening reaction (Scheme 1-
1F).? These reactions proceed efficiently and selectively even in the presence of many
types of functional groups. Therefore, click chemistry has been used for the synthesis of

36-38

various polymers including network polymers,*—3° branched polymers, and cyclic

polymers.’*#! In addition, taking advantage of the selectivity and efficiency, uniform
oligomers have been synthesized by stepwise click reactions.*>#
Based on the above, the author hypothesizes that a combination of MD-OEG and

click chemistry is a powerful method for synthesis of interval-controlled polymers

carrying functional groups.
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Scheme 1-1. CuAAC (A), Thiol-Ene Reaction (B), Thiol-Yne Reaction (C), Diels—

Alder Reaction (D), Nitrile N-Oxide—Ene reaction (E), Nucleophilic Ring-Opening

Reactions of Three-Membered Heterocycles (F)

(A)
Cu(l) R R
R{—Nj3 + —R, — 1\N\/§/ ?
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(B)
— —\ S
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1-4. Scope of This Thesis

In this thesis, therefore, the author reports the synthesis of interval-controlled

polymers and oligomers using a combination of MD-OEG and click chemistry and their

functions based on the controlled intervals of functional groups.

In Chapter 2, the author focuses on the thiol-yne reaction to prepare

homogeneous network polymers. Network polymers are synthesized by the thiol-yne

reaction using MD-OEGs of different molecular weights carrying thiol and alkyne

moieties, respectively at both the ends. Mechanical properties of the polymers are

characterized by compression tests. Young's modulus of the network polymers decreased

with increasing n, which is the degree of polymerization of MD-OEG, because of the

decrease in crosslink density (Figure 1-4).
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Figure 1-4. Typical illustration of the polymer network formed from MD-OEGs of

different molecular weights and their mechanical properties.
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In Chapters 3 and 4, the author reports on the synthesis of interval-controlled

cyclic dimers and their interactions aiming at detailed studies on interactions of

multivalent molecules.

In Chapter 3, the author synthesizes a uniform cyclic dimer (c-ene2) by stepwise

CuAAC of a diazide formed from triethylene glycol and a dialkyne possessing an internal

alkene. Cyclic dimers bearing adamantyl (Ad) and B-cyclodextrin (BCD) moieties are

synthesized by thiol-ene reaction of c-ene2.

In Chapter 4, the author investigates the interactions of the cyclic dimers

synthesized in Chapter 3. Firstly, the interactions of cyclic host dimer bearing BCD

moieties (c-BCD2) with polyacrylic acid p(AANa/Npx) bearing naphthyl (Np) residues

of different contents are investigated by fluorescence measurements. The interactions of

p(AANa/Npx) with BCD are analyzed by a one-to-one complex formation model. On the

other hand, the interactions of p(AANa/Npx) are analyzed by a model for the formation

of higher-order complexes, i.e., two-to-two complexes. The first association constant (K1)

for the two-to-one complex formation is larger than the second association constant (K>)

for the two-to-two complex formation, indicative of negative cooperativity presumably

because of the mismatched intervals of Np and BCD moieties. The interactions of cyclic

dimer bearing Ad moieties (c-Ad2) with BCD, BCD dimers linked by disulfide bonds

10
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(BCD2-1 and BCD2-2), and the cyclic host dimer (c-BCD2) are investigated by 'H NMR.
The interactions of c-Ad2 with BCD and BCD2-1 are explained by a one-to-one complex
formation model. On the other hand, the interactions of ¢-Ad2 with BCD2-2 and with c-
BCD2 were explained by the Hill model with » ~ 2, indicative of positive cooperativity

presumably because of the matched intervals of Ad and BCD moieties (Figure 1-5).

Na’(\’c%/\N; :_\0—\=/—o/__
o—\_(—o’\g:NN(\’o i/\NN:N i g: \
e

p(AANa/Np6) p(AANa/Np15) BCD2-2 c-BCD2

Negative Cooperativity Positive Cooperativity

Figure 1-5. Conceptual illustration of negative cooperative interaction of p(AANa/Np6)
and p(AANa/Np15) with ¢-BCD2 and positive cooperative interaction of c-Ad2 with

BCD2-2 and c-BCD2.

Chapter 5 summarizes the main findings and conclusions from this thesis.

11
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Chapter 2

Chapter 2
Mechanical Properties of Network Polymers Formed from Monodisperse Oligo(ethylene

glycol)s of Different Molecular Weights through Thiol-Yne Reaction

2-1. Introduction

Network polymers are an important class of polymers acting as resins,
elastomers, and gels, and are thus utilized in a wide variety of fields, e.g., building
materials, civil engineering, automotive industry, electrical industry, and biomedical
applications.!> Network polymers are usually prepared by (1) crosslinking of linear
polymers or by (2) copolymerization of multifunctional monomers.® A typical example
of (1) is vulcanization of natural rubber, while (2) includes copolymerization of vinyl and
divinyl monomers. However, these methods usually yield heterogeneous network
polymers, in which densely-crosslinked and loosely-crosslinked networks coexist.””
Such heterogeneity prevents uniform stress distribution in the network polymer and
causes poor mechanical properties and swelling characteristics.

To prepare homogeneous network polymer, some research groups have reported
coupling of branched polymers possessing reactive groups at the chain ends. Sakai et

10—

al.'%12 have coupled four-arm star-shaped poly(ethylene glycol)s (tetra-PEG) possessing

16
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amino and N-hydroxysuccinimide terminals through amide formation to obtain a
homogeneous network polymer containing solvents, which is called “tetra-PEG gel”. The
structure and mechanical properties of tetra-PEG gel have been well characterized to
confirm the high uniformity and high mechanical strength of the gel. Other groups have
also reported the formation of homogeneous network polymers using branched polymers
crosslinked by click chemistry, e.g., copper(I)-catalyzed azide—alkyne cycloaddition
(CuAAC),"* !¢ thiol-ene reaction,!’!? and thiol-yne reaction.?’2* The network polymers
obtained have been characterized by glass transition temperature and rheological
measurements, !3-17.20-24

Among the reactions for click chemistry, thiol-yne reaction forms branched
structures, i.e., 1,2-dithioether, through the addition of two equivalents of thiol to one
equivalent of alkyne (Scheme 2-1).2°-27 Thus, network polymers are prepared from dithiol
and diyne compounds through the thiol-yne reaction.?®?° The author focuses on this
simple system for the preparation of homogeneous network polymers.

In this chapter, thiol-yne reaction is carried out using modified monodisperse
oligo(ethylene glycol) (MD-OEG) samples with thiol and yne moieties on both ends to

form homogeneous network polymers. The author also studies the effect of the degree of

polymerization of MD-OEG on the mechanical properties of the network polymers

17
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obtained. The thiol-yne reaction of similar components has been reported by Han et al.
3031 for the formation of hyperbranch polymers, in which dilute conditions are utilized to
avoid the formation of network polymers. In this study, however, the thiol-yne reaction

1s conducted under bulk conditions.

Scheme 2-1. Proposed Mechanism of Radical Thiol-Yne Reaction

SR

RS -
R; ' R—SH

SR
RSV‘,\,/\R1 R—S* RS\)\

: R4

RSM/\R1
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2-2 Experimental Section

Materials. Tetracthylene glycol and propargyl bromide solution (80 wt% in
toluene) were purchased from Sigma-Aldrich (St. Louis, MO). Pyridine was purchased
from FUJIFILM Wako Pure Chemical Corp. (Osaka, Japan). Ethanol was purchased from
Shinwa Alcohol Industry (Chiba, Japan). IRGACURE® 184 was purchased from BASF
Japan Ltd. (Tokyo, Japan). 3,6-Dioxa-1,8-dithiol (DT-EG2), pentaethylene glycol, and
phosphorus tribromide (PBr3) were purchased from Tokyo Chemical Industry Co., Ltd.
(Tokyo, Japan). Thiourea, 35% hydrochloric acid, sodium hydroxide (NaOH), potassium
hydroxide (KOH), anhydrous sodium sulfate (Na>SOs), dichloromethane, and methanol
were purchased from Nacalai Tesque Inc. (Kyoto, Japan). All reagents were used as
received. For thin layer chromatography (TLC) analysis through this work, Merck
precoated TLC plates (silica gel 60 F254) were used. Silica gel 60 (Nacalai Tesque,
spherical, neutrality) was used for purification of the products by column chromatography.

Measurements. 'H NMR spectra were recorded on a JEOL JNM ECS400
spectrometer using CDCls as solvent. Tetramethylsilane (TMS) was used as an internal
standard. Electrospray ionization mass spectra (ESI-MS) were obtained in a positive ion
mode on a Thermo Fisher Scientific LTQ Orbitrap-XL, controlled by the XCARIBUR

2.1 software package. Methanol was used as a solvent. The condition of ionization was

19
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set to the following parameters; ion spray voltage at 3.5 kV, ion spray temperature at
100 °C, and ion transfer tube temperature at 275 °C. Internal calibration of ESI-MS was
performed using the monoisotopic peaks of sodium adducted ion of diethylphthalate (m/z
314.1410), protonated ion of di-2-ethylhexylphthalate (m/z 391.2843), and sodium
adducted ion of di-2-ethylhexyl-phthalate (m/z 413.2662). IR spectra were recorded on a
JASCO FT/IR 6100 spectrometer using a sample sandwiched with CaF» plates and a
poly(tetrafluoroethylene) (PTFE) spacer of 100 pum in thickness. Compression tests were
carried out with a RHEONERII creep meter (model: RE2-33005B, Yamaden Co., Ltd.,
Tokyo, Japan).

Preparation of Dibromides of Monodisperse Oligo(ethylene glycol) (DBr-
EGn). A typical example of the preparation of DBr-EGn is described below.3233

PBr3 (2.00 mL, 21.1 mmol) was slowly added to a mixture of tetraethylene glycol
(4.00 mL, 23.3 mmol) and pyridine (1.5 mL) with stirring at 0 °C. The reaction was
allowed to proceed at room temperature for two days. Water (10 mL) was added to the
mixture and the product was extracted with dichloromethane (4 x 50 mL). The organic
layers were combined. The combined organic phase was washed with saturated aqueous
NaCl (2 x 100 mL) and dried over Na,SO4. After filtration, the solvent was removed

under reduced pressure to obtain DBr-EG3 as a colorless oil (6.19 g, 83%). 'H NMR (400

20
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MHz, 298 K, CDCL3): J 3.82 (t, J = 6.4 Hz, 4H), 3.68 (s, 8H), 3.47 (t, J = 6.4 Hz, 4H).

HRMS (ESI) m/z: [M + Na]" calcd for CsHisBroNaO3z 342.9338; found 342.9330.

Using pentaethylene glycol (4.00 mL, 19.0 mmol) and PBr; (2.00 mL, 21.1

mmol), DBr-EG4 was obtained as a colorless oil (5.66 g, 82 %). '"H NMR (400 MHz, 298

K, CDCls): §3.81 (t, J = 6.4 Hz, 4H), 3.67 (s, 12H), 3.48 (t, J = 6.4 Hz, 4H). HRMS (ESI)

m/z: [M + Na]" caled for C1oH20Br2NaOs 386.9600; found 386.9600.

Preparation of Dithiols of Monodisperse Oligo(ethylene glycol) (DT-EGn).

A typical example of the preparation of DT-EGn is described below.3>33

Thiourea (15.0 g, 197 mmol) was dissolved in ethanol (100 mL) under reflux.

DBr-EG3 (6.19 g, 19.3 mmol) was added dropwise to this solution, and the reaction was

allowed to proceed under reflux overnight. The solvent was then removed under reduced

pressure. To the residue, aqueous NaOH (20%, 160 mL) was added and the mixture was

heated under reflux for 5 h. After cooling, a small amount of 15% hydrochloric acid was

slowly added to adjust the pH to ca. 1. The product was extracted with dichloromethane

(4 x 200 mL). The organic layers were combined. The combined organic phase was

washed with water (500 mL) and dried over anhydrous Na>SOs. After filtration, the

solvent was removed under reduced pressure to obtain pale yellow oil. The product was

purified by column chromatography using a mixed solvent of hexane and ethyl acetate
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(1/1, v/v) to obtain DT-EG3 as a colorless o0il (2.01 g, 46%). '"H NMR (400 MHz, 298 K,
CDCl3): 0 3.68-3.63 (m, 8H), 3.63 (t,J= 6.4 Hz, 4H), 2.70 (dt, /= 8.2, 6.4 Hz, 4H), 1.60
(t, /= 8.2 Hz, 2H). HRMS (ESI) m/z: [M — 2H + Na]" calcd for CgHisNaO3S; 247.0439;
found 247.0432.

Using DBr-EG4 (5.82 g, 16.0 mmol) and thiourea (12.5 g, 164 mmol), DT-EG4
was obtained as a colorless oil (2.51 g, 58 %). 'H NMR (400 MHz, CDCls): 6 3.66-3.62
(m, 12 H), 3.62 (t,J = 6.4 Hz, 4H), 2.70 (dt, /= 8.2, 6.4 Hz, 4H), 1.59 (t,J= 8.2 Hz, 2H).
HRMS (ESI) m/z: [M + Na]" calcd for C10H24NaO4S2 293.0852; found 293.0851.

Preparation of Diynes of Monodisperse Oligo(ethylene glycol) (DY-EGn). A
typical example of the preparation of DY-EGn is described below.*°

DT-EG2 (0.91 g, 5.00 mmol) was dissolved in methanol (5 mL). To this solution,
a solution of KOH (0.83 g, 14.9 mmol) in methanol (5 mL) was added dropwise with
vigorous stirring. The mixture was cooled with an ice-water bath, and then propargyl
bromide (80 wt% in toluene, 2.30 mL, 21.2 mmol) was added to the mixture. After stirring
overnight, the solvent was removed under reduced pressure. The residue was dissolved
in dichloromethane (50 mL) and washed with saturated aqueous NaCl (2 X 50 mL). The
solution was dried over anhydrous Na>SOs. After filtration, the solvent was removed

under reduced pressure to obtain orange oil. The product, DY-EG2, was purified by

22



Chapter 2

column chromatography using a mixed solvent of hexane and ethyl acetate (2/1, v/v).
After evaporation of the solvent, DY-EG2 was obtained as a yellow 0il (0.96 g, 75 %). 'H
NMR (400 MHz, 298 K, CDCl3): 6 3.73 (t,J= 6.6 Hz, 4H), 3.64 (s, 4 H), 3.33 (d,J=2.6
Hz, 4H), 2.90 (t, J = 6.6 Hz, 4H), 2.24 (t, J = 2.6 Hz, 2H). HRMS (ESI) m/z: [M + Na]"
calcd for C12H1sNaO,S; 281.0646; found 281.0638.

Using DT-EG3 (1.14 g, 5.02 mmol) and propargyl bromide (80 wt. % in toluene,
2.30 mL, 21.2 mmol), DY-EG3 was obtained as a yellow oil (0.86 g, 57 %). '"H NMR
(400 MHz, 298 K, CDCl3): 0 3.72 (t, J = 6.6 Hz, 4H), 3.69-3.63 (m, 8H), 3.32 (d,/=2.6
Hz, 4H), 2.89 (t, J = 6.6 Hz, 4H), 2.24 (t, J = 2.6 Hz, 2H). HRMS (ESI) m/z: [M + Na]"
calcd for C14H22NaO3S2 325.0908; found 325.0901.

Using DT-EG4 (2.13 g, 7.88 mmol) and propargyl bromide (80 wt% in toluene,
6.50 mL, 59.8 mmol), DY-EG4 was obtained as a yellow oil (1.87 g, 68 %). 'H NMR
(400 MHz, 298 K, CDCls): 6 3.72 (t, J = 6.6 Hz, 4H), 3.68-3.63 (m, 12H), 3.32 (d, J =
2.6 Hz, 4H), 2.90 (t, J = 6.6 Hz, 4H), 2.24 (t, J = 2.6 Hz, 2H). HRMS (ESI) m/z: [M +
Na]* calcd for CisH26NaO4S> 369.1165; found 369.1165.

Kinetic Analysis of Thiol-Yne Reaction Using Time-Dependent IR
Spectroscopy. Kinetic analysis of thiol-yne reaction was carried out by time-dependent

IR spectroscopy according to the procedure of Senyurt et al.!” with a slight modification.
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A typical procedure is described below.

DT-EG3 (228 mg, 1.01 mmol), DY-EG3 (150 mg, 0.50 mmol), and
IRGACURE®™ 184 (15 mg, 75 umol) were mixed under a nitrogen atmosphere. The
mixture was sandwiched with two CaF; plates using a 100-um thick PTFE spacer. An
LED lamp (POT-365, Asahi Spectra Co., Ltd., Tokyo, Japan) was used as the light source,
and the distance between the light source and the sample was fixed at 2.5 cm. FT-IR
spectra of the sample were recorded on a JASCO FT/IR 6100 spectrometer after every
five seconds of irradiation with 365 nm UV light.

Preparation of Network Polymer Samples for Compression Tests. A typical
example of the preparation of the samples for compression tests is described below.

DT-EG3 (228 mg, 1.01 mmol), DY-EG3 (150 mg, 0.50 mmol), and
IRGACURE® 184 (15 mg, 75 pumol) were mixed under a nitrogen atmosphere. The
mixture was placed in a 1.0-mm thick silicone mold and sandwiched with two glass plates.
The sample was irradiated with 365 nm UV light using an LED lamp (POT-365, Asahi
Spectra Co., Ltd., Tokyo, Japan) for predetermined times. The distance between the light

source and the sample was fixed at 1.5 cm.
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2-3 Results and Discussion

Preparation of DT-EGr and DY-EGn. Aiming at easy formation of
homogeneous network polymers, the author synthesized network polymers from
monodisperse oligo(ethylene glycol) (MD-OEG) through thiol-yne reaction. The author
prepared dithiols and diynes (DT-EGn and DY-EGn, where n denotes the degree of
polymerization (DP)) using MD-OEG samples of different DP as starting materials,
according to Scheme 2-1. The MD-OEG samples were first brominated at both hydroxy
terminals, and then treated with thiourea to yield DT-EGn samples. The DT-EGn samples
were coupled with propargyl bromide under basic conditions to produce DY-EGn samples.
(Commercially available DT-EG2 was used.) All the DT-EGn and DY-EGr samples of
= 2, 3, and 4 were characterized by 'H NMR and MS (see Experimental Section and
Figure 2-1), and their purities were confirmed to be high enough for the following

experiments.
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Scheme 2-2. Preparation of DT-EGn and DY-EGr Samples
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Figure 2-1. "H NMR spectra for DT-EG2 (A), DT-EG3 (B), DT-EG4 (C), DY-EG2 (a),

DY-EG3 (b), and DY-EG4 (c) in CDCL.

Kinetic Analysis of Thiol-Yne Reaction of DT-EGn and DY-EGn. In this
study, the author compares the mechanical properties of the network polymer samples

formed by the thiol-yne reaction of DT-EGr and DY-EGrn samples of different DP
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(Scheme 2-3). If the efficiency of thiol-yne reaction alters considerably for different n,
one has to take into account the different reaction efficiencies when discuss the »
dependency of mechanical properties of the network polymers. Thus, the author has
started this study with kinetic analysis of the thiol-yne reactions of DT-EGn and DY-EGn
samples of different n, through IR measurements of thin films.!” IR spectra were obtained
for each sample after every five-second UV irradiation, as can be seen in Figure 2-2.
Before UV irradiation, all the IR spectra for n = 2, 3, and 4 exhibit absorption bands
assignable to the stretching vibration of thiol and yne at 2555 and 2115 cm™!, respectively.
(It was not possible to assign absorption bands to the vinyl sulfide in these spectra.) The
intensity of both absorption bands became weaker as the irradiation time was increased.
After 60 s, the absorption bands almost disappeared. These observations indicate that the

thiol-yne reaction completes within 60 s under the given conditions.

Scheme 2-3. Preparation of Network Polymers from DT-EGrn and DY-EGn

Through the Thiol-Yne Reaction

’é\/o\>\/\
HS pe SH

DT-EGn
/\ S’é\/ O%/\S/\
DY-EGn
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Figure 2-2. IR spectra for mixtures of DT-EGn, DY-EGn, and IRGACURE® 184 under

UV irradiation at different irradiation times; n =2 (A), 3 (B), and 4 (C).

Since these IR spectra demonstrate that the thiol-yne reaction was completed for
n =2, 3, and 4, one can compare directly the mechanical properties of the network
polymers of different » in the following subsections. Since the initial concentrations of
DT-EGn and DY-EGn were known, the concentrations of DT-EGn and DY-EGn at time ¢
were calculated from the absorbances of bands due to the thiol and yne moieties, and
plotted against the total irradiation times as shown in Figure 2-3. In all the cases of n =2,
3, and 4, the concentration decreased to zero within 60 s. On the basis of the previous

works on kinetic analysis of thiol-yne reaction,?’! the author evaluated the apparent rate
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constants of the present thiol-yne reaction using a simplified model as proposed below.
The addition of thiol to yne and the subsequent addition of thiol to vinyl sulfide

proceed, according to Scheme 2-1. Given that [C = C], [C = C], and [C — C] are the

concentrations of yne, vinyl sulfide, and 1,2-dithioether, respectively, one can write the

following equations.

dlc = C] ~

—= kgsaic = @ @)

W= alselic = ¢ - kylsHic = ¢ ()
d[C—- C] _ _

L= agslic = @ (3)

where k1 and k> are the reaction constants for addition of a thiyl radical to alkyne and
vinyl sulfide, respectively, and [Se] is the concentration of thiyl radical. From the

conservation of mass,
[C=Clp=[C=C]+][C=C]+[C-C] (2-4)
where [C = C]o is the initial concentration of yne. Given the steady state conditions for

[Se], egs 2-1, 2-2, and 2-3 are rewritten as

— = —ki[C = (] (2-5)
d[C = C] _ ' _ l —
—— = ki[C = C] - K[C = (] (2-6)
dic —C _ . _
= ki[C = (] 2-7

where k1’ (= ki1[S¢]) and k>’ (= k2[Se]) are apparent rate constants. From eqs 2-4, 2-5, 2-6,
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and 2-7, [C=C], [C =], and [C — C] are calculated as

The thiol concentration [SH] can be also calculated as

[C = C] = [C = Cl,exp(—kit) (2-8)
2O = Clofexp(-KD — exp(-kiD)  (29)
[c-—cl=[c=Cl,— ([C=C]+[C=C) (2-10)
=Cl,-[C=cCD-[C - C] (2-11)

[SH] = [SH], — ([C

(A

Concentration / M

Irradiation time / s

Concentration / M

(B)

Irradiation time / s

Concentration / M

©)

0 20 60

Irradiation time / s

Figure 2-3. Time-evolutions of the concentrations of thiol (circle) and yne (triangle)

during the thiol-yne reaction of mixtures of DT-EGn, DY-EGn, and IRGACURE® 184

under UV irradiation; n = 2 (A), 3 (B), and 4 (C). The molar ratio of DT-EGn and DY-

EGn was fixed at 2:1 and 5 mol% of IRGACURE?® 184 was used. The best-fitted curves

of the concentrations of thiol (solid line), yne (solid line), vinyl sulfide (dotted line), and

1,2-dithioether (broken line) ([SH], [C = C], [C = C], and [C — C], respectively) based on

the simplified kinetic model are also drawn.
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When the apparent rate constants (k1' and k2') are chosen appropriately, the
estimated thiol and yne concentrations ([SH] and [C = C], respectively) using eqs 2-11
and 2-8 agree with the experimental data as can be seen in Figure 2-3. Figure 2-4 displays
the n dependencies of k1’ and k2" It should be noted that both k1" and k' are apparent
values, which contain the thiyl radical concentration ([Se]). Since the concentrations of
photoinitiator, i.e., IRGACURE® 184, were almost the same in all the cases of n, it is
likely that [Se] was virtually constant, i.e., independent of n. Thus, the values of k" and
k>' can be compared. Figure 2-4 shows that both k1’ and k>" increase with n. The values of
k1" and k" are comparable for n = 2, whereas k>’ is larger than k1" for n = 3 and 4. Since
the activation enthalpies of thiol-yne reaction should be almost the same for n =2, 3, and
4, the difference in k1" and k2" may be ascribable to a difference in the activation entropy
of the reaction. This observation indicates that the terminal thiol and yne moieties are

more mobile at a larger n because of the greater flexibility of longer OEG chain.
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Figure 2-4. The n dependencies of apparent rate constants, k1’ (triangle) and k>’ (circle),

of the thiol-yne reaction of DT-EGn and DY-EG#n under UV irradiation.

Mechanical Properties of Network Polymers Formed from DT-EGrn and
DY-EGn. The samples for measurements of mechanical properties were prepared as
follows. Since the light source used in this study (a POT-36 LED lamp) can irradiate only
a circular area of ¢ = 12 mm, disk-shaped specimens of network polymers were prepared
for compression tests. The specimens were prepared from mixtures of DT-EGn, DY-EGn,
and IRGACURE® 184 using a silicone mold sandwiched with two glass slides under UV
irradiation for different irradiation times. Their mechanical properties were then
investigated by compression tests with a creep meter. Figure 2-5 displays a typical

example of stress—strain curves for the disk-shaped specimens of network polymers. From
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the initial slopes in Figure 2-5, values of Young’s modulus (E) for n = 2, 3, and 4 were

estimated, and the average £ values for three different samples prepared under the same

conditions were plotted in Figure 2-6 against the irradiation time. In the cases of n =2 and

3, E increased with the irradiation time and then leveled off at irradiation times longer

than 60 min. In the case of n = 4, on the other hand, £ was almost constant at irradiation

times longer than 10 min.

Stress / MPa

0 5 10 15 20
Strain / %

Figure 2-5. Stress—strain curves obtained from the compression tests for network

polymers of n = 2 (solid line), 3 (dotted line), 4 (broken line).
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Figure 2-6. Young’s modulus of the network polymers as a function of the irradiation

time for n = 2 (circle), 3 (triangle), and 4 (square).

Figure 2-7 indicates the saturated £ (Esa) as a function of n. As can be seen in
this figure, Fsa decreased from 18.2 to 12.6 MPa with increasing n from 2 to 4. This is
because the crosslinking density decreased with increasing n. The chain length between
crosslinks was comparable to the statistical segment length of PEG (ca. 0.8 nm***°) in
this study. It is still an open question to predict Young’s modulus for such a case.?® Thus,
here the author compares preliminarily the Es, data with the rubber elasticity theory. On

the basis of the affine network model, Young’s modulus £ is given by

_ 3pRT

(2-12)
Mnet

where p, R, T, and M, denote the polymer density, the gas constant, the absolute
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temperature, and the molecular weight between crosslinking points, respectively. The

experimental Es. values were compared with the estimated E values as can be seen in

Figure 2-8. The ratio of the experimental and estimated values of E is almost constant at

ca. 45% independent of n. This ratio corresponds to the efficiency of formation of

mechanically active chains. Mechanically inactive chains may be formed statistically by

the formation of loops and dangling chains, which should be formed by minor side

reactions on the thiol and yne moieties. These observations indicate that the probability

of formation of mechanically active (or inactive) chains is almost constant independent

of n in the n range examined in this study.

28
24

20 +
16 +
12 »

Esat / MPa
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n

Figure 2-7. The experimental Young’s modulus (Esa) as a function of n for the network

polymers.
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Figure 2-8. The experimental and calculated values of Young’s modulus E for the

network polymers of n =2 (circle), 3 (triangle), and 4 (square).

2-4. Conclusions

In this study, the author synthesized network polymers from monodisperse DT-

EGn and DY-EGn samples through the thiol-yne reaction to study the effect of # on the

mechanical properties. The author first carried out kinetic analysis of the thiol-yne

reaction of DT-EGn and DY-EGn samples of different # through IR measurements of thin

films. The IR spectra indicated that the thiol-yne reaction completed within 60 s under

the given conditions. On the basis of a simplified kinetic model proposed herein, the

author estimated the apparent reaction rate constants, k1" and k', for the thiol-yne reaction.
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Both k1" and k>" increased with n, indicating that the terminal thiol and yne moieties were

more mobile at a larger n. Based on the stress—strain curves obtained from compression

tests, the saturated £ (Esa) decreased from 18.2 to 12.6 Pa with increasing »n from 2 to 4

because of the decrease in crosslinking density with increasing n. The ratio of

experimental Es. and the E calculated based on the affine network model was almost

constant at ca. 45% independent of n. These observations indicated that the probability of

formation of mechanically active (or inactive) chains was almost constant independent of

n in the n range examined in this study. Since the network polymer samples obtained in

this study show Young’s moduli higher than 10 MPa and contain rather high contents of

sulfur atoms which increase the reflective index, the samples may be promising in some

applications, e.g., adhesives and optical lenses.
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Chapter 3

Synthesis of Interval-Controlled Cyclic Dimers by Click Chemistry

3-1. Introduction

Macrocycles, e.g., crown ether,! cyclodextrin,? and calixarene,’ are an important
class of nonlinear molecules, which are applicable to a wide range of fields, including
catalyst chemistry and biomedical science, based on their molecular recognition ability.*
6 Since macrocyclic structures in natural compounds often play an important role in
biological activities, macrocycles are also used in pharmaceutical chemistry.”® To expand
the application fields, development of new type of macrocycles is of great importance.
However, it is not easy to synthesize macrocyclic compounds because of entropically-
disfavored ring-closing reaction. Click chemistry,” which is a technique for synthesis of
functional molecules from simple building blocks by robust reactions, e.g., copper(I)-
catalyzed azide—alkyne cycloaddition (CuAAC)!%!! and thiol-ene reaction,'>!* has been

1. reported

employed to synthesize macrocyclic interaction molecules. Binauld et a
synthesis of uniform oligomers by stepwise CuAAC of triethylene glycol possessing
azide and alkyne moieties. Cyclic oligomers were synthesized by CuAAC of the
oligomers under highly dilute conditions. The author has focused on this simple approach

to synthesize macrocyclic multivalent oligomers.
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In this chapter, dialkyne possessing internal alkene for introduction of interacting

moieties and diazide formed triethylene glycol are used. Macrocyclic dimers bearing

adamantyl (Ad) and B-cyclodextrin (BCD) moieties are synthesized by stepwise CuUAAC,

followed by thiol-ene reaction.

3-2. Experimental Section

Materials. A propargyl bromide solution (80 wt% in toluene), 1-

adamantanethiol, and anhydrous magnesium sulfate (MgSOs) were purchased from

Sigma-Aldrich (St. Louis, MO). cis-Butene-1,4-diol, N,N,N'.N",N'-

pentamethyldiethylenetriamine ~ (PMDETA), 2,2-dimethoxy-2-phenylacetophenone

(DMPA), and 6-amino-6-deoxy-f-cyclodextrin (NH2-BCD) were purchased from Tokyo

Chemical Industry Co., Ltd. (Tokyo, Japan). Triethylene glycol, p-toluenesulfonyl

chloride, sodium hydride (60% suspension in paraffin liquid), thiourea, N,N'-

dicyclohexylcarbodiimide (DCC), 1-hydroxybenzotriazole (HOBt), anhydrous sodium

sulfate (NaxSOs), citric acid, tetra-sodium ethylenediaminetetraacetate (EDTA-4Na),

sodium hydroxide (NaOH), sodium chloride (NaCl), triethylamine, hydrochloric acid

(HCl), dimethyl sulfoxide (DMSO), N,N-dimethylformamide (DMF), dichloromethane,

chloroform, and 1-butanol were purchased from Nacalai Tesque Inc. (Kyoto, Japan).
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Sodium azide, copper(I) bromide (CuBr), diisopropyl azodicarboxylate (DIAD),
triphenylphosphine, diphenylphosphoryl azide (DPPA), mercaptacetic acid, pyridine,
acetone, diethyl ether, ethanol, ethyl acetate, hexane, tetrahydrofuran (THF), and
methanol were purchased from FUJIFILM Wako Pure Chemical Corp. (Osaka, Japan). -
Cyclodextrin (BCD) was purchased from Junsei Chemical Co., Ltd (Tokyo, Japan). THF
was distilled before use. Other reagents were used as received. For thin layer
chromatography (TLC) analysis through this work, Merck precoated TLC plates (silica
gel 60 F254) were used. Silica gel 60 (Nacalai Tesque, spherical, neutrality) was used for
purification of the products by column chromatography.

Measurements. 'H NMR spectra were recorded on a JEOL JNM ECS400 or
ECAS500 spectrometer using chloroform-d (CDCls), dimethyl sulfoxide-d (DMSO-dg), or
deuterium oxide (D;0) as a solvent. Tetramethylsilane (TMS) was used as an internal
standard for CDCIl3 and DMSO-ds. Electrospray ionization mass spectra (ESI-MS) were
obtained in a positive ion mode on a Thermo Fisher Scientific LTQ Orbitrap-XL,
controlled by the XCARIBUR 2.1 software package. Methanol was used as a solvent.
The condition of ionization was set to the following parameters; ion spray voltage at 3.5
kV, ion spray temperature at 100 °C, and ion transfer tube temperature at 275 °C. Internal

calibration of ESI-MS was performed using the monoisotopic peaks of sodium adducted
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ion of diethylphthalate (m/z 314.1410), protonated ion of di-2-ethylhexylphthalate (m/z
391.2843), and sodium adducted ion of di-2-ethylhexyl-phthalate (m/z 413.2662). Matrix-
assisted laser desorption/ionization time-of-flight (MALDI-TOF) MS was conducted
using a Shimadzu/KRATOS AXIMA-PERFORMANCE spectrometer with 4'-
hydroxyazobenzene-2-carboxylic acid (HABA) as a matrix. TOF detection was
performed using an appropriate accelerating voltage.

Preparation of Ditosylate of Triethylene Glycol (DTs-EG2).!° Triethylene
glycol (3.02 g, 20.1 mmol) was dissolved in pyridine (16 mL). To the solution, p-
toluenesulfonyl chloride (8.88 g, 46.6 mmol) was added over 30 min in an ice-water bath.
After stirring for 90 min at room temperature, the reaction mixture was poured into a
mixture (150 mL) of ice and water to form colorless precipitate. The precipitate was
recovered by filtration. DTs-EG2 was purified by recrystallization from ethanol and
obtained as a colorless solid (7.17 g, 78 %). '"H NMR (400 MHz, 298 K, CDCl3): § 7.79
(d,J=8.2Hz,4H), 7.34 (d, /= 8.2 Hz, 4H), 4.14 (t,J=9.6 Hz, 4H), 3.66 (t, /= 9.4, 4H),
3.53 (s, 4H), 2.45 (s, 6H).

Preparation of Diazide of Triethylene Glycol (DA-EG2).!® DTs-EG2 (15.7g,
34.2 mmol) was dissolved in DMSO (200 mL). To the solution, sodium azide (7.05 g,

108 mmol) was added. After stirring at room temperature for 48 h, water (200 mL) was
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added to the reaction mixture. The product was extracted from the aqueous solution with
diethyl ether (3 x 100 mL). The organic layers were combined. The combined organic
phase was washed with water (50 mL) and dried over Na>SOs. After the Na,SO4 was
removed by filtration, the solvent was removed under reduced pressure to obtain DA-
EG2 as a colorless oil (6.75 g, 99 %). 'H NMR (400 MHz, 298 K, CDCls): 6 3.69 (t, J =
9.5 Hz, 4H), 3.68 (s, 4H), 3.40 (t, /= 9.5 Hz, 4H).

Preparation of (Z)-1,4-Bis(prop-2-yn-1-yloxy)but-2-ene (DY).!” A solution of
cis-butene-1,4-diol (15.2 g, 172 mmol) in THF (80 mL) was added dropwise to a
suspension of sodium hydride (27.9 g, 698 mmol, 60% suspension in paraffin liquid) in
THF (400 mL) under a nitrogen atmosphere in an ice-water bath. The mixture was stirred
at room temperature for 15 min, and then propargyl bromide (48 mL, 442 mmol, 80% in
toluene) was added. After stirring at room temperature overnight, THF was removed
under reduced pressure. To the residue, water (150 mL) was added slowly. The product
was extracted with dichloromethane (3 x 100 mL). The organic layers were combined.
The combined organic phase was washed with water (50 mL) and dried over Na>SOa.
After the NaxSO4 was removed by filtration, the solvent was removed under reduced
pressure to obtain a brown oil (40.5 g). The product was purified by distillation under

reduced pressure to obtain a colorless oil (26.3 g, 161 mmol, 93 %). Bp: 55 °C / 0.17
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mmHg. 'H NMR (500 MHz, 298 K, CDCls): § 5.76 (ddd, J = 4.9, 3.8, and 1.2 Hz, 2H),
4.16 (dd, J=3.8 and 1.2 Hz, 4H), 4.16 (d, J = 2.5 Hz, 4H), 2.44 (t, /= 2.5 Hz, 2H).

Preparation of Monotosylate of Triethylene Glycol (MTs-EG2).!® Triethylene
glycol (58.5 g, 390 mmol) and triethylamine (10.5 mL, 75.8 mmol) were dissolved in
dichloromethane (30 mL). p-Toluenesulfonyl chloride (9.81 g, 51.6 mmol) was added
slowly to the solution cooled with an ice-water bath. After stirring for 18 h at room
temperature, the reaction mixture was diluted with dichloromethane (50 mL). The
resulting solution was washed with 5% citric acid (2 x 50 mL) and saturated aqueous
NaCl (100 mL). The solution was dried over Na;SO4 and the Na;SO4 was removed by
filtration. The solvent was removed under reduced pressure to obtain a yellow oil (14.6
g). The product was purified by column chromatography using ethyl acetate to obtain a
colorless oil (13.2 g, 84 %). 'H NMR (500 MHz, 298 K, CDCl3): § 7.81 (d, J = 8.0 Hz,
2H), 7.35 (d, J= 8.0 Hz, 2H), 4.17 (t, /= 4.8 Hz, 2H), 3.72 (t, /= 4.8 Hz, 2H), 3.71 (t, J
=4.8 Hz, 2H), 3.61 (s, 4H), 3.66 (t, J = 4.8 Hz, 2H), 2.45 (s, 3H).

Preparation of Monoazide of Triethylene Glycol (MA-EG2).!® MTs-EG2
(30.4 g, 99.8 mmol) was dissolved in DMSO (100 mL). To the solution, sodium azide
(10.4 g, 160 mmol) was added. After stirring at room temperature overnight, saturated

aqueous NaCl (100 mL) was added to the reaction mixture. The product was extracted
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with diethyl ether (3 x 200 mL). The organic layers were combined. The combined
organic phase was washed with saturated aqueous NaCl (20 mL) and then dried over
MgSOs4. The MgSO4 was removed by filtration. The solvent was removed under reduced
pressure to obtain MA-EG2 as a colorless oil (13.5 g, 65 %). '"H NMR (500 MHz, 298 K,
CDCl3): 6 3.77-3.69 (m, 2H), 3.68-3.66 (m, 6H), 3.62 (t, /= 4.8 Hz, 2H), 3.41 (t,J=4.8
Hz, 2H).

Synthesis of 1,2-Bis(2-(4-((((£)-4-(prop-2-yn-1-yloxy)but-2-en-1-
yDoxy)methyl)-1H-1,2,3-triazol-1-yl)ethoxy)ethane (1).'° A solution of DA-EG2 (622
mg, 3.12 mmol) in THF (50 mL) was added dropwise to a mixture of DY (4.92 g, 30.0
mmol), CuBr (20 mg, 0.15 mmol), and PMDETA (33 pL, 0.15 mmol) in THF (5 mL)
with cooling by an ice-water bath. After stirring for 8 h under a nitrogen atmosphere, the
solvent was removed under reduced pressure. To the residue, chloroform (100 mL) was
added, and the solution was washed with aqueous EDTA-4Na (0.5 M, 100 mL) and water
(3 x 100 mL). The organic phase was dried over Na>xSOs. After the Na>xSO4 was removed
by filtration, the solvent was removed under reduced pressure to obtain a pale brown oil
(5.34 g). The oil was fractionated by column chromatography using a mixed solvent of
hexane, ethyl acetate, and methanol (20/1/0 — 0/20/1, v/v/v) to obtain 1 as a pale yellow

0il (1.19 g, 72 %). "H NMR (400 MHz, 298 K, CDCl3): 6 7.69 (s, 2H), 5.82-5.67 (m, 4H),
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4.63 (s,4H), 4.52 (t, /=10.4 Hz, 4H), 4.20-4.12 (m, 12H), 3.83 (t, /= 10.4 Hz, 4H), 3.56
(s, 4H), 2.45 (t, J = 2.5 Hz, 2H). HRMS (ESI) m/z: [M + Na]" calcd for C26H35N¢NaOs
551.2594; found 551.2606.

Synthesis of a Hydroxy-Terminated Linear Dimer (2).!° A solution of MA-
EG2 (357 mg, 2.04 mmol) in THF (100 mL) was added dropwise to a mixture of 1 (5.34
g, 10.1 mmol), CuBr (27 mg, 0.19 mmol), and PMDETA (42 pL, 0.20 mmol) in THF (5
mL) with cooling by an ice-water bath over 30 min. After stirring overnight at room
temperature under a nitrogen atmosphere, the solvent was removed under reduced
pressure to obtain a brown oil. The oil was fractionated by column chromatography using
a mixed solvent of ethyl acetate and methanol (20/1 — 3/1, v/v) to obtain 2 as an orange
oil (1.01 g, 71 %). 'H NMR (500 MHz, 298 K, CDCl3): 6 7.81 (s, 1H), 7.70 (s, 1H), 7.69
(s, 1H), 5.80-5.69 (m, 4H), 4.64-4.60 (m, 6H), 4.60—4.49 (m, 6H), 4.19-4.10 (m, 10H),
3.88 (t,J=5.0 Hz, 2H), 3.83 (q, J = 4.5 Hz, 4H), 3.72 (t, J = 4.5 Hz, 2H), 3.62 (s, 4H),
3.58-3.54 (m, 6H), 2.45 (t, J = 2.3 Hz, 1H). HRMS (ESI) m/z: [M + Na]" caled for
C32H49NoNaQg 726.3551; found 726.3545.

Synthesis of a Linear Dimer (/-ene2).2° DIAD (420 pL, 2.17 mmol) was added
to a solution of triphenylphosphine (559 mg, 2.13 mmol) in THF (6 mL) with cooling by

an ice-water bath. After stirring for 10 min, DPPA (460 pL, 2.13 mmol) was added
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dropwise at room temperature. To the resulting mixture, a solution of 2 (1.00 g, 1.42
mmol) in THF (4 mL) was added. After stirring for 24 h, the solution was heated at 40 °C
for 17 h. The mixture was heated at 60 °C for 24 h and the solvent was removed under
reduce pressure to obtain a yellow oil. The oil was fractionated by column
chromatography using a mixed solvent of ethyl acetate and methanol (1/0 — 3/1) to obtain
l-ene?2 as a yellow oil (459 mg, 44%). '"H NMR (500 MHz, 298 K, CDCl3): 6 7.74 (s, 1H),
7.70 (s, 1H), 7.69 (s, 1H), 5.80-5.67 (m, 4H), 4.64—4.58 (m, 6H), 4.56—4.47 (m, 6H),
4.19-4.10 (m, 10H), 3.89 (t, J = 5.0 Hz, 2H), 3.65 (m, 6H), 3.58-3.53 (m, 6H), 3.37 (t, J
= 5.0 Hz, 2H), 2.45 (t, J = 2.3 Hz, 1H). HRMS (ESI) m/z: [M + Na]" calcd for
C32H4sN12NaOg 751.3606; found 751.3607.

Synthesis of a Cyclic Dimer (c-ene2).?! A solution of /-ene2 (145 mg, 0.19
mmol) in methanol (50 mL) was added dropwise using a syringe pump at a rate of 7.2
mL h™! to a mixture of CuBr (1.42 g, 9.96 mmol) and PMDETA (2.10 mL, 10.1 mmol) in
methanol (50 mL) at room temperature. After stirring for 60 h, water (100 mL) was added
to the mixture, and the product was extracted with dichloromethane (3 x 50 mL). The
organic layers were combined. The combined organic phase was washed with water (3 x
30 mL) and dried over NaxSOs. After the Na2SO4 was removed by filtration, the solvent

was removed under reduced pressure to obtain a brown oil (146 mg). The oil was
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fractionated by column chromatography using a mixed solvent of ethyl acetate and
methanol (1/1, v/v) to obtain c-ene2 as a colorless solid (72 mg, 50 %). 'H NMR (500
MHz, 298 K, CDClz): 6 7.73 (s, 4H), 5.76-5.67 (m, 4H), 4.59 (s, 8H), 4.51 (t, J = 10.5
Hz, 8H), 4.10 (d, J = 4.5 Hz, 8H), 3.81 (t, J = 10.5 Hz, 8H), 3.55 (s, 8H). HRMS (ESI)
m/z: [M + Na]" calcd for C32HasN12NaOg 751.3606; found 751.3605.

Synthesis of a Cyclic Dimer Bearing Adamantyl Moieties (c-Ad2).22 1-
Adamantanethiol (77 mg, 0.46 mmol), c-ene2 (31 mg, 0.042 mmol), and DMPA (24 mg,
0.093 mmol) were dissolved in DMF (1.5 mL). The solution was irradiated with 365 nm
UV light for 6 h. The reaction mixture was added dropwise to diethyl ether (30 mL). A
viscous oil was recovered by centrifugation at 4,000 rpm for 15 min followed by
decantation to obtain c-Ad2 as a yellow oil (23 mg, 51 %). '"H NMR (400 MHz, 298 K,
CDCl3): 0 7.87-7.58 (br, 4H), 4.68—4.23 (br, 16H), 3.89-3.67 (br, 8H), 3.61-3.36 (br, 8H),
2.14-1.43 (br, 30H). HRMS (ESI) m/z: [M + Na]" calcd for Cs2HgoN12NaOsS> 1087.5561;
found 1087.5524.

Synthesis of a Cyclic Dimer Bearing Carboxy Moieties (c-C2).22
Mercaptacetic acid (300 pL, 5.73 mmol), c-ene2 (287 mg, 0.40 mmol), and DMPA (51
mg, 0.20 mmol) were dissolved in DMF (3.0 mL). After deoxygenation by purging with

nitrogen for 10 min, the solution was irradiated with 365 nm UV for 12 h. To the reaction
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solution, water (20 mL) was added. The mixture was washed with diethyl ether (3 x 10
mL). The solvent was removed under reduced pressure. The residue was dissolved in
methanol (2 mL). The solution was added dropwise to diethyl ether (40 mL). A viscous
oil was recovered by centrifugation at 4,000 rpm for 15 min followed by decantation to
obtain ¢-C2 as a yellow oil (350 mg, 95 %). 'H NMR (500 MHz, 298 K, D>0): J 7.96—
7.84 (m, 4H), 4.59-4.40 (m, 16H), 3.84-3.72 (m, 8H), 3.65-3.37 (m, 16H), 3.30-3.15 (m,
4H), 2.95-2.87 (br, 2H), 1.86—1.74 (m, 2H), 1.64-1.53 (m, 2H). HRMS (ESI) m/z: [M +
Na]" calcd for C36Hs7N 1201252 913.3660; found 913.3660.

Synthesis of a Cyclic Dimer Bearing BCD Moieties (c-pCD2).23 ¢-C2 (250 mg,
0.7 mmol), DCC (155 mg, 0.75 mmol), and HOBt (97 mg, 0.72 mmol) were dissolved in
DMF (10 mL). To the solution, NH»-BCD (841 mg, 0.74 mmol) was added. After stirring
for 90 h at room temperature, the mixture was added dropwise to acetone (200 mL) to
obtain pale brown solid (1.04 g). The product was purified by preparative TLC using a
mixed solvent of 1-butanol, ethanol, and water (1/1/2, v/v/v) containing 0.5%
triethylamine. The silica gel particles on which the product was adsorbed were collected.
The product was extracted from the silica gel using DMF. The solution was concentrated
and added to a large excess of acetone to obtain c-BCD2 as a pale brown solid (124 mg,

6 %). '"H NMR (500 MHz, 298 K, D,0): 6 7.98-7.80 (m, 4H), 5.13-4.99 (m, 14H), 4.58—
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4.49 (m, 16H), 4.09-3.30 (m, 108H), 3.30-3.15 (m, 4H), 2.95-2.87 (br, 2H), 1.86-1.74
(m, 2H), 1.64-1.53 (m, 2H). HRMS (MALDI) m/z: [M + Na]® caled for

C120H194N14Na07882 3 166.0983; found 3166.0804.

3-3. Results and Discussion

Synthesis of a Cyclic Dimer (c-ene2). To synthesize multivalent molecules, a
cyclic dimer (c-ene2), onto which interaction moieties can be introduced, was designed
and synthesized in this study. First, according to Scheme 3-1, triethylene glycol with azide
moieties at both ends (DA-EG2) was prepared by azidation of the ditosylate using sodium
azide. Dialkyne (DY) was obtained by coupling of a diol possessing an internal alkene
with propargyl bromide under basic conditions (Scheme 3-2). Compound 1 was
synthesized from DA-EG2 and DY through CuAAC catalyzed by a CuBr/PMDETA
system using a large excess of DY. Hydroxy-terminated linear dimer 2 was obtained by
CuAAC coupling of 1 and monoazide of triethylene glycol (MA-EG2). After azidation of
2 using diphenylphosphoryl azide (DPPA), c-ene2 was synthesized through
intramolecular cyclization by CuAAC. The selective cyclization was achieved by slowly
dropping a dilute solution of the linear dimer (/-ene2) into a solution of CuBr/PMDETA.

The products were characterized by '"H NMR and MS (see Figure 3-1 and Experimental
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Section). Figure 3-1 displays a typical example of '"H NMR spectra for 1, 2, /-ene2, and
c-ene2. All the spectra contain signals ascribable to the protons of triazole and internal
alkene at 7.8 and 5.7 ppm, respectively. These spectra also contain signals due to the
methylene protons at 3.5-4.6 ppm. In the spectrum for 2 (Figure 3-1B), signals ascribable
to the methylene attached to the hydroxy group appear at 3.7 ppm. On the other hand,
Figure 3-1C shows signals assignable to the methylene protons attached to the azide group
are seen at 3.4 ppm. There are no signals ascribable to the methylene and methine protons
of the terminal propargyl group at 3.4 and 2.5 ppm in the spectrum for c-ene2 (Figure 3-

1D). These data indicate that c-ene2 was successfully synthesized.

Scheme 3-1. Preparation of DA-EG2 (A) and DY (B)

(A)
TsCl NaNj3
HO/\'(O\/%OH _— TsO/\’(O\/)Z‘OTs D—> N3/\(°\/)5N3

Pyridine MSO
DTs-EG2 (78 %) DA-EG2 (99 %)
(B)
HO— _ /—OH — - :_\o—\z/—o =
o DY (93 %)
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Scheme 3-2. Synthesis of c-ene2
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Figure 3-1. '"H NMR spectra for 1 (A), 2 (B), l-ene2 (C), and c-ene2 (D) in CDCls.
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Introduction of Ad and PCD moieties to c-ene2. Aiming at study on the
interaction of multivalent molecules (Chapter 4), interaction sites were introduced to c-
ene2. A pair of Ad and BCD moieties have been chosen as interacting cites in this study,
because Ad and PCD moieties form rather stable inclusion complexes in water
(association constant K, ~ 107* M).2* A cyclic guest dimer bearing Ad moieties (c-Ad2)
was synthesized by thiol-ene reaction using DMPA as a photoinitiator according to
Scheme 3-3. The complementary dimer (c-BCD2) was prepared in two steps as can be
seen in Scheme 3-4; ¢-C2 was obtained by thiol-ene reaction using thioglycolic acid,
followed by coupling with NH>-BCD to synthesize c-BCD2. The products were
characterized by 'H NMR and MS (see Figure 3-2 and Experimental Section). Figure 3-
2 displays '"H NMR spectra for c-ene2, c-Ad2, ¢-C2, and ¢-BCD2 in D>0O. All the spectra
contain signals ascribable to the triazole proton at 7.8 ppm. In the spectrum for c-Ad2
(Figure 3-2B), signals due to the internal alkene at ca. 5.7 ppm are not seen. There are
signals assignable to the methine and methylene protons in adamantyl moieties in the
region of 1.5-2.0 ppm. All signals due to c-Ad2 are broad presumably because of the
limited solubility in D,0O. Figure 3-2C shows signals ascribable to the methylene protons
next to the carbonyl carbon at 3.2 ppm instead of signals due to the internal alkene. There

are signals due to BCD in the region of 3.4—4.0 ppm in the spectrum for c-fCD2 (Figure
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3-2D). These data are indicative of successful synthesis of c-Ad2 and c-fCD2.

Scheme 3-3. Synthesis of c-Ad2

O_\_(_o/\ﬁ:\,\,!“{\/oi/\” D

N=N
g S

c-Ad2 (51 %)

Scheme 3-4. Synthesis of c-pCD2

c-C2 (95 %)

c-BCD (6 %)

NH, A
) . e e
— AT °
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Figure 3-2. '"H NMR spectra for c-ene (A), c-Ad2 (B), c-C2 (C), and c-BCD2 (D) in D,0.

3-4. Conclusions
In this study, the author synthesized cyclic host and guest dimers in order to study

on the multivalency in detail. First, linear dimer (/-ene2) was synthesized by stepwise
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CuAAC of diazide formed from triethylene glycol and dialkyne possessing internal

alkene. A cyclic dimer (c-ene2) was obtained by selective intramolecular cyclization

through CuAAC under highly diluted conditions. Cyclic dimers bearing fCD and Ad

moieties were synthesized by thiol-ene and amide coupling reactions.
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Chapter 4

Interaction of Interval-Controlled Cyclic Dimers Synthesized by Click Chemistry

4-1. Introduction

Recently, multivalency has been recognized to play an important role in the
molecular recognition of biomolecules for biological activities.!? Inspired by the
multivalency in nature, stable and reversible systems based on multiple weak non-

covalent bondings of synthetic polymers are used in a wide range of fields, e.g., drug

5 6-8 9-10

delivery systems,> self-healing materials,>® and stimuli-responsive materials.
Detailed studies on multivalency are necessary for understanding the specific molecular
recognition systems of biomolecules and for designing new functional polymeric
materials based on molecular recognition. However, multivalent polymers synthesized by
general polymerization techniques have considerable distributions of their structures, e.g,
monomer sequence and molecular weight, making it difficult to investigate multivalency
in detail. Therefore, investigating the interactions of multivalent molecules with well-
defined structures plays an important role in relating the molecular structure to the

multivalency.

The author focuses on the interactions of interval-controlled cyclic dimers, one
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of the simplest multivalent molecules. In this chapter, interval-controlled cyclic dimers

bearing -cyclodextrin (BCD) and adamantyl (Ad) moieties synthesized in Chapter 3 are

used. To investigate the association behavior of the interval-controlled cyclic host dimer

(c-BCD2), firstly, the author focuses on the polymer/dimer interaction system and

investigates the interactions of poly(acrylic acid) bearing naphthyl (Np) residues of

different contents with the interval-controlled cyclic host dimer by fluorescence

measurements. Next, focusing on the dimer/dimer interaction system, the interactions of

the interval-controlled cyclic guest dimer (c-Ad2), i.e., the counterpart of c-fCD2, with

several host molecules are investigated by NMR techniques.

4-2. Experimental Section

Materials. Tris[2-(dimethylamino)ethyllamine (MesTREN) and #-butyl 2-

bromoisobutyrate (rBuB) were purchased from Tokyo Chemical Industry Co., Ltd.

(Tokyo, Japan). N,N"-Dicyclohexylcarbodiimide (DCC), 1-hydroxybenzotriazole (HOBt),

anhydrous sodium sulfate (Na;SO4), tetra-sodium ethylenediaminetetraacetate

(EDTA-4Na), N,N-dimethylformamide (DMF), and dichloromethane were purchased

from Nacalai Tesque Inc. (Kyoto, Japan). Copper (powder), 2-naphthylmethylamine, ¢-

butyl acrylate (1BuA), trifluoroacetic acid (TFA), diethyl ether, ethyl acetate, hexane,
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methanol, and toluene were purchased from FUJIFILM Wako Pure Chemical Corp.
(Osaka, Japan). Water was purified with a Millipore Milli-Q system. Other reagents were
used as received.

Measurements. 'H NMR spectra were recorded on a JEOL JNM ECS400 or
ECAS500 spectrometer using deuterium oxide (D20O) as a solvent. Pulse-field-gradient
spin-echo (PGSE) NMR data were obtained on a Bruker Advance 700 NMR spectrometer.
The bipolar pulse pair stimulated echo (BPPSTE) sequence was applied.!>~! The strength
of pulsed gradients (g) was increased from 0.3 to 90 gauss cm™'. The time separation of
pulsed field gradients (4) and their duration (0) were 0.15 and 0.002 s, respectively. The
sample was not spun and the airflow was disconnected. The shape of the gradient pulse
was rectangular, and its strength was varied automatically during the course of the
experiments. Two-dimensional diffusion ordered spectroscopy (2D DOSY) data were
obtained by inverse Laplace transformation using the SPLMOD method.!%!7
Fluorescence measurements were performed on a SHIMADZU RF-5300PC equipped
with a single cuvette reader at room temperature. The slit widths for both the excitation
and emission sides were kept at 5.0 nm during measurement.

Preparation of Poly(rBuA).'® Copper (powder, 332 mg, 5.18 mmol) was added

to a schlenk flask. The flask was degassed and backfilled with nitrogen three times. /BuA
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(40.0 mL, 275 mmol), tBuB (1.00 mL, 5.40 mmol), MesTREN (1.40 mL, 5.20 mmol),
and toluene (20 mL) were added to the flask. After bubbling with nitrogen for 10 min, the
solution was stirred at room temperature for 24 h. The reaction mixture was diluted with
ethyl acetate (300 mL). The resulting solution was washed with aqueous EDTA-4Na (0.5
M, 3 x 50 mL) and dried over Na>SOs. After filtration, the solvent was removed under
reduced pressure. The product was purified by reprecipitation twice using a mixed solvent
of diethyl ether, methanol, water (1/5/5, v/v/v) to obtain poly(sBuA) as a pale yellow solid
(34.3 g, 94 %).

Preparation of Poly(acrylic acid) (poly(AA)).!” TFA (80 mL, 1.04 mol) was
added to a solution of poly(zBuA) (34.1 g, 266 mmol of ¢-butyl ester) in dichloromethane
(80 mL). After stirring at room temperature overnight, the mixture was poured into
hexane (500 mL) to form a precipitate. After decantation, the precipitate was washed with
hexane (2 x 200 mL). The product was dried under reduced pressure to obtain poly(AA)
as a colorless solid (23.6 g, 88 %).

Preparation of Poly(AA) Bearing Np Moieties (p(AANa/Npx)).?’ A typical
procedure is described below.

A solution of DCC (481 mg, 2.33 mmol) in DMF (5 mL) was added to a solution

of poly(AA) (937 mg, 13 mmol monomer units) in DMF (10 mL) in ice-water bath. To
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the mixture, HOBt (312 mg, 2.31 mmol) was added. A solution of 2-naphthylmethylamine
(407 mg, 2.59 mmol) in DMF (5 mL) was added to the reaction mixture. The mixture was
stirred for 48 h at room temperature. After filtration, the solvent was removed under
reduced pressure. The product was purified by reprecipitation twice from DMF into ethyl
acetate to obtain a pale yellow solid (2.02 g, 75 %). The degree of modification was

determined to be 14.7 mol% by 'H NMR.

4-3. Results

Interaction of p(AANa/Npx) with BCD and c-BCD2. To investigate the
binding behavior of the interval-controlled cyclic host dimer, the author has started the
study with the polymer/dimer interaction systems, in which Np moiety has been employed
for fluorescence measurements. Thus, poly(acrylic acid)s bearing Np moieties
(p(AANa/Npx), where x is the mol% content of Np groups) were used as guest polymers
(Figure 4-1). Fluorescence spectra of aqueous solutions of p(AANa/Np6) and
p(AANa/Np15) were measured in the absence and presence of varying concentrations of
BCD or ¢-BCD2 (Figure 4-2). In all the spectra, signals due to monomer emission of Np
moieties are observed at ca. 340 nm. In the case of BCD, the signal intensity increases

with BCD concentration, indicative of the formation of one-to-one complexes. On the

65



Chapter 4

other hand, in the case of c-BCD2, the signal intensity increases with BCD concentration
and then decreases at higher concentrations, indicative of the formation of higher-order
complexes rather than one-to-one complexes. The ratios of signal intensities at 334 nm in
the presence and absence of BCD (//ly) were calculated and plotted in Figure 4-3 against

BCD concentration. The analysis of data will be described in the following subsection.

100-x x=n

Na*tO~>O HN""O

OO

P(AANa/Npx)

Figure 4-1. Chemical structure of p(AANa/Npx).
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Figure 4-2. Fluorescence spectra of aqueous p(AANa/Np6) (A) and p(AANa/Np15) (B)

in the absence (solid line) and presence of 0.13 mM (broken line) and 0.25 mM BCD

(dotted line), and aqueous p(AANa/Np6) (C) and p(AANa/Npl5) (D) in the absence

(solid line) and presence of 0.07 mM (broken line) and 0.11 mM c-BCD2 (dotted line).
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Figure 4-3. Plots of 7/l against BCD concentration for aqueous p(AANa/Np6) (A) and
p(AANa/Npl15) (B) with BCD with a best-fit curve using eq 4-7, and aqueous
p(AANa/Np6) (C) and p(AANa/Np15) (D) with c-BCD2 with a best-fit curve using eq 4-

15.

Interaction of c-Ad2 with Host Molecules. The author also focused on the
interaction of the complementary guest dimer (c-Ad2). c-Ad2 exhibited a limited
solubility in water presumably because of the hydrophobicity of Ad moieties; c-Ad2 (2

mg) did not dissolved completely in water (1 mL). On the other hand, c-Ad2 (2 mg) was
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completely soluble in 10 mM BCD solution (1 mL), indicating that fCD solubilized c-
Ad2 by the formation of inclusion complexes between the Ad moieties and BCD. As can
be seen in Figure 4-4, the ROESY for a DO solution containing ¢-Ad2 and BCD shows
the correlation signals between the signals ascribable to the Ad moieties (2.2—1.7 ppm)
and the signals due to the BCD inner protons (ca. 3.7 and 3.8 ppm). This observation

confirmed the formation of inclusion complexes between the Ad moieties and BCD.
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Figure 4-4. ROESY for a solution of c-Ad2 in 10 mM D-O of BCD.
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The interactions of c-Ad2 with host molecules, i.e., BCD, BCD2-1, BCD2-2
(Figure 4-5), and c-BCD2, were investigated by 'H NMR measured at varying
concentrations of the host molecules (Figure 4-6). In all the cases, the signals due to the
Ad moieties shift to lower magnetic fields with increasing the host concentration. The
differences in the chemical shifts in the presence and absence of the host molecules (AJ)
were calculated and plotted in Figure 4-7 against the concentration of BCD moiety
([BCD])). These data in Figure 4-7 indicate that the interactions of ¢-Ad2 with BCD and
BCD2-1 are noncooperative whereas those with BCD2-2 and c-BCD2 are cooperative. The

analysis of data will be also described in the following subsection.

BCD2-1 BCD2-2

Figure 4-5. Chemical structures of BCD2-1 and fCD2-2.
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Figure 4-6. 'H NMR spectra for c-Ad2 at different concentrations of BCD (A), BCD2-1

(B), BCD2-2 (C), and c-BCD2 (D).
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Figure 4-7. Plots of Ad against CD concentration for solutions of c-Ad2 with fCD (A),
BCD2-1 (B), BCD2-2 (C), and c-pCD2 (D) with a best-fit curve using eqs 4-16 (A and B)

and 4-17 (C and D).

4-4. Discussion
Interaction of p(AANa/Npx) with BCD and c-BCD2. (a) The Formation of
One-to-One Complexes between Np and fCD Moieties. The equilibrium equation for the

formation of one-to-one complexes (Np*BCD) is as follows:
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Ki
Np + BCD ——  Np'BCD

Given that [Np], [BCD], and [Np*BCD] are the concentrations of Np, BCD, and Np+BCD,

respectively, the association constant K is defined by

_ [NpeBCD]

1™ [Np][BCD] “-1)

From the conservation of mass,
[Nplo = [Np] + [Np ¢ BCD] (4-2)
[Np ¢ BCD] = [Np], — [Np] (4-3)

where [Np]o is the total concentration of Np. To simplify this model, BCD is assumed to

be greatly in excess of Np, and [BCD] = [BCD]o.

From eqs 4-1 and 4-3,

__ [Nplo—[Np]
1™ [NpliBcD] (4-4)
_ [Nplo
[Np] = 1+K,[BCD] (4-5)

Given that Iy and 7 are the fluorescence intensities in the absence and presence of BCD,

respectively, the ratio /]y is written as

ko[Np]+k;[NpeBCD]
ko[Nplo

I/1, = (4-6)
where ko and ki are the ratios of fluorescence quantum yields to the molar absorption
coefficient of Np and Np*BCD, respectively. ko of Np is assumed to be unchanged in the

presence and absence of BCD. From eqs 4-3, 4-5, and 4-6,
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I/IO — 1+(k1/k0)K1[BCD]O (4_7)

1+K4[BCD]y

In Figures 4-3A and 4-3B, when the K values and k1/ko are chosen appropriately,
the calculated /o using eq 4-7 fairly agree with the experimental values. From these
fittings, the association constants for p(AANa/Np6) and p(AANa/Np15) with BCD were
estimated to be 6.0 x 102 and 1.5 x 10° M, respectively. The K; for p(AANa/Np15) with
BCD is larger than for p(AANa/Np6) with BCD likely because of lower solubility of
P(AANa/Npl5) due to higher content of Np moieties.

(b) The Formation of Higher-Order Complexes between Np and fCD Moieties.
On the other hand, in the cases of c-BCD2, the calculated 7/l did not agree with the
experimental values. Thus, the data for c-BCD2 were analyzed using a model proposed
for the formation of two-to-two complexes. The equilibrium equations for the formation

of two-to-two complexes formation are as follows:

Ki

Np2 + BCD - Np2:BCD

Kz
Np2BCD + BCD ——>  Np2-BCD,

where Np?, BCD, Np?+BCD, and Np?+BCD> are Np dimer, a BCD residue, the two-to-one
complex, and the two-to-two complex, respectively. Given that [Np?], [BCD], [Np?*BCD],

and [Np?spCD.] are the concentrations of Np?, BCD, Np?BCD, and Np?eBCD:,
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respectively, the association constants K and K> are defined by

_ I[Np2-pep]

1= [Np2pcD] (4-8)

From the conservation of mass,
[Np?]o = [Np2] + [Np? « BCD] + [Np? « BCD] (4-10)
[BCD], = [BCD] + [Np? « BCD] + 2[Np? « BCD,] (4-11)

From eqs 4-8, 4-9, and 4-10,

[Np?] = 1+K1[BCE;I()121-0K2[BCD]) (4-12)
IND? * BCD] = £ e o @13)
[Np? « BCD, ] = el hlPan (4-14)

"~ 1+K4[BCD](1+K,[BCD])

Thus, if the values for [Np?]o, [BCD], K1, and K> are given, all the concentrations of Np
species, i.e., [Np?], [Np?*BCD], and [Np?*BCD:], can be calculated with eqs 4-12, 4-13,
and 4-14. Since [BCD]o can be also calculated with eq 4-11, [Np?], [Np?*BCD], and
[Np?sBCD2] can be plotted against [BCD]o. Given that Iy and 7 are the fluorescence

intensities in the absence and presence of BCD, respectively, the ratio /1o is written as

ko[Np?]+k4[Np?eBCD]+k,[Np?sBCD,]
ko[NpZlo

I/l = (4-15)

where ko, k1, and k> are the ratio of fluorescence quantum yields to the molar absorption

coefficient of Np?, Np?*BCD, and Np?sBCD>, respectively. ko of Np? is assumed to be
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unchanged in the presence and absence of BCD.

In Figures 4-3C and 4-3D, when the Ki, K>, ki/ko, and ka/ko values are chosen
appropriately, the /1, values calculated using eq 4-15 fairly agree with the experimental
values. From these fittings, the association constants K; and K> for p(AANa/Np6) with c-
BCD2 were estimated to be 2.0 x 10* and 7.5 x 10> M, respectively. K; and K> values
for p(AANa/Np15) and c-BCD2 were estimated to be 2.5 x 10* and 6.0 x 10> M,
respectively. It should be noted here that K> is smaller than Ki in both the cases of
p(AANa/Np6) and p(AANa/Npl5), indicative of negative cooperativity.

Here the author discusses why the interactions of p(AANa/Np6) and
p(AANa/Npl5) with c-pCD2 show negative cooperativity. Assuming that Np moieties
are statistically introduced onto p(AANa/Np6) and p(AANa/Np15), the average number
of monomer units between two Np moieties are 15.7 and 5.7 for p(AANa/Np6) and
p(AANa/Npl5), respectively. Figure 4-8 shows typical three-dimensional structures of
parts of p(AANa/Np6) and p(AANa/Npl5), and c-BCD2, optimized by molecular
mechanics on a Chem3D software. The intervals of Np moieties of p(AANa/Np6) and
p(AANa/Npl15) estimated using nitrogen atoms in amide bonds are ca. 40 and 19 A,
respectively. On the other hand, the distance between the centers of BCD moieties in c-

BCD2 is ca. 35 A. The interval of Np moieties in p(AANa/Np6) is larger than that of the
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BCD moieties in c-BCD2, while the interval of Np moieties in p(AANa/Np15) is smaller

than that of the BCD moieties in c-BCD2. It is thus likely that the mismatch of intervals

of Np and BCD moieties is responsible for the negative cooperativity observed in the

interactions of p(AANa/Np6) and p(AANa/Np15) with c-BCD2 (Figure 4-9).
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Figure 4-8. Typical 3D structures of parts of p(AANa/Np6) (A) and p(AANa/Npl5)

(B), and ¢-BCD2 (C).
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c-BCD2

— —
T T o0

p(AANa/Np6) p(AANa/Np15)

Figure 4-9. Conceptual illustrations of the interactions of p(AANa/Np6) and

p(AANa/Np15) with c-BCD2.

Interaction of c-Ad2 with several hosts. (@) The Formation of One-to-One
Complexes between Ad and PCD Moieties. The interaction between poly(acrylic acid)
bearing Np moieties and c-BCD2 showed negative cooperativity due to mismatch of
intervals of interacting residues. Therefore, the interaction of complementary guest dimer
bearing Ad moieties (c-Ad2) and several hosts containing c-BCD2 was investigated using
NMR techniques. Assuming one-to-one complex formation, the apparent values of
association constant (K,) were estimated by fitting the data with
AS = % X

|1+ K,[BCD] + K,[Ad] - {(1 + K,[BCD] + K,[Ad])? — 4kZ[BCDI[A]|  (4-16)

where Admax 1s the saturated values of Ad, and [Ad] is the concentration of Ad moiety.
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In the cases of BCD and BCD2-1, when the K. values are chosen appropriately, the
calculated A using eq 4-16 agree with the experimental values (Figures 4-7A and 4-7B).

(b) The Cooperative Interaction. On the other hand, in the cases of BCD2-2 and
c-BCD2, the calculated Ao based on the one-to-one complexation did not agree with the
experimental values, because the date obeyed a sigmoidal curve (Figures 4-7C and 4-7D).
Thus, the data for fCD2-2 and c-BCD2 were analyzed using the Hill model, i.e., one of

the typical models for cooperative interaction:

AS = [BcD]™

= v oo e (4-17)

where 7 is the Hill coefficient. As can be seen in Figures 4-7C and 4-7D, when n, Admax,
and association constants were chosen appropriately, the calculated values of Ad agree
with the experimental values.

The estimated K, and n are summarized in Table 1. The interactions of c-Ad2
with BCD and with fCD2-1 were explained by a one-to-one complex formation model.
The K. values for the c-Ad2/BCD and c-Ad2/BCD2-1 were almost the same, indicating
that BCD2-1 behaves as a monofunctional host. The K. for c-Ad2 with BCD2-1 is
approximately twice that for c-Ad2 with BCD when BCD concentration is converted to
BCD2-1 concentration. This may be because the local concentration of BCD increased in

the case of PCD2-1. On the other hand, the interactions of c-Ad2 with CD2-2 and with
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c-CD2 were explained by the Hill model with n ~ 2, indicative of positive cooperativity.

Table 4-1. Association Constants (K.) and Hill Coefficients () for the Interactions

of c-Ad2 with Host Molecules

Host K./ 103 M! n

BCD" 2,68+ 0.26 -
BCD2-1¢ 2.44 +0.30 -
BCD2-2b 2.66+0.19 22+03
C-BCD2b 1.84 +£0.13 1.8+0.1

a. Estimated using a model assuming 1:1 complex formation. b. Estimated using Hill

equation.

Here the author discusses why the interactions of c-Ad2 with fCD2-2 and c-
BCD2 show positive cooperativity. Figure 4-10 shows typical three-dimensional
structures of ¢-Ad2, BCD2-1, and BCD2-2, optimized by molecular mechanics on a
Chem3D software. The interval of Ad moieties in c-Ad2 estimated using sulfur atoms is
ca. 23 A. The distances between the centers of BCD moieties in BCD2-1 and BCD2-2 are

ca. 14 and 20 A, respectively. The interval of Ad moieties is larger than that of BCD
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moieties in BCD2-1, while the interval of Ad moieties is close to that of BCD moieties in
BCD2-2. Since c-BCD2 is complementary to c-Ad2, the intervals of the interacting
residues are the same. Therefore, the interval matching of Ad and BCD moieties is
responsible for the positive cooperativity observed in the interactions of ¢-Ad2 with

BCD2-2 and c-BCD2 (Figure 4-11).

(C)

Figure 4-10. Typical 3D structures of c-Ad2 (A), BCD2-1 (B), and BCD2-2 (C).
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c-Ad2

L 8 @
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BCD2-2 c-BCD2

y

Figure 4-11. Conceptual illustrations of the interactions of c-Ad2 with BCD2-2 and c-

BCD2.

To obtain information about the structure of complexes, the c-Ad2/BCD2-2 and
c-Ad2/c-CD2 mixtures were characterized by PGSE NMR using D>O as a solvent. Figure
4-12A indicates the signals due to c-Ad2 in the diffusion coefficient (D) region of (4-9)
x 10719 m? s71. There are the signals due to ¢-Ad2 in the presence of BCD2-2 and ¢-pCD2
in the D regions of (3-6) x 107!% and (2-5) x 107! m? s7!, as can be seen in Figures 4-
12B and 4-12C, respectively. Using the signal attributed to the methine proton in Ad
moiety at ca. 2 ppm, the D values for c-Ad2 in the absence and presence of BCD2-2 and

c-BCD2 were evaluated to be 8.8 x 10719,3.5 x 10719, and 3.8 x 107! m? s7!, respectively.
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On the basis of these D values, the hydrodynamic radii (Ru) were calculated to be ca. 2.3,

5.8, and 5.3 nm, respectively, using the Einstein—Stokes equation. These data indicate that

the c-Ad2/BCD2-2 and c-Ad2/c-BCD2 mixtures formed closed complexes (Figure 4-11),

not supramolecular polymers.
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Figure 4-12. DOSY for c-Ad2 without CD (A), and with BCD2-2 (B) and c-BCD2 (C).
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4-5. Conclusions

In this chapter, the author first focused on the polymer/dimer interaction systems.
The interactions of polyacrylic acid (p(AANa/Npx)) bearing Np residues of different
continents with BCD and c-BCD2 were investigated by fluorescence measurements. The
interactions of p(AANa/Npx) with BCD were explained by a one-to-one complex
formation model. The K; values for p(AANa/Np6) and p(AANa/Np15) with BCD were
estimated to be 3500 and 6000 M, respectively. On the other hand, the interactions of
p(AANa/Npx) with c-BCD2 were explained by a model for the formation of higher-order
complexes. In the case of p(AANa/Np6), the K1 and K> values were estimated to be 2000
and 150 M1, respectively. The K and K> values for p(AANa/Np15) with ¢-BCD2 were
estimated to be 25000 and 70 M~!. In both cases of p(AANa/Np6) and p(AANa/Npl15),
K> was smaller than K1, indicative of negative cooperativity. Based on the comparison of
three-dimensional models of the partial structure of p(AANa/Npx) and the structure of c-
BCD2, it is likely that the mismatched intervals are responsible for the negative
cooperativity. The author also focused on the interaction of c-Ad2. The interactions of c-
Ad2 with BCD, BCD dimers linked by disulfide bonds (BCD2-1 and BCD2-2), and the
cyclic host dimer (c-pCD2) were investigated by '"H NMR. The interactions of c-Ad2 with

BCD and BCD2-1 can be explained by a model based on one-to-one inclusion complex
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formation. On the other hand, the interactions of c-Ad2 with CD2-2 and with c-pCD2
were explained by the Hill model with n ~ 2, indicative of positive cooperativity. Based
on the comparison of three-dimensional models of the structure of c-Ad2, BCD2-2, and
c-pCD2, it is likely that the matched intervals are responsible for the positive
cooperativity. The c-Ad2/BCD2-2 and c-Ad2/c-BCD2 mixtures were characterized by
PGSE NMR. The Ry values were calculated by the Einstein-Stokes equation to be ca. 5.7
and 5.3 nm for the c-Ad2/BCD2-2 and c-Ad2/c-BCD2 complexes, respectively. Whereas
Ry for c-Ad2 was ca. 2.3 nm. These data indicate that the c-Ad2/BCD2-2 and c-Ad2/c-

BCD2 mixtures formed closed complexes, not supramolecular polymers.
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Chapter 5

Conclusions

In this thesis, the author synthesized interval-controlled polymers and oligomers

using monodisperse oligo(ethylene glycol)s (MD-OEGs) by click chemistry. The specific

properties of the polymers and oligomers based on controlled intervals were investigated.

In Chapter 2, the author synthesized network polymers by thiol-yne reaction of

dithiol (DT-EGn) and dialkyne (DY-EGn) formed from MD-OEGs of different degrees

of polymerization n to investigate the effect of n on the mechanical properties. The

authors first monitored the thiol-yne reaction of DT-EGr and DY-EGn by IR

measurements of thin films. IR spectra indicated that the thiol-yne reactions for n = 2, 3,

and 4 were completed within 60 s. Since the efficient progress of the thiol-yne reaction

was observed, the authors prepared disk-shape samples for compression tests to

investigate mechanical properties. From the stress-strain curves obtained from the

compression tests, Young's moduli £ for the samples were estimated. The £ decreased

from 18.2 to 12.6 MPa with # increased from 2 to 4 due to the decrease in crosslinking

density with increasing n.

In Chapter 3, the author synthesized cyclic dimers bearing Ad and BCD moieties
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as interacting residues. The uniform cyclic dimer (c-ene2) was synthesized by stepwise

CuAAC of a diazide formed from triethylene glycol and a dialkyne possessing an internal

alkene. The author obtained the cyclic guest dimer bearing Ad moieties (c-Ad2) by thiol—

ene reaction. The cyclic host dimer bearing BCD moieties (c-BCD2) by a combination of

thiol-ene reaction and amide-coupling. The dimers were characterized by NMR and MS.

In Chapter 4, the authors investigated the interaction of the cyclic dimers

synthesized in Chapter 3. The interaction of c-fCD2 with poly(acrylic acid)s bearing

naphthyl moieties (p(AANa/Npx), where x is the mol% content of the Np moieties) was

investigated by fluorescence measurements. The interaction of c¢-fCD2 with

p(AANa/Npx) showed negative cooperativity due to the mismatch of intervals between

naphthyl and BCD moieties. The interaction of c-Ad2 complimentary to c-pCD2 was

investigated by NMR techniques. The interaction of c-Ad2 with c-BCD2 and with the

BCD dimer linked by a disulfide linker of appropriate length showed cooperativity

presumably because of the matched intervals between Ad and BCD moieties.

In conclusion, the author successfully synthesized interval-controlled polymers

and oligomers by a combination of MD-OEGs and click chemistry. The polymers and

oligomers exhibited properties based on controlled intervals. The author believes that this

work presented here will contribute significantly to motivating and facilitating synthesis

&9



Chapter 5

of interval-controlled polymers and oligomers with a variety of functions.
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