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Chapter 1

Introduction: Bottom-Up Methodology
for Integrating Synthetic Double Helix
Molecules Via Self-Assembly Process

In nature, small molecules hierarchically form ordered assemblies with various
modes and properties and are integrated into macroscopic soft substances. For
example, actin proteins form secondary structures such as a-helices and f-sheets
and then fibrous higher assemblies, which further assemble to form muscles;
tubulin proteins form dimers, which aggregate to form a protofilament and then a
microtubule. Biological cells are vesicles that contain various vesicular organelles
such as liposomes and nuclei. It is thus interesting to control the interactions
between molecular complexes and to develop such hierarchical soft-assembly-
forming systems using synthetic macromolecules, because such studies will lead to
an understanding of natural phenomena and the development of new materials. For
this purpose, I examined to develop a bottom-up methodology for integrating
synthetic macromolecules via assembly formation using double-helix-forming
chiral oligomers (Fig. 1.1).

A double helix is an important structural motif widely observed in nature, as
shown by the structure and function of DNA. Thus, studies of synthetic double
helix molecules can lead to a better understanding of biological phenomena and
the development of new materials. In 2000, Lehn reported the first examples of a
synthetic double helix containing no metal coordination: Aromatic oligoamides
form double helices in less polar solvents by interstrand -7 interactions and van
der Waals interactions, and are in equilibria with single helices [1]. Since then,
synthetic oligomeric compounds that form double helices have attracted interest
[2-20]. However, because of difficulties in obtaining two acyclic compounds that
interact by noncovalent interactions and form helical structures, the examples of
these are not numerous. In addition, studies of their properties are limited. To
develop the function of such double-helix-complexes, it is desirable to systemat-
ically obtain diverse double helices.

In addition to the molecular-level properties, the interactions between synthetic
double helices and the formation of higher assemblies are important. This is because
such interactions can integrate double helix molecules to develop new functional
materials. In this work, I studied the interactions between synthetic double helix
molecules and consequently their assembly formation using ethynylhelicene olig-
omers, which are based on molecular-level properties. The formation of soft

N. Saito, Hierarchical Bottom-Up Methodology for Integrating 1
Dynamic Ethynylhelicene Oligomers, Springer Theses,
DOI: 10.1007/978-4-431-54514-9_1, © Springer Japan 2013
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Fig. 1.1 Bottom-up methodology for integrating biological proteins and synthetic double helices

assemblies of double helices, as is observed in biological systems, had not been
known when I started this work, although only a few examples of self-assembled
solid films on surfaces have been reported [21, 22]. With regard to the interactions
and assembly formation of single helical molecules, examples have been observed in
biological and biomimetic systems. For example, peptides [23] and peptidomimetics
[24-27] form bundles of several helices by the interactions between properly
arranged amino acids, and four protein subunits assemble to form hemoglobin [28].
Moreover, peptides [23, 29], peptidomimetics [30-33], and synthetic oligomers [34]
form single helices and their higher assemblies such as fibers or vesicles.

I employed a helical aromatic unit of 1,12-dimethylbenzo[c]phenanthrene [35],
called helicene in this work, which was developed in our laboratory [36-61]. The
helicene possesses four ortho-condensed aromatic rings and has helicity because
of the steric repulsions between the methyl groups at the 1- and 12-positions
(Fig. 1.2).

In 2004, the synthesis of a series of ethynylhelicene oligomers with decyloxy-
carbonyl side chains, (P)-D-n (n = 2—9), was reported by our group, and it was
found that higher analogues with large n values (n = 7—9) form homo-double
helices [54]. The CD spectrum obtained within 5 min after the dissolution of the

Fig. 1.2 1, 12-dimethylbenzol[c]
phenanthrene and its helicity
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heptamer (P)-D-7 in chloroform at 5 x 10~®M exhibited an extremely large Cotton
effects between 300 and 400 nm, which was markedly different from the spectra of
oligomers from the dimer to the hexamer. Hypochromic shifts were also observed in
the UV-Vis spectra. Vapor pressure osmometry (VPO) indicated the dimeric
aggregate formation of (P)-D-7 when it showed the enhanced Cotton effects. The
proton NMR of (P)-D-7 in chloroform at room temperature provided broad signals of
aromatic protons shifted upfield, which suggested n-stacked structures. These results
indicated the formation of a homo-double-helix by (P)-D-7. The homo-double-helix
unfolded to random coils by heating. Studies of the unfolding rate using (P)-D-7
revealed that the rate constant k of unfolding was highly dependent on the type of
aromatic solvent used and differed by seven orders of magnitude between iodo-
benzene and trifluoromethylbenzene. The log k exhibited a good correlation with the
absolute hardness # [62]: Higher unfolding rates were observed in soft arenes and
lower unfolding rates in hard-arenes. The results suggested the involvement of -7
interactions in homo-double-helix formation and a notable relationship between the
n-7 interactions and the HSAB principle: The n-7 interaction is a soft/soft interac-
tion between arenes (Fig. 1.3). The structural change between homo-double helices
and random coils could be reversibly conducted by changing temperature, and both
the kinetic and thermodynamic stabilities of homo-double helices depended on the
softness/hardness of the aromatic solvents used [54, 59].

On the basis of the above results, I planned to systematically study the
molecular-level properties of homo- and hetero-double helices, and then their
assembly-forming properties. Systems using ethynylhelicene oligomers have
several characteristic features: (1) Because the oligomers are modularly con-
structed by the repetition of certain structural units, numerous derivatives can be
systematically provided by changing each unit, for example, side chains, the
number of helicenes, and chirality. (2) Consequently, the fine-tuning of the
structures and properties of double helices and their assemblies becomes possible.
By particularly employing hetero-double helices composed of two different
compounds, diversity can be enhanced by changing the combination of com-
pounds. (3) Strong intercomplex interactions occurr between hetero-double helices
composed of pseudoenantiomeric oligomers, which results in higher-assembly
formation. (4) Ethynylhelicene oligomers can change their structures between
double helices and random coils in response to a temperature change, which can be
used for the construction of stimulus-responsive dynamic materials.

&)

Fast in soft arenes

l::)
Sow in hard arenes

R = CO,(n-C1oHyy): (P)-D-7

Fig. 1.3 Unfolding of (P)-D-7 and HSAB principle
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R = n-CoF s
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Fig. 1.4 Side chain analogues of ethynylhelicene oligomers
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Fig. 1.5 Methodology of obtaining hetero-double helices employing pseudoenantiomeric
ethynylhelicene oligomers

I first synthesized several series of side chain analogues on the basis of the results
obtained with (P)-D-7. According to the absolute hardness # of substituted arenes
[62], I considered decyloxycarbonylphenylenes in (P)-D-7 to have a relatively hard
nature. Thus, I expected that the hardness of m-phenylene moieties determined by
side chains would also play important roles in the properties of homo-double
helices, and consequently synthesized side chain analogues (Chap. 2) (Fig. 1.4).
Homo-double-helix formation was systematically studied using these compounds,
and I found that side chains affect the thermodynamic stability of homo-double
helices in organic media (Chap. 3).

By using these compounds and their enantiomers, hetero-double-helix forma-
tion was next examined. Pseudoenantiomers containing enantiomeric helicenes
strongly aggregated and formed hetero-double helices. A methodology of forming
diverse hetero-double helices and fine-tuning their properties by changing the
combinations of compounds with different side chains and number of helicenes
(Fig. 1.5) is shown (Chap. 4).

Hetero-double helices showed a strong tendency to form higher assemblies due
to intercomplex interactions (Fig. 1.6). The assembly formation was controlled by
external stimuli, and fibrous assemblies and vesicles were formed in toluene and
diethyl ether, respectively. Both of them were shown to form from hetero-double
helices by lateral intercomplex interactions. These results remind us of the
assembly formation of biological proteins, with regard to the fact that small
molecules are hierarchically bottom-upped to larger assemblies by synergism of
weak interactions. Also note that slight differences in molecular structure have
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Fig. 1.6 Formation of fibers/gels and vesicles by hierarchical assembly of pseudoenantiomeric
ethynylhelicene oligomers via hetero-double helices and intercomplex interaction between them

marked effects on the properties of the assemblies. The structures and properties of
the assemblies were fine-tuned by changing the combination of compounds
(Chap. 5).

In this thesis, I document my studies of the synthesis, homo- and hetero-double-
helix formation, higher-assembly formation, and fine-tuning of their properties
employing synthetic ethynylhelicene oligomers. In this work, I show a new
methodology of obtaining diverse synthetic double helices and a bottom-up
methodology for integrating double helix molecules into higher assemblies by
intercomplex interactions.
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Chapter 2
Synthesis of Ethynylhelicene Oligomers

Side chain analogues of ethynylhelicene oligomers were synthesized by a two-
directional method to elongate the oligomers in two directions by a repetitive
Sonogashira coupling reaction with building blocks and deprotection [1, 2].

2.1 Oligomers Possessing Branched Alkyloxycarbonyl
Side Chains

A m-phenylene spacer unit with a branched alkyloxycarbonyl side chain, 4-methyl-
2-(2-methylpropyl)pentyl-3,5-bis(trifluoromethanesulfonyloxy) benzoate 16, was
obtained from 4-diethyl-2,2-bis(2-methylpropyl)propanedionate 12 in five steps
(Scheme 2.1). The Krapcho decarboxylation of diisobutylmalonic acid diethyl ester
12 and the subsequent reduction using lithium aluminum hydride gave 4-methyl-2-
(2-methylpropyl)-pentanol 14. Benzoate 15 was prepared by the Fischer esterifica-
tion of 3,5-dihydroxybenzoic acid with 14, which was then converted to 4-methyl-2-
(2-methylpropyl)pentyl-3,5-bis(trifluoromethanesulfonyloxy)benzoate 16.
(P)-bD-n (n = 2-6) were synthesized starting from 16. The coupling of mono-
silylated ethynylhelicene (P)-17 and four equivalents of 16 gave the building block
(P)-bD-1 (Scheme 2.2). The dimer (P)-bD-2 was synthesized from 16 and (P)-17 in
95 % yield. The coupling of diethynylhelicene (P)-18 and (P)-bD-1 yielded the
trimer (P)-bD-3 in 91 % yield, and the subsequent deprotection and Sonogashira
coupling converted (P)-bD-3 to (P)-bD-5 in 92 % yield. The tetramer (P)-bD-4
(n = 4) and the hexamer (P)-bD-6 (n = 6) were synthesized starting from the
deprotected dimer (P)-bD-2H in 92 and 94 % yields, respectively. The enantiomers
(M)-bD-2, (M)-bD-4, and (M)-bD-6 were synthesized by the same method.

2.2 Oligomers Possessing Perfluorooctyl Side Chains

1-Perfluorooctyl-3,5-bis(trifluoromethanesulfonyloxy)benzene 21 was synthesized
in two steps (Scheme 2.3). Trifluoromethanesulfonate 19 was obtained from
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Scheme 2.4 Synthesis of (P)-F-n

3,5-dihydroxyiodobenzene 20, which was coupled with 1-iodoperfluorooctane in
the presence of copper powder and 2,2'-bipyridyl.

The building block (P)-F-1 and a series of perfluorooctylated oligomers, (P)-F-
2 to (P)-F-5, were synthesized similarly to (P)-bD-n (Scheme 2.4). A repetitive
coupling reaction starting from (P)-17 yielded the dimer (P)-F-2 and the tetramer
(P)-F-4 in 81 and 50 % yields, respectively. The trimer (P)-F-3 and the pentamer
(P)-F-§ were obtained from (P)-18 in 77 and 36 % yields, respectively. The sol-
ubility of the oligomers in organic solvents significantly decreased with an
increase in the number of helicenes, and the yields of the coupling reaction
decreased. Because of the solubility problem, the hexamer could not be obtained in
an acceptable yield.

2.3 Oligomers Possessing Alternating Decyloxycarbonyl/
Perfluorooctyl Side Chains

(P)-DF-n (n =4 and 8) (P)-FD-n (n = 6 and 10) were synthesized by the
alternative coupling of the building blocks, (P)-D-1 and (P)-F-1 (Scheme 2.5). The
tetramer (P)-DF-4 was obtained in 89 % yield by coupling (P)-F-2H and (P)-D-1.
After deprotection, (P)-DF-4 was converted to the hexamer (P)-DF-6 in 80 %
yield by coupling with (P)-F-1. Analogously, the octamer (P)-DF-8 and the de-
camer (P)-FD-10 were obtained in 79 and 40 % yields, respectively. (P)-FD-6 and
(P)-FD-10 showed lower solubilities than (P)-DF-4 and (P)-DF-8, and were not
soluble at 1.0 x 107> M at room temperature in trifluoromethylbenzene.
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Scheme 2.6 Synthesis of (P)-DF-6

Then, (P)-DF-6 was synthesized from (P)-D-2H to obtain a hexamer with
higher solubility than (P)-FD-6 (Scheme 2.6). As expected, (P)-DF-6 showed
improved solubility, which was as high as that of (P)-DF-8.
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Chapter 3

Homo-Double-Helix Formation

of Ethynylhelicene Oligomers Possessing
Various Side Chains

Ethynylhelicene oligomers are composed of several structural elements such as
side chains, terminal groups, and chirality of helicenes. Therefore, a diversity of
derivatives can be obtained by modifying these elements separately. In this study,
side chain analogues were synthesized. In general, helix-forming synthetic olig-
omers possess an array of aromatic moieties with long alkyl side chains, which are
introduced to improve their solubility in organic solvents. In some cases, however,
side chains were reported to affect helix formation.

In the case of a single helix, although the m-phenylene ethynylene oligomer
with triethyleneglycoxycarbonyl side chains, 1, forms a single helix in acetonitrile,
which is a polar solvent, the oligomers with triethyleneglycoxymethyl side chains,
2, or triethyleneglycoxy side chains, 3, require more polar solvents, such as a
combination of acetonitrile and water, for helix formation (Fig. 3.1) [1]. A triblock
oligomer with both triethyleneglycoxycarbonyl and triethyleneglycoxymethyl side
chains, 4, shows intermediate aggregation. It has been discussed that electron-
withdrawing groups strengthen m-stacking [1].

The side chain effect on the homo-double-helix formation of aromatic oligoa-
mides has also been discussed (Fig. 3.2). The dimerization constant for the homo-
double-helix formation of pyridine-dicarboxamide oligomers depends on the side
chains [2, 3]. A heptamer with seven decyloxy side chains, 5, in CDCl; or C¢Dg
has a dimerization constant three orders of magnitude larger than that with three
decyloxy side chains, 6, or that lacking a side chain, 7. It was proposed that long
side chains are involved in van der Waals interactions between two strands.

In CDCl;, the dimerization constants of the pyridine-dicarboxamide heptamer 5
[4] and the nonamer 10 [5] with benzyloxy side chains on pyridine rings are much
higher than those with decyloxy or methoxy side chains (Fig. 3.3). This result has
been ascribed to the interstrand face-to-face and edge-to-face interactions between
benzyl groups. Similar dimerization constants, which were higher than those of
unsubstituted oligomers, were obtained for the decyloxy and methoxy derivatives
[2, 3]. The favorable dimerization of alkyloxy derivatives was explained by the
reduction of unfavorable dipolar interactions.

The above examples show that side chains can affect the stability of helices
formed by aromatic oligomers. However, systematic study of the side chain effect
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Fig. 3.3 Pyridine-carboxamide oligomers and effect of benzyl moiety in side chains

remains insufficient, and thus further study is needed. Then I synthesized ethy-
nylhelicene oligomers possessing various side chains and studied the effect of the
side chains on homo-double-helix formation.

As described in Chap. 1, our research group showed notable relationship
between the HSAB principle and the homo-double-helix formation of ethynyl-
helicene oligomers possessing decyloxycarbonyl side chains: Hard aromatic sol-
vents [6] kinetically and thermodynamically stabilize the homo-double-helix [7,
8]. Thus, to investigate the effects of the partial softness/hardness of m-phenylenes
as well as of the steric and electronic nature, we synthesized a new series of
ethynylhelicene oligomers with different side chains, and their homo-double-helix
formation was examined (Fig. 3.4). (1) (P)-bD-n (n = 2-6) with 4-methyl-2-(2-
methylpropyl)-1-pentyloxy carbonyl side chains were synthesized, which have m-
phenylenes with very similar hardness and electron-withdrawing nature to (P)-D-
n but with different bulkiness. (2) (P)-F-n (n = 2-5) with perfluorooctyl side
chains were synthesized to investigate the effect of hard and electron-withdrawing
side chains on m-phenylene moieties. Although the helicene moieties can be
regarded as soft aromatic moieties, the manipulation provides an alternating
arrangement of soft and hard moieties to (P)-F-n. (3) A series of (P)-S—
n (n = 2-7) with decylsulfanyl side chains containing soft and electron-donating
sulfur atoms were synthesized, which possess a soft nature both at the helicene and
m-phenylene moieties. (4) (P)-DF-n or (P)-FD-n (n = 4, 6, 8, 10) with alternating
decyloxycarbonyl and perfluorooctyl side chains were synthesized to determine
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Fig. 3.4 Ethynylhelicene oligomers with various side chains and side chain effect

the effects of the arrangements of soft and hard moieties. “DF” means that an
oligomer has one more decyloxycarbonyl side chain than perfluorooctyl side
chains, and “FD” vice versa.

The oligomers are denoted “D”, “bD”, “F”, “S”, “DF”, and “FD” deriva-
tives, and the bold-faced number represents the number of helicenes in an oligo-
mer. Desilylated synthetic intermediates are denoted “H”, for example, (P)-D-2H.

3.1 Oligomers Possessing Decyloxycarbonyl Side Chains

Before studying the newly synthesized oligomers with different side chains, the
homoaggregation of (P)-D-n (n = 2-8) was re-examined in detail. CD and UV—Vis
analyses were conducted in chloroform and trifluoromethylbenzene, which are
relatively weak and strong helix-forming solvents, respectively [7, 8]. Although a
previous spectroscopic study was conducted within 5 min after dissolution to
examine unfolding rate [7], in this study, equilibrated states were examined by
heating solutions of (P)-D-n to unfold the homo-double helices and then cooling it
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to refold the helices. All the obtained spectra were confirmed to remain unchanged,
which indicates the equilibrated states.

In chloroform (5.0 x 107° M, 25 °C), the CD and UV-Vis spectra of (P)-D-2,
(P)-D-3, (P)-D-4, (P)-D-5, (P)-D-6, and (P)-D-7 showed monotonic increases in
accordance with the number of helicenes (Fig. 3.5a). The spectra exhibited the
Cotton effects of random coil states proved in a previous study [7]. (P)-D-8
showed a slightly enhanced Cotton effect at 365 nm, and the spectrum was con-
sidered to reflect partial homo-double-helix formation. This explanation was
supported by the observation that (P)-D-8 showed a CD spectrum typical of a
homo-double-helix at a higher concentration of 5.0 x 10™* M in chloroform at
5 °C (Fig. 3.5b).

In trifluoromethylbenzene (5.0 x 107° M, 25°C), the CD spectra of
(P)-D-n obtained after 15 min were confirmed to be equilibrated except those of
(P)-D-6 and (P)-D-7, which reached a steady state after 90 minand 2 h, respectively.
Althuogh the CD intensities at 335 and 385 nm showed monotonic increases in
accordance with the number of helicenes for (P)-D-2, (P)-D-3, and (P)-D-4, (P)-D-5
showed a slightly different shape (Fig. 3.6b), and (P)-D-6, (P)-D-7, and (P)-D-8
showed quite different shapes; an enhanced Cotton effect with maxima at 323 and
365 nm was observed (Fig. 3.6a). The UV-Vis spectra of the higher oligomers,
(P)-D-n (n = 6-8), showed hypochromic shifts. The results of the CD and UV-Vis
studies indicated the homo-double-helix formation of (P)-D-6, (P)-D-7, and (P)-D-8
in trifluoromethylbenzene.
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Fig. 35 CD (top) and UV-Vis (bottom) spectra of a (P)-D-n (n = 2-8, chloroform, 5.0 x 1076
M, 25 °C) and b (P)-D-8 (chloroform, 5.0 x 107* M and 5.0 x 107 M). The solutions were
heated at 60 °C and then cooled to 25 or 5 °C
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Fig. 3.6 a CD (top) and UV-Vis (bottom) spectra (trifluoromethylbenzene, 5.0 x 1078 M,
25 °C) of (P)-D-n (n = 2-8). The solutions were heated at 80 °C and then cooled to 25 °C.
b Magnified CD spectra (trifluoromethylbenzene, 5.0 x 1079 M, 25 °C) of (P)-D-n (n = 2-5)

At a higher concentration (1.0 x 107> M) in trifluoromethylbenzene, the
equilibria of (P)-D-n shifted to homo-double helices, and the pentamer (P)-D-5
exhibited the CD spectra of a homo-double-helix at 25 °C (Fig. 3.7a). At 10 °C,
(P)-D-4 also showed the enhanced Cotton effect of a homo-double-helix, whereas
(P)-D-2 and (P)-D-3 did not (Fig. 3.7a). The dimeric aggregation of (P)-D-4 at
concentrations higher than 1.0 x 10> M was confirmed using VPO (trifluoro-
methylbenzene, 35 °C) (Fig. 3.7b). Taking account of this observation, we
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Fig. 3.7 a CD spectra (trifluoromethylbenzene, 1.0 x 10 —3M) of (P)-D-n (n = 2-4; 10 °C and
n = 5-8; 25 °C). Solutions were heated at 60 °C and then cooled to 25 or 10 °C. b Degree of
aggregation determined using VPO at various concentrations of (P)-D-4 (trifluoromethylbenzene,
35 °QC). Circles represent an average of more than five measurements, and vertical lines represent
the range of obtained results
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Fig. 3.8 CD spectra (2.5 x 107% M, 25 °C) of (P)-D-8 in the following solvents: a trifluoro-
methylbenzene, m-difluorobenzene, and fluorobenzene; b toluene, chlorobenzene, bromobenzene,
and iodobenzene. The solutions were heated at 80 °C and then cooled to 25 °C

assumed that one turn of a homo-double-helix contained three helicenes and three
m-phenylenes, and at least four helicenes were required to form a helical con-
formation, in which one terminal helicene lay on another.

In m-difluorobenzene and fluorobenzene, which are relatively hard aromatic
solvents, (P)-D-8 showed the CD spectra of a homo-double-helix (Fig. 3.8a). In soft
solvents such as toluene, chlorobenzene, bromobenzene, and iodobenzene, (P)-D-8
provided the CD spectra of random coils (Fig. 3.8b). In the following discussions, the
stability of homo-double helices formed by oligomers with different side chains is
compared with that of (P)-D-n at equilibrium in these solvents.

3.2 Oligomers Possessing Branched Alkyloxycarbonyl
Side Chains

~SiMes

n-1

(P)-bD-n

The CD and UV-Vis spectra of (P)-bD-n (n = 2-6) in chloroform (5.0 x 107°
M, 25 °C) showed a monotonic increase in accordance with the number of
helicenes and were similar to those of (P)-D-n in the random coil state (Fig. 3.9a).

In trifluoromethylbenzene, the CD spectra of (P)-bD-6 reached equilibrium
after 2 h and showed enhanced Cotton effects. Hypochromic shifts were observed
in the UV-Vis spectra, which indicated homo-double-helix formation analogous to
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Fig. 3.9 CD (top) and UV-Vis (bottom) spectra (25 °C, 5.0 x 107° M) of (P)-bD-n (n = 2-6)
in a chloroform and b trifluoromethylbenzene. The solutions were heated at 60 °C in chloroform
and at 80 °C in trifluoromethylbenzene and then cooled to 25 °C

that of (P)-D-6 (Fig. 3.9b). A dimeric aggregate of (P)-bD-6 was confirmed using
VPO (trifluoromethylbenzene, 35 °C) (Fig. 3.10).

In m-difluorobenzene and fluorobenzene, (P)-bD-6 showed the CD spectra of
random coils (Fig. 3.11a). In soft solvents such as toluene, chlorobenzene, bro-
mobenzene, and iodobenzene, (P)-bD-6 showed the CD spectra of random coils
(Fig. 3.11b). (P)-bD-6 showed similar results to (P)-D-6.

The stabilities of (P)-D-n and (P)-bD-n were compared on the basis of the CD
spectra in trifluoromethylbenzene. In both series, the pentamers (P)-D-5 and (P)-
bD-5 showed the spectra of random coils at 5.0 x 107® M, and the hexamers (P)-
D-6 and (P)-bD-6 showed the spectra of homo-double helices (Figs. 3.6a and

Fig. 3.10 Degree of 5
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concentrations. Circles “g N P PO A
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than five measurements, and S 1L
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Fig. 3.11 CD spectra (5.0 x 107% M, 25 °C) of (P)-bD-6 in the following solvents: a trifluo-
romethylbenzene, m-difluorobenzene, and fluorobenzene; b toluene, chlorobenzene, bromoben-
zene, and iodobenzene. The solutions were heated at 80 °C and then cooled to 25 °C

3.10b). The aggregations were compared between (P)-D-6 and (P)-bD-6 at dif-
ferent temperatures and concentrations. A solution of (P)-D-6 (trifluoromethyl-
benzene, 5.0 x 107° M) was first heated at 60 °C, and the aggregate was unfolded
to random coils. Then, the solution was cooled to 25, 5, and —10 °C in this order,
and allowed to stand until a steady state was reached at each temperature. The CD
spectrum of (P)-D-6 showed homo-double-helix formation after 30 min at 25 °C,
which did not change with cooling to 5 or —10 °C (Fig. 3.12a). The same spectra
were obtained at a higher concentration of 1.0 x 107> M at 5 °C (Fig. 3.12a).
Under the same conditions, (P)-bD-6 showed similar CD spectra to (P)-D-6
(Fig. 3.12b). The similar CD behaviors of (P)-D-6 and (P)-bD-6 indicated that
both compounds formed homo-double helices with similar stabilities: The bulki-
ness at the side chains did not affect the aggregation. The n-7 interactions of the
aromatic array of helicenes and m-phenylenes, therefore, are crucial for homo-
double-helix formation, and the interaction between side chains is unimportant.
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Fig. 3.12 CD spectra (trifluoromethylbenzene) of a (P)-D-6 and b (P)-bD-6 at various
temperatures and concentrations. The solutions were heated at 60 °C and then cooled to 25, 5,
and —10 °C
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3.3 Oligomers Possessing Perfluorooctyl Side Chains

(P)-F-n

(P)-E-n (n = 2-5) in chloroform (5.0 x 107 M, 25 °C) showed the CD and
UV-Vis spectra of random coils with a monotonic increase in accordance with the
number of helicenes (Fig. 3.13a).

In trifluoromethylbenzene, (P)-F-S dissolved only at concentrations below
2.5 x 107> M. A slow precipitation was observed after 30 min at 5 °C accom-
panied by a decrease in intensity and the poor reproducibility of the spectra.
Therefore, CD and UV-Vis spectra were obtained at 5 min intervals within 30 min
after cooling the solution to 5 °C. Cooling time was referred to as “within
30 min”. A high reproducibility of the spectra was also confirmed. In trifluoro-
methylbenzene (5.0 x 107°M, 25 °C), the dimer (P)-F-2 up to the tetramer (P)-F-
4 showed similar CD and UV-Vis spectra to those in chloroform, whereas (P)-F-5
showed an enhanced CD with maxima at 334 and 364 nm and a hypochromic shift
of the UV—Vis absorption (Fig. 3.13b).
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Fig. 3.13 CD (top) and UV-Vis (bottom) spectra (5.0 x 107° M, 25 °C) of (P)-F-n (n = 2-5)
in a chloroform and b trifluoromethylbenzene. The solutions were heated at 60 °C in chloroform
and 80 °C in trifluoromethylbenzene, and then cooled to 25 °C
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To determine the CD spectra of (P)-F-5 in the pure homo-double-helix state, the
temperature, time course, and concentration dependences of the CD spectra of (P)-
F-5 were examined. The CD spectra (trifluoromethylbenzene, 2.0 x 10~° M) of
(P)-F-5 were obtained at various temperatures between —10 and 60 °C. Precipitate
was not observed at this concentration. Above 25 °C, the spectra of random coil
state were obtained. Intensity increased as temperature decreased, and a steady
state was reached at —10 °C with A of approximately +800 cm™'M ™" at 330 nm
(Fig. 3.14a). Next, 4¢ at 330 nm was monitored after heating the solution to 60 °C
and then cooling it to —10 °C (Fig. 3.14b). 4¢ reached a steady state after 30 min,
at approximately +800 cm™'M ™.

The effect of concentration on the CD spectra was also examined. Very similar
CD spectra were obtained at 5 °C at concentrations between 5.0 x 107 and
2.5 x 107 M, resulting in Ae of approximately +800 cm™'M ™" at 330 nm, and
decreased Ae at 2.0 x 107° M (Fig. 3.14c). It was concluded that the CD spectra
in these steady states in trifluoromethylbenzene with Ae of approximately

+800 cm~'M ™! at 330 nm show pure homo-double-helix states containing no
random coils.
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Fig. 3.14 a CD spectra (trifluoromethylbenzene, 2.0 x 107 M) of (P)-F-5 at various
temperatures. b Profiles of 4e at 330 nm (trifluoromethylbenzene, 2.0 x 107 M) of (P)-F-5
heated at 60 °C and then cooled to —10 °C. ¢ CD spectra (trifluoromethylbenzene, 5 °C) of (P)-
F-5 at various concentrations. The solutions were heated at 60 °C and then cooled to 5 °C
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The degree of aggregation was investigated using VPO. m-Difluorobenzene was
used as the solvent, since (P)-F-5 was soluble at 1.0 x 1073 M at 40 °C in this
solvent. At 40 °C, VPO indicated the dimeric structure at concentrations between
1.0 and 3.0 x 107* M (Fig. 3.15), which indicated homo-double-helix formation
by (P)-F-5 in the solution.

On the basis of the experiments on the pentamer (P)-F-§, comparative studies
were conducted with the original pentamer (P)-D-5 with decyloxycarbonyl side
chains. The CDs of (P)-D-5 at 1.0 x 1073 M were measured at different tem-
peratures. Below 25 °C, typical spectra of homo-double-helix were obtained with
Ag of +810 cm™'M ™" at 370 nm (Fig. 3.16), which was the pure homo-double-
helix state, and unfolding was observed at 60 °C. Thus, both the pentamers (P)-F-5
and (P)-D-5 formed homo-double helices in trifluoromethylbenzene.

It should be noted that (P)-D-5 and (P)-F-5 in the pure homo-double-helix
states showed approximately mirror-imaged CD spectra (Fig. 3.17). This means
that (P)-F-5 formed similar homo-double-helix structure to (P)-D-5, but their
helicities are opposite. This result was unexpected, since (P)-F-5 and (P)-D-5 had
the same configuration of helicenes and differed only in the structure of the side
chains. The result indicates that achiral side chains can control the helicity of
homo-double helices.

The stabilities of the homo-double-helix structure were compared between (P)-
D-5 and (P)-F-5. In m-difluorobenzene (1.0 x 1074 M), (P)-F-5 showed an intense
CD compared with (P)-D-5 (Fig. 3.18a). In toluene, (P)-F-5 showed an intense CD
at 5.0 x 107> M, whereas (P)-D-5 was a random coil under the same conditions,
evenat 1.0 x 107* M (Fig. 3.18b). (P)-F-5 formed a homo-double-helix at lower
concentrations than (P)-D-5. The results indicated that the homo-double-helix of
(P)-F-5 is more stable than that of (P)-D-5.
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Fig. 3.18 a CD spectra (m-difluorobenzene, 1.0 x 107* M, 5 °C) of (P)-D-5 and (P)-F-5. b CD
spectra (toluene, 5 °C) of (P)-D-5 (5.0 x 107> M and 1.0 x 10™* M) and (P)-F-5 (5.0 x 107>

M)
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(P)-S-n

In chloroform (5.0 x 107° M, 25 °C), (P)-S—n (n = 2-7) showed the CD and
UV-Vis spectra of random coils that monotonically increase with the number of
helicenes (Fig. 3.19a).

In trifluoromethylbenzene (5.0 x 107° M, 25 °C), the CD and UV-Vis spectra
of (P)-S-2, (P)-S-3, and (P)-S-4 showed a monotonic enhancement of the Cotton
effect, indicating random coils. In contrast, the CD spectra of (P)-S-6 and (P)-S-7
after dissolution showed a slow change at 25 °C and reached steady states after 7
and 18 h, respectively. The spectra were different from those of random coils.
Significant hypochromic shifts were observed by UV-Vis analysis (Fig. 3.19b).
The results indicated aggregate formation by these longer oligomers. VPO anal-
ysis, however, could not be conducted because of their low solubility in
trifluoromethylbenzene.
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Fig. 3.19 CD (top) and UV-Vis (bottom) spectra (5.0 x 107° M, 25 °C) of (P)-S-n (n = 2-7)
in a chloroform and b trifluoromethylbenzene. The solutions were heated at 60 °C and then
cooled to 25 °C
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Fig. 3.20 CD spectra (5.0 x 107° M, 25 °C) of (P)-S-7 in the following solvents: a trifluoro-
methylbenzene, m-difluorobenzene, and fluorobenzene; b toluene, chlorobenzene, bromobenzene,
and iodobenzene. The solutions were heated at 60 °C and then cooled to 25 °C

In m-difluorobenzene, fluorobenzene, toluene, chlorobenzene, bromobenzene,
and iodobenzene, (P)-S-7 gave the CD spectra (5.0 x 107 M, 25 °C) of random
coils (Fig. 3.20a, b).

The aggregations of (P)-D-7 and (P)-S-7 in toluene were compared. Solutions
of (P)-D-7 and (P)-S-7 in toluene were first heated at 60 °C to unfold the hetero-
double-helices to random coils, and then cooled to 25 or 5 °C. Both (P)-D-7 and
(P)-S-7 at 5.0 x 107 M showed the CD spectra of random coils at 25 °C
(Fig. 3.21). At 1.0 x 1073 M, (P)-S-7 was a random coil at 5 °C, whereas (P)-D-7
showed the CD spectrum of a homo-double-helix (Fig. 3.21). The homo-double
helix of (P)-S-7 was less stable than that of (P)-D-7.
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Fig. 3.21 CD spectra (toluene) of a (P)-D-7 and b (P)-S-7 at various temperatures and
concentrations. The solutions were heated at 60 °C and then cooled to 25 or 5 °C. The spectrum
of (P)-S-7 at 1.0 x 107> M was obtained at a wavelength shorter than 380 nm because of the
large UV—-Vis absorption of (P)-S-7
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3.5 Oligomers Possessing Alternating Decyloxycarbonyl/
Perfluorooctyl Side Chains

R4 = COy(n-C1gH21)/ Rp = n-CgF47 (P)-DF-n
R4 = n-CgF 47/ Ry = CO5»(n-C4gH21) (P)-FD-n

The aggregation of (P)-DF-n (n = 4, 6, 8, 10) was examined in chloroform
(5.0 x 107°° M, 25 °C). The CD and UV-Vis spectra of random coils that
monotonically increase with the number of helicenes were obtained (Fig. 3.22a).

In trifluoromethylbenzene (5.0 x 107°M, 5 °C), (P)-DF-4 showed a spectrum
similar to that in chloroform (Fig. 3.22b) and was determined to be monomeric at
concentrations from 1.0 to 3.0 x 107> M using VPO (45 °C) (Fig. 3.23a). Since
(P)-D-4 in the same solvent formed a homo-double-helix at concentrations higher
than 2.0 x 107> M at 35 °C (Fig. 3.7b), (P)-DF-4 is consiedered to have a weaker
tendency to form a homo-double-helix than (P)-D-4. The CD and UV-Vis spectra
of (P)-DF-6 and (P)-DF-8, however, were different in trifluoromethylbenzene
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Fig. 3.22 CD (top) and UV-Vis (bottom) spectra of (P)-DF-4, (P)-DF-6, (P)-DF-8 (5.0 x 107
M, 25 °C), and (P)-FD-10 (2.5 x 107® M) in a chloroform and b trifluoromethylbenzene. The
solutions were heated at 60 °C in chloroform and at 80 °C in trifluoromethylbenzene and then
cooled to 25 °C
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Fig. 3.23 Degree of aggregation determined using VPO (trifluoromethylbenzene) of a (P)-DF-4
(45 °C), b (P)-DF-6 (60 °C), and ¢ (P)-DF-8 (white squares, 45 °C and black circles, 85 °C) at
various concentrations. Circles represent an average of more than five measurements, and vertical
lines represent the range of obtained results. The vertical lines in (a) are behind the circles

(Fig. 3.22b): The Cotton effects were considerably enhanced compared with those
in chloroform, and the absorption maxima in UV-Vis shifted to the longer-
wavelength region, from 338 to 350 nm for (P)-DF-6, and from 339 to 358 nm for
(P)-DF-8. The observations were different from those for (P)-D-n, which showed a
regular increase in the Cotton effect for (P)-D-4, (P)-D-5, (P)-D-6, (P)-D-7, and
(P)-D-8 in trifluoromethylbenzene (Fig. 3.7a). VPO analysis indicated that (P)-
DF-6 and (P)-DF-8 formed aggregates higher than dimers (Fig. 3.23b, c¢). The CD
spectrum of (P)-FD-10 in trifluoromethylbenzene (2.5 x 107 M, 25 °C) showed
a different feature from those of (P)-DF-6 and (P)-DF-8 with weak Cotton effects
(Fig. 3.22b). This may not be a random coil, because a significant shift of the UV—
Vis absorption maximum from 338 to 362 nm was observed, which was different
from the UV-Vis spectra in chloroform. The higher oligomers of (P)-DF-
n exhibited complex aggregation behaviors in trifluoromethylbenzene.

In m-difluorobenzene, fluorobenzene, toluene, chlorobenzene, bromobenzene,
and iodobenzene, (P)-DF-8 showed spectra typical of random coils (Fig. 3.24).
The aggregation of (P)-DF-8 was substantially less stable than that of (P)-D-8,
which formed a homo-double-helix in m-difluorobenzene and fluorobenzene as
well as in trifluoromethylbenzene.
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Fig. 3.24 CD spectra (2.5 x 107 M, 25 °C) of (P)-DF-8 in the following solvents:
a trifluoromethylbenzene, m-difluorobenzene, and fluorobenzene; b toluene, chlorobenzene,
bromobenzene, and iodobenzene. The solutions were heated at 80 °C and then cooled to 25 °C

The homo-double-helix of (P)-DF-n was less stable than those of (P)-F-n and
(P)-D-n: Although (P)-F-n and (P)-D-n formed stable homo-double helices, (P)-
DF-n with alternating decyloxycarbonyl and perfluorooctyl side chains did not
exhibit intermediate properties between them.

3.6 Summary of Effect of Side Chains on Stability
of Homo-Double Helices

The homo-double-helix formation of ethynylhelicene oligomers with various side
chains was studied. The order of stability was summarized as follows:
(P)-F-n > (P)-D-n and (P)-bD-n > (P)-DF-n, (P)-FD-n, and (P)-S-n. This
observation can be explained by the arrangement of soft’/hard moieties. Large 7-
electron systems of helicene moieties are considered to be of soft nature, and
therefore (P)-F-n, (P)-D-n, and (P)-bD-n have an alternating arrangement of soft
helicene moieties and hard or relatively hard m-phenylene moieties, which form

R=n-CgFy7 (P)-F-n (n=2-5) Stable
R = CO4(n-CygHz4) (P)-D-n (n=2-7)
R = COCH;CH[CH,CH(CH3);)2 (P)-bD-n (n = 2-6)
R = 8(n-CygHz1) (P)-5-n (n=2-9)
Less stable
R = CO3(n-CygH2¢)n-CsF47 (P)-DFIFD-n (n=4, 6, 8, 10)
Soft andfor electron-rich Hard andfor electron-deficient Soft and/or electron-rich

Rigid and stable

Fig. 3.25 Summary of stabilities of homo-double helices and proposed effect of side chains
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stable homo-double helices. In contrast, (P)-S—n have soft arrays, the homo-double
helices of which are less stable. The less stable nature of (P)-DF-n also suggests
the importance of alternating arrangement: A regular alternating arrangement of
soft/hard and electron-rich/deficient moieties can form a rigid aggregate
(Fig. 3.25). At this stage, other possibilities that the order of stability is determined
by the electronic nature of the m-phenylene moiety, and that electron-withdrawing
side chains stabilize the aggregation cannot be excluded. This tendency was noted
by other groups [9-12] and our group [13] in the case of arylene ethynylene
macrocycles and a single helix [14].

It was shown that side chains have notable effects on the stability and structure
of homo-double helices. Changing side chains can be an efficient method of
obtaining a diversity of double helices.
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Chapter 4

Hetero-Double-Helix Formation

of Pseudoenantiomeric Ethynylhelicene
Oligomers

Hetero-double helices are an interesting group of compounds that exhibit various
molecular functions in response to external stimuli. Their structural diversity is
very high compared with that of homo-double helices, and various complexes can
be obtained (Fig. 4.1). Whereas homo-double helices of n combinations are
obtained using n compounds, hetero-double helices of n® combinations are
obtained using the same compounds. These complexes can have distinct pitch,
length, and helicity. Selectivity is another notable feature of hetero-double helices.
When oligomers with X and Y groups interact, the use of the homo-double-helix-
method provides a mixture of XX, XY, and YY complexes. In contrast, the use of
the hetero-double-helix-method provides an XY complex in a selective manner.
Such diversity and selectivity can be utilized to control the properties and func-
tions of double-helix-based materials.

For synthetic compounds to form hetero-double helices containing no metal
coordination, an aromatic oligoamide and its N-oxide analogue [1], oligoresorcinol
and oligosaccharide [2], m-terphenyl compounds with amidinium-carboxylate salt
bridges [3—15], biphenol compound with phosphoric acid diesters [16], oligomers
of heterocyclic hydrogen-bond donors and acceptors [17, 18], and fluoroquinoline
and chloroquinoline oligomers [19] have recently been reported. However, when I
started the present work, only a few hetero-double-helix-forming compounds were
known [1-7], because of the difficulties in selectively forming complexes between
two different oligomeric compounds. In the conventional examples, hydrogen
bonds and salt bridges are used to make two complementary compounds aggre-
gate. Since donor/acceptor interactions are used in such cases, it is not facile to
obtain a diversity of hetero-double helices or to systematically study their prop-
erties because of structural limitation. In order to develop functional hetero-double
helices and materials based on them, a methodology that can provide a diversity of
hetero-double helices is needed.

In this chapter, I show a methodology of obtaining a diversity of hetero-double
helices using pseudoenantiomeric ethynylhelicene oligomers, which are compounds
containing enantiomeric (M) and (P) helicenes possessing different numbers of
helicenes or different side chains (Fig. 4.2). In contrast to conventional methods, the
present method employs n—m interactions of helicenes but not donor/acceptor

N. Saito, Hierarchical Bottom-Up Methodology for Integrating 29
Dynamic Ethynylhelicene Oligomers, Springer Theses,
DOI: 10.1007/978-4-431-54514-9_4, © Springer Japan 2013



30 4 Hetero-Double-Helix Formation

Homo-double helix Hetero-double helix

Combination | » Combinations by n compounds n* Combinations by » compounds

4
LY
Structure g é ‘-‘: %

Pitch  Length  Helicity

S &S -
Complexation | § * _hoi 3 ? — &3
X ®

Nonselective Selective

Fig. 4.1 Comparison between homo- and hetero-double helices

X Number of helicenes, n' A Number of helicenes, n?
r

o

Side chains Side chains

Hetero-double helices

Fig. 4.2 Methodology of obtaining hetero-double helices employing pseudoenantiomeric
ethynylhelicene oligomers

combination, which increased the diversity in the combination. In Chap. 2, the
synthesis and homo-double-helix formation of ethynylhelicene oligomers with de-
cyloxycarbonyl (D), branched alkyloxycarbonyl (bD), perfluorooctyl (F), and
alternating decyloxycarbonyl/perfluorooctyl (DF or FD) side chains were described.
It was then expected that a diversity of hetero-double helices can be obtained by
taking two compounds from the list. In addition, a diversity of combination can be
provided by changing the number of helicenes. I examined hetero-double-helix
formation using the combinations of D/F, D/bD, and D/DF side chains.

4.1 (P)-D-5/(P)-F-5 Systems

Hetero-double-helix formation was examined using the pentamer (P)-D-5 or (M)-
D-5 possessing decyloxycarbonyl side chains and the pentamer (P)-F-5 possessing
perfluorooctyl side chains [20]. First, in order to study chiral recognition, com-
binations (P)-D-5/(P)-F-5 and (M)-D-5/(P)-F-5 were examined.
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The aggregation of the (P)-D-5/(P)-F-5 system was examined in trifluoro-
methylbenzene. Solutions of (P)-D-5 and (P)-F-5 (2.5 x 1073 M) were prepared
and mixed in a 1:1 molar ratio at room temperature. The solution was then cooled to
5 °C, and the CD spectra were obtained within 30 min. Precipitate appeared in the
solution of (P)-F-5§ with cooling for longer than 30 min because of the low solu-
bility of (P)-F-5, therefore the measurement was completed before the precipita-
tion, which is noted as “within 30 min” in this work. When the solutions
2.5 % 1073 M) were mixed, the total molar concentration of molecules in the
mixed solution was 2.5 x 107> M, which is referred to here as “total
2.5 x 107> M”.

The 1:1 mixture of (P)-D-5/(P)-F-5 (trifluoromethylbenzene, total 2.5 x 1075 M,
5 °C) showed CD and UV-Vis spectra similar to the spectra obtained by adding the
spectra of (P)-D-5 and (P)-F-5 (trifluoromethylbenzene, 1.25 x 107° M, 5 °C)
called “calculated spectra” in this thesis. The results indicated no formation of
hetero-complexes (Fig. 4.3a). Job plot experiments were carried out: the ratio of (P)-
D-5to (P)-F-5 was changed keeping the total concentrationat 2.5 x 10~ M, and the
Aevalues at 330 and 365 nm were plotted against the mixing ratio. The plots were on
approximate straight lines giving maxima of the A¢ values for pure (P)-D-5 and pure
(P)-F-5 (Fig. 4.3b). It was therefore concluded that (P)-D-5 and (P)-F-5 did not form
hetero-double helices.
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Fig. 4.3 a CD (top) and UV-Vis (bottom) spectra of (P)-D-5, (P)-F-5 (trifluoromethylbenzene,
125 x 1073M, 5°C), and 1:1 mixture of (P)-D-5/(P)-E-5 (trifluoromethylbenzene, total
2.5 x 107° M, 5°C). The calculated spectra were obtained by adding the spectra of the
components (trifluoromethylbenzene, 1.25 x 107> M, 5 °C) and dividing the total spectra by
two. b Plots of 4¢ at 330 nm and 365 nm (trifluoromethylbenzene, total 2.5 x 107 M, 5 °C)
against ratio of (P)-D-5/(P)-F-5. Approximated straight lines are also shown
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Similar experiments were conducted in chloroform, which is a relatively weak
helix-forming solvent for ethynylhelicene oligomers [21, 22] (See Chap. 3). CD
and UV-Vis spectra (chloroform, 5.0 x 107 M, 5 °C) showed that both (P)-D-5
and (P)-F-5 were random coils (Fig. 4.4). When the 1:1 mixture of (P)-D-5/(P)-F-
5 (chloroform, total 1.0 x 107° M, 5 °C) was cooled to 5 °C, it showed spectra
similar to the calculated spectra (Fig. 4.4). It was concluded that (P)-D-5 and (P)-
F-5 formed no hetero-double-helix regardless of the solvent.

4.2 (M)-D-5/(P)-F-5 Systems

Next, the combination of (M)-D-5 and (P)-F-5 was examined in trifluoromethyl-
benzene. (M)-D-5 is an enantiomer of (P)-D-5, and (M)-D-5 and (P)-F-5 contain
enantiomeric helicenes. It is a notable feature of ethynylhelicene oligomers that
chirality can change their interaction to form hetero-complexes. In the following
discussion, ethynylhelicene oligomers containing enantiomeric (M) and (P) helic-
enes with different numbers are referred to as “pseudoenantiomers”.

Both (M)-D-5 and (P)-F-5 showed the CD and UV-Vis spectra of random coils
in chloroform (2.5 x 107 M, 25 °C) (Fig. 4.5a). Solutions of (M)-D-5§ and (P)-F-
5 (chloroform, 5.0 x 107° M) were prepared and mixed in a 1:1 ratio, which was
then allowed to stand at 25 °C. The mixture after 30 min of mixing showed intense
CD with a positive maximum at 326 nm and a negative maximum at 370 nm
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Fig. 45 a CD (top) and UV-Vis (bottom) spectra of (M)-D-5, (P)-F-5 (chloroform,
25 x 107°M, 25 °C), and 1:1 mixture of (M)-D-5/(P)-F-5 (chloroform, total 5.0 x 107° M,
25 °C). The calculated spectra were obtained by adding the spectra of the components
(chloroform, 2.5 x 107 M, 25 °C). b Plot of &3¢s/¢335 (chloroform, total 5.0 x 107% M, 25 °C,
30 min) against ratio of (M)-D-5/(P)-F-5. Approximated straight lines are also shown

(Fig. 4.5a, top). Since both (M)-D-5 and (P)-F-5 are random coils under these
conditions (chloroform, 5.0 x 107° M, 25 °C), the calculated spectra show very
small Cotton effects because of the enantiomeric nature of (M)-D-5 and (P)-F-5
(Fig. 4.5a). However, a 1:1 mixture of (M)-D-§ and (P)-F-5 provided a CD
spectrum quite different from the calculated spectrum. The UV-Vis spectrum of
the mixture was also different from the calculated one (Fig. 4.5a, bottom), and
showed a decrease in ¢ at 335 nm and an increase in ¢ at 365 nm. The &3g5/¢335
value was 0.71, which was larger than the value of 0.51 of random coils. As will be
noted later, the €365/€335 values are approximately 0.5 in random coil states, and
increase close to 1 when hetero-double helices are formed. The results indicated
that a hetero-complex was formed in the (M)-D-5/(P)-F-5 system.

Job plot experiments (chloroform, total 5.0 x 107%M, 25 °C) gave a maximum
of &3¢5/¢335 value at a 1:1 ratio, which indicates the 1:1 stoichiometry of (M)-D-5
and (P)-F-5 (Fig. 4.5b). (M)-D-5/(P)-F-5 formed a chiral 1:1 complex, which was
considered to be a hetero-double-helix.

The 1:1 mixture of (M)-D-5/(P)-E-5 (chloroform, total 5.0 x 107¢ M, 25 °C)
gave a precipitate after 2 h, which was accompanied by decreases in the CD and
UV-Vis intensities [20]. The precipitate isolated by centrifugation showed Cotton
effects similar to that in chloroform solution [20]. The precipitate is suggested to
be an assembly of the hetero-double helices.
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Fig. 4.6 Hetero-double-helix formation by pseudoenantiomeric (M)-D-5 and (P)-F-5

Pseudoenantiomeric (M)-D-5 and (P)-F-5 formed a hetero-double-helix, despite
the fact that each (P)-D-5 and (P)-F-5 were random coils under these conditions.
Therefore, hetero-double-helix formation is much stronger than homo-double-
helix formation (Fig. 4.6). It was also observed that the hetero-double-helix tends
to further assemble to form precipitates. Such properties of the hetero-double-helix
are studied in the next section.

4.3 (M)-bD-4/(P)-D-5 Systems

An issue that had to be considered in the study of the (M)-D-n/(P)-D-n system was
its tendency to form gels. Previously, our group reported that pseudoenantiomers
form gels in toluene via higher aggregation [23, 24]. I considered that the gels are
formed from hetero-double helices, and thus it is critical to examine a system that
does not form a gel in order to analyze hetero-double-helix formation. It was
expected that bulky bD side chains would reduce the interactions between hetero-
double-helix complexes and the gel formation (Fig. 4.7). Among the combinations
of the (M)-bD-n/(P)-bD-n, (M)-bD-n/(P)-D-n, and (M)-D-n/(P)-D-n systems, (M)-
bD-n/(P)-D-n was found to be suitable for this purpose (See Chap. 5). Since it was
also previously observed that combinations of different n values, particularly those
smaller than 6, showed less tendency to form gels than combinations of the same
n, (M)-bD-4/(P)-D-5 was used.

Solutions of (M)-bD-4 and (P)-D-5 (m-difluorobenzene, 5.0 x 1074 M) were
prepared and mixed in a 1:1 ratio at room temperature. The mixture remained
transparent and homogeneous for at least 12 h. The CD spectra of a 1:1 mixture of
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Fig. 4.7 Side chain effect on interaction between hetero-double-helix complexes
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(M)-bD-4/(P)-D-5 (m-difluorobenzene, total 5.0 x 1074 M, 25 °C) immediately
showed enhanced Cotton effects, while the calculated spectrum showed very small
Cotton effects. The intensity slightly decreased, reaching a steady state after 12 h
with a negative maximum at 329 nm and a positive maximum at 371 nm (Fig. 4.8,
top). The UV-Vis spectra (m-difluorobenzene, total 5.0 x 107 M, 25 °C) in the
steady state showed an &3g5/¢335 value of 0.97 (Fig. 4.8, bottom), which was
similar to that observed in the hetero-complex formation by the (M)-D-5/(P)-F-5
system. The CD and UV-Vis spectra (m-difluorobenzene, total 5.0 x 10~* M)
showed only a slight change with heating at 80 °C (Fig. 4.8). The results showed a
strong heteroaggregate formation by (M)-bD-4/(P)-D-5 in m-difluorobenzene.

At a lower concentration of 1.0 x 10™# M, the CD and UV-Vis spectra were
similar to those at 5.0 x 10~* M (Fig. 4.8). The small differences between the
spectra at 5.0 x 107* and 1.0 x 10~* M indicated that the equilibrium was
shifted to the hetero-double-helix state at higher concentrations than
1.0 x 107" M.

Job plots (m-difluorobenzene, total 5.0 x 10~* M, 35 °C) were obtained using
€365/€335 values, which indicated the 1:1 complex formation of (M)-bD-4 and (P)-
D-5 (Fig. 4.9a).

The apparent molecular weight of the heteroaggregate was determined by VPO
(m-difluorobenzene, 40 °C), taking advantage of the high solubility of (M)-bD-4/
(P)-D-5 in this solvent: 4.9 x 10> at 5.0 x 107*M and 4.6 x 10° at
1.0 x 1073 M (Fig. 4.9b). These values coincided with the calculated molecular
weight of the heterodimer of (M)-bD-4/(P)-D-5, 4836.7: Bimolecular heteroag-
gregate formation was confirmed.
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Fig. 4.9 a Plot of &;3¢5/¢335 (m-difluorobenzene, total 5.0 x 1074 M, 35 °C) against ratio of (M)-
bD-4/(P)-D-5. The plot were based on the UV-Vis data obtained after 30 min of mixing.
Approximated straight lines are also shown. b Apparent molecular weight of heteroaggregate in
1:1 mixture of (M)-bD-4/(P)-D-5 (m-difluorobenzene, 40 °C). The measurements were conducted
between 30 min and 1 h after mixing. Circles represent the average of more than five
measurements, and vertical lines represent the range of the obtained results. The dashed lines
show the calculated molecular weights of (M)-bD-4, (P)-D-5, and their 1:1 complex

On the basis of the intense CD, change of UV-Vis absorption, 1:1 stoichiometry,
and bimolecular aggregation determined by VPO, it was concluded that (M)-bD-4/
(P)-D-5 formed a hetero-double-helix in m-difluorobenzene. The hetero-double-
helix of the (M)-bD-4/(P)-D-5 system exhibited an &;3¢5/¢335 value close to 1, and
£365/€335 values are used to elucidate hetero-double-helix formation in the following
discussions.

Note that (M)/(P) combinations form hetero-double helices that are much more
stable than homo-double helices of (M)/(M) or (P)/(P) combinations. The sub-
stantial chiral recognition between pseudoenantiomers was consistent with the
formation of three-dimensional chiral structures of hetero-double helices.

Also note that the (M)-D-5/(P)-F-5 system showed similar CD spectra to the
(M)-bD-4/(P)-D-5 system, except for the inverted Cotton effects. The presence of
two types of mirror-image CD spectrum can also be explained by the formation of
a hetero-double-helix and its enantiomer. Among the synthetic hetero-double
helices containing no metal coordination [1-19], this is a rare example employing
neither hydrogen bonds [1, 16—19], salt bridges [3—15] as the driving force of
aggregation.

The molecular structure of the (M)-tetramer/(P)-pentamer complex with side
chains simplified to methoxycarbonyl groups was obtained by calculations using
MacroModel 8.6 [25] in the MMFFs force field [26-30]. A double-helix structure
was obtained as the energy-minimum structure (See Chap. 7), in which main chains
were intertwined in cylindrical shape, and side chains protrude outside (Fig. 4.10).
One turn of a double helix contained approximately three helicenes and three m-
phenylenes, in accordance with the speculation obtained from the spectroscopic
studies (Chap. 3, Fig. 3.7a). The aromatic rings stack in an offset manner. The
diameter and length of that were 2.4 and 1.9 nm, respectively. In order to compare the
structures of the hetero- and homo-double helices, calculations of the (P)-tetramer/
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2.4 nm 1.9 nm

Fig. 4.10 Top view (left) and side view (right) of hetero-double-helix structure formed by (M)-
tetramer/(P)-pentamer calculated using MacroModel 8.6 in MMFFs force field starting from
loosely twisted right-handed structure. Side chains were simplified to CO,Me. The molecule is
presented using a CPK model with red for the (M)-tetramer and green for the (P)-pentamer

(P)-pentamer complex with the same absolute configuration of helicenes was con-
ducted. A double-helix structure was obtained (Fig. 4.11, right), which was similar to
the (M)-tetramer/(P)-pentamer complex except for slight differences in the stacking
mode of helicenes and in symmetry. The hetero-double-helix structure of the (M)-
tetramer/(P)-pentamer is more symmetrical, and the stacking area is larger than that
of the (P)-tetramer/(P)-pentamer, which might be related to the difference in sta-
bility: (M)/(P) hetero-double helices are more stable than (M)/(M) or (P)/(P) homo-
double helices.

Also note that there was an obvious difference between (M)/(P) and (P)/
(P) combinations with regard to higher aggregate formation, as indicated by the
ready precipitation and gel formation of (M)/(P) combinations. This will be dis-
cussed in Chap. 5.

Fig. 4.11 Top view of double helices formed by (M)-tetramer/(P)-pentamer (left) and (P)-
tetramer/(P)-pentamer (right) obtained using MacroModel 8.6 in MMFFs force field starting from
loosely twisted left-handed structure. Side chains were simplified to CO,Me. The molecule is
presented using a wire model with red for the (M)- or (P)- tetramer, and green for the (P)-
pentamer
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4.4 (M)-D-n/(P)-DF-n Systems

The reversible structural change between hetero-double helices and random coils
is an important property of double-helix-forming compounds, because it can be
used to induce stimulus-responding switching. For example, length and flexibility
change between cylindrical rigid hetero-double helices and long flexible random
coils, and such molecules can be used to switch the properties of bulk materials. It
should also be noted that such functions can be fine-tuned using combinations of
compounds to form hetero-double helices.

Among known synthetic hetero-double helices, no reversible change has been
observed with only one exception. Yashima showed that a hetero-double-helix
polymer associating by amidinium-carboxylate salt bridges and its shorter ana-
logue cause the structural change by repetitive additions of excess amounts of acid
and base [8]. In contrast, the present system using pseudoenantiomeric oligomers
changes the structure by thermal stimuli, and broad applications can be expected.

For this purpose, reversible structural changes of the following (M)-D-n (n = 4,
6, 8)/(P)-DF-n (n = 4, 6, 8) systems induced by heat were examined by changing
the number of helicenes: (M)-D-4/(P)-DF-4, (M)-D-4/(P)-DF-6, (M)-D-4/(P)-DF-
8, (M)-D-6/(P)-DF-4, (M)-D-6/(P)-DF-6, (M)-D-6/(P)-DF-8, (M)-D-8/(P)-DF-4,
and (M)-D-8/(P)-DF-6 systems (chlorobenzene, total 5.0 x 10°°M). It is a
notable feature of the hetero-double-helix formation of ethynylhelicene oligomers
that the properties can be fine-tuned using a combination of compounds. Chlo-
robenzene was used as a solvent, which is a weak homo-double-helix-forming
solvent for ethynylhelicene oligomers [21, 22] (See Chap. 3). It should also be
noted that gels were not formed in this solvent at a concentration of 5.0 x 107 M.

Hetero-double-helix formation was examined using various (M)-D-n/(P)-DF-
n combinations by mixing solutions of oligomers (chlorobenzene, 5.0 x 10~° M)
in a 1:1 ratio. Then, the mixtures were heated at 100 °C and cooled to 5 °C for
30 min for CD and UV-Vis analysis. The combinations of the (M)-D-4/(P)-DF-4,
(M)-D-4/(P)-DF-6, (M)-D-4/(P)-DF-8, (M)-D-6/(P)-DF-4, and (M)-D-8/(P)-DF-4
systems containing the tetramers did not form hetero-double helices and showed
CD spectra with very weak Cotton effects at 5 °C (Fig. 4.12a). The aggregation of
the combinations containing tetramers was too weak to form hetero-double helices
under the conditions examined.

The combinations containing longer oligomers were then examined: (M)-D-8/
(P)-DF-8, (M)-D-8/(P)-DF-6, (M)-D-6/(P)-DF-8, and (M)-D-6/(P)-DF-6 systems
(chlorobenzene, total 5.0 x 107 M). Each of these oligomers were random coils
under the conditions examined (chlorobenzene, 5.0 x 107 M).

A 1:1 mixture of (M)-D-8/(P)-DF-8 (chlorobenzene, total 5.0 x 10~° M) was
prepared and cooled to 5 °C for 30 min, which showed an enhanced Cotton effects
in the CD spectra and an increase in the ¢365/¢335 value in the UV-Vis spectra to 1.3
(Fig. 4.13a). The CD and UV-Vis spectra only slightly changed with heating at
100 °C for 30 min, and an é&36s5/¢335 value of 1.2 was obtained at 100 °C
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(Fig. 4.13a). Once the hetero-double-helix was formed at 5 °C, it did not unfold to
random coils.

The (M)-D-8/(P)-DF-6, (M)-D-6/(P)-DF-8, and (M)-D-6/(P)-DF-6 systems
showed similar results with e345/¢335 values of 1.0 at 5 °C. Their responses to
heating, however, were different. At 100 °C, these systems showed decreases in
£365/€335 value to 0.61, 0.59, and 0.56, respectively (Fig. 4.13b—d, bottom). The
decrease in the ¢3¢5/¢335 value from ca. 1 to ca. 0.5 indicated unfolding to random
coils.

Job plot experiments (chlorobenzene, total 5.0 x 107 M) using the &365/€335
values obtained in the (M)-D-6/(P)-DF-6 system gave a maximum of &345/€335
value at a 1:1 ratio at 5 °C, while the plot was linear and constant at 100 °C
(Fig. 4.14). The results are consistent with the hetero-double-helix formation at
5 °C and unfolding to random coils at 100 °C. Similar results were obtained using
the (M)-D-8/(P)-DF-6 and (M)-D-6/(P)-DF-8 systems (chlorobenzene, total
50 x 107° M, 5 °C), and hetero-double helices were also formed in these
systems.

Using the above systems, reversible switching between hetero-double helices
and random coils was attained. The (M)-D-6/(P)-DF-8 and (M)-D-6/(P)-DF-6
systems showed highly reproducible and reversible structural changes induced by
heating at 100 °C and cooling at 5 °C for 30 min, as shown by the change in 4¢ at
370 nm, which changed between —24/—2600 and +0.7/—2700, respectively
(Fig. 4.15a). (M)-DF-8/(P)-D-6 also showed a reversible change in the repeating
cycles of heating/cooling every 30 min, but the change was less reversible because
of the slowness of the structural change (Fig. 4.15b).

The side chain and number of helicenes have significant effects on the stability
of hetero-double helices (Fig. 4.16): The hetero-double helices of the combina-
tions containing tetramers were unstable under the conditions examined. The
combinations containing hexamers and octamers formed stable hetero-double
helices, but the thermal stability and the rate of the structural change differed
depending on the combination. A reversible and reproducible structural change
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Fig. 4.13 CD (top) and UV-Vis (bottom) spectra (chlorobenzene, total 5.0 x 107° M) of 1:1
mixtures of a (M)-D-8/(P)-DF-8, b (M)-D-8/(P)-DF-6, ¢ (M)-D-6/(P)-DF-8, and d (M)-D-6/(P)-
DF-6 systems

between hetero-double helices and random coils by thermal stimuli was attained
using the (M)-D-6/(P)-DF-8 and (M)-D-6/(P)-DF-6 systems. The methodology can
be used to fine-tune the dynamic properties of hetero-double helices.
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Fig. 4.14 Plots of &345/¢335 (chlorobenzene, total 5.0 x 107° M) against ratio of (M)-D-6/(P)-
DF-6. The plots were based on the UV-Vis data obtained after 30 min of mixing. Approximated
straight lines are also shown
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Fig. 4.15 Ae¢ at 370 nm/time profiles (chlorobenzene, total 5.0 x 107° M) of 1:1 mixtures of
a (M)-D-6/(P)-DF-8, (M)-D-6/(P)-DF-6, and b (M)-D-8/(P)-DF-6 systems for repeating cycles of
100 /5 °C every 30 min

4.5 Summary

Pseudoenantiomeric (M)/(P) combinations of ethynylhelicene oligomers formed
hetero-double helices, which are more stable than homo-double helices of (M)/
(M) or (P)/(P) combinations. Side chains and number of helicenes had significant
effects on the properties of hetero-double helices. Bimolecular hetero-double-helix
formation was confirmed using the (M)-bD-4/(P)-D-5 system without forming
higher assemblies. A reversible structural change between hetero-double helices
and random coils was attained using the (M)-D-6/(P)-DF-8 and (M)-D-6/(P)-DF-6
systems. The methodology of fine-tuning the properties of hetero-double helices by
combinations of compounds provided a diversity of hetero-double helices
(Fig. 4.17).
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Chapter 5

Higher-Assembly Formation

of Pseudoenantiomeric Ethynylhelicene
Oligomers

In biological systems, molecules form nanoscale assemblies, organelles, and cells
in a step-by-step manner, in which fibers and vesicles are fundamental three-
dimensional molecular assemblies. For example, actin proteins form filaments,
which further assemble to form muscles; tubulin proteins form dimers, which
aggregate to form a protofilament and then a microtubule. Biological cells are
vesicles that contain various vesicular organelles such as liposomes and nuclei.
Then, the development of such elaborate assembled systems of fibers and vesicles
using synthetic molecules is an interesting subject for understanding biological
functions and creating novel functional materials [1-3].

An issue that needs to be considered in assembly formation of synthetic
compounds is the driving force for association and the diversity of substances.
Synthetic amphiphilic compounds [4-19] and amide compounds including pep-
tides [20-34] are known to assemble into both fibers and vesicles. Hydrophobic
interactions, electrostatic interactions, and hydrogen bonds are the predominant
driving forces of forming these assemblies. These systems, however, are generally
sensitive, and subtle changes in the component structure and external stimuli such
as solvent, temperature, and concentration can often cause the loss of assembly-
forming abilities. Therefore, it is not facile to systematically obtain a diversity of
closely related assemblies. To obtain an assembled system with the desired
structures and properties, the development of a methodology that can fine-tune the
structures and properties of assemblies is needed. In this regard, assembly for-
mation using non-amphiphilic/non-amide compounds was considered attractive,
since the assemblies were expected to exhibit properties and the diversity not
observed in the conventional systems. However, very little is known on the ability
of such systems to form fibers and vesicles [35, 36].

In this chapter, I describe a methodology of forming two-component assemblies
of fibers and vesicles employing pseudoenantiomeric ethynylhelicene oligomers,
which are non-amphiphilic/non-amide compounds [37]. As described in Chap. 4,
hetero-double helices formed by pseudoenantiomeric ethynylhelicene oligomers
showed a strong tendency to form higher assemblies. I then considered it inter-
esting to construct a higher assembly of hetero-double helices in a systematic
manner and to construct a structure that responds to external stimuli (Fig. 5.1).

N. Saito, Hierarchical Bottom-Up Methodology for Integrating 45
Dynamic Ethynylhelicene Oligomers, Springer Theses,
DOI: 10.1007/978-4-431-54514-9_5, © Springer Japan 2013
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Fig. 5.1 Methodology of constructing a diversity of two-component assemblies by controlling
the higher-assembly formation of hetero-double helices by external stimuli and combination of
compounds

The driving forces in assembly formation, most likely n—n interactions and van der
Waals interactions, were different from those in conventional systems, and notable
responses to external stimuli were observed. Also note that oligomers are modu-
larly constructed by the repetition of structural units, and therefore have an
intrinsic diversity. Thus, numerous derivatives can be systematically obtained by
changing each unit such as the number of helicenes and the structure of side
chains. In addition, a two-component method employing hetero-double helices
further increases diversity (Fig. 5.1). Such systematic molecular assemblies have
not been identified in conventional fiber- and vesicle-forming systems.

In Chap. 2, the synthesis of several series of optically active ethynylhelicene
oligomers with decyloxycarbonyl (D) [38, 39], perfluorooctyl (F) [40], 4-methyl-
2-(2-methylpropyl)-1-pentyloxycarbony (bD), decylsulfanyl (S), and alternating D
and F (DF and FD) [41] side chains (Fig. 5.2) was described (See Chap. 2). In this
chapter, several tetramer/pentamer systems were taken and studied: Assembly

R = CO,(n-C1oHz1) (P)-D-n (n=2-7)

" R = CO2CH,CHICHoCH(CHa)olo (P)-bD-n (n = 2-6)
SiMe3 R = n-CgFq7 (P)-F-n (n = 2-5)
R = 8(n-C1gH21) (P)-S-n (n = 2-7)

n-1

R1=CO2(n-C1gH21)/ Rz = n-CgF47 (P)-DF-n
R4 = n-CgFq7/ Ry = CO5(n-C1gH21) (P)-FD-n

Fig. 5.2 Side chain analogues of ethynylhelicene oligomers
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formation was examined using combinations of (M)-bD-4/(P)-bD-5, (M)-bD-4/
(P)-D-5, (M)-D-4/(P)-D-5, and (M)-D-5/(P)-DF-4.

5.1 Fiber/Gel Formation in Toluene

When solutions (toluene, 5.0 x 107* M, 25 °C) of (M)-bD-4 and (P)-bD-5 were
mixed in a 1:1 ratio, the yellow color of the mixture immediately turned deeper, and
the solution became turbid within 10 min. Turbid partial gels were formed after
24 h. CD and UV-Vis studies were carried out using this system. Each solution of
(M)-bD-4 and (P)-bD-5 showed the CD spectra of random coils, and the calculated
spectra (See Chap. 7) obtained by adding these spectra and then dividing the total
spectra by two showed a very small Cotton effect due to the pseudoenantiomeric
nature of (M)-bD-4 and (P)-bD-5 (Fig. 5.3a). In contrast, the experimental CD
spectra of the 1:1 mixture (toluene, total 5.0 x 1074 M, 25 °C) immediately showed
enhanced Cotton effects. Then the intensity slightly decreased, reaching a steady
state after 3 h with a positive maximum at 320 nm and a negative maximum at
371 nm (Fig. 5.3a, top). The UV-Vis spectra (toluene, total 5.0 x 107* M, 25 °C)
in the steady state showed an &3¢5/€335 value of 0.90 (Fig. 5.3a, bottom), which was
typical of hetero-double-helix formation (See Chap. 4). These spectral features
indicate that the gels are formed from hetero-double-helices. When the (M)-bD-4/
(P)-D-5 gel formed after 24 h was heated to 80 °C, the soft turbid gel turned to a less
turbid and less viscous suspension, but was not fully transparent. The CD and UV-
Vis spectra at 80 °C showed stronger Cotton effects and stronger absorption than
those at 25 °C probably because of the increased transparency (Fig. 5.3a). The
hetero-double-helix and higher assembly did not substantially dissociate at 80 °C.

The combination of (M)-bD-4/(P)-D-5 (toluene, total 5.0 x 1074 M, 25 °C)
was then examined. A deep-yellow color appeared immediately after mixing, and
the solution became turbid. A turbid gel was formed after 24 h, which showed a
CD with a negative maximum at 302 nm and a positive maximum at 402 nm
(Fig. 5.3b, top). The UV-Vis spectra showed an &3¢5/¢335 value of 0.82 (Fig. 5.3b,
bottom). A hetero-double-helix formation was suggested, but the opaque nature of
the mixture resulted in a weaker CD and lower UV—Vis intensities of the mixture
than of (M)-bD-4/(P)-bD-5. When the (M)-bD-4/(P)-D-5 gel formed after 24 h
was heated into 80 °C, the turbid soft gel turned to a less turbid suspension, and
the spectra showed only a small change (Fig. 5.3b).

When the solutions (toluene, 5.0 x 1074 M, 25 °C) of (M)-D-4 and (P)-D-5 were
mixedina 1:1 ratio, the resulting mixture immediately became deep yellow, forming
a transparent gel after 6 h. The CD spectra gradually increased in intensity and
reached a steady state after 18 h with a negative maximum at 337 nm and a positive
maximum at 370 nm (Fig. 5.3c, top), and the UV-Vis spectra provided an &3¢5/€335
value of 0.95 (Fig. 5.3c, bottom). The gel changed into a transparent solution with
heating to 80 °C, and the intensity of Cotton effect and the ¢345/¢335 value substan-
tially decreased (Fig. 5.3c). The higher aggregates and hetero-double-helix of (M)-
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Fig. 5.3 CD (top) and UV-Vis (bottom) spectra (toluene, total 5.0 x 107 M) of 1:1 mixtures of
a (M)-bD-4/(P)-bD-5, b (M)-bD-4/(P)-D-5, ¢ (M)-D-4/(P)-D-5, and d (M)-D-5/(P)-DF-4. The

calculated spectra obtained by adding the spectra of the

components (toluene, 5.0 x 1074 M,

25 °C) and dividing the total spectra by two are also shown

D-4/(P)-D-5 considerably disaggregated to random coils with heating, and exhibited
alower thermal stability than those of the (M)-bD-4/(P)-bD-5 and (M)-bD-4/(P)-D-5

systems.
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A 1:1 mixture (toluene, 5.0 x 1074 M, 25 °C) of (M)-D-5 and (P)-DF-4 also
formed a deep-yellow transparent gel after 24 h. The CD spectra reached a steady
state after 18 h with a positive maximum at 333 nm and a negative maximum at
368 nm (Fig. 5.3d, top), and the UV—Vis spectra provided an &s3¢s/€335 value of
0.93 (Fig. 5.3d, bottom). Cotton effects opposite to those of the above three
combinations were obtained, which originated from the combination containing
the pentamer with the (M) configuration. The gel changed into a slightly less
viscous gel with heating to 80 °C, but the spectra showed only a small change
(Fig. 5.3d). It is shown that the change in the combination of oligomers with
different side chains can be used to fine-tune the thermal stability of gels.

Also note that the CD and UV-Vis spectra of all these combinations were
similar to those of the hetero-double-helix formed by the (M)-bD-4/(P)-D-5 sys-
tem (m-difluorobenzene, 5.0 x 10~* M) (See Chap. 4). It was therefore concluded
that these fibers/gels are formed from hetero-double helices.

Atomic force microscopy (AFM) images of four xerogels were obtained. The
mixtures in a 1:1 ratio (toluene, 1.0 x 1074 M) were heated at 110 °C for 3 min
and allowed to stand at room temperature for 24 h, a portion of which was dropped
on mica surfaces for AFM. Entangled fibrous networks of thin fibers partially
forming thick bundles were observed (Fig. 5.4). The heights and widths of the thin
fibers were about 5-80 nm, respectively, for all four gels. The results indicated a
similar fiber formation of the four combinations. The images of the turbid gel-
forming (M)-bD-4/(P)-bD-5 and (M)-bD-4/(P)-D-5 systems showed more bundles
than those of the transparent gel-forming (M)-D-4/(P)-D-5 and (M)-D-5/(P)-DF-4
systems.

Minimum gel-forming concentrations (MGCs) in toluene were compared using
the (M)-bD-n (n = 2, 4, 6)/(P)-bD-n (n = 2-6), (M)-bD-n (n = 2, 4, 6)/(P)-D-
n (n = 2-6), and (M)-D-n (n = 2, 4, 6)/(P)-D-n (n = 2-6) systems (Table 5.1).
Two-component gels were formed with the oligomers possessing three or more
helicenes. The result indicated a broad scope of the gel formation method using the
pseudoenantiomeric oligomers. The MGCs of the combinations of (M)-bD-n/(P)-
bD-n and (M)-bD-n/(P)-D-n were generally lower than that of (P)-D-n/(M)-D-
n. For example, (M)-bD-4/(P)-bD-5, (M)-bD-4/(P)-D-5, and (M)-D-4/(P)-D-5
formed gels at concentrations higher than 1.0 x 10_3, 5.0 x 10_4, and
1.0 x 1074 M, respectively. The branched side chains of (P)-bD-n tended to
provide turbid gels and suppress the gel formation to some extent. The MGC of the
(M)-D-5/(P)-DF-4 system was 1.0 x 107* M.

All the combinations of (M)-bD-4/(P)-bD-5, (M)-bD-4/(P)-D-5, (M)-D-4/(P)-
D-5, and (M)-D-5/(P)-DF-4 formed fibers/gels in toluene. CD and UV-Vis studies
indicated that the fibers are considered to be formed from hetero-double helices.
The macroscopic properties of the gels such as bundle formation, thermal stability,
transparency, and MGC, differed depending on the combination of the compounds
(Table 5.2). The properties of two-component gels can be fine-tuned by changing
the side chain structure without losing gel-forming ability.
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Fig. 5.4 AFM height images of dried samples prepared from 1:1 mixtures (toluene, total
1.0 x 107* M) of a (M)-bD-4/(P)-bD-5, b (M)-D-4/(P)-bD-5, ¢ (M)-D-4/(P)-D-5, and d (M)-D-
5/(P)-DF-4 on mica surfaces. The samples were prepared after allowing the mixed solutions to
stand at room temperature for 24 h. Scale bars: 1.0 x 10~ m

Table 5.1 MGCs (10~ M) of (M)-bD-n/(P)-bD-n’ (top), (M)-bD-n/(P)-D-n’ (middle), and (M)-
D-n/(P)-D-n’ (bottom) examined in the range between total 0.1 mM and 10 mM at room
temperature

(P) n=2 n=23 n=4 n=>5 n=2~6

bD D D bOD D D bbb D D bD D D bbb D D

(M) bD bD D bD bD D bD bD D bD bD D bD bD D
C
S

n=2 C C S S S S$ st S S S 0§ Sk
n=4 S S 2 5 P 10 2 1 05 01%* 1 05% 0.1*
n=6 S S S 1 05 1 2 01 05 1 02 2 2  05*

i »n

C crystalline, S soluble at total 10 mM, Asterisks examined using the enantiomeric combination,
Underbars a turbid gel was formed

5.2 Vesicle Formation in Diethyl Ether

Vesicular assembly was observed in diethyl ether, which was different from the
fibers/gels in toluene. When solutions (diethyl ether, 1.0 x 10~* M) were mixed
in a 1:1 ratio, the mixtures of all the (M)-bD-4/(P)-bD-5, (M)-bD-4/(P)-D-5,
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Table 5.2 Comparison of properties of fibers/gels in four combinations
(M)-bD-4/(P)-bD-5 (M)-bD-4/(P)-D-5 (M)-D-4/(P)-D-5 (M)-D-5/(P)-DF-4

365/€335 0.9 0.82 0.95 0.93
Morphology Fiber/gel Fiber/gel Fiber/gel Fiber/gel
Bundles Large amount Large amount Small amount Small amount
Thermal stability Stable Stable Less stable Stable
Transparency Turbid Turbid Clear Clear

MGC 1 mM 0.5 mM 0.1 mM 0.1 mM

(M)-D-4/(P)-D-5, and (M)-D-5/(P)-DF-4 systems immediately turned deep yellow
and semitransparent. Tyndall scattering was observed by passing laser light
(532 nm) through the solutions, which indicated the formation of small particles.
Soft precipitates, and not gel, appeared and gradually increased in amount.

The CD and UV-Vis spectra of (M)-bD-4 and (P)-bD-5 (diethyl ether,
2.5 x 107°M, 25 °C) were typical of a double helix and a random coil, respec-
tively, and the calculated spectra showed relatively intense Cotton effects
(Fig. 5.5a, top). The CD spectra of a 1:1 mixture of (M)-bD-4/(P)-bD-5 (diethyl
ether, total 2.5 x 107> M, 25 °C) immediately showed an enhanced Cotton
effects, which was different from the calculated spectrum. A steady state was
reached after 3 h with a negative maximum at 315 nm and a positive maximum at
370 nm (Fig. 5.5a, top). The UV-Vis spectra also reached a steady state after 3 h,
giving an ¢ 3¢5/¢ 335 of 0.78 (Fig. 5.5a, bottom).

The (M)-bD-4/(P)-D-5 and (M)-D-4/(P)-D-5 systems (diethyl ether, total
25 x 1072 M, 25 °C) also showed CD with Cotton effects with a negative
maximum of approximately 330 and a positive maximum of approximately
370 nm in the steady state after 18 h and 3 h, respectively (Fig. 5.5b and c, top).
The UV-Vis spectra showed increased &;3¢s/e335 of 1.0 and 0.85, respectively
(Fig. 5.5b and c, bottom). The low intensities of CD and UV-Vis are considered to
be due to partial precipitation.

The (M)-D-5/(P)-DF-4 system (diethyl ether, total 2.5 x 107°M, 25 °C)
showed similar UV-Vis spectra with an e3gs/€335 value of 0.92, except for the
Cotton effects with positive broad maxima ranging from 310 to 320 nm and a
negative maximum at 370 nm, which is opposite to those of other systems
(Fig. 5.5d).

CD and UV-Vis studies provided observations similar to the hetero-double
helix formation of (M)-bD-4/(P)-D-5 (m-difluorobenzene, 5.0 x 107 M) (See
Chap. 4), and therefore these vesicles are concluded to be formed from hetero-
double helices.

Dynamic light scattering (DLS) studies of the 1:1 mixture using the (M)-bD-4/
(P)-bD-5 system (diethyl ether, total 1.0 x 107% M, 25 °C) showed the presence of
aggregates with a diameter of ca. 175 nm after 1 min of mixing, together with small
particles of 0.7 nm diameter, probably random coils of (M)-bD-4 and (P)-bD-S.
The small particles disappeared after 30 min, and the size of the large particles
increased to reach a steady state with a diameter ca. 400 nm after 1 h (Fig. 5.6).
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Fig. 5.5 CD (top) and UV-Vis (bottom) spectra (diethyl ether, total 2.5 x 1075 M, 25 °C)of 1:1
mixtures of a (M)-bD-4/(P)-bD-5, b (M)-bD-4/(P)-D-5, ¢ (M)-D-4/(P)-D-5, and d (M)-D-5/(P)-
DF-4. Calculated spectra obtained by adding the spectra of the components (diethyl ether,
2.5 x 107> M, 25 °C) and dividing the total spectra by two are also shown

The morphologies of the aggregates in diethyl ether were determined by
transmission electron microscopy (TEM). TEM image of a 1:1 mixture of (M)-bD-
4/(P)-bD-5 (diethyl ether, total 1.0 x 107* M, rt, 1 h) showed spherical objects
(Fig. 5.7a), and the contrast between the light internal region and the dark outer
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edges indicated a hollow structure (Fig. 5.7a). The assemblies formed in diethyl
ether were shown to be vesicles. The thickness of the exterior wall was estimated
to be ca. 2 nm (Fig. 5.7b). Although two-component vesicles composed of
amphiphilic compounds [5, 7, 42-48] and one-component vesicles composed of
non-amphiphilic compounds [22, 27, 35, 36, 49-51] have been found, it should be
noted that two-component vesicle formation by non-amphiphilic compounds is
unprecedented.

The morphologies and sizes of the assemblies were determined by AFM and
compared among the four combinations of (M)-bD-4/(P)-bD-5, (M)-bD-4/(P)-D-5,
(M)-D-4/(P)-D-5, and (M)-D-5/(P)-DF-4. 1:1 mixtures (diethyl ether, total
1.0 x 10~* M) were allowed to stand at room temperature for 1 h then gently

Fig. 5.7 a TEM images of dried sample prepared from 1:1 mixture of (M)-bD-4/(P)-bD-5
(diethyl ether, total 1.0 x 10=* M). Scale bar: 500 nm. b Magnified TEM image of exterior part
of the vesicle. Scale bar: 10.0 nm
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stirred. A portion of each mixture was dropped on a freshly cleaved mica surface,
and the solvent was removed under ambient pressure and then in vacuo. AFM
images of all four systems showed spherical assemblies (Fig. 5.8a, ¢, and d). In the
(M)-bD-4/(P)-bD-5 system, the average diameter and height of 126 particles were
108 and 15 nm, respectively. The diameter was considerably larger than the height
of the particles (Fig. 5.8b). Such results were observed for vesicles, which indi-
cated that vesicles were flattened on the surface owing to their hollow and soft
nature [52-54]. The different average diameters obtained by AFM and DLS may
be due to the difference between swollen and dried vesicles [44, 55, 56]. (M)-bD-4/
(P)-D-5 and (M)-D-4/(P)-D-5 systems showed similar images with diameters of 59
and 20 nm, and heights of 9.9 and 2.9 nm, respectively. These systems provided
smaller particles with relatively broader distributions of vesicle sizes than the (M)-
bD-4/(P)-bD-5 system. The average sizes of vesicles were in the order of (M)-bD-
4/(P)-bD-5 > (M)-bD-4/(P)-D-5 > (M)-D-4/(P)-D-5. Note that the AFM image of
the (M)-D-5/(P)-DF-4 system (diethyl ether, total 1.0 x 10~* M) showed large
vesicles with an average diameter of 243 nm and a height of 14 nm, which had
holes at the edge (Fig. 5.8e). Considering that the TEM image of a vesicle
obtained in the (M)-D-5/(P)-DF-4 system (diethyl ether, total 1.0 x 1074 M, r.t.,
1 h) showed smooth vesicles without holes (Fig. 5.8f), the holes are likely to
emerge when the relatively large and hydrophobic vesicles possessing perfluoro-
octyl moiety contact with the hydrophilic mica surface. This deformation property
can be utilized for functions such as drug delivery and release.

Solvents had a notable effect on assembly formation, and all the combinations
of (M)-bD-4/(P)-bD-5, (M)-bD-4/(P)-D-5, (M)-D-4/(P)-D-5, and (M)-D-5/(P)-DF-
4 formed vesicles in diethyl ether, as shown by AFM and TEM studies. CD and
UV-Vis studies indicated that the vesicles in diethyl ether as well as the fibers/gels
in toluene are formed from hetero-double helices. In contrast, the macroscopic
properties of the vesicles such as size and fragility differed depending on the
combination (Table 5.3). The properties of two-component vesicles can be fine-
tuned by changing the combination of oligomers.

Transformation from vesicles into fibers occurred with a solvent change, which
was consistent with the higher-assembly formation from hetero-double helices.
A soft precipitate of vesicles formed by (M)-bD-4/(P)-bD-5 in diethyl ether
(1.0 x 107 M, r.t, 1 h) was isolated by centrifugation (6400 rpm, 10 min), and
then toluene was added to the precipitate after washing it with the solvents (See
Chap. 7). The residual soft substance was heated at 80 °C for 1 h and left to stand
at r.t. for 3 h. The AFM images of a dried sample prepared in a similar manner
showed fibrous aggregates (Fig. 5.9a), which were similar to the fibers formed by
(M)-bD-4/(P)-bD-5 (Fig. 5.4a). This transformation was also analyzed using CD
and UV-Vis spectra. When the precipitate was heated at 80 °C for 1 h, the CD
spectrum of the mixture showed relatively weak Cotton effects with a negative
maximum at 318 nm and a positive maximum at 368 nm (Fig. 5.9b, top), and the
UV-Vis spectrum showed an &345/€335 value of 0.62 (Fig. 5.9b, bottom). Both CD
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(b)

132 nm  «—| 125 nm | «——

Fig. 5.8 a AFM height image and b cross-sectional analysis at white line in (a) of dried sample
prepared from 1:1 mixture of (M)-bD-4/(P)-bD-5 (diethyl ether, total 1.0 x 10™* M). AFM
height images of dried samples prepared from 1:1 mixtures of ¢ (M)-bD-4/(P)-D-5, d (M)-D-4/
(P)-D-5, and e (M)-D-5/(P)-DF-4 (diethyl ether, total 1.0 x 10™* M). Scale bars: 1.0 x 107% m
(5.0 x 1077 m in insets). f TEM image of dried sample prepared from 1:1 mixture of (M)-D-5/
(P)-DF-4 (diethyl ether, total 1.0 x 107 M). Scale bar: 500 nm

and UV-Vis spectra were different from the calculated spectrum obtained by
adding the spectra of (M)-bD-4 and (P)-bD-5 in random coil state (toluene, total
1.0 x 107* M, 80 °C, 30 min) (Fig. 5.9b). Vesicles are considered to dissociate
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Table 5.3 Comparison of properties of vesicles in four combinations

(M)-bD-4/ (M)-bD-4/ (M)-D-4/  (M)-D-5/
(P)-bD-5 (P)-D-5 (P)-D-5 (P)-DF-4
€365/€335 0.78 1 0.85 0.92
Morphology Vesicle Vesicle Vesicle Vesicle
Average diameter (nm) 108 > 59 > 20 243 (with holes)
Average diameter (nm) 15 9.9 2.9 14 (with holes)
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Fig. 5.9 a AFM height image of precipitate of (M)-bD-4/(P)-bD-5 (diethyl ether, total
1.0 x 107* M, rt, 1h) isolated by centrifugation, dissolved in toluene (total ca.
1.0 x 107* M, 80 °C, 1 h), and allowed to stand at r.t. for 3 h. Scale bar: 1.0 x 107% m.
b CD (top) and UV-Vis (bottom) spectra of precipitate obtained in 1:1 mixture of (M)-bD-4/(P)-
bD-5 (diethyl ether, total 1.0 x 107 M, r.t., 1 h) and then dissolved in toluene (total ca.
1.0 x 107*M, 80°C, 1 h). The calculated spectrum of (M)-bD-4/(P)-bD-5 (toluene,
1.0 x 107% M, 80 °C, 30 min) is also shown

to hetero-double helices and random coils at 80 °C. After allowing the mixture
to stand at 25 °C for 3 h, the CD showed the enhanced Cotton effects, and the
£365/€335 value increased to 0.65. The results indicated that the solvent exchange
induced the morphological transition from vesicles to fibers via hetero-double
helices and random coils.



5.3 Higher-Assembly Formation by Intercomplex Interactions 57

5.3 Higher-Assembly Formation by Intercomplex
Interactions

As discussed above, all the (M)-bD-4/(P)-bD-5, (M)-bD-4/(P)-D-5, (M)-D-4/(P)-
D-5, and (M)-D-5/(P)-DF-4 systems formed fibers/gels in toluene and vesicles in
diethyl ether. All four systems showed CD and UV-Vis spectra similar to those
of the hetero-double-helix of (M)-bD-4/(P)-D-5 (m-difluorobenzene, total
1.0 x 107* M, 25 °C, 12 h) in both toluene (total 1.0 x 10™* M, 25 °C) and
diethyl ether (total 2.5 x 1073 M, 25 °C), except for the inverted Cotton effects of
the CD spectra of the (M)-D-5/(P)-DF-4 system originating from the combination
containing the pentamer with the (M) configuration (Fig. 5.10). The results indi-
cated that fibers/gels and vesicles were formed from hetero-double helices.

It should be noted that the TEM image of a vesicle obtained in the (M)-bD-4/(P)-
bD-5 system (diethyl ether, total 1.0 x 107 M, r.t., 1 h) showed a wall thickness of
ca. 2 nm (Fig. 5.7b). Then, the structure of vesicles could be related to the hetero-
double-helix structure of (M)-bD-4/(P)-bD-5. Information on the length and height
of the (M)-tetramer/(P)-pentamer complex with methoxycarbonyl side chains was
obtained using MacroModel 8.6 [57] in the MMFFs force field [58-62] (Chap. 4,
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g £
w [ w [~
] .4
<z =
=3 =3
E & Ew
Lo =3
5N $N
o [}
E EL
S — (M)-bD-4/(P)-D-5, 12 h (m-F,CgHs) S — (M)-bD-4/(P)-D-5, 12 h (m-F,CgHs)
= ] — (M)-bD-4(P)-bD-5, 3 h — (M)-bD-4(P)-bD-5, 3 h
— (M)-bD-4/(F)-D-5, 24 h — (M)-bD-4/(P)-D-5, 18 h
£ — (M)-D-4/(P)-D-5, 18 h £ — (M)-D-4/(P)-D-5,3 h
= (M)-D-5/(P}-DF-4, 18 h < (M)-D-5/(P)-DF-4, 3 h
-5 B w |
@ 3
TE TE
=8 =3
- @ e
E o J £ 3
_— D = @
©L w N
= E o
£ £
5 =
= 1 1 1 2
300 350 400 450 500 300 350 400 450 500
Wavelength (nm) Wavelength (nm)

Fig. 5.10 CD (fop) and UV-Vis (bottom) spectra of 1:1 mixtures of (M)-bD-4/(P)-bD-5, (M)-bD-
4/(P)-D-5, (M)-D-4/(P)-D-5, and (M)-D-5/(P)-DF-4 in a toluene (total 1.0 x 10~* M. 25 °C) and
b diethyl ether (total 2.5 x 107> M, 25 °C). Spectra of a 1:1 mixture of (M)-bD-4/(P)-D-5 (m-
difluorobenzene, total 0.5 mM, 25 °C, 12 h) are also shown. The spectra are shown on a
normalized scale at absorption maxima at approximately 365 nm for CD and 335 nm for UV-Vis
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Fig. 4.10). 4-Methyl-2-(2-methylpropyl)pentyl (bD) side chains were attached to the
calculated hetero-double-helix structure of the (M)-tetramer/(P)-pentamer complex,
and energy minimization was carried out without the conformational search (See
Chap. 7). A hetero-double-helix structure of (M)-bD-4/(P)-bD-5 with a diameter and
a width of 3.2 and 1.9 nm, respectively, was obtained, in which seven side chains
were arranged at mutual angles of approximately 60° (Fig. 5.11). The height of
1.9 nm coincided well with the thickness of the vesicle, and it was therefore con-
sidered that hetero-double helices formed a monolayer structure by lateral interac-
tion, which then forms vesicles. The lateral interactions between hetero-double
helices were named “intercomplex interactions” in this study. It may reasonably be
assumed that the fibers formed in toluene also possess membrane like structures,
which resulted in the formation of hollow cylindrical fibers in toluene (Fig. 5.14).
Differences between the growing rates of the membranes in toluene and diethyl ether
might result in differences in anisotropy and morphology between the fibers/gels and
vesicles.

At this stage, it is worthwhile discussing the observations that hetero-double
helices composed of (M)/(P) combinations of ethynylhelicene oligomers formed
fiber/gels and vesicles in solution, but (P)/(P) combinations did not form such higher
assemblies. The chemical structures are the same for both combinations, and only the
chirality of the helicenes differs. The strong intercomplex interactions between
hetero-double helices composed of pseudoenantiomeric (M)/(P) ethynylhelicene
oligomers may originate from the molecular shape of the hetero-double helices. For
comparison, a computational calculation of (P)-bD-4/(P)-bD-5 with the same
absolute configuration of helicenes was conducted using MacroModel 8.6 in the
similar manner to that of (M)-bD-4/(P)-bD-5. 4-Methyl-2-(2-methylpropyl)pentyl
(bD) side chains were attached to the calculated hetero-double-helix structure of the
(P)-tetramer/(P)-pentamer with methoxycarbonyl side chains, and energy minimi-
zation was carried out without the conformational search (See Chap. 7) (Fig. 5.12).

3.2nm 1.9 nm

Fig. 5.11 Top view (left) and side view (right) of hetero-double-helix structure formed from
(M)-bD-4/(P)-bD-5 calculated using MacroModel 8.6 in MMFFs force field. The molecule is
presented using a CPK model with red (main chain) and orange (side chains) for (M)-bD-4, and
green (main chain) and blue (side chains) for (P)-bD-5
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1.9 nm

Fig. 5.12 Top view (left) and side view (right) of double-helix structure formed from (P)-bD-4/
(P)-bD-5 calculated using MacroModel 8.6 in MMFFs force field. The molecule is presented
using a CPK model with red (main chain) and orange (side chains) for (P)-bD-4, and green (main
chain) and blue (side chains) for (P)-bD-5

Despite the similar cylindrical double-helix structures of (M)-bD-4/(P)-bD-5
and (P)-bD-4/(P)-bD-5, substantial differences were observed in the arrangement
of side chains. It is noted that (M)-bD-4/(P)-bD-5 has side chains arranged at
mutual angles of approximately 60°, while (P)-bD-4/(P)-bD-5 has side chains
arranged at mutual angles of approximately 120°. The molecular shape of hetero-
double helices formed by (M)/(P) systems of a higher symmetry may have a larger
surface area, which induces better packing by van der Waals interactions. Then,
stronger intercomplex interactions occur in (M)/(P) systems than in (M)/(M) or
(P)/(P) systems (Fig. 5.13).

The results shown here is an interesting example of hierarchical buildup from
molecules of nanometer level to substances of micrometer or centimeter level.
Pseudoenantiomeric ethynylhelicene oligomers form hetero-double helices, which
then form membranes by intercomplex interactions. The membranes form higher
assemblies of cylindrical fibers or vesicles (Fig. 5.14). The phenomena that weak
interactions sinergistically and hierarchically form assemblies and that slight dif-
ferences in molecular structure have marked effects on assembly formation remind
us of the assembly of proteins in biological systems.

(M)I(P), top view
Approximately 60°
Larger area for lateral intercomplex interaction,
Better packing
(PY(P), top view

| Approximately 120°

Fig. 5.13 Difference in lateral intercomplex interaction between (M)/(P) and (P)/
(P) combinations
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Fig. 5.14 Plausible pathways of forming fibers/gels and vesicles by hierarchical assembly of
pseudoenantiomeric ethynylhelicene oligomers

5.4 Summary

Pseudoenantiomeric (M)/(P) ethynylhelicene oligomers form hetero-double heli-
ces. Their shape of higher symmetry and larger surface area than homo-double
helices is considered to induce strong lateral intercomplex interactions. Hetero-
double helices initially form membranes by the intercomplex interactions and
ultimately fibers or vesicles, the morphology of which is determined by the solvent
used. The structures and properties of the assemblies were fine-tuned by changing
the combination of compounds with different side chains, without losing assembly-
forming ability. A methodology of systematically obtaining a diversity of
assemblies by taking advantage of the two-component system was shown. This
methodology reminds us of the assembly formation of biological proteins, with
regard to the fact that small molecules are hierarchically bottom-upped to larger
assemblies by synergistic weak interactions, and that slight differences in molec-
ular structure have marked effects on the properties of the assemblies.
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Chapter 6
Conclusions

1. Ethynylhelicene oligomers possessing different side chains were synthesized:
(P)-bD-n (n = 2-6) with 4-methyl-2-(2-methylpropyl)pentyl side chains,
(P)-F-n (n = 2-5) with perfluorooctyl side chains, (P)-DF-n (n = 4, 6, 8) with
alternating decyloxycarbonyl/perfluorooctyl side chains, and (P)-FD-n (n = 4,
6, 10) with alternating perfluorooctyl/decyloxycarbonyl side chains. A two-
directional method was employed to elongate the oligomers by a repetitive
Sonogashira coupling reaction with building blocks and deprotection.

2. The homo-double-helix formation of ethynylhelicene oligomers with various
side chains was studied. The order of stability was (P)-F-n > (P)-D-n and (P)-
bD-n > (P)-DF-n, (P)-FD-n, and (P)-S-n. It is considered that a regular
alternating arrangement of soft’hard and electron-rich/deficient moieties is
important for stable homo-double-helix. (P)-D-5 and (P)-F-5 in pure homo-
double-helix states showed approximately mirror-image CD spectra, which
indicated that their helicities are opposite. Side chains have notable effects on
the stability and structure of homo-double helices.

3. Mixtures of pseudoenantiomeric (M)/(P)-ethynylhelicene oligomers formed
hetero-double helices, which are thermodynamically more stable than homo-
double helices of (M)/(M) or (P)/(P) combinations. Bimolecular hetero-double-
helix formation was confirmed using the (M)-bD-4/(P)-D-§ system, which did
not form higher assemblies. The side chains and the number of helicenes had
significant effects on the properties of hetero-double helices, and a reversible
structural change between hetero-double helices and random coils was attained
under appropriate conditions using the (M)-D-6/(P)-DF-8 and (M)-D-6/(P)-DF-
6 systems. A methodology of fine-tuning the properties of hetero-double helices
by a combination of compounds is presented.

4. The hetero-double-helix complex aggregated to form higher assemblies, and
fibers were formed in toluene and vesicles in diethyl ether. It is considered that
the high symmetry and large surface area in hetero-double-helix complexes
induce strong lateral intercomplex interactions, which result in the hierarchical
formation of membranes and ultimately of fibers and vesicles. The structures
and properties of the assemblies were fine-tuned by changing the combination
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6 Conclusions

of compounds with different side chains without losing the assembly-forming
ability. A methodology of systematically obtaining diverse higher assemblies
using two-component systems is shown.



Chapter 7
Experimental Section

7.1 General Methods

Melting points were determined with a Yanaco micro melting point apparatus
without correction. Elemental analyses were conducted with a Yanaco CHN
CORDER MT-6 and a Yanaco HNS-15/HSU-20. Optical rotations were measured
on a JASCO DIP-340 digital polarimeter. IR spectra were measured on a JASCO
FT/IR-400 spectrophotometer. UV-Vis spectra were measured on a BECKMAN
DU 640 or a JASCO J-720 spectropolarimeter. '"H NMR and '>*C NMR spectra
were recorded on a Varian Mercury (400 MHz), a Varian Vnmr J2.2C (400 MHz),
or a JEOL INM-ECA 600 (600 MHz) with tetramethylsilane as an internal stan-
dard. Chemical shifts are expressed in parts per million (ppm, J). The abbrevia-
tions of signal patterns are as follows: s, singlet; d, doublet; t, triplet; q, quartet;
quin, quintet; sep, septet; m, multiplet. '>*C NMR spectra taken in CDCls (8 77.0)
was referenced to the residual solvents. '’F NMR spectra were also recorded on a
Varian Vnmr J2.2C (400 MHz) or a JEOL JNM-ECA 600 (565 MHz) with tri-
fluoroacetic acid as an internal standard (6 —79.0). Low- and High- resolution
mass spectra were recorded on a JEOL JMS-DX-303, a IMS-AX-500, or a JEOL
JMS-700. FAB mass spectra were recorded on a JEOL JMS-700 spectrometer by
using m-nitrobenzyl alchohol matrix. MALDI-TOF MS spectra were recorded on a
Perseptive Biosystems Voyager™ DE or a Shimadzu Axima using o-cyano-4-
hydroxycinnamic acid as the matrix. CD spectra were measured on a JASCO J-720
spectropolarimeter. Vapor pressure osmometry (VPO) was conducted with
KNAUER K-7000 molecular weight apparatus using benzyl as a standard. Atomic
force microscopic (AFM) images were obtained on a Veeco Digital Instrument
Multimode Nanoscope IIla or a SEIKO SPA400 operating in the tapping mode
regime under ambient temperature and pressure. Micro-fabricated silicon canti-
lever tips (Olympus OMCL-AC160TS-C2 or Veeco MPP-11100-10) were used.
Transmission Electron Microscopy (TEM) images were obtained on a JEOL JEM-
2010F operating with an accerelating voltage of 200 kV. Samples were prepared
by drop casting a solution on a 400 mesh carbon-coated copper grids. DLS
measurements were conducted with Malvern Zetasizer Nano N. Polarizing optical
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microscopic observations were carried out using an Olympus BXS53 polarizing
optical microscope equipped to a CCD camera. Gel permeation chromatography
(GPC) was conducted with Recycling Preparative HPLC LC-908 or LC-918
(Japan Analytical Industry, Co. Ltd.). CD and UV—-Vis spectra were recorded using
distilled or spectrophotomeric grade commercial solvents. Solvents used for AFM,
TEM, and DLS experiments were used after filtration through 0.2 pm pore
membrane filters. The ratio of solvent mixture was shown by volume/volume.

7.2 Experimental Method for Chap. 2

4-Methyl-2-(2-methylpropyl)-pentanoic acid ethyl ester, 13. Under an argon
atmosphere, a mixture of diisobutylmalonic acid diethyl ester 12 (6.38 g,
23.4 mmol), lithium chloride (5.96 g, 0.141 mol), and water (2.50 mL,
0.140 mmol) in dimethyl sulfoxide (68 mL) was heated under reflux for 24 h.
Then the mixture was cooled to room temperature, and saturated aqueous
ammonium chloride was added. After being stirred for 1 h, the organic materials
were extracted with ethyl acetate three times. The organic layer was washed with
water, brine, and dried over magnesium sulfate. The solvent was evaporated under
reduced pressure, and separation by silica gel chromatography gave 13 as colorless
oil (3.88 g, 19.4 mmol, 83 %). LRMS (EI, 70 eV) m/z: 201 ((M + H]*, 1.1 %),
144 ([M=C4Hg], 81 %), 101 ([IM—C;H;s5]*, 100 %). HRMS m/z Calcd for
Ci1oH,50,%: 201.1834. Found: 201.1855. IR (KBr) 2957, 2871, 1736, 1178 cm™".
"H NMR (400 MHz, CDCl5) 6 0.87 (6H, d, J = 6.4 Hz), 0.90 (6H, d, J = 6.4 Hz),
1.16-1.22 (2H, m), 1.25 (3H, t, J = 7.2 Hz), 1.49-1.51 (4H, m), 2.50 (1H, sep,
J =48 Hz), 413 (2H, q, J = 7.2 Hz). *C NMR (100 MHz, CDCl5). 6 14.3,
22.0, 23.0, 26.1, 41.7, 42.2, 59.9, 176.9.

4-Methyl-2-(2-methylpropyl)-pentanol, 14. Under an argon atmosphere, to a
suspension of lithium alminium hydride (878 mg, 23.1 mmol) in THF (67 mL), 13
(3.86 g, 19.3 mmol) in THF (10 mL) was slowly added at —100 °C. Then the
mixture was warmed to 0 °C, and stirred for 2 h. At the temperature, sodium
sulfate decahydrate was added slowly until formation of hydrogen stopped. Then,
water (2-3 mL) was added, which was followed by excess sodium sulfate. After
being stirred at room temperature overnight, insoluble materials were filtrated
through Celite, and washed with THF three times. The solvent was evaporated
under reduced pressure, and separation by silica gel chromatography gave 14 as
colorless oil (2.95 g, 19.3 mmol, 97 %). LRMS (EI, 70 eV) m/z: 140.15 ([M—
H,0], 9.9 %), 83 ([CsH,01*, 65 %), 71 ([C4H,01%, 95 %), 57 ([C4Ho]", 100 %),
43 ([C3H,I", 72 %). HRMS (FAB) m/z Caled for CyoHysO," ([2 M-HJ):
317.3414. Found: 317.3432. IR (KBr) 3325 (br), 2954, 2917, 2871, 1468,
1048 cm™'. "H NMR (400 MHz, CDCl3) 6 0.88 (6H, d, J = 6.4 Hz), 0.89 (6H, d,
J = 6.4 Hz), 1.07 (2H, quin, J = 6.4 Hz), 1.22 (2H, quin, J = 6.4 Hz), 1.55-1.71
(3H, m), 1.71-1.83 (1H, m, br), 3.51 (2H, d, J = 4.8 Hz). '*C NMR (100 MHz,
CDCl3) 0 22.8, 23.0, 25.2, 35.6, 41.1, 66.0.
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4-Methyl-2-(2-methylpropyl)-pentyl 3,5-dihydroxy benzoate, 15. Under an
argon atmosphere, a mixture of 14 (1.02 g, 6.43 mmol), 3,5-dihydroxybenzoic
acid (1.04 g, 6.75 mmol), and conc. sulufonic acid (0.010 mL) in dry 1,4-dioxane
(13 mL) was heated under reflux for 22 h. After the mixture was cooled to room
temperature, saturated aqueous ammonium chloride was added. The organic
materials were extracted with ethyl acetate. The organic layer was washed with
water, brine, and dried over magnesium sulfate. The solvent was evaporated under
reduced pressure, and separation by silica gel chromatography gave 15 as white
solid (1.38 g, 4.68 mmol, 73 %). Mp 98-100 °C (ethyl acetate-hexane). LRMS
(EL 70 eV) m/z: 294 (IM]*, 24 %), 154 (IM=C oHx0], 100 %), 138 ([M—C oH»0O],
85 %). HRMS m/z Calcd for C;7H,604: 294.1831. Found: 294.1840. IR (KBr)
3648 (br), 3304 (br), 2956, 1688, 1607, 1453, 1242, 1150 cm™'. 'H NMR
(400 MHz, CDCl5) 6 0.90 (6H, d, J = 6.4 Hz), 0.91 (6H, d, J = 6.4 Hz), 1.17
(2H, quin, J = 6.4 Hz), 1.28 (2H, quin, J = 6.4 Hz), 1.70 (2H, sep, J = 6.4 Hz),
1.85-1.94 (1H, m), 4.18 (2H, d, J =52 Hz), 5.22 (2H, s), 6.58 (1H, t,
J =24Hz),7.11 2H, d, J = 2.4 Hz). *C NMR (100 MHz, CDCls) § 22.7, 23.0,
25.2, 329, 41.6, 68.7, 107.5, 109.1, 132.5, 156.9, 166.8.

4-Methyl-2-(2-methylpropyl)pentyl 3,5-bis(trifluoromethanesulfoxy)benzo-
ate, 16. To a solution of 15 (1.15 g, 3.91 mmol) in pyridine (15 mL), trifluoro-
methanesulfonic acid anhydride (1.6 mL, 9.7 mmol) was slowly added at —30 °C.
The mixture was gradually warmed to room temperature, and stirred for 3 h. The
reaction mixture was diluted with ethyl acetate, and saturated aqueous ammonium
chloride was added. The organic materials were extracted with ethyl acetate. The
organic layer was washed with saturated aqueous sodium hydrogencarbonate,
water, brine, and dried over magnesium sulfate. The solvent was evaporated under
reduced pressure, and separation by silica gel chromatography gave 17 as white
solid (2.15 g, 3.84 mmol, 98 %). Mp 7677 °C (hexane-methanol). LRMS (EI,
70 eV) m/z: 401 (IM=CoH,,01*, 54 %), 83 ([Ce¢H; 11", 100 %). HRMS (FAB) m/z
Calcd for C;oH,3F605S, (IM-HJ"): 557.0733. Found: 557.0735. IR (KBr) 2960,
1719, 1434, 1250, 1224, 1138 cm™'. "H NMR (400 MHz, CDCl;) 6 0.91 (6H, d,
J =6.8 Hz), 0.93 (6H, d, J = 6.8 Hz), 1.16-1.30 (4H, m), 1.67-1.74 (2H, m),
1.89-1.99 (1H, m), 4.26 (2H, d, J = 5.6 Hz), 7.44 (1H, t, J = 2.4 Hz), 7.98 (2H,
d, J = 2.4 Hz). C NMR (100 MHz, CDCl5) 6 22.6, 23.0, 25.3, 32.9, 41.8, 70.0,
118.6 (q, Jor = 319 Hz), 119.6, 122.4, 134.7, 149.4, 162.9. '°F NMR (376 MHz,
CDCls, trifluoroacetic acid (6 —79.0) as an external standard) 6 —75.3 (6F, s).

(P)-Building block with 4-methyl-2-(2-methylpropyl)-pentanoxycarbonyl
side chains, (P)-bD-1. Under an argon atmosphere, a mixture of 16 (1.23 g,
2.20 mmol), tris(dibenzylideneacetone)dipalladium(0)  chloroform  adduct
45.6 mg, 0.0440 mmol), cuprous iodide (101 mg, 0.0528 mmol), tris(2,4,6-tri-
methylphenyl)phosphine (103 mg, 0.264 mmol), triphenylphosphine (69.3 mg,
0.264 mmol), tetrabutylammonium iodide (1.30 g, 2.20 mmol), triethylamine
(0.70 mL), N,N-dimethylformamide (6.6 mL), and THF (2.6 mL) was freeze-
evacuated three times in flask A. In flask B, a solution of monosilylated ethy-
nylhelicene (P)-17 (332 mg, 0.881 mmol) in THF (4.0 mL) was freeze-evacuated
three times, and the mixture was slowly added to flask A. The mixture was stirred
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at room temperature for 1 h. The reaction was quenched by adding saturated
aqueous ammonium chloride, and the organic materials were extracted with tol-
uene. The organic layer was washed with water, brine, and dried over magnesium
sulfate. The solvents were evaporated under reduced pressure, and separation by
silica gel chromatography and recycling GPC gave (P)-bD-1 as yellow solid
(588 mg, 0.749 mmol, 85 %). Mp 64—66 °C (toluene-methanol). [oc]D27 —348 (c
0.50, CHCl3). MALDI-TOF MS m/z Calcd for C4sH47F305SSi: 784.2866. Found:
784.4. UV—Vis (CHCl3, 5.0 x 107° M) Amax (€) 334 nm (7.3 x 10%). CD (CHCl,,
5.0 x 107° M) A(de) 261 nm (57), 295 nm (—19), 331 nm (27), 383 nm (—44).
IR (KBr) 2956, 2148, 1729, 1429, 1248 cm™'. Anal. (C4sH,7F305SSi) Calcd: C,
68.85; H, 6.03. Found: C, 68.82; H, 6.00. "H NMR (400 MHz, CDCl3) 6 0.39 (9H,
s), 094 (6H, d, J= 6.4 Hz), 096 (6H, d, J =64 Hz), 1.24 (2H, quin,
J = 6.4 Hz), 1.32 (2H, quin, J = 6.4 Hz), 1.75 (2H, sep, J = 6.4 Hz), 1.92 (6H,
s), 1.93 (6H, s), 1.93-2.01 (1H, m), 4.28 (2H, d, J = 5.6 Hz), 7.45 (1H, d,
J =84Hz), 747 (1H, d, J = 8.4 Hz), 7.67 (1H,t, J = 8.4 Hz), 7.69 (1H, t,
J =84Hz),7.76 (1H,t,J = 1.6 Hz), 7.92 (1H, dd, J = 1.6, 1.2 Hz), 8.01 (1H,s),
8.06 (1H, s), 8.35 (1H, dd, J = 1.6, 1.2 Hz), 8.43 (2H, d, J = 8.4 Hz). '*C NMR
(100 MHz, CDCl3) 6 0.097, 22.7, 23.06, 23.14, 23.2, 25.3, 33.0, 41.8, 69.5, 91.1,
91.4,100.3, 102.9, 118.7 (q, Jc — r = 319 Hz), 118.9, 120.4, 121.9, 123.3, 123.7,
126.3, 126.9, 127.0, 128.1, 129.2, 129.3, 129.8, 130.3, 130.78, 130.82, 130.9,
131.9, 132.45, 132,53, 133.3, 136.8, 137.0, 137.1, 149.3, 164.2. '"F NMR
(376 MHz, CDCls;, trifluoroacetic acid (6 —79.0) as an external standard) 6 —75.5
(3F, s).

(P)-Dimer with 4-methyl-2-(2-methylpropyl)-pentanoxycarbonyl side
chains, (P)-bD-2. Under an argon atmosphere, a mixture of tris(dibenzylidene-
acetone)dipalladium(0) chloroform adduct 8.52 mg, 0.00823 mmol), cuprous
iodide (18.8 mg, 0.0988 mmol), tris(2,4,6-trimethylphenyl)phosphine (19.2 mg,
0.0494 mmol), triphenylphosphine (13.0 mg, 0.494 mmol), tetrabutylammonium
iodide (243 mg, 0.648 mmol), triethylamine (0.11 mL), N,N-dimethylformamide
(1.1 mL), and THF (0.2 mL) was freeze-evacuated three times in flask A. In flask
B, a mixture of monosilylated ethynylhelicene (P)-17 (56.7 mg, 0.151 mmol) and
16 (42.1 mg, 0.0753 mmol) in THF (4.0 mL) was freeze-evacuated three times,
and the mixture was slowly added to flask A. The mixture was stirred at 45 °C for
4 h. The reaction was quenched by adding saturated aqueous ammonium chloride,
and the organic materials were extracted with toluene. The organic layer was
washed with water, brine, and dried over magnesium sulfate. The solvents were
evaporated under reduced pressure, and separation by silica gel chromatography
and recycling GPC gave (P)-bD-2 as yellow solid (72.4 mg, 0.715 mmol, 95 %).
Mp 158160 °C (toluene-methanol). [«]p>’ —591 (¢ 0.50, CHCl;). MALDI-TOF
MS m/z Caled for C;1H700,Si: 1010.5. Found: 1010.4. UV-Vis (CHCl;,
5.0 x 107° M) Apax (6) 334 nm (1.6 x 10°). CD (CHCls, 5.0 x 107% M) A(4¢)
262 nm (115), 296 nm (—35), 333 nm (67), 385 nm (—87). IR (KBr) 2954, 2147,
1724, 1247 cm™ . Anal. (C7;H700,Si,) Calcd: C, 84.31; H, 6.98. Found: C, 84.43;
H, 7.24. "H NMR (400 MHz, CDCl3) 6 0.40 (18H, s), 0.98 (6H, d, J = 6.8 Hz),
0.99 (6H, d, J=6.8 Hz), 1.26 (6H, quin, J = 6.8 Hz), 1.38 (2H, quin,
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J = 6.8 Hz), 1.79 (2H, sep, J = 6.4 Hz), 1.92 (6H, s), 1.98-2.05 (1H, m), 4.31
(2H,d,J = 5.6 Hz), 7.43 2H,d,J = 7.2 Hz), 7.46 (2H, d, J = 7.2 Hz), 7.65 (2H,
dd, J = 8.0, 7.2 Hz), 7.70 (2H, dd, J = 8.0, 7.2 Hz), 8.01 (2H, s), 8.05 (2H, s),
8.19 2H, t,J = 1.2 Hz), 8.35 (2H, d, J = 1.2 Hz), 8.44 (2H, d, J = 8.0 Hz), 8.54
(2H, d, J = 8.0 Hz). >*C NMR (100 MHz, CDCl5) 6 0.14, 22.8, 23.16, 23.18,
25.4, 33.1, 41.8, 69.0, 89.4, 92.9, 100.2, 103.1, 119.6, 120.3, 123.5, 123.6, 124.3,
126.6, 126.9, 129.1, 129.8, 130.8, 130.9, 131.5, 132.1, 132.31, 132.35, 136.7,
136.8, 138.2, 165.5.

Deprotected (P)-dimer with 4-methyl-2-(2-methylpropyl)-pentanoxycar-
bonyl side chains, (P)-bD-2H (Typical procedure for desilylation of (P)-bD-n).
To a solution of (P)-bD-2 (60.2 mg, 0.0595 mmol) in THF (0.9 mL) was added
1.0 M tetrabutylammonium fluoride in THF (0.18 mL, 0.18 mmol) at 0 °C. After
being stirred for 30 min at the temperature, saturated aqueous ammonium chloride
was added. The organic materials were extracted with toluene. The organic layer
was washed with water, brine, and dried over magnesium sulfate. The solvents
were evaporated under reduced pressure, and silica gel chromatography gave (P)-
bD-2H (51.6 mg, 0.0595 mmol, quant.). Mp 145-149 °C, decomp. (toluene-
methanol). [a]p”” —582 (¢ 0.50, CHCl3). MALDI-TOF MS m/z Caled for
CesHs40,: 866.4. Found: 866.6. UV—Vis (CHCl3, 5.0 x 107° M) Zmax (€) 330 nm
(1.5 x 10%). CD (CHCls, 5.0 x 107° M) A(4g) 264 nm (112), 297 nm (—37),
329 nm (64), 383 nm (—84). IR (KBr) 2952, 2205, 1719, 1240 cm™'. Anal.
(C¢sHs40,) Calcd for: C, 90.03; H, 6.28. Found: C, 89.88; H, 6.56. '"H NMR
(400 MHz, CDCl5) 6 0.98 (6H, d, J = 6.4 Hz), 0.99 (6H, d, J = 6.4 Hz), 1.26
(6H, quin, J = 6.8 Hz), 1.38 (2H, quin, J = 6.8 Hz), 1.79 (2H, sep, J/ = 6.4 Hz),
1.94 (12H, s), 1.98-2.05 (1H, m), 3.56 (2H, s), 4.31 (2H, d, J = 5.6 Hz), 7.45 (2H,
d, J=17.2Hz), 749 (2H, d, J = 7.2 Hz), 7.65 (2H, dd, J = 8.0, 7.2 Hz), 7.71
(2H, dd, J = 8.0, 7.2 Hz), 8.04 (2H, s), 8.07 (2H, s), 8.17 (2H, t, J = 1.6 Hz), 8.34
(2H, d, J = 1.6 Hz), 8.44 (2H, d, J = 8.0 Hz), 8.53 (2H, d, J = 8.0 Hz). °C
NMR (100 MHz, CDCl5) 6 22.8, 23.16, 23.18, 25.4, 33.1, 41.8, 69.0, 81.8, 82.4,
89.3,93.0, 119.4, 119.7, 123.5, 124.3, 126.8, 126.9, 127.0, 129.19, 129.24, 129.8,
130.4, 130.8, 130.9, 131.5, 132.1, 132.3, 132.4, 136.8, 136.9, 138.2, 165.5.

(P)-Trimer with 4-methyl-2-(2-methylpropyl)-pentanoxycarbonyl side
chains, (P)-bD-3 (Typical procedure for the Sonogashira coupling reaction of
(P)-bD-n). Under an argon atmosphere, a mixture of tris(dibenzylideneace-
tone)dipalladium(0) chloroform adduct 13.2 mg, 0.0127 mmol), cuprous iodide
(29.1 mg,  0.1529 mmol),  tris(2,4,6-trimethylphenyl)phosphine  (29.7 mg,
0.764 mmol), triphenylphosphine (20.1 mg, 0.0764 mmol), tetrabutylammonium
iodide (376 mg, 0.255 mmol), triethylamine (0.12 mL), N,N-dimethylformamide
(1.2 mL), and THF (0.2 mL) was freeze-evacuated three times in flask A. In flask
B, a mixture of diethynylhelicene (P)-18 (38.8 mg, 0.127 mmol) and (P)-bD-1
(200 mg, 0.255 mmol) in THF (1.0 mL) was freeze-evacuated three times, and the
mixture was slowly added to flask A. The mixture was stirred at 45 °C for 4 h. The
reaction was quenched by adding saturated aqueous ammonium chloride, and the
organic materials were extracted with toluene three times. The combined organic
layer was washed with water, brine, and dried over magnesium sulfate. The
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solvents were evaporated under reduced pressure, and separation by silica gel
chromatography and recycling GPC gave (P)-bD-3 as yellow solid (182 mg,
0.116 mmol, 91 %). Mp 175-177 °C (toluene-methanol). [oc]D27 —592 (¢ 0.50,
CHCI;3). MALDI-TOF MS m/z Calcd for C;1,H;9304Si,: 1572.8. Found: 1572.4.
UV-Vis (CHCl;, 5.0 x 107% M) Jpax (¢) 335 nm (2.5 x 10%). CD (CHCl,,
5.0 x 107 M) A(4g) 264 nm (174), 296 nm (—52), 333 nm (81), 387 nm (—146).
IR (KBr) 2954, 2148, 1724, 1242 cm™". Anal. (C;1,H,0504Si,) Caled: C, 85.45;
H, 6.91. Found: C, 85.56; H, 6.90. "H NMR (400 MHz, CDCl;) 6 0.40 (18H, s),
0.99 (12H, d, J=64Hz), 1.00 (12H, d, J = 6.4 Hz), 1.26 (4H, quin,
J = 6.4 Hz), 1.39 (4H, quin, J = 6.4 Hz), 1.80 (4H, sep, J = 6.4 Hz), 1.93 (6H,
s), 1.95 (6H, s), 1.99 (6H, s), 1.99-2.05 (2H, m), 4.32 (4H, d, J = 5.6 Hz), 7.44
(2H,d,J = 7.2 Hz),7.47 2H,d,J = 7.2 Hz), 7.50 (2H, d, J = 7.2 Hz), 7.66 (2H,
dd, J=8.0, 7.2 Hz), 7.71 (2H, dd, J = 8.0, 7.2 Hz), 7.73 (2H, dd, J = 8.0,
7.2 Hz), 8.02 (2H, s), 8.06 (2H, s), 8.11 (2H, s), 8.20 (2H, dd, J = 1.6, 1.2 Hz),
8.35 (2H,t,J = 1.2 Hz), 8.36 2H, t, / = 1.6 Hz), 8.44 (2H, d, J = 8.0 Hz), 8.54
(2H, d, J = 8.0 Hz), 8.56 (2H, d, J = 8.0 Hz). >*C NMR (100 MHz, CDCl;) §
0.13,22.8, 23.16, 23.23, 25.4, 33.1, 41.9, 69.0, 89.3, 89.4, 92.9, 93.0, 100.2, 103.1,
119.6, 119.8, 120.3, 123.5, 123.6, 123.7, 124.3, 124.4, 126.6, 126.8, 126.9, 127.0,
129.1, 129.2, 129.3, 129.9, 130.8, 130.9, 131.0, 131.5, 132.1, 132.2, 132.4, 136.7,
136.86, 136.92, 138.3, 165.5.

Deprotected (P)-trimer with 4-methyl-2-(2-methylpropyl)-pentanoxycar-
bonyl side chains, (P)-bD-3H. The compound (76.7 mg, 0.0536 mmol, quant.)
was prepared from (P)-bD-3 (84.5 mg, 0.0536 mmol). Mp 167-170 °C, decomp.
(toluene-methanol). [o]p>! —603 (c 0.50, CHCl3). MALDI-TOF MS m/z Calcd for
Cio6Ho204: 1428.7. Found: 1428.9. UV-Vis (CHCl3, 5.0 x 107° M) Amax ()
331 nm (2.1 x 10°). CD (CHCls, 5.0 x 107° M) A(4e) 264 nm (175), 297 nm (—
51), 330 nm (71), 387 nm (—136). IR (KBr) 2954, 2208, 1724, 1240 cm™!. Anal.
(C1o6Ho204) Caled: C, 89.04; H, 6.49. Found: C, 89.04; H, 6.43. '"H NMR
(400 MHz, CDCl5) 6 0.98 (12H, d, J = 6.8 Hz), 0.99 (12H, d, J = 6.4 Hz), 1.26
(4H, quin, J = 7.0 Hz), 1.39 (4H, quin, J = 6.8 Hz), 1.80 (4H, sep, J = 6.4 Hz),
1.95 (12H, s), 1.99 (6H, s), 1.99-2.05 (2H, m), 3.56 (2H, s), 4.31 (4H, d,
J = 5.6 Hz), 7.45-7.51 (6H, m), 7.66 (2H, dd, J = 8.0, 7.2 Hz), 7.72 (2H, dd,
J =28.0,7.2Hz), 7.73 (2H, dd, J = 8.0, 7.2 Hz), 8.05 (2H, s), 8.08 (2H, s), 8.12
(2H, s), 8.19 (2H, t, J = 1.6 Hz), 8.34 (2H, t, J = 1.6 Hz), 8.36 (2H, t,
J =1.6 Hz), 8.44 (2H, d, J = 8.0 Hz), 8.54 (2H, d, J = 8.0 Hz), 8.55 (2H, d,
J = 8.0 Hz). >*C NMR (100 MHz, CDCl5) 6 22.8, 23.17, 23.19, 23.24, 25.4, 33.1,
41.9, 69.0, 81.8, 82.4, 89.3, 92.96, 93.01, 119.4, 119.75, 119.83, 123.5, 124.3,
126.8, 126.86, 126.94, 126.99, 127.03, 129.2, 129.25, 129.31, 129.8, 129.9, 130.4,
130.8, 130.9, 131.0, 131.1, 131.5, 132.1, 132.2, 132.4, 136.8, 136.9, 137.0, 138.3,
165.5.

(P)-Tetramer with 4-methyl-2-(2-methylpropyl)-pentanoxycarbonyl side
chains, (P)-bD-4. The compound (86.2 mg, 0.0403 mmol, 92 %) was prepared
from (38.0 mg, 0.0438 mmol) and (P)-bD-1 (68.8 mg, 0.0877 mmol) as yellow
solid. Mp 187-189 °C (toluene-methanol). [«]p>’ —566 (c 0.50, CHCl3). MALDI-
TOF MS m/z Caled for Cy53H;4606Si5: 2135.1. Found: 2135.6. UV-Vis (CHCl;,
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5.0 x 107° M) Jpmax (8) 335 nm (2.9 x 10%). CD (CHCls, 5.0 x 107° M) A(4e)
264 nm (237), 296 nm (—66), 333 nm (87), 387 nm (—193). IR (KBr) 2953, 2146,
1724, 1239 cm™'. Anal. (C,53H;4606S12) Caled: C, 85.99; H, 6.89. Found: C,
85.97; H, 7.00. "H NMR (400 MHz, CDCl5) d 0.40 (18H, s), 0.98-1.02 (36H, m),
1.23-1.31 (6H, m), 1.36-1.44 (6H, m), 1.75-1.84 (6H, m), 1.94 (6H, s), 1.95 (6H,
m), 2.00 (12H, s), 2.00-2.05 (3H, m), 4.32-4.34 (6H, m), 7.45 (2H, d,
J=172Hz), 748 (2H, d, J = 7.2 Hz), 7.51 (4H, d, J = 7.2 Hz), 7.66 (2H, dd,
J = 8.0, 7.2 Hz), 7.70-7.76 (6H, m), 8.02 (2H, s), 8.06 (2H, s), 8.12 (4H, s), 8.21
(2H, t, J = 1.6 Hz), 8.22 (1H, t, J = 1.6 Hz), 8.35 (2H, t, / = 1.6 Hz), 8.37 (4H,
t,J = 1.6 Hz), 8.44 (2H, d, J = 7.2 Hz), 8.54-8.58 (6H, m). '*C NMR (100 MHz,
CDCls) 6 0.13, 22.8, 23.15, 23.25, 25.4, 33.1, 41.8, 69.0, 89.3, 89.4, 92.9, 93.0,
100.2, 103.1, 119.6, 119.8, 120.3, 123.5, 123.59, 123.64, 124.3, 124.34, 124 .4,
126.6, 126.8, 126.9, 127.0, 129.1, 129.2, 129.3, 129.8, 130.8, 130.9, 130.93, 131.0,
131.5, 132.1, 132.2, 132.3, 136.7, 136.86, 136.92, 138.2, 165.5.

Deprotected (P)-tetramer with 4-methyl-2-(2-methylpropyl)-pentanoxy-
carbonyl side chains, (P)-bD-4H. The compound (45.5 mg, 0.0228 mmol, 98 %)
was prepared from (P)-bD-4 (50.0 mg, 0.0234 mmol) as yellow solid. Mp
205-208 °C, decomp. (toluene-methanol). [«]p>’ —572 (c 0.50, CHCl3). MALDI-
TOF MS m/z Calcd for Ci47H;3006: 1991.0. Found: 1990.3. UV-Vis (CHCls;,
5.0 x 107% M) Anax () 332 nm (2.7 x 10%). CD (CHCls, 5.0 x 107° M) A(de)
265 nm (235), 297 nm (—51), 330 nm (83), 387 nm (—184). IR (KBr) 2953, 2205,
1724, 1240 cm™"'. Anal. (C;47H,300¢) Calcd: C, 88.61; H, 6.58. Found: C, 88.33;
H, 6.83. "H NMR (400 MHz, CDCl;) d 0.97-1.01 (36H, m), 1.23-1.30 (6H, m),
1.35-1.43 (6H, m), 1.76-1.83 (6H, m), 1.94 (12H, s), 1.99 (12H, s), 1.99-2.04 (3H,
m), 3.56 (2H, s), 4.31-4.33 (6H, m), 7.45 (2H, d, J = 6.8 Hz), 7.48 (2H, d,
J =172 Hz),7.51 (4H, d, J = 6.8 Hz), 7.66 (2H, dd, J = 8.0, 7.2 Hz), 7.69-7.76
(6H, m), 8.05 (2H, s), 8.08 (2H, s), 8.13 (4H, s), 8.19 2H, t, J = 1.6 Hz), 8.22
(1H, t, J = 1.6 Hz), 8.34 (2H, t, J = 1.6 Hz), 8.35-8.36 (4H, m), 8.44 (2H, d,
J = 8.0 Hz), 8.53-8.57 (6H, m). '*C NMR (100 MHz, CDCls) § 22.8, 23.16,
23.24, 25.4, 33.1, 41.9, 69.0, 81.8, 82.4, 89.3, 92.95, 93.01, 119.4, 119.7, 119.8,
123.5, 123.6, 124.3, 126.8, 126.87, 126.94, 126.99, 127.04, 129.19, 129.24, 129.3,
129.8, 129.9, 130.4, 130.82, 130.84, 130.9, 131.0, 131.1, 131.5, 132.1, 132.2,
132.4, 136.8, 136.9, 137.0, 138.3, 165.5.

(P)-Pentamer with 4-methyl-2-(2-methylpropyl)-pentanoxycarbonyl side
chains, (P)-bD-5. The compound (133 mg, 0.0494 mmol, 92 %) was prepared
from (P)-bD-3H (76.7 mg, 0.0536 mmol) and (P)-bD-1 (84.2 mg, 0.107 mmol) as
yellow solid. Mp 189-191 °C (toluene-methanol). [a]p>! =550 (¢ 0.50, CHCI,).
MALDI-TOF MS m/z Calcd for Cy94H;5405Si,: 2697.4. Found: 2696.9. UV-Vis
(CHCl3, 5.0 x 107° M) Jpmax (¢) 336 nm (3.7 x 10°). CD (CHCl3, 5.0 x 107° M)
A(de) 264 nm (304), 297 nm (—83), 334 nm (101), 389 nm (—248). IR (KBr)
2954, 2150, 1726, 1240 cm™". Anal. (Co4H;5405Si>) Calcd: C, 86.31; H, 6.87.
Found: C, 86.37; H, 7.10. "H NMR (400 MHz, CDCl;) 6 0.39 (18H, s), 0.97-1.01
(48H, m), 1.22-1.30 (8H, m), 1.35-1.43 (8H, m), 1.74-1.83 (8H, m), 1.93 (6H, s),
1.94 (6H, s), 1.99 (12H, s), 2.00 (6H, s), 2.00-2.04 (4H, m), 4.30-4.33 (8H, m),
7.44 (2H, d, J = 6.8 Hz), 7.47 (2H, d, J = 7.2 Hz), 7.49-7.52 (6H, m), 7.66 (2H,
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dd, J = 8.0, 7.2 Hz), 7.69-7.76 (8H, m), 8.01 (2H,s), 8.06 (2H, s), 8.11-8.12 (6H,
m), 8.20 (2H, dd, J = 1.6, 1.2 Hz), 8.21 (2H, dd, J = 1.6, 1.2 Hz), 8.34 (2H, dd,
J =1.6,1.2 Hz), 8.35-8.36 (6H, m), 8.43 (2H, d, J = 7.6 Hz), 8.53-8.57 (8H, m).
3C NMR (100 MHz, CDCl5) & 0.12, 22.8, 23.16, 23.23, 25.4, 33.1, 41.9, 69.0,
89.3, 89.4, 92.9, 93.0, 100.2, 103.1, 119.6, 119.8, 120.3, 123.5, 123.58, 123.65,
124.3, 126.6, 126.8, 126.9, 127.0, 129.1, 129.2, 129.3, 129.9, 130.8, 130.9, 131.0,
131.47, 131.48, 132.1, 132.2, 132.3, 136.7, 136.86, 136.93, 138.2, 165.5.

(P)-Hexamer with 4-methyl-2-(2-methylpropyl)-pentanoxycarbonyl side
chains, (P)-bD-6. The compound (147 mg, 0.0451 mmol, 94 %) was prepared
from (P)-bD-4H (96.0 mg, 0.0482 mmol) and (P)-bD-1 (75.6 mg, 0.0964 mmol)
as yellow solid. Mp 190-193 °C (toluene-methanol). (]2 =506 (¢ 0.50, CHCl5).
MALDI-TOF MS m/z Calcd for Cy35H22,010Si5: 3259.6. Found: 3260.5. UV-Vis
(CHCl3, 5.0 x 107 M) Anax (€) 336 nm (4.3 x 10°). CD (CHCl;, 5.0 x 107° M)
MAe) 264 nm (354), 297 nm (—88), 336 nm (111), 389 nm (—295). IR (KBr)
2954, 2148, 1724, 1239 cm™'. Anal. (C,35H,2,0;0Si,) Caled: C, 86.52; H, 6.86.
Found: C, 86.35; H, 7.11. "H NMR (400 MHz, CDCl3) 6 0.39 (18H, s), 0.97-1.01
(60H, m), 1.23-1.35 (10H, m), 1.36-1.43 (10H, m), 1.74-1.85 (10H, m), 1.92 (6H,
s), 1.94 (6H, s), 1.98-2.06 (29H, m), 4.30-4.32 (10H, m), 7.44 (2H, d,
J = 7.2 Hz), 7.46-7.51 (10H, m), 7.66 (2H, dd, J = 8.0, 7.2 Hz), 7.69-7.75 (10H,
m), 8.01 (2H,s), 8.05 (2H, s), 8.10 (4H, s), 8.11 (4H, m), 8.19 (1H, t, J = 1.6 Hz),
8.20-8.22 (4H, m), 8.33 (2H, t, J = 1.6 Hz), 8.34-8.36 (8H, m), 8.43 (2H, d,
J = 8.0 Hz), 8.53-8.57 (10H, m). '*C NMR (100 MHz, CDCl3) § 0.12, 22.8,
23.16, 23.25, 25.4, 29.7, 33.1, 41.8, 69.0, 89.3, 89.4, 92.9, 93.0, 100.2, 103.0,
119.6, 119.8, 120.3, 123.5, 123.57, 123.64, 124.3, 126.6, 126.8, 126.9, 127.0,
129.1, 129.2, 129.3, 129.8, 130.8, 130.9, 131.0, 131.4, 132.1, 132.2, 132.3, 136.7,
136.87, 136.92, 138.2, 165.5.

(M)-Dimer with 4-methyl-2-(2-methylpropyl)-pentanoxycarbonyl side
chains, (M)-bD-2. [o]p>” +548 (¢ 0.50, CHCl3). Anal. (C7;H;60,Si,) Calcd: C,
84.21; H, 6.98. Found: C, 84.59; H, 7.24.

Deprotected (M)-Dimer with 4-methyl-2-(2-methylpropyl)-pentanoxycar-
bonyl side chains, (M)-bD-2H. [«]p>” +543 (¢ 0.50, CHCI3). Anal. (C¢sHs40,)
Calcd: C, 90.03; H, 6.28. Found: C, 90.13; H, 6.62.

(M)-Tetramer with 4-methyl-2-(2-methylpropyl)-pentanoxycarbonyl side
chains, (M)-bD-4. [o]p>” +505 (¢ 0.25, CHCls). Anal. (C;53H;4606Si») Calcd: C,
85.99; H, 6.89. Found: C, 86.18; H, 7.09.

Deprotected (M)-Tetramer with 4-methyl-2-(2-methylpropyl)-pentanoxy-
carbonyl side chains, (M)-bD-4H. [oc]D27 +566 (¢ 0.50, CHCIs). Anal.
(C147H1300¢) Caled: C, 88.61; H, 6.58. Found: C, 88.68; H, 6.87.

(M)-Hexamer with 4-methyl-2-(2-methylpropyl)-pentanoxycarbonyl side
chains, (M)-bD-6. [«]p>" +520 (¢ 0.25, CHCI3). Anal. (C»35H»,,0,0Si,) Caled: C,
86.52; H, 6.86. Found: C, 86.14; H, 7.10.

3,5-Bis(trifluoromethanesulfonyloxy)iodobenzene, 20. To a solution of 1,3-
dihydroxy-5-iodobenzene 19 (1.73 g, 7.33 mmol) in pyridine (16 mL), trifluoro-
methanesulfonic anhydride (4.4 mL, 25.7 mmol) was added dropwise at —40 °C.
Then the mixture was warmed to room temperature, and stirred 2 h. Water was
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added, and the organic materials were extracted with ethyl acetate. The organic layer
was washed with saturated aqueous ammonium chloride, saturated aqueous sodium
hydroxyl carbonate, brine, and dried over magnesium sulfate. The solvent was
evaporated under a reduced pressure, and separation by silica gel chromatography
gave 20 (3.49 g, 6.98 mmol, 95 %). Mp 32-33 °C (ethyl acetate). MS (EI) m/z 500
M*, 100 %), 113 (C¢HsF,), 69 (CF;). HRMS Calcd for CgH3FclOgS,:
499.8320.Found: 499.8319. IR (KBr) 1585, 1434, 1214, 1137,973 cm™'. '"H NMR
(600 MHz, CDCl5) 6 7.25 (1H, t,J = 1.8 Hz), 7.70 (2H, d, J/ = 1.8 Hz). *C NMR
(150 MHz, CDCls) 6 93.5, 115.3,118.6 (q, Je.r = 319.3 Hz), 130.8, 149.1. '°F
NMR (565 MHz, CDCl3) 6 —73.6 (6F, s).
1-Heptadecafluorooctyl-3,5-bis(trifluoromethanesulfonyloxy)benzene, 21.
Under an argon atmosphere, a mixture of 20 (3.49 g, 6.98 mmol), heptadecafluoro-
1-iodooctane (6.0 mL, 22.4 mmol), Cu powder (3.57 g, 56.1 mmol), and 2,2’-
bipyridyl (224 mg, 1.44 mmol) in N,N-dimethylformamide (35 mL) was stirred at
100 °Cfor5 h. After being cooled to room temperature, the mixture was diluted with
diethyl ether. Solids were removed by filtration, and washed with diethyl ether. The
filtrate was poured to water, and the diethyl ether layer was separated. The organic
layer was washed with 4 M HCI, water, brine, and dried over magnesium sulfate. The
solvent was evaporated under reduced pressure, and silica gel chromatography gave
21 (4.24 g, 5.35 mmol, 77 %). Mp 49-50 °C (ethyl acetate). MS (EI) m/z 792 (M*,
19 %), 295 (C9H302F9, 100 %), 69 (CF3, 56 %) HRMS Calcd for C16H3F230652:
791.9004. Found: 791.9018. IR (KBr) 1604, 1209, 1151 cm™'. "H NMR (600 MHz,
CDCl3) 6 7.54 (1H, t,J = 1.8 Hz), 7.60 (2H, d, J = 1.8 Hz). ’C NMR (150 MHz,
CDCl3) 6 106.5-114.0 (m, br, CF,CF,CF,CF,CF,CF,CF,CF3), 117.3 (tq, Jc.
r = 32.5 Hz, 289.0 Hz), 118.9 (q, Jc.r = 321.6 Hz), 119.6, 120.7, 133.4 (t, Jc.
r = 25.8 Hz), 150.0. "°F NMR (559 MHz, CDCl;) 6 —126.8, —126.7 (2F, m), —
123.2 (2F, s, br), —122.4 (2F, s, br), —122.3 (2F, s, br), —122.0 (2F, s, br), —121.6
(2F, s, br), —111.6 (2F, t,J = 14.3 Hz), —81.7 (3F, t, J = 10.0 Hz), —73.1 (6F, s).
Building block with perfluorooctyl side chains, (P)-F-1. Under an argon
atmosphere, a mixture of 21 (1.00 g, 1.26 mmol), tris(dibenzylideneace-
tone)dipalladium(0) chloroform adduct (8.17 mg, 7.89 x 10~ mmol), cuprous
iodide (18.0 mg, 0.0947 mmol), tris(2,4,6-trimethylphenyl)phosphine (18.4 mg,
0.0473 mmol), triphenylphosphine (12.4 mg, 0.0473 mmol), tetrabutylammonium
iodide (233 mg, 0.631 mmol), triethylamine (0.54 mL), N,N-dimethylformamide
(2.6 mL), and THF (3.0 mL) was freeze-evacuated three times in flask A. In flask B,
a solution of (P)-17 (119 mg, 0.316 mmol) in THF (4.8 mL) was freeze-evacuated
three times, and was added dropwise to flask A. The mixture was stirred for 1.5 h at
room temperature. The reaction was quenched by adding saturated aqueous
ammonium chloride, and the organic materials were extracted with toluene and ethyl
acetate. The organic layer was washed with brine and dried over magnesium sulfate.
The solvent was evaporated under a reduced pressure, and separation by silica gel
chromatography and recycling GPC gave (P)-F-1 (258 mg, 0.253 mmol, 80 % from
(P)-17). Mp 169-171 °C (toluene-methanol). [2lp2' =233 (¢ 0.50, CHCl3). MS
(FAB, NBA) m/z Calcd for C4oH»¢F5003SSi: 1018.1036. Found: 1018.1053. UV-
Vis (CHCl3, 5.0 x 107° M) Amax (¢) 336 nm (6.8 x 10%). CD (CHCl5, 5.0 x 107°
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M) A(4e) 297 nm (—18), 335 nm (21), 382 nm (—40). IR (KBr) 2152, 1433, 1249,
1215, 1144 cm™'. Anal. (C4oHoeFo9 O3SSi) Caled for: C, 49.52; H, 2.57; F,
37.30 %. Found: C, 49.48; H, 2.53; F, 37.10 %. '"H NMR (600 MHz, CDCl;) 6 0.39
(9H, s), 1.93 (6H, s), 7.46 (1H, d, J = 7.2 Hz), 7.48 (1H, d, J/ = 7.2 Hz), 7.50 (1H,
s), 7.68 (1H,dd, J = 7.8,7.2 Hz), 7.70 (1H, dd, J = 7.8,7.2 Hz), 7.80 (1H, s), 7.92
(1H, s), 8.01 (1H, s), 8.08 (1H, s), 8.41 (1H, d, J = 7.8 Hz), 8.43 (1H, d,
J = 7.8 Hz). >*C NMR (150 MHz, CDCl5) 6 0.086, 23.1, 90.7, 92.1, 100.4, 102.9,
105.0-117.0 (m, br, CF,CF,CF,CF,CF,CF,CF,CF;), 117.7, 118.1, 118.6, 119.78,
119.82, 120.6, 122.0, 123.2, 123.8, 127.07, 127.14, 127.8, 129.3, 129.4, 129.7,
129.8, 129.9, 130.6, 130.8, 131.0, 131.7, 131.8, 131.9, 132.0, 132.6, 136.9, 137.1,
149.3. "F NMR (565 MHz, CDCl3) § —127.3, —127.2 (2F, m), —123.9 (2F, s, br),
—123.1 (2F, s, br), —122.9 (2F, s, br), —122.7 (2F, s, br), —122.3 (2F, s, br), —122.1
(2F, t,J = 13.3 Hz), —81.9 (3F, t, / = 9.6 Hz), —73.3 (3F, s).

(P)-Dimer with perfluorooctyl side chains, (P)-F-2. Under an argon atmo-
sphere, a mixture of 21 (210 mg, 0.266 mmol), tris(dibenzylideneacetone)dipalla-
dium(0) chloroform adduct (28.8 mg, 0.0266 mmol), cuprous iodide (60.7 mg,
0.319 mmol), tris(2,4,6-trimethylphenyl)phosphine (61.9 mg, 0.159 mmol), tri-
phenylphosphine (41.8 mg, 0.159 mmol), tetrabutylammonium iodide (785 mg,
2.13 mmol), triethylamine (1.4 mL), N,N-dimethylformamide (4.6 mL), and THF
(8.0 mL) was freeze-evacuated three times in flask A. In flask B, a solution of (P)-17
(200 mg, 0.531 mmol) in THF (15 mL) was freeze-evacuated three times, and was
added dropwise to flask A. The mixture was stirred for 6 h at room temperature. The
reaction was quenched by adding saturated aqueous ammonium chloride, and the
organic materials were extracted with toluene and ethyl acetate. The organic layer
was washed with brine and dried over magnesium sulfate. The solvent was evapo-
rated under a reduced pressure, and separation by silica gel chromatography and
recycling GPC gave (P)-F-2 (269 mg, 0.216 mmol, 81 % from 21). Mp 188-190 °C
(toluene-methanol). [a]p>° —450 (¢ 0.25, CHCl5). MS (FAB, NBA) m/z Calcd for
CesHaoF17Sis: 1244.3101. Found: 1244.3121. UV-Vis (CHCl3, 5.0 x 107°M) /nax
(€) 335 nm (1.6 x 10°). CD (CHCls, 5.0 x 107° M) A(4¢) 296 nm (—37), 335 nm
(58), 383 nm (—85). IR (KBr) 2149, 1243, 1214, 1151, 845 cm™'. Anal
(CegH4oF17S1,) Calcd for: C, 65.59; H, 3.97; F, 25.94 %.Found: C, 65.39; H,4.09; F,
25.88 %. "H NMR (600 MHz, CDCl3) 6 0.39 (18H, s), 1.93 (6H, s), 1.94 (6H, s),
744 (2H, d, J = 7.2 Hz), 747 (2H, d, J = 7.2 Hz), 7.65 (2H, dd, J = J = 7.8,
7.2 Hz),7.70 2H, dd, J = 7.8, 7.2 Hz), 7.91 (2H, s), 8.00 (2H, s), 8.05 (2H, s), 8.19
(1H, s), 8.44 (2H, d, J = 7.8 Hz), 8.50 (2H, d, J = 7.8 Hz). ">C NMR (150 MHz,
CDCl;) ¢ 0.12, 23.15, 23.17, 90.2, 92.2, 100.3, 103.1, 105-119 (m, br,
CF,CF,CF,CF,CF,CF,CF,CF;), 119.3, 120.4, 123.5, 123.7, 125.0, 126.8, 127.0,
129.2, 129.3, 129.39, 129.43, 129.47, 129.8, 130.1, 130.8, 130.9, 131.0, 132.0,
132.5,136.8, 137.0, 137.8. ""FNMR (565 MHz, CDCl3) § —127.3, —127.2 (2F, m),
—123.8 (2F, s, br), —123.0 (2F, s, br), —122.9 (2F, s, br), —122.5 (2F, s, br), —122.3
(2F, s, br), —112.2 2F, t,J = 13.3 Hz), —81.9 (3F, t, J = 9.6 Hz).

Deprotected (P)-Dimer with perfluorooctyl side chains, (P)-F-2H. To a
solution of (P)-F-2 (49.0 mg, 0.0394 mmol) in THF (2.9 mL) was added 1.0 M
tetrabutylammonium fluoride in tetrahydrofran (0.10 mL, 0.10 mmol) at 0 °C. The
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mixture was warmed to room temperature, and after being stirred for 1 h at the
temperature, satured aqueous ammonium chloride was added. The organic mate-
rials were extracted with ethyl acetate and toluene. The organic layer was washed
with brine, and dried over magnesium sulfate. The solvents were evaporated under
reduced pressure, and silica gel chromatography gave (P)-F-2H (43.1 mg,
0.0392 mmol, 99 %). Mp 197 °C dec. (toluene-methanol). [a]p>' —418 (¢ 0.25,
CHCl5). MS (FAB, NBA) m/z Calcd for Cg,H33F7: 1100.2277. Found: 1100.2311.
UV-Vis (CHCl3, 5.0 x 107® M) /Anax (¢) 330 nm (1.4 x 10°). CD (CHCl;,
5.0 x 107° M) A(4e) 296 nm (—43), 329 nm (53), 382 nm (—77). IR (KBr) 3310,
1243, 1213, 1150 cm™'. Anal. (CgHs3F;;) Caled for: C, 67.64; H, 3.02; F,
29.34 %. Found: C, 67.37; H, 3.14; F, 29.34 %. 'H NMR (600 MHz, CDCl;) §
1.69 (12H, s), 3.57 (2H, s), 7.47 2H, d, J = 7.2 Hz), 7.49 (2H, d, J = 7.2 Hz),
7.68 2H, dd, J = 7.8, 7.2 Hz), 7.73 (2H, dd, J = 7.8, 7.2 Hz), 7.90 (2H, s), 8.07
(2H, s), 8.11 (2H, s), 8.20 (1H, s), 8.46 (2H, d, J = 7.8 Hz), 8.51 (2H, d,
J = 7.8 Hz). >*C NMR (150 MHz, CDCl5) 6 23.2, 81.8, 82.5,90.1, 92.2, 105-119
(m, br, CF,CF,CF,CF,CF,CF,CF,CF;), 119.4, 119.5, 123.5, 123.6, 124.9, 127.0,
127.05, 127.07, 129.2, 129.3, 129.4, 129.45, 129.48, 130.1, 130.2, 130.4, 130.83,
130.85, 130.9, 132.1, 132.4, 136.9, 137.0, 137.7. "F NMR (565 MHz, CDCl3) § —
127.3, —127.2 (2F, m), —123.8 (2F, s, br), —123.0 (2F, s, br), —122.9 (2F, s, br), —
122.5 (2F, s, br), —122.3 (2F, s, br), —122.2 (2F, t, J = 13.8 Hz), —81.9 (2F, t,
J = 9.6 Hz).

(P)-Trimer with perfluorooctyl side chains, (P)-F-3. Under an argon atmo-
sphere, a mixture of (P)-F-1 (669 mg, 0.657 mmol), tris(dibenzylideneace-
tone)dipalladium(0) chloroform adduct (68.0 mg, 0.0657 mmol), cuprous iodide
(150 mg, 0.789 mmol), tris(2,4,6-trimethylphenyl)phosphine (153 mg,
0.394 mmol), triphenylphosphine (103 mg, 0.394 mmol), tetrabutylammonium
iodide (1.94 g, 5.26 mmol), triethylamine (1.7 mL), N,N-dimethylformamide
(5.7 mL), and THF (13.5 mL) was freeze-evacuated three times in flask A. In flask
B, a solution of (P)-18 (100 mg, 0.329 mmol) in THF (15 mL) was freeze-
evacuated three times, and was added dropwise to flask A. The mixture was stirred
for 4 h at room temperature. The reaction was quenched by adding saturated
aqueous ammonium chloride, and the organic materials were extracted with
chloroform. The organic layer was washed with brine and dried over magnesium
sulfate. The solvent was evaporated under a reduced pressure, and separation by
silica gel chromatography and recycling GPC gave (P)-F-3 (517 mg, 0.253 mmol,
77 % from (P)-18). Mp higher than 250 °C (toluene-methanol). [a]p>' —462
(¢ 0.10, CHCl3). MALDI TOE-MS m/z Calcd for '>C,os'>CHggF34Sis: 2041.6.
Found: 2042.2. UV-Vis (CHCl3, 5.0 x 107® M) Zpmay () 335 nm (2.2 x 10%). CD
(CHCl3, 5.0 x 107° M) /i(4e) 296 nm (—59), 335 nm (59), 386 nm (—132). IR
(KBr) 2148, 1241, 1211, 1150 cm™". Anal. (C;o¢HesF34Si») Caled for: C, 62.35;
H, 3.26; F, 31.64 %. Found: C, 62.34; H, 3.40; F, 31.59 %. '"H NMR (600 MHz,
CDCl3) 6 0.39 (18H, s), 1.94 (6H, s), 1.95 (6H, s), 2.00 (6H, s), 7.46 (2H, d,
J=172Hz), 749 (2H, d, J = 7.2 Hz), 7.52 (2H, d, J = 7.2 Hz), 7.68 (2H, dd,
J="178,72Hz),7.72 (2H, dd, J = 7.8, 7.2 Hz), 7.75 (2H, dd, J = 7.8, 7.2 Hz),
7.91 (4H,s), 8.03 (2H, s), 8.10 (2H, s), 8.16 (2H, s), 8.22 (2H, s), 8.43 (2H, d,
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J =78 Hz), 851 (2H, d, J = 7.8 Hz), 8.54 (2H, d, J = 7.8 Hz). '’C NMR
(150 MHz, CDCl;, observed at 50 °C) 6 0.12, 23.1, 23.2, 90.2, 90.4, 92.4, 100.4,
103.2, 105-119 (m, br, CF,CF,CF,CF,CF,CF,CF,CF;), 119.5, 119.8, 120.6,
123.5, 123.6, 123.8, 125.0, 125.1, 125.2, 126.9, 127.0, 127.2, 127.3, 129.2, 129.3,
129.4, 129.5, 129.6, 129.9, 130.1, 130.2, 130.4, 131.0, 131.05, 131.09, 131.11,
1322, 132.3, 132.6, 136.9, 137.1, 137.2, 137.5, 137.8. '’F NMR (565 MHz,
CDCl3) 6 —127.4, —127.3 (4F, m), —123.9 (4F, s, br), —123.1 (4F, s, br), —123.0
(4F, s, br), —122.6 (4F, s, br), —122.4 (4F, s, br), —112.3 (4F, t, J = 13.8 Hz), —
82.0 (6F, t, J = 9.6 Hz).

Deprotected (P)-Trimer with perfluorooctyl side chains, (P)-F-3H. To a
solution of (P)-F-3 (100 mg, 0.0490 mmol) in THF (10 mL) was added 1.0 M
tetrabutylammonium fluoride in tetrahydrofran (0.15 mL, 0.15 mmol) at 0 °C. The
mixture was warmed to room temperature, and after being stirred for 1 h at the
temperature, satured aqueous ammonium chloride was added. The organic mate-
rials were extracted with chloroform. The organic layer was washed with brine,
and dried over magnesium sulfate. The solvents were evaporated under reduced
pressure, and silica gel chromatography gave (P)-F-3H (93.0 mg, 0.0490 mmol,
quant.). Mp 210 °C dec. (toluene-methanol). [a]p>' —437 (¢ 0.10, CHCl5).
MALDI TOF-MS m/z Calcd for CygoHsoF34: 1896.3. Found: 1896.7. UV-Vis
(CHCl3, 5.0 x 107° M) Zmax (¢) 332 nm (2.0 x 10°). CD (CHCl;, 5.0 x 107° M)
AMA4e) 296 nm (—61), 331 nm (57), 386 nm (—119). IR (KBr) 3291, 1241, 1203,
1151 cm™". Anal. (C00Hs50F34) Calcd for: C, 63.30; H, 2.66; F, 34.04 %. Found:
C, 62.89; H, 2.67; F, 34.20 %. "H NMR (600 MHz, CDCls, observed at 45 °C) &
1.96 (12H, s), 2.00 (6H, s), 3.55 (2H, s), 7.46 (2H, d, J = 7.2 Hz), 7.49 (2H, d,
J=172Hz),751 2H,d, J =72 Hz), 7.67 2H, dd, J = 7.4, 7.2 Hz), 7.72 (2H,
dd,J =78,7.2 Hz),7.74 (2H, dd, J = 7.8, 7.2 Hz), 7.90-7.91 (4H, m), 8.06 (2H,
s), 8.11 (2H, s), 8.15 (2H, s), 8.21 (2H, s), 8.45 (2H, d, J = 7.8 Hz), 8.51 (2H, d,
J = 7.8 Hz), 8.53 (2H, d, J = 8.4 Hz). "*C NMR (150 MHz, CDCl;, observed at
45 °C) 6 23.11, 23.13, 23.2, 81.8, 82.4, 90.2, 90.3, 92.3, 92.4, 105-119 (m, br,
CF,CF,CF,CF,CF,CF,CF,CF3), 119.5, 119.6, 119.7, 123.5, 123.6, 123.7, 125.0,
125.1, 127.08, 127.10, 127.2, 127.26, 127.28, 129.2, 129.3, 129.4, 129.50, 129.53,
130.1, 130.3, 130.4, 130.91, 130.94, 131.05, 131.08, 132.2, 132.3, 132.6, 136.9,
137.09, 137.13, 137.8. "’F NMR (565 MHz, CDCl3) § —127.3, —127.2 (4F, m), —
123.8 (4F, s, br), —123.0 (4F, s, br), —122.9 (4F, s, br), —122.5 (4F, s, br), —122.3
(4F, s, br), —112.2 (4F, t, J = 13.0 Hz), —81.9 (6F, t, J = 9.6 Hz).

(P)-Tetramer with perfluorooctyl side chains, (P)-F-4. Under an argon
atmosphere, a mixture of (P)-F-1 (35.5 mg, 0.0349 mmol), tris(dibenzylidene-
acetone)dipalladium(0) chloroform adduct (3.79 mg, 3.49 x 1073 mmol), cuprous
iodide (7.97 mg, 0.0419 mmol), tris(2,4,6-trimethylphenyl)phosphine (8.13 mg,
0.0209 mmol), triphenylphosphine (5.49 mg, 0.0209 mmol), tetrabutylammonium
iodide (103 mg, 0.279 mmol), triethylamine (0.10 mL), N,N-dimethylformamide
(0.30 mL), and THF (0.50 mL) was freeze-evacuated three times in flask A. In
flask B, a solution of (P)-F-2H (19.2 mg, 0.0174 mmol) in THF (1.0 mL) was
freeze-evacuated three times, and was added dropwise to flask A. The mixture was
stirred for 6 h at room temperature. The reaction was quenched by adding
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saturated aqueous ammonium chloride, and the organic materials were extracted
with chloroform. The organic layer was washed with brine and dried over mag-
nesium sulfate. The solvent was evaporated under a reduced pressure, and sepa-
ration by silica gel chromatography and recycling GPC gave (P)-F-4 (24.3 mg,
8.56 x 107> mmol, 50 % from (P)-F-2H). Mp 240 °C dec. (toluene-methanol).
(]2 =532 (¢ 0.050, CHCl3). MALDI TOE-MS m/z Calcd for '*C13;CHgsFs; Sis:
2837.8. Found: 2838.4. UV-Vis (CHCls, 5.0 x 107°® M) Jpnax () 336 nm
(2.8 x 10°). CD (CHCls, 5.0 x 107° M) i(4e) 297 nm (—72), 336 nm (73),
389 nm (—174). IR (KBr) 2150, 1241, 1212, 1150 cm™". Anal. (C,44HgsFs;Si>)
Calcd for: C, 60.94; H, 2.95: F, 34.14 %. Found: C, 60.75; H, 3.01; F, 33.70 %. 'H
NMR (600 MHz, CDCl;, observed at 50 °C) 6 0.38 (18H, s), 1.94 (6H, s), 1.95
(6H, s), 2.00 (12H, s), 7.44 (2H, d, J = 7.2 Hz), 7.47 (2H, d, J = 7.2 Hz), 7.51
(4H, d, J =72 Hz), 7.66 2H, dd, J =7.8, 7.2 Hz), 7.70 (2H, dd, J = 7.8,
7.2 Hz), 7.74 (4H, dd, J = 7.8, 7.2 Hz) 7.90 (4H, s), 7.92 (2H, s), 8.01 (2H, s),
8.08 (2H, s), 8.14 (4H, s), 8.20 (2H, s), 8.22 (1H, s), 8.43 (2H, d, J = 7.8 Hz), 8.50
(2H, d, J = 7.8 Hz), 8.53 (4H, d, J = 7.8 Hz). >°C NMR (150 MHz, CDCl;,
observed at 50 °C) 6 0.11, 23.1, 23.2, 90.18, 90.24, 90.3, 92.2, 92.42, 92.44, 100.4,
103.2, 105-119 (m, br, CF,CF,CF,CF,CF,CF,CF,CF3), 119.4, 119.7, 119.8,
120.6, 123.5, 123.6, 123.8, 125.0, 125.06, 125.11, 126.9, 127.0, 127.2, 127.3,
129.2, 129.3, 129.4, 129.48, 129.53, 129.6, 129.9, 130.1, 130.2, 130.4, 130.96,
131.03, 131.1, 1322, 132.3, 132.6, 136.9, 137.1, 137.2, 137.8. 'F NMR
(565 MHz, CDCl3) 6 —127.3 (6F, s, br), —123.8 (6F, s, br), —123.0 (6F, s, br), —
122.9 (6F, s, br), —122.5 (6F, s, br), —122.3 (6F, s, br), —112.2 (6F, t,
J = 12.4 Hz), —81.9 (9F, t, J = 9.6 Hz).

(P)-Pentamer with perfluorooctyl side chains, (P)-F-5. Under an argon
atmosphere, a mixture of (P)-F-1 (59.3 mg, 0.0582 mmol), tris(dibenzylidene-
acetone)dipalladium(0) chloroform adduct (6.03 mg, 5.82 x 10~% mmol), cuprous
iodide (13.3 mg, 0.0698 mmol), tris(2,4,6-trimethylphenyl)phosphine (13.6 mg,
0.0349 mmol), triphenylphosphine (9.16 mg, 0.0349 mmol), tetrabutylammonium
iodide (172 mg, 0.466 mmol), triethylamine (0.48 mL), N,N-dimethylformamide
(1.6 mL), and THF (2.0 mL) was freeze-evacuated three times in flask A. In flask
B, a solution of (P)-F-3H (55.2 mg, 0.0291 mmol) in THF (7.0 mL) was freeze-
evacuated three times, and was added dropwise to flask A. The mixture was stirred
for 24 h at room temperature, and insoluble materials appeared. The reaction was
quenched by adding saturated aqueous ammonium chloride. The solid was filtrated
and washed with water, methanol, ethyl acetate, and hexane on the filter. The
organic materials in the residual solution were extracted with toluene. The organic
layer was washed with brine and dried over magnesium sulfate. The filtered solid
was dissolved in toluene and was mixed with the organic layer. The solvent was
evaporated under a reduced pressure, and separation by silica gel chromatography
and recycling gel permeation chromatography gave (P)-F-5 (37.8 mg,
0.0104 mmol, 36 % from (P)-F-3H). Mp 230 °C dec. (toluene-methanol). [o]p>"
—335 (¢ 0.05, CHCl;). MALDI TOF-MS m/z Calcd for '>C}30CoH;00FssSin:
3634.9. Found: 3635.6. UV-Vis (CHCl3, 5.0 x 107® M) Jpmax () 336 nm
(3.5 x 10°). CD (CHCls, 5.0 x 107° M) i(4e) 297 nm (—96), 337 nm (89),
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389 nm (—245). IR (KBr) 2209, 2151, 1242, 1211, 1150 cm™'. Anal.
(C1g2H100F6sSi,) Caled for: C, 60.14; H, 2.77; F, 35.54 %. Found: C, 59.85; H,
3.08; F, 35.28 %. '"H NMR (600 MHz, CDCl3) 6 0.36 (18H, s), 1.92 (6H, s), 1.93
(6H, s), 1.97 (12H, s), 1.98 (6H, s), 7.44 (2H, d, J = 7.2 Hz), 7.46 (2H, d,
J =17.2 Hz), 7.49-7.51 (6H, m), 7.65 (2H, dd, J = 7.8, 7.2 Hz), 7.70 (2H, dd,
J =17.8,7.2 Hz), 7.72-7.75 (6H, m), 7.88-7.90 (4H, m), 7.91 (4H, s), 8.01 (2H, s),
8.08 (2H, s), 8.15 (4H, s), 8.16 (2H, s), 8.20 (2H, s), 8.22 (2H, s), 8.41 (2H, d,
J = 7.8 Hz), 8.49 (2H, d, J = 7.8 Hz), 8.52-8.53 (6H, m). '>°C NMR (150 MHz,
CDCl;, observed at 50 °C) § 1.00, 23.1, 23.2, 23.3, 29.7, 105-119 (m, br), 119.4,
119.7, 119.8, 120.6, 123.5, 123.6, 123.8, 124.7, 125.0, 125.1, 127.0, 127.20,
127.22,127.3, 129.2, 129.3, 129.4, 129.8, 129.9, 130.1, 130.2, 131.0, 131.1, 131.3,
132.2, 132.3, 137.8. 'F NMR (565 MHz, CDCl;) § —127.3 (8F, s, br), —123.8
(8F, s, br), —123.0 (8F, s, br), —122.9 (8F, s, br), —122.5 (8F, s, br), —122.3 (8F, s,
br), —112.2 (8F, t, J = 12.4 Hz), —81.9 (12F, t, J = 9.6 Hz).

(P)-Tetramer with alternating decyloxycarbonyl/perfluorooctyl side chains,
(P)-DF-4 (Typical procedure for the Sonogashira coupling reaction of (P)-DF-
n and (P)-FD-n). Under an argon atmosphere, a mixture of (P)-D-1 [1] (114 mg,
0.145 mmol), tris(dibenzylideneacetone)dipalladium(0) chloroform adduct
(15.1 mg, 0.0145 mmol), cuprous iodide (33.2 mg, 0.174 mmol), tris(2,4,6-tri-
methylphenyl)phosphine (33.9 mg, 0.0872 mmol), triphenylphosphine (22.9 mg,
0.0872 mmol), tetrabutylammonium iodide (429 mg, 1.16 mmol), triethylamine
(0.26 mL), N,N-dimethylformamide (1.3 mL), and THF (1.0 mL) was freeze-
evacuated three times in flask A. In flask B, a solution of (P)-F-2H (80.0 mg,
0.0727 mmol) in THF (2.9 mL) was freeze-evacuated three times, and the mixture
was slowly added to flask A. The mixture was stirred at 45 °C for 2 h. The reaction
was quenched by adding saturated aqueous ammonium chloride, and the organic
materials were extracted with toluene three times. The combined organic layer was
washed with water, brine, and dried over magnesium sulfate. The solvents were
evaporated under reduced pressure, and separation by silica gel chromatography
and recycling GPC gave (P)-DF-4 as yellow solid (153 mg, 0.0646 mmol, 89 %).
Mp 228-230 °C (toluene-methanol). [a]p>2 —473 (¢ 0.10, CHCl;3). MALDI-TOF
MS m/z Caled for ">Cl39CH,5F;704S15: 2369.9. Found: 2370.3. UV-Vis (CHCl5,
5.0 x 107° M) Jpmax (6) 336 nm (2.8 x 10%). CD (CHCls, 5.0 x 107° M) A(4e)
297 nm (—54), 333 nm (89), 387 nm (—175). IR (KBr) 2924, 2148, 1724, 1240,
1207 em™". Anal. (C,soH;25F1704Si,) Caled: C, 75.99; H, 5.31; F, 13.62. Found:
C,75.77; H, 5.48; F, 13.58. "H NMR (600 MHz, CDCl5) 6 0.39 (18H, s), 0.86 (6H,
t, J = 6.6 Hz), 1.26-1.42 (24H, m), 1.50 (4H, quin, J = 7.2 Hz), 1.85 (4H, quin,
J =17.2 Hz), 1.93 (6H, s), 1.95 (6H, s), 2.00 (12H, s), 4.42 (4H, t, J = 6.6 Hz),
7.44 (2H, d, J = 7.2 Hz), 7.47 (2H, d, J = 7.2 Hz), 7.50-7.52 (4H, m), 7.65 (2H,
t, J = 7.2 Hz), 7.70-7.75 (6H, m), 7.92 (2H, s), 8.00 (2H, s), 8.05 (2H, s), 8.08
(2H, s), 8.09 (2H, s), 8.18 (2H, ), 8.22 (1H, s), 8.35 (2H, s), 8.36 (2H, s), 8.43 (2H,
d, J = 7.8 Hz), 8.53-8.56 (6H, m). '*C NMR (150 MHz, CDCl;) 6 0.12, 14.1,
22.7,23.1,23.17,23.23, 26.1, 28.8, 29.31, 29.33, 29.6, 31.9, 65.8, §9.3, 89.4, 90.2,
92.3, 92.9, 93.1, 100.2, 103.1, 119.5, 119.7, 120.0, 120.4, 123.5, 123.6, 123.7,
124.3, 124.4, 124.9, 126.7, 126.9, 127.0, 127.108, 127.12, 129.1, 129.2, 129.36,
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129.37, 129.5, 129.8, 129.9, 130.1, 130.9, 130.98, 131.02, 131.5, 132.1, 132.3,
132.38, 132.40, 136.8, 136.9, 136.97, 137.02, 137.8, 138.3, 165.4. '’F NMR
(565 MHz, CDCl;) 6 —127.4 (2F, s, br), —124.0 (2F, s, br), —123.1 (2F, s, br), —
123.0 (2F, s, br), —122.6 (2F, s, br), —122.4 (2F, s, br), —122.3 (2F, t,
J =13.3 Hz), —82.1 (3F, t, J = 9.9 Hz).

Deprotected (P)-Tetramer with alternating decyloxycarbonyl/perfluoro-
octyl side chains, (P)-DF-4H (Typical procedure for desilylation of (P)-DF-n).
To a solution of (P)-DF-4 (150 mg, 0.0634 mmol) in THF (1.8 mL) was added
1.0 M tetrabutylammonium fluoride in THF (0.16 mL, 0.16 mmol) at 0 °C. After
being stirred at the temperature for 30 min, the reaction was quenched by adding
saturated aqueous ammonium chloride. The organic materials were extracted with
toluene. The organic layer was washed with water, brine, and dried over magne-
sium sulfate. The solvents were evaporated under reduced pressure, and silica gel
chromatography gave (P)-DF-4H as yellow solid (141 mg, 0.0634 mmol, quant.).
Mp 175 °C, decomp. (chloroform—methanol). [0]p>> —523 (¢ 0.10, CHCI,).
MALDI-TOF MS m/z Caled for '>C}3;CH,oF;704: 2225.8. Found: 2226.3. UV—
Vis (CHCl3, 5.0 x 107 M) Anax () 333 nm (2.4 x 10°). CD (CHCls, 5.0 x 107°
M) A(4e) 297 nm (-73), 329 nm (62), 387 nm (—166). IR (KBr) 2924, 2207, 1723,
1240, 1207 cm™'. Anal. (Cy44H;0oF;70,) Caled: C, 77.68; H, 4.93; F, 14.51.
Found: C, 77.44; H, 5.18; F, 14.24. "H NMR (600 MHz, CDCl;) § 0.85 (6H, t,
J =17.2 Hz), 1.26-1.43 (24H, m), 1.50 (4H, quin, J = 7.2 Hz), 1.85 (4H, quin,
J = 7.2 Hz), 1.95 (12H, s), 1.99 (12H, s), 3.56 (2H, s), 4.42 (4H, t, J = 7.2 Hz),
7.45 2H, d, J = 7.2 Hz), 7.48 (2H, d, J = 7.2 Hz), 7.50-7.52 (4H, m), 7.66 (2H,
t, J = 7.8 Hz), 7.70-7.76 (6H, m), 7.92 (2H, s), 8.04 (2H, s), 8.07 (2H, s), 8.11
(2H, s), 8.12 (2H, s), 8.18 (2H, t, J = 1.5 Hz), 8.22 (1H, s), 8.35 (2H, t,
J =15Hz), 836 2H, t, J = 1.5 Hz), 8.44 (2H, d, J = 7.8 Hz), 8.53 (4H, d,
J = 7.8 Hz), 8.55 (2H, d, J = 7.8 Hz). '*C NMR (150 MHz, CDCl;) § 14.1, 22.7,
23.17, 23.23, 26.1, 28.7, 29.3, 29.5, 29.6, 31.9, 65.8, 81.8, 82.4, 89.27, 89.31, 90.1,
92.3,92.9,93.1, 119.4, 119.5, 119.8, 119.9, 123.5, 123.55, 123.57, 123.6, 124.29,
124.32, 124.9, 126.8 126.95, 127.00, 127.10, 127.12, 129.0, 129.2, 129.25, 129.35,
129.4, 129.5, 129.8, 130.1, 130.4, 130.86, 130.94, 130.97, 130.99, 131.02, 131.5,
132.1, 132.2, 132.3, 132.4, 136.8, 136.9, 136.98, 137.02, 137.8, 138.3, 165.4. '°F
NMR (565 MHz, CDCl3) 6 —127.2 (2F, s, br), —123.8 (2F, s, br), —123.0 (2F, s,
br), —122.9 (2F, s, br), —122.4 (2F, s, br), —122.2 (2F, s, br), —122.1 (2F, t,
J =13.6 Hz), —81.9 (3F, t, J = 9.9 Hz).

(P)-Hexamer with alternating perfluorooctyl/decyloxycarbonyl side chains,
(P)-FD-6. The compound (214 mg, 0.0539 mmol, 80 %) was prepared from (P)-
DF-4H (150 mg, 0.0674 mmol) and (P)-F-1 (137 mg, 0.135 mmol) as yellow
solid. Mp > 240 °C (chloroform-methanol). [a]p>> —433 (¢ 0.10, CHCLy).
MALDI-TOF MS m/; Caled for '2C335CH,s0Fs;0,4Si,: 3962.1. Found: 3962.2.
UV-Vis (CHCls, 2.5 x 107® M) Amax (8) 338 nm (4.2 x 10°). CD (CHCls,
5.0 x 107° M) A(4e) 297 nm (—85), 336 nm (118), 388 nm (—265). IR (KBr)
2925, 2205, 1726, 1241, 1207 cm™". Anal. (Cap6H,;s50F5104Si,) Calced: C, 68.48;
H, 4.04; F, 24.44. Found: C, 68.12; H, 4.26; F, 24.51. "H NMR (600 MHz, CDCl5)
0 0.39 (18H, s), 0.85 (6H, t, J = 7.2 Hz), 1.26-1.42 (24H, m), 1.49 (4H, quin,
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J = 7.2 Hz), 1.85 (4H, quin, J = 7.2 Hz), 1.93 (6H, s), 1.94 (6H, s), 1.99 (24H, s),
442 (4H, t, J = 7.2 Hz), 7.45 2H, d, J = 7.2 Hz), 7.48 (2H, d, J = 7.2 Hz),
7.50-7.51 (8H, m), 7.66 (2H, dd, J = 7.8, 7.2 Hz), 7.70-7.75 (10H, m), 7.90-7.92
(6H, m), 8.00 (2H, s), 8.06 (2H, s), 8.09 (4H, s), 8.10 (4H, s), 8.19 (2H, s), 8.20
(2H, s), 8.22 (1H, s), 8.36 (4H, s), 8.43 (2H, d, J = 7.8 Hz), 8.53-8.56 (10H, m).
3C NMR (150 MHz, CDCl3) 6 0.19, 14.2, 22.8, 23.23, 23.25, 23.32, 26.2, 28.8,
29.4,29.7,29.8, 32.0, 65.9, 89.4, 90.22, 90.23, 90.3, 92.3,92.4, 93.1, 100.4, 103.1,
115.5-118.4 (m, br), 119.4, 119.6, 120.0, 120.5, 123.5, 123.6, 123.7, 123.8, 124.4,
124.98, 125.00, 125.02, 126.9, 127.06, 127.10, 127.2, 129.3, 129.4, 129.5, 129.46,
129.54, 129.9, 130.2, 130.3, 130.4, 130.9, 131.0, 130.07, 131.10, 131.6, 132.1,
132.2, 132.4, 132.5, 136.9, 137.0, 137.07, 137.10, 137.8, 138.4, 165.5. '°’F NMR
(565 MHz, CDCl3) 6 —127.3 (6F, s, br), —123.9 (6F, s, br), —123.0 (6F, s, br),
—1229 (6F, s, br), —122.5 (6F, s, br), —122.3 (6F, s, br), —122.2 (6F, t,
J = 14.1 Hz), —82.1 (9F, t, J = 9.3 Hz).

Deprotected (P)-hexamer with alternating perfluorooctyl/decyloxycarbonyl
side chains, (P)-FD-6H. The compound (92.0 mg, 0.0241 mmol, 99 %) was
prepared from (P)-FD-6 (96.1 mg, 0.0242 mmol) as yellow solid. Mp 185 °C,
decomp. (chloroform—methanol). [oc]D23 —437 (¢ 0.10, CHClz). MALDI-TOF MS
m/z Caled for '>Cl33CoH,43Fs;04: 3819.0. Found: 3818.7. UV-Vis (CHClLs,
2.5 x 107 M) Anax () 336 nm (3.8 x 10%). CD (CHCls, 5.0 x 107° M) A(de)
296 nm (—104), 332 nm (88), 389 nm (—259). IR (KBr) 2925, 2207, 1725, 1241,
1208 cm ™. Anal. (Cyr0H143F510,4) Caled: C, 69.18; H, 3.77; F, 25.37. Found: C,
68.86; H, 4.17; F, 25.29. 'H NMR (600 MHz, CDCl;, observed at 40 °C) § 0.85
(6H, t, J = 7.2 Hz), 1.26-1.36 (24H, m), 1.41 (4H, quin, J = 7.2 Hz), 1.85 (4H,
quin, J = 7.2 Hz), 1.95 (12H, s), 1.99 (24H, s), 3.54 (2H, s), 4.42 (4H, t,
J=172Hz),745 (2H, d, J = 7.2 Hz), 7.48 (2H, d, J = 7.2 Hz), 7.49-7.51 (8H,
m), 7.65 (2H, t, J = 7.8 Hz), 7.70-7.74 (10H, m), 7.89 (2H, s), 7.90 (2H, s),
7.91(2H, s), 8.04 (2H, s), 8.08 (2H, s), 8.11 (4H, m), 8.12 (4H, m), 8.19 (4H, s),
8.22 (1H, s), 8.35-8.36 (4H, m), 8.44 (2H, d, J = 7.8 Hz), 8.50-8.56 (10H, m).
3C NMR (150 MHz, CDCl;, observed at 40 °C) ¢ 14.0, 22.7, 23.1, 23.2, 26.1,
28.8, 29.31, 29.34, 29.6, 31.9, 65.9, 81.8, 82.4, 89.4, 90.2, 92.3, 924, 93.1,
105.0-119.0 (m, br), 119.5, 119.56, 119.59, 120.0, 123.5, 123.55, 123.62, 123.7,
124.4, 125.0, 127.03, 127.05, 127.07, 127.09, 127.12, 127.2, 129.25, 129.33,
129.36, 129.38, 129.4, 129.5, 129.9, 130.08, 130.14, 130.3, 130.4, 130.5, 130.87,
130.90, 131.0, 131.05, 131.08, 131.7, 132.1, 132.2, 132.4, 132.46, 132.52, 136.9,
137.0, 137.1, 137.8, 138.3, 165.4. "’F NMR (565 MHz, CDCl5, observed at 40 °C)
6 —127.1 (6F, s, br), —123.7 (6F, s, br), —122.9 (6F, s, br), —122.7 (6F, s, br),
—122.3 (6F, s, br), —122.1 (6F, s, br), —122.0 (6F, t, J = 12.7 Hz), —81.9 (9F, t,
J = 8.5 Hz).

(P)-Octamer with alternating decyloxycarbonyl/perfluorooctyl side chains,
(P)-DF-8. The compound (51.8 mg, 0.0102 mmol, 79 %) was prepared from (P)-
FD-6H (49.0 mg, 0.0128 mmol) and (P)-D-1 (20.4 mg, 0.0259 mmol) as yellow
solid. Mp > 240 °C (chloroform—methanol). [a]p> —487 (¢ 0.10, CHCls).
MALDI-TOF MS m/z Calcd for *CsogHa35Fs;0gSis: 5085.7. Found: 5085.9. UV—
Vis (CHCl3, 2.5 x 107 M) Anax (€) 339 nm (5.4 x 10°). CD (CHCl5, 2.5 x 107°
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M) A(4e) 297 nm (—112), 336 nm (155), 389 nm (—374). IR (KBr) 2958, 2208,
1724, 1241, 1207 cm™"'. Anal. (C30gH»35Fs;05Si») Caled: C, 72.69; H, 4.65; F,
19.04. Found: C, 72.37; H, 4.95; F, 18.78. '"H NMR (600 MHz, CDCl;) § 0.38
(18H, s), 0.85 (12H, t, J = 7.2 Hz), 1.26-1.34 (40H, m), 1.34-1.47 (8H, m),
1.49-1.53 (8H, m), 1.82-1.88 (8H, m), 1.93 (6H, s), 1.94 (6H, s), 1.98 (36H, s),
4.40-4.43 (8H, m), 7.44 2H, d, J = 7.2 Hz), 7.47 (2H, d, J = 7.2 Hz), 7.50-7.51
(12H, m), 7.66 (2H, t, J = 7.8 Hz), 7.70-7.75 (14H, m), 7.90-7.91 (6H, m), 8.01
(2H, s), 8.05 (2H, s), 8.10-8.11 (12H, m), 8.18 (2H, s), 8.19 (2H, s), 8.22 (3H, s),
8.33-8.35 (8H, m), 8.42 (2H, d, J = 7.8 Hz), 8.52-8.55 (14H, m). >°C NMR
(150 MHz, CDCl3) 6 0.11, 14.1, 22.6, 23.1, 23.16, 23.21, 26.1, 28.8, 29.31, 29.33,
29.6, 29.65, 29.70, 31.9, 65.8, 89.28, 89.30, 89.4, 90.2, 92.3, 92.9, 93.1, 100.2,
103.1, 108.3-118.1 (m, br), 119.5, 119.7, 119.9, 120.4, 123.5, 123.6, 123.66,
123.68, 124.3, 124.4, 124.9, 126.7, 126.9, 127.0, 127.1, 129.1, 129.2, 129.4, 129.5,
129.8, 129.9, 130.0, 130.1, 130.2, 130.9, 131.0, 131.5, 132.1, 132.3, 132.4, 136.8,
136.9, 136.98, 137.02, 137.8, 138.3, 165.4. "’FNMR (565 MHz, CDCl;) 6 —127.3
(6F, s, br), —123.9 (6F, s, br), —123.0 (6F, s, br), —122.9 (6F, s, br), —122.4 (6F, s,
br), —122.3 (6F, s, br), —122.2 (6F, t, J = 13.0 Hz), —82.1 (9F, t, J = 9.0 Hz).

Deprotected (P)-Octamer with alternating decyloxycarbonyl/perfluoro-
octyl side chains, (P)-DF-8H. The compound (61.7 mg, 0.0125 mmol, quant.)
was prepared from (P)-DF-8 (63.5 mg, 0.0125 mmol) as yellow solid. Mp 212 °C,
decomp. (chloroform—methanol). [o]p>> —453 (c 0.10, CHCl3). MALDI-TOF MS
m/z Caled for '2Csp'CH, oFs;Og: 4942.6. Found: 4942.5. UV-Vis (CHCl,,
2.5 x 107° M) Jpax (¢) 337 nm (4.9 x 10°). CD (CHCl3, 2.5 x 107° M) i(4e)
297 nm (—133), 337 nm (158), 389 nm (—374). IR (KBr) 2924, 2207, 1725, 1240,
1207 cm™'. Anal. (C302H»19F5,0g) Caled: C, 73.35; H, 4.46; F, 19.59. Found: C,
73.10; H, 4.72; F, 19.34. "H NMR (600 MHz, CDCl;, observed at 50 °C) 6 0.85
(12H, t, J = 6.6 Hz), 1.26-1.35 (48H, m), 1.39-1.42 (8H, m), 1.82-1.87 (8H, m),
1.95 (12H, s), 1.98 (36H, s), 3.53 (2H, s), 4.40-4.43 (8H, m), 7.44 (2H, d,
J = 6.6 Hz), 7.46-7.50 (14H, m), 7.64 (2H, d, J = 7.2 Hz), 7.69-7.72 (14H, m),
7.90 (6H, s), 8.03 (2H, s), 8.06 (2H, s), 8.10-8.11 (12H, m), 8.16 (2H, s), 8.18 (2H,
s), 8.21 (3H, s), 8.32 (2H, s), 8.35 (6H, m), 8.43 (2H, d, J = 7.8 Hz), 8.50-8.55
(14H, m). *C NMR (150 MHz, CDCls, observed at 50 °C) & 15.4, 26.6, 33.5,
33.89, 33.92, 36.3, 38.5, 38.8, 38.9, 39.1, 40.9, 68.1, 80.9, 81.3, 86.92, 86.94, 87.6,
89.3, 89.8, 89.9, 954, 111.0, 111.1, 111.3, 111.5, 114.2, 114.3, 114.4, 114.9,
1154, 1169, 116.98, 117.02, 117.10, 117.12, 118.77, 118.81, 118.9, 118.98,
119.01, 119.3, 119.5, 119.7, 119.8, 120.2, 120.3, 120.8, 121.20, 121.24, 121.3,
121.37, 121.41, 124.9, 125.0, 125.05, 125.08, 125.6, 126.0, 147.7. '°F NMR
(565 MHz, CDCl3) 6 —127.3 (6F, s, br), —123.9 (6F, s, br), —123.1 (6F, s, br),
—122.9 (6F, s, br), —122.5 (6F, s, br), —122.3 (6F, s, br), —112.2 (6F, s, br), —82.0
(9F, t, J = 9.6 Hz).

(P)-Decamer with alternating perfluorooctyl/decyloxycarbonyl side chains,
(P)-FD-10. The compound (17.4 mg, 0.00260 mmol, 40 %) was prepared from
(P)-DF-8H (32.0 mg, 0.00647 mmol) and (P)-F-1 (13.2 mg, 0.0129 mmol) as
yellow solid. Mp > 240 °C (chloroform-methanol). [¢]p>> —394 (¢ 0.10, CHCIS).
MALDI-TOF MS m/z Calcd for C;g4H569Fg504Si,: 6677.9. Found: 6678.4. UV—
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Vis (CHCl3, 2.5 x 107 M) Anax () 338 nm (6.9 x 10°). CD (CHCl5, 2.5 x 107°
M) A(4e) 296 nm (—147), 338 nm (158), 390 nm (—466). IR (KBr) 2924, 2208,
1725, 1241, 1208 cm™'. Anal. (C3g4Ha60Fs50sSi>) Caled: C, 69.02; H, 4.06; F,
24.17. Found: C, 68.68; H, 4.37; F, 23.92. "H NMR (600 MHz, CDCl;, observed
at 50 °C) ¢ 0.38 (18H, s), 0.85 (I12H, t, J = 6.6 Hz), 1.26-1.34 (48H, m),
1.38-1.43 (8H, m), 1.82-1.87 (8H, m), 1.93 (6H, s), 1.94 (6H, s), 1.98-1.99 (48H,
s), 442 (8H, t, J = 6.6 Hz), 7.44 (2H, d, J = 7.2 Hz), 7.46-7.50 (18H, m), 7.65
(2H, t, J = 7.2 Hz), 7.69-7.73 (18H, m), 7.89-7.90 (10H, m), 8.00 (2H, s), 8.07
(2H, s), 8.11-8.13 (16H, m), 8.18-8.21 (9H, m), 8.34-8.35 (6H, m), 8.35 (2H, s),
8.42 (2H, d, J = 7.8 Hz), 8.49-8.55 (18H, m). >*C NMR (150 MHz, CDCl;,
observed at 55 °C) § 0.12, 14.0, 22.6, 22.7, 23.0, 23.06, 23.08, 23.13, 23.9, 26.1,
28.8,29.0, 29.29, 29.34, 29.4, 29.6, 29.67, 29.71, 30.5, 31.9, 32.0, 36.4, 39.0, 65.9,
89.4, 90.28, 90.30, 92.4, 93.2, 100.0, 103.2, 119.5, 119.7, 120.1, 120.6, 123.5,
123.6, 123.73, 123.74, 123.75, 123.81, 124.5, 125.08, 125.10, 125.13, 126.9,
127.0, 127.13, 127.14, 127.16, 127.17, 127.19, 129.2, 129.28, 129.29, 129.37,
129.39, 129.45, 129.47, 129.48, 129.87, 129.88, 130.17, 130.18, 130.19, 131.05,
131.12, 131.13, 131.14, 131.8, 132.2, 132.3, 132.46, 132.48, 132.50, 132.6, 136.6,
136.7, 136.8, 136.9, 137.02, 137.05, 137.07, 137.10, 137.13,, 137.76, 137.78,
137.80, 138.3, 165.4. '"F NMR (565 MHz, CDCl, observed at 40 °C) § —127.2
(10F, s, br), —123.8 (10F, s, br), —123.0 (10F, s, br), —122.9 (10F, s, br), —122.4
(10F, s, br), —122.2 (10F, s, br), —112.1 (10F, s, br), —82.0 (15F, t, J = 8.8 Hz).

(P)-Tetramer with alternating perfluorooctyl/decyloxycarbonyl side chains,
(P)-FD-4. The compound (369 mg, 0.142 mmol, 78 %) was prepared from (P)-D-
2H (158 mg, 0.182 mmol) and (P)-F-1 (289 mg, 0.364 mmol) as yellow solid.
Mp > 240 °C (chloroform—methanol). [oc]Dz2 —467 (c 0.10, CHCIl3). MALDI-TOF
MS m/z Calced for C147H104F34028i2: 2602.7. Found: 2603.2. UV-Vis (CHC13,
5.0 x 107° M) Jpmax (8) 336 nm (3.0 x 10%). CD (CHCls, 5.0 x 107° M) A(4e)
297 nm (—62), 335 nm (96), 388 nm (—188). IR (KBr) 2926, 2148, 1726, 1241,
1212 em™". Anal. (Cy47H,04F340,Si,) Calcd: C, 67.79; H, 4.02; F, 24.80. Found:
C, 67.77; H, 4.37; F, 24.61. "H NMR (600 MHz, CDCl5) 6 0.39 (18H, s), 0.85 (6H,
t, J = 7.0 Hz), 1.26-1.43 (12H, m), 1.50 (2H, quin, J = 7.6 Hz), 1.86 (2H, quin,
J =172 Hz), 1.93 (6H, s), 1.94 (6H, s), 2.00 (12H, s), 4.43 (4H, t, J = 6.8 Hz),
7.44 2H,d,J = 7.0 Hz), 7.47 2H, d, J = 6.7 Hz), 7.51 (4H, d, J = 7.2 Hz), 7.65
(2H, t, J = 7.6 Hz), 7.70-7.75 (6H, m), 7.91 (4H, s), 7.99 (2H, s), 8.05 (2H, s),
8.06-8.07 (4H, m), 8.19 (1H, s), 8.20 (2H, s), 8.36 (1H, s), 8.37 (1H, s), 8.43 (2H,
d, J = 8.1 Hz), 8.51 (2H, d, J = 8.6 Hz), 8.52 (2H, d, J = 8.6 Hz), 8.56 (2H, d,
J = 8.1 Hz). >C NMR (150 MHz, CDCls) 6 0.11, 14.1, 22.7, 23.1, 23.17, 23.23,
26.1, 28.8, 29.32, 29.34, 29.6, 31.9, 65.9, 89.3, 90.1, 92.2, 92.3, 93.1, 100.3, 103.0,
108.0-118.3 (m, br), 119.3, 119.5, 119.9, 120.4, 123.4, 123.5, 123.66, 123.71,
124.3, 12491, 124.95, 126.8, 126.96, 127.00, 127.10, 127.11, 129.1, 129.3,
129.37, 129.43, 129. 5, 129.8, 130.0, 130.1, 130.2, 130.3, 130.8, 130.9, 130.98,
131.01, 131.5, 132.0, 132.1, 132.3, 132.5, 136.8, 136.96, 136.98, 137.00, 137.7,
138.3, 165.4. ""F NMR (565 MHz, CDCl;) & —129.4 (4F, s, br), —126.0 (4F, s,
br), —125.1 (4F, s, br), —125.0 (4F, s, br), —124.6 (4F, s, br), —124.4 (4F, s, br), —
114.3 (4F, t, J = 13.4 Hz), —84.1 (6F, t, J = 9.1 Hz).
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Deprotected (P)-Tetramer with alternating perfluorooctyl/decyloxycar-
bonyl side chains, (P)-FD-4H. The compound (118 mg, 0.0480 mmol, 99 %) was
prepared from (P)-FD-4 (100 mg, 0.0484 mmol) as yellow solid. Mp 187 °C,
decomp. (chloroform—methanol). [oc]D25 —476 (c 0.10, CHCl3). MALDI-TOF MS
m/z Caled for C,4;HggF3405: 2458.6. Found: 2459.2. UV-Vis (CHCl;, 5.0 x 107°
M) Amax (6) 332 nm (2.6 x 10%). CD (CHCls, 5.0 x 107% M) i(de) 296 nm
(—64), 332 nm (77), 387 nm (—162). IR (KBr) 2925, 2207, 1724, 1241,
1207 cm™"'. Anal. (C141HggF340,) Calced: C, 68.84; H, 3.61; F, 26.26. Found: C,
68.77; H, 4.01; F, 25.96. "H NMR (600 MHz, CDCl5) 6 0.85 (3H, t, J = 7.0 Hz),
1.25-1.43 (12H, m), 1.50 (2H, quin, J = 7.5 Hz), 1.86 (2H, quin, J = 7.2 Hz),
1.94 (12H, s), 1.99 (12H, s), 3.55 (2H, s), 4.43 (2H, t, J = 6.7 Hz), 7.45 (2H, d,
J=170Hz), 748 (2H, d, J=7.0Hz), 7.50-7.51 (4H, m), 7.65 (2H, t,
J =17.6 Hz), 7.70-7.74 (6H, m), 7.90 (2H, s), 7.91 (2H, s), 8.02 (2H, s), 8.06 (2H,
s), 8.07 (2H, s), 8.08 (2H, s), 8.19-8.20 (3H, m), 8.36 (1H, s), 8.37 (1H, s), 8.44
(2H, d,J = 8.0 Hz), 8.51 (2H, d, J = 8.4 Hz), 8.52 (2H, d, J = 8.4 Hz), 8.55 (2H,
d, J = 8.2 Hz). *C NMR (150 MHz, CDCl5) § 14.1, 22.7, 23.17, 23.24, 26.1,
28.8, 29.32, 29.34, 29.6, 29.66, 29.70, 31.88, 31.93, 65.9, 81.8, 82.5, 89.3, 90.1,
92.26, 92.32, 93.1, 108.3-118.3 (m, br), 119.4, 119.47, 119.51, 119.9, 123.47,
123.52, 123.6, 123.7, 124.3, 124.9, 126.96, 127.02, 127.04, 127.10, 127.12, 129.2,
129.3, 129.37, 129.44, 129.5, 129.8, 130.0, 130.1, 130.2, 130.4, 130.81, 130.84,
130.9, 130.99, 131.02, 131.5, 132.0, 132.1, 132.3, 132.4, 136.9, 136.99, 137.01,
137.8, 138.3, 165.5. 'F NMR (565 MHz, CDCls) § —129.4 (4F, s, br), —126.0
(4F, s, br), —125.1 (4F, s, br), —125.0 (4F, s, br), —124.6 (4F, s, br), —124.4 (4F, s,
br), —114.3 (4F, t, J = 13.9 Hz), —84.1 (6F, t, J = 10.0 Hz).

(P)-Hexamer with alternating decyloxycarbonyl/perfluorooctyl side chains,
(P)-DF-6. The compound (157 mg, 0.0420 mmol, 88 %) was prepared from (P)-
FD-4H (117 mg, 0.0477 mmol) and (P)-D-1 (74.9 mg, 0.0954 mmol) as yellow
solid. Mp > 240 °C (chloroform—-methanol). [a]p*> —520 (¢ 0.10, CHCI3).
MALDI-TOF MS m/z Calcd for Cyy9H;g0F3406Si,: 3727.3. Found: 3727.6. UV—
Vis (CHCl3, 5.0 x 107 M) Aax (6) 336 nm (4.4 x 10°). CD (CHCl5, 5.0 x 107°
M) A(de) 297 nm (—100), 337 nm (148), 388 nm (—284). IR (KBr) 2925, 2206,
1724, 1240, 1207 Cm_l. Anal. (C229H|80F3406Siz) Calcd: C, 7374, H, 486, F,
17.32. Found: C, 73.45; H, 4.95; F, 16.99. '"H NMR (600 MHz, CDCl;) § 0.39
(9H, s), 0.85-0.87 (9H, m), 1.26-1.41 (36H, m), 1.49 (6H, quin, J = 6.7 Hz), 1.84
(6H, quin, J = 7.6 Hz), 1.93 (6H, s), 1.95 (6H, s), 2.00 (24H, s), 4.41 (6H, t,
J =6.1 Hz), 742 (2H, d, J = 7.0 Hz), 7.46 (2H, d, J = 7.0 Hz), 7.49-7.50 (8H,
m), 7.63 (2H, t, J = 7.6 Hz), 7.68-7.73 (10H, m), 7.91 (4H, s), 7.94-7.99 (12H,
m), 8.15 (3H, s), 8.18 (2H, s), 8.33-8.34 (6H, m), 8.43 (2H, d, J = 7.9 Hz),
8.51-8.54 (10H, m). >*C NMR (150 MHz, CDCl5) 6 0.12, 14.0, 22.6, 23.10, 23.12,
23.2,26.1, 28.8, 29.30, 29.33, 29.4, 29.6, 29.7, 31.9, 65.8, 89.38, 89.41, 89.5, 90.3,
92.3, 93.0, 93.1, 100.2, 103.2, 108.4-118.4 (m, br), 119.5, 119.7, 119.98, 120.0,
120.4, 123.57, 123.61, 123.7, 124.35, 124.41, 125.0, 126.6, 126.86, 126.88, 127.0,
127.04, 127.08, 129.1, 129.2, 129.32, 129.35, 129.40, 129.43, 129.8, 129.9,
130.07, 130.8, 130.2, 130.4, 130.9, 130.99, 131.00, 131.6, 132.2, 132.3, 132.37,
132.39, 132.5, 136.8, 136.90, 136.94, 137.0, 137.7, 138.2, 165.37, 165.38. '°F
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NMR (565 MHz, CDCl3) 6 —129.3 (4F, s, br), —125.9 (4F, s, br), —125.1 (4F, s,
br), —124.9 (4F, s, br), —124.5 (4F, s, br), —124.3 (4F, s, br), —114.2 (4F, t,
J =12.8 Hz), —84.1 (6F, t, J = 9.8 Hz).

7.3 Experimental Method for Chap. 4

Calculated CD and UV-Vis spectra of (M)-D-5/(P)-F-5 (general procedures).
The concentration of a 1:1 mixture of solutions of (M)-D-5 and (P)-F-5
(2.5 x 107 M) is referred to as “total 2.5 x 107> M”. The “calculated spectra”
were obtained as follows: CD and UV-Vis spectra of (M)-D-5 and (P)-F-5 at the
concentration of 1.25 x 107> M were obtained, and these were added in a 1:1
ratio assuming no interaction between (P)-D-5 and (P)-F-5 (Eq. 1).

The spectra of (P)-D-5 (1.25 x 1075 M, 5 °C) x 1/2 + the spectra of (P)-F-5
(1.25 x 107° M, 5 °C) x 1/2 (Eq. 1).

Other calculated spectra were also obtained in the same manner.

Computational calculation of hetero-double-helix structure of (M)-tetra-
mer/(P)-pentamer with methoxycarbonyl side chains. Energy-optimization of
hetero-double-helix structure formed by the (M)-tetramer/(P)-pentamer complex
with methoxycarbonyl side chains was implemented using MacroModel version 8.6
program [2] in the MMFFs force field [3—7]. The optimization protocol was carried
out as follows: The structures of ethynylhelicene oligomers, (M)-tetramer and (P)-
pentamer with methoxycarbonyl side chains, were drawn, and were individually
minimized using Polak-Ribiere Conjugate Gradient (PRCG) method until a final
gradient below 0.05 kJ/A mol was reached. Then, molecules were loosely twisted
with each other in a right-handed manner. Starting from the twisted structure,
conformational searching was carried out using the Monte Carlo multiple minimum
(MCMM) method (50,000 steps), followed by minimization with PRCG method
until a final gradient below 0.05 kJ/A-mol was reached. Parameters used in the
conformational search are as follows: Solvent (None), maximum number of steps
(50000), maximum number of iterations (500), gradient (0.005), energy window for
saving structure (50.0 kJ/A-mol), and maximum distance between atoms in equal
0.8 A). Parameters used in the multiple-minimization are as follows: Solvent
(None), maximum number of iterations (20000), and maximum distance between
atoms in equal (0.5 A). The other settings were used as default.

Computational calculation of hetero-double-helix structure of (P)-tetra-
mer/(P)-pentamer with methoxycarbonyl side chains. The structures of ethy-
nylhelicene oligomers, (P)-tetramer and (P)-pentamer with methoxycarbonyl side
chains, were drawn, and were individually minimized using Polak-Ribiere Con-
jugate Gradient (PRCG) method until a final gradient below 0.05 kJ/A-mol was
reached. Then, molecules were loosely twisted with each other in a right-handed
manner. Starting from the twisted structure, conformational searching and mini-
mization with PRCG method were carried out in the same manner as the calcu-
lation of (M)-tetramer/(P)-pentamer.
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Sample preparation from toluene solution for TEM experiments. A 1:1 mix-
ture of (M)-bD-4/(P)-bD-5 (toluene, total 1.0 x 1074 M) was heated at 110 °C for
3 min in a glass vial and allowed to stand at room temperature for 24 h. A portion
of the mixture was dropped on a 400 mesh carbon-coated copper grid. The samples
were dried under ambient pressure for 6 h, and then dried under vacuum for 6 h.

Sample preparation from toluene solution for AFM experiments (General
procedure). A 1:1 mixture of (M)-bD-4/(P)-bD-5 (toluene, total 1.0 x 1074 M)
was heated at 110 °C for 3 min in a glass vial and left at room temperature for
24 h. A portion of the mixture was dropped on a freshly cleaved mica surface, and
the solvent was removed under ambient pressure. Samples of (M)-bD-4/(P)-D-5,
(M)-D-4/(P)-D-5, and (M)-D-5/(P)-DF-4 systems (toluene, total 1.0 x 107* M)
were prepared in the same manner as that of (M)-bD-4/(P)-bD-5 system.

Determination of Minimum gel-forming concentration (MGC) of (M)-bD-
4/(P)-bD-5 in toluene (General procedure). Toluene solutions of (M)-bD-4 and
(P)-bD-5 (1.0 x 1072 M, 50 x 107> M, 1.0 x 1073 M, 5.0 x 107* M,
2.0 x 107> M, and 1.0 x 10~* M) were prepared, and sonicated to homogenize.
Then, two solutions (0.15 mL) of (M)-bD-4 and (P)-bD-5 with the same con-
centrations were mixed in a capped glass tube (5 mm diameter). The mixture was
heated at 110 °C for 3 min, and stood at room temperature for 24 h. A mixture of a
1.0 x 1072 M solution of (M)-bD-4 and a 1.0 x 10~> M solution of (P)-bD-5 is
noted, for example, 1.0 x 1072 M in the following experiments.

Gel formation was evaluated by upending the tube. When a homogeneous
substance which exhibited no gravitational flow was obtained, it was concluded to
be a gel. When a part of the substance exhibited gravitational flow, the substance
was concluded not to be a gel. If crystals were formed, it was marked crystalli-
zation (C). When clear solution was retained even at 1.0 x 1072 M, it was marked
soluble (S). In case no gel was formed at 1.0 x 1074 M, gel formation was
examined at 5.0 x 107> M and 2.0 x 107> M in the same manner. For example,
(M)-bD-4/(P)-bD-5 formed gels at 1.0 x 1072 M, 5.0 x 107> M, and 1.0 x 107>
M, but not at 5.0 x 107* M, 2.0 x 107> M, and 1.0 x 10~* M. Therefore, the
MGC of (M)-bD-4/(P)-bD-5 was determined to be 1.0 x 107> M (1 mM).

MGCs of (M)-bD-n/(P)-bD-n, (M)-bD-n/(P)-D-n, and (M)-D-n/(P)-D-n sys-
tems were determined in the same manner as that of (M)-bD-4/(P)-bD-5 system.

Dynamic light scattering (DLS) studies on (M)-bD-4/(P)-bD-5. A 1:1 mix-
ture of (M)-bD-4/(P)-bD-5 in diethyl ether (total 1.0 x 1074 M) was put in a glass
cell. After allowing to stand at 25 °C for 1 min, 30 min, 1 h, and 2 h, the mixture
was gently stirred then stood for 5 min, and DLS measurements were carried out.
Solvents were used after filtration through 0.2 pm pore membrane filters.

Sample preparation from diethyl ether solution for TEM experiments. A
1:1 mixture of (M)-bD-4/(P)-bD-5 (diethyl ether, total 1.0 x 10~* M) was allowed
to stand in a glass vial at room temperature for 1 h. A portion of the mixture was
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dropped on a 400 mesh carbon-coated copper grid. The samples were dried under
ambient pressure for 6 h, and then dried under vacuum for 6 h.

Sample preparation from diethyl ether solution for AFM experiments
(General procedure). A 1:1 mixture of (M)-bD-4/(P)-bD-5 (diethyl ether, total
1.0 x 10™* M) was allowed to stand in a glass vial at room temperature for 1 h. A
portion of the mixture was dropped on a freshly cleaved mica surface, and the
solvent was removed under ambient pressure. Samples of (M)-bD-4/(P)-D-5, (M)-
D-4/(P)-D-5, and (M)-D-5/(P)-DF-4 systems (diethyl ether, total 1.0 x 107 M)
were prepared in the same manner as that of (M)-bD-4/(P)-bD-5 system.

Conversion of vesicles to fibers. A 1:1 mixture of (M)-bD-4/(P)-bD-5 in
diethyl ether (total 1.0 x 10™* M, 1.0 mL) was prepared and allowed to stand at
room temperature for 1 h. Soft precipitates were centrifuged (6400 rpm, 10 min),
and the supernatant was removed by decantation. Diethyl ether (1.0 mL) was
poured to the residue, which was centrifuged again (6400 rpm, 10 min). After
removal of the solvent by decantation, the precipitate was washed with toluene
(1.0 mL) in a same manner. The residual soft precipitate was dissolved in toluene
(1.0 mL) to obtain a solution with the concentration of ca. 1.0 x 10~* M. The
solution was heated at 80 °C for 1 h and allowed to stand at room temperature for
3 h. A portion of the resulted turbid solution was dropped on a freshly cleaved
mica surface, and the solvent was removed under ambient pressure for AFM
analysis.

Computational calculation of hetero-double-helix structure of (M)-bD-4/
(P)-bD-5. To the lowest energy-minimum conformer of generated structures by
the calculation of the (M)-tetramer/(P)-pentamer complex with methyloxycarbonyl
side chains conducted in Chap. 4, 4-methyl-2-(2-methylpropyl)-1-pentyloxycar-
bonyl side chains were attached. Energy minimization of the whole structure was
conducted again using the PRCG method until a final gradient below 0.05 kJ/
A-mol was reached. Parameters used for calculation should be referred in the
method for computational calculation of hetero-double-helix structure of (M)-
tetramer/(P)-pentamer with methoxycarbonyl side chains (Sect. 6.2).

Computational calculation of hetero-double-helix structure of (P)-bD-4/
(P)-bD-5. To the lowest energy-minimum conformer of generated structures by
the calculation of the (P)-tetramer/(P)-pentamer complex with methyloxycarbonyl
side chains conducted in Chap. 4, 4-methyl-2-(2-methylpropyl)-1-pentyloxycar-
bonyl side chains were attached, which was minimized in the same manner as the
calculation of (M)-bD-4/(P)-bD-5.
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