
DOI: 10.1002/asia.200700295

Reversible Double-Helix–Random-Coil Transition Process of
Bis ACHTUNGTRENNUNG{hexa(ethynylhelicene)}s

Hiroki Sugiura, Ryo Amemiya, and Masahiko Yamaguchi *[a]

Dedicated to Professor Teruaki Mukaiyama on the occasion of his 80th birthday

Introduction

Molecular switching, which is a reversible structural change
in response to changes in the environment, has attracted
much attention.[1] The construction of synthetic switching
compounds and the understanding of their properties are in-
teresting subjects, the realization of which may lead to the
development of switching systems that can be utilized in the
biological and materials sciences.

Reversible structural changes in principle can be under-
stood with a two-state model (Figure 1). In response to
changes in the environment such as temperature, light, sub-
strate concentration, the presence or absence of chemical
substances, and chemical reactions, a molecule reversibly
changes its thermodynamic stability between two states, X
and Y, and changes its structure from X to Y or vice versa.
A change in molecular ratio at equilibrium between the
states X and Y, which is dependent on the energy difference
between the two, is then detected by physical methods such
as spectroscopy. As well as thermodynamic aspects, the
chemical kinetics of the structural changes from X to Y and
vice versa are also important, which are again affected by
the environment. In kinetic studies, intermediates and tran-
sition-state structures and their energies are examined in re-
lation to how a molecule responds to changes in the envi-
ronment. To utilize reversible structural changes for molecu-
lar switching, both thermodynamic and kinetic properties
need to be understood. This is an interesting subject of
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study on rather complex chemical-reaction systems. Al-
though several synthetic switching molecules have been de-
veloped, the majority of studies have examined only the re-
lationship between the changes in the environment and the
differences between two structures.[1] Analyses of structural-
change processes, particularly kinetic studies, are lacking.
The double-helix structure is an interesting molecular ar-

chitecture formed with two linear molecules, and contains

three-dimensional structural variations in terms of diameter,
length, pitch, and chirality, among others, besides the one-di-
mensional arrangement of atoms.[2–9] The structure is formed
by several noncovalent bond interactions such as hydrogen
bonds, electrostatic interactions, van der Waals interactions,
charge-transfer interactions, p–p interactions, and CH–p in-
teractions, both in the intramolecular and intermolecular
modes. This is in contrast to the single-helix structure,
whose formation depends only on intramolecular interac-
tions. The diversity of the structural features of a double
helix makes its structural switching extremely interesting.
DNA and RNA offer excellent examples of structural
switching between a double helix and a random coil, and
the kinetics of their structural changes have been examined
to some detail.[10,11] In contrast, little is known about the ki-
netics of synthetic double-helix compounds.[12–15]

During our studies on the synthesis and properties of opti-
cally active helicene derivatives, hepta(ethynylhelicene) 1
was found to form a helix dimer, most likely a double helix,
in organic solvents.[16] Whereas helical 1 irreversibly changes
its structure to a random coil (unfolding) at low concentra-
tions (5 mm), at high concentrations (1 mm), 1 reversibly
changes its structure between the double helix and the
random coil upon heating and cooling (unfolding and fold-
ing).[17] The ratio of the double helix to the random coil
changes considerably depending on temperature, concentra-
tion, and solvent, which indicates the sensitivity of the ther-
mochemical properties of the two structures. Another nota-
ble feature of compound 1 is the diversity in its rate of un-
folding, and the rate constant varies over seven orders of
magnitude depending on the solvent. Thus, it was consid-
ered to be an attractive system on which to conduct kinetic
studies of the unfolding and folding of a double helix. To
compare and understand the process of structural changes in
1, we selected, in this study, compounds 2 and 3 containing
two parts of the hexa(ethynylhelicene) moiety, which are
linked by a flexible 3.0-nm-long hexadecamethylene linker
and a rigid 3.0-nm-long butadiyne linker, respectively.[18]

Compounds 2 and 3 were expected to form aggregate prop-
erties different from those of 1. Such double-helix–random-
coil transitions of linked compounds were examined with
DNA[19,20] or RNA[21] derivatives. Depending on the struc-
ture of the linker moiety, the double-helix structure exhibits
different thermal stabilities as shown by its melting profiles.
We therefore considered it interesting to study the thermo-
dynamics and kinetics of double-helix–random-coil transi-
tions by using synthetic compounds that form linked double
helices.
It was found that both 2 and 3 form similar intramolecu-

lar double-helix structures with similar thermodynamic
properties. The double-helix–random-coil transitions of 2
and 3, however, are dependent on the structure of the
linker. The unfolding of 3 involves a higher activation
energy than that of 2, and the double-helix and random-coil
conformers of 3 can be separated by chromatography. The
folding of 2 and 3 involves a complex mechanism, which is
not observed in the intermolecular folding of 1. Separate

Abstract in Japanese:

Figure 1. Schematic representation of reaction energy for reversible
ACHTUNGTRENNUNGstructural change between X and Y.
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studies of unfolding and folding provide information that
can be used to develop a molecular-switching system.

Results and Discussion

Synthesis

Derivatives 2 and 3 were synthesized from ethynylhelicene
(M)-4[22] via hexa(ethynylhelicene) 19 by repeated Sonoga-
shira coupling and deprotection (Scheme 1). A one-direc-
tional method was employed in this study because the two
terminal parts of the oligomer should be differentiated.
Compound (M)-4 was coupled to 3-iodobenzoate 5 to
obtain (M)-6 in 96% yield. The treatment of (M)-6 with
Bu4NF produced desilylated (M)-7, which was coupled to
building block (M)-8[22] to obtain di(ethynylhelicene) 9. Sim-
ilar desilylation followed by Sonogashira coupling to (M)-8
produced the ethynylhelicenes, from tri(ethynylhelicene) 10
to hepta(ethynylhelicene) 14, in high yields.
The CD spectra of 13 and 14 with six or more helicenes in

CHCl3 at 5 mm exhibited a large Cotton effect in the regions
280–350 and 350–400 nm by the formation of chiral aggrega-
tion structures, which were previously assigned to the helix
dimer or double-helix structure for 1 (Figure 2a),[16] whereas
oligomers 9–12 with five or fewer helicenes formed random-
coil structures (Figure 2b). On the basis of the confirmation
of the effect of the chain length, we decided to prepare
dimers from the hexamer 19. Finally, the deprotected hexa-
(ethynylhelicene) 19 was coupled to diiodo linker 20 or 21
to yield the desired product 2 (53%) or 3 (45%), respective-
ly (Scheme 1).

Folded Structure

The CD spectra of 2 (1 mm) in CHCl3 5 min after dissolution
exhibited a large Cotton effect similar to those of 1, 13, and
14 in the regions 280–350 and 350–400 nm (Figure 3). When

the solution was allowed to
stand at 25 8C, a slight attenua-
tion of the Cotton effect was
observed after 5 h. Helical 1
(5 mm) unfolded to form a
random-coil structure 12 h after
dissolution at 25 8C.[16] The
lower tendency of 2 to unfold
relative to 1 may be due to the
intramolecular helical aggrega-
tion of 2. At 55 8C, the unfold-
ing of 2 occurred rapidly, and a
random-coil structure was
formed after 30 min.
The 1H NMR spectra of 2

(1 mm) in CDCl3 taken 30 min
after dissolution were broad-
ened in the aromatic region at
25 8C and exhibited absorptions
of aromatic protons up to d=

5.2 ppm (Figure 4a). The spectra are similar to those of heli-
cal 1.[16] When the solution was heated at 60 8C for 24 h, the

Scheme 1. Synthesis of 2 and 3. Conditions: a) [Pd ACHTUNGTRENNUNG(dba)3]·CHCl3, CuI,
Mes3P, Bu4NI, NEt3, DMF, 45 8C, 1 h; b) Bu4NF, THF, 0 8C, 10 min;
c) (M)-8, [Pd ACHTUNGTRENNUNG(dba)3]·CHCl3, CuI, Mes3P, Ph3P, Bu4NI, NEt3, DMF/toluene
or THF, 45 8C, 1 h; d) [Pd ACHTUNGTRENNUNG(dba)3]·CHCl3, CuI, Mes3P, Bu4NI, NEt3, DMF/
THF, 45 8C, 2 h. dba=dibenzylideneacetone, DMF=N,N-dimethylform-
ACHTUNGTRENNUNGamide, Mes=mesityl, Tf= trifluoromethanesulfonyl.

246 www.chemasianj.org F 2008 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim Chem. Asian J. 2008, 3, 244 – 260

FULL PAPERS
M. Yamaguchi et al.



signal intensity of the random-coil conformer increased (Fig-
ure 4b). The helical structure of 2 completely unfolded to
form a random coil after heating at 100 8C for 1 h in
[D8]toluene (Figure 4c).
Vapor-pressure osmometry (VPO) was performed. The

CD spectra of 2 (0.5 mm) obtained 5 min and 6 h after disso-
lution confirmed that the helical structure of 2 was main-
tained (Figure 5a). The molecular weight of 2 was concen-
tration-independent between 1 and 10 mm, which corre-
sponds to that of the monomer (Figure 5b). These experi-
ments indicate that 2 formed an intramolecular helix dimer
or double helix.
The experiments described later provided the equilibrium

constant Keq and the Gibbs free-energy DG values of the

double helix and random coil at equilibrium for 2, from
which DH= (+194�19) kJmol�1 and DS= (+0.61�
0.06) kJK�1mol�1 were obtained.[23] The large positive entro-
py is the origin of the substantial temperature dependence

Figure 2. a) CD spectra of 6, 9, 10, 11, 12, 13, and 14 (5 mm, CHCl3,
25 8C). b) CD spectra of 6, 9, 10, 11, and 12 (5 mm, CHCl3, 25 8C). The
spectra were obtained 5 min after dissolution.

Figure 4. 1H NMR (600 MHz, 1 mm) spectra of 2. a) Observed at 25 8C,
30 min after dissolution in CDCl3. b) Observed at 60 8C after heating at
60 8C for 24 h (CDCl3). c) Observed at 100 8C after heating at 100 8C for
1 h in [D8]toluene.

Figure 3. CD spectra of 2 (1 mm, CHCl3) obtained at each time and
ACHTUNGTRENNUNGtemperature point studied after dissolution.

Figure 5. a) CD spectra of 2 (0.5 mm, 35 8C) 5 min and 6 h after dissolu-
tion in CHCl3. b) Degree of aggregation of 2 determined by VPO (35 8C)
at various concentrations after dissolution in CHCl3. Degree of aggrega-
tion= (observed molecular weight)/(theoretical molecular weight of mon-
omeric 2).
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of the equilibrium, which resulted in a sharp structural
change. It was previously observed that compound 1 irrever-
sibly unfolded at 5 mm, and folding occured only at 1 mm.[17]

A similar experiment of the unfolding of 1 (1 mm) in tolu-
ene provided thermodynamic data at equilibrium: DH=

ACHTUNGTRENNUNG(+98�18) kJmol�1, DS= (+0.33�0.06) kJK�1mol�1.[23] The
larger DH of 2 over 1 indicates that the intramolecular heli-
cal structure of 2 is thermodynamically more stable than the
intermolecular helix dimer of 1.
Next, compound 3, which has a rigid butadiyne linker,

was examined. The CD spectra of 3 (1 mm) recorded at 25 8C
5 min after dissolution in CHCl3 exhibited a large Cotton
effect in the regions 280–360 and 360–400 nm, which corre-
sponds to the helical structure (Figure 6). The similarity of

the CD spectra of helical 1, 2, and 3 indicate similar struc-
tures despite the considerable difference in the features of
the linker moiety. Although helical 2 unfolded to form a
random-coil structure after heating at 55 8C for 30 min
(Figure 3), the unfolding of 3 in CHCl3 was not complete
even after heating for 6 h at 55 8C. Random coil 3 was
formed after heating at 75 8C for 30 min in toluene.
The helical-structure–random-coil transition of 3 was also

observed by 1H NMR spectroscopic analysis, and spectra
similar to those of 2 were obtained.[23] Broad signals be-
tween d=5.0 and 8.8 ppm were observed in the 1H NMR

(CDCl3) spectrum of 3 at 25 8C, which sharpened when 3
was heated in [D8]toluene at 100 8C for 1 h.
CD analysis and VPO revealed the monomeric nature of

helical 3 in CHCl3 between 1 and 10 mm, which is consistent
with the formation of the intramolecular helix as in the case
of 2 (Figure 7).

A study of the unfolding of 3 (5 mm) in toluene provided
thermodynamic data at equilibrium: DH= (+223�
51) kJmol�1, DS= (+0.69�0.16) kJK�1mol�1.[23] A compari-
son of the data with those of 2 revealed that the effect of
the linker structure on the thermodynamic stability of 2 and
3 during their transition between the helical structure and
the random coil is not large.
The intramolecular aggregate formation of 3 with thermo-

dynamic properties and CD spectra similar to those of 2
may support the formation of the double-helix structures of
1, 2, and 3 rather than that of the helix-on-helix structure, in
which two single helices interact with the bottom and top
parts of each helix facing each other (Figure 8). Compounds
1 and 2 can form similar helix-on-helix structures. However,
the helix-on-helix structure of 3 may be different from that
of 2 because of the rigid linker moiety of 3, and the thermo-
dynamic properties of 3 may also be different from those of
2. Figure 9 shows a proposed double-helix structure of 2,
which has a tubular structure with an outer diameter of
2 nm, an inner diameter of 0.85 nm, and a height of 2 nm.

Figure 6. CD spectra (1 mm) of 3 obtained at each time and temperature
point after dissolution in a) CHCl3 and b) toluene.

Figure 7. a) CD spectra of 3 (0.5 mm, 35 8C) 5 min and 6 h after dissolu-
tion in CHCl3. b) Degree of aggregation of 3 (35 8C) determined by VPO
at various concentrations after dissolution in CHCl3.
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Unfolding Process

The double-helix–random-coil transitions of 2 and 3 were
examined with CD spectroscopy in toluene. A 5-mm solution
of helical 2 in toluene was prepared at 25 8C by dissolving 2
in toluene. The solution was rapidly heated to 75 8C, and the
time dependence of De at 370 nm was measured (Figure 10).

Upon heating, helical 2 with DeH=�4090m
�1 cm�1 unfolded

to form a random-coil structure with DeR=++300m
�1 cm�1

within 5 min. To obtain the rate constant for unfolding at 60,
55, 50, and 45 8C at 5 mm, the De value at relatively low con-
version after 1.5 min of heating was analyzed by assuming a
pseudo-first-order reaction: k= (4.6�0.1)L10�1 (60 8C),
(1.6�0.1)L10�1 (55 8C), (1.0�0.1)L10�1 (50 8C), and (4.7�
0.1)L10�2 min�1 (45 8C). The rate constant k= (1.9�1.6)L
10�3 min�1 at 25 8C (5 mm) was estimated for 2 on the basis
of the Arrhenius plot, which was found to be one order of
magnitude smaller than that of 1 (k= (1.9�0.1)L
10�2 min�1) under the same conditions.[16] The rate was sensi-
tive to temperature, and an activation energy Ea= (133�
17) kJmol�1 was provided for unfolding, which is similar to
that obtained for 1 (Ea= (115�16) kJmol�1).[23]
The rate constants in the unfolding of 3 were obtained in

a manner similar to that for 2.[23] The time dependence of
De at 370 nm for 3 at 75, 70, 65, and 60 8C provided the rate
constants for unfolding: k= (4.3�0.1)L10�1 (75 8C), (1.5�
0.1)L10�1 (70 8C), (6.1�0.3)L10�2 (65 8C), and (3.5�0.2)L
10�2 min�1 (60 8C) (Figure 11). From the Arrhenius plot, k=

(2.9�2.6)L10�5 min�1 at 25 8C and Ea= (163�17) kJmol�1
were obtained.[23] The unfolding rate of 3, with k= (1.9�
1.6)L10�3 min�1 at 25 8C, is two orders of magnitude lower
than that of 2.

Figure 8. The double-helix structures of 1, 2, and 3.

Figure 9. Proposed intramolecular double-helix structure of 2 obtained by
MacroModel 8.6 (MM2* force field). The hexadecamethylene moiety is
shown in green.

Figure 10. Time dependence of De at 370 nm for 2 (5 mm) in toluene at
75, 60, 55, 50, and 45 8C.

Figure 11. Time dependence of De at 370 nm for 3 (5 mm) in toluene at
75, 70, 65, and 60 8C.
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The rate of monomolecular unfolding and the activation
energy of 1, 2, and 3 decrease in the order 1>2>3 and 3>
2>1, respectively.
The activation energy Ea= (163�17) kJmol�1 in the un-

folding of 3 is considerably larger than that of 2 (Ea= (133�
17) kJmol�1), and the rigid linker increased the activation
energy of unfolding. Accordingly, the double-helix and
random-coil conformers of 3 were separable. Gel-permea-
tion chromatography (GPC) of 3 in THF at ambient temper-
ature showed two peaks (Figure 12). The CD spectra of

each fraction were recorded without concentration, which
showed that the first eluted fraction has the double-helix
structure and the second, the random-coil structure.[23] The
double-helix structure of the first eluted fraction slowly
changed to the random-coil structure. In contrast, 2 eluted
as a single fraction containing the random coil, as shown by
GPC.[23]

Folding Process

Next, the folding of 2 and 3 was examined. A 5-mm solution
of 2 in toluene was heated at 75 8C for 30 min to complete
unfolding, and the solution with the random coil was cooled
to 20, 15, 10, or 5 8C. The folding was monitored by De at
370 nm (Figure 13). The folding started from DeR=

+300m
�1 cm�1 and was completed within 120 min at these

temperatures to yield DeH=�4090m
�1 cm�1. By using De at

the initial stage of folding and assuming a pseudo-first-order
reaction, the rate constants k= (2.2�0.1)L10�1 (20 8C),
(2.7�0.1)L10�1 (15 8C), (2.9�0.1)L10�1 (10 8C), and (3.2�
0.1)L10�1 min�1 (5 8C) were obtained. The reaction was
faster at lower temperatures, thus yielding the apparent neg-
ative activation energy Ea= (�13�4) kJmol�1.[23] Such a
phenomenon was previously observed in folding DNA and
RNA[10,11] and was explained by the presence of an exother-
mic pre-equilibrium and a rate-determining step with a
small activation energy.[24]

The folding rates of 3 (5 mm) in toluene were also mea-
sured, and the rate constants were determined to be k=

(6.4�0.3)L10�3 at 20 8C, (9.1�0.3)L10�3 at 15 8C, (1.2�
0.3)L10�2 at 10 8C, and (1.7�0.4)L10�2 min�1 at 5 8C
(Figure 14).[23] As with 2, the rate increased at lower temper-

atures, and the negative activation energy Ea= (�43�
2) kJmol�1 was obtained.[23] The folding rate constants of 3
are one order of magnitude smaller than those of 2 at the
same temperatures. The kinetic analysis of 1 in the folding
also showed a negative activation energy Ea= (�44�
3) kJmol�1,[23 ]and the folding process involved may be simi-
lar for 1, 2, and 3 in the rate-determining steps.
A notable feature of the folding of 2 and 3 is its concen-

tration dependence despite the apparent intramolecular
first-order reaction. This is in contrast to the unfolding of 2
and 3, which are concentration-independent.[23] The rate
constants k of the folding of 2 changed more than tenfold
from (2.4�0.1)L10�2 (0.1 mm) to (4.1�0.1)L10�1 min�1
(7 mm), and plots of k against concentration show a linear re-
lationship (Figure 15a). Similarly, the rate constants of the
folding of 3 increased threefold with an increase in concen-
tration from (4.9�0.1)L10�3 (1 mm), to (1.7�0.1)L
10�2 min�1 (7 mm) (Figure 15b).[23] These phenomena were
attributed to self-catalysis, as reported for apparent first-
order reactions such as the epimerization of chloro-
ACHTUNGTRENNUNGphyll[25]and the isomerization of aldose[26] or enol.[27]

Figure 12. Recycle GPC chromatogram of 3 in THF at ambient tempera-
ture (JAIGEL 3H and 2H columns, flow rate 3.5 mLmin�1). A 10-mg
sample of 3 was injected.

Figure 13. Time dependence of De at 370 nm for 2 (5 mm) in toluene at
20, 15, 10, and 5 8C after heating at 75 8C for 30 min. Inset: magnified
graph.

Figure 14. Time dependence of De at 370 nm for 3 (5 mm) in toluene at
20, 15, 10, and 5 8C after heating at 75 8C for 30 min.
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A model system is provided to explain the observations.
It may be reasonably assumed that double-helix formation
is initiated at the terminal helicene moiety rather than at
the internal helicene moiety in the head-to-tail mode
(Scheme 2a): The folding of 1A, which is the random coil
form of 1, provides double helix 1C via 1B, and unfolds by
the reverse process from 1C to 1A. If this assumption was
true, the intramolecular folding of 2A, the random coil form
of 2, to form double helix 2C via intramolecular aggregate
2B would be unlikely to occur, because the process requires

the rearrangement of the conformer from the head-to-head
mode to the head-to-tail mode (Scheme 2b). Thus, random
coil 2A should form intermolecular double helix 2E via par-
tial double helix 2D, and then 2E should fold to form intra-
molecular double helix 2C via 2F by extruding one of the
2A forms. The unfolding from 2C to 2A may be a mono-
molecular dissociation reaction analogous to that from 1C
to 1A. This explanation is consistent with the lack of hyste-
resis in the change of 1 (see below), because such self-catal-
ysis cannot occur. The negative activation energy of folding
of 2 may be explained by this mechanism: The folding from
2A to 2D occurs in the exothermic pre-equilibrium stage,
and a rate-determining step with a small activation energy
exists somewhere in the process between 2D and 2C.
The folding of 2 and 3 was suggested to involve self-catal-

ysis (intermolecular reaction), whereas the unfolding in-
volves a monomolecular reaction. The different properties
of folding and unfolding suggest the involvement of differ-
ent mechanisms, which was confirmed by a melting-profile
study with UV/Vis spectroscopy (Figure 16). A 1-mm solu-
tion of 2 in toluene was heated from 17 to 75 8C at the rate
of 1 8Cmin�1, and the solution was then cooled to 17 8C at
the same rate. The structural changes monitored by e at
340 nm exhibited hysteresis (Figure 16b).
The melting profile of 3 (0.25 mm) determined from e at

430 nm again exhibited hysteresis (Figure 17). As noted
later, the reversible structural change of 3 required a higher
concentration. In contrast to 2 and 3, no hysteresis was ob-
served in the analysis of 1 conducted at 1 mm (Figure 18),
which is consistent with the mechanism described in
Scheme 2.

Molecular Switching

Separate studies of the unfolding and folding of 2 and 3 pro-
vided information on the thermodynamic and kinetic prop-
erties of the structural changes. The information can be uti-
lized for the development of a molecular-switching system,

which should be constructed
with the appropriate combina-
tions of unfolding and folding.
It may be worthwhile to con-

sider that the term “molecular
switching” has a meaning some-
what different from that of “re-
versible structural change”. As
described above, the latter
refers to the structural change
in the system, which in princi-
ple is reversible, and the former
emphasizes the practical aspects
of the structural change. Molec-
ular switching in this study is
defined as follows: 1) The equi-
librium shifts to the predomi-
nant formation of both the
structures X and Y (Figure 1),

Figure 15. Plots of concentration versus rate constant k for the folding of
a) 2 and b) 3 in toluene at 10 8C.

Scheme 2. Model system of double-helix formation.
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so that the structural change is significant and can be readily
detected; 2) the rate of structural change is sufficiently high

for effective repetition; and 3) the process is highly reprodu-
cible. It may not be appropriate to call it “molecular switch-
ing” if a very slight structural change that is difficult to
detect proceeds slowly for years. Thus, the conditions lead-
ing to molecular switching are restricted compared with
those leading to reversible structural change.
On the basis of the thermodynamics and kinetics of un-

folding and folding examined in this study, the conditions
for the molecular switching of 2 and 3 in toluene have been
clarified. Substantial differences in the rates of structural
change between 2 and 3 indicate the critical role of linkers
in molecular switching. The double-helix–random-coil
switching of 2 can proceed at 1 mm at temperatures close to
ambient: When a 1-mm solution of 2 in toluene was subject-
ed to thermal cycles of heating at 55 8C and cooling at 10 8C
every 30 min, 2 exhibited De cycles of +20/�3270m

�1 cm�1

(Figure 19). This is in contrast to the molecular switching of
1, which requires 103 times higher concentrations of 1
(1 mm) to accelerate intermolecular folding.[16] The concen-
tration dependence of the double-helix–random-coil switch-
ing profile of 2 is consistent with the different mechanisms
underlying folding and unfolding. The slopes show that fold-
ing rate markedly decreases at lower concentrations (blue
lines), but unfolding rate is not affected by concentration
(red lines).
Although the folding and unfolding mechanisms of 3 are

similar to those of 2, the reaction rates of 3 are considerably
lower than those of 2. This becomes clear when the double-
helix–random-coil switching of 3 (1 mm) was conducted with

Figure 16. a) UV/Vis spectra of 2 (1 mm, toluene) obtained at each time
and temperature point studied after dissolution. b) Melting profiles of 2
at 340 nm (toluene, 1 mm). The heating and cooling rates were both
1 8Cmin�1.

Figure 17. a) UV/Vis spectra of 3 (1 mm) obtained at each time and tem-
perature point studied after dissolution in toluene. b) Melting profiles of
3 at 430 nm (0.25 mm, toluene). The heating and cooling rates were both
0.5 8Cmin�1.

Figure 18. a) Time dependence of the UV/Vis spectra of 1 (5 mm) at 25 8C
in toluene. Inset: magnification of the visible region. b) Melting profiles
of 1 at 410 nm (toluene, 1 mm). The heating and cooling rates were both
1 8Cmin�1.
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the same temperature cycles of 55/10 8C (Figure 20a). The
De value of 3 is smaller and not highly reproducible com-
pared with that of 2 (Figure 19). The switching of 3 required

a higher temperature and a higher concentration to acceler-
ate both unfolding and folding and to shift the equilibrium:
Switching can be conducted at 0.25 mm at 75/10 8C tempera-
ture cycles to provide reproducible De cycles of +130/
�1560m

�1 cm�1 (Figure 20b). Thus, the change in the linker
structure considerably affects the switching profiles, that is,
the switching profiles can sensitively indicate the changes in
the mechanisms of folding and unfolding.

Conclusions

Bis ACHTUNGTRENNUNG{hexa(ethynylhelicene)}s with a flexible hexadecamethyl-
ACHTUNGTRENNUNGene linker 2 and a rigid butadiyne linker 3 were synthesized,
both of which form an intramolecular double-helix structure.
Thermodynamic and kinetic studies of their unfolding and
folding were conducted separately. The thermodynamic pa-
rameters under the temperature-dependent equilibrium of 2
and 3 were similar, which indicate similar double-helix struc-
tures in the two compounds. The unfolding of the intramo-
lecular double-helix structure to form the random-coil struc-
ture, which is a monomolecular reaction, was accelerated at
higher temperature, and the activation energy for 3 is higher
than that for 2. Accordingly, the double-helix and random-
coil conformers of 3 were separable. The mechanism of the
folding is rather complex: The folding of 2 and 3 was accel-
erated at a lower temperature, which suggests the presence
of pre-equilibrium and a rate-determining step; their folding
rate was concentration-dependent, which suggests the in-
volvement of self-catalysis. As the folding rate of 3 was
lower than that of 2, the molecular switching of 3 occurred
only at concentrations and temperatures higher than those
for 2. It was shown that the structure of the linker has a
strong effect on intramolecular double-helix–random-coil
transition.

Experimental Section

Synthesis of bis ACHTUNGTRENNUNG{hexa(ethynylhelicene)s}

(M)-6 : (M)-3-[1,12-Dimethyl-8-(trimethylsilylethynyl)benzo[c]phenanth-
ren-5-ylethynyl]benzoic acid methyl ester: Under argon atmosphere, a
mixture of 5 (116 mg, 0.443 mmol), tris(dibenzylideneacetone)dipalladi-
um(0) chloroform adduct (11.5 mg, 0.0111 mmol), cuprous iodide
(25.3 mg, 0.133 mmol), trimesitylphosphine (25.8 mg, 0.0664 mmol), tetra-
butylammonium iodide (327 mg, 0.885 mmol), triethylamine (0.4 mL),
and N,N-dimethylformamide (3 mL) was freeze-evacuated three times. A
solution of (M)-4 (167 mg, 0.443 mmol) in N,N-dimethylformamide
(5 mL) was freeze-evacuated three times and added dropwise to the
above solution. The mixture was stirred at room temperature for 1 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 brine and dried over magnesium sulfate. The solvents
were evaporated under reduced pressure, and separation by recycling
GPC gave (M)-6 (217 mg, 0.425 mmol, 96%). [a]23D =++507 (c 1.00,
CHCl3); UV/Vis (CHCl3, 5 mm): l (e)=332 nm (8.8L104m

�1 cm�1); CD
(CHCl3, 5 mm): l (De) 297 (31), 331 (�36), 380 nm (49m

�1 cm�1); IR
(KBr): ñ=2207, 2145, 1725 cm�1; 1H NMR (600 MHz, CDCl3): d =0.39 (s,
9H), 1.93 (s, 3H), 1.94 (s, 3H), 3.98 (s, 3H), 7.44 (d, J=7.9 Hz, 1H), 7.46
(d, J=7.9 Hz, 1H), 7.51 (dd, J=7.9, 7.6 Hz, 1H), 7.66 (dd, J=8.3, 7.9 Hz,
1H), 7.68 (t, J=7.9 Hz, 1H), 7.87 (ddd, J=7.6, 1.7, 1.0 Hz, 1H), 8.02 (s,
1H), 8.04 (s, 1H), 8.06 (ddd, J=7.9, 1.7, 1.4 Hz, 1H), 8.37 (dd, J=1.4,
1.0 Hz, 1H), 8.42 (d, J=8.3 Hz, 1H), 8.50 ppm (d, J=7.9 Hz, 1H);
13C NMR (150 MHz, CDCl3): d =0.1, 23.1, 23.1, 52.2, 88.6, 93.5, 100.0,
103.1, 119.8, 120.2, 123.5, 123.6, 123.7, 126.4, 126.8, 128.5, 129.0, 129.1,
129.3, 129.5, 129.8, 130.5, 130.8, 130.9, 130.9, 132.1, 132.2, 132.7, 135.7,
136.6, 136.7, 166.3 ppm; MS (EI): m/z (%) calcd for C35H30O2Si: 510.2015
(100) [M]+ ; found: 510.2036.

(M)-7: (M)-3-(8-Ethynyl-1,12-dimethylbenzo[c]phenanthren-5-ylethyn-
ACHTUNGTRENNUNGyl)benzoic acid methyl ester: Typical procedure for desilylation: Tetrabu-
tylammonium fluoride (1.0m) in tetrahydrofuran (0.23 mL, 0.23 mmol)
was added to a solution of (M)-6 (67.5 mg, 0.132 mmol) in tetrahydrofu-

Figure 19. Concentration dependence of (De at 370 nm)–time profiles of
2 in toluene for repeated cycles of heating at 55 8C (red) and cooling at
10 8C (blue) every 30 min.

Figure 20. a) (De at 370 nm)–time profiles of 3 (1 mm) in toluene for re-
peated cycles of heating at 55 8C and cooling at 10 8C every 30 min.
b) (De at 370 nm)–time profiles of 3 (0.25 mm) in toluene for repeating
cycles of heating at 75 8C and cooling at 10 8C every 30 min.
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ACHTUNGTRENNUNGran (2 mL) at 0 8C. After the mixture was stirred for 10 min at 0 8C, satu-
rated aqueous ammonium chloride was added to it. The organic materials
were extracted with ethyl acetate. The organic layer was washed with
brine and dried over magnesium sulfate. The solvent was evaporated
under reduced pressure; silica-gel chromatography (hexane/ethyl ace-
tate=10:1) gave (M)-7 (57 mg, 0.130 mmol, 98%). [a]22D =++500 (c 1.00,
CHCl3); UV/Vis (CHCl3, 5 mm): l (e)=328 nm (8.0L104m

�1 cm�1); CD
(CHCl3, 5 mm): l (De)=294 (29), 328 (�39), 380 nm (44m

�1 cm�1); IR
(KBr): ñ=3281, 2208, 2096, 1721 cm�1; 1H NMR (600 MHz, CDCl3): d=

1.95 (s, 6H), 3.56 (s, 1H), 3.98 (s, 3H), 7.46 (d, J=7.2 Hz, 1H), 7.47 (d,
J=7.6 Hz, 1H), 7.51 (dd, J=7.9, 7.6 Hz, 1H), 7.66 (dd, J=7.9, 7.2 Hz,
1H), 7.70 (dd, J=8.2, 7.6 Hz, 1H), 7.87 (d, J=7.6 Hz, 1H), 8.06 (s, 1H),
8.07 (s, 1H), 8.07 (1H, d, J=7.9 Hz), 8.37 (s, 1H), 8.45 (d, J=7.9 Hz,
1H), 8.51 ppm (d, J=8.2 Hz, 1H); 13C NMR (150 MHz, CDCl3): d=23.2,
52.3, 81.8, 82.4, 88.6, 93.6, 119.3, 120.0, 123.5, 123.6, 123.8, 126.7, 126.9,
126.9, 128.6, 129.2, 129.4, 129.6, 130.4, 130.6, 130.9, 130.9, 130.9, 132.2,
132.3, 132.8, 135.8, 136.8, 136.9, 166.4 ppm; MS (EI): m/z (%) calcd for
C32H22O2: 438.1620 (100) [M]

+ ; found: 438.1604.

9 : Typical procedure for the Sonogashira coupling reaction: Under argon
atmosphere, a mixture of (M)-8 (321 mg, 0.410 mmol), tris(dibenzyl-
i ACHTUNGTRENNUNGdeneacetone)dipalladium(0) chloroform adduct (10.6 mg, 0.0102 mmol),
cuprous iodide (23.4 mg, 0.123 mmol), trimesitylphosphine (23.9 mg,
0.0615 mmol), triphenylphosphine (16.1 mg, 0.0614 mmol), tetrabutylam-
monium iodide (303 mg, 0.820 mmol), triethylamine (0.5 mL), and N,N-
dimethylformamide (5 mL) was freeze-evacuated three times. A solution
of (M)-7 (180 mg, 0.410 mmol) in N,N-dimethylformamide (5 mL) was
freeze-evacuated three times, and was added dropwise to the above solu-
tion. The mixture was stirred for 1 h at 45 8C. The reaction was quenched
by adding saturated aqueous ammonium chloride, and the organic mate-
rials were extracted with toluene. The organic layer was washed with
brine and dried over magnesium sulfate. The solvents were evaporated
under reduced pressure; separation by recycling GPC gave 9 (395 mg,
0.368 mmol, 90%). M.p.: 218–220 8C (hexane–ethyl acetate); [a]23D =++566
(c 1.00, CHCl3); UV/Vis (CHCl3, 5 mm): l (e)=335 nm (1.5L
105m

�1 cm�1); CD (CHCl3, 5 mm): l (De)=298 (38), 332 (�53), 388 nm
(98m

�1 cm�1); IR (KBr): ñ=2206, 2145, 1724 cm�1; 1H NMR (600 MHz,
CDCl3): d=0.39 (s, 9H), 0.86 (t, J=7.1 Hz, 3H), 1.24–1.37 (m, 10H),
1.41 (quin, J=7.1 Hz, 2H), 1.51 (quin, J=7.9 Hz, 2H), 1.86 (quin, J=

7.0 Hz, 2H), 1.94 (s, 3H), 1.95 (s, 3H), 1.98 (s, 6H), 3.98 (s, 3H), 4.43 (t,
J=6.7 Hz, 2H), 7.46 (d, J=7.2 Hz, 1H), 7.48–7.51 (m, 3H), 7.52 (dd, J=

7.9, 7.6 Hz. 1H), 7.67 (dd, J=7.9, 7.2 Hz, 1H), 7.70–7.75 (m, 3H), 7.89
(ddd, J=7.6, 1.7, 1.0 Hz, 1H), 8.04 (s, 1H), 8.07 (ddd, J=7.9, 1.7, 1.0 Hz,
1H), 8.09 (s, 1H), 8.11 (s, 1H), 8.14 (s, 1H), 8.20 (dd, J=1.7, 1.4 Hz,
1H), 8.36 (dd, J=1.7, 1.4 Hz, 2H), 8.39 (t, J=1.7 Hz, 1H), 8.43 (d, J=

7.9 Hz, 1H), 8.52–8.56 ppm (m, 3H); 13C NMR (150 MHz, CDCl3): d=

0.1, 14.1, 2.7, 23.1, 23.2, 23.2, 26.1, 28.7, 29.3, 29.5, 29.6, 31.9, 52.3, 65.8,
88.6, 89.3, 89.4, 92.9, 93.0, 93.7, 100.2, 103.1, 119.7, 119.8, 120.1, 120.3,
123.6, 123.6, 123.6, 123.7, 123.8, 124.3, 124.3, 126.7, 126.7, 126.9, 126.9,
127.0, 127.0, 128.6, 129.1, 129.2, 129.2, 129.3, 129.4, 129.6, 129.9, 130.6,
130.9, 131.0, 131.0, 131.1, 131.5, 132.1, 132.2, 132.2, 132.4, 132.4, 132.8,
135.8, 136.8, 136.9, 136.9, 138.3, 165.4, 166.4 ppm; MS (FAB, NBA (m-ni-
trobenzyl alcohol)): m/z calcd for C76H68O4Si: 1072.4887 [M]

+ ; found:
1072.48464; elemental analysis: calcd (%) for C76H68O4Si: C 85.04, H
6.39; found: C 84.96, H 6.39.

15 : This compound (365 mg, 0.365 mmol, 99%) was prepared from 9
(395 mg, 0.368 mmol). M.p.: 118–120 8C (hexane/ethyl acetate); [a]22D =

+575 (c 1.00, CHCl3); UV/Vis (CHCl3, 5 mm): l (e)=333 nm (1.4L
105m

�1 cm�1); CD (CHCl3, 5 mm): l (De)=298 (38), 330 (�51), 388 nm
(93m

�1 cm�1); IR (KBr): ñ=3290, 2205, 2103, 1723 cm�1; 1H NMR
(600 MHz, CDCl3): d=0.86 (t, J=7.0 Hz, 3H), 1.24–1.38 (m, 10H), 1.41
(quin, J=6.9 Hz, 2H), 1.51 (quin, J=7.7 Hz, 2H), 1.86 (quin, J=7.1 Hz,
2H), 1.96 (s, 6H), 1.98 (s, 6H), 3.57 (s, 1H), 3.98 (s, 3H), 4.42 (t, J=

6.7 Hz, 2H), 7.47 (d, J=7.1 Hz, 1H), 7.49–7.51 (m, 3H), 7.52 (dd, J=7.9,
7.6 Hz, 1H), 7.67 (dd, J=8.1, 7.1 Hz, 1H), 7.70–7.74 (m, 3H), 7.89 (dt,
J=7.6, 1.4 Hz, 1H), 8.07 (dt, J=7.9, 1.4 Hz, 1H), 8.07 (s, 1H), 8.11 (s,
2H), 8.13 (s, 1H), 8.19 (dd, J=1.7, 1.4 Hz, 1H), 8.36 (t, J=1.7 Hz, 1H),
8.37 (dd, J=1.7, 1.4 Hz, 1H), 8.39 (t, J=1.4 Hz, 1H), 8.45 (d, J=8.1 Hz,
1H), 8.52–8.56 ppm (m, 3H); 13C NMR (150 MHz, CDCl3): d =14.1, 22.7,
22.7, 23.2, 23.2, 26.0, 28.7, 29.3, 29.3, 29.5, 29.6, 31.9, 31.9, 52.3, 65.8, 81.8,

82.4, 88.6, 89.3, 89.3, 93.0, 93.7, 119.4, 119.8, 119.8, 120.1, 123.5, 123.6,
123.6, 123.6, 123.8, 124.3, 124.3, 126.7, 126.8, 126.9, 127.0, 127.0, 128.6,
129.2, 129.2, 129.3, 129.3, 129.4, 129.6, 129.8, 129.9, 130.4, 130.6, 130.8,
130.9, 131.0, 131.0, 131.1, 131.5, 132.2, 132.2, 132.4, 132.8, 135.8, 136.8,
136.9, 136.9, 138.3, 165.4, 166.4 ppm; MS (FAB, NBA): m/z calcd for
C73H60O4: 1000.4492 [M]

+ ; found: 1000.4547; elemental analysis: calcd
(%) for C73H60O4: C 87.57, H 6.04; found: C 87.47, H 6.09.

10 : This compound (544 mg, 0.332 mmol, 91%) was prepared from 15
(365 mg, 0.365 mmol) and (M)-8 (286 mg, 0.365 mmol). M.p.: 204–205 8C
(ethyl acetate); [a]23D =++562 (c 1.00, CHCl3); UV/Vis (CHCl3, 5 mm): l

(e)=337 nm (2.3L105m
�1 cm�1); CD (CHCl3, 5 mm): l (De)=298 (53), 333

(�69), 388 nm (150m
�1 cm�1); IR (KBr): ñ =2206, 2147, 1723 cm�1;

1H NMR (600 MHz, CDCl3): d=0.39 (s, 9H), 0.86 (t, J=7.1 Hz, 6H),
1.24–1.38 (m, 20H), 1.38–1.44 (m, 4H), 1.48–1.53 (m, 4H), 1.83–1.89 (m,
4H), 1.94 (s, 3H), 1.95 (s, 3H), 1.98 (s, 6H), 2.00 (s, 6H), 3.98 (s, 3H),
4.42–4.44 (m, 4H), 7.47 (d, J=7.2 Hz, 1H), 7.49–7.53 (m, 6H), 7.67 (dd,
J=7.9, 7.2 Hz, 1H), 7.70–7.76 (m, 5H), 7.89 (ddd, J=8.3, 1.7, 1.0 Hz,
1H), 8.04 (s, 1H), 8.07 (ddd, J=7.9, 1.7, 1.4 Hz, 1H), 8.09 (s, 1H), 8.11
(s, 1H), 8.14 (s, 1H), 8.15 (s, 2H), 8.20 (dd, J=1.7, 1.4 Hz, 1H), 8.21 (t,
J=1.7 Hz, 1H), 8.36 (dd, J=1.7, 1.4 Hz, 1H), 8.37–8.38 (m, 3H), 8.39
(dd, J=1.4, 1.0 Hz, 1H), 8.43 (d, J=7.9 Hz, 1H), 8.52–8.57 ppm (m, 5H);
13C NMR (150 MHz, CDCl3): d =0.1, 14.1, 22.7, 23.1, 23.2, 23.2, 23.2,
26.0, 28.7, 29.3, 29.6, 31.9, 52.3, 65.8, 88.6, 89.3, 89.4, 92.9, 93.0, 93.0, 93.7,
100.2, 103.1, 119.7, 119.8, 119.8, 120.1, 120.3, 123.6, 123.6, 123.7, 123.8,
124.3, 126.6, 126.7, 126.8, 126.9, 126.9, 126.9, 127.0, 127.0, 128.6, 129.1,
129.2, 129.2, 129.3, 129.3, 129.4, 129.6, 129.9, 130.6, 130.8, 131.0, 131.0,
131.1, 131.5, 132.1, 132.2, 132.2, 132.2, 132.4, 132.8, 135.8, 136.8, 136.9,
136.9, 136.9, 138.3, 165.4, 166.4 ppm; MS (FAB, NBA): m/z 1637 [M+

H]+ ; elemental analysis: calcd (%) for C117H106O6Si: C 85.89, H 6.53;
found: C 85.82, H 6.36.

16 : This compound (333 mg, 0.213 mmol, 100%) was prepared from 10
(350 mg, 0.214 mmol). M.p.: 158–159 8C (AcOEt); [a]25D =++598 (c 1.00,
CHCl3); UV/Vis (CHCl3, 5 mm): l (e)=332 nm (2.1L105m

�1 cm�1); CD
(CHCl3, 5 mm): l (De)=297 (53), 333 (�66), 388 nm (144m

�1 cm�1); IR
(KBr): ñ=3287, 2204, 2112, 1722 cm�1; 1H NMR (600 MHz, CDCl3): d=

0.86 (t, J=7.1 Hz, 6H), 1.23–1.38 (m, 20H), 1.38–1.44 (m, 4H), 1.48–1.53
(m, 4H), 1.83–1.89 (m, 4H), 1.96 (s, 6H), 1.98 (s, 6H), 2.00 (s, 6H), 3.57
(s, 1H), 3.98 (s, 3H), 4.42–4.44 (m, 4H), 7.48 (d, J=7.1 Hz, 1H), 7.50–
7.53 (m, 6H), 7.67 (dd, J=8.4, 7.1 Hz, 1H), 7.70–7.76 (m, 5H), 7.89 (ddd,
J=7.6, 1.7, 1.4 Hz, 1H), 8.07 (ddd, J=7.9, 1.7, 1.0 Hz, 1H), 8.08 (s, 1H),
8.11 (s, 2H), 8.14 (s, 1H), 8.16 (s, 2H), 8.20 (dd, J=1.7, 1.4 Hz, 1H), 8.21
(dd, J=1.7, 1.3 Hz, 1H), 8.36 (t, J=1.7 Hz, 1H), 8.37–8.38 (m, 3H), 8.39
(dd, J=1.7, 1.4 Hz, 1H), 8.45 (d, J=8.4 Hz, 1H), 8.52–8.57 ppm (m, 5H);
13C NMR (150 MHz, CDCl3): d =14.1, 22.6, 23.2, 23.2, 23.2, 26.0, 28.7,
29.3, 29.3, 29.5, 31.9, 52.3, 65.8, 81.8, 82.4, 88.6, 89.3, 89.3, 89.4, 93.0, 93.0,
93.7, 119.3, 119.8, 119.8, 119.8, 120.1, 123.5, 123.6, 123.6, 123.8, 124.3,
126.7, 126.8, 126.8, 126.9, 126.9, 127.0, 127.0, 128.6, 129.2, 129.2, 129.2,
129.3, 129.3, 129.4, 129.6, 129.8, 129.8, 130.4, 130.6, 130.8, 130.9, 130.9,
131.0, 131.1, 131.5, 132.1, 132.2, 132.2, 132.3, 132.8, 135.8, 136.8, 136.9,
136.9, 136.9, 138.3, 165.4, 166.4 ppm; MS (FAB, NBA): m/z 1564 [M]+ ;
elemental analysis: calcd (%) for C114H98O6: C 87.55, H 6.32; found: C
87.42, H 6.35.

11: This compound (418 mg, 0.190 mmol, 89%) was prepared from 16
(333 mg, 0.213 mmol) and (M)-8 (167 mg, 0.213 mmol). M.p.: 143–144 8C
(chloroform/methanol); [a]22D =++556 (c 1.00, CHCl3); UV/Vis (CHCl3,
5 mm): l (e)=337 nm (3.0L105m

�1 cm�1); CD (CHCl3, 5 mm): l (De)=298
(70), 337 (�86), 389 nm (202m

�1 cm�1); IR (KBr): 2206, 2146, 1723 cm�1;
1H NMR (600 MHz, CDCl3): d=0.38 (s, 9H), 0.85 (t, J=6.9 Hz, 9H),
1.23–1.38 (m, 30H), 1.38–1.44 (m, 6H), 1.48–1.53 (m, 6H), 1.83–1.89 (m,
6H), 1.94 (s, 3H), 1.95 (s, 3H), 1.98 (s, 6H), 2.00 (s, 12H), 3.98 (s, 3H),
4.41–4.44 (m, 6H), 7.45 (d, J=6.9 Hz, 1H), 7.47–7.52 (m, 8H), 7.67 (dd,
J=6.9, 7.9 Hz, 1H), 7.70–7.76 (m, 7H), 7.88 (ddd, J=7.9, 1.7, 1.4 Hz,
1H), 8.03 (s, 1H), 8.06 (ddd, J=7.9, 1.7, 1.4 Hz, 1H), 8.08 (s, 1H), 8.11
(s, 1H), 8.14 (s, 1H), 8.16 (s, 1H), 8.16 (s, 3H), 8.20 (t, J=1.7 Hz, 1H),
8.21 (dd, J=1.7, 1.3 Hz, 1H), 8.22 (t, J=1.7 Hz, 1H), 8.36 (dd, J=1.7,
1.3 Hz, 1H), 8.37–8.39 (m, 6H), 8.43 (d, J=7.9 Hz, 1H), 8.52–8.58 ppm
(m, 7H); 13C NMR (150 MHz, CDCl3): d =0.1, 14.1, 22.7, 23.1, 23.2, 23.2,
23.2, 26.0, 28.7, 29.3, 29.5, 31.9, 52.3, 65.8, 88.6, 89.3, 92.9, 93.0, 93.7,
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100.1, 103.1, 119.7, 119.8, 119.8, 120.1, 120.3, 123.6, 123.6, 123.8, 124.3,
126.6, 126.7, 126.8, 126.9, 127.0, 128.6, 129.1, 129.2, 129.3, 129.4, 129.6,
129.8, 130.6, 130.8, 130.9, 131.0, 131.4, 132.1, 132.2, 132.4, 132.8, 135.8,
136.7, 136.9, 138.3, 165.4, 166.4 ppm; MS (MALDI-TOF): m/z calcd for
12C157

13CH144O8Si: 2198.1; found: 2199.3; elemental analysis: calcd (%)
for C158H144O8Si: C 86.30, H 6.60; found: C 86.16, H 6.62.

17: This compound (368 mg, 0.173 mmol, 99%) was prepared from 11
(386 mg, 0.176 mmol). M.p.: 139–141 8C (chloroform/methanol); [a]27D =

+563 (c 1.00, CHCl3); UV/Vis (CHCl3, 5 mm): l (e)=334 nm (2.7L
105m

�1 cm�1); CD (CHCl3, 5 mm): l (De)=298 (59), 335 (�88), 388 nm
(190m

�1 cm�1); IR (KBr): ñ =3305, 2206, 2101, 1723 cm�1; 1H NMR
(600 MHz, CDCl3): d =0.85 (t, J=6.9 Hz, 9H), 1.23–1.38 (m, 30H), 1.38–
1.44 (m, 6H), 1.48–1.53 (m, 6H), 1.83–1.89 (m, 6H), 1.95 (s, 6H), 1.97 (s,
6H), 2.00 (s, 12H), 3.56 (s, 1H), 3.97 (s, 3H), 4.41–4.44 (m, 6H), 7.46 (d,
J=7.0 Hz, 1H), 7.48–7.52 (m, 8H), 7.67 (dd, J=8.3, 7.0 Hz, 1H), 7.69–
7.76 (m, 7H), 7.88 (ddd, J=7.6, 1.7, 1.4 Hz, 1H), 8.06 (dt, J=7.9, 1.4 Hz,
1H), 8.07 (s, 1H), 8.10 (s 1H), 8.11 (s, 1H), 8.13 (s, 1H), 8.16 (s, 4H),
8.20 (dd, J=1.7, 1.4 Hz, 1H), 8.21 (dd, J=1.7, 1.4 Hz, 1H), 8.22 (dd, J=

1.7, 1.0 Hz, 1H) 8.35 (dd, J=1.7, 1.4 Hz, 1H), 8.37–8.39 (m, 6H), 8.45 (d,
J=8.3 Hz, 1H), 8.52–8.57 ppm (m, 7H); 13C NMR (150 MHz, CDCl3):
d=14.1, 22.7, 23.2, 23.2, 23.2, 26.0, 28.7, 29.3, 29.3, 29.6, 31.9, 52.3, 65.8,
81.8, 82.4, 88.6, 89.3, 89.3, 89.4, 93.0, 93.0, 93.7, 119.3, 119.8, 119.8, 119.8,
120.1, 123.5, 123.6, 123.6, 123.8, 124.3, 126.7, 126.8, 126.8, 126.9, 126.9,
127.0, 127.0, 128.6, 129.2, 129.3, 129.3, 129.4, 129.6, 129.8, 129.8, 130.4,
130.6, 130.8, 130.9, 131.0, 131.0, 131.5, 132.1, 132.2, 132.4, 132.8, 135.8,
136.8, 136.9, 136.9, 138.3, 165.4, 166.4 ppm; MS (MALDI-TOF): m/z
calcd for 2C154

13CH136O8: 2126.0; found: 2126.4; elemental analysis: calcd
(%) for C155H136O8: C 87.54, H 6.45; found: C 87.40, H 6.52.

12 : This compound (442 mg, 0.160 mmol, 92%) was prepared from 17
(368 mg, 0.173 mmol) and (M)-8 (136 mg, 0.173 mmol). M.p.: 146–148 8C
(chloroform/methanol); [a]22D =++556 (c 0.10, CHCl3); UV/Vis (CHCl3,
1 mm): l (e)=338 nm (3.8L105m

�1 cm�1); CD (CHCl3, 5 mm): l (De)=298
(84), 335 (�109), 390 nm (256m

�1 cm�1); IR (KBr): ñ=2204, 2146,
1723 cm�1; 1H NMR (600 MHz, CDCl3): d=0.38 (s, 9H), 0.85 (t, J=

6.9 Hz, 12H), 1.23–1.38 (m, 40H), 1.38–1.43 (m, 8H), 1.48–1.53 (m, 8H),
1.83–1.88 (m, 8H), 1.93 (s, 3H), 1.94 (s, 3H), 1.97 (s, 3H), 1.97 (s, 3H),
1.99 (s, 12H), 2.00 (s, 6H), 3.97 (s, 3H), 4.40–4.44 (m, 8H), 7.45 (d, J=

7.1 Hz, 1H), 7.47–7.52 (m, 10H), 7.66 (dd, J=7.1, 8.1 Hz, 1H), 7.69–7.76
(m, 9H), 7.88 (ddd, J=7.6, 1.7, 1.4 Hz, 1H), 8.03 (s, 1H), 8.06 (dt, J=7.6,
1.4 Hz, 1H), 8.08 (s, 1H), 8.10 (s, 1H), 8.12 (s, 1H), 8.15 (s, 2H), 8.15 (s,
2H), 8.16 (s, 2H), 8.19 (dd, J=1.7, 1.4 Hz, 1H), 8.20 (dd, J=1.7, 1.4 Hz,
1H), 8.21–8.22 (m, 2H), 8.35 (dd, J=1.7, 1.4 Hz, 1H), 8.36–8.38 (m, 8H),
8.43 (d, J=7.9 Hz, 1H), 8.51–8.57 ppm (m, 9H); 13C NMR (150 MHz,
CDCl3, 60 8C): d=0.12, 14.0, 22.6, 23.0, 23.1, 23.1, 26.1, 28.8, 29.3, 29.3,
29.5, 31.9, 52.2, 65.8, 88.8, 89.5, 93.0, 93.1, 93.1, 93.8, 100.2, 103.3, 119.8,
120.0, 120.0, 120.3, 120.5, 123.6, 123.7, 123.8, 124.0, 124.5, 126.7, 126.8,
126.9, 126.9, 126.9, 127.0, 128.6, 129.1, 129.2, 129.3, 129.3, 129.4, 129.7,
129.9, 130.8, 131.0, 131.1, 131.2, 131.7, 132.3, 132.3, 132.4, 132.6, 132.9,
135.8, 136.8, 137.0, 137.0, 137.0, 138.2, 165.4, 166.4 ppm; MS (MALDI-
TOF): m/z calcd for 12C198

13CH182O10Si: 2760.4; found: 2761.7; elemental
analysis: calcd (%) for C199H182O10Si: C 86.55, H 6.64; found: C 86.45, H
6.69.

18 : This compound (429 mg, 0.160 mmol, 99%) was prepared from 12
(442 mg, 0.160 mmol). M.p.: 148–150 8C (chloroform/methanol); [a]22D =

+562 (c 0.10, CHCl3); UV/Vis (CHCl3, 1 mm): l (e)=338 nm (3.3L
105m

�1 cm�1); CD (CHCl3, 5 mm): l (De)=297 (77), 336 (�95), 389 nm
(232m

�1 cm�1); IR (KBr): ñ =3306, 2206, 2103, 1723 cm�1; 1H NMR
(600 MHz, CDCl3): d=0.85 (t, J=6.9 Hz, 12H), 1.22–1.37 (m, 40H),
1.38–1.43 (m, 8H), 1.47–1.52 (m, 8H), 1.82–1.88 (m, 8H), 1.94 (s, 3H),
1.95 (s, 3H), 1.96 (s, 3H), 1.97 (s, 3H), 1.98 (s, 12H), 2.00 (s, 6H), 3.56 (s,
1H), 3.97 (s, 3H), 4.40–4.44 (m, 8H), 7.46 (d, J=7.2 Hz, 1H), 7.48–7.52
(m, 10H), 7.67 (dd, J=7.9, 7.2 Hz, 1H), 7.69–7.76 (m, 9H), 7.88 (dt, J=

6.2, 1.4 Hz, 1H), 8.05 (ddd, J=7.3, 1.4, 1.0 Hz, 1H), 8.06 (s, 1H), 8.09 (s,
1H), 8.09 (s, 1H), 8.12 (s, 1H), 8.14 (s, 2H), 8.15 (s, 2H), 8.16 (s, 2H),
8.19 (t, J=1.4 Hz, 1H), 8.20 (dd, J=1.7, 1.4 Hz, 1H), 8.21 (t, J=1.7 Hz,
1H), 8.22 (dd, J=1.7, 1.4 Hz, 1H), 8.34 (dd, J=1.7, 1.4 Hz, 1H), 8.35–
8.38 (m, 8H), 8.44 (d, J=7.9 Hz, 1H), 8.51–8.57 ppm (m, 9H); 13C NMR
(150 MHz, CDCl3, 60 8C): d =14.0, 22.6, 23.1, 23.1, 23.1, 26.1, 28.8, 29.0,

29.3, 29.3, 29.5, 31.9, 52.2, 65.8, 82.0, 82.3, 88.8, 89.5, 89.5, 93.1, 93.1, 93.8,
119.6, 119.9, 120.0, 120.0, 120.2, 123.6, 123.7, 123.7, 124.0, 124.5, 126.8,
126.9, 126.9, 127.0, 127.0, 127.0, 128.6, 129.2, 129.2, 129.2, 129.3, 129.4,
129.7, 129.8, 129.9, 130.5, 130.8, 130.9, 131.0, 130.1, 131.2, 131.7, 132.3,
132.4, 132.5, 132.9, 135.7, 136.9, 137.0, 137.0, 137.0, 138.2, 165.4,
166.3 ppm; MS (MALDI-TOF): m/z calcd for 12C195

13CH174O10: 2688.3;
found: 2689.1; elemental analysis: calcd (%) for C196H174O10: C 87.53, H
6.52; found: C 87.71, H 6.44.

13 : This compound (104 mg, 0.0313 mmol, 82%) was prepared from 18
(103 mg, 0.0383 mmol) and (M)-8 (30 mg, 0.0383 mmol). M.p.: 159–
160 8C (chloroform/methanol); [a]22D =�4600 (c 0.10, trifluoromethylben-
zene, within 1 h of dissolution); UV/Vis (trifluoromethylbenzene, 5 mm,
within 5 min of dissolution): l (e)=329 nm (2.4L105m

�1 cm�1); CD
(CHCl3, 5 mm, 1 min after dissolution): l (De)=325 (974), 366 (�1530),
385 (�980), 391 nm (�1030m

�1 cm�1); IR (KBr): ñ=2208, 2147,
1722 cm�1; H NMR (600 MHz, CDCl3, 1 mm, observed at 60 8C after
heating at 60 8C for 15 min): d=0.38 (s, 9H), 0.85 (t, J=6.9 Hz, 15H),
1.23–1.38 (m, 50H), 1.38–1.45 (m, 10H), 1.47–1.53 (m, 10H), 1.82–1.88
(m, 10H), 1.94 (s, 3H), 1.95 (s, 3H), 1.97 (s, 3H), 1.98 (s, 3H), 1.99 (s,
24H), 3.96 (s, 3H), 4.40–4.43 (m, 10H), 7.43 (d, J=7.2 Hz, 1H), 7.45–
7.49 (m, 12H), 7.64 (dd, J=8.4, 7.2 Hz, 1H), 7.67–7.73 (m, 11H), 7.86
(dt, J=7.8, 1.2 Hz, 1H), 8.00 (s, 1H), 8.04 (dt, J=7.8, 1.2 Hz, 1H), 8.06
(s, 1H), 8.08 (s, 1H), 8.11 (s, 1H), 8.13 (s, 2H), 8.13 (s, 2H), 8.14 (s, 2H),
8.14 (s, 2H), 8.17 (t, J=1.8 Hz, 1H), 8.18 (dd, J=1.8, 1.2 Hz, 1H), 8.18–
8.19 (m, 3H), 8.33 (dd, J=1.8, 1.2 Hz, 1H), 8.34–8.37 (m, 10H), 8.42 (d,
J=8.4 Hz, 1H), 8.50–8.55 ppm (m, 11H); 13C NMR (150 MHz, CDCl3,
5 mm, observed at 60 8C after heating at 60 8C for 30 min): d=0.1, 14.0,
22.6, 23.0, 23.07, 23.1, 23.1, 26.1, 28.9, 29.3, 29.3, 29.6, 31.9, 52.2, 65.9,
88.0, 89.5, 89.5, 89.5, 9.54, 93.0, 93.1, 93.1, 93.1, 93.8, 119.9, 120.0, 120.1,
120.3, 120.6, 123.7, 123.7, 123.7, 123.8, 124.0, 124.5, 124.5, 124.6, 126.8,
126.9, 126.9, 127.0, 127.0, 127.0, 127.0, 127.1, 128.6, 129.1, 129.2, 129.3,
129.3, 129.3, 129.5, 129.7, 130.0, 130.9, 131.0, 131.1, 131.2, 131.2, 131.2,
131.2, 131.8, 131.8, 132.3, 132.4, 132.4, 132.5, 132.6, 132.9, 135.8, 136.9,
137.0, 137.0, 137.1, 137.1, 138.3, 165.4, 166.4 ppm; MS (MALDI-TOF):
m/z calcd for 12C238

13C2H220O12Si: 3323.6; found: 3323.9; elemental analy-
sis: calcd (%) for C240H220O12Si: C 86.71, H 6.67; found: C 86.59, H 6.53.

19 : This compound (318 mg, 0.0978 mmol, 97%) was prepared from 13
(334 mg, 0.100 mmol). M.p.: 154–156 8C (chloroform/methanol); [a]22D =

�4600 (c 0.10, trifluoromethylbenzene, within 1 h of dissolution); UV/Vis
(trifluoromethylbenzene, 5 mm, within 5 min of dissolution); l (e)=
331 nm (2.4L105m

�1 cm�1); CD (CHCl3, 5 mm, 1 min after dissolution): l

(De)=326 (1030), 366 (�1600), 385 (�1060), 391 nm (�1120m
�1 cm�1);

IR (KBr): ñ=3303, 2208, 2100, 1723 cm�1; 1H NMR (600 MHz, CDCl3,
1 mm, observed at 60 8C after heating at 60 8C for 15 min): d=0.85 (t, J=

7.1 Hz, 15H), 1.22–1.37 (m, 50H), 1.38–1.43 (m, 10H), 1.47–1.53 (m,
10H), 1.81–1.88 (m, 10H), 1.95 (s, 3H), 1.95 (s, 3H), 1.97 (s, 3H), 1.98 (s,
3H), 1.99 (s, 24H), 3.53 (s, 1H), 3.96 (s, 3H), 4.41–4.43 (m, 10H), 7.44
(d, J=7.2 Hz, 1H), 7.46–7.49 (m, 12H), 7.64 (dd, J=8.1, 7.2 Hz, 1H),
7.66–7.73 (m, 11H), 7.86 (ddd, J=8.1, 1.5, 1.2 Hz, 1H), 8.04 (ddd, J=6.4,
1.8, 1.1 Hz, 1H), 8.04 (s, 1H), 8.07 (s, 1H), 8.08 (s, 1H), 8.10 (s, 1H), 8.13
(s, 2H), 8.13 (s, 2H), 8.14 (s, 4H), 8.16 (dd, J=1.7, 1.4 Hz, 1H), 8.18 (dd,
J=1.7, 1.6 Hz, 1H), 8.18–8.19 (m, 3H), 8.33 (dd, J=1.6, 1.5 Hz, 1H),
8.33–8.36 (m, 10H), 8.43 (d, J=8.1 Hz, 1H), 8.50–8.55 ppm (m, 11H);
13C NMR (150 MHz, CDCl3, 5 mm, observed at 60 8C after heating at
60 8C for 30 min): d =14.0, 22.6, 23.1, 23.1, 26.1, 28.9, 29.3, 29.3, 29.6,
31.9, 52.2, 65.8, 82.0, 82.3, 88.7, 89.5, 93.1, 93.1, 93.8, 119.6, 119.8, 120.0,
120.1, 120.3, 123.7, 123.7, 123.7, 124.0, 124.5, 126.9, 127.0, 127.0, 127.0,
127.0, 127.1, 128.6, 129.2, 129.3, 130.0, 129.3, 129.5, 129.7, 129.9, 130.0,
130.5, 130.9, 131.0, 131.1, 131.2, 131.2, 131.8, 132.4, 132.4, 132.6, 132.9,
135.8, 136.9, 137.0, 137.1, 138.3, 165.4, 166.4 ppm; MS (MALDI-TOF):
m/z calcd for 12C235

13C2H212O12: 3251.6; found: 3252.3; elemental analysis:
calcd (%) for C237H212O12: C 87.53, H 6.57; found: C 87.49, H 6.53.

14 : This compound (64 mg, 0.0165 mmol, 71%) was prepared from 19
(75 mg, 0.0231 mmol) and (M)-8 (18.1 mg, 0.0231 mmol). M.p.: 164–
166 8C (chloroform/methanol); [a]24D =�5018 (c 0.10, trifluoromethylben-
zene, within 1 h of dissolution); UV/Vis (trifluoromethylbenzene, 5 mm,
within 5 min of dissolution): l (e)=329 nm (2.8L105m

�1 cm�1); CD
(CHCl3, 5 mm, 1 min after dissolution): l (De)=327 (1540), 366 (�2350),
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385 (�1600), 391 nm (�1710m
�1 cm�1); IR (KBr): 2208, 2146, 1724 cm�1;

1H NMR (600 MHz, CDCl3, 3 mm, observed at 60 8C after heating at
60 8C for 1 h): d=0.38 (s, 9H), 0.85 (t, J=7.1 Hz, 18H), 1.22–1.36 (m,
60H), 1.41 (quin, J=7.1 Hz, 12H), 1.50 (quin, J=7.7 Hz, 12H), 1.85
(quin, J=7.4 Hz, 12H), 1.94 (s, 3H), 1.95 (s, 3H), 1.968 (s, 3H), 1.974 (s,
3H), 1.99 (s, 30H), 3.95 (s, 3H), 4.40–4.43 (m, 12H), 7.43 (d, J=7.0 Hz,
1H), 7.45–7.49 (m, 14H), 7.64 (dd, J=8.2, 7.2 Hz, 1H), 7.66–7.72 (m,
13H), 7.85 (ddd, J=8.0, 1.6, 1.2 Hz, 1H), 8.00 (s, 1H), 8.03 (ddd, J=7.9,
1.7, 1.3 Hz, 1H), 8.05 (s, 1H), 8.07 (s, 1H), 8.09 (s, 1H), 8.11 (s, 2H), 8.12
(s, 2H), 8.12 (s, 6H), 8.16 (t, J=1.6 Hz, 1H), 8.17 (dd, J=1.7, 1.6 Hz,
1H), 8.17- 8.18 (m, 4H), 8.32–8.36 (m, 13H), 8.42 (d, J=8.0 Hz, 1H),
8.49–8.55 ppm (m, 13H); 13C NMR (150 MHz, CDCl3, 3 mm, observed at
60 8C after heating at 60 8C for 30 min): d=14.0, 22.6, 23.1, 26.1, 28.9,
29.4, 29.6, 31.9, 52.2, 65.8, 88.8, 89.5, 93.0, 93.1, 93.2, 93.8, 100.3, 119.9,
120.0, 120.1, 120.3, 120.6, 123.7, 123.8, 123.8, 124.0, 124.5, 124.6, 126.8,
126.9, 126.9, 127.0. 127.0, 127.0, 127.1, 128.6, 129.1, 129.2, 129.3, 129.3,
129.3, 129.5, 129.7, 130.0, 131.0, 131.2, 131.2, 131.8, 132.3, 132.4, 132.4,
132.6, 132.9, 135.8, 136.9, 137.0, 137.1, 137.1, 138.3, 165.5, 166.4 ppm; MS
(MALDI-TOF): m/z calcd for 12C279

13C2H258O14Si: 3885.9; found: 3887.8;
elemental analysis: calcd (%) for C281H258O14Si: C 86.83, H 6.69; found:
C 86.55, H 6.86.

20 : Under argon atmosphere, a mixture of 3-iodobenzoic acid (500 mg,
2.02 mmol) and thionyl chloride (3 mL) was heated at reflux for 1 h.
After cooling to room temperature, the solvent was removed under re-
duced pressure, and the resulting acid chloride was azeotropically dried
by adding dichloromethane (3 mL) and evaporating the mixture twice.
Next, dichloromethane (3 mL), triethylamine (0.56 mL), and 1,16-hexa-
ACHTUNGTRENNUNGdecanediol (261 mg, 1.01 mmol) were added at 0 8C. After the mixture
was stirred at room temperature for 3 h, the reaction was quenched by
adding saturated aqueous ammonium chloride, and the organic materials
were extracted with ethyl acetate. The organic layer was washed with
water and brine and dried over magnesium sulfate. After removal of the
solvents under reduced pressure, silica-gel chromatography (hexane/tolu-
ene=1:1) gave 20 (438 mg, 0.610 mmol, 60%). M.p.: 69–70 8C (ethanol);
IR (KBr): ñ=1721 cm�1; 1H NMR (400 MHz, CDCl3): d=1.23–1.46 (m,
24H), 1.76 (J=6.8 Hz, 4H), 4.31 (t, J=6.7H, 4H), 7.18 (t, J=7.8 Hz,
2H), 7.88 (ddd, J=7.8, 1.8, 1.1 Hz, 2H), 8.00 (ddd, J=7.8, 1.7, 1.1 Hz,
2H), 8.37 ppm (dd, J=1.8, 1.7 Hz, 2H); 13C NMR (150 MHz, CDCl3):
d=26.0, 28.6, 29.2, 29.5, 29.6, 29.6, 29.6, 65.6, 93.8, 128.7, 130.0, 132.4,
138.4, 141.6, 165.2 ppm; LRMS (EI, 70 eV): m/z (%): 718 [M]+ (56%),
231 [M� ACHTUNGTRENNUNG(CH2)16O2CC6H4I]

+ (100); HRMS (EI): m/z calcd for
C30H40I2O4: 718.1016 [M]

+ ; found: 718.1015.

2 : Under argon atmosphere, a mixture of 20 (5.5 mg, 7.66 mmol), tris(di-
benzylideneacetone)dipalladium(0) chloroform adduct (4.0 mg,
3.86 mmol), cuprous iodide (8.8 mg, 0.0462 mmol), trimesitylphosphine
(9.0 mg, 0.0232 mmol), tetrabutylammonium iodide (120 mg,
0.325 mmol), triethylamine (0.5 mL), and N,N-dimethylformamide
(5 mL) was freeze-evacuated three times. A solution of 19 (50 mg,
0.0154 mmol) in N,N-dimethylformamide (5 mL) was freeze-evacuated
three times and added dropwise to the above solution. The mixture was
stirred for 2 h at 45 8C. The reaction was quenched by adding saturated
aqueous ammonium chloride, and the organic materials were extracted
with toluene. The organic layer was washed with brine and dried over
magnesium sulfate. The solvents were evaporated under reduced pres-
sure, and separation by recycling GPC gave 2 (28.3 mg, 4.06 mmol, 53%).
M.p.: 163–165 8C (chloroform/methanol); [a]27D =�4814 (c 0.10, trifluoro-
methylbenzene, within 1 h of dissolution); UV/Vis (trifluoromethylben-
zene, 1 mm, within 5 min of dissolution): l (e)=331 nm (4.7L
105m

�1 cm�1); CD (CHCl3, 5 mm, 1 min after dissolution) l (De)=328
(2680), 366 (�4280), 385 (�2790), 390 nm (�2850m

�1 cm�1); IR (KBr):
ñ=2206, 1721 cm�1; 1H NMR (600 MHz, [D8]toluene, 1 mm, observed at
100 8C after heating at 100 8C for 2 h): d =0.86 (t, J=7.2 Hz, 30H), 1.21–
1.40 (m, 164H), 1.60–1.70 (m, 24H), 1.88 (s, 12H), 1.89 (s, 12H), 1.90 (s,
48H), 3.59 (s, 6H), 4.24 (t, J=6.9 Hz, 4H), 4.28–4.31 (m, 24H), 7.07–7.12
(m, 4H), 7.19–7.24 (m, 26H), 7.45–7.52 (m, 24H), 7.62–7.65 (m, 4H),
7.89 (s, 2H), 7.92 (s, 2H), 7.92 (s, 2H), 7.93 (ddd, J=8.0, 1.5, 1.3 Hz,
2H), 7.94 (s, 2H), 7.96 (s, 4H), 7.97 (s, 4H), 7.97 (s, 8H), 8.01 (ddd, J=

7.6, 1.6, 1,2 Hz, 2H), 8.21–8.23 (m, 10H), 8.47–8.48 (m, 2H), 8.53–8.56
(m, 20H), 8.62 (d, J=7.9 Hz, 2H), 8.63 (d, J=8.0 Hz, 2H), 8.65–

8.68 ppm (m, 20H); 13C NMR (150 MHz, [D8]THF, 1 mm, observed at
60 8C after heating at 60 8C for 2 h); d=14.3, 14.5, 23.3, 23.4, 23.6, 23.7,
27.0, 27.2, 29.7, 30.2, 30.2, 30.5, 30.5, 30.7, 32.8, 33.0, 52.3, 65.0, 65.9, 66.3,
89.4, 90.2, 93.8, 94.5, 120.9, 121.0, 121.2, 124.6, 125.4, 127.8, 127.8, 127.9,
127.9, 129.5, 129.6, 130.1, 130.2, 130.5, 130.6, 130.9, 132.0, 132.3, 132.9,
133.0, 133.2, 133.3, 133.3, 136.3, 136.4, 137.8, 137.9, 138.9, 165.4, 165.9,
166.4 ppm; MS (MALDI-TOF): m/z calcd for 12C499

13C5H462O28: 6966.5;
found: 6966.8; elemental analysis: calcd (%) for C504H462O28: C 86.89, H
6.68; found: C 86.66, H 6.71.

21: A mixture of 1-ethynyl-4-iodobenzene (125 mg, 0.546 mmol), cuprous
chloride (31.4 mg, 0.317 mmol), N,N,N’,N’-tetramethylethylenediamine
(0.3 mL), and acetone (5 mL) was stirred for 30 min at room temperature
with bubbling of oxygen. The reaction was quenched by adding water,
and the organic materials were extracted with toluene. The organic layer
was washed with water and brine and dried over magnesium sulfate. The
solvents were removed under reduced pressure, and silica-gel chromatog-
raphy gave 21 (109 mg, 0.240 mmol, 88%). M.p.: 238–240 8C (toluene);
IR (KBr): ñ=2149 cm�1; 1H NMR (400 MHz, CDCl3): d =7.22 (d, J=

8.6 Hz, 4H), 7.68 (d, J=8.6 Hz, 4H); 13C NMR (150 MHz, CDCl3): d=

75.1, 81.2, 95.7, 121.1, 133.8, 137.7 ppm; LRMS (EI, 70 eV) m/z (%): 454
[M]+ (100), 327 [M�I] + (14), 200 [M�2I]+ (16); HRMS (EI); m/z calcd
for C16H8I2: 453.8715; found: 453.8699.

3 : Under argon atmosphere, a mixture of 21 (4.9 mg, 0.0108 mmol), tris-
(dibenzylideneacetone)dipalladium(0) chloroform adduct (2.8 mg,
2.17 mmol), cuprous iodide (6.1 mg, 0.0320 mmol), trimesitylphosphine
(6.3 mg, 0.0162 mmol), tetrabutylammonium iodide (79.4 mg,
0.215 mmol), triethylamine (0.5 mL), and N,N-dimethylformamide
(5 mL) was freeze-evacuated three times. A solution of 19 (70 mg,
0.0215 mmol) in N,N-dimethylformamide (5 mL) was freeze-evacuated
three times and added dropwise to the above solution. The mixture was
stirred for 2 h at 45 8C. The reaction was quenched by adding saturated
aqueous ammonium chloride, and the organic materials were extracted
with toluene. The organic layer was washed with brine and dried over
magnesium sulfate. The solvents were evaporated under reduced pres-
sure, and separation by recycling GPC gave 3 (32,5 mg, 4.85 mmol, 45%).
M.p.: 197–199 8C (chloroform/methanol); [a]27D =�3686 (c 0.010, trifluoro-
methylbenzene, within 1 h of dissolution); UV/Vis (trifluoromethylben-
zene, 1 mm, within 5 min of dissolution): l (e)=334 nm (3.3L
105m

�1 cm�1); CD (CHCl3, 5 mm, 1 min after dissolution); l (De)=334
(2590), 372 (�3460), 383 (�3090), 392 nm (�3410m

�1 cm�1); IR (KBr):
ñ=2206, 1722 cm�1; 1H NMR (600 MHz, [D8]toluene, 1 mm, observed at
100 8C after heating at 100 8C for 2 h): d =0.86 (t, J=6.9 Hz, 30H), 1.20–
1.40 (m, 140H, m), 1.64–1.72 (quin, J=6.6 Hz, 20H), 1,88 (s, 6H), 1.89 (s,
12H), 1.91 (s, 54H), 3.59 (s, 6H), 4.29–4.31 (m, 20H), 7.19–7.24 (m,
26H), 7.34 (d, J=7.8 Hz, 4H), 7.44–7.52 (m, 28H) 7.63 (d, J=7.8 Hz,
2H), 7.90–8.10 (br, 26H), 8.21–8.23 (m, 10H), 8.48 (m, 2H), 8.53–8.57
(m, 20H), 8.61 (d, J=7.8 Hz, 2H), 8.63 (d, J=7.8 Hz, 2H), 8.66–
8.68 ppm (m, 20H); 13C NMR (150 MHz, [D8]THF, 1 mm, observed at
60 8C after heating at 60 8C for 2 h): d=14.3, 23.3, 23.4, 25.8, 27.0, 29.7,
30.2, 30.2, 30.5, 30.5, 32.8, 52.3, 66.3, 76.4, 78.9, 79.1, 79.3, 89.4, 90.2, 93.7,
93.8, 94.5, 120.9, 121.0, 121.2, 121.2, 123.7, 124.6, 124.8, 125.5, 127.6,
127.7, 127.8, 127.8, 127.9, 128.0, 129.0, 129.6, 130.1, 130.2, 130.2, 130.6,
130.9, 132.0, 132.1, 132.3, 132.6, 133.0, 133.0, 133.3, 133.3, 133.4, 136.4,
137.8, 137.9, 138.9, 165.4, 166.4 ppm; MS (MALDI-TOF): m/z calcd for
12C486

13C4H430O24: 6701.2; found: 6702.3; elemental analysis: calcd (%) for
C490H430O24: C 87.80, H 6.47; found: C 87.12, H 6.55.

Determination of Thermodynamic Parameters

The equilibrium constant Keq of 2 and 3 is defined as shown in Equa-
tion (1), in which [Req] and [Heq] are the concentrations of the random
coil and helix, respectively, at equilibrium.

Keq ¼ ½Req�=½Heq� ð1Þ

De at equilibrium (Deeq) is described in Equation (2) with the initial helix
concentration [H0].

Deeq ¼ DeHð½Heq�=½H0�Þ þ DeRð½Req�=½H0�Þ ð2Þ
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The initial helix concentration [H0] is defined as shown in Equation (3).

½H0� ¼ ½Heq� þ ½Req� ð3Þ

The rearrangement of Equation 3 gives Equation (4)

½Req� ¼ ½H0��½Heq� ð4Þ

Substitution of [Req] into Equation 2 and solving for [Heq] gives Equa-
tion (5).

½Heq� ¼ ½H0�ðDeeq�DeRÞ=ðDeH�DeRÞ ð5Þ

The [Req] and [Heq] values for 2 at each temperature were obtained by
using Deeq=++100 (60 8C), �500 (55 8C), �1150 (50 8C), and
�2300m

�1 cm�1 (45 8C), DeH=�4090m
�1 cm�1, and DeR=300m

�1 cm�1

(Figure 10), and Keq was calculated by using Equation (1), from which
DG was obtained (Table 1). The vanSt Hoff plots provided DH= (194�
19) kJmol�1 and DS= (0.61�0.06) kJmol�1K�1 (Figure 21).

Determination of the Activation Energy for Unfolding

The unfolding process of 2 and 3 is described in Equation (6).

Table 1. Equilibrium constant Keq and free energy DG of 2 (5 mm) in
ACHTUNGTRENNUNGtoluene at various temperatures.

60 8C 55 8C 50 8C 45 8C

Keq 21�1 4.5�0.1 2.0�0.1 0.69�0.01
DG [kJmol�1] �8.4�0.2 �4.1�0.1 +1.9�0.1 +0.98�0.05

Figure 21. vanSt Hoff plot of 2 (5 mm) in toluene.

Figure 22. a) Time dependence of De at 370 nm for 2 (5 mm) in toluene at 75, 60, 55, 50, and 45 8C. DeH=�4090m
�1 cm�1 and DeR=300m

�1 cm�1 were
ACHTUNGTRENNUNGobtained at 75 8C. Plots of ln{(Deobs�DeR)}/ ACHTUNGTRENNUNG(DeH�DeR)} of 2 versus time after heating at b) 60 8C, c) 55 8C, d) 50 8C, and e) 45 8C.
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HelixðHÞ k!RandomcoilðRÞ ð6Þ

The observed De (Deobs) is described as shown in Equation (7), in which
[H] is the helix concentration and [R] is the random coil concentration.

Deobs ¼ DeHð½H�=½H0�Þ þ DeRð½R�=½H0�Þ ð7Þ

The initial helix concentration [H0] is defined as shown in Equation (8).

½H0� ¼ ½H� þ ½R� ð8Þ

The rearrangement of Equation (8) gives Equation (9).

½H� ¼ ½H0��½R� ð9Þ

Substitution for [H] in Equation (7) and solving for [R] gives Equa-
tion (10).

½R� ¼ ½H0�ðDeH�DeobsÞ=ðDeH�DeRÞ ð10Þ

From Equation (10), conversion (%) is calculated by using Equa-
tion (11).

Conversion ð%Þ ¼ ½R�=½H�0 
 100 ¼ ðDeH�DeobsÞ=ðDeH�DeRÞ 
 100
ð11Þ

By assuming a pseudo-first-order reaction, the unfolding rate is defined
as shown in Equation (12).

lnfð½H0��½R�Þ=½H0�g ¼ �kt ð12Þ

Figure 23. Arrhenius plot for the unfolding of 2 in toluene.

Figure 24. a) Time dependence of De at 370 nm for 2 (5 mm) in toluene at 20, 15, 10, and 5 8C after heating at 75 8C for 30 min. Plots of
ln{(DeH�Deobs)}/ ACHTUNGTRENNUNG(DeH�DeR)} of 2 versus time after cooling at b) 20 8C, c) 15 8C, d) 10 8C, and e) 5 8C.
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Substitution of Equation (10) into Equation (12) gives Equation (13).

lnfðDeobs�DeRÞ=ðDeH�DeRÞg ¼ �kt ð13Þ

A 5-mm solution was prepared by dissolving compound 2 in toluene at
25 8C, and the solution was heated at 60, 55, 50, or 45 8C within 1 min of
dissolution. The unfolding process was monitored by De at 370 nm (Fig-
ure 22a). DeH=�4090m

�1 cm�1 and DeR=300m
�1 cm�1 were obtained at

75 8C. Then, by using De values at less than 30% conversion,
ln{(Deobs�DeR)/ ACHTUNGTRENNUNG(DeH�DeR)} was plotted against time after heating (Fig-
ure 22b–e). As the unfolding was fast at 60 8C, De values at less than
55% conversion was employed. The slopes of the plots were calculated
by the least-squares method to give k= (4.6�0.1)L10�1 (60 8C), (1.6�
0.1)L10�1 (55 8C), (1.0�0.1)L10�1 (50 8C), and (4.7�0.1)L10�2 min�1
(45 8C) (Figure 22).

To determine the activation energy of the unfolding process of 2, lnk was
plotted against 1/T (Arrhenius plot), and the slope of the plot was calcu-
lated by the least-squares method to give the activation energy Ea=
(133�17) kJmol�1 for the unfolding of 2 (Figure 23).The rate constant
k= (1.9�1.6)L10�3 min�1 at 25 8C was also estimated by using the Arrhe-
nius plots.

The rate constant k and activation energy for folding [Eq. (14)] were de-
termined.

RandomcoilðRÞ k!HelixðHÞ ð14Þ

As for the folding process of 2 and 3, the rate is defined as shown in
Equation (15).

lnfð½R0��½H�Þ=½R0�g ¼ �kt ð15Þ

From Equations (7) and (8), [H] is described as shown in Equation (16).

½H� ¼ ½R0�ðDeobs�DeRÞ=ðDeH�DeRÞ ð16Þ

From Equation (16), conversion (%) is calculated by using Equa-
tion (17).

Conversion ð%Þ ¼ ½H�=½R�0 
 100 ¼ ðDeobs�DeRÞ=ðDeH�DeRÞ 
 100
ð17Þ

Substitution of Equation (16) into Equation (11) gives Equation (18).

lnfðDeH�DeobsÞ=ðDeH�DeRÞg ¼ �kt ð18Þ

A 5-mm solution of 2 in toluene was heated at 75 8C for 30 min for 2 to
unfold completely to the random-coil structure, and the time dependence
of De at 370 nm was measured at 20, 15, 10, and 5 8C for the folding pro-
cess (Figure 24). DeR=300m

�1 cm�1 and DeH=�4090m
�1 cm�1 were ob-

tained at 5 8C (Figure 13). Then, by using De values at less than 40% con-
version, ln{(DeH�Deobs)/ ACHTUNGTRENNUNG(DeH�DeR)} was plotted against time after cool-
ing, and the slopes of the plots were calculated by the least-squares

method to give k= (2.2�0.1)L10�1 (20 8C), (2.7�0.1)L10�1 (15 8C),
(2.9�0.1)L10�1 (10 8C), and (3.2�0.1)L10�1 min�1 (5 8C) (Figure 24b–e).
The apparent activation energy Ea= (�13�4) kJmol�1 for the folding of
2 was obtained by Arrhenius plots (Figure 25).
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