
Published: May 12, 2011

r 2011 American Chemical Society 5082 dx.doi.org/10.1021/jo200766u | J. Org. Chem. 2011, 76, 5082–5091

ARTICLE

pubs.acs.org/joc

Self-Assembly and Gelation Behavior of
Tris(phenylisoxazolyl)benzenes
Masahiro Tanaka,† Toshiaki Ikeda,† John Mack,‡ Nagao Kobayashi,‡ and Takeharu Haino*,†

†Department of Chemistry, Graduate School of Science, Hiroshima University, 1-3-1 Kagamiyama, Higashi-Hiroshima 739-8526, Japan
‡Department of Chemistry, Graduate School of Science, Tohoku University, Sendai 980-8578, Japan

bS Supporting Information

’ INTRODUCTION

Spontaneous self-assembly offers a powerful tool for the
development of discrete, functional supramolecular nanostruc-
tures, starting from small and well-designed molecular compo-
nents. Programmed noncovalent interactions hold together
molecular components to define the direction and dimension
of nanostructure formation. Numerous examples of supramole-
cular nanostructures through programed self-assembly have been
reported to date, including nanorings, nanorods, stacks, and
fibers.1 Nanofibers, originating from the self-assembly of certain
molecular components, have received extensive interest, since
they offer versatile applications as “soft”materials. Molecular gels
are a class ofmaterials containing supramolecularfibrillar networks,2

which entrap and immobilize solvent molecules in their voids.
Amides,3 ureas,4 saccharides,5 steroids,6 polyaromatics,1a,7 and
perfluoroalkyl compounds8 are known as low-molecular-weight
organic gelators (LMOG) that produce the three-dimensional
interconnected networks of well-defined fibers via self-assembly.9

π-Conjugated LMOG molecules are particularly intriguing
because they assemble to produce photo- and electrochemically

functional supramolecular assemblies.10 The π�π stacking
interaction is strongly associated with the size of the conjugated
aromatic surface; in fact, the more flat aromatic surface a
π-conjugated molecule has, the more attractive interactions an
assembly receives. A small aromatic molecule sometimes needs
the aid of hydrogen bonding to create fibrous supramolecular
assemblies.11 Thus, a limited number of small aromatic gelators
can assemble via stacking interactions to form fibrous supramo-
lecular structures without the assistance of hydrogen bonds in
organic solvents.12

Recently, we have found that a new class of low-molecular-
weight gelators, tris(phenylisoxazolyl)benzenes 1 and 2, capable
of self-assembling in a helical fashion without the assistance of
hydrogen bonds in solution,13 and the introduction of azoben-
zene groups onto its periphery resulted in the photochromic
regulation of gelation.14 To design a rational molecular compo-
nent that assembles to create a gel, it is essential to obtain an
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ABSTRACT: Low-molecular-mass organic gelators (LMOG),
tris(phenylisoxazolyl)benzenes, were synthesized, and their
self-assembling behavior was examined using 1H NMR and
UV�vis absorption spectroscopies. They turned into a gel in
both nonpolar and highly polar solvents such as methylcyclo-
hexane, ether, acetone, dimethylsulfoxide, etc. Field emission
scanning electron microscopy (FESEM) observation of the
xerogels of 1 and 3 possessing the saturated alkyl chains revealed
that well-developed straight fibers were formed, whereas the
unsaturated termini of the alkyl chains of 2 promoted the
formation of both the right- and left-handed helical fibers. The self-association behavior of 1, 2, and 5 in solution were investigated
using 1H NMR and UV�vis spectroscopies. The flat aromatic compound 1 stacked in a columnar fashion along its C3 axis via π�π
stacking interactions. The assemblies were regulated by the peripheral alkyl substituents; the saturated alkyl groups facilitated the
assemblies while terminal double bonds impeded the intermolecular association, and the branched substituents obviously interfered
in the formation of the stacks, probably due to steric requirements. Theoretical calculations suggest that the three dipoles of the
isoxazole groups adopt the circular array. The conformational search of the hexameric stacks of 4 using MacroModel V9.1 gave rise
to two major conformers: one is nonhelical and the other is helical. Further detailed structural analysis of the assemblies of chiral 5
using circular dichroism (CD) measurements indicated that their assemblies adopt helical structures in solution. CD spectra and
DFT calculations revealed that R-5 forms a left-handed supramolecular helicate. The coassembly of R- and S-5 displayed chiral
amplification, since the chiral information from 5 was transferred to the supramolecular chirality of the helical assemblies of 1. A
small amount of optically active 5 provided enough chiral stimulus to produce a remarkable chiral response and supramolecular
helical structures of 1.
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insight into the molecular assembly process of the initial stage of
gel formation. Herein we report a detailed account of the gelation
and self-assembling behaviors of tris(phenylisoxazolyl)benzenes
1�5 (Figure 1).

’RESULTS AND DISCUSSION

Synthesis. The synthesis of tris(phenylisoxazolyl)benzenes
1�5 is outlined in Scheme 1. 1,3-Dipolar cycloaddition of 1,3,5-
triethynylbenzene and the corresponding nitriloxide prepared
in situ from hydroximinoyl chlorides 6�10 by the treatment of
triethylamine afforded the desired products 1, 3, 4, 5, and 11.
Deprotection of the TBS group of 11with TBAF, followed by the
ether formation, gave 2. Compound 12 with the ethynyl groups
instead of the isoxazole rings was prepared (Scheme 2). Sonoga-
shira coupling of 1,3,5-tribromobenzene and (4-decyloxyphenyl)-
ethyne smoothly proceeded to give 12.
Gelation Property.The gelation tests of tris(phenylisoxazolyl)-

benzenes 1�5 and tris(phenylethynyl)benzene 12 were per-
formed using the “inverted test-tubemethod”.15 The compounds
and solvents were placed into a screw-capped test tube and
heated until the solid dissolved. The solution was then cooled to
298 K and left for 2 h under ambient conditions. The gelation was

confirmed by the absence of the gravitational flow of solvents
when the test tube was inverted (Table 1). The gels were thermo-
reversible and stable for at least 6 months at room temperature.
Tris(phenlisoxazolyl)benzenes 1�3 possessing the alkoxy groups
gelled in both polar and nonpolar solvents, whereas 4 and 5 were
not gelators. Model compound 12 with the ethynyl groups
instead of the isoxazole rings did not produce any gel. This
indicates that the isoxazole rings play a key role in the formation
of the gels.
The gelation abilities of tris(phenylisoxazolyl)benzenes 1�3

are associated with the structures of their peripheral alkyl chains.
The alkyl chain with the unsaturated termini reduces the gel
stability (1 vs 2). The shorter alkyl chain of 3 is not effective for
the gelation. The absence of a peripheral alkyl chain and
branched chain structure remove the gelation abilities from the
tris(phenylisoxazolyl)benzene (4 and 5).
Morphology of Gels. To gain a microscopic insight into the

self-assembled structures of 1�3 in the organogels, the mor-
phologies of their xerogels were observed using field emission
scanning electron microscopy (FESEM). The FESEM images of
the xerogels, prepared from the solution of 1 in acetone, displayed
three-dimensional entangled networks, responsible for the gela-
tion (Figure 2a). Figure 2b shows that the networks consist of the
well-developed uniform straight fibers. Similar networks were

Figure 1. Tris(phenylisoxazlyl)benzene derivatives 1�5.

Scheme 1. Synthesis of Tris(phenylisoxazlyl)benzene Deriv-
atives 1�5

Scheme 2. Synthesis of Tris(phenyletynyl)benzene Derivative 12

Table 1. Gelation Properties of 1�5 and 12a,b,c

solvent 1 2 3 4 5 12

hexane P P I I P S

cyclohexane pG P I I P S

methylcyclohexane G (35) P I I P S

benzene S S G (30) I S S

toluene S S P I S S

dichloromethane S S S S S S

chloroform S S S S S S

ether G (18) G (20) I I P S

acetone G (8) G (20) G (25) P P S

ethyl acetane G (8) P P I S S

acetonitrile I P P I P I

ethanol I I I I P I

IPA I I I I P I

THF S S S S S S

DMF G (10) G (20) G (25) S P S

DMSO G (10) G (20) G (20) S pG P
aG = gel, pG = partial gelation, P = precipitation, S = solution, and I =
insoluble. b P, I, and S are at [gelator] = 20 mg mL�1. cThe critical
gelation concentration (mg mL�1) is shown in parentheses.
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observed for the xerogels of 1, obtained from solutions using
methylcyclohexane (MCH) and DMSO (Figure 2c and d). A
slight structural change in the side chains of 1 leads to a large
difference in terms of the morphologies of the gels. Figure 2e�h
display that the morphologies for the assembly of 2 having the

unsaturated termini of the alkyl chains revealed that both the
right- and left-handed helical fibers formed from the solution in
DMSO (Figure 2e and f),16 whereas the straight fibers were
obtained from the acetone solution (Figure 2g and h). The
assembly of 3 generated the straight fibers with a diameter of a

Figure 2. FESEM images of (a and b) the acetone xerogel of 1; (c) theMCH xerogel of 1; (d) the DMSO xerogel of 1; (e and f) the DMSO xerogel of 2;
(g and h) the acetone xerogel of 2; (i) the acetone xerogel of 3; (j) 5.
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few micrometers (Figure 2i). The size of the fibers was about 10
times thicker than that of 1. On the other hand, microcrystals
were obtained from the chiral molecule 5, which did not form any
stable gel (Figure 2j).
Self-Association Behavior. In the initial stage of gel forma-

tion, molecular association events of LMOGs promote aniso-
tropic assembly that defines the direction and dimension of
gel growth. Thus, the molecular structure of LMOGs directly
influences the gel morphology and results in fibers, ribbons, or
sheets. A detailed analysis of molecular association of LMOGs
should give an insight into the mechanism of gel formation at the
molecular level.
The self-assembling behavior of 1 was examined using 1H

NMR and UV�vis spectroscopies. The 1H NMR signals of 1
were concentration-dependent in chloroform-d1; most of the
aromatic signals shifted upfield upon increasing the concentra-
tions of 1 (Figure 3). This indicates that 1 forms stacked
assemblies in which the aromatic protons are placed in the
shielding regions produced by the neighboring aromatic rings,
whereas the aromatic protons of 12 were independent of
concentration. These observations indicate that the isoxazole
ring is indispensable to drive the supramolecular assembly.
The plots of the chemical shift changes of the protons vs the

concentrations of 1 gave hyperbolic curves (Figure 3). Nonlinear
curve-fitting analysis based on the isodesmic model17,18 pro-
duced the estimated complexation-induced shifts (Ha: �1.34,
Hb: �1.10, Hc: �0.80, Hd: �0.59 ppm) with the association
constant (KE) of 3.7 ( 0.3 L mol�1. The complexation-induced

shifts decreased upon increasing the distance of the protons from
the C3 axis of 1. This can be attributed to the columnar nature of
the self-assembled structures, in which 1 stacks along its C3 axis
producing anisotropic growth.
The formation of large stacked assemblies of 1 was confirmed

by UV�vis absorption spectroscopy in methylcyclohexane
(MCH) (Figure 4). A dilute solution (1 μmol L�1) of 1 displa-
yed a sharp absorption band at 278 nm in MCH. The absorption
band decreased upon increasing its concentrations, and then a
new broad band gradually emerged at approximately 310 nm.
When the concentration of 1 reached 1.0 mmol L�1, the solution
became stained and gave a broad band with a peak at 310 nm.
The UV�vis absorption spectra of 1 (50 μmol L�1) were also
sensitive to temperature. The spectrum at 293 K had two peaks
at 278 and 310 nm, respectively. Upon warming the solution to
323 K, the broad band at 310 nm diminished, and the peak at
278 nm intensified. It is accepted that supramolecular assemblies
formed via noncovalent interactions tend to dissociate upon
warming or dilution of the solution, because they have to pay a
large entropic cost to preserve the assembled state. The red shift
of the absorption band from 278 to 310 nm indicates that the
supramolecular association of 1 produces J-type assemblies and
that 1 equilibrates with its stacked assemblies.19

The structure of the peripheral alkyl chains of the tris-
(phenylisoxazolyl)benzenes can influence their intermolecular
association. Therefore, introduction of the unsaturated bond and
the branched structure onto the peripheral alkyl chains should
alter the association.20 To investigate the influence of the structural

Figure 3. 1H NMR spectra (left) of 1 in the concentrations of (a) 0.163, (b) 1.98, (c) 16.8, (d) 100, and (e) 200 mmol L�1 at 298 K in chloroform-d1.
Plots (right) of the concentrations of 1 vs chemical shift changes of the protons: (O) Ha; (4) Hb; (]) Hc; (0) Hd; and (�) He.

Figure 4. UV�vis absorption spectra of 1 (left at 293 K) and (right, [1] = 50.0 μmol L�1) in MCH. The concentrations of 1 (left) are from the top
(curves a�k) 1.0, 2.5, 5.0, 7.5, 10.0, 15.0, 20.0, 30.0, 40.0, 50.0, and 1000.0 μmol L�1. The temperatures of the solution of 1 (right) are from the top
(curves l�t) 333, 328, 323, 318, 313, 308, 303, 298, and 293 K.
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differences of the chains on the self-assembly, we attempted to
determine the association constants of compounds 2 and 5 using
UV�vis absorption spectroscopy in MCH; however, the asso-
ciation constants were too small to be determined accurately.
The relative binding abilities among 1, 2, and 5 can be qualita-
tively evaluated by a comparison of the concentration and
temperature dependence of their UV�vis absorption spectra.
The absorption spectra of 2 and 5were obviously less sensitive to
concentration changes than those of 1, but 2 showed slightly
greater spectral changes than 5 (Figure 5A and C). Upon cooling
the solutions of 2 and 5 from 298 to 278 K, their spectra gave rise
to the contrastive difference (Figure 5B and D). At 298 K, the
value of the molar extinction coefficient of 2 at 278 nm was close
to that of 5, indicating that 2 and 5 are mainly present as a
monomer. On cooling the solution to 278 K, themolar extinction
coefficient of 2 at 278 nm diminished, and a broad band at around
310 nm emerged and is ascribed to the assembly. It is clear that a
fair amount of the assembly of 2 is produced at the low tempera-
ture. The relative stability of these assemblies were qualitatively
determined, and are in the order of 1 > 2 > 5 (Figures 4 and 5).21

Therefore, unsaturation and the branches22 of the alkyl termini
reduce the intermolecular association considerably.
Thermodynamic Studies. The NMR and UV�vis dilution

studies provided the estimated association constants of 1 in three
different solvent systems (Table 2). In both MCH and dimethyl-
sulfoxide (DMSO), the value is very large compared with that
in chloroform. To gain an insight into the self-assembly of 1
in a variety of solvents, the enthalpic and entropic contributions
for the association were determined. The van’t Hoff plots
gave the thermodynamic parameters for the self-association.

The self-association process is enthalpy-driven and entropy-
opposed. This is commonly observed for a multiple molecular
association. MCH and DMSO are good solvents for the gel
formation; the self-association of 1 gained enthalpic contribu-
tions larger than that in chloroform. The enthalpic contributions
are involved in desolvation and attractive intermolecular forces,
including π�π stacking, dipole�dipole, and van der Waals
interactions. A well-solvated molecule commonly receives small
enthalpic contribution during its association, because the deso-
lvation of the molecule has to pay a large enthalpic cost. This
rationalizes the large enthalpic difference observed among the
solvents; in fact, 1 is very soluble in chloroform but less soluble in
the other solvents.
Molecular Modeling. Theoretical calculation of the molecu-

lar assembly gives a plausible picture that complements the
experimental studies in solution. 1,3,5-Tris[3-(4-methoxyphenyl)-
isoxazol-5-yl]benzene (13) and its partial structure, 3-(4-meth-
oxyphenyl)-5-phenylisoxazole (14), were subjected to theoretical

Figure 5. UV�vis spectra of 2 (A andB) and 5 (C andD) inMCH. (A) [2] = (a) 1.0, (b) 10.0, and (c) 100.0μmol L�1 at 293K. (B) [2] = 50.0μmol L�1;
T = (a) 298, (b) 293, (c) 288, (d) 283, and (e) 278 K. (C) [5] = (a) 1.0, (b) 10.0, and (c) 100.0 μmol L�1 at 293 K. (D) [5] = 50.0 μmol L�1;
T = (a) 298, (b) 293, (c) 288, (d) 283, and (e) 278 K.

Table 2. Association Constants at 293 K and Thermody-
namic Parameters of Self-Association of 1

solvent KE (L mol�1) ΔH (kcal mol�1) ΔS (cal mol�1 K�1)

MCHa (1.0 ( 0.1) � 105 �15 ( 1 �29 ( 6

CDCl3
b 3.7 ( 0.3 �2.50 ( 0.09 �5.8 ( 0.3

DMSOa (4.4 ( 0.1) � 105 �10 ( 2 �9 ( 7
aDetermined on the basis of the infinite association model by the
UV�vis method. bDetermined on the basis of the infinite association
model by the NMR method.
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calculations using the DFT method (B3LYP/6-31G*).22 Com-
pound 14 has a fairly large dipole moment (μ = 1.71 D), directed
to the nitrogen atom along the NdC double bond. The local
dipole�dipole interactions among the three isoxazole rings of 13
enable them to adopt a circular array (Figure 6);12c,d in fact,
flipping one of the isoxazole rings to the opposite direction gives
rise to an increase in the total energy (ΔE = 1.00 kcal mol�1).
The intramolecular circular array of the three dipole moments, of
course, regulates the intermolecular arrangement of the supra-
molecular self-assembly.
To obtain plausible structures of the supramolecular self-

assemblies, a conformational study of the hexameric assembly
of 4 was performed as a model system with the low mode
sampling method23 using MMFF94s as implemented in Macro-
Model V.9.1.24 During the calculation, the C3 axes of the six
molecules were constrained along the principal anisotropic axis
to ensure that each molecular center did not slip out of the
principal axis. Two major geometries (Figure 6A and B) were
obtained within 1.0 kcal mol�1. Conformer A adopts a helical
geometry; the local dipoles align in a head-to-tail manner. In
conformer B, the phenylisoxazolyl groups of 4 adopt an unusually
eclipsed geometry due to the attractive antiparallel orientation of
the local dipoles; the eclipsed arrangement produces molecular
pairs, built up as piles in a staggeredmanner. Hence, conformer B
is achiral. While the two conformers can exist in solution, the
presence of chiral conformer A leads to a chiral environmentwhere

the helical sense of conformer A can be biased by the addition of
chiral stimuli.
Chiral Induction in Supramolecular Assembly. These cal-

culations suggest that the tris(phenylisoxazoly)benzene can form
helical columnar assemblies. Generally, in the absence of a chiral
source, the helical assemblies have both possible right- and left-
handed helical conformations, having equal intermolecular inter-
action energies; thus, the helical assemblies exist as racemic
mixtures of two enantiomers (Figure 7). Upon the introduction
of a chiral source, the equilibrium between the right- and left-
handed helical conformations can be biased in the higher level of
organization, because the relationships between the two con-
formations change from enantiomer to diastereomer. The helical
assemblies, formed from chiral molecules, produce induced
circular dichroism.16,21,25

Figure 6. Calculated geometries of 13 and its partial structure 14 by DFTmethod using B3LYP/6-31G*. Stereo plots of two local minimum geometries
for the hexameric 4 obtained from conformation search by MacroModel program: (A) helical arrangement of the local dipoles and (B) anti parallel
arrangement of them.

Figure 7. Schematic representation of the formation of the helicate and
its equilibrium between right- and left-handed helical conformations.
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Figure 8 contains the UV�vis absorption and CD spectra of 5
in cyclohexane. An intense peak is observed in the absorption
spectrum at 278 nm. The peak decreases, and the new broad
band emerges at approximately 310 nm when the temperature
is lowered from 293 to 283 K with isosbestic points observed at
259 and 293 nm, which correspond to those found in MCH
(Figure 5D). This indicates that there is a direct change between
two states. The CD spectra of R-5 and S-5 exhibit a mirror image
relationship with respect to the line of [θ] = 0. When the
temperature is lowered from 293 to 283 K, the signals intensify
and clear S�shaped curves are observed at 278 nm. The CD
spectra at 293 K are weak, and the dispersion curves are not
consistent with the pattern that would be normally expected for
exciton coupling. This suggests that monomeric compounds
predominate in solution. When the temperature is lowered, the
signal intensifies and shifts to shorter wavelength. The intensi-
fication and blue shift of the inflection point are consistent with
cofacial-type aggregation. The minus-to-plus pattern observed in
ascending energy terms in the CD spectrum of R-5 indicates that
the R-5 dimer forms a left-handed helix.25 Conversely, the plus-
to-minus pattern observed in the S-5 dimer spectrum is consis-
tent with a right-handed helix. The most intense band in the
calculated TDDFT spectrum lies at 283 nm,22 Figure 8, in
excellent agreement with the experimental data, and is predicted
to arise primarily from an x/y�polarized 2e f 1e* transition
(Figure 9).
Intriguingly, chiral amplification was observed in the associa-

tion of 5. Plotting the intensity of the CD band at 290 nm versus
the enantiomeric excess of 5 gave rise to nonlinear response
(Figure 10). If the helical assemblies were formed from homo-
chiral molecules and cooperative interactions did not exist
between the assemblies, the plots would produce a linear
correlation. The nonlinear response indicates that two enantio-
mers of R-5 and S-5 coassemble to form helical assemblies,
and their helical directions have a tendency to depend on the
major enantiomer. This is the so-called “Majority Rule”,26 which

is usually observed in chiral polymerization27 but rarely found in
supramolecular assembly.28

If the “Sergeants-and-Soldiers principle”29 is operative in
the dynamic structures (P and M) of the helical assemblies of
1, by means of the presence of a chiral source, the chemical
equilibrium between P andM conformations can be biased in
the higher supramolecular level of organization. CD spectra
of only achiral 1 was silent and chiral 5 gave rise to a very weak
Cotton effect at the same concentration as 1 due to weak
association (Figure 11). Upon the addition to 0.01 mol %
R-5 or S-5 to the solution of 1, a mirrored and strong Cotton
effect was observed. It is remarkable that the supramolecular
assembly demonstrates the unusual optical activity in the CD
spectrum even in the presence of only 0.01 mol % of chiral
source 5. The chiral information from the chiral sources is
transcripted and magnified by the self-assembled columnar
assemblies.

Figure 8. (a) Temperature-dependent CD spectra of R-5 (red) and S-5
(blue) in the concentrations of 150 μmol L�1 in cyclohexane at 293 K
(dashed line) and 283 K (solid line). All CD spectra were recorded in a
1 � 10 � 45 mm3 quartz cell. (b) Temperature-dependent UV spectra
of R-5 at 293 K (dashed line) and 283 K (solid line) in the concentra-
tions of 150 μmol L�1 in cyclohexane. A gas-phase TDDFT calculation
for model compound 13 based on a B3LYP geometry optimization with
6-31(d) basis sets.

Figure 9. MO energy diagram derived from a B3LYP geometry
optimization of TDDFT-5. The main band in the TDDFT calculated
spectrum at 283 nm is predicted to arise from the x/y-polarized 2ef 1e*
one-electron transition.

Figure 10. Intensity change of CD band at 290 nm by varying the molar
ratio of R-5 and S-5 at 283 K in the concentration of 100 μmol L�1 in
cyclohexanene.
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’CONCLUSION

We have demonstrated that tris(phenylisoxazolyl)benzenes
1�3 assemble and produce a gel in polar and nonpolar solvents;
the unique chiral response originates from the helical supramo-
lecular assembly driven by dipole�dipole and π�π stacking
interactions. The gelation abilities of the tris(phenylisoxazolyl)-
benzenes are associated with the stabilities of their assemblies.
Quantitative studies of the assemblies using an isodesmic asso-
ciation model reveals that the solvent properties and the steric
interaction of the peripheral alkyl chains influence the stabilities.
A detailed picture of the supramolecular assemblies was revealed
using theoretical calculations. Achiral and helical supramolecular
assemblies exist, and the latter is responsible for the chiral
response. The chiral supramolecular assembly forms right- and
left-handed helical conformations both in the gel and in solution.
The coassembly of R- and S-5 leads to chiral amplification. The
helical structures are influenced by an extremely tiny proportion
of chiral monomer. The “Majority Rule” and “Sergeants-and-
Soldiers principle” operate in the dynamic helical assembly.

’EXPERIMENTAL SECTION

1,3,5-Tris[3-(4-decyloxyphenyl)isoxazol-5-yl]benzene 1.
To a solution of 1,3,5-triethynylbenzene (446 mg, 2.97 mmol) and
benzohydroximoyl chloride 630 (3.20 g, 9.82 mmol) in CH2Cl2 (60 mL)
was added triethylamine (2.48 mL, 17.8 mmol). After stirring at room
temperature for 48 h, the reaction mixture was concentrated. The crude
product was purified by column chromatography on silica gel (CHCl3)
to give 1 (2.32 g, 80%) as a white solid. Mp 132�133 �C; 1HNMR (500
MHz, 10 mM, CDCl3) δ 8.30 (s, 3H), 7.82 (d, J = 8.9 Hz, 6H), 7.00 (d,
J = 8.9Hz, 6H), 6.97 (s, 3H), 4.02 (t, J = 6.7Hz, 6H), 1.79�1.85 (m, 6H),
1.45�1.51 (m, 6H), 1.29�1.38 (m, 36H), 0.89 (t, J = 6.8 Hz, 9H); 13C
NMR (125 MHz, 10 mM, CDCl3) δ 168.1, 162.9, 160.9, 129.3, 128.3,
123.9, 120.9, 115.0, 98.8, 68.2, 31.9, 29.6 � 2, 29.4, 29.3, 29.2, 26.0, 22.7,
14.1; IR (KBr) 3110, 2920, 2849, 1612, 1561, 1526, 1469, 1435, 1388,
1299, 1290, 1255, 1175, 1114, 1020 cm�1; HRMS (FABþ) calcd for
C63H82N3O6 976.6204 [M þ H]þ, found 976.6183. Anal. Calcd for
C63H81N3O6: C 77.50, H 8.36; N 4.30. Found: C 77.57, H 8.33, N 4.68.
1,3,5-Tris[3-(4-propyloxyphenyl)isoxazol-5-yl]benzene 3.

To a solution of 1,3,5-triethynylbenzene (271 mg, 1.80 mmol), and

benzohydroximoyl chloride 730 (1.38 g, 6.48 mmol) in CH2Cl2 (20 mL)
was added triethylamine (1.5 mL, 10.8 mmol). After stirring at room
temperature for 48 h, the reaction mixture was concentrated. The crude
product was purified by column chromatography on silica gel (CHCl3)
and recrystallized from toluene solution to give 3 (689 mg, 62%) as a
white solid. Mp 172�174 �C; 1H NMR (500 MHz, 10 mM, CDCl3)
δ 8.30 (s, 3H), 7.82 (d, J = 9.0 Hz, 6H), 7.01 (d, J = 9.0 Hz, 6H), 6.98
(s, 3H), 3.99 (t, J = 6.5 Hz, 6H), 1.82�1.88 (m, 6H), 1.07 (t, J = 7.0 Hz,
9H); 13C NMR (125 MHz, 10 mM, CDCl3) δ 168.1, 162.9, 160.8,
129.3, 128.2, 123.9, 120.9, 114.9, 98.8, 69.6, 22.5, 10.5; IR (KBr) 2964,
2934, 2876, 1612, 1561, 1525, 1467, 1433, 1387, 1294, 1257, 1175, 1117,
1065, 1046, 1017 cm�1; HRMS (FABþ) calcd for C42H40N3O6

682.2917 [Mþ H]þ, found 682.2916. Anal. Calcd for C42H39N3O6: C
73.99, H 5.77, N 6.16. Found: C 73.76, H 5.83, N 5.99.
1,3,5-Tris(3-phenylisoxazol-5-yl)benzene 4. To a solution of

1,3,5-triethynylbenzene (79 mg, 0.53 mmol), and benzohydroximoyl
chloride 831 (297 mg, 1.9 mmol) in CH2Cl2 (5 mL) was added triethyl-
amine (1.5 mL, 10.8 mmol). After stirring at room temperature for 48 h,
the reaction mixture was concentrated. The crude product was purified
by column chromatography on silica gel (CHCl3) to give 4 (88 mg,
33%) as a white solid. Mp > 300 �C; 1H NMR (500 MHz, 1 mM,
CDCl3) δ 8.39 (s, 3H), 7.92�7.94 (m, 6H), 7.52�7.54 (m, 9H), 7.09
(s, 3H); 13C NMR (75 MHz, CDCl3) δ 168.5, 163.5, 130.5, 129.4,
129.2, 128.8, 127.1, 124.3, 99.3; IR (KBr) 3104, 3051, 1625, 1593, 1561,
1509, 1469, 1450, 1394, 1284, 1253, 1092, 1117 cm�1; HRMS (FABþ)
calcd for C33H22N3O3 508.1661 [M þ H]þ, found 508.1675. Anal.
Calcd for C33H21N3O3 3 0.5H2O: C 76.73, H 4.29, N 8.13. Found: C
76.92, H 4.10, N 8.07.
(R)-4-(3,7-Dimethyloctoxy)benzaldoxime. To a solution of

(R)-4-(3,7-dimethyloctoxy)benzaldehyde (2.94 g, 11.2mmol) in ethanol
(20 mL) and water (10 mL) was added hydroxylamine hydrochlo-
ride (820 mg, 11.8 mmol). Then, NaOH (1.12 g, 28.0 mmol) in water
(10 mL) was added slowly. The reaction mixture was stirred at room
temperature for 1 h and was quenched with 6 N HCl. The resulting
solution was extracted with ether, dried over Na2SO4, and concentrated
to give the benzaldoxime (2.94 g, 95%) as a white solid. Mp 30�33 �C;
[R]25D =þ4.7 cm3 g�1 dm�1 (c 0.39 g cm�3 in chloroform); 1H NMR
(300MHz, CDCl3) δ 8.08 (s, 1H), 7.66 (s, 1H), 7.50 (d, J = 8.7Hz, 2H),
6.90 (d, J = 8.7 Hz, 2H), 3.96�4.07 (m, 2H), 1.06�1.88 (m, 10H), 0.94
(d, J = 6.6 Hz, 3H), 0.87 (d, J = 6.6 Hz, 6H); 13C NMR (75 MHz,
CDCl3) δ 160.6, 150.1, 128.4, 124.4, 114.7, 66.4, 39.2, 37.3, 36.1, 29.8,
28.0, 24.6, 22.7, 22.6, 19.6; IR (KBr) 3282, 2955, 2925, 2870, 1607, 1575,
1515, 1468, 1420, 1383, 1365, 1305, 1252, 1173, 1111, 1053,
1014 cm�1; HRMS (FABþ) calcd for C17H28NO2 [M þ Hþ]
278.2120, found 278.2113. Anal. Calcd for C17H27NO2: C, 73.61; H,
9.81; N, 5.05. Found: C, 74.19; H, 9.70; N, 5.05.
(S)-4-(3,7-Dimethyloctoxy)benzaldoxime. To a solution of

(S)-4-(3,7-dimethyloctoxy)benzaldehyde (2.35 g, 8.96 mmol) in etha-
nol (20 mL) and water (10 mL) was added hydroxylamine hydrochlor-
ide (685 mg, 9.86 mmol). Then, NaOH (896 mg, 22.4 mmol) in water
(5 mL) was added slowly. The reaction mixture was stirred at room
temperature for 1 h and was quenched with 6 N HCl. The resulting
solution was extracted with ether, dried over Na2SO4, and concentrated
to give the benzaldoxime (1.80 g, 72%). Mp 30�32 �C; [R]25D =
�4.5 cm3 g�1dm�1 (c 0.43 g cm�3 in chloroform); 1HNMR (300MHz,
CDCl3) δ 8.08 (s, 1H), 7.50 (d, J = 8.7Hz, 2H), 7.30 (s, 1H), 6.89 (d, J =
8.7 Hz, 2H), 3.95�4.07 (m, 2H), 1.08�1.89 (m, 10H), 0.94 (d, J = 6.6
Hz, 3H), 0.87 (d, J = 6.6 Hz, 6H); 13C NMR (75MHz, CDCl3) δ 160.6,
150.1, 128.4, 124.4, 114.7, 66.4, 39.2, 37.3, 36.1, 29.8, 28.0, 24.6, 22.7,
22.6, 19.6; IR (KBr) 3285, 2954, 2927, 2870, 1607, 1575, 1515, 1469,
1420, 1384, 1365, 1305, 1252, 1173, 1111, 1051, 1016 cm�1; HRMS
(FABþ) calcd forC17H28NO2 [MþHþ] 278.2120, found 278.2101. Anal.
Calcd for C17H27NO2: C, 73.61; H, 9.81; N, 5.05. Found: C, 73.63; H,
9.80; N, 4.97.

Figure 11. CD spectra of 1 (solid black line, ct = 100 μmol L�1), R-5
(dashed red line, ct = 100 μmol L�1), S-5 (dashed blue line, ct =
100 μmol L�1), 1 (ct = 100 μmol L�1) with 0.01 mol % R-5 (solid red
line), 1 (ct = 100 μmol L�1) with 0.01 mol % S-5 (solid blue line), and
absorption spectrum of 1 (dashed black line) at 293 K in cyclohexane.
All CD spectra were recorded in a 1 � 10 � 45 mm3 quartz cell.
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(R)-4-(3,7-Dimethyloctoxy)benzohydroximoyl Chloride
R-9. To a solution of (R)�4-(3,7-dimethyloctoxy)benzaldoxime (2.02
g, 7.28 mmol) in DMF (8 mL) at 0 �C was added N-chlorosuccinimide
(1.02 g, 7.64 mmol). After stirring at room temperature for 1 h, the
reaction mixture was poured into four volumes of water and extracted
with ether. The organic layer was washed three times with water, dried
over NaSO4, and concentrated to give R-9 (2.20 g, 97%). The product
prepared in this manner did not require further purification for conver-
sion to the isoxazole. 1HNMR (300MHz, CDCl3) δ 7.76 (d, J = 9.0 Hz,
2H), 6.90 (d, J = 9.0 Hz, 2H), 3.97�4.10 (m, 2H), 1.11�1.89 (m, 10H),
0.94 (d, J = 6.6 Hz, 3H), 0.87 (d, J = 6.6 Hz, 6H).
(S)-4-(3,7-Dimethyloctoxy)benzohydroximoyl Chloride

S-9. To a solution of (S)- 4-(3,7-dimethyloctoxy)benzaldoxime (1.62 g,
5.84 mmol) in DMF (6 mL) at 0 �C was added N-chlorosuccinimide
(858 mg, 6.43 mmol). After stirring at room temperature for 1 h, the
reaction mixture was poured into four volumes of water and extracted
with ether. The organic layer was washed three times with water, dried
over NaSO4, and concentrated to give S-9 (1.82 g, 99%). The product
prepared in this manner did not require further purification for conver-
sion to the isoxazoles. 1HNMR(300MHz, CDCl3)δ 7.76 (d, J= 9.0Hz,
2H), 6.90 (d, J = 9.0 Hz, 2H), 3.97�4.10 (m, 2H), 1.11�1.89 (m, 10H),
0.94 (d, J = 6.6 Hz, 3H), 0.87 (d, J = 6.6 Hz, 6H).
1,3,5-Tris{3-[(R)-4-(3,7-dimethyloctoxy)phenyl]isoxazol-

5-yl}benzene R-5. To a solution of 1,3,5-triethynylbenzene (305 mg,
2.03 mmol) and benzohydroximoyl chloride R-9 (2.20 g, 7.05 mmol) in
CH2Cl2 (50 mL) was added triethylamine (2.8 mL, 20 mmol). After
being stirred at room temperature for 48 h, the reaction mixture was
concentrated. The crude product was purified by column chromatogra-
phy on silica gel (CHCl3) to giveR-5 (675mg, 34%) as a white solid. Mp
140�141 �C; [R]25D = þ5.5 cm3 g�1 dm�1 (c 1.0 g cm�3 in
chloroform); 1H NMR (300 MHz, 10 mM, CDCl3) δ 8.31 (s, 3H),
7.82 (d, J= 9.0Hz, 6H), 7.01 (d, J= 9.0Hz, 6H), 6.99 (s, 3H), 4.00�4.12
(m, 6H), 1.14�1.90 (m, 30H), 0.97 (d, J = 6.6 Hz, 9H), 0.88 (d, J = 6.6
Hz, 18H); 13C NMR (75 MHz, 10 mM, CDCl3) δ 168.1, 162.9, 160.8,
129.2, 128.2 123.9, 120.8, 114.9, 98.8, 66.5, 39.2, 37.3, 36.1, 29.8, 28.0,
24.7, 22.7, 22.6, 19.7; IR (KBr) 3111, 2953, 2925, 2869, 1613, 1561,
1527, 1464, 1435, 1385, 1296, 1252, 1178, 1117, 1051 cm�1; HRMS
(FABþ) calcd for C63H82N3O6 976.6204 [M þ H]þ, found 976.6221.
Anal. Calcd for C63H81N3O6: C 77.50, H 8.36, N 4.30. Found: C 77.15,
H 8.35, N 4.20%.
1,3,5-Tris{3-[(S)-4-(3,7-dimethyloctoxy)phenyl]isoxazol-

5-yl}benzene S-5. To a solution of 1,3,5-triethynylbenzene (265 mg,
1.77 mmol) and benzohydroximoyl chloride S-9 (1.82 mg, 5.84 mmol)
in CH2Cl2 (20 mL) was added triethylamine (2.5 mL, 18 mmol). After
stirring at room temperature for 48 h, the reaction mixture was
concentrated. The crude product was purified by column chromatogra-
phy on silica gel (CHCl3) to give S-5 (380 mg, 22%) as a white solid.
Mp 140�141 �C; [R]25D =�5.9 cm3 g�1 dm�1 (c 0.2 g cm�3 in chloro-
form); 1HNMR (300MHz, 10 mM, CDCl3) δ 8.31 (s, 3H), 7.82 (d, J =
8.7 Hz, 6H), 7.01 (d, J = 8.7 Hz, 6H), 6.99 (s, 3H), 4.01�4.12 (m, 6H),
1.10�1.92 (m, 30H), 0.97 (d, J = 6.6 Hz, 9H), 0.88 (d, J = 6.6 Hz, 18H);
13CNMR (75MHz, 10mM,CDCl3)δ 168.1, 162.9, 160.8, 129.3, 128.2,
123.9, 120.9, 115.0, 98.8, 66.5, 39.2, 37.3, 36.1, 29.9, 28.0, 24.7, 22.7,
22.6, 19.7 ; IR (KBr) 3111, 2953, 2925, 2869, 1613, 1561, 1527, 1464,
1436, 1385, 1296, 1252, 1177, 1116, 1051 cm�1; HRMS (FABþ) calcd
for C63H82N3O6 976.6204 [MþH]þ, found 976.6223. Anal. Calcd for
C63H81N3O6: C 77.50, H 8.36, N 4.30. Found: C 77.69, H 8.33,
N 4.23%.
1,3,5-Tris{3-[4-(tert-butyldimethylsilyl)oxyphenyl]isoxazol-

5-yl}benzene 11. To a solution of 1,3,5-triethynylbenzene (338 mg,
2.25 mmol), and benzohydroximoyl chloride 1030 (2.13 g, 7.45 mmol)
in CH2Cl2 (40 mL) was added triethylamine (1.88 mL, 13.5 mmol).
After stirring at room temperature for 48 h, the reaction mixture was
concentrated. The crude product was purified by column chromatography

on silica gel (CHCl3) to give 11 (1.28 g, 63%) as a white solid. Mp
116�118 �C; 1H NMR (300 MHz, 20 mM, CDCl3) δ 8.31 (s, 3H), 7.78
(d, J = 8.7 Hz, 6H), 6.98 (s, 3H), 6.96 (d, J = 8.7 Hz, 6H), 1.01 (s, 27H),
0.26 (s, 18H); 13CNMR(75MHz, 20mM,CDCl3) δ 168.1, 163.0, 157.7,
129.3, 128.3, 124.0, 121.8, 120.7, 98.9, 25.6, 18.3, �4.4; IR (KBr) 2957,
2929, 2894, 2857, 1609, 1568, 1525, 1466, 1433, 1384, 1268, 1170, 1106,
1008 cm�1; HRMS (FABþ) calcd for C51H64N3O6Si3 898.4103 [M þ
H]þ, found 898.4123. Anal. Calcd for C51H63N3O6Si3: C 68.19, H 7.07,
N 4.68. Found: C 68.19, H 7.16, N 4.69%.
1,3,5-Tris[3-(4-dec-9-enyloxyphenyl)isoxazol-5-yl]benzene

2. To a solution of 11 (1.25 g, 1.50 mmol) in THF (15 mL) was added
tetrabutylammonium fluoride (1.96 g, 7.50 mmol). After stirring at
room temperature for 12 h, the reaction mixture was poured into
aqueous NH4Cl and extracted with EtOAc. The organic layer was dried
over Na2SO4 and concentrated. Then, the crude product (510 mg) was
dissolved in DMF (10mL). 4-Dec-9-enyloxytoluene sulfonate32 (1.09 g,
3.68 mmol) and K2CO3 (762 mg, 5.52 mmol) were added to the stirred
solution. After refluxing for overnight, the reaction mixture was
quenched with 1 N HCl. The resulting solution was extracted with
EtOAc, dried over Na2SO4, and concentrated. The crude product was
purified by column chromatography on silica gel (5% AcOEt/hexane)
and GPC to give 2 (304 mg, 31%) as a white solid. Mp 114�115 �C; 1H
NMR (300 MHz, 30 mM, CDCl3) δ 8.17 (s, 3H), 7.73 (d, J = 8.1 Hz,
6H), 6.94 (d, J = 8.1 Hz, 6H), 6.88 (s, 3H), 5.67�5.85 (m, 3H), 5.01
(ddt, J = 18, 1.2 Hz, 3H), 4.94 (ddt, J = 9.3, 1.2 Hz, 3H), 3.97 (t, J = 6.6
Hz, 6H), 2.06 (dt, J = 6.9, 6.6 Hz, 6H), 1.79 (m, 6H), 1.25�1.55 (m,
30H); 13C NMR (75 MHz, 30 mM, CDCl3) δ 167.9, 162.8, 160.8,
139.1, 129.1, 128.2, 123.7, 120.8, 114.8, 114.2, 98.7, 68.1, 33.8, 29.4� 2,
29.2, 29.1, 28.9, 26.0; IR (KBr) 3115, 3074, 2924, 2851, 1639, 1612,
1562, 1526, 1466, 1436, 1387, 1295, 1251, 1176, 1115, 1020 cm�1;
HRMS (FABþ) calcd for C63H76N3O6 970.5734 [M þ H]þ, found
970.5726. Anal. Calcd for C63H75N3O6 3H2O: C 76.56, H 7.85, N 4.25.
Found: C 76.56, H 7.74, N 4.27%.
1,3,5-Tris[(4-decyloxyphenyl)-1-ethynyl]benzene 12. To a

mixture of 1,3,5-tribromobenzene (800 mg, 2.54 mmol), (4-decyloxy-
phenyl)ethyne33 (2.36 g, 8.66 mmol), and CuI (24 mg, 0.13 mmol) in
Et2NH (30 mL) was added PdCl2(PPh3)2 (110 mg 0.157 mmol). After
being stirred at 50 �C for 24 h, the reaction mixture was concentrated.
The crude product was purified by column chromatography on silica gel
(10% AcOEt/hexane) to give 12 (1.24 g, 58%) as a yellow solid. Mp
43�44 �C; 1H NMR (500 MHz, 10 mM, CDCl3) δ 7.57 (s, 3H), 7.45
(d, J = 8.9 Hz, 6H), 6.87 (d, J = 8.9 Hz, 6H), 3.97 (t, J = 6.6 Hz, 6H),
1.76�1.82 (m, 6H), 1.43�1.47 (m, 6H), 1.28�1.34 (m, 36H), 0.89
(t, J = 6.8 Hz, 9H); 13C NMR (125 MHz, 10 mM, CDCl3) δ 159.5,
133.4, 133.1, 124.3, 114.7, 114.6, 90.5, 86.7, 68.1, 31.9, 29.6, 29.5, 29.4,
29.3, 29.2, 26.0, 22.7, 14.1; IR (KBr) 3043, 2921, 2851, 2209, 1606, 1577,
1508, 1468, 1389, 1293, 1248, 1171, 1107, 1024 cm�1; HRMS (FABþ)
calcd for C60H79O3 847.6029 [M þ Hþ], found 847.6021. Anal. Calcd
for C60H78O3: C 85.06; H 9.28. Found: C 85.02; H 9.28%.
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