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The first calix[4]arene-cholesterol liquid crystals were designed and synthesized in yields of 50–80%.
Structural and conformational characterization of these new compounds had been achieved by NMR,
MS, and elemental analysis. Their liquid crystalline behaviors were studied by polarizing optical micros-
copy, differential scanning calorimetry, and X-ray diffraction. All calix[4]arene derivatives with two or
four cholesterol units show excellent mesomorphic properties of the columnar molecular arrangement
of the calixarenes bowlic columns with cholesterol units as ancillary lateral columns. The long spacer
and more cholesterol units were favorable for excellent mesophase.

� 2015 Published by Elsevier Ltd.
Since Reinitzer reported his famous article on cholesteric liquid
crystal (LC) in 1888,1 all kinds of LC materials were studied and
exhibited diverse physical properties of broad interest for both
basic research and applied sciences, such as organic light-emitting
diodes, organic field-effect transistors, organic photovoltaic cells,
and gas sensors.2–6 From then on, the design and synthesis of var-
ious liquid crystalline materials are interesting and challenging
works for the chemists. Recently, much research attention was
paid to the macrocycle-based liquid crystals. The mesomorphic
properties of this kind of molecules could be tuned by the com-
plexation behaviors of macrocycle units. For examples, Cammidge
reported the triphenylene dimers containing a shape-persistent
conjugated macrocycle or crown ether macrocycle with interesting
mesomorphic properties.7,8 Peng and Laschat, respectively, also
studied the syntheses and properties of similar triphenylene
dimers containing conjugated macrocycle or crown ether macrocy-
cle.9,10 Our group also described an interesting example of cyclo-
dextrin-triphenylene liquid crystal lately.11

Calixarenes, possessing tunable 3D-shaped cavities, are the
important supramolecular platforms after crown ether and cyclo-
dextrin.12 Various calixarene derivatives with special properties
were designed and synthesized up to now.13–17 Calixarene-based
liquid crystals were also studied by introducing the long alkyl
chains on calixarene skeleton.18–23 Recently, our group presented
series of triphenylene-based calixarene liquid crystals with differ-
ent structures and interesting mesomorphic properties.24–27 These
researches suggested that the mesomorphic properties of calixa-
rene LCs were mainly controlled by the structures of liquid crystal
units. The spacers also made a difference on the molecular stacking
behaviors of mesophase. On the other hand, it was well-known
that cholesteric LCs have attracted considerable attention owing
to their unique properties, such as selective reflection of circularly
polarized light, high optical rotator power, circular dichroism and
electrooptic effect.28–31 Cholesterol was used as an excellent
structural unit to construct all kinds of liquid crystalline materials
with interesting mesomorphic properties.6,32–34 Lately, two new
cholesteryl derivatives of calix[4]arene were described as a
mechano-responsive molecular gels, but no liquid crystalline
property was investigated.35 In the present study, we wish to
report the design, syntheses, and mesomorphic properties of the
first examples of cholesterol-based calixarene liquid crystals.

The synthetic routes for calix[4]arene-cholesterol liquid crystals
3a, 3b, 4a, and 4b are illustrated in Scheme 1. Due to the substi-
tuted patterns of calix[4]arene and the length of spacers making
great influences on mesomorphic properties,24–27 1,3-bis-substi-
tuted and tetra-substituted calix[4]arenes with different alkyl
bridging chains were designed as target molecules. By reacting
cholesterol with 2-chloroacetic acid or 4-chlorobutanoic acid in
CH2Cl2 using N,N0-dicyclohexylcarbodiimide (DCC) as coupling
reagent and 4-dimethylaminopyridine (DMAP) as catalyst, the
cholesterol chlorinated derivatives 2a and 2b were obtained in
yields of 90% and 88%, respectively. Subsequently, the novel choles-
terol-1,3-bis-substituted calix[4]arene derivatives 3a and 3b were
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Scheme 1. Synthetic routes of compounds 3a, 3b, 4a, and 4b.
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prepared by reacting calix[4]arene with compound 2a or 2b
(2 equiv) in K2CO3/MeCN system using KI as catalyst. The yields
were as high as 78% and 72% after column chromatography, respec-
tively. Furthermore, by treating compound 3a or 3b with excess
amount of compound 2a or 2b in K2CO3/MeCN system, the novel
cholesterol-tetra-substituted calix[4]arene 4a and 4b were given
in yields of 55% and 48% after column chromatography, respec-
tively. In this reaction, no matter how changing the ratios of mate-
rials or prolonging the reaction times, the yields were stable with
50% approximately. These phenomena might be explained by that
the steric hindrance of bulky cholesterol units made unfavorable
effects on tetra-substituted calix[4]arene. On the other hand, we
had also tried to obtain compounds 4a and 4b by reacting calix[4]-
arene with excess amount (more than 4 equiv) of compound 2a or
2b directly in same reaction condition. But the results showed that
compounds 3a and 3b were always the main products. The yields of
compounds 4a and 4b were lower than 25% and the separation was
difficult due to some uncertain products appearing in these
reactions.

The structures of new cholesterol-substituted calix[4]arene
derivatives 3a, 3b, 4a, and 4b were confirmed by element analyses,
ESI-MS, and NMR spectra. In their ESI-MS spectra, corresponding
molecular ion peaks at 1501.26, 1557.39, 2354.64, and 2466.82
were observed, which suggested these novel compounds possessed
the corresponding bis-substituted and tetra-substituted structures
Please cite this article in press as: Guo, H.; et al. Tetrahedron Lett. (201
as expected. In the 1H NMR spectra of compounds 3a and 3b, two
singlets (1:1) for the tert-butyl groups, one pair of doublets (1:1)
for the methylene bridges and two singlets (1:1) for ArH certainly
indicated the cone conformation for calix[4]arene units. As to com-
pounds 4a and 4b, their 1H NMR spectra showed a singlet for the
tert-butyl groups, one pair of doublets (1:1) for the methylene
bridges, and a singlet for ArH, suggesting the cone conformation
for calix[4]arene units. Moreover, their 13C NMR spectra also
exhibited corresponding peaks, for examples, the peaks for C@O,
OCH, and OCH2 at approximately 170, 75, and 74 ppm, respec-
tively. These 13C NMR data supported again the structures and con-
formations of compounds 3a, 3b, 4a, and 4b.

The mesomorphic behaviors of compounds 3a, 3b, 4a, and 4b
were preliminarily investigated by differential scanning calorime-
try (DSC). The results are shown in Figure 1 and Table 1. It could
be seen that all new compounds possessed two thermic peaks on
both second heating and cooling, respectively. Compound 3a exhib-
ited two endothermic peaks at 63.7 �C and 131.6 �C on heating, and
two exothermic peaks at 56.9 �C and 124.1 �C on cooling. As to
compound 3b, the corresponding endothermic (or exothermic)
peaks were at 43.9 (or 47.1) �C and 143.2 (or 131.9) �C upon heating
(or cooling), respectively. Moreover, after calculation, the scope
of mesomorphic temperature of compound 3b was as wide as
99.3 �C, which was bigger than that of compound 3a (67.9 �C). Com-
pound 4a had two endothermic peaks at 53.5 �C and 154.8 �C on
5), http://dx.doi.org/10.1016/j.tetlet.2014.12.137
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Figure 2. Mesomorphic textures of compounds 3a, 3b, 4a, a
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Figure 1. The DSC traces of compounds 3a, 3b, 4a, and 4b on second heating and
cooling (scan rate 10 �C min�1).

Table 1
Transition temperatures (�C) and enthalpies (kJ mol�1) of compounds 3a, 3b, 4a, and
4b

Compd Phase transitiona T(DH) heating scan T(DH) cooling scan

3a Cr-Col(Col-Cr) 63.7(4.01) 56.9(4.81)
Col-Iso(Iso-Col) 131.6(5.27) 124.1(5.32)

3b Cr-Col(Col-Cr) 43.9(3.66) 47.1(3.96)
Col-Iso(Iso-Col) 143.2(4.92) 131.9(4.87)

4a Cr-Col(Col-Cr) 53.5(5.41) 46.7(4.61)
Col-Iso(Iso-Col) 154.8(6.53) 149.3(6.82)

4b Cr-Col(Col-Cr) 49.5(4.31) 46.4(4.77)
Col-Iso(Iso-Col) 170.1(5.84) 163.6(6.68)

a Cr = crystalline, Col = columnar phase, Iso = isotropic.
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heating, and two exothermic peaks at 46.7 �C and 149.3 �C on cool-
ing, while compound 4b showed the corresponding temperatures at
49.5 (or 46.4) �C and 170.1 (or 163.6) �C for the endothermic (or
exothermic) peaks. The scope of mesomorphic temperature of com-
pound 4b (121.4 �C) was also bigger than that of compound 4a
(101.3 �C). Judging from the heats of fusion and hysteresis between
corresponding crystallization and melting peaks, two phase transi-
tions of solid state-mesophase and mesophase-isotropic phase on
cooling and heating existed for compounds 3a, 3b, 4a, and 4b, which
were also confirmed by polarizing optical microscopy (POM). Com-
pound 3b (or 4b) presented a wider scope of mesophase than com-
pound 3a (or 4a), suggesting that the spacers between cholesterol
unit and calixarene unit influenced on the mesomorphic properties
greatly. The long spacer was more favorable for each part of the
structure to find its own counterpart in the resulting mesophase.
Moreover, it could be seen that the scope of mesomorphic temper-
ature of compounds 4a and 4b with four cholesterol units were big-
ger than that of compounds 3a and 3b with two cholesterol units.
These results might imply that the amounts of cholesterol units also
played the important roles on mesomorphic properties. The more
cholesterol units the compound had, the wider temperature scope
of mesophase it possessed.

Furthermore, based on the DSC results, the mesophase textures
of compounds 3a, 3b, 4a, and 4b were studied by POM. For all of
them, two phase transitions of solid state-mesophase and meso-
phase-isotropic phase was clearly observed on heating and cooling.
The phase transform temperatures were approximately in accord
with the endothermic (or exothermic) peaks of DSC on heating
and cooling. Figure 2 shows the liquid crystalline textures of com-
pounds 3a, 3b, 4a, and 4b at corresponding temperatures under
POM. One could see that the clear special textures on cooling for
compounds 3a, 3b, 4a, and 4b were observed, respectively. These
textures were similar to the typical focal-conic columnar liquid
nd 4b obtained under POM on cooling at 80 �C (�400).

5), http://dx.doi.org/10.1016/j.tetlet.2014.12.137
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Figure 3. XRD traces of compounds 3a, 3b, 4a, and 4b measured at 80 �C
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crystals, which were supported further by X-ray diffraction (XRD)
analysis.

Compounds 3a, 3b, 4a, and 4b were also studied by XRD at the
corresponding temperatures of mesomorphic states. The results
are shown in Figure 3. As can be seen all of them exhibited a long
range orientation (2h = 3.3–3.8�, sharp) and two short disordered
orientations (2h = 13–26�, broad and 2h = 24�, sharp). These results
suggested that they might adopt bowlic columnar phase for liquid
crystalline behaviors. The CPK molecular model indicated that the
diameters of compounds 3a, 3b, 4a, and 4b including the choles-
terol units were 26–28 Å approximately. Thus, the peaks at
2h = 3.3�–3.8� suggested the distances of 23.3–26.7 Å, which agreed
approximately with the diameters of compounds 3a, 3b, 4a, and 4b,
indicating the lattice constant arising from the columnar structures.
Also, the reflections of 13–26� (3.5–6.8 Å broad halo) and 24� (3.7 Å)
were assigned to the average distances of columnar structures of
the molten cholesterol units and the intracolumnar order of calixa-
rene units, respectively. The broad halo reflections of 13–26� might
be attributed to the cooperating influences of the bridging alkyl
spacers and the long alkyl groups on cholesterol units. These results
suggested compounds 3a, 3b, 4a, and 4b adopted columnar phases
for liquid crystalline behaviors. A survey of the literatures also indi-
cated that the similar XRD traces were reported for calix[4]arene
bowlic columnar liquid crystals with aliphatic chains.24–27,36–40

Thus, it could be deduced that compounds 3a, 3b, 4a, and 4b
= calix[4]arene skeleton = cholesterol unit

Figure 4. Schematic representations of the columnar molecular arrangements.
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possessed the columnar molecular arrangement of the calixarenes
bowlic column with cholesterol units as ancillary lateral columns
as shown in Figure 4. Moreover, the different lengths of spacers
and the different amounts of cholesterol units on calixarene skele-
ton influenced on the column molecular stacking in a degree. The
broad peaks for the molten cholesterol units of compounds 3a
and 3b with two cholesterol units concentrated on 14–20� approx-
imately, but the corresponding peaks for compounds 4a and 4b
with four cholesterol units centered on 17–23� approximately.
The shifts to wider angles from compounds 3a and 3b to com-
pounds 4a and 4b might be ascribed to that the more cholesterol
units in compounds 4a and 4b produced the more crowded stack-
ing, resulting in the closer distances of the molten cholesterol units
than compounds 3a and 3b.

In conclusion, the design, synthesis, and mesomorphic proper-
ties of the first calix[4]arene-cholesterol liquid crystals were
reported for the first time. By reacting cholesterol chlorinated deriv-
atives with calix[4]arene, the bis-substituted and tetra-substituted
calix[4]arene cholesterol derivatives were obtained in yields of
50–80%. Their structures and conformations were confirmed by
NMR, MS, and elemental analysis. Their mesomorphic behaviors
were studied by DSC, POM, and XRD. All of them showed excellent
mesomorphic properties of the columnar molecular arrangement
of the calixarenes bowlic column with cholesterol units as ancillary
lateral columns. The scope of mesomorphic temperature of
compounds 4a and 4b with four cholesterol units were as wide as
101.3 �C and 121.4 �C, respectively. The long spacers and more
cholesterol units are favorable for producing excellent mesomor-
phic properties. The studies on the characteristic optical properties,
complexation properties, and their influences on mesomorphic
properties will be investigated in the following work.
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