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Abstract: A set of mesomorphic materials in which the o-carborane cluster is covalently bonded
to a cholesteryl benzoate moiety (mesogen group) through a suitably designed linker is described.
The olefin cross-metathesis between appropriately functionalized styrenyl-o-carborane derivatives
and a terminal alkenyl cholesteryl benzoate mesogen (all type I terminal olefins) leads to the desired
trans-regioisomer, which is the best-suited configuration to obtain mesomorphic properties in the final
materials. The introduction of different substituents (R = H (M2), Me (M3), or Ph (M4)) to one of the
carbon atoms of the o-carborane cluster (Ccluster) enables the tailoring of liquid crystalline properties.
Compounds M2 and M3 show the chiral nematic (N*) phase, whereas M4 do not show liquid crystal
behavior. Weaker intermolecular interactions in the solid M3 with respect to those in M2 may allow
the liquid crystallinity in M3 to be expressed as enantiotropic behavior, whereas breaking the stronger
intermolecular interaction in the solid state of M2 leads directly to the isotropic state, resulting in
monotropic behavior. Remarkably, M3 also displays the blue phase, which was observed neither
in the chiral nematic precursor nor in the styrenyl-cholesterol model (M5) without an o-carborane
cluster, which suggests that the presence of the cluster plays a role in stabilizing this highly twisted
chiral phase. In the carborane-containing mesogens (M2 and M3), the o-carborane cluster can be
incorporated without destroying the helical organization of the mesophase.

Keywords: boron clusters; carboranes; liquid crystals; fluorescence; cholesterol

1. Introduction

The liquid crystalline state (mesophase) is a state of matter that displays properties
between those of conventional liquid and solid phases; this behavior can be subdivided
into two types: thermotropic and lyotropic. Among these, thermotropic liquid crystals
(LCs) are partially ordered anisotropic fluids that exhibit one or more mesophases in a
given temperature range [1–3]. In most cases, the mesogenic behavior of an LC material is
due to the combination of a rigid core with flexible groups to produce rod-like molecules
that may show different types of mesophases, such as nematic (N) or smectic (Sm) [1].
Both the electronic structure and geometry determine the thermal and optical properties of
the mesogen. Cholesteric liquid crystals (CLCs) are well-known chiral nematic materials
that display the chiral nematic phase (N*), where the chiral molecules are organized in
parallel planes to the director and twisted in a perpendicular way throughout the director,
describing a helical structure. The most important feature of CLCs is the selective reflection
of circularly polarized light according to Bragg’s law [4]. Due to their 1D photonic structure
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and ease of fabrication, cholesteric liquid crystals have also attracted much attention as
optical sensors [5–7].

Icosahedral 1,2-dicarba-closo-dodecacarborane or o-carborane (1,2-C2B10H12) [8–11]
have highly polarizable spherical aromaticity through σ-delocalized electron densities [12–16].
Consequently, they display characteristic electronic properties [17,18], and thermal [19–21],
chemical, and photochemical stability [22,23]. All these features make them attractive
and interesting systems in materials science [24–26], especially for luminescent materi-
als [27–48], polymers [21], and Non-Linear Optical (NLO) materials, [49,50] among oth-
ers [22]. The rigidity of these boron clusters promotes their use as a structural element
of the rigid core in the preparation of liquid crystalline materials [51]. Boron clusters
of major interest for synthesizing liquid crystals have been the 12 vertex, p-carborane
(1,12-C2B10H12) [52,53], [1-CB11H12]− [54–56], the dianion dodecaborate [B12H12]2− [57],
as well as the 10 vertex closo-boron clusters 1,10-C2B8H10, [1-CB9H10]− [54,58]. All of
them are properly functionalized with suitable organic functional groups to provide a
supramolecular structure with optical properties that might be modulated by external
stimuli (Chart 1) [8]. Around 200 “rod-like” mesogens containing p-carboranes and several
examples of bent-core mesogens bearing m-carborane (1,7-C2B10H12) have been reported,
in which the angle formed for both substituents at the carbons of the cluster (Ccluster, Cc)
is 120◦ [51]. Generally, p-carboranes are the preferred choice to synthesize LCs, not only
because of their spherocylindrical morphology, but also for the accessibility of substitution
at the antipodal Cc atoms with appropriate groups, leading to an extension of the molecular
shape that forms the mesogenic state (Chart 1). Most LCs containing p-carboranes show
nematic phases [59], except those LCs with terminal alkyl chains with fluoride atoms that
usually lead to smectic phases [60]. Nevertheless, the use of o-carborane, 1,2-C2B10H12,
and its derivatives has barely been explored as LCs, but studies involving their use in
boron-containing liposomes as potential agents for BNCT have been reported [61–64].
To our knowledge, only two examples on o-carborane-based LCs have been recently re-
ported by Kaszynsky [65,66]. In these, o-carborane is used as a linear structural element
with a moderate dipole moment, which is substituted at the C1 and B12 atoms to give
1,12-difunctionalized derivatives that show the smectic A (SmA) and N mesophases.
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Chart 1. Representation of more usual twelve vertex boron clusters used to perform liquid crys-
talline materials.

There have been several reports of liquid crystals containing octasilsesquioxanes [67,68],
or fullerenes [69–71], as scaffold to append mesogenic moieties in order to probe the
effect of a rigid structurally well-defined core on mesophase behavior. In this sense, o-
carborane may also provide a unique inorganic polyhedral scaffold that can lead the way
to the generation of a new family of this class of materials, and it may offer a new insight
into the effects of these substituents on the mesophase behavior of the ensuing liquid
crystalline materials.

Herein we describe for the first time the synthesis, structural characterization, and pho-
tophysical properties in solution of a set of new mesomorphic materials in which the
o-carborane cluster is covalently bonded to a cholesteryl benzoate moiety (mesogen group)
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through a suitable methylene linker. We have assessed the influence of the o-carborane
unit and its substituents bound to the Cc atom on their liquid crystal properties. We have
also tried to establish a relationship between the 3D crystal packing in solid state and the
changes of mesophase with temperature.

2. Results and Discussion
2.1. Synthesis and Characterization of Mesogens

The chemical synthesis of linear cholesteryl-o-carborane dyads was designed to be
carried out by olefin cross-metathesis between three different styrenyl-o-carborane deriva-
tives: 1-[CH2C6H4-4′-(CH=CH2)]-2-R-1,2-closo-C2B10H10 [R = H (1), R = Methyl or Me
(2), R = Phenyl or Ph (3)] (see Scheme 1) [42], and a cholesterol derivative that contains a
suitable alkenylene moiety. To this purpose, cholesteryl benzoate was adequately modified
to introduce the terminal alkenylene group producing M1 by adaptation of the literature
method (Scheme S1) [72]. A related strategy using olefin cross-metathesis in the design of
liquid crystal synthesis has been reported while the current work was in progress [73,74].
Cross-metathesis reactions of o-carborane derivatives 1–3 and the mesogenic cholesterol
derivative M1 were carried out using first-generation Grubbs catalyst in CH2Cl2 at reflux
for 48 h under argon atmosphere (Scheme 1). The reactions were by 1H NMR spectroscopy
to the total disappearance of the starting vinyl and alkenyl protons. The white solid in the
remaining suspensions, which corresponds to the homo-metathesis of the M1 side product,
was filtered off, and the clear brown solutions were quenched with methanol to yield a
gray precipitate that was also filtered and dried. Spectroscopic analyses proved that the
latter contained a mixture of the expected final compound (M2–M4) and a small quantity
of the M1 homo-metathesis compound, which is partially soluble in CH2Cl2. Although we
did not use excess of 1–3 to avoid the formation of compounds from their homo-metathesis,
some of them were obtained and remained in the MeOH solution. The gray precipitates
were finally purified by column chromatography affording the o-carborane-containing
dyads M2, M3, and M4 as white solids in 54, 50, and 49% yield, respectively.
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Scheme 1. Synthesis of cholesteryl-o-carborane dyads M2–M4.

In order to understand the influence of the o-carborane cluster and its substituent
bound to the Cc atom on the mesogenic behavior of M2–M4, a carborane-free compound
M5 was also synthesized by cross-metathesis of pure styrene with the mesogen M1
(Scheme 2). We used the same conditions as those for M2–M4 with a large excess of styrene
due to the ease of the styrene to give the compound from homo-metathesis. M5 was
isolated as a white solid in 82% yield after purification by column chromatography.
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Scheme 2. Synthesis of carborane-free cholesterol derivative M5.

Complete cross-metathesis between M1 with styrenyl-o-carborane derivatives 1–3 or
styrene afforded M2–M5, which was confirmed by standard spectroscopy techniques such
as FT-IR, 11B, 1H, and 13C NMR, MALDI-TOF mass spectroscopy and elemental analysis.
A detailed description of the characterization is included in the Supporting Information.
In addition, suitable single crystals of M2, M3, and M5 were analyzed by X-ray diffraction.

2.2. X-Ray Crystal Structures of M2, M3, and M5

Single crystals of M2, M3, and M5 suitable for X-ray diffraction analysis were obtained
by slow evaporation of CH2Cl2 (M2–3) or toluene (M5) solutions and found suitable for
X-ray diffraction analysis. The molecular structures of M2, M3, and M5 are shown in
Figures 1 and 2. The main cell crystal parameters can be found in Table S1. A list of
selected data and bonding parameters can also be found in the Supporting Information
(Tables S2–S4).
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Whereas both o-carborane-containing dyads M2 and M3 crystallized in the monoclinic
and non-centrosymmetric P21 space group, the styrene derivative M5 crystallized in the
triclinic P1 space group. As shown in Figures 1 and 2 and Figures S16 and S17, unit cells
for the compounds showed one, two, or four molecules of M2, M3, and M5, respectively.
The shape of the molecules was similar, although slightly different geometries can be
observed in M3 (Figure 1) and M5 (Figure 2). In particular, the angles between the plane of
the benzoate and the steroid ring in M3 (i.e., for the C2–C7 plane and C24–C28 mean plane)
were 69.50(14)◦ and 55.15(16)◦, respectively, and between the benzoate ring and the C6H4
ring close to the cluster (i.e., for the C2–C7 plane and C13–C18 plane), they were 25.77(14)◦

and 136.64(15), respectively.
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In general, the packing motifs in the crystals were similar for all structures. In-
deed, the M2, M3, and M5 structures were built from tilted molecules to form layers that
were piled giving the observed 3D structures (Figure 3). In all cases, layers were formed
by self-assembled molecules oriented parallel to each other (Figure S18). The densities
of the 3D structures decreased in the order M5 (1.152 g cm−3) > M3 (1.135 g cm−3) >
M2 (1.122 g cm−3).
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As it is the case in a large majority of mesogens [73–75], and also in the case of most
o-carborane derivatives [76], the molecules presented here have no strong hydrogen bond
donor groups. Therefore, in the obtained crystals, molecules in the layers as well as
interactions within the layers are stabilized by weak intermolecular interactions. This is
clearly confirmed by the Hirshfeld surface analysis [77] for M2, M3, and M5. The analysis
clearly showed the presence of weak H· · ·H and H· · ·O interactions, with no long sharp
spikes characteristic of strong hydrogen bonds and the absence of strong π–π interactions
in the Fingerprint plots (Figure S19) [78]. The relative contributions of different interactions
to the Hirshfeld surface were calculated from the Fingerprint plots (Figure 4). From this
simple analysis, it can be clearly observed that H/H contacts correspond to 78–84% of the
total Hirshfeld surface area for these molecules, which is consistent with the large ratio
of external H to N, O, or C atoms. C/H contacts comprise around 13–15% to the total
Hirshfeld surface area and C/C (i.e., π–π) interactions contribute from 0.8% in the non-
carborane derivative M5 to an almost negligible percentage in the carborane compounds
M2 and M3 (Figure 4).
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sistent with the spherical shape of o-carborane disrupting the supramolecular contacts of
merely flat and aromatic systems (e.g., C–H···π and π–π), and this may affect the mesogenic
properties of M2 and M3 when compared to M5 (vide infra). In addition to this, spatial
requirements for the carborane cages in these molecules disrupt the efficient packing that,
in the absence of these spherical cages, is observed in rod-like molecules such as M5
(Figure 3). This is experimentally observed in the calculated densities of the crystals for
M2, M3, and M5 (vide supra).

2.3. Photophysical Properties

The photophysical properties of M2–M5, including absorption and emission max-
ima (λabs and λem), fluorescence quantum yields (Φf), and Stokes shifts were assessed in
CH2Cl2 (Figure S20 and Table 1). The UV-Vis spectra showed strong maximum absorption
peaks at λabs = 260 nm for M2–M4 and λabs = 257 nm for the non-carborane containing M5,
and there were two additional very weak shoulders around 285 and 295 nm (Figure S20).
The absorption peaks were attributed to the π–π* transitions of the styrenyl group, which is
the fluorophore of the molecule, and they appear in the same region as that of the start-
ing compounds 1–3 [42]. Compounds M2, M3, and M5 displayed emission maxima at
λem = 317 and 319 nm for M2 and M3 respectively, whereas M5 exhibited a maximum
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at 315 nm after excitation at 260 nm (Figure S20). On the contrary, compound M4 did
not show fluorescence emission in solution. These results indicated that the emission
properties of M2–M4 were essentially the same as for their precursors 1–3. In previous
works, we demonstrated that the photoluminescence properties of precursors 1–3 and their
derivatives were influenced by the substituents bound to the Cc atom [42], where it was
proved that the Ph-o-carborane moiety acts as an electron-withdrawing group, leading to an
efficient quenching of the fluorescence due to a charge transfer process [42,46]. This would
explain the fluorescence quenching for M4. Fluorescence quantum yield values (Φf) con-
firmed that M2 exhibited the highest efficiency (24.8%), whereas M3 and M5 displayed
similar values to each other around 12.2%. It is noteworthy that compounds M2–M4
followed the same trend for their emission properties than their respective precursors 1–3.
Noteworthy, the Stokes shift values did not vary significantly within the three luminescent
compounds, being all of them close to the region of 7000 cm−1.

Table 1. Photophysical properties of M1–M5.

Compound λabs (nm) λem (nm) Φf (%) Stokes Shift (cm−1/103)

M1 266 - - -
M2 260 317 24.8 6.92
M3 260 319 12.2 7.11
M4 260 - - -
M5 257 315 12.1 7.16

All spectra were recorded in CH2Cl2. All samples were prepared to obtain an ab-
sorbance of around 0.1 at the excitation wavelength. Quantum yields Φf were calculated
using quinine sulfate in a 0.5 M aqueous solution of H2SO4 (Φf = 0.54) as a standard. Stokes
shift = −10*(1/λem − 1/λabs).

2.4. Liquid Crystal Properties

The mesomorphic properties of M1–M5 were investigated by differential scanning
calorimetry (DSC) and polarized optical microscopy (POM). The DSC thermograms of M2–
M5 are shown in Figures S21–S24, and the transition temperatures are listed in Table 2. Se-
lected optical textures determined by POM are presented in Figure 5. The cross-metathesis
reaction between the cholesteryl benzoate and the styrenyl-o-carborane derivatives pro-
duced only the trans-regioisomer, which is the preferred configuration to induce liquid
crystallinity. The o-carborane derivative M3 (R = Me) is the one that has the most attractive
mesomorphic behavior. On cooling from the isotropic state, POM showed the presence of
the rare blue phase over a very narrow temperature range (≈0.1 ◦C), which was identified
by the mosaic texture (Figure 5b) with very low birefringence [79]. On further cooling,
it was followed by the N* phase, which was identified by the Grandjean planar texture
typical of the N* phase (Figure 5a). The blue phase could not be observed in the DSC
thermogram, but the thermogram showed clearly the enantiotropic nature of the N* phase.
Pleasingly, mesogens M2 (R = H) and M3 (R = Me) also displayed the N* phase, indicating
that the N* phase of the cholesterol substituent was preserved upon attachment to the
styrenyl-o-carborane cluster. The N* mesophase of M3 is enantiotropic in nature (Figure 5a),
whereas for M2, it is a monotropic N* phase. It is important to note that M2 showed consid-
erable supercooling of the transition from the isotropic state to the N* phase, as observed
by DSC and POM. The alkenyl cholesteryl benzoate precursor M1 showed a wide temper-
ature range N*, from 131.4 ◦C (crystalline state) to 238 ◦C (isotropic liquid). The model
compound M5 showed the enantiotropic N* phase over a range ≈ 70 ◦C, with a clearing
point at 224 ◦C (Figure 5d), which is at a lower temperature than M1 (238 ◦C), indicating
the slightly lower thermal stability of the mesophase in comparison with M1 (Table 2).
Interestingly, neither M1 nor M5 showed blue phase, suggesting that the o-carborane
cluster plays a role in stabilizing the intermolecular interactions needed to support the blue
phase. Comparison of the transition temperatures showed that the o-carborane-containing
dyads M2–M4 have lower isotropization temperatures than M5 (Table 2). This comparison
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suggested that the presence of the spherical o-carborane cluster disrupts significantly the in-
termolecular interactions of the cholesteryl benzoate cores needed to induce the mesophase.
The higher isotropization temperature of M2 in comparison with M3 indicated stronger
intermolecular interactions in M2 (R = H) than in M3 (R = Me). The introduction of an
Me group at the o-carborane cluster adds steric hindrance and makes space filling more
difficult, resulting in a lower clearing point. This different mesogenic behavior between
M2 and M3 could be rationalized, taking into account the differences between the solid
state at room temperature and the liquid crystalline state, if we consider that the number
of H···H contacts in the 3D crystal packing of M2 is higher than in M3 confirmed by the
Hirshfeld surface analysis (vide supra). In contrast, both mesophase range and stability
of M5, without the o-carborane moiety, are higher than those for M2 and M3. A similar
volume effect has been observed when carbocyclic moieties are used as end-groups in
certain mesogens [80]. This might be related to the disrupting effect of the o-carborane
cluster on the N* phase. On the other hand, o-carborane derivative M4 (R = Ph) did not
show liquid crystallinity, only a series of crystal forms, despite the presence of the strongly
nematogen substituent. In this case, the presence of the phenyl group at the o-carborane
cluster led to a largely bent geometry that disrupts any intermolecular interactions of the
cholesterol rigid core needed to promote mesogenic behavior. This is supported by the
melting point of M4, which was the lowest of the three cholesteryl-o-carborane derivatives.

Table 2. Phase transition temperatures (◦C) and corresponding enthalpy values (J mol−1, in square
brackets) obtained from differential scanning calorimetry (DSC) second heating cycles for com-
pounds M2–M5.

Compound Phase Transition Temperatures (◦C) and Enthalpy Values (J·mol−1)

M1 Cr 131.4 [27.3] N* 238.6 [1.3] Iso liq.
M2 g 53.1 [2.0] (N* 134.9 [−10.1]) Cr2 181.7 [−2.9] Iso liq.
M3 g 47.9 [2.1] Cr1 87.1 [−13.2] Cr2 161.6 [22.0] N* 176.2 [2.1] (BP) Iso liq.
M4 g 22.6 [2.7] Cr1 86.2 [−1.6] Cr2 151.9 [29.3] Iso liq.
M5 Cr 150.2 [47.8] N* 224.2 [3.7] Iso liq.

N*: chiral nematic phase.
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Remarkably, these results indicated that the mesomorphic properties of cholesteryl-o-
carborane dyads M2–M4 could be modulated by modifying the substituent at the adjacent
Cc atom. Non-substituted (M2) and Me-substituted M3 displayed liquid crystals properties,
whereas M4 bearing a Ph group did not show liquid crystallinity. This suggested that the
o-carborane is a suitable platform for liquid crystals and also may enable tuning of the
liquid crystals properties of an attached mesogen group.

3. Materials and Methods
3.1. Materials

All reactions were performed under an atmosphere of argon employing standard
Schlenk techniques. Anhydrous dichloromethane was purchased from Aldrich and used as
received. 1-[CH2C6H4-4′-(CH=CH2)]-2-H-1,2-closo-C2B10H10 (1), 1-[CH2C6H4-4′-(CH=CH2)]-
2-CH3-1,2-closo-C2B10H10 (2), and 1-[CH2C6H4-4′-(CH=CH2)]-2-C6H5-1,2-closo-C2B10H10
(3) were obtained as described in the literature [42]. M1 was prepared according to the
literature process [72]. Reagent grade styrene and first generation Grubbs catalyst were
purchased from Aldrich (St. Louis, MO, USA) and used as received. Solvents and all other
reagents were purchased from Aldrich and used as received. Reactions were monitored
by thin layer chromatography (TLC) using an appropriate solvent system. Silica-coated
aluminium TLC plates used were purchased from Merck, Kenilworth, NJ, USA (Kieselgel 60
F-254) and visualized using either UV light (254 nm and 365 nm), or by oxidation with
either iodine or aqueous potassium permanganate solution.

3.2. Instrumentation

Infrared spectra were measured on a Perkin-Elmer Spectrum 400 FT-IR/FT-FIR
(Waltham, MA, USA) and Shimadzu IR Prestige-21 (Kyoto, Japan) with Specac Golden
Gate diamond ATR IR insert (Orpington, UK). 1H NMR (300.13 MHz and 400 MHz) and
13C{1H} NMR spectra (75.47 MHz, 100.5 MHz) were obtained using Varian Unity Inova
400 MHz (Palo Alto, CA, USA), JEOL ECX 400 MHz (Akishima, Tokyo, Japan) and Bruker
ARX 300 spectrometers (Billerica, MA, USA). The 11B{1H} NMR spectra (96.29 MHz) were
run on a Bruker ARX 300 spectrometer. All experiments were made with concentrations
between 15 and 20 mg/mL at 25 ◦C. Chemical shifts (ppm) are relative to Si(CH3)4 for 1H
(of residual proton; δ 7.25 ppm) and 13C{1H} NMR (δ 77.23 ppm signal) in CDCl3. Chemical
shift values for 11B{1H} NMR spectra were referenced to external BF3·OEt2. Chemical shifts
are reported in units of parts per million downfield from the reference, and all coupling
constants are reported in Hz. Mass spectra were recorded on a Bruker Solarix FT-ICR
(MALDI TOF/TOF™ spectra). UV/Vis spectra were measured on a Perkin Elmer Lambda
900 and Shimadzu UV-1700 Pharmaspec spectrophotometers using 1.0 cm cuvettes. Flu-
orescence emission spectra were recorded in a Perkin-Elmer LS-45 (230 V) Fluorescence
spectrometer. Samples were prepared in spectroscopic grade solvents and adjusted to a re-
sponse within the linear range. No fluorescent contaminants were detected on excitation in
the wavelength region of experimental interest. CHN Elemental analyses were performed
using an Exeter Analytical Inc. CE440 analyzer (North Chelmsford, MA, USA).

3.3. X-ray Diffraction

Diffraction data were collected at 110 K on an Oxford Diffraction SuperNova diffrac-
tometer (Abingdon, Oxfordshire, UK) with Mo-Kα radiation (λ = 0.71073 Å) using an EOS
CCD camera (Canon, Tokyo, Japan). The crystal was cooled with an Oxford Instruments
Cryojet. Diffractometer control, data collection, initial unit cell determination, frame in-
tegration, and unit-cell refinement was carried out with “Crysalis” [81]. Face-indexed
absorption corrections were applied using spherical harmonics, implemented in a SCALE3
ABSPACK scaling algorithm [81]. OLEX2c was used for overall structure solution, re-
finement, and preparation of computer graphics and publication data. Within OLEX2,
the algorithm used for structure solution was direct methods [82] for M2 and M3 and
charge-flipping [83] for M5. Refinement by full-matrix least-squares used the SHELXL [82]
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algorithm within OLEX2 [84]. All non-hydrogen atoms were refined anisotropically. Hy-
drogen atoms were placed using a “riding model” and included in the refinement at
calculated positions.

In the case of compound M5, the differences among molecules in the unit cell differ in
the orientation of the steroid system, the benzoate, and the terminal phenyl ring. For the
four molecules, the angle between the plane of the benzoate and the steroid ring was
(50.71(12)◦, 68.7(3)◦, 54.87(13)◦, and 40.88(12)◦, respectively; the angle between the benzoate
ring and the phenyl ring was 112.52(12)◦, 93.8(3)◦, 67.33(12)◦, and 80.6(5)◦, respectively.
Two of the molecules exhibited disorder. For one, the benzoate ring and the para-OCH2
was modeled in two positions with refined occupations of 0.684:0.316(4), whilst for the
other, the phenyl was modeled in two positions with refined occupancies of 0.654:0.346(4).
When calculating the planes for the angles described above, an average position was used.

3.4. Phase Identification by Optical and Thermal Methods

Polarized optical microscopy was performed on a Zeiss Axioskop 40Pol microscope
(Oberkochen, Germany) using a Mettler FP82HT hotstage (Columbus, OH, USA) con-
trolled by a Mettler FP90 central processor. Photomicrographs were captured via either
an InfinityX-21 digital camera or a Sony NEX 5R mirrorless digital camera (Tokyo, Japan)
mounted atop the microscope. Differential scanning calorimetry was performed on a Met-
tler DSC822e fitted with an autosampler operating with MettlerStar®software and calibrated
before use against an indium standard (onset = 156.55 ± 0.2 ◦C, ∆H = 28.45 ± 0.40 Jg−1)
under an atmosphere of dry nitrogen.

3.5. Synthesis of Mesogens M2–M5
3.5.1. Synthesis of M2

In a dry-oven 25 mL schlenk flask, 1-[CH2C6H4-4′-(CH=CH2)]-2-H-1,2-closo-C2B10H10
(1) (68 mg, 0.26 mmol), M1 (300 mg, 0.52 mmol), and first-generation Grubbs’ catalyst
(21 mg, 0.026 mmol) were dissolved in CH2Cl2 (10 mL). The solution was stirred and
refluxed for 48 h. The reaction was monitored by 1H NMR to the disappearance of the
alkene protons of M1. After that, the mixture was cooled down to room temperature,
filtered, and the brown solution was quenched by precipitation into 40 mL of methanol
to afford a gray solid. This is filtered and purified by silica gel column chromatography
(75% CH2Cl2–25% hexane), leading to compound M2 as a pure white solid. Yield: 114 mg,
54%. A CH2Cl2 solution of M2 gave crystals suitable for X-ray analysis. 1H NMR (CDCl3,
TMS), δ (ppm): 7.97 (d, 3J(H,H) = 8 Hz, 2H, C6H4), 7.30 (d, 3J(H,H) = 8 Hz, 2H, C6H4),
7.05 (d, 3J(H,H) = 8 Hz, 2H, C6H4), 6.89 (d, 3J(H,H) = 8 Hz, 2H, C6H4), 6.40 (d, 3J(H,H) =
16 Hz, 1H, C6H4CH=CH), 6.26 (dt, 3J(H,H) = 16 Hz, 3J(H,H) = 8 Hz, 1H, C6H4CH=CH),
5.40 (d, 3J(H,H) = 6 Hz, 1H, (Ch)CH=CH), 4.81 (m, 1H, OCH (Ch)), 4.05 (t, 2H, 3J(H,H)
= 6 Hz, CH2O), 3.48 (s, 2H, Cc-CH2), 3.19 (s, 1H, Cc-H), 2.42 (m, 4H, OCHCH2 (Ch) +
C6H4CH=CHCH2), 1.05 (s, 3H, C-CH3), 0.91 (d, 3J(H,H) = 6 Hz, 3H, CHCH3), 0.85 (dd,
3J(H,H) = 6 Hz, 3J(H,H) = 3 Hz, 6H, CH(CH3)2), 0.67 (s, 3H, C-CH3). 11B{1H} NMR
(CDCl3, BF3·Et2O), δ (ppm): −3.33 (1B), −6.48 (1B), −9.90 (2B), −11.54 ppm (2B), −14.05
(4B). 13C{1H} NMR (CDCl3, TMS), δ (ppm): 165.87 (s, C=O), 162.71 (s, Car-O), 139.84 (s,
C=CH (Ch)), 137.84 (s, C6H4), 132.92 (s, C6H4), 131.62 (s, C6H4), 130.79 (s, C6H4), 130.08 (s,
C6H4CH=CH), 129.93 (s, C6H4CH=CH), 126.62 (s, C6H4), 123.29 (s, C6H4), 122.78 (s, C6H4),
114.06 (s, C=CH (Ch)), 74.32 (s, CH-O), 67.31 (s, CH2-O), 56.78 (s, CH (Cp)), 56.21 (s, CH (Cp)),
50.12 (s, CH (Ch)), 43.22 (s, CH (Cp-Ch)), 42.41 (s, Cc-CH2), 39.83 (s, CH2CH(CH3)2), 39.60
(s, CH (Ch)), 38.38 (s, CH2C-O), 37.14 (s, CH (Ch)), 36.74 (s, CH (Ch)), 36.27 (s, CH3CHCH2),
35.89 (s, CH3CHCH2), 32.02 (s, CH (Ch)), 31.97 (s, CH (Ch)), 28.79 (s, CH=CHCH2CH2),
28.33 (s, CH (Ch)), 28.11 (s, CH (Cp)), 28.03 (s, CH-(CH3)2), 24.38 (s, CH2 (Cp)), 26.90 (s,
CH (Ch)), 24.38 (s, CH2CH2CH-(CH3)2), 23.92 (s, CH (Ch)), 22.92 (s, CH-(CH3)2), 22.66
(s, CH-(CH3)2), 21.13 (s, CH (Ch)), 19.48 (s, CH-CH3), 18.81 (s, CH-CH3), 11.95 ppm (s,
CH-CH3). ATR (cm−1): 2939 (br s, C-H st), 2576 (br s, B-H st), 1697 (s, C=O st), 1604 (m,
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C=C st). MALDI-TOF-MS (m/z): Calcd: 808.66. Found: 846.55 [M + K+]. Anal. Calcd. for
C48H74B10O3: C, 71.42; H, 9.24. Found: C, 71.58; H, 9.15.

3.5.2. Synthesis of M3

Compound M3 was synthesized using the same procedure as for M2, but using 1-
[CH2C6H4-4′-(CH=CH2)]-2-CH3-1,2-closo-C2B10H10 (2) (23 mg, 0.08 mmol), M1 (100 mg,
0.17 mmol) and first-generation Grubbs catalyst (7 mg, 0.008 mmol) in 10 mL of CH2Cl2.
After work-up, M3 was obtained as a pure white solid. Yield: 38 mg, 50%. A CH2Cl2
solution of M3 gave crystals suitable for X-ray analysis. 1H NMR (CDCl3, TMS), δ (ppm):
7.97 (d, 3J(H,H) = 8 Hz, 2H, C6H4), 7.30 (d, 3J(H,H) = 8 Hz, 2H, C6H4), 7.10 (d, 3J(H,H)
= 8 Hz, 2H, C6H4), 6.90 (d, 3J(H,H) = 8 Hz, 2H, C6H4), 6.41 (d, 3J(H,H) = 16 Hz, 1H,
C6H4CH=CH), 6.25 (dt, 3J(H,H) = 16 Hz, 3J(H,H) = 6 Hz, 1H, C6H4CH=CH), 5.40 (d,
3J(H,H) = 6 Hz, 1H, (Ch)CH=CH), 4.81 (m, 1H, OCH (Ch)), 4.05 (t, 2H, 3J(H,H) = 6 Hz,
CH2O), 3.42 (s, 2H, Cc-CH2), 2.42 (m, 4H, OCHCH2 (Ch) + C6H4CH=CHCH2), 2.14 (s, 3H,
Cc-CH3), 1.06 (s, 3H, C-CH3), 0.91 (d, 3J(H,H) = 6 Hz, 3H, CHCH3), 0.85 (dd, 3J(H,H) = 6
Hz, 3J(H,H) = 3 Hz, 6H, CH(CH3)2), 0.67 (s, 3H, C-CH3). 11B{1H} NMR (CDCl3, BF3·Et2O),
δ (ppm): −4.99 (1B),−6.55 (1B),−10.65 (4B),−11.29 ppm (4B). 13C{1H} NMR (CDCl3, TMS),
δ (ppm): 165.84 (s, C=O), 162.73 (s, Car-O), 139.86 (s, C=CH (Ch)), 137.38 (s, C6H4), 133.75 (s,
C6H4), 131.60 (s, C6H4), 130.56 (s, C6H4), 130.35 (s, C6H4CH=CH), 130.11 (s, C6H4CH=CH),
126.20 (s, C6H4), 122.71 (s, C6H4), 114.01 (s, C=CH (Ch)), 74.27 (s, CH-O), 67.36 (s, CH2-O),
56.78 (s, CH (Cp)), 56.21 (s, CH (Cp)), 50.12 (s, CH (Ch)), 42.40 (s, CH (Cp-Ch)), 41.01 (s,
Cc-CH2), 39.82 (s, CH2CH(CH3)2), 39.60 (s, CH (Ch)), 38.38 (s, CH2C-O), 37.14 (s, CH (Ch)),
36.74 (s, CH (Ch)), 36.27 (s, CH3CHCH2), 35.89 (s, CH3CHCH2), 32.02 (s, CH (Ch)), 31.97 (s,
CH (Ch)), 29.47 (s, CH=CHCH2CH2), 28.82 (s, CH=CHCH2CH2), 28.33 (s, CH (Ch)), 28.11 (s,
CH (Cp)), 28.03 (s, CH-(CH3)2), 24.38 (s, CH2 (Cp)), 23.91 (s, CH2CH2CH-(CH3)2), 23.78 (s,
Cc-CH3), 22.92 (s, CH-(CH3)2), 22.66 (s, CH-(CH3)2), 21.13 (s, CH (Ch)), 19.48 (s, CH-CH3),
18.81 (s, CH-CH3), 11.95 ppm (s, CH-CH3). ATR (cm−1): 2931 (br s, C-H st), 2584 (br s,
B-H st), 1705 (s, C=O st), 1604 (m, C=C st). MALDI-TOF-MS (m/z): Calcd: 822.67. Found:
860.56 [M + K+]. Anal. Calcd. for C49H76B10O3: C, 71.66; H, 9.33. Found: C, 72.11; H, 9.32.

3.5.3. Synthesis of M4

Compound M4 was synthesized using the same procedure as for M2 and M3 but using
1-[CH2C6H4-4′-(CH=CH2)]-2-C6H5-1,2-closo-C2B10H10 (3) (50 mg, 0.15 mmol), M1 (171 mg,
0.30 mmol) and first-generation Grubbs catalyst (12 mg, 0.015 mmol) in 6 mL of CH2Cl2.
After work-up, M4 was obtained as a pure white solid. Yield: 64 mg, 49%. 1H NMR
(CDCl3, TMS), δ (ppm): 7.99 (d, 3J(H,H) = 8 Hz, 2H, C6H4), 7.71 (d, 3J(H,H) = 8 Hz, 2H,
C6H5), 7.54–7.44 (m, 3H, C6H5), 7.20 (d, 3J(H,H) = 8 Hz, 2H, C6H4), 7.10 (d, 3J(H,H) =
8 Hz, 2H, C6H4), 6.90 (d, 3J(H,H) = 8 Hz, 2H, C6H4), 6.75 (d, 3J(H,H) = 8 Hz, 2H, C6H4),
6.38 (d, 3J(H,H) = 16 Hz, 1H, C6H4CH=CH), 6.23 (dt, 3J(H,H) = 16 Hz, 3J(H,H) = 6 Hz,
1H, C6H4CH=CH), 5.41 (d, 3J(H,H) = 6 Hz, 1H, (Ch)CH=CH), 4.83 (m, 1H, OCH (Ch)),
4.05 (t, 2H, 3J(H,H) = 6 Hz, CH2O), 3.04 (s, 2H, Cc-CH2), 2.42 (m, 4H, OCHCH2 (Ch) +
C6H4CH=CHCH2), 0.91 (d, 3J(H,H) = 6 Hz, 3H, CHCH3), 0.86 (dd, 3J(H,H) = 6 Hz, 3J(H,H)
= 3 Hz, 6H, CH(CH3)2), 0.68 (s, 3H, C-CH3). 11B{1H} NMR (CDCl3, BF3·Et2O), δ (ppm):
−4.39 (2B), −10.92 (8B); 13C{1H} NMR (CDCl3, TMS), δ (ppm): 165.87 (s, C=O), 162.74 (s,
Car-O), 139.86 (s, C=CH (Ch)), 137.15 (s, C6H4), 133.99 (s, C6H4), 131.62 (s, C6H4), 131.59 (s,
C6H5), 130.93 (s, C6H5), 130.91 (s, C6H5), 130.56 (s, C6H4), 130.31 (s, C6H4CH=CH), 130.21 (s,
C6H4), 130.10 (s, C6H4CH=CH), 129.13 (s, C6H5), 125.96 (s, C6H4), 123.26 (s, C6H4), 122.77 (s,
C6H4), 114.07 (s, C=CH (Ch)), 83.76 (s, Cc-C6H5), 82.19 (s, Cc-CH2), 74.30 (s, CH-O), 67.34 (s,
CH2-O), 56.79 (s, CH (Cp)), 56.22 (s, CH (Cp)), 50.13 (s, CH (Ch)), 42.41 (s, CH (Cp-Ch)),
40.72 (s, Cc-CH2), 39.83 (s, CH2CH(CH3)2), 39.61 (s, CH (Ch)), 38.39 (s, CH2C-O), 37.15 (s,
CH (Ch)), 36.75 (s, CH (Ch)), 36.28 (s, CH3CHCH2), 35.90 (s, CH3CHCH2), 32.03 (s, CH (Ch)),
31.97 (s, CH (Ch)), 29.46 (s, CH=CHCH2CH2), 28.82 (s, CH=CHCH2CH2), 28.34 (s, CH (Ch)),
28.11 (s, CH (Cp)), 28.04 (s, CH-(CH3)2), 24.39 (s, CH2 (Cp)), 23.93 (s, CH2CH2CH-(CH3)2),
22.93 (s, CH-(CH3)2), 22.67 (s, CH-(CH3)2), 21.15 (s, CH (Ch)), 19.49 (s, CH-CH3), 18.82 (s,
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CH-CH3), 11.96 (s, CH-CH3). ATR (cm−1): 2939 (br s, C-H st), 2584 (br s, B-H st), 1705 (s,
C=O st), 1604 (m, C=C st). MALDI-TOF-MS (m/z): Calcd: 882.64. Found: 921.57 [M + K+].
Anal. Calcd. for C54H78B10O3: C, 73.43; H, 8.90. Found: C, 72.89; H, 8.92.

3.5.4. Synthesis of M5

Compound M5 was synthesized using the same procedure as for M2, but using
styrene (0.5 mL 5.3 mmol), M1 (100 mg, 0.17 mmol) and first-generation Grubbs catalyst
(20 mg, 0.024 mmol) were dissolved in CH2Cl2 (5 mL). After work-up, M5 was obtained
as a pure white solid. Yield: 93 mg, 82%. A toluene solution of M5 gave crystals suitable
for X-ray analysis. 1H NMR (CDCl3, TMS), δ (ppm): 7.97 (d, 3J(H,H) = 8 Hz, 2H, C6H4),
7.35–7.15 (m, 5H, C6H5), 6.90 (d, 3J(H,H) = 8 Hz, 2H, C6H4), 6.43 (d, 3J(H,H) = 12 Hz, 1H,
C6H4CH=CH), 6.23 (dt, 3J(H,H) = 12 Hz, 3J(H,H) = 4.5 Hz, 1H, C6H4CH=CH), 5.40 (d,
3J(H,H) = 6 Hz, 1H, (Ch)CH=CH), 4.81 (m, 1H, OCH (Ch)), 4.05 (t, 2H, 3J(H,H) = 6 Hz,
CH2O), 2.42 (m, 2H, OCHCH2 (Ch)), 1.06 (s, 3H, C-CH3), 0.91 (d, 3J(H,H) = 6 Hz, 3H,
CHCH3), 0.85 (dd, 3J(H,H) = 6 Hz, 3J(H,H) = 3 Hz, 6H, CH(CH3)2), 0.67 (s, 3H, C-CH3).
13C {1H} NMR (CDCl3, TMS), δ (ppm): 165.89 (s, C=O), 162.77 (s, Car-O), 139.86 (s, C=CH
(Ch)), 137.60 (s, C6H5), 131.60 (s, C6H4), 130.89 (s, C6H5), 129.48 (s, C6H5), 128.60 (s, C6H5),
127.14 (s, C6H5), 126.20 (s, C6H5), 123.22 (s, C6H4), 122.71 (s, C6H4), 114.01 (s, C=CH
(Ch)), 74.27 (s, CH-O), 67.36 (s, CH2-O), 56.78 (s, CH (Cp)), 56.21 (s, CH (Cp)), 50.12 (s, CH
(Ch)), 42.40 (s, CH (Cp-Ch)), 39.82 (s, CH2CH(CH3)2), 39.60 (s, CH (Ch)), 38.38 (s, CH2C-O),
37.14 (s, CH (Ch)), 36.74 (s, CH (Ch)), 36.27 (s, CH3CHCH2), 35.89 (s, CH3CHCH2), 32.02
(s, CH (Ch)), 31.97 (s, CH (Ch)), 29.47 (s, CH=CHCH2CH2), 28.82 (s, CH=CHCH2CH2),
28.33 (s, CH (Ch)), 28.11 (s, CH (Cp)), 28.03 (s, CH-(CH3)2), 24.38 (s, CH2 (Cp)), 23.91 (s,
CH2CH2CH-(CH3)2), 22.92 (s, CH-(CH3)2), 22.66 (s, CH-(CH3)2), 21.13 (s, CH (Ch)), 19.48 (s,
CH-CH3), 18.81 (s, CH-CH3), 11.95 ppm (s, CH-CH3). ATR (cm−1): 2931 (br s, C-H st),
1697 (s, C=O st), 1604 (m, C=C st). MALDI-TOF-MS (m/z): Calcd: 650.47. Found: 673.46
[M + Na+]. Anal. Calcd. for C45H62O3: C, 83.03; H, 9.60. Found: C, 81.92; H, 9.55. (+1/2
MeOH C45.5H64O3.5: C, 81.99; H, 9.60).

4. Conclusions

In conclusion, the olefin cross-metathesis between suitably substituted o-carborane
derivatives and a mesogenic precursor as the modified cholesterol offers a strategy to
obtain liquid crystalline materials. The reaction of styrenyl-o-carborane derivatives with a
terminal alkenyl cholesteryl benzoate yields only the desired trans-regioisomer, which is
the best-suited configuration to attain mesogenic behavior. The substituent linked to the
Cc atom of the o-carborane plays an important role in tuning the liquid crystal behavior;
for non-substituted o-carborane (M2, R = H) and methyl-substituted o-carborane (M3,
R = Me), the N* phase was obtained, whereas M4 (R = Ph) was not mesogenic. In addition,
M3 exhibited blue phase, which was observed neither in the chiral nematic precursor M1
nor in the model compound M5, which suggested that the presence of the o-carborane
cluster leads to stabilizing this highly twisted chiral phase in this set of compounds. In these
cases, although the thermal stability and the range of the N* phase is substantially decreased
in comparison with the precursors, the o-carborane cluster can be incorporated without
destroying the helical organization of the mesophase.

Supplementary Materials: The following are available online at https://www.mdpi.com/2073-435
2/11/2/133/s1. Scheme S1. Synthesis of the mesogen M1, Figure S1. 1H-NMR of compound M2,
Figure S2. 11B{1H}-NMR of compound M2, Figure S3. 13C{1H}-NMR of compound M2, Figure S4.
1H-NMR of compound M3, Figure S5. 11B{1H}-NMR of compound M3, Figure S6. 13C{1H}-NMR
of compound M3, Figure S7. 1H-NMR of compound M4, Figure S8. 11B{1H}-NMR of compound
M4, Figure S9. 13C{1H}-NMR of compound M4, Figure S10. 1H-NMR of compound M5, Figure S11.
13C{1H}-NMR of compound M5, Figure S12. FT-IR of compound M2, Figure S13. FT-IR of compound
M3, Figure S14. FT-IR of compound M4, Figure S15. FT-IR of compound M5, Figure S16. View of
independent molecules in the unit cell of M2 (A) and M3 (B) with numbering, Figure S17. View of
independent molecules in the unit cell of M5 with numbering, Figure S18. Views of crystal packings
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of M2 (A), M3 (B) and M5 (C) are shown in the left. Detail view of molecular self-assembly is
shown in the right. Independent molecules in the unit cells are colored. H atoms are omitted
for clarity, Figure S19. Comparison between 2D fingerprint plots for M2 (A), M3 (B) and M5 (C),
Figure S20. Normalized UV-Visible and fluorescence spectra of M2-M3 and M5, Figure S21. DSC of
compound M2 (3 cycles at 10 ◦C/min), Figure S22. DSC of compound M3 (3 cycles at 10 ◦C/min),
Figure S23. DSC of compound M4 (3 cycles at 10 ◦C/min), Figure S24. DSC of compound M5
(3 cycles at 10 ◦C/min), Figure S25. Selected POM images of compound M2. Left side: Registered
at 132 ◦C during the cooling cycle (rate 1 ◦C/min), showing N* phase. Right side: Registered at
119 ◦C during the cooling cycle (rate 1 ◦C/min), showing the transition from N* to crystalline phase,
Figure S26. Selected POM images of compound M5, registered at 204.3 ◦C during the cooling cycle
(rate 0.5 ◦C/min), showing N* phase from Isotropic, Table S1. Crystal and Structure Refinement data
for M2, M3 and M5, Table S2. Selected bond lengths for M2, M3 and M5, Table S3. Bond lengths for
M2, M3 and M5, Table S4. Bond angles for M2, M3 and M5.
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