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Abstract: Polar crystals have attracted interest for the applications to
polar materials with piezo- and pyroelectricity, and second harmonic
generation. Despite their potential utility for flexible polar materials, a
strategy for ordering polar helicenes have remained elusive. Here,
we demonstrate creation of polar crystal with unsymmetrically
substituted aza[5]helicenes tuned by substituents. The unsymmetric
aza[5]helicenes have been prepared through regioselective mono-
protiodesilylations. =~ We  disclosed triisopropylsilyl-substituted
derivatives show 1D chain columnar packings. In particular,
enantiopure crystals showed spontaneous polarization. Optical and
single-crystal X-ray diffraction experiments with other derivatives, as
well as theoretical calculations, revealed that the presence of
triisopropylsilyl or electron-withdrawing aryl substituents is essential
for forming the 1D chain columnar structure. Hirshfeld surface
analyses further showed that CH-1 interactions between 1D chain
columns regulate the polar assembly. Finally, we determined the
polarizability of the nitro derivative by ab initio calculation to be 4.53
pC/cm?. This value corroborates the first example of a spontaneously
polar crystal of helicenes. We believe that this study will contribute to
the development of polar materials from organic molecules.

Introduction

Controlling the assembly of 1-conjugated molecules in the solid
state is an important factor in the attainment of desired functions
and high-performance properties, such as electronic conductivity
and non-linear optics, for solid-state organic materials.” In
particular, the alignment of polar Tr-conjugated molecules in non-
centrosymmetric order is essential for piezo-, pyro-, and
ferroelectricity and for the generation of second harmonics.?
However, polar -conjugated molecules usually form t-dimers in
an anti-parallel manner as a thermodynamically favored
conformation because of dipole-dipole interactions.® Therefore,
intermolecular interactions, such as hydrogen bonding, van der
Waals interactions with alkyl chains, and -1 stacking, have
usually been adopted to force polar -conjugated molecules to be
ordered in a parallel manner.*

Recently, curved Tmr-conjugated molecules, such as
buckybowls, helicenes, and carbon nanohoops, have attracted
much attention for their potential applications to molecular
devices because of their anisotropic structures, which provide
anisotropic transporting characteristics in electron or charge
distribution for molecular electronic devices.®® Although there
have been some studies on the assembly of curved m-conjugated
molecules, mainly with bowl-shaped m-conjugated molecules, the

strategies for controlling their assembly in the crystal state remain
challenging.”® One reason for the difficulty in assembly is that
their anisotropic structures are incompatible with regularity in
packing. The second reason is the difficulty in their accessibility
due to their strained structures, which have limited straightforward
design for controlling their alignments in the solid state.®'® Under
such conditions, the construction of a polar crystal with curved 11-
conjugated molecules is a major focus of research in organic
chemistry.

In this study, we focus on helicenes, which are helical -
conjugated molecules."”” Recent development of helicene
chemistry has been emerging because of the unique properties of
their helical and rigid structures, which cause these molecules to
exhibit structurally related chiroptical properties and catalytic
activity.'? Helicenes have two enantiomers, the (P)-helix and the
(M)-helix. We thought that their asymmetric features would
facilitate alignment in a non-centrosymmetric order to form polar
crystals. In addition, helicenes have recently been reported as
promising candidates for organic piezoelectric materials.'® In
2018, Stary and co-workers reported the large converse
piezoelectric response of functionalized helicenes on metal
surfaces.' Thus, assembling helicenes in a polar manner should
be important to developing their potential to function as organic
piezoelectric materials. There have been several reports on
ordering the crystal packing of helicenes by using weak
intermolecular interactions such as hydrogen bonding and -1t
stackings.’® Although some researchers have reported the
synthesis of unsymmetrical helicenes by inclusion of heteroatoms
or electron-withdrawing substituents, a polar assembly of
helicenes has not been achieved or asserted, to our knowledge.®
In a study of bowl-shaped m-conjugated molecules, Miyajima et
al. recently demonstrated a strategy for the formation of polar
crystals with subphthalocyanines.” They reported a clever
installation of fluorine substituents at the periphery to form CF-H
intermolecular interactions, which regulated the assembly of
columns. For helicenes, an alternative strategy for the formation
of a polar 1D chain columnar structure should be required, in
contrast to bowl-shaped t-conjugated molecules, for which a
bowl-to-bowl packing by concave-convex interactions facilitates
the formation of a polar column.
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Chart 1. (a) m-extended azahelicene 1 and (b) the slip-stacked strategy for J-
type columnar assembly.

Herein, we investigate the substituent effect of m-extended
aza[5]helicenes on the assembly in a crystal.’® The m-extended
aza[5]helicenes can bear alkynyl substituents at both external and
internal positions of the helix. In the previous study, we succeeded
in the regioselective protiodesilylation of the m-extended
aza[5]helicene 1 with BusNF under controlled conditions.'® We
thought that by using this method, we could explore the conditions
of substituents that could control the sequence between columns.
A J-type columnar assembly would be achieved by the
introduction of attractive interactions, such as m-m stacking
between the outer substituent of one molecule and  the
azahelicene core of another molecule, and repulsive interactions,
such as steric repulsion between the internal substituent of one
molecule and the external substituent of the other (Chart 1). Such
J-type assembly enable to form vertical stacking due to its
availability for another intermolecular interactions. Consequently,
we succeeded in the construction of polar crystals with dipolar and
unsymmetrically substituted aza[5]helicenes.

Results and Discussion

As reported previously,'® the treatment of T-extended
aza[5]helicene 1 with BusNF at O °C provided double-
protiodesilylated product 2b with high regioselectivity (entry 1). In
this study, we isolated a non-negligible amount of mono-
protiodesilylated product 2a. We optimized the reaction conditions
to obtain 2a in higher yield. Afterwards, we disclosed that CsF as
a fluoride source proved effective. In THF, no reaction proceeded
in the presence of 1.0 equiv. of CsF at room temperature (entry
2), whereas the protiodesilylation proceeded in DMF, providing 2a
in 38% yield (entry 3). Finally, 2.5 equiv. of CsF improved the yield

WILEY-VCH

of 2a up to 59% (entry 4). Other fluoride source such as AgF,
reported effective for desilylation, did not work well (entry 5).2° The
structure of 2a was determined by NMR spectroscopy and X-ray
diffraction analysis. Its '"H NMR spectrum exhibited one singlet
proton at 4.05 ppm due to a terminal alkyne. In addition, the
remaining signals around O ppm because of the internal
triisopropylsilyl (TIPS) substituents indicated that the reaction
occurred at the external position. Finally, we determined the
structure by single-crystal X-ray diffraction analysis. As shown in
Figure 1a, one silyl group of 1 was substituted with a proton with
high regioselectivity.

Entry  Fluoride Solvent Temp. Time Yields (%)
source (°C) 2a 2b
(equiv.)

1 BusNF (2.0) THF 0 20min 0 89

2 CsF (1.5) THF RT 1h 0 0

3 CsF (1.0) DMF RT 3h 38 trace

4 CsF (2.5) DMF RT 1h 59 N.D.2

5 AgF (1.5) DMF RT 8h 0 0

a: Not determined

Scheme 1. Regioselective protiodesilylation of 1 to 2a and 2b.

With the mono-protiodesilylated product 2a in hand, we set
out to introduce aryl substituents (Scheme 2). First, we introduced
a 3,5-di-tert-butylphenyl substituent through a Sonogashira-
Hagihara cross-coupling reaction with  3,5-di-tert-butyl-1-
iodobenzene, furnishing the product 3a in 80% yield. Following a
similar procedure to that followed to produce 3a, we prepared 4-
cyanophenyl- (3b), 4-nitrophenyl- (3c), 4-pyridyl- (3d), phenyl-
(3e), and mesityl- (3f) substituted derivatives in appreciable yields.
Further treatment of 3a with BusNF at —10 °C, followed by
protonation with aqueous HCI, provided the mono-
protiodesilylated product 4a in 97% yield; the reaction occurred
exclusively at the external silyl substituent. Eventually, we
obtained aza[5]helicenes with different aryl substituents—5a and
5b—by Sonogashira-Hagihara cross-coupling of 4a with 4-
iodobenzonitrile and 1-iodo-4-nitrobenzene in 70% and 94% yield,
respectively. Following the same procedure, we also performed
the protiodesilylation of 3f, followed by installation of a 4-
cyanophenyl substituent to obtain 5¢c. We also succeeded in the
preparation of the enantiomerically pure products (M)-3b and (M)-
3c from (M)-1, according to the same procedure that was followed
for their racemic counterparts.
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3a: Ar = 3,5-di-BuCgHj3 (80%)
3b: Ar = 4-CNCgH, (64%)

3c: Ar = 4-NO,CgHy (57%)
3d: Ar = 4-pyridyl (47%)

3e: Ar = Ph (49%)

3f: Ar = mesityl (35%)

iPrySi#’

Pd(PPhg),
Cul

EtgN/THF
70°C, 18 h

2a

BunNF  PraSi¥’
NH THF
0°
3a or 3f 4a: Ar’ = 3,5-di-BuCgH3(97%)
4b: Ar’ = mesityl (76%)
PA(EPhals PrySi< 5a: Ar’ = 3,5-di-BuCgHs
Ar” = 4-CNCgH, (70%)
Et;N/THF 5b: Ar’ = 3,5-di-BuCgH
70°C, 18 h Ar” = 4-NO,CgHy (94%)
5c¢: Ar’ = mesityl

Ar” = 4-CNCgH, (78%)

Scheme 2. Synthesis of asymmetrically substituted aza[5]helicenes using
regioselective desilylation and the Sonogashira coupling reaction.

The characterizations of all products were performed by NMR
and mass spectroscopic analysis. Furthermore, the solid-state
structures of 2a, (M)-3b, 3c, (M)-3c, 3d, 3e, 5a, and 5¢c were
elucidated by single-crystal X-ray diffraction analysis.?' Figure 1c,
d, and e and Figure 1f display the crystal structures of the cyano-
substituted derivatives (M)-3b and 5a, respectively. In (M)-3b, the
aryl group exhibited almost perfect co-planarity to the covalently
bound azahelicene unit, in which the dihedral angle between the
two mean planes was 23.8°, which is within the expected range
for the presence of a m-electronic interaction (Table S2). Similar
coplanarity of the 4-cyanophenyl substituent was observed for
compound 5a with a dihedral angle of 6.55°. However, the 3,5-di-
tert-butylphenyl substituent of 5a was tilted towards the
azahelicene core. The tilting angle of the aryl group from the mean
plane between the three carbon atoms C(4), C(5), and C(6) was
71.2°. The mesityl group of 5¢ showed almost perfectly coplanar
geometry (Figure S29), indicating that intermolecular interactions
with neighboring molecules may induce the displacement. The
difference in the tilting angles indicate that the electronic
interactions with azahelicene cores for these aryl-substituted
derivatives are varied.

WILEY-VCH
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Figure 1. X-ray crystal structures of 2a, (M)-3b, and 5a. (a) Top view and (b)
front view of 2a, (c) top view and (e) front view of (M)-3b, and (d) top view and
(f) front view of 5a. The hydrogen atoms are omitted for clarity, except for those
in (a). The thermal ellipsoids are scaled at the 50% probability level.

The unsymmetrically substituted aza[5]helicenes should have
dipole moments, owing to the presence of intermolecular charge
transfer (ICT) characteristics. To verify the ICT characteristics of
these molecules, we investigated the effect of the solvent on the
optical properties. Figure 2a describes the UV/vis absorption
spectra of 2a, 3a, 3b, 3c, 3d, and 3e in toluene. Compared with
2a, each aza[5]helicene with an electron-withdrawing group
exhibits an additional broad band as its lowest-energy transition.
To assign this band, we performed theoretical calculations. The
structure of 3b was further optimized based on the density
functional theory (DFT) method at the M06-2X/6-31G(d) level,
and simulated electronic absorption spectra of these compounds
were calculated by the time-dependent (TD) DFT method at the
B3LYP/6-31G(d) level of theory. As a result, the lowest energy
band was found to consist mainly of a HOMO — LUMO transition.
Figure 3 displays the HOMO and LUMO of 3b. The HOMO was
spread over the azahelicene m-plane, whereas the LUMO shows
a biased distribution located around the 4-cyanophenyl
substituent. This result indicated that the lowest energy band is
attributed to a charge-transfer transition from the azahelicene unit
to the 4-cyanophenyl substituent. The electrostatic potential map
in Figure 3c also indicates the polarized charge distribution of 3b,
suggesting the presence of an ICT. Similar calculational results
were obtained for 3¢, 3d, 5a, and 5c, which have electron-
withdrawing substituents (Figures S46—-S51).
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Figure 2. UV/vis absorption spectra of (a) 2a, 3a, 3b, 3¢, 3d, and 3e and of (b)
3a, 5a, 5b, and 5c in toluene. (c) Fluorescence spectra of 2a, 3b, 5a, 5b, and
5c¢ in toluene.

Figure 3. (a) HOMO and (b) LUMO of 3b calculated by the DFT method (M06-
2X/6-31G(d)). (c) Electrostatic potential map of 3b. The blue arrow represents
the vector of the dipole moment of 3b.

WILEY-VCH

Figure 2c exhibits the fluorescence spectra of 2a, 3b, 5a, 5b, and
5c in toluene. The fluorescence quantum yields (&) were
increased upon installing aryl substituents on 2a (Table S3). In
particular, 3b exhibited the largest quantum vyield (& = 0.66).
Similar to the observations in the UV/vis absorption spectra, the
emission maxima were shifted to longer wavelengths by installing
groups with more electron-withdrawing nature. In the UV/vis
absorption spectra, the lowest energy bands of 3b, 3c, 3d, 5a,
and 5b exhibited solvent-dependent behaviors. The bands shifted
to lower energy regions as the solvent polarity increased. The
emission spectra also exhibited solvent dependency (Figures
S38-S43). The changes were more apparent than those observed
for the UV/vis absorption spectra. In addition, the emission
efficiency was reduced in polar solvents. From these results, we
constructed Lippert-Mataga plots of all compounds, all of which
exhibited linear and positive slopes. These results indicate the
more polar nature of the excited states compared with the nature
of the ground states. In particular, the slopes of the nitro
derivatives 3c and 5b are steeper than those of the other
derivatives, reflecting a greater electron-accepting nature of the
nitro group. These analyses confirm the ICT characteristics of
these compounds; hence, the presence of dipole moments.
Consequently, the ground state dipole moments of 3b, 3c, 3d, 5a,
and 5b were determined to be 6.03, 6.51, 3.61, 7.34, and 7.79
Debye by theoretical calculations (M06-2X/6-31G(d), Table S4).
The directions of the dipole moments for all compounds were from
the azahelicene core to the aryl-substituents, which is comparable
to the direction of the ICT interactions (Figure 3c).

Figure 4 displays the packing of two molecules each for 2a,
(M)-3b, and 5a in the crystal state. In 2a, two molecules form a -
dimer, in which the NH bonds of each molecule point in opposite
directions. The distance between the closest mean planes is 3.35
A, indicating the presence of T-1r stacking interactions. The
molecules of (M)-3b are aligned in a parallel manner to the 1D-
chain columnar assembly in the crystal. The 4-cyanophenyl
substituent of one molecule is placed directly over the
aza[5]helicene unit of the adjacent molecule in a face-to-face
fashion. The distance between the mean planes of the two units
is 3.51 A, indicating the presence of T-Tr stacking interactions. A
TIPS group at the internal position of one molecule is also close
to the external TIPS substituent of the adjacent molecule. To
elucidate the essential factors for 1D-chain columnar orientation
in the crystal, we investigated the substituent effect on crystal
packing. In 3c and 3d, the aryl substituents were placed in parallel
over the aza[5]helicene unit of an adjacent molecule, indicating
the presence of -1 stacking interactions (Figures S32, S34). The
mean plane distance was increased for 3d to be 3.78 A, while the
distance became shorter for 3¢ and (M)-3c (3.44 A and 3.45 A,
respectively). Compound 3e showed a different stacking fashion
in the crystal. The 1D columnar orientation has been observed in
3b. The phenyl substituent was tilted by 23.8° toward the
connecting aza[5]helicene unit and formed an intermolecular CH-
T interaction rather than a -1 interaction with the adjacent
aza[5]helicene-containing molecule (Figure S35). Instead, -1
stacking has been formed with another azahelicene unit in the
neighboring column. These facts indicate that the installation of
an aryl substituent on one side is essential for the construction of
a 1D chain columnar orientation in crystal. However, two
molecules of 5a in the crystal were aligned in an anti-parallel
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manner to form a m-dimer in the crystal. The 4-cyanophenyl
substituent of each molecule is placed over the Tr-plane of another
aza[5]helicene molecule, with a mean plane distance of 3.42 A.
Similar anti-parallel packing was also observed for 5c¢ (Figure
S37). In both cases, the 4-cyanophenyl substituent formed a
geometry with a greater degree of coplanarity to the connecting
anthracene units than the geometry for 3b did, indicating the
presence of more efficient -1 interactions in molecules with a 4-
cyanophenyl substituent than in the other molecules. These facts
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indicate that the TIPS substituent at the other side of the aryl
substituent is also important to achieving 1D chain columnar
orientation. In azahelicene derivatives that form 1D chain
columnar structures in the crystal, the TIPS substituent at the
external position is placed close to another azahelicene unit in the
same column. The closest distance from the mean plane of the
anthracene unit is within 3.29 to 3.68 A, indicating the presence
of CH-1 interactions.

Figure 4. Crystal packing structures of (a) and (b) 2a, (c) and (d) (M)-3b, (e) and (f) 5a, and (g) 3e. Hydrogen atoms in all figures are omitted for clarity. Black axes
represent the distances between two mean planes, and blue and red axes represent the distances between a mean plane and the closest atom.

Looking at the entire structure in the crystal, 1D chain columns
of (M)-3b, 3c, (M)-3c, and 3d were aligned in parallel. In racemic
mixtures such as 3c and 3d, each 1D chain column is aligned in

the opposite direction to the other column, resulting in non-polarity.

However, in (M)-3b, and (M)-3c, the 1D chain columns are
aligned in the same direction, constructing polar crystals (Figure
5). Figure 5¢ and d displays molecular stacks of neighboring
molecules of 3¢ and (M)-3c in different columns, in which a (P)-
type and a (M)-type molecule have constructed a heterodimeric
structure. The closest C-C distance between the TIPS group and
the adjacent aryl substituent was 3.47 A, indicating the presence
of CH-1 interactions. Similar interactions were observed in (M)-

3c. In this case, a heterodimeric structure, similar to that observed
for 3¢, could not be formed because of steric hindrance.
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Figure 5. The view of molecular orientations from the a-axis for the crystals of
(a) 3c and (b) (M)-3c. The packing geometries of neighboring dimers in crystal
(c) 3¢, and (d) (M)-3c. The hydrogens and solvent molecules are omitted for
clarity. In the crystal packings, the molecules highlighted with red color
represent (P)-helix enantiomers and the others are (M)-helix enantiomers.
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Figure 6 exhibits the Hirshfeld surfaces of (M)-3b. The dhorm
surface analysis (Figure 6a, and 6b) revealed the presence of -
1 interactions between the aryl substituent and the azahelicene
unit. Moreover, the de surface clearly indicated the presence of
intramolecular CH-1T interactions between the TIPS substituents
and azahelicene units (Figures 6¢c and 6d). The percentage of
surface areas corresponding to intermolecular C—-C or C-H
contacts for the Hirshfeld surfaces can be a good index for the
contribution of m-1r or CH-1T interactions, respectively. Table S6
summarized these contacts for 3b, 3¢, 3d, 3e, and 5a. For all
compounds, the percentage of C-C contacts is much smaller than
that of C-H contacts, indicating that CH-mr interactions are
dominant for intermolecular interactions. The energy components
of the intermolecular interactions of 3¢ were further calculated by
DFT methods at the CE-B3LYP/6-31G(d) level (Table S7). As a
result, the contribution of dispersion energy is remarkable,
indicating that both van der Waals interactions between the bulky
TIPS substituents and m-1 interactions are important for the
orientation. The surface of (M)-3b mapped with de shows close
contact between the TIPS substituents of the molecule and the
aryl substituents of the neighboring azahelicene molecule through
CH-1r interactions (site B in Figure 6c). Considering the result of
the fingerprint analysis, which indicates that the -1 interaction is
minor, the dispersion force contributed by the TIPS substituent
mainly determines intercolumnar orientation in the crystal. The
same orientation was also observed for (M)-3c. Thus, the
presence of a TIPS substituent at both internal and external
positions and an electron-withdrawing aryl substituent at the
external position are necessary for creating polar crystals with 17-
extended aza[5]helicenes.

Figure 6. Hirshfeld surfaces of (M)-3b mapped with (a) and (b) dnom and with (c) and (d) de. The red sites highlighted by dotted circles in (a) and (b) represent
contacts closer than the sum of van der Waals radii between the aryl substituents and the neighboring azahelicene units. The sites highlighted with the capital letters
A-D in (c) and (d) represent the close contacts of CH bonds with the azahelicene unit.

We finally investigated the polarizability of the obtained
crystals. Experimental measurements, however, proved to be
difficult because of the fragile features of these molecules and
because these crystals were too small to connect electrodes
directly to them. Therefore, we determined the polarizability of
(M)-3b and (M)-3c by theoretical calculations. First-principle

calculations have often been used for the calculation of the
polarizability of organic crystals.?> We used the Berry phase
theory for determining the spontaneous polarizability of these
crystals. The results are summarized in Table S8. As shown, the
polarizability of (M)-3b along the b* axis, which is the direction of
the molecular dipole moment, was 1.45 uC/cm™2. The value
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increased for (M)-3c to be 4.53 uC/cm=2, reflecting the more polar
nature of (M)-3c relative to (M)-3b (Figure S55). The
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e) Y. Guo, L. Xu, H. Liu, Y. Li, C.-M. Che, Y. Li, Adv. Mater. 2015, 27,
985. f) H. Jiang and W. Hu, Angew. Chem. Int. Ed. 2020, 59, 1408.

polarizabilities along the c* axis for both (M)-3b and (M)-3¢ were [2] Reviews for polar organic crystals to see: a) S. Horiuchi, Y. Tokura, Nat.
. . Mater. 2008, 7, 357. b) S. Guerin, S. A. M. Tofail, D. Thompson, NPG
much smaller than the polarizabilities of the other molecules, ) N ) )
. . 5. Asia Mater. 2019, 11:10. c) T. Vijayakanth, D. J. Liptrot, E. Gazit, R.
justifying the calculated values. The value of 4.53 uC/cm=—<is lower Boomishankar, C. R. Bowen, Adv. Funct. Mater. 2022, 32, 2109492.
than those for inorganic ferroelectric materials, but comparable to [3]  a)F.Wirthner, Acc. Chem. Res. 2016, 49, 868. b) Q. Miao, M. Lefenfeld,
the reported organic ferroelectric compounds.?® This value T.-Q. Nguyen, T. Siegrist, C. Kloc, C. Nuckolls, Adv. Mater. 2005, 17,
certifies the first example of a helicene-based polar crystal. 407. c) D. Bialas, E. Kirchner, M. I. S. Réhr, F. Wirthner, J. Am. Chem.
Soc. 2021, 143, 4500.
[4] a)R. Glaser, Acc. Chem. Res. 2007, 40, 9. b) E. Meirzadeh, |. Weissbuch,
- D. Ehre, M. Lahav, |. Lubomirsky, Acc. Chem. Res. 2018, 51, 1238. b)
conCIUS|On S. Yagai, S. Okamura, Y. Nakano, M. Yamauchi, K. Kishikawa, T.
Karatsu, A. Kitamura, A. Ueno, D. Kuzuhara, H. Yamada, T. Seki, H. Ito,
In summary, we succeeded in the creation of polar assemblies Nat. Commun. 2014, 5, 4013.
with unsymmetrically substituted aza[5]helicenes prepared [5] M. A. Petrukhina and L. T. Scott, Fragments of Fullerenes and Carbon
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Spontaneous
polarization

Assembling curved -conjugated molecules in polar manner have attracted interest for the potential applications to polar materials
with piezo- and ferroelectricity. However, strategies for controlling their assembly remain challenging. Here we report examples of
polar assemblies with heterohelicenes and reveal the importance of side-chain substituents to spontaneous polarization.





