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Introduction

Supramolecular chirality[1] is a remarkably important con-
cept for treating molecular assemblies and self-organized
systems. Helical assemblies, in particular, have attracted
much attention[2] as they are often found among the most
fundamental of the activities of life. Helical assemblies are
also seen in organic crystals, and mostly have 21 symmetrical
structures.[3] In association with this, we focused on the
supramolecular chirality of 21 helical assemblies composed
of the highly symmetrical molecule benzene in the solid
state and the determination of the handedness of the helical
assemblies.
So far, we have studied inclusion crystals of steroidal and

alkaloidal asymmetric compounds such as cholic acid deriva-
tives. We obtained more than three hundred types of inclu-
sion crystals and revealed by X-ray diffraction analysis that
these crystals take on various types of host frameworks.[4] To
understand how the crystals are constructed from single
molecules and how the guest molecules have an effect on
the construction of the host frameworks, we developed the
hierarchical interpretation process for crystal structures of
inclusion compounds of cholic acid, brucine, and cinchona
alkaloid.[5] In the hierarchical interpretation process, the key
structure is the 21 helical assembly formed through noncova-
lent interactions. As a result, we could logically perform a
well-ordered explanation of the crystal structures starting
from the steroidal molecular structure. This hierarchical in-

terpretation showed that the diversity of the host framework
mainly resulted from the varied arrangements of the inher-
ent 21 helices. Later, we tackled the fact that it was necessa-
ry for the understanding of the supramolecular chirality of
the 21 assemblies to determine their helical sense, that is,
right- or left-handedness, and to discriminate their enantio-
meric isostructures. Although we tried to determine the
handedness of the 21 helical assemblies, there was no suita-
ble method for doing so due to the characteristics of a 21
helix as described later.
As another research topic, we studied the generation of

supramolecular chirality from achiral molecules on molecu-
lar assemblies composed of organic salts: achiral ammonium
carboxylates.[6] Although we constructed hydrogen-bonded
robust organic layer crystals composed of various ammoni-
um carboxylates, chiral layered crystals were achieved only
when 4-methylbenzylamine was employed among the vari-
ous amines.[7] We naturally wondered why chiral crystals
should appear from achiral molecules and, hence, sought the
origin of the chirality. We carefully surveyed the literature
concerning other chiral systems and noticed that authors
mentioned the presence of chiral conformers for the origin
of chirality, but did not discuss how the chiral conformers
assembled to construct chiral crystals. We concluded that a
systematic method is required to interpret the supramolec-
ular chirality of chiral crystal structures. We finally reached
the idea that supramolecular chirality in chiral layered crys-
tals is due to parallel stacking of two-dimensional layers, as
described in our recent paper.[7]

During our study of the inclusion crystals of natural mole-
cules and chiral crystals from achiral molecules, we came
across the fact that even highly symmetrical molecules form
assemblies with chirality. Generally, a symmetrical object is
naturally achiral; its mirror image is thus identical with the
original (Figure 1a). On the other hand, an assembly com-
posed of the two objects can exhibit chirality and can have
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the distinguishable enantioisostructures shown in illustra-
tions of polyhedrons[8] and la coupe du roi chiral apples[9]

(Figure 1b and c, respectively). These examples are classics
and must be well-understood. Indeed, chiral aggregated
structures composed of achiral molecules are often reported
in solution,[10] in liquid crystals,[11] on films or surfaces,[12] and
in crystals.[13] For example, achiral banana-shaped molecules
packed in liquid crystals were reported to show chiral struc-
tures with a tilt of the molecule.[11] However, to our knowl-
edge, there has not yet been a report discussing such chirali-
ty derived from simple, highly symmetrical molecules in the
fields of organic and organometallic crystallography. This
seems to be due to the practice of crystallography being do-
minated by mathematical treatments, and intuitive and/or
visual viewpoints toward chiral assemblies in crystals have
been overlooked. We believe that the establishment of the
concept of chirality in simple systems should provide a
highly useful approach in the treatment of more-complicat-
ed assembly systems with chirality.
Herein, we demonstrate that achiral objects can form

chiral 21 symmetrical assemblies whose chirality depends on
the tilt of the molecules, and determine the handedness of
21 helical assemblies of benzene molecules, which form in
the host cavity of cholic acid inclusion crystals, on the basis
of the molecular tilt. Furthermore, determination of the 21
helical handedness is performed on assemblies of other ben-

zene derivatives in cholic acid crystals and benzene assem-
blies in other host frameworks selected from the Cambridge
Structural Database (CSD). Finally, we demonstrate com-
plementarity of the handedness between the assemblies of
cholic acid and those of benzene molecules.

Results and Discussion

Supramolecular Tilt Chirality on the 21 Assemblies of
Benzene

Generally, helices are well-known to be asymmetric, and
their handedness can be easily distinguished by their appear-
ance. However, a 21 helix still remains ambiguous from the
viewpoint of its handedness because the 21 screw operation
includes a 1808 rotation and translation, making it impossi-
ble to distinguish right- or left-handed rotation.[14] So far,
there have been several examples that describe the handed-
ness of 21 helical assemblies in crystals. In these cases, non-
covalent bonds such as hydrogen bonds[13c,g,15] and coordina-
tion bonds[16] were employed for connection between the
molecules, thus allowing the determination of the handed-
ness of 21 helical assemblies from their appearance. Howev-
er, in the 21 assemblies of benzene molecules, which have
highly symmetrical structures and form no directional non-
covalent bonds, neither their helicity nor supramolecular
chirality have been discussed, although Matsuura and Koshi-
ma suggested that an imaginary helical arrangement of
three symmetrical benzene molecules may be given by re-
moving three benzene rings from M-(�)-hexahelicene
(Scheme 1).[13h]

Abstract in Japanese:

Figure 1. Chirality generated in assemblies composed of symmetrical objects. Mirror-pair image of a) a cuboid, b) an assembly composed of two cuboids,
and c) la coupe du roi apples.

Scheme 1. Helical benzene arrangement inspired by helicene. A helical
arrangement of three symmetrical benzene molecules may be given by
removing three benzene rings from helicene.
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First, we explain that it is in principle possible for hexago-
nal objects to exhibit chirality in their 21 symmetrical assem-
blies. Figure 2 shows schematically three types of one-di-
mensional, 21 symmetrical assemblies composed of these ob-
jects. The objects in Figure 2a and b are aligned perpendicu-
lar and parallel to the 21 axis, respectively, leading to the ex-
istence of a glide plane in the assemblies. As a result, the
assemblies in Figure 2a and b are not chiral. In Figure 2c,
on the other hand, the objects are tilted from the axis to
give an arrangement with no glide plane but a twofold
screw axis, indicating the appearance of chirality in the as-
sembly. Therefore, the molecular tilt against the axis is indis-
pensable for the appearance of chirality in the 21 symmetri-
cal assembly composed of highly symmetrical benzene. We
term such chirality supramolecular tilt chirality.[17] In fact,
the tilt chirality of a 21 helical assembly of benzene is seen
in its inclusion crystals. As a representative example, we
show an inclusion crystal of cholic acid with benzene
(Figure 3), which belongs to the chiral space group P21.

[18]

In connection with chirality appearing in guest-molecular
assemblies in cocrystals, guest molecules often form a 1D
column in the host framework, and the guest column exhib-
its chirality induced by the chiral host framework. Indeed,
Gdaniec, Połoński, and co-workers, for example, reported
that achiral aromatic ketones and nitrosamine derivatives
are included in the host framework of cholic acid to form
1D columns, and that the guest molecules exhibit CD activi-
ty due to their twisted and fixed conformation, which is in-
duced by the chiral host frameworks.[19] However, what we
describe herein is the supramolecular chirality of the 21 as-
semblies, not of the single molecules.
Figure 4 shows the 21 helical assemblies of benzene actual-

ly observed in the host cavity (Figure 4a) and its virtual
mirror image (Figure 4b), in which the two types of benzene
molecules related by the 21 symmetry are colored green and
orange. As seen in the side views, the benzene molecules
are tilted against the twofold screw axis. In the case of the
real image (Figure 4a), for example, the green benzene mol-
ecules are inclined to the right, whereas the orange ones are
inclined to the left. Owing to this molecular tilt, the assem-

Figure 2. A schematic representation of one-dimensional arrangements
of hexagonal objects a) perpendicular to, b) parallel to, and c) tilted from
an axis drawn as a pillar. A mirror-image pair of a 21 helical arrangement
is shown in c).

Figure 3. Packing diagram of the crystals of cholic acid including benzene.
Hydrogen atoms are omitted for clarity.

Figure 4. A mirror-image pair of a) real and b) virtual 21 helical assem-
blies of benzene molecules in a cavity composed of cholic acid. Benzene
molecules in front of and behind the twofold screw axis are colored
green and orange, respectively. The red arrow denotes the x axis originat-
ing from the center of the benzene ring and perpendicular to the twofold
screw axis. The angle q denotes a clockwise horizontal rotation around
the x axis, which indicates right- (08<q<908) or left-handedness (�908<
q<08). c) A mirror-image pair of stairs that exhibits 21 symmetry. d) and
e) Top views of the right-handed assembly of benzene molecules (d) and
right-handed stairs (e).
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blies exhibit supramolecular tilt chirality, and these two as-
semblies are an enantiomeric pair.

Definition of Handedness of 21 Assemblies of Benzene
Molecules

In connection with the handedness of the assemblies, when
the 21 symmetrical assemblies are viewed from the side in
Figure 4a and b, they look like helical stairs (Figure 4c),
which plainly exhibit right- and left-hand senses, respective-
ly. Furthermore, the top view of the observed crystal in Fig-
ure 4d clearly indicate the P-screw form, which is that of
the stairs shown in Figure 4e.
To express the handedness clearly, a perpendicular axis x

originating from the center of the benzene ring is projected
to the twofold screw axis, and an angle q that denotes a hor-
izontal rotation around the x axis is defined. If q is in the
range 08<q<908, the helix exhibits right-handedness (Fig-
ure 4a); if �908<q<08, the helix is left-handed (Figure 4b).
In this way, the handedness of 21 helical assemblies can be
determined by the molecular tilt. Other benzene derivatives
are also included in the host cavity of cholic acid in a similar
fashion.[20–23] The included benzene derivatives and the
handedness of their helical columns observed in 46 inclusion
crystals are summarized in Table 1, in which all but six of
the 21 helical arrangements were determined to be right-
handed on the basis of the method described above (see
below); six benzene derivatives did not form 21 helical col-
umns probably owing to a steric effect of the substituents
and the existence of another guest molecule. For compari-

son, we also analyzed the crystal structure of benzene itself.
Benzene usually crystallizes with the space group Pbca,
which does not exhibit 21 symmetry.[24] Under certain condi-
tions of high pressure, however, benzene is reported to crys-
tallize with the space group P21/c.

[25] The structure involves
a twofold screw axis along the crystallographic b axis and
benzene molecules in 3D contact with the neighboring mol-
ecules in the crystal. Figure 5 shows the ac plane in the crys-
tal structure, and benzene molecules related by the 21 sym-
metry are colored orange and green. Benzene molecule A is
surrounded by four neighbor molecules B, C, D, and E relat-
ed by 21 symmetry. Therefore, there are four types of 21 heli-
cal assemblies, A–B, A–C, A–D, and A–E. Assemblies A–B
and A–D are assessed to be in right-handed, whereas A–C
and A–E are left-handed. In this way, the 21 assemblies of
benzene molecules give both types of handedness depending

Table 1. Helical handedness of 21 assemblies composed of benzene derivatives in cholic acid inclusion crystals.

Refcode Guest Handedness Ref. Refcode Guest Handedness Ref.

BIFQAI01 cyanobenzene R 20a HURPEP n-hexylbenzene –[b] 20c
ERIPEA m-xylene R 20b LAFCAW aniline R 21a
ERIPUQ p-xylene R 20b LAFCEA nitrobenzene R 21a
GUNKOP toluene R 20a NOJPOR acetone, 1,2-dichloroben-

zene
–[c,d] 21b

GUNKUV ethylbenzene R 20a POZPUP propiophenone R 19a
GUNLAC ethylbenzene R 20a POZQAW 4-fluoropropiophenone R 19a
GUNLEG phenylacetylene R 20a PUWREE N-methyl-N-nitrosoaniline R 19b
GUNLIK 3-phenyl-1-propene R 20a PUWROO N-benzyl-N-nitrosoaniline –[e] 19b
GUNLUW chlorobenzene R 20a QOQFAD N-chloroaniline –[a,f] 20d
GUNMAD bromobenzene R 20a RABJUV 3-chloroacetophenone R 22c
GUNMEH iodobenzene R 20a RABKAC 3-fluoroacetophenone R 22c
GUNMIL chlorobenzene R 20a RABKEG 4-fluoroacetophenone R 22c
GUNMOR bromomethylbenzene R 20a TEMWOX p-toluidine R 21c
GUNMUX benzaldehyde R 20a UMABAL nitrosobenzene R 23
GUNNAE phenyl acetate R 20a VABSOG acetophenone R 20e
GUNNEI benzyl formate R 20a WEYNUJ benzene R 18
GUNNIM anisole R[a] 20a YAZTIC 3-fluoroaniline R[a] 22b
GUNNOS phenetole R 20a YOYFIB o-xylene –[b] 22b
GUNNUY benzyl methyl ether R 20a YUNYOV 2-fluorobenzyl alcohol R 22c
GUNPIO benzyl alcohol R 20a YUNZAI 4-fluorobenzyl alcohol R 22c
GUNPOU N-methylaniline R 20a ZUZDON 2-fluoroaniline R 22d
GUNPUA N-ethylaniline R 20a ZUZDUT 4-fluoroaniline R 22d
HURNUD N-amylbenzene –[b] 20c ZUZFAB 3,4-difluoroaniline R 22d

[a] The absolute structure is inverted. However, given the structure of cholic acid, the column of benzene included in the cavity must be right-handed.
[b] The isolated 21 column does not form due to a steric effect of the substituent. [c] The isolated 21 column does not form due to another guest molecule,
acetone. [d] NOJPOR belongs to the space group P1. [e] The isolated 21 column does not form due to bulkiness of the guest molecule. However, two
benzene rings in the same guest molecule are located with right-hand sense. [f] QOQFAD belongs to the space group P212121.

Figure 5. The ac plane in the crystal structure of benzene.
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on which assembly is selected, and thus the crystal of ben-
zene belongs to an achiral space group.
Other isolated 21 helical assemblies of benzene are found

in the literature.[26,27] In these crystals, benzene molecules
are included in slits in the host frameworks. Although their
handedness and supramolecular chirality have not been de-
scribed at all, the supramolecular chirality in the 21 assembly
was successfully determined by our method described
above. In Figure 6, the top and side views of seven crystal
structures with space group P21/n selected from the CSD
are shown; the host and benzene molecules are shown in
tube and space-filling models, respectively. The benzene
molecules in front of and behind the twofold screw axis are
shown in white and gray, respectively. Although the crystals
with the space group P21/n have isolated 21 benzene col-
umns of a certain helical handedness, the crystals include

both right- and left-handed columns, resulting in achiral
whole structures. On the other hand, the top and side views
of seven crystal structures with space group P21 are shown
in Figure 7. In these cases, the helical columns in each crys-
tal have identical handedness: the crystals KOSHIJ and
GOLBOY include only the right-handed 21 columns, where-
as the others include only the left-handed ones, resulting in
chiral crystal structures with a certain handedness.

Complementarity of the Helical Handedness of the Host
Framework and the Guest Assembly

Notably, all of the 21 helical arrangements of the benzene
derivatives exhibit only the right-hand sense in the cavity of
cholic acid inclusion crystals (Table 1). This is a result of the
identical chirality of the host frameworks (Figure 8a). In

Figure 6. Top and side views of helical columns of benzene of both right- and left-hand sense in the host frameworks of a) Mo(CO)4 ACHTUNGTRENNUNG[(C6H5)3P=CH�CH=
CH2] (ALDPMB),[26f] b) cyclohexyllithium hexamer (CHXYLI),[26b] c) bis-9-(9-phenyl)fluorenylperoxide (BIRXAB),[26e] d) isoxazol-5-yl iron complex
(SAYFIH),[26c] e) IrMe2 ACHTUNGTRENNUNG(PMe2Ph)3BF (SICLOF),[26g] f) Me3SnACHTUNGTRENNUNG(SPPh2)2N (YUCGEI),[26a] g) tricyclic amidal derivative (OHARAQ);[26d] CSD Refcodes are
in parentheses. The handedness of the helices is shown by R (right) or L (left). Benzene molecules in front of and behind the twofold screw axis are
shown in white and gray, respectively. The host frameworks are shown as tube models for clarity.
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these systems, multiple intermolecular hydrogen bonding of
the cholic acid molecules construct 21 helical assemblies
with right-handedness, which is determined on the basis of
the molecular tilt of cholic acid,[28] leading to a right-handed
host cavity. Figure 8b shows the cross-section of the cavity
cut by a plane parallel to the twofold screw axis and involv-
ing the center of the left-tilting orange benzene molecules in
Figure 4a.[29] The cross-section clearly shows that the ben-
zene molecules colored yellow fit the cavity surrounded by
the cholic acid molecules. The same situation is observed in
the cross-section involving right-tilting benzene molecules
and the corresponding cavity. As a result, the whole host
cavity also has a right-handed 21 symmetry. Therefore, a
complementary relationship between the 21 helical assem-
blies of benzene and the surrounding host framework is
clearly observed, from which the appearance of the identical
supramolecular chirality in the assemblies of benzene mole-
cules is derived. This relationship is expressed by the well-

known Fischer lock-and-key principle proposed in 1894.[30]

However, the important point here is the direction in which
the key should be rotated, right or left. Thus, we emphasize
that the relationship here can be illustrated by a right-
handed bolt and nut as shown in Figure 8c.

Conclusions

In this study, we focused on the arrangements of benzene
molecules in inclusion crystals and demonstrated the appear-
ance of supramolecular chirality in benzene molecules. In
the field of supramolecular chemistry established by
Lehn,[1a] the 21 assembly composed of symmetrical benzene
molecules described herein must be one of the simplest and
most fundamental that exhibits supramolecular chirality.
Furthermore, we determined the handedness of the 21 heli-
cal columns of benzene and its derivatives in the host frame-

Figure 7. Top and side views of helical columns of benzene of identical handedness in the host frameworks of a) spirobifluorene derivative (BAG-
BAM),[27c] b) metylergoline derivative (KOSHIJ),[27a] c) RhClACHTUNGTRENNUNG(2,6-(C(Me)=NiPr)2C5H3N) (RIVPOB),[27f] d) bis(diethyldithiocarbamato-S,S’) pyridine
zinc(II) (GOLBOY),[27g] e) [Me2Si ACHTUNGTRENNUNG(C5Me4)2]MoCl2 (XACZOQ),[27e] f) (S)-[(h5-C5H5)Re(NO) ACHTUNGTRENNUNG(PPh3) ACHTUNGTRENNUNG(CH2PPh2)] (ROSBAC),[27b] and g) dihydroquinine de-
rivative (MOHBUG);[27d] CSD Refcodes are in parentheses. The handedness of the helices is shown by R (right) or L (left). Benzene molecules in front
of and behind the twofold screw axis are shown in white and gray, respectively. The host frameworks are shown as tube models for clarity.
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works of cholic acid and others. The determination of the
handedness was successfully performed on the basis of the
molecular tilt of benzene.
According to Motherwell and co-workers, more than

52000 organic crystals in the CSD exhibit 21 symmetric heli-
cal structures.[31] To understand the supramolecular chirality
of 21 symmetrical assemblies, further investigation in terms
of the helical sense and expansion of the method of deter-
mining helical handedness to a wide range of systems are
now proceeding in our laboratory.
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