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We obtained the first cinchonidine inclusion crystal with
benzene as a neutral guest. Comparison of the inclusion and
guest-free crystal structures by the qualitative hierarchical anal-
ysis clarified their supramolecular isomerism of asymmetric 21
helical columnar assembly with supramolecular chirality.

Supramolecular isomerism is of great interest in connection
with the diverse molecular arrangements due to the combina-
tions of host and guest components.1 Because of appearance of
unexpected supramolecular isomers, it is impossible at this mo-
ment to predict organic crystal structures from the molecular
structures.2 To clarify the supramolecular isomerism, we have
so far prepared over three hundreds of inclusion crystals of ster-
oidal bile acids and brucine,3,4 and elucidated their supramolec-
ular isomeric crystal structures from their asymmetric molecular
structures. On the basis of a series of the studies, we have pro-
posed that the supramolecular isomerism in crystals of asymmet-
ric molecules can be interpreted by the qualitative hierarchical
analysis through supramolecular chirality.4 The analysis is per-
formed in the following three phases; (i) fixing a conformation
of an asymmetric molecule, (ii) forming a bimolecular aggrega-
tion, and piling up the bimolecular aggregation to form a colum-
nar assembly with supramolecular chirality, (iii) stacking the
columns into a bundle.

Cinchonidine has been known to form inclusion crystals
with acidic guest molecules.5 Recently, we obtained the first
cinchonidine inclusion crystal with benzene as a neutral guest
molecule. The resulting benzene-included crystal was found to
have a different space group from the known guest-free crystal,6

enabling us to consider supramolecular chirality and isomerism
due to the asymmetric host molecule. In this paper, we describe
the crystal structures of cinchonidine with and without benzene,
1 and 2, respectively, and interpret the formation of the supramo-
lecular isomers of cinchonidine assemblies on the basis of the
hierarchical analysis through supramolecular chirality.

Crystal 1was obtained by crystallization from benzene solu-
tion of cinchonidine. X-ray diffraction analysis revealed that
crystal 1 belongs to a space group of P21, and that the intermo-
lecular hydrogen bonds give rise to chains of molecules along
screw axes parallel to b.7 The intermolecular hydrogen bond
is formed between O(1)–H and N(1i), where i ¼ �1� x;
1=2þ y;�1� z. The bond length is 2.743 Å.

The crystal structure of 1 is shown in Figure 1 together with
that of 2.6,7 It can be seen that the former has the same bimolec-
ular-based columnar structure as the latter (along b for 1 and
along c for 2), but different arrangements of the columns from
the latter, indicating that they are the supramolecular isomers.
We interpreted a formation process of the isomers by the follow-
ing hierarchical analysis.

In the first phase, we compared the molecular conformations
of cinchonidine in crystals 1 and 2. As shown in Figure 2, they
have similar conformations to one another, which are classified
in the anti-open form.8 This conformational geometry is predict-
ed to be the most stable in apolar solvents such as benzene on the

Figure 1. Crystal structures of 1 and 2. (a) A view up b in 1.
Benzene molecules are shown by van der Waals representations.
(b) A view down c in 2. Hydrogen atoms were omitted except
those bonding to oxygen and C(8) atoms for clarity. Atoms are
colored by gray (C), white (selected H), red (O), and blue (N).

Figure 2. Chiral molecular structure of cinchonidine (a) and its
conformations (b) and (c) observed in crystals 1 and 2, respec-
tively.
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basis of the theoretical study by using ab initio or density func-
tional reaction field calculations.9 The conformer distribution
with the computed conformational energy difference often corre-
sponds to molecular conformations in the crystal structures
statistically.10 Therefore, observation of the anti-open form in
the crystal state is also reasonable.

Next, in the second phase, we focus on bimolecular aggrega-
tion and asymmetric 21 helical columnar assembly. In Figure 3,
partial crystal structure of 1 is shown, where cinchonidine mole-
cules are connected through intermolecular hydrogen bonds to
form the bimolecular aggregation followed by the asymmetric
helical columnar assembly with 21 screw axis. Guest-free crystal
2 also has almost the same 21 helical column. The columns
constitute left-handed screws, and are displayed with arrows,
as exemplified in Figure 3.4d It is reasonable for cinchonidine
molecule to assemble into the 21 helical column according to
the Kitaigorodskii’s report that molecules without symmetry
elements form 21 helical assemblies predominantly.11

The final phase consists of stacking of the asymmetric heli-
cal columns to form bundles, which correspond to the whole
crystal structures. As shown in Figure 4, the arrangements of
the columns are different between crystals 1 and 2; the columns
are combined in parallel (for 1) or anti-parallel (for 2) fashion.
The parallel stacking leads to a bundle with monoclinic, P21
space group, while the anti-parallel one with orthogonal,
P212121. Only in the case of the parallel stacking, benzene mole-
cules are included in the cavities probably due to the steric
effect. Two benzene molecules make a pair through CH–� inter-
action. Thus, the crucial step for the formation of the supramo-
lecular isomers in cinchonidine crystals is the stacking of the
asymmetric 21 helical columns to form the different bundles.

In summary, we obtained the first example of inclusion crys-
tal of cinchonidine with a neutral guest molecule. The inclusion
crystal was elucidated by the hierarchical analysis, leading to the
fact that the molecules form the common 21 helical columnar as-
semblies, and that the columns stack in different ways to give the
supramolecular isomers. In this way, the qualitative hierarchical
analysis is useful to understand the supramolecular chirality and
isomerism starting from chiral molecules.
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Figure 3. Supramolecular chirality of asymmetric helical col-
umnar assembly of cinchonidine. Dashed lines mean intermolec-
ular hydrogen bonds.

Figure 4. Supramolecular isomers of bundles of the helical
columns. (a) A parallel fashion of the columns in crystal of 1.
(b) An anti-paralel fashion of the columns in crystal of 2.
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