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Cocrystallization of brucine with a series of aliphatic alcohols was systematically investigated to understand mo-
lecular recognition through supramolecular isomerism and chirality. Guest-induced supramolecular isomers of brucine
were obtained by cocrystallization and were categorized into three structural types based on the common 21 helical tape-
like assemblies. These supramolecular isomers were elucidated from the molecular structures on the basis of qualitative
hierarchical structural analysis through supramolecular chirality. Moreover, it was found that the supramolecular isomer-
ization occurred depending on the size of the guest molecules. This dependence was clearly evaluated on the relationship
between the volume of the guest molecules and the packing coefficient of the void spaces in the host cavities.

Crystalline host compounds have attracted much attention in
the field of crystal engineering and supramolecular chemistry
due to practical and fundamental applications in catalysis,
magnetism, electro and non-linear optics, chemical separation,
gas-storage, and drug delivery.1–5 Interestingly, their host
frameworks are isomerized in response to host–guest hydro-
gen-bonding interactions and shape/size of the guests.6–9

Guest-induced supramolecular isomerism of host frameworks
with nanosize pores has been seen as a problem from a design
perspective of the inclusion properties. However, it is also
possible to view the guest-induced supramolecular isomerism
as an opportunity to gain better fundamental understanding
of cocrystallization and molecular recognition. To understand
the guest-induced supramolecular isomerism, we have so far
prepared over three hundreds inclusion crystals of steroidal
bile acids, and elucidated their supramolecular isomeric struc-
tures starting from single molecular structures.10–16 On the ba-
sis of a series of the studies, we have proposed that the supra-
molecular isomerism in their inclusion crystals can be inter-
preted by the hierarchical structural analysis through supramo-
lecular chirality.12–18 The structural analysis is performed in
the following four phases (Scheme 1): (i) fixing a conforma-
tion of a host molecule with three-directional chirality,16 i.e.,
head and tail (or leg), right and left, and belly and back, (ii)
forming a bimolecular aggregate and stacking of the bimolec-
ular aggregate to form a motif, such as columnar assembly
with the three-directional chirality, (iii) stacking the columns
in a parallel or anti-parallel fashion to produce a bundle of
the columns, (iv) accommodating guest molecules in the cav-
ities of the bundles to yield host–guest complexes character-

ized by molecular recognition. It is noteworthy that the chiral-
ity of a single molecule dominates the supramolecular chirality
of the columns, bundles, and complexes in the corresponding
steps. We believe that the concept of three-directional chirality
for structurally analyzed supramolecular architectures, such as
crystal structures, must serve as a widely useful approach to
treat complicated self-assembled systems with chirality.

The hierarchical structural analysis has been focused on
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Scheme 1. Hierarchical structural analysis of supramolecu-
lar isomerism of host–guest complexes.

464 Bull. Chem. Soc. Jpn. Vol. 80, No. 3, 464–475 (2007) � 2007 The Chemical Society of Japan

BCSJ Award Article

Published on the web March 13, 2007; doi:10.1246/bcsj.80.464



hydrogen-bond interactions, because the steroidal bile acids
form inclusion crystals via multiple and cooperative hydrogen
bonds.12–16 However, it is not clear whether the analysis is a
useful approach for the structural elucidation of the supramo-
lecular isomers constructed with intermolecular interactions
weaker than hydrogen bonds. Our aim in this study has been
to extend the applicability of the proposed structural analysis
to a chiral compound without hydrogen-bonding donor groups.

Brucine (Scheme 2), which is a natural host compound with
six asymmetric carbon atoms and no hydrogen-bonding donor
group, has been historically investigated as a separator of rac-
emic mixtures by cocrystallization generally with guest mole-
cules containing acidic functional groups.19–29 According to
the studies performed by Gould and Walkinshaw,19,24 brucine
forms a characteristic corrugated monolayer sheet as a motif
common to its many inclusion crystals, in spite of appearance
of supramolecular isomeric host frameworks. The motifs are
stabilized by weak hydrogen bonds, such as CH/O and CH/
� interactions.29 However, to our knowledge, the supramolec-
ular isomerism of the host frameworks of brucine has been dis-
cussed ambiguously. Because of these aspects, brucine is a
good starting point for extending the applicability of the hier-
archical structural analysis to better understand supramolecular
isomerism. Recently, we obtained the supramolecular isomeric
host frameworks in brucine inclusion crystals with a series of
aliphatic alcohols.17 In this paper, we describe the structural
elucidation of these supramolecular isomers starting from the
molecules and demonstrate that the qualitative hierarchical
structural analysis through supramolecular chirality is a useful
approach for understanding supramolecular isomerism and
cocrystallization.

Results and Discussion

Inclusion Crystal Structures of Brucine with Aliphatic
Alcohols. Results of crystallization studies of brucine with
a series of aliphatic alcohols including racemic mixtures are
shown in Table 1. The recrystallization of brucine from the ali-
phatic alcohols afforded the known guest-free,30 and eleven
new inclusion crystals. These inclusion crystal structures were
determined by X-ray crystallography. Their crystallographic
parameters are summarized in Table 2. The inclusion crystals
had a 1:2 or 1:1 host/guest molar ratio and belonged to the
space group P212121. The resultant crystal structures are de-
picted in Figs. 1 and 2. The primary interactions in the brucine
inclusion crystals with aliphatic alcohols were hydrogen bonds
between the alcohol functionality of the guests and the hydro-
gen-bonding acceptor groups of brucine. The crystal with 1
had Oguest(B)–H���Oguest(A)–H���N2 (N2: tertiary amino) hydro-
gen bonds with lengths of 2.790 and 2.780 Å, respectively.

The crystals with 7, 29, and 35 have Oguest–H���N2 (N2: tertiary
amino) hydrogen bonds with lengths of 2.783, 2.876, and
2.818 Å, respectively. In addition, IR spectra of the crystals
with 3, 12, and 14 (Supporting Information) indicated that
the crystals also had Oguest–H���N2 (N2: tertiary amino) hydro-
gen bonds, even though the assignments of the guest molecules
could not be determined by X-ray crystallography due to dis-
order. While, the crystals with 8, 13, and 24 had Oguest–H���O1
(O1: carbonyl) hydrogen bonds with lengths of 2.861, 3.064,
and 2.868 Å, respectively. Furthermore, IR spectrum of the
crystal of 15 (Supporting Information) showed that a Oguest–
H���O1 (O1: carbonyl) hydrogen bond was present, even
though the assignment of the guest molecule could not be per-
formed by X-ray crystallography due to disorder.

The inclusion crystal of 1 has a similar host framework to
those of brucine dihydrates of 2 and 4.30,31 However, the inclu-
sion crystals with 3, 7, 8, 12, 13, 14, 15, 24, 29, and 35 have a

Table 1. Aliphatic Alcohols Used for Cocrystallization
with Brucine, and Host/Guest Molar Ratio of Resultant
Crystals

Guest Host/guest molar ratioaÞ

1 Methanol 1:2
2 Ethanol GFbÞ

3 1-Propanol 1:1
4 2-Propanol GF
5 1-Butanol NCcÞ

6 2-Butanol GF
7 2-Methyl-1-propanol 1:1
8 2-Methyl-2-propanol 1:1
9 1-Pentanol GF
10 2-Pentanol GF
11 3-Pentanol GF
12 2-Methyl-1-butanol 1:1
13 2-Methyl-2-butanol 1:1
14 3-Methyl-1-butanol 1:1
15 3-Methyl-2-butanol 1:1
16 1-Hexanol GF
17 2-Hexanol GF
18 3-Hexanol NC
19 2-Methyl-1-pentanol NC
20 2-Methyl-2-pentanol GF
21 2-Methyl-3-pentanol GF
22 3-Methyl-1-pentanol GF
23 3-Methyl-2-pentanol NC
24 3-Methyl-3-pentanol 1:1
25 4-Methyl-1-pentanol GF
26 4-Methyl-2-pentanol GF
27 2,3-Dimethyl-2-butanol NC
28 3,3-Dimethyl-1-butanol NC
29 3,3-Dimethyl-2-butanol 1:1
30 2-Ethyl-1-butanol GF
31 1-Heptanol GF
32 2-Heptanol NC
33 3-Heptanol GF
34 4-Heptanol GF
35 2,4-Dimethyl-3-pentanol 1:1

a) Molar ratios of guest-disordered crystals were determined
by TG, see Supporting Information. b) GF denotes guest-free
crystals. c) NC denotes no crystallization.
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Scheme 2. Molecular structure of brucine with selected
atomic numbers.
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similar host framework to those of brucine with bicyclo[2.2.1]-
hept-5-ene-2-cyanohydrins,32 and pantolactone.33 All the re-
sultant crystals could be categorized into three structural types
of supramolecular isomers composed of common 21 helical
tape-like assemblies stabilized by weak multiple hydrogen
bonds, such as CH/O and CH/� interactions:29 C10–H���O3,
C11–H���O4 (O3 and O4: methoxy), C23–H���O2 (O2: ether),
and C20–H���� (arene) hydrogen bonds as shown in Fig. 3.

To clarify the factors of supramolecular isomerization, we
carried out a comparative structural study of the resultant crys-
tals. From the comparative study, it was believed that their
crystals have hierarchical structures in common as described
below (Fig. 4).

In this method, the molecule is first regarded as a primary
structure for making the subsequent molecular architecture
(Fig. 4a). Second, the molecules are presumed to associate to-
gether to produce a bimolecular assembly followed by expan-
sion into a helical tape-like assembly as a secondary structure
(Fig. 4b). Third, the helical tapes are thought to combine pro-
ducing a bundle of the tapes as a tertiary structure (Fig. 4c).
Finally, the bundles leave the cavities for accommodating
guest components to yield a host–guest complex as a quaterna-
ry structure (Fig. 4d). Although the order of these phases in the
hierarchical structure does not necessarily correspond to the re-
al process of crystal formation, this concept showed a powerful
method for understanding the cocrystallization.

To clarify the ambiguous cocrystallization process, we next
discuss supramolecular isomerism starting from the chirality of
single molecules, and then helical tape-like assemblies, bun-
dles, and complexes will be discussed in this order.

Phase I: Primary Structures as Molecular Conforma-
tions and Chirality of Brucine in Its Inclusion Crystals.
In the first phase, we considered the fixation of molecuar con-
formation of brucine. As can be expected from the chemical
structure, the structure of brucine dose not vary much includ-
ing rotation of the methoxy substituent groups, which are in-
variably anti-related and lie essentially in the same plane of
the benzene ring (Fig. 5).34 Actually, the same molecular con-
formation has been observed in all known crystals of bru-
cine,30 brucine solvates,30,31,34 brucine complexes,32,33,35–37

and brucinium salts.19–29,38–45 Such a conformer of brucine
was observed in all the resultant crystals with aliphatic alco-
hols with no exception. Therefore, it may be assumed that bru-
cine molecule exists in solution as a predominant conformer.
Such an assumption leads to the fixation of the molecular con-
formation during crystallization process and has been adopted
in an attempt to predict crystal structures in a more realistic
manner.46–49

Having fixed the molecular conformation of brucine, we
now discuss the expression of three-dimensional asymmetry
of the single chiral molecule. Three-dimensional asymmetry
means that the asymmetry of the molecules involves multiple
asymmetric carbon atoms and is useful for geometrical visual-
ization of the supramolecular chiral aggregates.12–17 Conven-
tionally, molecular asymmetry has been expressed by using
terms such as center, axis, and plane of chirality. However,
in the case of the molecules with multiple asymmetric carbon
atoms, such terms can be used to describe a part of the molec-
ular structure, but not the entire structure. Therefore, we haveT
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proposed a new method for describing molecular asymmetry.
In addition, by using this method, we defined the supramolec-
ular chirality of the molecular aggregates in the secondary
structures.12–17 We expressed the three-dimensional asymme-
try of brucine molecule on the basis of the new method as
mentioned below.

Brucine has an asymmetric facial shape, since it consists of
polycyclic and planar skeletons with six asymmetric carbon

atoms. As shown in Fig. 5, we noticed that the molecules
are similar to vertebrate animals with three distinguishable di-
rections. In order to express the directions of animal bodies in
our daily life, we use the words: head and tail (or leg), right
and left, and belly and back. In the same way, we proposed
that such facial asymmetry of the molecules was termed as
three-directional chirality12–16 and that those words may be
used for defining the directions. Figure 5 shows the brucine

a) b) c)
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g) h) i)

j) k) l)
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Fig. 1. Side views of the crystal structures of a) brucine�1, b) brucine�3, c) brucine�7, d) brucine�8, e) brucine�12, f) brucine�13,
g) brucine�14, h) brucine�15, i) brucine�24, j) brucine�29, k) brucine�35, and l) brucine guest-free.32 Hydrogen atoms have been
omitted for clarity. Carbon, nitrogen, and oxygen atoms are represented by white, gray, and black spheres, respectively. Dashed
lines mean hydrogen bonds between host and guest molecules. In the crystals of brucine with 3, 12, 14, and 15, the positions of the
guest molecules, which can not be determined due to disorder, have been hidden.

T. Watabe et al. Bull. Chem. Soc. Jpn. Vol. 80, No. 3 (2007) 467



molecule displayed with the three-directional chirality: head–
leg, right–left, and belly–back axes. The three-directional chi-
rality leads to the definition of the supramolecular chirality of
the 21 helical tape-like assemblies and host frameworks in the
following phases.

Phase II: Secondary Structures as 21 Helical Tape-Like
Assemblies with Three-Directional Supramolecular Chiral-
ity. In the second phase, we focus on asymmetric 21 helical
tape-like assemblies based on the bimolecular aggregations.
The common 21 helical tape-like assemblies were observed
in all brucine inclusion crystals with aliphatic alcohols as
described before. Gould and Walkinshaw have emphasized
the tendency to conserve the molecular arrangement of the
21 helical tape-like assembly as a motif.19 On the basis of
Kitaigorodskii’s report that molecules without symmetry ele-

ments predominantly form 21 helical assemblies,50 it is reason-
able that brucine molecules assemble into a 21 helical tape.
However, the helical handedness with a 21 axis cannot be
determined from the theoretical view point because the screw
axis operation includes 180� rotation as well as translation,
leading to impossibility to distinguish right- or left-handed
rotation.51 Yet, we believe that the handedness of 21 helical
assemblies could lead to a better understanding of supramolec-
ular isomerism and chirality and have defined the handedness
of 21 helical assemblies on the basis of the tilt of the brucine
molecule by the following manner.52

The handedness was defined on the basis of the relative
position of the chiral molecules as schematically shown in
Fig. 6a, where assembly A has right-handed screw axis and
assembly B has a left-handed screw axis. Since the structure
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Fig. 2. Top views of the crystal structures of a) brucine�1, b) brucine�3, c) brucine�7, d) brucine�8, e) brucine�12, f) brucine�13,
g) brucine�14, h) brucine�15, i) brucine�24, j) brucine�29, k) brucine�35, and l) brucine guest-free.32 Hydrogen atoms have been
omitted for clarity. Carbon, nitrogen, and oxygen atoms are represented by white, gray, and black spheres, respectively. Dashed
lines mean hydrogen bonds between host and guest molecules. In the crystals of brucine�3, 12, 14, and 15, the positions of the
guest molecules, which can not be determined due to disorder, have been hidden.
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of brucine has a convex part at the right side around N2,
its neighboring concave part can accommodate two methoxy
groups of the other molecule. To accommodate the methoxy
groups, the molecule inclines to the right against the screw axis
with the belly side as shown in Fig. 6b. As a result, brucine
molecules lead to a right-handed helical assembly with the
belly-inside. The definition of the three-directional chirality
can be used to discriminate among the three axes of the helical
assembly: screw-axis, long-axis, and short-axis (Fig. 6c). The
helical arrow indicates the leg-to-head direction, which is con-
sistent with the crystallographic 21 axis. The three-directional
chirality of the asymmetric helical tapes is sufficient enough
to categorize the bundle structures as host frameworks at the
next phase.

Phase III: Tertiary Structures as Supramolecular Isomer-
ic Bundle Structures of 21 Helical Tape-Like Assemblies.
The third phase involves the stacking of the asymmetric heli-
cal tapes to form bundles of the tapes, which corresponds to
the host frameworks. These are four possible combinations

of the four tapes with respect to the helical arrow of the tapes
(Fig. 7). In Figs. 7a and 7a0, the arrows are parallel to both the
long and short axes, and they are anti-parallel to the long axis
and parallel to the short axis for Figs. 7b and 7b0, while paral-
lel to the long axis and anti-parallel to the short axis for
Figs. 7c and 7c0. In Figs. 7d and 7d0, the arrows are anti-paral-
lel to both long and short axes.

As shown in Figs. 7a and 7a0, the all-parallel stacking leads
to the guest-free (GF) crystal with monoclinic symmetry.
However, if at least one anti-parallel arrangement is includ-
ed, the bundle will have orthogonal symmetry. The stacking
modes of Figs. 7b, 7b0 and 7c, 7c0 are termed as �-type and
�-type structures, respectively. Thus, the resultant crystals of
brucine were categorized into three structural types: GF, �-
type, and �-type. The host cavities of �-type and �-type struc-
tures have different shapes as shown in Fig. 8. The �-type
structure, in which the guest molecule 1 is included, has a
one-dimensional cavity sandwiched by the corrugated mono-
layer sheets of the 21 helical assemblies (Fig. 8a). On the other
hand, the �-type structure, in which the guest molecules 3, 7,
8, 12, 13, 14, 15, 24, 29, and 35, has a one-dimensional cavity
surrounded by four 21 helical tape-like assemblies (Fig. 8b).
The �-type and �-type structures differ from each other with
respect to the channel motifs of the cavities with reference
to the screw-axis of the 21 helical assemblies. The �-type
structures are further classified into sub-types: �N2-type and

Fig. 3. Side and top views of the helical tape-like assembly
of brucine as a motif common to the resultant crystal
structures. Dashed lines indicate weak hydrogen bonds,
such as CH/O and CH/� interactions. Hydrogen atoms
have been omitted for clarity; carbon, nitrogen, and oxy-
gen atoms are represented by white, blue, and red spheres,
respectively.

a) b) c) d)

G
G

G : Guest Molecule

Fig. 4. Hierarchical structural analysis of brucine inclusion crystal structures; a) fixing the molecular conformation, b) combining
the bimolecular aggregates to form a helical tape-like assembly, c) stacking the tapes into a bundle, and d) accommodating guest
molecules in the cavities of the bundles. Hydrogen atoms have been omitted for clarity; carbon, nitrogen, and oxygen atoms are
represented by white, gray, and black spheres, respectively.

a) b)Head Head

LegLeg

Right Left Belly Back

Fig. 5. Molecular conformation of brucine in the crystalline
state: a) a front view, and b) a left-side view of the mole-
cule. The molecular chirality of brucine is designated with
three axes; head–leg, belly–back, and right–left axes. Hy-
drogen atoms have been omitted for clarity; carbon, nitro-
gen, and oxygen atoms are represented by white, gray, and
black circles, respectively.
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�O1-type structures. The �N2-type and �O1-type structures
mean the �-type structure with a Oguest–H���N2 (N2: tertiary
amino) hydrogen bond, and with a Oguest–H���O1 (O1: car-
bonyl) hydrogen bond, respectively. The relationship between
the supramolecular isomeric host frameworks and the guest
molecules is summarized in Scheme 3 and will be discussed
in the next phase.

Phase IV: Quaternary Structures as Accommodation of
Guest Molecules in the Host Cavities. In the final phase,
we considered the accommodation of the guest molecules in
the cavities of the bundles to yield host–guest complexes.
The systematic crystallographic study of brucine inclusion
crystals with aliphatic alcohols showed that the host/guest ra-
tios and structural types are dependent mainly on the number
of carbons in the guest molecules: one small guest (C1) forms
an inclusion crystal with 1:2 host/guest ratio and �-type struc-
ture, while ten larger guests (C3–C7) with 1:1 host/guest ratio

and �-type structure, where Cn denotes the number of the car-
bon atoms. In other words, supramolecular isomerism of the
host frameworks can be understood in terms of guest size.
Since the supramolecular isomerism of the host frameworks
is closely related to how well the guest molecules and the host
cavity fit together,53,54 the volumes of the guest molecules and

a) b)

c) d)
Long-Axis

Short-Axis

Screw-Axis

a') b')

c') d')

Long-Axis

Short-Axis

Side-View

Top-View

Fig. 7. Bundle structures based on geometrical combina-
tion of asymmetric helical tapes: a) and a0) parallel stack-
ing in both long and short axes, b) and b0) anti-parallel
stacking in the long axis and parallel in the short axis,
c) and c0) parallel stacking in the long axis and anti-paral-
lel stacking in the short axis, and d) and d0) anti-parallel
stacking in both long and short axes.

Short-Axis

Long-Axis

Long-Axis

Short-Axis

a)

c) Screw-Axis

Head

Leg

Right

Left

90° Rotation

b)

Right-Handed
Screw

Left-Handed
Screw

A B

Fig. 6. Supramolecular chirality on the helical tape-like as-
sembly of brucine; a) schematic models of the bimolecular
aggregation on the basis of the molecular tilt, where as-
sembly A exhibits right-handed screw, while assembly B

does left-handed screw, b) a side view of the bimolecular
aggregate, and c) side and top views of the helical assem-
bly with three distinguishable axes: screw-axis, short-axis,
and long-axis. Hydrogen atoms have been omitted for
clarity. Carbon, nitrogen, and oxygen atoms are represent-
ed by white, gray, and black circles, respectively.

a)

b)

α-type

β-type

90° Rotation

90° Rotation

Fig. 8. Views of the one-dimensional cavities in a) �-type
structure, and b) �-type structure. The cavities are sche-
matically shown as columns. The host frameworks have
been represented by van der Waals space-filling models.
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the host cavities were calculated, as summarized in Table 3.
The packing coefficient of the host cavities (PCcavity), which

is the parameter used to estimate the steric fit between the
guest molecule and the host cavity,53 can be determined from
their volumes. As listed in Table 3, the PCcavity values of bru-
cine inclusion crystals with aliphatic alcohols were in the
range 56–79%, which are larger than those of the encapsulated
host compounds in solution (46–64%),55 and intermediate be-
tween those in the liquid state (44–56%)55 and in the crystal-
line state (66–77%).50,56,57 Inclusion crystals with PCcavity val-
ues outside of this range would have difficulty forming be-
cause of the improper fit between the guest molecule and the
host cavity.

Figure 9 shows the relationship between the guest volumes
and PCcavity in the host frameworks of �-type and �-type
structures. A wide range of the alcoholic guests (71.0–137.5
Å3) are included in the �-type structure. In the same host
framework and at the same host/guest ratio, PCcavity tended
to increase with an increase of the guest volume.53,54 The plots
of �-type structures with the primary alcoholic guests were
linear in PCcavity, indicating that the host frameworks form

cavities similar in size: the cavity volumes are in the range
of 507.2–550.1 Å3. On the other hand, the plots of �-type
structures with the secondary and tertiary alcoholic guests
had constant PCcavity values in spite of the increase of the guest
volumes. This indicates that the host frameworks form flexible
cavities: the cavity volumes of �-type structures with secon-
dary and tertiary alcoholic guests were in the ranges of
588.3–775.0 and 508.8–693.0 Å3, respectively. Such flexibility
may be caused by the stacking of the helical columns mainly
through van der Waals contacts. From crystallographic param-
eters, the �-type structure had a wide range of distances
between the helical columns along their long-axis as shown
in Fig. 10a. Although different distances make a wide-range
inclusion behavior possible, brucine selectively cocrystallized
with the guest through molecular recognition. In the next part,
we describe the molecular recognition for aliphatic alcohol
guests in the host cavity focusing on the �-type structure,
because of the wide-range inclusion behavior.

Molecular Recognition in the Host Cavities. Crystallo-
graphic studies of brucine inclusion crystals with aliphatic
alcohols indicated the following things: Tertiary amino and
carbonyl groups as hydrogen-bonding acceptors in the charac-
teristic 21 helical tape-like assemblies of brucine took part in
hydrogen bonding with guest molecules. Moreover, primary
and most secondary aliphatic alcohols tended to be connected

Recrystallization of Brucine from Aliphatic Alcohols (1-35)

Crystallization No Cystallization
(5, 18, 19, 23, 27, 28, 32)

Host-Guest Complexes

Guest-Free
(2, 4, 6, 9, 10, 11, 16, 17, 20, 21, 22, 25, 26, 30, 31, 33, 34)

α-type
(1)

β-type

N2
(3, 7, 12, 14, 29, 35)

O1
(8, 13, 15, 24)

Scheme 3. Overview of crystallization studies of brucine
with a series of aliphatic alcohols.

Table 3. Parameters for PCcavity in Brucine Inclusion Crystals

Guest Host/guest molar ratio Vguest/Å
3 aÞ Vcavity/Å

3 bÞ Number of guest molecules PCcavity/%
cÞ

in unit cell

Methanol (1) 1:2 37.7 481.5 8 63
1-Propanol (3) 1:1 71.0 507.2 4 56
2-Methyl-1-propanol (7) 1:1 87.5 518.6 4 67
2-Methyl-2-propanol (8) 1:1 87.5 508.8 4 69
2-Methyl-1-butanol (12) 1:1 104.3 530.5 4 79
2-Methyl-2-butanol (13) 1:1 104.1 599.9 4 69
3-Methyl-1-butanol (14) 1:1 104.4 550.1 4 76
3-Methyl-2-butanol (15) 1:1 104.2 588.3 4 71
3-Methyl-3-pentanol (24) 1:1 120.8 693.0 4 70
3,3-Dimethyl-2-butanol (29) 1:1 120.5 673.2 4 72
2,4-Dimethyl-3-pentanol (35) 1:1 137.5 775.0 4 71

a) Vguest denotes the volume of the guest molecules calculated by HF/6-31G�. b) Vcavity denotes the volume of the cavity in the unit
cell calculated with a 0.7 Å radius probe. c) PCcavity denotes the packing coefficient of the guest molecules in the host cavity, given by
the following expression: PCcavity [%] = [(Vguest) � (number of guest molecules in unit cell)]/Vcavity � 100.
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Fig. 9. The plots of PCcavity of �-type ( ), �-type with pri-
mary alcohols ( ), �-type with secondary alcohols ( ),
and �-type with tertiary alcohols ( ).
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by a Oguest–H���N2 (N2: tertiary amino) hydrogen bond, while
the other aliphatic alcohols were connected by a Oguest–H���
O1 (O1: carbonyl) hydrogen bond in the brucine inclusion
crystals.

Scheme 4 shows tree diagrams of the inclusion behavior of
brucine and of the structural changes of host assemblies as
supramolecular isomerization in connection with the increase
of methylene units of the guests. We obtained the �-type struc-
ture of brucine only when guest 1 was included in a 1:2 host/
guest molar ratio. However, guests 2 and 4 were not included
in a 1:2 and 1:1 host/guest molar ratio in the �-type structure
because of the closer and looser fits between the guest mole-
cule and the host cavity, respectively. On the other hand, guest
3 was included with supramolecular isomerization of the
host framework from �-type to �-type structures as shown in
Scheme 4a. The increase of the methylene units of the guests
(Schemes 4a–4c) revealed that the host framework isomerized
depending on the size of the guest molecules. Moreover, it was
found that the �-type structure included a wide range of ali-
phatic alcoholic guests (71.0–137.5 Å3). Therefore, it should
be possible to predict qualitatively the inclusion behavior from
the size/shape fit between the guests (71.0–137.5 Å3) and the
host cavity in the only �-type structure below. Since the size
of inclusion space of brucine is variable due to van der Waals
contacts between the helical tapes, a wide range of aliphatic
alcohols can be included. However, despite the versatility, bru-
cine shows selectivity for alcoholic guests in the range C3
to C7. The guest selectivity may be related to the grooves of
the helical columns as shown in Fig. 10b. The widths of the

grooves are ca. 5 Å. Unless the grooves are filled with the
guest substituents, inclusion crystals should not form due to
the looser fit between the guest molecule and the host cavity.
Besides, the length and width of host cavities, as described
in Fig. 10a, must be considered when discussing the guest se-
lectivity in relation to the guest size. From Scheme 4, the host
cavity has a limit in the number of the carbon atoms between
hydroxy and terminated methyl groups of the guests, which
helps to explain the steric hindrance between the host cavity
and the guest molecules.

As shown in Schemes 3 and 4, it is not clear experimentally
whether the guests 5, 18, 19, 23, 27, 28, and 32 can be includ-
ed. However, we may be able to predict the inclusion behavior
from the systematic investigation. To predict the inclusion be-
havior, we need to understand the size/shape fit between the
host cavity and the guest molecules and to estimate the number
of the carbon atoms between hydroxy and terminated methyl
groups of the guests in the inclusion crystals by the comparison
of chemical structures of the guests. For example, guest 5
might be included in the �N2-type structure with four carbon
atoms between the hydroxy and the terminated methyl groups
similar to guests 12 and 14. Thus, the ability to form hydrogen
bonds and the size/shape fit lead to a reasonable explanation.

Conclusion

We described the systematic investigation of inclusion crys-
tals of brucine with aliphatic alcohols. These resultant crystals
were elucidated by using a qualitative hierarchical structural
analysis, which showed that the molecules form common 21
helical tape-like assemblies and that the tapes stack in different
ways to give the supramolecular isomers; GF, �-type, and �-
type structures (Fig. 11). We demonstrated that supramolecu-
lar isomerization of the host frameworks in brucine inclusion
crystals with aliphatic alcohols occurred mainly depending
on the size of the guest molecules. It is thought that three-
directional chirality is a useful concept for better understand-
ing of supramolecular isomerism. At present, using three-
directional chirality, it is possible to determine the handedness
of 21 helical tape-like assemblies of chiral compounds with
similar molecular skeletons to steroidal bile acids and brucine.
In order to determine the handedness of 21 helical assemblies
in various systems, further investigations are proceeding in our
laboratory.

The different types of 21 helical tape-like assemblies are
often observed in the brucine inclusion crystals with acidic
guests.22,38,42 In this case, brucinium salts are interpreted as be-
ing single molecules due to strong charge-assisted hydrogen
bonds between the host and guests. Such an interpretation
can explain the acidic guest-induced supramolecular isomer-
ism of brucine. Thus, each phase in the proposed analysis de-
pends mainly on the strengths of intermolecular interactions.
The proposed analysis will contribute to the creation of supra-
molecular architectures. Actually, this has recently become
possible by applying the concept of hierarchical self-assembly,
i.e., non-covalent organization of molecules and macromo-
lecules that takes places over distinct multiple phases.58 How-
ever, the design and prediction of crystal structures as high-
ordered supramolecular architectures has been difficult be-
cause of appearance of unexpected supramolecular isomers.59

ca. 5A

ca. 3-5A

a)

ca. 5A

b)

Fig. 10. Detailed views of the one-dimensional cavity in �-
type structure of brucine: a) a top view, and b) a side view
represented by van der Waals space-filling models. Two-
headed white arrows indicate the axis along which the
modulation between the helical tapes occurs easily, while
four-headed black arrow does the length and width of the
cavity (ca. 5, and 3–5 Å, respectively). Solid curved lines
depict edges of the grooves of the helical tapes. The width
of the groove is depicted by two-headed black arrow, and
is ca. 5 Å. Filling the grooves with the guest substituents
affords the inclusion crystals.
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Our results show that the supramolecular isomers can be qual-
itatively predicted through supramolecular chirality, and prom-
ise the possibility to apply the crystal structure prediction.

In this way, qualitative hierarchical structural analysis is
useful for understanding the supramolecular chirality and iso-
merism starting from chiral molecules, and it serves as a model
for explaining complex phenomena, such as chirality evolu-
tion, nucleation, and crystallization.

Experimental

General Methods. All chemicals and solvents were commer-
cially available and used without any purification. IR spectra were
recorded on a HORIBA FT-IR spectrometer. Thermal gravimetry
(TG) was performed on a Rigaku Thermoplus TG8120 with about
10mg of sample from 30 to 300 �C at a heating rate of 5 �Cmin�1.

Preparation of Inclusion Crystals. Brucine was dissolved
by warming in the liquid guest, and the resulting solution was al-
lowed to stand at room temperature. The resulting crystals were
collected and dried on filter papers.

Crystal Structure Determinations. X-ray diffraction data
were collected on a Rigaku R-AXIS RAPID diffractometer with
2D area detector with graphite-monochromated CuK� radiation.
Lattice parameters were obtained by least-squares analysis of 25
reflections measured in the range 20� � 2� � 25� in the four-
circle diffractometer and reflections for three oscillation images
in the 2D area detector. Direct methods (SIR-9260 and SIR-8861)
were employed for the solution of the structures. The structures
were refined by using the full-matrix least-squares procedure in
the program teXsan.62 All non-hydrogen atoms were refined with
anisotropic displacement parameters, and hydrogen atoms of the
host molecule were placed in idealized positions and refined as

29: C6
(βN2)

27: C6
(NC)

21: C6
(GF)

24: C6
(βO1)

20: C6
(GF)

30: C6
(GF)

18: C6
(NC)

16: C6
(GF)

17: C6
(GF)

9: C5
(GF)

10: C5
(GF)

11: C5
(GF)

12: C5
(βN2)

13: C5
(βO1)

14: C5
(βN2)

15: C5
(βO1)

25: C6
(GF)

22: C6
(GF)

19: C6
(NC)

28: C6
(NC)

26: C6
(GF)

23: C6
(NC)

1: C1
 (α)

2: C2
(GF)

3: C3
(βN2)

4: C3
(GF)

5: C4
(NC)

6: C4
(GF)

7: C4
(βN2)

8: C4
(βO1)

GF

34: C7
(GF)

33: C7
(GF)

32: C7
(NC)

31: C7
(GF)

18: C6
(NC)

16: C6
(GF)

17: C6
(GF)

35: C7
(βN2)

21: C6
(GF)

a)

b)
5: C4
(NC)

6: C4
(GF)

7: C4
(βN2)

8: C4
(βO1)

c)

Scheme 4. Tree diagram of inclusion behavior of brucine in connection with the increase of methylene units of the guests in the
range a) C0 to C4, b) C4 to C6, and c) C6 to C7, where Cn denotes the number of the carbon atoms.
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rigid atoms with the relative isotropic displacement parameters.
The hydrogen atoms of the guest molecules were placed in

idealized positions, and no further refinement was applied. The
assignments of 3, 12, 14, and 15 in the inclusion crystals were
not determined because of disorder. All calculations were per-
formed using the teXsan crystallographic software package.

Crystallographic data have been deposited with Cambridge
Crystallographic Data Centre: Deposition numbers CCDC-
626955–626965 for compounds brucine�1, 3, 7, 8, 12, 13, 14, 15,
24, 29, and 35. Copies of the data can be obtained free of charge
via http://www.ccdc.cam.ac.uk/conts/retrieving.html (or from the
Cambridge Crystallographic Data Centre, 12, Union Road, Cam-
bridge, CB2 1EZ, UK; Fax: +44 1223 336033; e-mail: deposit@
ccdc.cam.ac.uk).

Calculations. The volumes of the guest molecules were
obtained by HF calculations at the level of 6-31G� using
Spartan’04.63 The volumes of the host cavities were derived from
the atomic coordinates by using the Free Volume program,64 in
the Cerius2 software package.65 The atomic radii [Å] used here
are as follows: 1.20 for hydrogen, 1.70 for carbon, 1.65 for nitro-
gen, 1.60 for oxygen.

T. Watabe expresses his special thanks for the center
of excellence (21COE) program ‘‘Creation of Integrated
EcoChemistry of Osaka University.’’ This work was supported

by a Grant-in-Aid for Scientific Research on Priority Areas
(No. 17034039) from the Ministry of Education, Culture,
Sports, Science and Technology, Japan.

Supporting Information

Figures S1–S4 show TG spectra of the brucine inclusion crys-
tals with 3, 12, 14, and 15 in PDF format. Figures S5–S9 show IR
spectra of the guest-free and inclusion crystals with 3, 12, 14, and
15 in PDF format. These materials are available free of charge on
the web at http://www.csj.jp/journals/bcsj/.
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