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The substitution of lithocholic acid (1) to lithocholamide (4)
led to the finding of the formation of channel-type inclusion com-
pounds with a limited range of organic substances, such as alcohols,
ketones and so on. The inclusion behavior of 4 is greatly different
from those of the known hosts of bile acids and their derivatives.

Molecular design of nanoporous material is one of the most
challenging concemns of crystal engineering.1 The prominent de-
sign of hydrogen bonds brings about nanoporous frameworks suit-
able for lattice inclusion compounds. On the other hand, a combi-
natorial approach is also effective for searching the inclusion com-
pounds.2 A fusion of the two approaches would give us an effec-
tive way to find the compounds.
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Deoxycholic acid (2) and cholic acid (3) have been discov-
ered to form the componds by chance.3 Lithocholic acid (1) may
be expected to form the inclusion compounds from a viewpoint of
the combinatorial approach. So far, there is no report about the
inclusion behaviors of 1 and its derivatives, though the discovery
of 1 dates back to 1911.4 Only a structure of its guest-free crystal
is known.5 However, we have found that lithocholamide (4) in-
stead of 1 constructs bilayered frameworks with channels as de-
scribed below.

The crystal of 1 has a slantwise assembly without channels
because of helical hydrogen bonding network among 3-positioned
hydroxy and pendent carboxyl groups (Figure la, 1b).5 On the
other hand, N-n-propylammonium deoxycholate was found to form
bilayered inclusion crystals with a ladder-type hydrogen bonding
network (Figure 1c, 1d).6 This fact reminds that an amide group
is an advantageous implement. The reason is that the group can
commonly form ladder-type hydrogen bonding network by using
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Figure 1. Schematic representation of packing diagrarh of 1 (a);
hydrogen bonding network of 1 (b); packing diagram of N-n-
propylammonium deoxycholate with 2-propanol (c); and hydro-
gen bonding network of N-n-propylammonium deoxycholate with
2-propanol (d).
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Figure 2. Schematic representation of design for ladder-type net-
work by replacement of hydrogen bonding groups.
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an additional hydrogen.” Transformation of carboxyl group to
amide one may cause ladder-type network similar to that of the
salt (Figure 2). This expectation was realized as follows.

Compound 4 was prepared from commercially available 1
as described in the literature.8 The amide was recrystallized from
neat guest components or from THF solution. The resulting crys-
tals were characterized by IR and NMR spectroscopy, TG-DTA
and powder X-ray diffraction methods. We checked over one hun-
dred kinds of the guest candidates, such as aromatic and aliphatic
alcohols, ketones, esters, nitriles and so on.

The results are summarized in Table 1. It can be seen that 4
included about twenty organic compounds among them. Although
small alcohols, such as methanol, ethanol, 1- or 2-propanol, were
not included, 2-methyl-2-propanol were done among four alco-
holic isomers of C4H1(0O. 2-Pentanol, 3-pentanol, 2-methyl-2-
butanol and 3-methyl-2-butanol were included among eight alco-
holic isomers of C5H120. Further inclusion experiments revealed

that 1-hexanol, 2-hexanol, 3-hexanol, 2-methyl-2-pentanol, 3-
methyl-3-pentanol, 3,3-dimethyl-2-butanol and 2-ethyl-1-butanol
were included among alcoholic isomers of C§H140. Other than
these alcohols, only limited substances, such as 3-pentanone, 3-
hexanone, cyclohexanone, isopentyl formate, chloroform, bromo-
form, bromobenzene and 2-bromofluorobenzene were included.

In contrast, 1 did not include these compounds at all. More-
over, deoxycholamide (5) and cholamide (6) flexibly included all
of the aliphatic alcohols investigated.? Accordingly, the inclusion
behavior of 4 is greatly different from those of the known hosts of
bile acids and their derivatives.

In order to explain the unique inclusion behavior of 4, we
employed single crystal X-ray structural analysis. We succeeded
in determining two kinds of the inclusion crystals of 4 with 3-
pentanol and 3-pentanone.10 These crystals belong to the mono-
clinic, space group P2]. Figures 3a and 3b represent the packing
diagrams of the corresponding inclusion compounds, as viewed
down the crystallographic b axis. In each case the host molecules
arrange in a head-to-tail fashion to yield bilayers; which are stacked
$0 as to leave channels accommodating the guests. A relative po-
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Table 1. Inclusion abilities of 4 towards organic compounds2

Guest H:Gb Guest H:G
Methanol GFC  Acetone GF
Ethanol GF  2-Butanone GF
1-Propanol GF  2-Pentanone GF
2-Propanol GF  3-Pentanone 1:1
1-Butanol GF  2-Hexanone GF
2-Butanol GF  3-Hexanone 1:1
2-Methyl-1-propanol GF  Acetophenone GF
2-Methyl-2-propanol 1:1 n-Butyl formate GF
1-Pentanol GF  Isopentyl formate 1:1
2-Pentanol 1:1  Methyl acetate GF
3-Pentanol - 1:1  Ethyl acetate GF
2-Methyl-1-butanol =~ GF  Methyl benzoate GF
3-Methyl- 1-butanol GF THFE GF
2-Methyl-2-butanol 1:1 14-Dioxane GF
3-Methyl-2-butanol 1:1  Anisole GF
2,2-Dimethyl-1-propanol GF  Acrylonitrile GF
1-Hexanol 1:1  Chloroform 1:1
2-Hexanol 1:1 Bromoform 1:1
3-Hexanol 1:1 Benzene GF
2-Methyl-2-pentanol 1:1 Toluene GF
3-Methyl-3-pentanol 1:1 Ethylbenzene GF
3,3-Dimethyl-2-butanol 1:1  Bromobenzene 2:1
2-Ethyl-1-butanol 1:1 2-Bromofluorobenzene 2 : 1

4 Determined by TG-DTA. b Host : guest molar ratio.
€ GF : Guest-free crystal.

sition on lipophilic sides of the layers for 3-pentanol is similar to
that for 3-pentanone.

Figures 4a and 4b show their hydrogen bonding schemes
and distances. It can be seen that hydrogen bonding groups of the
hosts construct common ladder-type networks instead of helical
network of 1 (Figure 1b). The ladder-type networks yielded the
bilayered assemblies with channels, though the helical network
did the slantwise assembly without channals.3 As shown in Fig-
ure 4a, the 3-pentanol molecules are trapped through hydrogen
bonds, explaining the inclusion of many alcoholic components.
On the other hand, Figure 4b shows that there is no hydrogen bond
among 3-pentanone molecules and the host molecules. It is
noteworthy that the bond distance (3.57 A) of N-H[C(24)[]***O-
H[C(3)11] for 3-pentanol is longer than usual hydrogen bonding
distances, but that (3.23 A) for 3-pentanone is shortened.5 In con-
trast, 1 has the short hydrogen bond lengths (2.60, 2.71 A in Fig-
ure 1b).

The other inclusion crystals were characterized by X-ray
powder diffraction patterns. The inclusion compounds with the
alcohols have the crystal structures similar to that with 3-pentanol,
since they have similar peaks with 26 values of about 5.4 and 8.4°.

All of the resulting inclusion crystals gave two endothermic
peaks in the DTA. One peak at higher temperature corresponds to
the melting point (ca. 215 °C) of 4 itself. The other peak is based
on the release of the guests from the host lattice. For example, the
inclusion compounds of 4 with 3-pentanol and 3-pentanone gave
the peaks at ca. 89 and 102 °C, respectively. This result indicates
that the stabilization of the inclusion crystals depends on the steric
terms rather than hydrogen bonding terms.

In conclusion, this study suggests that even when the acid-
form of a steroidal bile acid does not yield the inclusion com-
pound, other derivatives of the acid may form the compounds
through different hydrogen bonding network. Accordingly, it is
considered that molecules with steroidal skeletons and hydrogen
bonding groups may have latent inclusion abilities towards organic
substances.
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Figure 3. Schematic representation of the packing diagrams; in-
clusion crystals of 4 with 3-pentanol (a) and with 3-pentanone (b).
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Figure 4. Schematic representation of hydrogen bonding net-
works; inclusion crystals of 4 with 3-pentanol (a) and with 3-
pentanone (b). Empty, filled and shadowed circles represent car-
bon, oxygen and nitrogen atoms, respectively.
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