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Systematic Modulation of the Supramolecular Gelation Properties

of Bile Acid Alkyl Amides

Riikka Kuosmanen,?! Rakesh Puttreddy,® Kari Rissanen*® and Elina Sievanen*®

Abstract: The self-assembly properties of nine bile acid alkyl amide-
based low-molecular weight gelators (LMWGs) are studied in detail.
Based on the results the number of hydroxyl groups attached to the
steroidal backbone plays a major role in the gelation, although the
nature of the aliphatic side chain modulates the gelation abilities as
well. Of the 50 gel systems studied, 35 are based on lithocholic acid
and 15 on cholic acid derivatives. The deoxycholic acid derivatives did
not form any gels. The gelation commences primarily in aromatic
solvents and the gels manifest typical fibrous or spherical
morphologies. The *C CPMAS NMR spectra measured from the
crystalline materials and the corresponding wet organogels are
analogous, suggesting that the chemical environments viz. the
intermolecular interactions found in the organogels and in the
crystalline state are similar. The single crystal X-ray structures of all
nine bile acid amide derivatives studied revealed very similar
molecular conformations in the solid state and gave insights into the
possible intermolecular interactions in the gel state.

Introduction

Supramolecular gels formed by low molecular weight gelators
(LMWGs) have been under intensive research in the past
decades.' The properties of these soft systems differ from those
of pure solids or liquids leading to emergence of applications in
numerous fields, such as sensing,* biomedicine,® or materials
technology.® Some of the recent examples include the use of
supramolecular ionogels in non-covalent antibacterial coatings?,
in environmental remediation®, and as radical scavengers®.
Supramolecular gels manifest a network consisting of fibers or
other nano- or microstructures, which immobilizes the bulk
solvent by weak interactions, such as hydrogen bonding, n-n
interactions, metal ion coordination, or van der Waals forces."?
Some gel materials exhibit crystalline character, and the
organization of the gelator in the crystalline state of the gel fiber
can provide a concrete way of linking aspects of these two
extremes. This lays the foundation for trying to understand how
changes in the molecular structure affect the properties of the
formed gels.'0-%

Bile acids are end products of cholesterol metabolism
formed in the liver enhancing the digestion and absorption of lipids
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and lipid-soluble vitamins. They are of pharmacological interest,
being potential carriers and enhancers of absorption of drugs as
well as major regulators of cholesterol homeostasis.?*>-?* Bile
acids possess a unique structure with a convex hydrophobic 3-
side, a concave hydrophilic o-side, and a polar side chain.?®
Because the molecule is polar on one side and apolar on the
other, it is facially amphiphilic and its aggregates in water differ
from those of classical surfactants.?® Since the difference in the
steric crowding enables derivatization of each hydroxyl group
attached to the steroidal backbone individually, the water/lipid-
solubility of the molecules can be easily tailored. More
convertibility is achieved by modifying the side chain of bile
acids.?7-28

Several bile acid amide derivatives containing a functional
group at the end of the aliphatic side chain have been reported
and their properties studied by us.?-%¢ Many of them have shown
to be effective gelators, and one even formed stimuli-responsive
metallogels.** Recently, we have focused on the bile acid
derivatives that have no functional group at the end of the aliphatic
side chain. The aim has been to determine the role of the
functional group in self-assembly properties. Within the group of
bile acid ethyl amides, the lithocholic acid derivative was shown
to form hydrogels in addition to organogels.®”

In the current study, the self-assembly and gelation
properties of nine bile acid alkyl amides were studied in detail.
Careful control of the crystallization under equal conditions
resulted in good quality single crystals of all nine amides. The
subsequent single crystal X-ray studies showed that the N---H,
O---H, and H---H interactions were the most important
intermolecular interactions affecting organization of the molecules
in the solid state. Of the 50 gel systems formed, 35 consisted of
lithocholic acid (LCA) derivatives and 15 of cholic acid (CA)
derivatives, whereas deoxycholic acid (DCA) derivatives did not
form any gels. Even though the length and branching of the
aliphatic side chain clearly have an effect on the gelation abilities
of the compounds, the number of hydroxyl groups attached to the
steroidal backbone plays a major role in the gelation. The °C
CPMAS NMR spectra measured from both the crystalline material
and the corresponding wet gels are analogous, suggesting that
the chemical environments viz. the intermolecular interactions
found in the gel and in the crystalline state are similar.

Results and Discussion
Synthesis

LCA, DCA, and CA amides LCA1-CA9 were synthesized by
following straightforward and facile literature methods (Scheme
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1).29-30.32-3437-38 Al compounds were purified by simple

recrystallizations with yields varying between 32 % and 73 % (See
Electronic Supporting Information for more details).

Et;N
o CICOOE
_DMF/THF
,‘Qa OH 10°C

HoN' R
‘3 HN—R? DMF/THF
0 °C to RT/reflux

LCA1 R'=0OH, R?=H, R3=H, R*=(CH,),CHj
DCA2 R'=0OH, R?=H, R3=0H, R*=(CH,),CHj;
CA3 R'=0OH, R?=0H, R3=0H, R*=(CH,),CH3
LCA4 R'=0OH, R?=H, R3=H, R*=(CH,)3CHs
DCAS5 R'=0OH, R%=H, R3=0H, R*=(CH,);CH,
CA6 R'=0H, R?=0H, R3=0H, R*=(CH,);CHj;
LCA7 R'=0H, R2=H, R3=H, R*=(CH,),C(CH3;),
DCAB8 R'=0H, R2=H, R3=0OH, R*=(CH,),C(CHs),
CA9 R'=0H, R?=0H, R®=0H, R*=(CH,),C(CH3;),

Scheme 1. The synthetic route leading to compounds LCA1-CA9.

Single Crystal X-ray Analysis

Single crystals of compounds LCA1-CA9 suitable for X-ray
diffraction analysis were obtained by slow evaporation of either
acetonitrile, DMF, or ethyl acetate solutions. The compounds
create a pseudo isomorphous and isostructural series,
crystallizing in the monoclinic space group P21 without solvent
molecules (Figures 1 and 2). This differs markedly from the
behavior of bile acid derivatives with shorter alkyl (ethyl) chains,
where solvent molecules have a key role in stabilizing the crystal
lattice.” This suggests that for the compounds LCA1-CA9 with
longer alkyl side chains the intermolecular bile acid-to-bile acid
interactions are preferred over the bile acid-solvent interactions.
The hydroxyl and amide groups are fully utilized in forming the
intermolecular O—H---O and N-H---O hydrogen bonds to give a
typical ordered 1-D bilayered structure (Figure S7).3*! The
Hirshfeld surface analysis**~*° for crystal structures of compounds
LCA1-CA9 indicates that these bilayers form a compact 3-D
crystal lattice by high percentage of H"H interactions (Table S6
and Figures S9-S17).

Gelation Properties

The gelation abilities of compounds LCA1-CA9 were tested in 36
solvents and of compounds LCA1-CA6 additionally in 12
aqueous solutions. The results obtained are presented in
Electronic Supporting Information (Tables S1-S3), while only
selected gelation experiments are shown in Table 1. A total of 50
gel systems were formed, of which 35 by LCA and 15 by CA
derivatives, respectively. In accordance with our previous results,
DCA derivatives did not form any gels. Gel formation is mostly fa-
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(b)

Figure 1. The X-ray crystal structures of (a) N-propyllithocholamide, LCA1, (b)

N-propyldeoxycholamide, DCA2, (c) N-propylcholamide, CA3, (d) N-
butyllithocholamide, LCA4, (e) N-butyldeoxycholamide, DCAS5, (f) N-
butylcholamide, CAG6, (g) N-iso-pentyllithocholamide, LCA7, (h) N-iso-

pentyldeoxycholamide, DCAS8, and (i) N-iso-pentylcholamide, CA9, with thermal
ellipsoids at 50% probability level.
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Figure 2. The overlay of the X-ray crystal structures of (a) LCA1, DCA2, and
CA3, (b) LCA4, DCAS5, and CA6, and (c) LCA7, DCAS8, and CA9 shown in
capped stick model. Color codes: green (LCA1, LCA4, LCA?7), blue (DCA2,
DCA5, DCAS8), and gold (CA3, CA6, CA9).

vored in aromatic solvents, which is commonly observed for bile
acid derivatives.3-333537 Fyrthermore, the gels of the lithocholic
acid derivatives LCA1, LCA4, and LCATY as well as those of the
cholic acid derivatives CA3, CA6, and CA9 were thixotropic by
nature similar to the gels formed by the ethyl amide derivatives
reported previously by us.%’

Because the formation of the bilayered structures, involving
the functional groups in the head (hydroxyl groups) and tail
(carboxylic acid groups or their derivatives) of the steroidal
backbone, is typical for bile acid derivatives in the solid state,3**'
it is reasonable to assume that similar structures exist also in the
semi-solid or gel-states. In the case of CA and its derivatives the
inter-bilayered interactions are reinforced by hydrogen bonds
between the hydroxyl groups at positions 7a and 12a (Table S6).
Thus the interstices between the bilayers formed up by the
lipophilic B-faces of the steroidal backbones create suitable
environments for the entrapment of aromatic solvent molecules.
The LCA derivatives lack hydroxyl groups on the steroidal a-face,
and are thus relatively lipophilic both on a- and (-sides. This
property favors the entrapment of the aromatic solvent molecules.
These structural features account for the tendency of CA and
LCA derivatives to form supramolecular gels particularly in
aromatic solvents. The DCA derivatives, which bear only one
hydroxyl group on the a-side of the steroidal skeleton, manifest a
different polarity profile. In addition, their mutual orientation is
altered (Figures S21b and S22c), which prevents the formation of
favorable space for entrapment of solvent molecules and thus
disfavors supramolecular gel formation.
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Table 1. Gelation test results at 1 % (w/v) for compounds 1-9.

Solvent LCA1 | CA3 | LCA4 | CA6 | LCA7 CA9
G,
Benzene NG PG G NG PG G
Toluene NG G- G NG G- G
G,G-,

Ethylbenzene NG NG PG NG PG G

o-Xylene PG NG G- G- G- G

m-Xylene NG NG G NG G G
p-Xylene G NG G NG G G-
tert-Butylbenzene NG NG NG NG G- PG
G-,

Cumene G-,G NG G NG G PG
Chlorobenzene G NG G- NG G- NG

. G, G- PG,
Anisole PG G G G G- G
. G-,

1,4-Dioxane G- G- G NG PG PG
Acetonitrile NG NG NG NG (P;G NG
Carbontetrachloride gc'; NG PG NG NG NG
Ethyl acetate gG NG NG NG NG NG

G = gel with appr. 0-5 % free solvent, G- = gel with appr. 5-20 % free solvent,
PG = gel with appr. 50 % free solvent, NG = no gel.

Morphology

The bile acid derivatives typically form gels consisting of
differently organized fibres or of spherical assemblies. 30-33.35-%7
The derivatives LCA1, LCA4, and LCA7 formed gels with flat
fibres in chlorobenzene (Figures 3a-c). The width of the fibres in
the case of compounds LCA1 and LCA4 was approximately
600-800 nm and the length approximately 40-50 um. Compound
LCA7 formed clearly thicker (up to 1.6 pm) and longer (200 um)
fibres. When the gelator concentration was increased from 1 % to
2 % (wl/v), the fibres formed fan-shaped bundles. Similar fan-
shaped bundles were observed previously within the 1 %
hydrogels of LCA ethyl amide.?’ Interestingly, compounds LCA1
and LCA7 formed hollow nanotubes in ethyl acetate, as can be
seen in Figure S3. The nanotubes of compound LCA1 were
approximately 390 pm long and 30 pm in diameter, whereas the
flat fibres co-existing with the tubes were approximately 60 pum
long and 950 nm wide, respectively. The nanotubes were clearly
shorter and thinner in the case of compound LCAZ7, for which the
length varied between 12 pm and 32 ym and the width between
700 nm and 3.3 ym.

The non-gel-forming amides DCA2, DCA5, and DCAS8
showed clearly crystalline nature. Compound DCA2 formed a
crystal with wood-like surface (Figure 3d), whereas rods with
frayed ends were seen in the case of compound DCAS5 (Figure
3e). Compound DCAS8 possessed larger entities, which consisted
of individual rods (Figure 3f). The largest assembly was
approximately 19 ym long and 9 ym wide. The single rods were
non-uniform in size; their lengths varied from 250 nm to 1 um,
whereas they were approximately 230 nm wide. Together with the
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entities consisting of rods extremely small spherical assemblies
(1.8-3.3 ym in diameter) were observed in the case of compound
DCAS.

The amides CA3, CA6, and CA9, for one, formed spherical
assemblies, which coexisted with fibres. The assemblies of the
propyl amide derivative CA3 were spherical both in 1 % and 2 %
chlorobenzene gels (Figure 3g). The 1 % gel consisted of spheres
of 1.1-1.45 ym in diameter (Figure S1c), whereas in the 2 % gel
the spheres were more versatile in size. The 1 % chlorobenzene
gel of the butyl amide derivative CA6 contained some crystalline
material (Figure S1d). The crystals were rectangular in shape,
and their sizes varied greatly; thickness varying between 21-67
pum and length between 40-230 um, respectively. In the 2 % gel
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some of the crystals had further assembled in spherical structures
(Figure 3h). The 1 % chlorobenzene gel of the iso-pentyl
derivative CA9 (Figure S4c) also consisted of spherical
assemblies, whose diameters were considerably larger (120 um)
than those detected in the gel formed by compound CA3 and the
surface had a folded structure. The 2 % gel of compound CA9
possessed an extensively folded surface (Figure 3i).

Based on the SEM images an obvious morphological
difference between the gel-forming LCA and CA derivatives and
the non-gel-forming DCA derivatives can be observed. The gel-
forming derivatives possess fibrous and spherical structures,
whereas the non-gel-forming derivatives form clearly crystalline
assemblies.

Figure 3. a) 2 % (w/v) chlorobenzene gel of compound LCA1, b) 2 % (w/v) chlorobenzene gel of compound LCA4, c) 2 % (w/v) chlorobenzene gel of compound
LCA7, d) 2 % (w/v) chlorobenzene solution of compound DCA2, e) 2 % (w/v) chlorobenzene solution of compound DCAS, f) 2 % (w/v) chlorobenzene solution of
compound DCAS8, g) 2 % (w/v) chlorobenzene gel of compound CA3, h) 2 % (w/v) chlorobenzene gel of compound CAG6, and i) 2 % (w/v) chlorobenzene gel of

compound CA9.

13C CPMAS NMR

For the '3C CPMAS NMR measurements, 2 % (w/v) gel samples
of compounds LCA1, CA3, LCA4, CA6, and CA9 in
chlorobenzene were prepared. Despite numerous efforts, for
compound LCA7 a reasonable S/N ratio was not reached by
using a concentration of 2 % (w/v), which is why the concentration
was increased to 4 % (w/v). The hot solution containing the

compound in question was quickly pipetted into a rotor. The
crystalline samples of compounds LCA1, CA3, LCA4, CA6, and
CA9 were prepared by recrystallizing the compounds in
acetonitrile, and that of LCA7 in DMF to maintain consistency with
the single crystal X-ray analyses. The crystalline samples were
dried under vacuum before the measurements. The gel samples
were spun at a rate of 4 kHz and the crystalline ones at 10 kHz.
The possibility of melting of the gel due to rotation was taken into
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account by using a slower spinning speed. Furthermore, the
phase of the sample was ascertained to be a gel by visual
inspection immediately after the measurement.

As can be seen from Figure 4, the *C CPMAS NMR spectra
of the derivatives LCA1, LCA4, and LCA7 measured from the
crystalline materials corresponding to the X-ray crystal structures
(Figure 1 and Figures 4a, c, and e) and from the chlorobenzene
gels (Figures 4b, d, and f) are similar to each other. The same
applies for the other gel-forming series, the derivatives CA3, CA6,
and CA9 (Figures S23-S25) as well. This suggests that the
chemical environments and intermolecular interactions in the
solid state and in the gel are alike.

? [)\j\
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\\/VUL’

A M /
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Figure 4. '3C CPMAS NMR spectra of compounds LCA1, LCA4, and LCAT:
LCA1 recrystallized from acetonitrile (a), 2% (w/v) chlorobenzene gel of LCA1
(b), LCA4 recrystallized from acetonitrile (c), 2% (w/v) chlorobenzene gel of
LCAA4 (d), LCAT7 recrystallized from DMF (e), and 4% (w/v) chlorobenzene gel
of LCATY (f). In the gel samples, carbon signals from the chlorobenzene solvent
are marked with an asterisk.

[ppm]

Conclusions

As a continuation of our systematic studies on the effect of the
side chain modification on the gel-forming properties of bile acid
derivatives, a detailed study on self-assembly properties of nine
bile acid alkyl amides is reported. Based on the results the
number of hydroxyl groups attached to the steroidal backbone
seems to play a major role in gelation, although the nature of the
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aliphatic side chain has an impact on the gelation abilities as well.
Of the 50 gel systems formed, 35 consisted of LCA and 15 of CA
derivatives, whereas DCA derivatives did not form any gels. The
intermediate polarity profile on the a-side of the DCA derivatives
seems to prevent favourable interactions for supramolecular gel
formation. The gels of LCA and CA derivatives were formed
mostly in aromatic solvents exhibiting typical fibrous or spherical
morphologies. The '*C CPMAS NMR spectra measured from the
crystalline materials corresponding to the X-ray crystal structures
and from the chlorobenzene gels of LCA and CA derivatives are
similar to each other indicating similar chemical environments and
intermolecular interactions in the crystalline state and in the gels.
When used with caution the correlation between single crystal X-
ray crystallography and solid-state NMR may provide additional
insight for inspecting the structure of the supramolecular gels.

Experimental Section

Details of the syntheses, compound characterizations, and
gelation property studies are given in the Electronic Supporting
Information.
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Systematic Modulation of the
Supramolecular Gelation Properties
of Bile Acid Alkyl Amides

When R = -CH,CH,CH;
-CH,CH,CH,CH;
-CH,CH(CH),

A detailed study on the self-assembly properties of nine bile acid acid alkyl amide-based low-molecular weight gelators resulted in 50
gel systems, 35 of which were based on lithocholic acid and 15 on cholic acid derivatives. Deoxycholic acid derivatives, however, did
not form any gels. Gelation commenced primarily in aromatic solvents and the gels manifested typical fibrous or spherical morphologies.
The ®C CPMAS NMR spectra measured from the crystalline materials and the corresponding organogels were analogous, suggesting
that the chemical environments and consequently the intermolecular interactions in the organogels and in the crystalline state are
similar. The single crystal X-ray structures of all nine bile acid amide derivatives revealed similar molecular conformations in the solid
state giving insights into the possible intermolecular interactions in the gel state.
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