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ABSTRACT

Some novel tetra- and hexasalicylide derivatives were synthesized. The tetrasalicylides having a 5-substituted halogen atom on the aromatic
ring form organogels with several kinds of organic solvents, whereas the parent compound does not. In contrast, hexasalicylides form stable
inclusion crystals with several organic guest molecules.

There has been increasing interest in host-guest inclusion
compounds because of their potential applications such as
separation of isomeric compounds, optical resolution of
enantiomers, reaction medium of included molecules, and
sensor materials.1 Tri-o-thymotide 1 is one of the well-studied
clathrate host compounds that form inclusion crystals with
a wide variety of guest molecules.1 The propeller-shaped tri-
o-thymotide molecule 1 has the specific property of undergo-
ing spontaneous resolution on crystallization, and many
applications such as optical resolution of guest molecules,
asymmetric reactions of included guests, separation of

specific molecules from complex mixtures, determination of
guest configuration, matrix isolation of labile molecules, and
nonlinear optical properties have been studied.2 However,
inclusion properties of higher homologues of 1 have not been
investigated so far. Herein, we report the synthesis, crystal
structure, and inclusion properties of some novel tetra- and
hexasalicylide derivatives (2, 3). Upon exploring the inclu-
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sion properties of these compounds, we found unexpected
organogelation abilities of tetrasalicylides (2b-e) with a wide
variety of organic solvents. In contrast, hexasalicylides (3a,
3b) were found to form stable inclusion crystals with several
organic solvents. The crystal structures of some tetra- and
hexasalicylides were also studied.

A mixture of 2-hydroxybenzoic acid and POCl3 was heated
in toluene solution under reflux for 6 h. After the reaction
mixture was cooled, the crystals deposited were separated
by filtration and washed with toluene and MeOH. The
crystalline solid was collected and extracted with hot
chloroform using Soxhlet apparatus, and the extract was
concentrated to give the tetrasalicylide. In the case of the
reactions of 5-fluoro- and 5-iodosalicylic acids, a mixture
of tetrasalicylide (2) and hexasalicylide (3) was formed, and
the components were separated by recycling HPLC to give
pure tetrasalicylide (2) and hexasalicylide (3), respectively
(Scheme 1).

Upon crystallization from the solvents listed in Table 1,
2a formed inclusion crystals with CHCl3 and DMSO in 1:2
ratios. In contrast, tetrasalicylides (2b-e) having halogen
atoms on the aromatic ring formed organogels (Figure 1,
left). Among 2b-e, 2c showed excellent organogelation
abilities for several organic solvents listed in Table 1.

To obtain visual insight into the molecular aggregate, we
prepared dry gels for scanning electron microscopy (SEM).
Figure 1 (right) shows a typical result obtained from dried
gels. The SEM photograph shows the three-dimensional
network formed by entanglement of self-assembled nanofi-
bers. It has been well recognized that anisotropic interactions
through hydrogen bonding, CH/π, and π/π stacking are
responsible for the linear aggregation of low molecular
weight organic gelators, allowing the gel formation.3

Hexasalicylide derivatives (3a and 3b) incorporate several
kinds of organic guest molecules into stable inclusion
complexes in the ratios indicated in Table 2. The host/guest
stoichiometric ratios of 1:3 and 1:5 are exceptionally large,
which indicates the high efficiency of guest accommodation
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Scheme 1. Synthesis of Tetra- and Hexasalicylides

Table 1. Gelation Properties of Tetrasalicylide Derivatives 2a-f

solvent 2a 2b 2c 2d 2e

CHCl3 Ca PG (5)c G (5)b

THF G (10) G (10)
dioxane G (5) G (10)
cyclopentanone G (5) G (10)
cyclohexanone G (5) G (10)
DMSO C G (5)
DMF G (10)
benzene G (5) G (5) PG (5) G (5)
toluene G (5) G (2) PG (5)
chlorobenzene G (2) G (2) G (10) G (5)
aniline G (5) G (10) G (5)
pyridine G (10) G (5)

a C: 1:2 inclusion complex. b G: gel; values in parentheses refer to
minimum concentration necessary for gelation (mg/mL). c PG: partial gel.

Figure 1. Photographs of typical toluene gels (left) and SEM image
of dried gels (right).
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of these host compounds (Figure 2). It is also remarkable
that these hosts form stable inclusion crystals and the guest
molecules are liberated at much higher temperatures than
their guest boiling points. For example, the 1:1 inclusion
crystal of 3b with chloroform decomposed when the inclu-
sion crystal was heated above 147 °C, although the boiling
point of chloroform is only 61 °C.

The observation that host 2c displayed exceptional organ-
ogelation ability when interacting with solvents, whereas the
parent host 2a was found to form only inclusion compounds,
prompted a comparative study of their crystal structures. The
X-ray structure of the new host 2c was therefore determined in
this study4 and compared with the published structure of 2a.5

Figure 3 shows the structure of 2c.
The molecule is located on a special site of j4 symmetry

with the orientations of the four arylcarboxylate units
alternating up and down. These four units are held together
by trans ester linkages (representative dihedral angle

C4-O8-C9-C5i ) 180° (i ) y, 3/2-x, 1/2-z)). Evi-
dence of internal steric strain is the short intramolecular
distance between a central oxygen atom (O8) and its j4-
related neighbor, where O· · ·O is 2.663(2) Å. These central
oxygen atoms are more evident in Figure 4, the crystal

packing diagram. The projected square arrays of Cl atoms
(arranged around a 42-axis) are also a notable feature.
Close contacts of 3.520(2) Å occur between the diagonally
related Cl atoms, linking molecules in chains along the
crystallographic a- and b-directions. There are two unique
intermolecular hydrogen bonds of type C-H· · ·O:

(4) Crystal data for 2c: C28H12Cl4O8, M ) 618.18, tetragonal, space
group P42/n (No. 86), a ) b ) 13.2927(3) Å, c ) 7.3547(2) Å, V )
1299.55(5) Å3, Z ) 2, Dc ) 1.580 g/cm3, F000 ) 624, Mo KR radiation, λ
) 0.71073 Å, T ) 113(2) K, 2θmax ) 50.6°, 17580 reflections collected,
1184 unique (Rint ) 0.0646). Final GooF ) 1.098, R1 ) 0.0332, wR2 )
0.0831, R indices based on 943 reflections with I >2σ(I) (refinement on
F2), 92 parameters, 0 restraints. Lp and absorption corrections applied, µ
) 0.508 mm-1.
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Table 2. Inclusion Properties of Hexasalicylide Derivatives
3a,ba

guest 3a 3b

CHCl3 1:1 (147)
cyclohexanone 1:3 (171)
DMSO 1:3 (159) 1:3 (115)
DMF 1:2 (125) 1:5 (142)
pyridine 1:5 (101)

a Host-guest ratios were determined by TG and 1H NMR; values in
parentheses refer to guest release temperature (°C).

Figure 2. TG trace of 1:3 inclusion crystals of 3b and cyclohex-
anone.

Figure 3. ORTEP diagram of the molecule of 2c with thermal
ellipsoids drawn at the 50% probability level.

Figure 4. [001] projection of the crystal structure of 2c.
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C2-H2· · ·O10ii (ii ) 1-x, 1-y, 1-z) and C6-H6· · ·O10iii

(iii ) 1/2+y, 1-x, 1/2+z), with C· · ·O 3.372(2) and
3.398(2) Å, respectively. When the full symmetry of
molecule 2c is applied, a complex network involving a
total of 16 C-H· · ·O hydrogen bonds per molecule arises.
It is noteworthy that these H-bonds involve the two H
atoms ortho to the Cl atom and the carbonyl oxygen atom
O10 as acceptor exclusively. Close stacking of molecules in
the z-direction is achieved by interlocking of the V-shaped
grooves formed by diad-related arylcarboxylate planes.

The parent compound 2a (monoclinic, P21/n) crystallizes
with two independent molecules in the asymmetric unit.5

These have pseudo-j4 symmetries and conformations very
similar to one another and to that of the chlorinated analogue
2c. However, in its own crystal, 2a displays minimal
C-H· · ·O hydrogen bonding,5 and the enhanced ability of
host 2c to form hydrogen bonds may be related to its
tendency to form gels. The crystal packing of 2a also differs
from that of 2c. In 2a, close packing is achieved by insertion
of a phenyl ring of one molecule within the V-groove of a
neighboring molecule. The result is extensive molecular
overlap when the crystal structure is viewed down the
common direction of the host pseudo-j4 axes (Figure 5).

The novel hexasalicylide host 3a is located on a center of
inversion.6 Aryl carboxylate units are linked by trans ester
linkages (C-C-O-C range -176.1(2) to +176.7(2)°) and
alternate in orientation. Space-filling models show that in
this conformation the central region of the host is blocked
by oxygen atoms of the ester groups with O· · ·O distances
of 2.806(2) and 3.157(2) Å. The molecule therefore presents
two bowl-shaped cavities to potential guest molecules, above
and below the belt of constricting oxygen atoms.

Figure 6 illustrates the inclusion of two DMF molecules
within a cavity created by two host molecules in the
compound 3a·(DMF)2. Each DMF molecule inserts into the

bowl-like cavity generated by three alternate arylcarboxylate
units, the whole assembly shown having a center of inversion.
Inspection of the crystal packing shows that guest molecules
are fully surrounded by host molecules. Only one weak
host-guest hydrogen bond was detected: C13-H13· · ·O31ii

with C· · ·O 3.353(2) Å (ii ) 2-x, 1-y, 1-z, atom O31 being
that of the DMF molecule).

H-bonding between host molecules is minimal; only one
bond with C· · ·O < 3.4 Å was found, namely C4-H4· · ·O19ii

(ii ) x, 1+y, z) with C· · ·O ) 3.143(2) Å. In contrast to 2c,
where Cl-induced acidity in flanking C-H groups appears
to promote C-H· · ·O hydrogen bonding, the F atoms
surprisingly do not appear to manifest analogous effects in
the crystal of inclusion compound 3a·(DMF)2.

While the factors favoring organogelation are not fully
understood, self-assembly via noncovalent interactions,
including H-bonding, have been indicated as playing a role.7

For the novel host compounds reported here, the small
sample of crystal structures gives some indications of
H-bonding potential in the solid state. Possible structural
differences in crystals of the gelator 2c and the nongelator
2a that may account for their different behaviors include the
presence of numerous intermolecular C-H· · ·O hydrogen
bonds and close Cl· · ·Cl contacts for the former compound
versus only relatively few C-H· · ·O hydrogen bonds for the
latter. Further X-ray studies and investigation of the nature
of molecular association in the gels are necessary to develop
a possible mechanism for organogelation and to understand
the different behaviors of the two series of host compounds.
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Figure 5. Crystal packing in 2a viewed approximately parallel to
the [101] direction.

Figure 6. Inclusion of DMF molecules by host 3a.
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