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Abstract

Neutral anion receptors based on the C3-symmetric metacyclophane structure with three thiourea groups
as linkers between aromatic groups have been prepared and examined for their anion-binding ability. The
association constants of 1 and 2 with various anions were measured by the 1H NMR titration method.
Compound 2, with three convergent thiourea groups pointing toward the binding cavity, showed increased
binding a�nities to anions and selective binding to AcO^ compared to conformationally more ¯exible 1,
which exhibited selective binding to H2PO4

^ in DMSO-d6. # 2000 Elsevier Science Ltd. All rights reserved.
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In spite of recent advances and the variety of anion receptors developed so far, the problem of
achieving strong and selective anion recognition has not yet been solved, in contrast to the far
more developed classical cation receptors.1 So far, the basic strategy for the construction of
anion-binding receptors has been to exploit electrostatic interactions2 and/or hydrogen bonds,3 or
Lewis acidic metal±ligand interactions.4 Among these noncovalent interactions, we have been
interested in developing hydrogen bond-based neutral anion receptors. Owing to the relatively
strong hydrogen bonding ability of urea and thiourea groups, a number of molecules possessing
urea or thiourea groups have been designed as neutral receptors for various anions.3 For strong
and selective binding, these groups should be preorganized to complement the target anion and
minimize intramolecular hydrogen bonding. One way to achieve this is to make cyclic receptors
with urea or thiourea groups connected to rigid spacers.3e,f This paper describes the synthesis of
C3-symmetric metacyclophane-based anion receptors with three thiourea groups and their
binding properties toward various anions in polar organic media.
We chose 15 as a novel framework for anion receptors. Compound 1 can be envisioned as a

hexahomooxacalix[3]arene6 analog: six oxygens used for metal ion complexation6b are replaced
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with three thiourea groups as hydrogen bond donors for anion binding; their conformational
¯exibility is similar.

The judicious molecular design of arti®cial receptors starting from the basic skeleton of 1 is
expected to lead to a very active area of anion recognition. We wanted to orient thiourea NH
protons toward the macrocyclic cavity for e�ective anion binding. However, MM2 calculations
on 1 indicate that low energy conformations within the 3 kcal/mol window are not preorganized
for binding to anionic guests inside the macrocyclic cavity.7 One way to reduce the reorganization
costs of complexation and thus enhance the binding e�ciency is to exploit nonbonded, con-
formational locking interactions.8 The design principle comes from the conformation of hexa-
ethylbenzene; avoidance of nonbonded interactions of the adjacent methylene hydrogens assures
that the b groups alternate above (a) and below (b) the ring in a trigonally symmetric conforma-
tion (ababab).2f,9 We thought that placing three ethyl groups on the 2, 4 and 6 positions of the
aromatic spacer of 1 would give rise to conformationally less ¯exible 2. This design would result
in orienting the six thiourea NH groups of 2 preferentially toward the inner side of the bowl-
shaped macrocycle. Indeed, conformational searching of 2 con®rms the expected cone con-
formation of all conformers within the 3 kcal/mol window of the lowest energy conformer in
which a cavity is formed by six inwardly predisposed NH groups for anion binding (Fig. 1).7

Modeling also suggests that intramolecular hydrogen bonding between these groups is clearly

Figure 1. The energy-minimized structure of 2 (left: top view, right: side view). Hydrogens except NHs have been
omitted for clarity.
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impossible. A binding cavity formed by meta-substituted aromatics may function as a hydro-
phobic pocket for the nonpolar part of a substrate. From these structural features, the designed
C3 host 2 could act as an e�ective binder for various shapes of anions and polyatomic substrates.
The known compound 1 was prepared according to a published procedure.5 Compound 210

was obtained from 1,3-bis(aminomethyl)-2,4,6-triethylbenzene (3) in four steps, as shown in
Scheme 1.

The bridging methylene protons (±CH2±NHCSNH±) appearing as a broad singlet at 4.66 ppm
at 30�C were split into two signals at 4.99 and 4.21 ppm at 0�C, exhibiting a large geminal
coupling of 13.4 Hz at ^25�C, which indicates a cone-shaped conformer as expected from con-
formational searching.
Addition of the tetrabutylammonium salts of anions to 1 or 2 in CDCl3 and DMSO-d6 caused

substantial down®eld shifts of the NH resonances in the 1H NMR spectra, indicating the forma-
tion of hydrogen-bonded complexes. Aromatic proton signals of 2 experienced up®eld shifts upon
complexation with anions, indicating that anions should be surrounded by aromatic rings.
Additionally, the bridging benzylic protons became diastereotopic (AcO^, ��=0.14 ppm;
H2PO4

^, ��=0.33 ppm; Br^, ��=0.45 ppm: N3
^, ��=0.37 ppm) after addition of 1 equiv.

anions in CDCl3, suggesting the formation of a conformationally rigid 1:1 complex with a cone
conformation.
A Job titration11 between 1 and H2PO4

^ conducted in DMSO-d6 showed that the maximum
signal change was observed at 0.5 mol fraction of 1, indicative of 1:1 complex formation. Analysis
of the 1H NMR titration data gave the binding constants listed in Table 1. Compound 1 showed
binding selectivities in the order H2PO4

^>AcO^>Cl^ in DMSO-d6. In spite of the less basic
character of H2PO4

^ compared to AcO^, H2PO4
^ showed stronger binding to 1 than did acetate.

The binding tendency of 1 for anions is similar to that of acyclic3c or cyclic thioureas.3e,f This
means that although 1 has a macrocyclic structure, it seems to have a similar local conformation
to acyclic 1,3-bis(thioureido)methylbenzene.3c Thus, we believe that the favorable binding of 1
toward H2PO4

^ can be rationalized based on the complex geometry3c and di�erent solvation
e�ects of anions by DMSO.3f In contrast, compound 2 showed binding selectivities in the order
AcO^>H2PO4

^>Cl^>N3
^>Br^ in DMSO-d6. Compound 2 exhibited good selectivity for AcO^

compared with H2PO4
^, which bound to 1 with a higher a�nity. We assume the main reason is

the di�erent basicity between AcO^ and H2PO4
^: pKa (AcOH)=4.76, pKa (H3PO4)=2.16 (H2O

Scheme 1.

6085



at 25�C, I=0).12 Compared to 1, compound 2 shows a twofold increase in binding a�nity for
H2PO4

^ and Cl^, and a notable 17-fold increase for AcO^ in DMSO-d6. The higher binding
a�nities of 2 to anions would result from the preorganized NH groups of 2 for anion binding.
Interactions of 2 with AcO^ or H2PO4

^ were examined using the MacroModel/Batchmin V5.5
package.7 The global minimum structures clearly demonstrate the hydrogen bonding between
thiourea NHs and AcO^ oxygens or H2PO4

^ oxygens.
In summary, we have developed novel anion-binding agents (1, 2) based on the C3-symmetric

metacyclophane structure with three thiourea groups as linkers between aromatic groups. The
cooperative action of thiourea NHs as hydrogen bond donors toward guest anions was achieved
by placing three ethyl groups on the 2, 4 and 6 positions of the aromatic spacer of 1. Compound
2, with three convergent thiourea groups pointing toward the binding cavity, showed increased
binding a�nities to anions and selective binding to AcO^ compared to conformationally more
¯exible 1, which exhibited selective binding to H2PO4

^ in DMSO-d6. Introducing other binding
elements to the aromatic spacer would facilitate the rational design of more e�ective and selective
anionophores.
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