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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 'H NMR titration method.
Compound 2, with three convergent thiourea groups pointing toward the binding cavity, showed increased
binding affinities to anions and selective binding to AcO~ compared to conformationally more flexible 1,
which exhibited selective binding to H,PO3 in DMSO-ds. © 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.! So far, the basic strategy for the construction of
anion-binding receptors has been to exploit electrostatic interactions? and/or hydrogen bonds,? or
Lewis acidic metal-ligand interactions.* 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.® 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.>®! This paper describes the synthesis of
Cs-symmetric metacyclophane-based anion receptors with three thiourea groups and their
binding properties toward various anions in polar organic media.

We chose 1° as a novel framework for anion receptors. Compound 1 can be envisioned as a
hexahomooxacalix[3]arene® analog: six oxygens used for metal ion complexation®® are replaced
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with three thiourea groups as hydrogen bond donors for anion binding; their conformational
flexibility is similar.

O OH O
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Acyclic bis(thiourea) S R
hexahomooxacalix[3]arenes 1(R'=H)
2(R'= Et)

The judicious molecular design of artificial 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 effective 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.” One way to reduce the reorganization
costs of complexation and thus enhance the binding efficiency is to exploit nonbonded, con-
formational locking interactions.® 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).**® 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 flexible 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 confirms 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).”
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
C; host 2 could act as an effective binder for various shapes of anions and polyatomic substrates.

The known compound 1 was prepared according to a published procedure.®> Compound 2!°
was obtained from 1,3-bis(aminomethyl)-2,4,6-triethylbenzene (3) in four steps, as shown in
Scheme 1.

HeN NH,  BOCON.DMSO NHBoc
Et:0, 51%
3 5
., | cscCly, TEA ., | 0.5eq.C50I,
66% | THF 89% | TEA, CH,Cl,
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H H 30%
4 6
Scheme 1.

The bridging methylene protons (-CH,—~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 CDCl; and DMSO-d, caused
substantial downfield shifts of the NH resonances in the '"H NMR spectra, indicating the forma-
tion of hydrogen-bonded complexes. Aromatic proton signals of 2 experienced upfield shifts upon
complexation with anions, indicating that anions should be surrounded by aromatic rings.
Additionally, the bridging benzylic protons became diastereotopic (AcO-, A§=0.14 ppm;
H,PO,~, A§=0.33 ppm; Br, A§=0.45 ppm: N3~, A§=0.37 ppm) after addition of 1 equiv.
anions in CDCl;, suggesting the formation of a conformationally rigid 1:1 complex with a cone
conformation.

A Job titration'! between 1 and H,PO,~ conducted in DMSO-d,; showed that the maximum
signal change was observed at 0.5 mol fraction of 1, indicative of 1:1 complex formation. Analysis
of the 'TH NMR titration data gave the binding constants listed in Table 1. Compound 1 showed
binding selectivities in the order H,PO4,~> AcO~>Cl~ in DMSO-d,. In spite of the less basic
character of H,PO,4~ compared to AcO~, H,PO,~ showed stronger binding to 1 than did acetate.
The binding tendency of 1 for anions is similar to that of acyclic*® or cyclic thioureas.’®" This
means that although 1 has a macrocyclic structure, it seems to have a similar local conformation
to acyclic 1,3-bis(thioureido)methylbenzene.>® Thus, we believe that the favorable binding of 1
toward H,PO,4~ can be rationalized based on the complex geometry>® and different solvation
effects of anions by DMSO.3f In contrast, compound 2 showed binding selectivities in the order
AcO™>H,PO,;~> Cl~> N3 > Br~ in DMSO-dy;. Compound 2 exhibited good selectivity for AcO~
compared with H,PO,4~, which bound to 1 with a higher affinity. We assume the main reason is
the different basicity between AcO~ and H,PO,4~: pK, (AcOH)=4.76, pK, (H;PO4)=2.16 (H,O
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Table 1
Association constants (K,, M™!) of 1 and 2 with anions in DMSO-d; at 25°C?
1° 2° acyclic bis(thiourea)®

H,PO4 800 1600 820

AcO” 320 5300 470

Cr 40 95 9

Ny ND® 30

Br’ ND° 11

*Guest anions are added as their tetrabutylammonium salts except for
CI', which was used as tetraethylammonium salt. [1] = [2] = 3 mM
in DMSO-dj, [anion] = 35~150 mM in DMSO-d,. ® NH of 1 was
monitored in DMSO-d,, “ NH and ArH of 2 were monitored in
DMSO-d,. “reference 3c. ®No detectable change of "H NMR chemical
shifts.

at 25°C, 1=0).'> Compared to 1, compound 2 shows a twofold increase in binding affinity for
H,PO,~ and CI-, and a notable 17-fold increase for AcO~ in DMSO-d4. The higher binding
affinities of 2 to anions would result from the preorganized NH groups of 2 for anion binding.

Interactions of 2 with AcO~ or H,PO,~ were examined using the MacroModel/Batchmin V5.5
package.” The global minimum structures clearly demonstrate the hydrogen bonding between
thiourea NHs and AcO~ oxygens or H,PO,~ oxygens.

In summary, we have developed novel anion-binding agents (1, 2) based on the Cz-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 affinities to anions and selective binding to AcO~ compared to conformationally more
flexible 1, which exhibited selective binding to H,PO4~ in DMSO-d,. Introducing other binding
elements to the aromatic spacer would facilitate the rational design of more effective and selective
anionophores.
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Compound 2: mp 260-261°C; IR (KBr) 3742, 3434, 3225, 3051, 2965, 1691, 1645, 1531, 1337, 1262 cm™!'; 'TH NMR
(300 MHz, CDCls) § 6.89 (s, 3H), 4.98 (s, 6H), 4.67 (s, 12H), 2.65-2.60 (m, 18H), 1.20-1.16 (m, 27H); 'H NMR
(300 MHz, DMSO-dj) § 7.00 (s, 6H), 6.92 (s, 3H), 4.68 (s, 12H), 2.61-2.53 (m, 18H), 1.15-1.03 (m, 27H); '3C
NMR (75 MHz, CDCl;) 6§ 181.9, 143.6, 143.1, 131.5, 121.9, 41.8, 39.6, 26.3, 22.5, 16.2, 15.9; FAB-MS (m-NBA) m/
z 787 (M*+H), FAB-HRMS (m-NBA) calcd for C4sHg7NgS; [M+H]* 787.4589, found 787.4589. Compound 3: IR
(KBr) 3283, 2965, 2094, 1571, 1458, 1374, 1297 cm™'; "TH NMR (300 MHz, CDCl5) § 6.96 (s, 1H), 3.88 (s, 4H), 2.85
(q, J=6 Hz, 2H), 2.72 (q, J=17.8 Hz, 4H), 1.25 (m, 9H); '*C NMR (75 MHz, CDCls) § 141.7, 141.0, 136.5, 127.7,
39.3,26.2,22.4,17.0, 16.2; EI-MS m/z 186, 203(M*-NH3); HRMS caled for C14H,N; [M-NH;3]* 203.1674, found
203.1681. Compound 4: mp: 42-44°C; IR (KBr) 2968, 2160, 2076, 1459, 1332 cm™!; '"H NMR (300 MHz, CDCl;) §
7.04 (s, 1H), 4.72 (s, 4H), 2.81 (q, J=7.8Hz, 2H), 2.73 (q, J=7.5Hz, 4H), 1.26 (m, 9H); '3C NMR (75 MHz
CDCl) § 144.6, 142.5, 131.3, 128.5, 128.2, 42.6, 26.5, 23.0, 16.3, 15.7; EI-MS m/z 304 (M*); HRMS calcd for
C6H20N>S, [M]* 304.1607, found 304.1061. Compound 5: mp 49-51°C; IR (KBr) 3355, 3289, 3177, 2968, 1690,
1533, 1364, 1277, 1172 cm™'; 'TH NMR (300 MHz, CDCls) § 6.91 (s, 1H), 4.86 (broad, 1H), 4.30 (d, J=4.4 Hz,
2H), 3.81 (s, 2H), 2.77-2.58 (m, 6H), 1.40 (s, 9H), 1.22-1.13 (m, 9H); '3C NMR (75 MHz, CDCls) § 155.5, 142.9,
142.7, 142.1, 136.2, 131.2, 127.6, 79.3, 50.1, 38.9, 38.3, 28.4, 26.1, 22.4, 16.8, 16.2, 16.0; EI-MS m/z 303 (M*-NHs);
HRMS calcd for Ci9H,9N;0, [M-NH;]* 303.2198, found 303.2200. Compound 6: mp 172-173°C; IR (KBr) 3660,
2969, 1686, 1516, 1361, 1250, 1168 cm™'; '"H NMR (300 MHz, CDCl;) § 6.93 (s, 2H), 5.96 (s, 2H), 4.64 (broad,
4H), 4.43 (s, 2H), 4.04 (s, broad, 4H), 2.68-2.54 (m, 18H), 1.27(s, 18H), 1.21-1.14 (m, 18H); '*C NMR (75 MHz
CDCls) § 181.6, 155.5, 144.2, 143.6, 131.5, 130.4, 127.9, 42.9, 18.4, 28.4, 26.4, 26.2, 22.8, 16.8, 16.1, 16.0; FAB-MS
m/z 682 (M*); FAB-HRMS calcd for C30Hg,N4O4S [M]* 682.4492, found 682.4492. Compound 7: mp 170-171°C;
IR (KBr) 3583, 3960, 1675, 1200, 1137 cm™'; '"H NMR (300 MHz, DMSO-d;) § 8.19 (s, 6H), 7.18 (s, 2H), 7.03 (s,
2H), 4.63 (s, 4H), 4.03 (s, 4H), 2.74-2.58 (m, 6H), 1.17-1.06 (m, 9H); '3C NMR (75 MHz, CDCls) § 181.7, 158.2,
144.7, 143.7, 143.1, 131.5, 127.5, 127.1, 41.8, 37.5, 25.7, 25.3, 22.3, 16.2, 15.8, 15.3; EI-MS m/z 482
[M-2CF3;COO]*. HRMS calcd for Cr9H4sN4S [M—2CF3;COQO]* 482.3443, found 482.3440.
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