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Cavitand-based anion receptors were developed by the introduction of four phenylurea moieties on the
upper rim of a resorcin[4]arene. Their binding properties for various anions were investigated in DMSO-
d6 using 1H NMR spectroscopic methods, and the high 1:1 binding affinity for carboxylates was observed
due to hydrophobic as well as charge-dipole interactions between host and guest.
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Anions play important roles in biological, medical, environmen-
tal, and chemical sciences.1 Due to these facts, there have been
intensive efforts on exploring efficient artificial receptors for tar-
geted anion recognition in supramolecular chemistry.2,3 Urea,4

amide,5 and amidourea6 groups have been used as useful structural
moieties for calix[4]arene-based anion receptors because they func-
tion as good hydrogen-bonding donors as well as acceptors with the
proper directionality important for binding-site organization. A
variety of functional groups have been attached on the upper rim
of resorcin[4]arene-based cavitands having concave molecular
structure, which enables resorcin[4]arene-based cavitands to be
attractive supramolecular building blocks for various organic recep-
tors.7 However, there are only a few resorcin[4]arene-based anion
receptors capable of selective anion recognition.8 Herein, we have
developed new anion receptors with four phenylurea moieties that
can recognize anions through hydrogen-bonding.

The syntheses of tetraphenylurea-cavitands 4 started with the
Pd(0)-catalyzed Suzuki coupling reaction between cavitand 1 and
3-nitrobenzeneboronic acid using Pd(PPh3)4 as a catalyst which
gave tetra(3-nitrophenyl)cavitand 2 in 64% yield (Scheme 1).9 Sub-
sequent transformation of cavitand 2 into tetra(3-aminophe-
nyl)cavitand 3 was accomplished under catalytic hydrogenation
using H2/Raney Ni in toluene.10 The target cavitands 4 were syn-
thesized in 78–82% yield from the reaction of tetra(3-aminophe-
nyl)cavitand 3 with the corresponding isocyanate (Y = H or NO2)
in triethylamine/THF (Scheme 1).11 Pure cavitands 4 were obtained
by recrystallization from a 4:1 mixture of CH2Cl2 and MeOH, and
were fully characterized with 1H and 13C NMR, high-resolution
MALDI-TOF mass spectrometry, and elemental analyses.
ll rights reserved.
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The recognition properties of tetrakis(phenylurea)cavitands 4
toward anions of various geometries were investigated using 1H
NMR spectroscopic methods with tetra-n-butylammonium salts
(Bu4N+X�). Cavitands 4 are hardly soluble in common organic sol-
vents such as CH2Cl2 or CHCl3, but soluble in highly polar solvents
such as DMSO. Due to their limited solubility, titration experi-
ments were carried out in DMSO-d6.

Despite of the high hydrogen-bonding acceptor property of
DMSO-d6, the addition of various anions such as CH3CO�2 , H2PO�4 ,
BF�4 , PF�6 , NO�3 , and I� to the DMSO-d6 solution of receptor 4a or
4b exhibited the peak broadening and a significant down-field shift
of the urea �NH protons. No noticeable shifts of other signals of
receptor could be observed. This imply that the anions were bound
by urea NH� � �X� hydrogen bonding. The 1H NMR titration curves of
cavitand 4a with various anionic guests are shown in Figure 1.

Tetrakis(40-nitrophenylurea)cavitand 4a showed the large
down-field shifts of the urea �NHb peak from 9.35 ppm to
11.53 ppm (Dd = 2.18 ppm) and –NHc from 8.85 ppm to 10.91 ppm
(Dd = 2.06 ppm) upon the complexation with acetate anion. And
small down-field shifts (Dd = 0.14–0.25 ppm) for the ortho- protons
of the phenyl rings (Ha, Hd, and He) were observed in the same con-
ditions. Cavitand 4a also shows a moderate down-field shifts of the
urea �NH signal (Dd = 1.02 ppm) with H2PO�4 . But only small com-
plexation-induced chemical shifts were observed in the case of
BF�4 , PF�6 , NO�3 , and I�. The strong affinity of acetate anion may be
attributed to its geometry. Due to Y-shaped geometry of acetate,
the hydrogen bonding interactions between the carboxylate group
and the two across urea –NH groups become more feasible. Together
with the cavity filling effect of methyl group acetate anion was
proved to be a favorable guest.

The same trends can be seen for tetrakis(phenylurea)cavitand
4b. For cavitand 4b, the signal of urea –NH is unresolved and
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Scheme 1. Synthesis of tetrakis(phenylurea)cavitands 4.

[G]/[H+G]
0.0 0.2 0.4 0.6 0.8 1.0

Δδ
(Ν

Η
pr

ot
on

s )
x

X G

0.0

0.1

0.2

0.3

0.4

Figure 2. Job plot of cavitand 4a with Bu4NþCH3CO�2 in DMSO-d6.

Table 1
Binding constants (K, M�1) of cavitand 4 with tetrabutylammonium salts in DMSO-d6

at 25 �C

Host C3H7CO�2 CH3CO�2 H2PO�4 BF�4 PF�6 NO�3 I�

4a 433 421 213 21 23 17 13
4b 352 343 200 19 23 25 12

Figure 1. 1H NMR titration curve of cavitand 4a with tetrabutylammonium salts of
anionic guests in DMSO-d6. (Dd: complexation-induced chemical shifts of the urea –
NHb protons).
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gradually moved to down-field from 8.62 ppm to 10.58 ppm
(Dd = 1.96 ppm) upon the addition of up to 8 equiv of acetate anion.

To determine the binding stoichiometry of cavitands 4 with an-
ions, Job plot experiments12 were used. Figure 2 shows the Job plot
of cavitand 4a with CH3CO�2 . The concentration of caviplex CH3CO�2
@4a approaches a maximum when the molar fraction of anion is
about 0.5, which indicates that CH3CO�2 forms a 1:1 complex with
cavitand 4a.

The binding constant, K was determined through the monitor-
ing of the complexation induced shifts of the urea �NHb protons
using the WinEQNMR,13 a nonlinear least squares regression com-
puter program. The binding constant values for cavitands 4a and
4b with various anions in DMSO-d6 are summarized in Table 1.

Tetrakis(4-nitrophenylurea)cavitand 4a showed a significant
binding affinity toward carboxylate anions (Kacetate = 421 M�1 and
Kpropionate = 433 M�1). Also, the binding of the tetrahedral H2PO�4
is moderate (Kdihydrogen phosphate = 213 M�1). These affinities may
be due to the basicity of carboxylate anions and H2PO�4 , allowing
it to form stronger hydrogen-bonding with the urea –NH.14 On
the other hand, the complexation of other anions (BF�4 , PF�6 , NO�3 ,
and I�) exhibited weak binding affinities (K <30 M�1).

The binding affinity of cavitand 4a is stronger than cavitand 4b.
The introduction of electron-withdrawing para-substituents,
�NO2, to the urea phenyl ring of cavitand 4a increase the acidity
of the urea –NH and accordingly strengthen the hydrogen bonding
interaction between the urea –NH and anions.13

To estimate the orientation of anion in the cavity of cavitand 4a,
1H NMR titration experiments were performed with the larger
C3H7CO�2 (Fig. 3). As C3H7CO�2 was added to the solution of cavit-
and 4a, 1H NMR spectra showed the up-field shift of the methyl
protons of the complexed anion from 0.93 to 0.72 ppm
(Dd = �0.21 ppm). The relatively small upfield chemical shift and
binding constant of complexed C3H7CO�2 seem to be due to the fast



Figure 4. Negative mode MALDI-TOF mass spectrum of C3H7CO�2 @4a.

Figure 5. The energy-minimized structures of tetrakis(4-nitrophenylurea)-cavit-
and 4a (left) and caviplex C3H7CO�2 @4a (right) using Spartan’04 V1.03 (Molecular
Mechanics MMFF).

Figure 3. 1H NMR spectra showing the chemical shift changes of cavitand 4a
(4 mM) by the addition of Bu4N+C3H7CO�2 in DMSO-d6 at 25 �C.
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complexation–decomplexation dynamic process of anion on the
NMR time scale in polar DMSO-d6 at 25 �C. However this implies
that the alkyl group in the C3H7CO�2 is heading to inner cavity
and Y-shaped –CO�2 binds with the urea –NH of cavitand 4a in
the upper part.15 The binding constant was calculated to be
433 M�1 by WinEQNMR.

In negative mode MALDI-TOF mass spectrum (Fig. 4) a peak at
m/z 2036.8261 corresponding to C3H7CO�2 @4a was clearly
observed.

The energy-minimized structures of tetrais(4-nitrophenylurea)
cavitand 4a and tetrakis(4-nitrophenylurea)caviplex C3H7CO�2 @4a
using Spartan’04 V1.03 (Molecular Mechanics MMFF) showed that
four phenylurea groups of cavitand 4a are directing in-ward and a
well defined 1:1 caviplex C3H7CO�2 @4a (Fig. 5).

In summary, new anion receptors 4 with four phenylurea moi-
eties on the upper rim of a resorcin[4]arene cavitand were synthe-
sized and their anion binding properties were studied by 1H NMR
titration in DMSO-d6, negative mode MALDI-TOF mass spectrum,
and molecular mechanics calculations. These new receptors
showed the high affinities for 1:1 binding with carboxylate anions
due to the dual hydrophobic as well as hydrogen bonding interac-
tions. Currently various modifications to increase their solubility
are on going.
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