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ABSTRACT

The fluorescent chemosensor 1 bearing two imidazolium groups at the 1,8-position of anthracene has been designed for the recognition of
anions through the (C−H)+- - -X- hydrogen bond formation. As unique tweezer-like binding of 1 with anions is predicted by the ab initio
calculations, strong anion-binding properties of chemosensor 1 are demonstrated by using fluorescence as well as 1H NMR.

Selective binding of chemical species upon molecular
recognition can lead to large perturbations of the host
environment, especially when the guest is ionic. Since
fluoroionophores can provide chemical information of ion
concentrations, they have been an important subject in metal
ion analysis.1 The advent of ligand engineering has also
introduced a more systematic approach to the design of
receptors for the detection of anions.2 However, the fluo-
rescent chemosensors for anions have been extensively
investigated for only a few years.3

In contrast to well-known types of hydrogen bonding for
the anion binding such as amide, pyrrole, urea, etc., benzene-
based tripodal imidazolium receptors have been utilized for
halide anion recognition using the strong (C-H)+- - -X-

hydrogen bonding between imidazolium moieties and halide
anions.4

Utilizing these previous results, we report herein a new
fluorescent photoinduced electron transfer (PET) chemosen-
sor for the recognition of H2PO4

-. Two imidazolium moeities
were immobilized on the 1,8-positions of the chemosensor,
and a unique feature of the binding mode is predicted on
the basis of ab initio calculations.
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For the synthesis of chemosensor1, 1,8-bis(bromomethyl)
anthracene was synthesized following the published proce-
dure.5 This intermediate was reacted withn-butyl imidazole
followed by anion exchange with KPF6, which gave bisimi-
dazolium anthracene1 in 72% yield (Scheme 1).

The ab initio calculations6 predict high binding affinity
of host1 with H2PO4

- and F- ions. The binding energies in
the gas phase for H2PO4

-, F-, Cl-, and Br- are 165.5, 181.5,
150.3, and 145.0 kcal/mol, respectively; on the other hand,
these values in acetonitrile decrease dramatically to 16.1,
16.5, 8.3, and 7.0 kcal/mol, respectively (Table 1). Since

ionic hydrogen bond strength is dependent on solvent
polarity, the binding energies are much reduced in polar
solvents.

The calculated structures of host1 with dihydrogen
phosphate and chloride anion demonstrate a quite interesting
feature of these bindings. As shown in Figure 1, unique

tweezer-like bindingmodes of host1 with dihydrogen
phosphate and chloride anion are observed. Figure 2 shows

the calculated interaction distances and partial atomic charges
of the important sites involved in host-guest interaction of
the 1-H2PO4

- complex. Though the (C-H)+- - -OdP
interaction in1-H2PO4

- is dominated by H- - -O interaction
at a distance of 1.85 Å, the interaction between the oxygen
atom (charge,-0.66) of OdP of H2PO4

- and the carbon
atom (charge, 0.26) of imidazolium (C-H)+ is also strong,
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Scheme 1. Synthesis of 1,8-Bisimidazolium Anthracene1

Table 1. Calculated Interaction Energies and Experimental
Free Energy Changes for the1-Anion Complexes in kcal/mola

H2PO4
- F- Cl- Br- I-

-∆Ecalcd
gas 165.50 181.48 150.27 145.02

-∆Ecalcd
MeCN 16.14 16.54 8.30 7.06

-∆Gscaled 10.50 10.75 5.40 4.59
-∆Gexpt

NMR 4.77 4.27 3.54
Ka (M-1)a ∼1 300 000 7900 4500 600
-∆Gexpt

flou ∼ 8.34 5.31 4.98 3.79

a Association constantsKa (M-1) were measured using the fluorescence
titrations. ∆Gexpt

NMR and ∆Gexpt
flou are the changes in Gibbs’ free energy in

acetonitrile solution measured by NMR and fluorescence titrations, respec-
tively. ∆Ecalcd

gas is the interaction energy in the gas phase calculated by
the B3LYP/6-31(+)G* method.∆Ecalcd

MeCN ) ∆E1-anion
MeCN - ∆E2MeCN-anion

MeCN ,
where ∆E1-anion

MeCN is the interaction energy of the1-anion complex
in acetonitrile solution based on an isodensity surface polarized con-
tinuum model (IPCM), and∆E2MeCN-anion

MeCN is the interaction energy of
the anion with two acetonitrile molecules in acetonitrile solution. We
subtracted the∆E2MeCN-anion

MeCN from the∆E1-anion
MeCN value in order to establish

the proper theoretical selectivity of the host for the anions. To compare
the calculated∆E value with the experimental∆G value, the∆Gscaled

was evaluated by scaling with 65% of the∆Ecalcd
MeCN.

Figure 1. Calculated structures of1 with dihydrogen phosphate
and chloride anion.

Figure 2. 1-H2PO4
- complex (C2-symmetry) showing interaction

distances (bold) and atomic charges(italic) of the important sites
involved in host-guest interaction.
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with an interaction distance of 2.82 Å. Other interactions as
shown in Figure 2 (such as that between the CH2 hydrogen
atoms and the oxygen atoms for both OdP and OH of
H2PO4

-) also enhance the stability of the1-H2PO4
-

complex.
Relatively large chemical shifts of benzylic CH2 peaks in

1H NMR support the calculated tweezer-like binding. Partial
1H NMR spectra are shown in Figure 3, and each peak is

assigned on the basis of the COSY spectrum of1. Upon the
addition of bromide anions, large downfield shifts of the N(3)
of the imidazolium ring clearly suggest the1-anion com-
plexation by CH+-anion charged hydrogen bonds. From the
1H NMR titrations in CD3CN, the association constants for
Cl-, Br-, and I- are calculated as 3130, 1360, and 390 M-1

(errors < 10%), respectively. In addition, the Job plot
analysis indicates formation of 1:1 complexes.

Since host1 is fluorescent, the binding affinity of1 toward
various anions is further investigated using fluorescence
changes. The fluorescence titration experiments of1 (0.1µM)
with I-, Br-, Cl-, and H2PO4

- are performed in acetonitrile.
Figure 4 explains the fluorescence titration experiments of

host1 with H2PO4
-.7 The association constants for H2PO4

-,
Cl-, Br-, and I- are found to be∼1 300 000, 7900, 4500,
and 600 M-1 (errors< 10%), respectively.8 The changes in
Gibbs free energies for anions as determined by the
fluorescence titrations were somewhat greater than those
obtained from NMR titrations (Table 1). The experimental
results are consistent with the calculated values. The changes
in Gibbs free energy for Cl- and Br- as determined by NMR/
fluorescence titrations are 4.77/5.31 and 4.27/4.98 kcal/mol,
respectively, which is in good agreement with calculated
values (5.40 and 4.59 kcal/mol, respectively). The calcula-
tions predict that the host1 also binds tightly to F-.
Unfortunately, we were not able to obtain a consistent and
reliable association constant for F- from fluorescent titration
experiments since the emission intensity did not consistently

(4) (a) Yun, S.; Ihm, H.; Kim, H. G.; Lee, C. W.; Indrajit, B.; Oh, K. S.;
Gong, Y. J.; Lee, J. W.; Yoon, J.; Lee, H. C.; Kim, K. S.J. Org. Chem.
2003,68, 2467. (b) Ihm, H.; Yun, S.; Kim, H. G.; Kim, J. K.; Kim, K. S.
Org. Lett.2002,4, 2897. (c) Sato, K.; Arai, S.; Yamagishi, T.Tetrahedron
Lett. 1999,40, 5219.
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(7) As the receptor sites are separated from the anthracene fluorophore
by two-CH2- spacers, the only interaction between the two moieties would
be via electron transfer. Because of the positive center in the imidazolium
ring at the binding center of the receptor, there is less quenching effect on
the fluorophore. When the anion interacts with the atoms in the binding
site, the formation of the (C-H)+- - -X- hydrogen bond would result in an
increase in electron density at the connecting nitrogen atom between the
binding site and fluorophore. This would produce the quenching effect on
the fluorophore, decreasing the fluorescent intensity when the receptor is
bound to the anion. This is also supported by the ab initio calculated atomic
charge on the nitrogen atom in the bound form of the receptor, i.e.,-0.384
for H2PO4

-, -0.377 for F-, -0.374 for Cl-, and-0.372 for Br- compared
to the nitrogen atomic charge (-0.355) in the free form of the receptor.

(8) Association constants were obtained using the computer program
ENZFITTER, available from Elsevier-BIOSOFT, 68 Hills Road, Cambridge
CB2 1LA, United Kingdom.

(9) In consideration of the atomic charges of the connecting nitrogen
atoms between the bonding site and fluorophore, if PET is the only
mechanism for the binding of the anion with the receptor, H2PO4

- should
be bound more than other anions. But calculated results show that F- anion
also binds to the receptor in a magnitude equal to that of H2PO4

-. This
shows that PET alone cannot explain the1-F- complexation with 1:1
stoichiometry. As in the case of F- anion, the (C-H)+- - -X- hydrogen
bond is very strong, and each of the binding sites in the receptor should be
able to bind one F- anion; therefore, the possibility of forming a 1:2 complex
cannot be ruled out. In the case of a 1:2 complex of the1-F- system, the
binding affinity per fluoride anion would decrease drastically, resulting in
a much lesser and different quenching effect than that of other anions. Our
calculation shows that the binding energy of the1-2F- is 273.67 kcal/mol
(136.84 kcal/mol per F- anion) and 16.46 kcal/mol in acetonitrile solvent
(8.23 kcal/mol per F- anion). Almost similar binding energies between the
1:1 and 1:2 complexes of the1-F- in acetonitrile solvent show that there
is a possibility for an equilibration between these two binding modes. This
could be the reason the fluorescence emission intensity for the F- ion is
much lower than that of H2PO4

- at an equivalent molar concentration and
does not decrease consistently with the increase in F- ion during the
fluorescence titration.

Figure 3. Partial 1H NMR (250 MHz) of 1 (1 mM) in CD3CN.
(a) compound1 only; (b) 1 + 2 equiv of tetrabutylammonium
bromide.

Figure 4. Fluorescent titrations of compound1 (0.1 µM) with
tetrabutylammonium dihydrogen phosphate in acetonitrile.
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decrease upon the increase of F- ion.9 The NMR experiment
for the F- anion was not properly observed because of
precipitation during the NMR titration.

We note that, as predicted in calculations, host1 shows a
selective binding with the H2PO4

- ion over Cl-, Br-, and
I- ions (Table 1). The selectivity for H2PO4

- ion is around
200 times that for other anions such as Br- or Cl-.

It is worth noting that the anthracene moiety in host1
acts not only as a fluorescent source but also as a template
for introducing the binding selectivity. Host1 can provide a
preorganized and relatively rigid binding site for anions.
Thus, strong (C-H)+- - -X- hydrogen bondings between
imidazolium moieties and anions as well as the preorganized
binding site in host1 are the main reasons for highKa values
and selectivity in its binding.

In conclusion, we have shown that 1,8-bis-imidazolium
anthracene1 effectively and selectively recognizes the

biologically important H2PO4
- ion over other anions such

as I-, Br-, or Cl- in acetonitrile. Furthermore, these binding
phenomena can be easily monitored via fluorescence quench-
ing effects.
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