
Tetrahedron Letters 50 (2009) 983–987
Contents lists available at ScienceDirect

Tetrahedron Letters

journal homepage: www.elsevier .com/ locate/ tet le t
A new fluorescent chemosensor for F� based on inhibition of
excited-state intramolecular proton transfer

Hyo Sung Jung a, Hyun Jung Kim a, Jacques Vicens b, Jong Seung Kim a,*

a Department of Chemistry, Korea University, Seoul 136-701, Republic of Korea
b IPHC-ULP-ECPM-CNRS URA 7178, 25 rue Becquerel, F-67087, Strasbourg Cédex, France

a r t i c l e i n f o a b s t r a c t
Article history:
Received 24 October 2008
Revised 6 December 2008
Accepted 9 December 2008
Available online 13 December 2008

Keywords:
Chemosensor
Anions
Anthraquinone
Calixarenes
ESIPT
0040-4039/$ - see front matter � 2008 Elsevier Ltd. A
doi:10.1016/j.tetlet.2008.12.026

* Corresponding author. Tel.: +82 2 3290 3143; fax
E-mail address: jongskim@korea.ac.kr (J.S. Kim).
New fluorescent chemosensor 1 with two amidoanthraquinone groups (1-AAQs) at the lower rim of
p-tert-butylcalix[4]arene has been synthesized. The significant changes of absorption and fluorescence
bands show that chemosensor 1 is selective toward fluoride ion (F�) over other anions such as Cl�,
Br�, I�, CH3COO�, H2PO4

� , HSO4
� , and OH�. The ESIPT process of 1 is inhibited by the fluoride-induced

H-bonding followed by deprotonation of NH of the 1-AAQ.
� 2008 Elsevier Ltd. All rights reserved.
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The design and synthesis of systems able to sense analytes are
of major interest for anions involved in chemical and biological
processes.1 Fluoride ion (F�) is of particular interest because of
its role in preventing from dental caries and in treatment of oste-
oporosis.2 However, an excess of fluoride ion can lead to fluorosis,
which corresponds to a fluoride ‘disease’. The development of reli-
able sensing methods for F� is, therefore, needed for environment
and human health care. Calixarenes are useful macrocycles be-
cause they are ideal platforms for creating host molecules with
ion-sensing properties.3 Linkage of fluorogenic tags to p-tert-butyl-
calix[4]arenes with appropriate functions as to be anion receptors,
such as amide,4 urea,5 thiourea6, and pyrrole7 has afforded a large
variety of efficient chemosensors. Usually, fluorescent chemosen-
sors based on calix[4]arenes utilize photophysical changes upon
anion binding: photo-induced electron transfer (PET),8 excimer/
exciplex formation and extinction,9 or energy transfer.10 1-Amino-
anthraquinone (1-AAQ), a chromofluorophore exhibiting excited-
state intramolecular proton transfer (ESIPT), has been reported to
show intrinsic photophysical properties such as intense lumines-
cence, large Stokes shifts, and significant photostability, and has
been applied in various chemical fields.11 Recently, a large number
of excellent examples for the sensing of F� have been reported.12

This led us to prepare p-tert-butylcalix[4]arene functionalized by
1-AAQ residues.
ll rights reserved.

: +82 2 3290 3121.
Thus, in this Note, we report on the synthesis of chemosensor 1
with two 1-AAQs, 1,3-linked to the lower rim of a p-tert-butylca-
lix[4]arene, by amido groups exhibiting a selective fluorescence
response to F� ion. Analogue 2 was prepared as a reference.
According to Scheme 1, the reaction of p-tert-butylcalix[4]arene
with 2 equiv of the chloride derivative of 1-AAQ (3)13 in the
1 2
O O O

Scheme 1. Synthesis of 1 and 2.
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Scheme 2. Forms of 1-AAQ in 1 in the ground state (N) and the excited state (T).
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presence of K2CO3 as base and NaI as catalyst in refluxing CH3CN
afforded 1 and 2 in 52% and 23% yields, respectively.14

The photophysical properties of 1 and 2 were investigated by
monitoring UV–vis and fluorescence changes in various solvents
(toluene, acetonitrile, and DMSO). Absorption spectra of 1 were
dependent on the solvent polarity (Fig. 1a). The absorption band
maximum underwent blue shifts from non-polar (toluene) to polar
solvent (DMSO). In toluene and acetonitrile, both normal and
Stokes-shifted tautomer emissions appeared at 515 and 560 nm,
respectively. In DMSO, the tautomer emission (ESIPT band) was
not observed because this solvent is known to form H-bonds with
H-donors (Fig. 1b).15,16 This prevented 1 from forming the intramo-
lecular H-bonding between NH group and the carbonyl group of
1-AAQ which is one of the driving forces that allow the ESIPT process
to occur. This solvent dependency was the first evidence to show that
ESIPT took place with the transfer of amido NH hydrogen to the
neighboring oxygen atom in the excited state (Scheme 2). A useful
method to differentiate a normal band (N) from an ESIPT band (T)
is the excitation spectrum. Figure 1c indicates that the excitation
spectra of 1 in toluene monitored at 560 nm corresponding to ESIPT
band are red-shifted (Dk = 24 nm) in comparison to that recorded at
406 nm original UV band. This is explicit evidence for the formation
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Figure 1. (a) UV–vis absorption and (b) normalized fluorescence emission spectra
at 455 nm of 1 (20 lM) in various solvents. (c) Absorption and excitation spectra of
1 (20 lM) in toluene at 560 nm.
of intermolecular ESIPT of 1 in non-polar solvent. Thus, it should be
noteworthy that the chemical species corresponding to 406 and
430 nm in absorption spectra are different.

1 showed high sensitivity and selectivity toward F� ion over
competing anions. Variations of UV–vis and fluorescence spectra
of 1 in the presence of various anions including F�, Cl�, Br�, I�,
CH3COO�, HSO4

�, H2PO4
�, and OH� (30 equiv as their tetrabutyl-

ammonium (TBA) salts) in CH3CN are given in Figure 2. All the an-
ions neither lead to any significant absorption in the visible region
nor lead to fluorescence changes, but F� ion which gave an
emission peak at 527 and 560 nm. Competing anions + F� gave
absorption and fluorescence changes similar to those of single F�

experiment. In addition, the color changes from pale-yellow to
deep-yellow and fluorescence changes from colorless to green
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Figure 2. (a) UV–vis and (b) fluorescence spectra of 1 (20 lM) in CH3CN solution in
the presence of TBA salts of various anions (F�, Cl�, Br�, I�, CH3COO�, HSO4

� ,
H2PO4

� , and OH� (20 mM, respectively). Excitation at 455 nm.



Figure 3. Color (top) and fluorescence (bottom) changes of 1 upon addition of
100 equiv of various anions in CH3CN solution: (a) no anion, (b) F�, (c) Cl�, (d) Br�,
(e) I�, (f) CH3COO�, (g) HSO4

� , (h) H2PO4
� , and (i) OH�.
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Figure 5. Relative responses at N (black bars) and T (dense bars) bands of 1 (20 lM)
with addition of TBAF (30 equiv, respectively) in CH3CN with an excitation at
455 nm. (N and T denote Normal and Tautomer bands, respectively).
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Figure 4. Fluorescence titration spectra of 1 (20 lM) upon gradual addition of TBAF
in CH3CN from 0 to 600 lM excited at 455 nm. The Inset shows the plot of
fluorescence intensity versus the ratio of F� to 1. (kem = 527).

Figure 6. Partial 1H NMR (300 MHz) spectra of 1 (1.0 � 10�2 M) in CDCl3 upon
gradual addition of TBAF.

H. S. Jung et al. / Tetrahedron Letters 50 (2009) 983–987 985
(OFF-ON) as shown in Figure 3. These facts were indicative of a
high selectivity of 1 toward F� ion over other competitive anions.

The absorption spectra of 1 show the spectral variation of the
CH3CN solution of 1 upon gradual addition of TBAF. As a function
of F�, a new red-shifted absorption band centered at 510 nm
increased with a concomitant decrease of the band at 405 nm.
The band at 510 nm is attributable to the Internal Charge Transfer
(ICT) developed by deprotonation of NH in 1.17 Upon excitation at
455 nm, new bands at 527 and 560 nm appeared in the emission
spectrum with the F� ion (Fig. 4). The high selectivity of 1 for F�

ion is probably due to the formation of intramolecular H-bonds,
NH� � �F�, (or deprotonation) which promotes the delocalization of
p-electrons through the 1-AAQ, causing changes in p–p transition
with a fluorescence color change from colorless to green (Figs. 3
and 4).

A slight change of the tautomer emission band at 560 nm is
accompanied by a strong increase of the normal emission band
ESIPT
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Scheme 3. Proposed mechanism for the inh
at 527 nm (Fig. 5) showing that ESIPT is inhibited by the presence
of F� anions, which interact with the NH groups of 1 (Scheme 3).
Inhibition of ESIPT by F� has already been observed in the case
of some aromatic urea derivatives.18

We investigated 1-F� interactions in the ground state by run-
ning 1H NMR titrations. It was found that the two OH and the
two NH protons signals in the downfield part of the spectrum
broadened and finally disappeared upon addition of F� (Fig. 6).
These observations clearly support that the proton-transfer inter-
action between 1 and F� involved the amide NH groups. Aromatics
protons were not shifted showing that no charge was delocalized
in the anthraquinone moieties.

UV–vis and fluorescence changes of 2 were recorded under con-
ditions similiar to those of 1 (Fig. 7). 2 showed less selectivity for F�
em = 527 nm
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Figure 7. Relative responses at 527 nm of (a) 1 and (b) 2 (20 lM, respectively) with addition of various anions (30 equiv, respectively) (black bars) in CH3CN with an
excitation at 455 nm.

Table 1
ESIPT inhibition efficiency (Einhibition) and association constants (Ka)20 of 1 and 2
(20 lM) for F� ion (20 mM)

Compound Einhibition
a (IN/IT) Ka (M�1)

1 0.84 —
1-F- 2.94 279.0
2 0.63 —
2-F- 1.49 29.2

a IN: Fluorescence intensity of normal band. IT: Fluorescence intensity of tauto-
mer band (excitation at 455 nm).

986 H. S. Jung et al. / Tetrahedron Letters 50 (2009) 983–987
than 1 leading to a conclusion that two amido NH functional link-
ers-1-AAQ are needed for selectivity. Similarly, the involvement of
two –CH@N–NH has recently been reported for the binding of F�

by calix[4]arene derivatives with hydrazone functionalities in
1,3-positions at the lower rim.19 Interestingly, it was observed that
the emission intensity of 2 increased using NaOH, while it did not
for 1. This could be due to a deprotonation of NH, whereas that of 1
scarcely showed responses.

Table 1 summarizes the ESIPT-inhibition efficiencies and associ-
ation constants of 1 and 2 calculated for 1:1 stoichiometry.

In conclusion, we have presented p-tert-butylcalix[4]arene (1)
bearing two 1-amidoanthraquinone as both colorimetric and fluo-
rescent-selective chemosensors for fluoride anion in CH3CN which
operates by inhibition of ESIPT signaling mechanism. The obvious
absorption and fluorescence variations upon the addition of fluo-
ride ion can be observed by naked-eyes and by optical responses.
Other anions Cl�, Br�, I�, CH3COO�, HSO4

�, H2PO4
�, and OH� were

found to not induce any variation in either the absorption or fluo-
rescence spectra. Importantly, such a possibility of preparing a sen-
sor whose design could be correlated to the properties of an ion
and its ability to inhibit the ESIPT will be a useful clue to design
more delicate ESIPT-based chemosensors.
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