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A novel fluorescent chemosensor 1 with two anthraceneisoxazolymethyl groups at the lower rim of
calix[4]arene has been synthesized, which revealed a dual emission (monomer and excimer) when
excited at 375 nm. This chemosensor displayed a selective fluorescence quenching only with Cu2+ ion
over all other metal ions examined. When Cu2+ ion was bound to 1, the fluorescence intensities of both
monomer and excimer were quenched. Furthermore, the association constant for the 1:1 complex of
1�Cu2+ was determined to be (1.58 ± 0.03) � 104 M�1.

� 2008 Elsevier Ltd. All rights reserved.
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Scheme 1. Synthesis of fluorogenic calix[4]arene 1. Reagents and conditions: (i)
10-chloroanthracene-9-hydroximoyl chloride, Et3N, toluene, reflux, 24 h.
The development of specific fluorescent chemosensors for the
efficient detection of metal ion analytes is one of the most impor-
tant areas in supramolecular chemistry due to their fundamental
role in biological, environmental, and chemical processes.1 In par-
ticular, chemosensors for the detection and measurements of Cu2+

ions are actively investigated as this metal ion is a significant envi-
ronmental pollutant and an essential trace element in human
body.2,3

Calix[4]arenes have been shown to be useful molecular scaffold
in the development of fluorescent chemosensors especially for
metal ion recognition.4 Most calix[4]arene-based fluorescent
sensors have been designed based on photophysical changes upon
metal ion binding and their mechanisms include photoinduced
electron transfer (PET),5 photoinduced charge transfer (PCT),6

formation of monomer/excimer,7 and energy transfer.8

In continuation of our interests in the design and synthesis of
chromogenic9 and fluorogenic10 chemosensors, we report here
the synthesis of a novel fluorogenic calix[4]arene using the 1,3-
dipolar cycloaddition of an alkyne and a nitrile oxide to form an
isoxazole cationic binding site.

The synthetic routes of host 1 and control compound 2 are
depicted in Scheme 1. The 25,27-bisfluoroionphores 111 was
synthesized in 45% yield starting from 25, 27-bis(O-propargyl)-p-
tert-butylcalix[4]arene 312 using a 1,3-dipolar cycloaddition reac-
tion methodology recently reported by us in capping the lower
and upper rims of calix[4]arenas.13 In this work, 10-chloroanthra-
cene (CA) instead of anthracene was chosen as the fluorophore be-
cause the preparation of parent anthracene hydroximoyl chloride
requires an extremely careful control of the chlorination process,
otherwise mixture of products is usually obtained. Therefore,
excess chlorination reagents were used which produced pure CA
ll rights reserved.

: +886 3 572 3764.
hung).
related products in high yield. Similar procedure was employed
in the synthesis of control compound 214 from precursor 4.15 Fluo-
rogenic calix[4]-arene 1 was found to be in cone conformation
based on the information obtained from 1H and 13C NMR spectra
data.
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Figure 3. Fluorescence emission spectra of 1 (20 lM) upon addition of various
equivalents of Cu(ClO4)2 in CH3CN/CHCl3 (v/v = 1000:4).
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Figure 1. Normalize fluorescence spectra of 1 (solid line). The solid line is fitted by
multi-Gaussian functions and deconvoluted into two components (short-dash
curve: monomer band; dash curve: excimer band). Excitation wavelength was at
375 nm.
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The UV/vis spectra of the anthracene group(s) 1 and 2 showed
four absorption bands at 338, 357, 375, and 396 nm in CH3CN/
CHCl3 (v/v = 1000:4) (see Fig. S7). The fluorescence spectrum of 1
(20 lM) in CH3CN/CHCl3 (v/v = 1000:4) exhibits a dual emission
(i.e., monomer and excimer) when excited at 375 nm (Fig. 1). The
emission spectrum of 1 is composed of a structured feature, culmi-
nating at 430 nm and assigned to the locally excited CA referred to
as monomer (similar in shape to the emission spectrum of mono-
fluorophore 2) and a red-shifted, broad and structureless band
with kmax at 511 nm, ascribable to the emission from an intramo-
lecular excimer (CA�CA)*.16 The excimer formation comes from
the interaction of one CA unit in the singlet excited state with
the other CA in the ground state.

Excess perchlorate salts (10 equiv) of Li+, Na+, K+, Mg2+, Ca2+,
Ba2+, Cr3+, Pb2+, Cu2+, Hg2+, Cd2+, Ag+, Ni2+, Mn2+, and Zn2+ (total
15 metal ions) were tested to evaluate the metal ion binding prop-
erties of 1 and 2. The results are shown in Figures 2 and S8. Ligand
concentration in all titration experiments was fixed at 20 lM in
CH3CN/CHCl3 (v/v = 1000:4). The fluorogenic chemosensor 1, hav-
ing two isoxazoles as the metal ligating groups, is found to exhibit
remarkable selectivity toward Cu2+ ion over all other metal ions.
The fluorescence of 1 (20 lM) was strongly quenched by Cu2+

ion; however, no such quenching effect was found for the control
compound 2 by any of the fifteen metal perchlorates used above.
Moreover, the UV/vis spectra of 1 did not show any new absorption
band after adding 10 equiv of Cu2+ ion (see Fig. S9). We have also
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Figure 2. Changes in fluorescence emission spectra of 1 (20 lM) before and after
adding 200 lM concentration of various metal perchlorates in CH3CN/CHCl3

(v/v = 1000:4).
carried out fluorescence quenching experiments on 1 using more
polar solvents such as DMSO and MeOH/CHCl3 (v/v = 1000:4)
instead of CH3CN/CHCl3 (v/v = 1000:4) (see Figs. S10 and S11)
and found that CH3CN/CHCl3 is by far the most efficient solvent
system in sensing Cu2+ ion.

The two isoxazole moieties of 1 are proven to form an efficient
metal ion binding site, whereas compound 2 is lack of such an effi-
cient metal ion binding site. Furthermore, the geometry of the
binding site of the host 1, comprising the two oxygen atoms of
isoxazole units and two hydroxyls of the phenol units, seems to
be ideal in terms of size and arrangement for recognition of Cu2+

ion. The fluorescence quenching of 1 may be explained by either
a reverse PET17 or a heavy atom effect.18 In the former case, when
the Cu2+ ion is bound by two isoxazole oxygen atoms and two phe-
nol moieties, the CA units probably behave as PET donors whereas
the metal ion bound isoxazole groups behave as electron acceptors.

The fluorescence spectra of 1 (20 lM) at various concentrations
of Cu(ClO4)2 are depicted in Figure 3, as can be seen, no shift in the
fluorescence emission maximum was observed. However, the fluo-
rescence intensities of both the monomer and excimer emission of
1 gradually decreased as the Cu(ClO4)2 concentration increased
from 12 lM to 300 lM. Based on the fluorescence intensity of 1
as a function of [Cu2+], the association constant for complex
1�Cu2+ in CH3CN/CHCl3 (v/v = 1000:4) was calculated to be
(1.58 ± 0.03) � 104 M�1 by Stern–Volmer plot.19 (Fig. S12) In the
Job plot,20 the maximum fluorescence change was observed when
the molar fraction of ionophore 1 versus Cu2+ was 0.5, indicative of
a 1:1 complex (Fig. 4).
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Figure 4. Job plot of a 1:1 complex of 1 and Cu2+ ion, where the emission at 430 nm
was plotted against the mole fraction of 1 at an invariant total concentration of
20 lM in MeCN/CHCl3 (1000:4, v/v).
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Figure 5. 1H NMR spectra of 1 (5.0 mM) in CDCl3/CD3CN (3:1) (a) and in the presence of 25 mM (5.0 equiv) of Cu(ClO4)2 (b), where � denotes an external standard CHCl3 and
the descriptors are shown in Scheme 1.

K.-C. Chang et al. / Tetrahedron Letters 49 (2008) 5013–5016 5015
Metal ion-induced chemical shift changes in the 1H NMR spec-
tra support that Cu2+ is bound to the two oxygen atoms of the isox-
azole units and the two hydroxyl phenol groups of 1 (see Fig. 5). In
the presence of 5.0 equiv of Cu2+, the peaks of Ha–Hc were down-
field shifted by 0.23, 0.22, 0.21, and 0.22 ppm, respectively, and
the peak of Hd in the hydroxyls of the phenol units was also down-
field shifted by 0.22 nm with a reduced intensity. Furthermore, the
peak of He on the OCH2-isoxazole unit was downfield shifted by
0.24 ppm; however, the peak of Hf on the isoxazole group was sig-
nificantly downfield shifted by 1.30 ppm, suggesting that the two
isoxazole groups were involved in the complexation of Cu2+. In
contrast, the chemical shifts of protons Hg–Hj on the anthracene
groups were modestly downfield shifted and the peak shapes were
slightly broadened. However, upon adding 5.0 equiv of Cu2+ to the
solution of 2, the peak of Hf on the isoxazole group was downfield
shifted by only 0.26 ppm (Fig. S13). Its downfield shift is much
smaller than that for 1 (Fig. 5), suggesting that the complexation
of Cu2+ with the mono-isoxazole group of 2 is weaker than its com-
plexation with the two isoxazole groups of 1. In principle, the 1H
NMR spectrum of 1 should become broadened in the presence of
Cu2+; however, it appeared to be quite sharp, implying that the
Cu2+ might have been reduced to Cu+. The auto-reduction of Cu2+

by a phenol is well documented,21 which is probably the source
for the redox observed in the addition of Cu2+ to 1. We have also
carried out experiments using [(CH3CN)4Cu]PF6 to affect the fluo-
rescence of 1; however, no change in fluorescence emission spectra
of 1 was observed in the presence of excess Cu+ ion (Fig. S14). The
above results suggest that Cu2+ might be reduced by the phenols of
the host 1 and the oxidized phenols then help to trap the reduced
Cu+ ions (Fig. S15).22 Thus, the compound 1 is a highly selective
fluorogenic chemodosimeter for Cu2+ ion.

In conclusion, we have synthesized a new bisisoxazolyl-meth-
ylcalix[4]arene 1 bearing two anthracene groups, which displayed
a dual fluorescent emission (monomer and excimer) and showed
an extreme selectivity toward Cu2+ ion over all other metal ions
examined.
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