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On/off fluorescence switch of a calix[4]arene by metal ion exchange
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Abstract—A new calix[4]arene-based fluorescence chemosensor displaying a strong excimer emission was prepared. When a Pb2+

ion is bound to the two amide oxygen atoms linked to the fluorophores, the ligand exhibits a marked quenched excimer emission
due to its geometrical change during the complexation. By the addition of Ca2+ ion into the 1ÆPb2+, the excimer emission band was
revived, by which an interesting on/off switch process is proposed.
� 2006 Elsevier Ltd. All rights reserved.
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Figure 1. Fluorescence chemosensors 1 and 2.
Since calixarenes with appropriate sensing units have
been good candidates as specific ligands, their potential
applications as sensing probes have thus received an
increasing interest.1,2 The fluorescent chemosensors
capable of selectively recognizing cations have a wide
variety of analytical applications in various fields,
including chemistry, biology, and medicine.3–6

Reported calixarene-based fluorescence sensors utilize
photo-physical changes produced by a cation binding:
photo-induced electron transfer (PET),3,5–7 excimer/
exciplex formation and extinction,4,8 or energy transfer.9

For the PET type, we have previously reported a series
of ‘Molecular Taekwondo I–II’ based on the intramole-
cular metal ion exchange. In these systems, the metal ion
exchange processes are ascribed not only to an electro-
static repulsion between metal ions, but also to an allo-
steric effect.10

In a continuation on the research with fluorescent
pyrene-monomer and excimer changes upon the metal
cation or anion complexations, we newly synthesized
1,3-alternate calix[4]arene (1) having bispyrenylamide
on the two lower rims and two carboxylic acids on the
other two lower rims, as shown in Figure 1.

Compound 1 was prepared as shown in Scheme 1.11

Reaction of calix[4]arene with 2.1 equiv of N-(1-pyren-
ylmethyl)chloroacetamide12 in the presence of a catalytic
amount of NaI and 1.0 equiv of K2CO3 as a base in
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doi:10.1016/j.tetlet.2006.03.113

* Corresponding author. Tel.: +82 2 799 1351; fax: +82 2 797 3277;
e-mail: jongskim@dankook.ac.kr
CH3CN afforded 25,27-bis[(N-(1-pyrenylmethyl)amino-
carbonyl)methoxy]calix[4]arene (3) in quantitative yield.
Compound 3 was subsequently treated with ethyl bro-
moacetate in the presence of Cs2CO3 in CH3CN to pro-
duce 4 in 75% yield.11 Compound 4 was hydrolyzed to
give a corresponding calix[4]arene dicarboxylic acid 1
in 96% yield. Compound 2 was also prepared by follow-
ing the literature procedures.10c,13 The presence of a sin-
glet peak at 3.8 ppm in the 1H NMR spectra as well as
the presence of a single peak at 38 ppm in the 13C
NMR spectra confirmed that both 1 and 2 retain 1,3-
alternate conformation.

As a fluorogenic unit, pyrene is known to be one of
the most useful sensing moieties because of its effi-
cient monomer and excimer formation.14 The intensity
ratio of the excimer to the monomer emission (Iexcimer/
Imonomer) is sensitive to conformational change of the
pyrene-appended receptors, thus Ie/Im changes upon
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Scheme 1. Synthetic route of fluorescent chemosensor 1. Reagents: (i) K2CO3, NaI, CH3CN; (ii) ethyl bromoacetate, Cs2CO3, CH3CN; (iii) NaOH,
H2O/EtOH.
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metal ion complexation can be an informative parame-
ter in various sensing system.15,16 It was reported that
a calixarene containing pyrenyl esters shows a marked
excimer emission by a strong p–p interaction between
two pyrenes.17 In this study, we also observed that free
1 and 2 exhibit a strong monomer (kem = 370 nm) and
an excimer (kem = 470 nm) band, suggesting that the
two pyrene units be in the face-to-face p-stack so as to
form a dynamic excimer.10c The relative ratios of exci-
mer to monomer (Ie/Im) bands for 1 and 2 are 3.23
and 1.34, respectively, as shown in Figure 2. The larger
value (Ie/Im) of 1 than that of 2 is presumably due to its
greater conformational rigidity, mainly by an intramo-
lecular H-bonding interaction between two carboxylic
acids, which is not seen in the case of 2.

The perchlorate salts of Ag+, Cs+, K+, Li+, Na+, Rb+,
Ca2+, Pb2+, and Zn2+ were used to investigate the cation
binding ability of 1 and 2 with respect to the fluores-
cence response.18 The results are presented in Figure 3.
On the basis of fluorescence changes upon metal cation
complexation, we found that 1 exhibits Pb2+ (quench-
ing) and Ca2+ (enhancing) selectivity over other metal
cations tested.

Figure 4 shows the fluorescence changes of 1 and 2
with Pb2+ ion concentration. The fluorescence intensity
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Figure 2. Fluorescence spectra of free 1 and 2 (6.0 lM) in CH3CN.
The excitation wavelength is 343 nm.

Figure 3. Bar profiles of fluorescence changes (I0 � I) of (a) 1 and (b) 2

upon the addition of various metal cations. Compounds 1 and 2:
6.0 lM in CH3CN; excitation at 343 nm; metal ions, 500 equiv in
CH3CN. I0: fluorescence emission intensity of free 1 and 2; I:
fluorescence emission intensity of metal ion-complexed 1 and 2.
was gradually decreased by the addition of Pb2+ ion and
the changes became a plateau with ca. 500 equiv lead ion
addition. From the data, association constants of 1 and
2 for complexation of the Pb2+ in CH3CN were calcu-
lated to be 2.1 · 105 and 7.8 · 105 M�1, respectively.18

The rather small association constant of 1 for Pb2+

ion than that of 2 is probably due to a strong intramo-
lecular H-bonding between two carboxylic acid units,
which executes a reverse-allosteric effect on the two
amide units. The remarkable fluorescence quenching in-
duced by Pb2+ is ascribed not only to reverse PET from
the pyrene units to the carbonyl oxygen atoms of which



Figure 4. Fluorescence spectra of (a) 1 and (b) 2 (6.0 lM) upon the
addition with Pb2+ in CH3CN. The excitation wavelength is 343 nm.

Figure 5. Fluorescence spectra of (a) 1 and (b) 2 (6.0 lM) upon the
addition with Ca2+ in CH3CN. (The excitation wavelength is 343 nm.)

Figure 6. Fluorescence emission change for the 1ÆPb2+ complex in
CH3CN upon the addition of Ca2+. (The excitation wavelength is
343 nm.)
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the electron density is diminished by the metal ion com-
plexation, but also to the heavy metal ion effect.10c

Figure 5a shows that titration of Ca2+ into a solution of
1 displays a decreased excimer emission with an in-
creased monomer emission at the same time. Figure
5b, however, exhibits no change in the fluorescence
intensity of 2 by the addition of Ca2+. These two facts
strongly suggest that the Ca2+ ion prefer to bind to car-
boxylic acid rather than to the amide group. A blue-
shifted excimer emission of 1 with Ca2+ may result from
less overlapping pyrenes dimer to provide the less effec-
tive HOMO–LUMO interaction in the excited state.15

When the Pb2+ ion was added to a solution of 1, we ob-
served a quenched excimer emission which is in good
agreement with the previously reported fact that the
Pb2+ ion is encapsulated in the cage of the two pyrene
amide groups giving a C@O� � �Pb2+ coordination fol-
lowed by a conformational change.10c,19 Concomitantly
decreasing monomer emission is mainly due to a reverse-
PET and a heavy metal ion effect.10c,19–21 On the other
hand, in the case of 1ÆCa2+, the monomer and excimer
emissions declined and enhanced, respectively, indicat-
ing that those of reverse-PET and heavy metal ion effects
are excluded.

With regard to cation exchanges based upon the selec-
tivity between Ca2+ and Pb2+, we observed an interest-
ing on/off switching process. When the Ca2+ was
titrated with a solution of the 1ÆPb2+ complex, both exci-
mer and monomer bands gradually reformed and then
became saturated upon addition of about 3000 equiv
of Ca2+ (Fig. 6). This is due not only to an electrostatic
repulsion between the two metal ions, but also to a



Figure 7. Fluorescence emission change for the 2ÆPb2+ complex in
CH3CN upon the addition of Ca2+. (The excitation wavelength is
343 nm.)
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reverse allosteric effect-induced conformation change
that does not favor the binding of the approaching sec-
ond metal.22

In order to prove the metal ion exchange behavior, we
chose 2 not having carboxylic acid groups but having
propyl units on the lower rim of the calixarene. When
Ca2+ was added to a solution of 2ÆPb2+ complex, the
fluorescence intensity scarcely changed, as shown in Fig-
ure 7, implying that no cation exchange occurred in 2
obviously because the two propyloxy groups were un-
able to function as a Ca2+ recognition site. This sup-
ports that Ca2+ binds to the carboxylic acid and not
to the amide groups, where the metal–ion binding would
induce a conformational change of the ligand.

In conclusion, fluorogenic calix[4]arenes 1 and 2 with
two facing amide groups linked to pyrene units were syn-
thesized. Upon addition of Pb2+ ion to a solution of 1 or
2 in CH3CN, both monomer and excimer bands were
strongly quenched because of the reverse-PET from
the pyrene unit to the electron-deficient amide groups
and because of a conformational change of the two pyr-
ene amide groups, respectively. On the other hand, upon
addition of Ca2+ ion into the 1ÆPb2+, the excimer band is
revived, by which the interesting on/off switch process
like a ‘Molecular Taekwondo’ is proposed.
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arenes 2001; Asfari, Z., Böhmer, V., Harrowfield, J.,
Vicens, J., Eds.; Kluwer Academic: Dordrecht, Holland,
2001.

3. Aoki, I.; Sakaki, T.; Shinkai, S. J. Chem. Soc., Chem.
Commun. 1992, 730.

4. Jin, T.; Ichikawa, K.; Koyama, T. J. Chem. Soc., Chem.
Commun. 1992, 499.

5. (a) Ji, H. F.; Brown, G. M.; Dabestani, R. Chem.
Commun. 1999, 609; (b) Ji, H. F.; Dabestani, R.; Brown,
G. M.; Sachleben, R. A. Chem. Commun. 2000, 833.

6. Leray, I.; O’Reilly, F.; Habib Jiwan, J. L.; Soumillion, J.
Ph.; Valeur, B. Chem. Commun. 1999, 795.

7. Leray, I.; Lefevre, J. P.; Delouis, J. F.; Delaire, J.; Valeur,
B. Chem. Eur. J. 2001, 7, 4590.

8. Nishizawa, S.; Kaneda, H.; Uchida, T.; Teramae, N. J.
Chem. Soc., Perkin Trans. 2 1998, 2325.

9. Hecht, S.; Vladimirov, N.; Fréchet, J. M. J. J. Am. Chem.
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