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A new pyrene-based derivative bearing an azadiene group was synthesized as a ratiometric chemosensor for Hg?" in aqueous acetonitrile
solution. The “off—on” type signaling behavior of the fluoroionophore is due to the metal ion induced conformational changes from the weak

pyrene monomer emissions to strong pyrene excimer emission.

The development of artificial receptors for the sensing and
recognition of environmentally and biologically important
species has been actively investigated in recent years.! In
this regard, chemosensors that can highly sensitively and
selectively detect heavy and transition metal ions (HTM)
such as Hg?t, Pb?**, Cd?*, and Cu?* are especially important.?
Mercury is considered as a prevalent toxic metal in the
environment because both elemental and ionic mercury can
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be converted by bacteria in the environment to methyl
mercury, which subsequently bioaccumulates through the
food chain.®> When absorbed in the human body, mercury
causes damage to the central nervous, DNA, mitosis, and
endocrine system.* As a result, developing new and
practical multisignaling chemosensors for Hg?" is still a
challenge.®
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The pyrene moiety is one of the most useful fluorophores
for the construction of fluorogenic chemosensors for avariety
of important chemical species.® Particularly, the introduction
of two pyrene moieties can be situated closely enough to
yield face-to-face orientation excimer emission. Upon co-
ordination with a specific guest ion, the resulting compound
could be fine-tuned to yield monomer and/or excimer
emissions depending on the orientation of the two pyrene
moieties.” Utilizing the pyrene moiety of monomer vs
excimer emission, a variety of “on—off” type HTM ion
recognition systems were successfully devised.2 However,
the pyrene excimer “off—on” type system with HTM ions
has been rarely reported until now.® Furthermore, only afew
ratiometric fluorescent probes for Hg?" have been found in
the literature, and most of them were working only in pure
organic solvents.*® Herein, we describe a new azadiene—
pyrene derivative chemosensor 1 (Scheme 1), which shows

Scheme 1. Synthesis of Chemosensor 1
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a selective, sensitive, and reversible fluorescence enhance-
ment response to the Hg?* ion due to the two pyrene
moieties’ orientation excimer emission.

(6) (a) Winnick, F. M. Chem. Rev. 1993, 93, 587—614. (b) Nishizawa,
S.; Kato, A.; Teramae, N. J. Am. Chem. Soc. 1999, 121, 9463-9464. (c)
Sahoo, D.; Narayanaswami, V.; Kay, C. M.; Ryan, R. O. Biochemistry 2000,
39, 6595-6601. (d) Kim, S. K.; Kim, S. K.; Yoon, J. J. Org. Chem. 2003,
68, 597-600. (e) Yuasa, H.; Miyagawa, N.; Izumi, T.; Nakatani, M.; |zumi,
M.; Hashimoto, H. Org. Lett. 2004, 6, 1489-1492.

(7) (&) Shiraishi, Y.; Tokitoh, Y.; Hira, T. Org. Lett. 2006, 8, 3841—
3844. (b) Kim, H.; Hong, J.; Hong, A.; Ham, S;; Lee, J;; Kim, J. S. Org.
Lett. 2008, 10, 1963-1966. (c) Jung, H.; Park, M.; Han, D.; Kim, E.; Lee,
C.; Ham, S;; Kim, J. S. Org. Lett. 2009, 11, 3378-3381.

(8) (& Moon, S. Y.; Youn, N. J; Park, S. M.; Chang, S. K. J. Org.
Chem. 2005, 70, 2394-2397. (b) Kim, J. S.; Choi, M. G.; Song, K. C.; No,
K.T.; Ahn, S;; Chang, S. K. Org. Lett. 2007, 9, 1129-1132. (c) Park, S. M ;
Kim, M. H.; Choe, J. |.; No, K. T.; Chang, S. K. J. Org. Chem. 2007, 72,
3550-3553. (d) Xu, Z.; Yoon, J.; Spring, D. R Chem. Commun. 2010, 46,
2563-2565.

(9) (a) Xie, J; Menand, M.; Maisonneuve, S.; Metivier, R. J. Org. Chem.
2007, 72, 5980-5985. (b) Zhang, H.; Han, L. F.; Zachariasse, K. A.; Jiang,
Y. B. Org. Lett. 2005, 7, 4217-4220. (c) Yang, J. S.; Lin, C. S,; Hwang,
C. Y. Org. Lett. 2001, 3, 889-892. (d) Hung, H. C.; Cheng, C. W.; Ho,
I. T.; Chung, W. S. Tetrahedron. Lett. 2009, 50, 302-305. (€) Hung, H. C,;
Cheng, C. W.; Wang, Y. Y.; Chen, Y. J,; Chung, W. S. Eur. J. Org. Chem.
2009, 6360-6366.

(10) (@) Xiang, Y.; Tong, A.; Jin, P.; Ju, Y. Org. Lett. 2006, 8, 2863~
2866. (b) Wu, J.; Hwang, I.; Kim, K.; Kim, J. Org. Lett. 2007, 9, 907-910.
(c) Lee, M.; Wu, J; Lee, J; Jdung, J; Kim, J. Org. Lett. 2007, 9, 2501—
2504. (d) Zhang, X.; Shiraishi, Y.; Hiral, T. Tetrahedron Lett. 2007, 48,
5455-5459. (e) Soh, J.; Swamy, K.; Kim, S;; Kim, S,; Lee, S;; Yoon, J.
Tetrahedron Lett. 2007, 48, 5966-5969. (f) Zhang, X.; Shiraishi, Y.; Hirai,
T. Tetrahedron Lett. 2008, 10, 4178-4181. (g) Lee, M. H.; Kim, H. J;
Yoon, S; Park, N.; Kim, J. S. Org. Lett. 2008, 10, 213-216.

Org. Lett, Vol. 12, No. 11, 2010

Chemosensor 1 was synthesized by the condensation of
2,2’-(ethylenedioxy)dianiline with 1-formylpyrene in 42%
yield (Scheme 1). A 2,2’-(ethylenedioxy)-diimino-based
molecular framework was designed as a platform for the
construction of efficient ionophores via its ether-methylene
O and imino N atoms.** This Shiff base was stable in neutral
acetonitrile and water—acetonitrile solutions for at least 3
days. Thermogravimetric analyses showed that chemosensor
1 was stable up to 280 °C (Figure S1, see Supporting
Information), at which point decomposition of the compo-
nents occurred. The fluorescence emission at 406 nm was
relatively unaffected by pH values between 4.13 and 9.14
(Figure $4, Supporting Information). These observations
indicate that chemosensor 1, which is thermally stable, pH-
stable, and organic solvent-stable, may be useful as a
potential chemosensor material.

The absorption spectrum of 1 shows the typical pyrene
absorption bands at 238, 283, and 326 nm,'? along with a
dlightly low-energy band centered at 395 nm attributed to
the imino bridge. Upon addition of 1—1.2 equiv of Hg?t
ions to the solution of 1, the most significant changes were
broadening of the absorption bands around 350—520 nm,
and a new red-shifted band was formed at 442 nm (Figure
1). The formation of the new low-energy band may be
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Figure 1. UV—vis spectra of chemosensor 1 (10 uM) in the
presence of Hg?" ions (1.0 equiv and 1.2 equiv) in CHCN. Inset
shows the changein color of chemosensor 1 (10 xM) upon addition
of Hg?" ions (10 uM).

attributed to the interaction of Hg?t ions with the imino
nitrogens leading to the intramolecular charge transfer from
the pyrene moieties to the imino groups. The new low-energy
band (47 nm red shift) is responsible for the change of color,
which is perceptible to the naked eye, from colorless to pale
yellow.

The fluorescent properties of 1—Hg?" were surveyed in
typical organic solvent systems including their aqueous
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solutions. 1—Hg?" exhibited a weak monomer emission
around 395—410 nm with characteristic, but a very intense,
excimer emission of the pyrene centered at 462 nm (Figure
S3, Supporting Information). The fluorescence characteristics
of 1—Hg?" were found to be strongly dependent on the nature
of the employed medium. 1—Hg?" in agueous acetonitrile
(HEPES—CH3CN, 10:90, v/v) displayed a relatively weak
excimer emission at 462 nm. The pyrene excimer region
increased significantly as the water content increased,
particularly in the vicinity of 80% water composition, and
then the changes were not so significant up to 90% aqueous
solution (Figure S2, Supporting Information). This observa-
tion implies that complexation of 1 with Hg?" ions presum-
ably changes from its chair conformation to stacked or folded
conformation resulting in the switch of the pyrene monomer
emissions to an excimer emission.

The fluorescence spectrum of chemosensor 1 with several
metal cations (Na*, K*, Mg?*t, Cat, Cd?t, Mn?t, Fe*™, Ni2t,
Ag', P?t, Co?", Zn?*, Cr®*, Cu?t, and Hg?") using their
perchlorate salts in CH;CN/HEPES (pH 7.2, 80:20, v/v) is
investigated by titration studies (Figure 2). A 15.2-fold
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Figure 2. Fluorescence responses of 1 uM 1 to various 10 uM
metal ions. Bars represent the final (Ff) over theinitia (F;) integrated
emission. Spectra were acquired in (HEPES—CH;CN, 80:20, v/v)
pH 7.2. The red bars represent the addition of the competing metal
ionto aluM solution of 1. The blue bars represent the change of
the emission that occurs upon the subsequent addition of 10 uM
Hg?" to the above solution. Excitation was provided at 365 nm,
with emission integrated over 380—600 nm.

enhancement of fluorescence and a continuous red shift of
the emission peak from 406 to 462 nm were observed upon
the addition of 10 equiv of Hg?" compared to that of only 1
in CH3CN/HEPES mixture solutions. Upon interaction with
varying metal ions of alkali (Na*, K™), alkaline earth (Mg?",
Cea?t), and transition-metal ions (Cd?*, Mn?*, Fe**, Ni?*,
AgT, Po?t, Co?t, Zn?t, and Cr3*), a much weaker response
is given compared to Hg?" at the same concentration (10
uM), and the fluorescence signal of 1—Hg?* in the presence
or absence of these contrast ions also exhibited only a mild
difference. With Cu?* ions, however, a slightly response of
the pyrene excimer emission was observed, consistent with
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the earlier reported akylamine—pyrene derivative com-
pounds,™® and the fluorescence intensity increased 3.2-fold
upon added 10 uM Cu?" ions (8.3-fold with 100 equiv of
Cu?* ions). The discrimination between two oppositely
responding Hg?* and Cu?* ions could be realized ratiometri-
cally by using the large changes in Hg?* to trigger the
monomer—excimer switching of 1. To test whether the
proposed complex could be reversed, we added N&S (0.1
M) to the solutions of 1—Hg?* species. The addition of 0.55
mL of NaS could restore the initial value of free probes
due to the Ky value of 107 M? for Hg?" at a standard
condition in the form of [HgS,]?~.** Thus, the probes could
be revived on addition of Hg?" (Figure S5, Supporting
Information).

The titration reaction curve showed a steady and smooth
increase until a plateau was reached (15.0 uM Hg?") with
an 18-fold increase at the plateau (Figure 3), suggesting
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Figure 3. Fluorescence titration of 1 (1 uM) in HEPES buffer
(50 mM, pH = 7.2) aqueous buffer solutions in the presence of
different amounts of Hg?*. Excitation was performed at 365 nm.

Inset: fluorescence intensity at 462 nm as a function of Hg?"
concentration.

the completion of the monomer—excimer switch of 1. The
chemosensor exhibited very efficient fluorescence re-
sponding, and over 65% of the total fluorescence intensity
increase was observed with 1 equiv of Hg?" ions. The
association constant (Kg) of 1 with Hg?" is 4.32 x 10°
M~ (error <10%), obtained by a nonlinear curve fitting
of the fluorescence titration results.*® The inset in Figure
3 exhibits the dependence of the intensity ratios of
emission at 462 nm (F/F;) on Hg?". This curve can be
served as the calibration curve for the detection of Hg?".
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The detection limit*® was also estimated from the titration
results and was 2 x 1077 M.

As shown in the *H NMR spectra of Figure 4a and 4b,
treatment of 1 equiv of Hg?" resulted in a considerable
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Figure 4. *H NMR spectra of 1 (a) and in the presence of Hg?" (b)
in DMSO-ds. (c) Proposed mechanism of binding mode of 1 with
Hg?".

downfield shift of imino protons by ¢ 1.22 ppm. There was
also a dlight upfield shift of ether—methylene protons by 6
0.12 ppm. The corroborative evidence for the 1—Hg?"
complex was observed in their solid state reaction, which
showed that after one minute grinding in the mortar the light
yellow solid 1 turned to an obvious reddish-brown color solid
in the presence of 1 equiv of Hg?", and other ions of our
interest showed little interference (Figure S6, Supporting
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Information). These *H NMR and grind reaction results
suggest that Hg?" coordinated with the imino of the Schiff
base forms Hg—N bonding and that O atoms of ether-
methylene forms Hg—O bonding.

On the basis of the *H NMR spectroscopy, the plausible
binding mechanism of 1 in the present system is schemati-
cally depicted in Figure 4c. The transformation into folded
conformation might be partly attributed to the participation
of the imino of the Schiff base and O atoms of ether-
methylene in the complex formation with the guest metal
ions, which forces the two pyrene moieties to become
relatively folded with face to face orientations. The confor-
mational changes result in the weak pyrene monomer
emission to strong pyrene excimer emission switch.

In summary, we have developed a new fluorescent sensor
for Hg?*" on the basis of the pyrene monomer vs excimer
emission with high sensitivity and selectivity. Moreover, this
simple molecule makes it possible to detect the Hg?"
ratiometrically. This chemosensor was easily prepared and
found to be stable in both alkaline and acidic solutions. The
spectral response toward Hg?" was established to be revers-
ible. The design strategy and remarkable photophysical
properties of the two pyrene moieties would help to extend
the development of fluorescent sensors for HTM ions.
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