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ABSTRACT
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A novel fluorescent chemodosimeter based on 1,8-naphthyridine exhibits high selectivity to Zn?+ and Cu?*. When 1-(7-acetamino-1,8-naphthyridyl)-
2-(6-diacetaminopyridyl)ethene was mixed with CuCl,, hydrolysis of the acetamino group catalyzed by Cu?" complex was first observed.
Resulting from coordination and hydrolysis catalyzed by the corresponding complex of Zn?* or Cu2™, the highly effective fluorescent detection
of Zn?* and Cu?" is realized with Zn?*-selective dual-emission and Cu?*-selective ON—OFF behavior.

The design and synthesis of fluorescent probes with
desirable properties are of considerable importance in super-
molecular chemistry due to their fundamental rolein medical,
environmental, and biological applications.* As the second
metal ion in abundance among the essential heavy metal
elements in the human body, zinc ion plays an important
role in various fundamental biological processes, such as
gene transcription, regulation of metalloenzymes, and neura
signal transmission.? Zn?* does not show distinct spectro-
scopic or magnetic signals necessary for application of many
common analytical techniques such as UV —vis spectrometry,
Mosshauer spectroscopy, nuclear magnetic resonance (NMR),
and electron paramagnetic resonance (EPR) spectroscopy for
its 3d1°4<° electronic configuration. These features make it
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hard to detect Zn?*. Due to great changes in the absorption
and/or fluorescent spectra of many fluorescent organic
molecules after they are coordinated with metal ions, the
colorimetric and fluorescence methods are very important
and effective ways to detect metal ions.® Recently, some zinc
ion-sel ective chemosensors have been reported.* On the other
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hand, the design of colorimetric or fluorescent sensor with
specific response to Cu?* has been extensively studied® as
it is a significant metal pollutant due to its widespread use,®
and it is also an essential trace element in biologic systems.’
Although great achievement in the field of metal ion-
chemosenors has been obtained, there is still a demand for
new indicators with improved properties, especially fluores-
cent probes with high efficiency in the spectral visible region.

This work is aimed at the design and construction of a
fluorometric assay to highly effective detection of Zn?* and
Cu?*. For their various photoluminescent properties and short
metal-~-metal distance formed in their metal building blocks,
1,8-naphthyridine (napy) and its derivatives have been widely
used as guanine recognition regents and bidentate ligands.®
However, there are very few reports about the derivatives
of 1,8-naphthyridine as fluorescent sensors for transition
metals. In order to shift the emission bands to a visible
region, a larger conjugated molecule 1-(7-acetamino-1,8-
naphthyridyl)-2-(6-diacetaminopyridyl)ethene (1) was se-
lected. In this paper, we report the Zn?"- and Cu?*-selective
recognizing properties of fluorophore 1. Compound 1 pos-
sesses efficient Zn?*-selective dual-emission and Cu?*-
slective ON—OFF behavior.

Compound 1° was synthesized by the reaction of com-
pounds 2 and 3 in diacetyl oxide. Compounds 2-methyl-7-
amino-1,8-naphthyridine (2),° 2-amino-3-aldehyde—pyridine
(3),** 2-diacetamino-3-methyl-pyridine (4), and 2-methyl-
7-acetamino-1,8-naphthyridine (5) were synthesized acording
to modified reported methods.*? The crystals of 1 were
obtained by slow volatilization of their DMF solutionin air.
The synthetic route is shown in Scheme 1, the detailed
synthetic procedure, X-ray crystal structure of 1, and
characterization of 1—5 are shown in the Supporting Infor-
mation.
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Scheme 1. Synthetic Route of Compound 1
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Compound 1 exhibits relative strong fluorescence emission
at 411 nm (®¢ = 0.07)* in methanol upon excitation at 362
nm (Figure 1A). Upon titration of Zn?*, a new fluorescence
emission peak at about 458 nm appeared and the intensity
dramatically enhanced with 411 nm emission intensity
decreased, indicating a Zn?*-selective dual-emissive-type
signaling behavior. However, when Cu?* ion was added, the
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Figure 1. Changes in fluorescence emission spectraof 1 (5.0 x 1075
M) in methanol upon addition of Zn?* (A) and Cu?* (B). Theratio of
metal ionsto 1is2 equiv to 1. Inset: Emission intensities of compound
1 at 411 nm (black dot) and 458 nm (red dot) as afunction of addition
of Zn?* (A)/Cu?* (B). The concentration of Zn?t/Cu2* changed from
0to 1.0 x 104 M and excitation was at 362 nm.
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Figure 2. Photograph of 1 in methanol under the irradiation at 365
nm (left: after addition of Zn?*, middle: 1 only, right: after addition
of Cu?").

fluorescence of 1 was significantly quenched (Figure 1B),
indicating an efficient Cu?*-selective ON—OFF behavior.*
The different fluorescence spectra change of compound 1
upon addition of Zn?" and Cu?* may be explained as below:
as for the fluorescence change resulted from addition of Zn?*,
the red-shift of the emission peak can be ascribed to the
recombination of the orbitals, and the increase of emission
intensity is most likely the result of rigidification and
coplanarity of the compound 1-(7-amino-1,8-naphthyridyl)-
2-(6-acetaminopyridyl)ethene; as for the addition of Cu?*
into the methanol solution of compound 1, the d orbitals of
Cu?* in the final reaction product of Cu?™ and compound 1
might show partial contribution to the LUMO, which led to
the quench of the fluorescence of 1-(7-acetamino-1,8-
naphthyridyl)-2-(6-acetaminopyridyl)ethene by Cu?* through
the electron- and/or energy-transfer processes.® The fluo-
rescence decay curves of compound 1 in methanol are fitted
to double-exponential decays no matter whether Zn?* or Cu?*
was added (Figures S15 and S17, Supporting Information).
The changes of fluorescence lifetimes indicate that new
fluorescence decay processes were formed after addition of
Zn?" or Cu?". The insets in Figures 1A,B demonstrate the
relationship between the molar ratio of Zn?*/Cu?* to that of
1 and the emission intensity at special wavelength.

To study the emission change resulting from the addition
of Zn?* and Cu?*, electron spectroscopic imaging (ESI) of
1 was measured after addition of Zn?*/Cu?*. ES| data™® show
that Zn?* and Cu?" play different roles when reacted with
1. The absorption spectra change of 1 in methanol upon
addition of Zn*" and Cu?" are shown inparts A and B of
Figure S1 (see the Supporting Information), respectively.
Upon gradua addition of Zn?" into the methanol solution
of 1, a new absorption peak at about 369 nm appeared and
its intensity increased while the original absorption peak at
360 nm weakened (¢ = 4.01 x 10* M~* cm™3). As for
addition of Cu?* into methanol solution of 1, a similar
absorption change was observed.

With addition of Zn?*, 1 coordinated first with metal ionsto
form the coordination complex, and then the complex formed
made acetamino group of 1 hydrolyze.*” In the case of Cu?*,
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asimilar reaction occurred; Cu?t coordinated with 1, and then
the complex formed catalyzed the hydrolysis of acetamino
group. The hydrolysis of the two acetamino groups resulting
from the complex of Zn** and 1 may be ascribed to the stronger
Lewis acid ZnCl, compared with CuCl,. The possible reaction
mechanism of Zn?"/Cu?" and 1 is depicted in Scheme 2.

Scheme 2. Proposed Reaction Mechanism of Zn?™ (A) and Cu?*
(B) with 1, Respectively

In order to confirm that hydrolysis of acetamino group
occurred during the reaction of Zn?" and 1, we studied
reaction of compound 4 and 5 with Zn?". The crysta
structure of complex 5—2n (Figure 3) shows that acetamino
group was hydrolyzed to amino group during the reaction
process of 5 and Zn?*, validating our proposed mechanism.
After compound 4 or 5 reacted with Zn?t and Cu?*
respectively, the ESI measurement also shows that same
reactions occur as those of 1 and Zn?* or Cu?*.*8

The sensing experiments on Zn?" and Cu?" in ethanol
show that recognizing results are similar with those in
methanol (Figures S2 and S3, Supporting Information). The
experiments of the nitrate anion effect on the selective
properties of Zn’" and Cu?" demonstrate that counterions
have little influence on the selective effect of fluorophore 1
on Zn?t and Cu?t (Figures $4 and S5, Supporting Informa-

Scheme 3. Molecular Structures of 4 and 5
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Figure 3. X-ray crystal structure of complex 5—Zn; solvent
molecules were omitted for clarity.

tion). As for sulfate anion, addition of CuSO, made the
fluorescence of 1 quench less strongly than that of CuCl,
and Cu(NOs), (Figure S6, Supporting Information). The
weaker gquenching intensity of 1 resulting from CuSO,4 may
be ascribed to the uncoordinated ability of sulfate anion.

The selectivities of 1 to the specific metal ions were
examined in methanol. Compound 1 shows extraordinarily
different selectivities toward Zn®" and Cu?*. As illustrated
in Figure 4A and in the left part from Zn?* in Figure 4B,
upon addition of the same amount of the various metal ions,
respectively, only Zn?" simultaneously quenched the emis-
sion of 1 and a new stronger emission peak appears at about
458 nm. While Cu?" quenched the most significiently
fluorescent emission of 1, no new emission emerged.
Compound 1 did not respond distinctly to alkali and alkaline
earth metal ions such as Ca?t, Mg?t, Na*, and K. Besides,
little influence on the fluorescence intensity of compound 1
was observed for the first-row transition-metal ions such as
Cr2*, Ni?*, and Mn?*. The different selectivity of 1 toward
Zm?* and Cu?* suggests that 1 has potential application in
sensing Zn?* and Cu?*.

Because C&t, M, Na™, and K™ exigt a high concentration
under physiologica conditions, it is necessary to measure the
disturbance of such metd ions on the detection of Zr?* with
compound 1. Thetitration of Zrn?* and compound 1 in the presence
of various meta ions was conducted, and the experimental results
(theright part in Figure 4B) illuminate thet the fluorescence of the
complex resulting from the reaction of Zn?* and compound 1 was
not influenced by the akai and akaline earth metad ions, even a
concentration as high as 5 mM.
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Figure4. (A) Fluorescence spectra change of 1 (5.0 x 1075 M) upon
addition of different metd cations (2 equiv) in methanol solution. (B)
Fluorescence responses of 1 to various metal ions (Ieft part from Zn?*
represented in Figure 4B) and fluorescence change of the mixture of
1 and Zn?* after addition of an excess of the appropriate metal ions
(5mM for Ca?™ Mg@?t, Na*, K™) (right part from Zr?* represented in
Figure 4B). Bars represent theratio of the difference between | and I
to lo. | represents the emission intensity at 458 nm, and | is equal to
the emission intengity at 441 nm. The overall emission spectra were
measured at excitation of 362 nm.

In conclusion, based on the 1,8-naphthyridyl moiety, we
have developed a highly selective fluorescent chemodosim-
eter for Zn?t and Cu?*, which possesses Zn?*-slective dual-
emissive-type signaling and Cu?"-selective ON—OFF be-
haviors. Detection of both Zn?* and Cu?* is realized through
fluorescence change resulting from the coordination and
hydrolysis of the acetamino group catalyzed by the corre-
sponding complexes of 1 with Zn?* and Cu?*, respectively.
In addition, the hydrolysis of the acetamino group induced
by Cu?t was first observed herein. Studies of the Zn?*- and
Cu?*-selective recognizing properties of fluorophore 1
provide a new type of chemodosimeter to metal ions.
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