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Abstract

In this study, a novel pyrazine-derived fluorescent sensor bearing the furan unit (1)
has been designed, synthesized and characterized. This sensor 1 showed large
enhancement in fluorescence emission intensity at 517 nm in the presence of AI**and
it also showed high selectivity and sensitivity for AP’" over other common
environmentally and biologically important metal ions, for the detection limit of 1
towards Al** could reach at 107 mol/L. Moreover, the enhancement of fluorescence
emission intensity was attributed to the chelation-enhanced fluorescence (CHEF)

phenomenon upon complexation of 1 with AI’".
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1 Introduction

Compared with other traditional analytical methods, including ion selective electrodes
[1], voltammetric methods [2] and colorimetric sensors [3], the development of
fluorescent sensors for the sensing and recognition of environmentally and
biologically important metal ions have attracted considerable attention of current
researchers, due to their simplicity, high sensitivity, good selectivity and rapid
response time [4-8]. Among all the common metal ions, A’ is of great importance in
the biological and physical systems [9-10]. Aluminum is well known as the third most
abundant element in the earth’s crust and has broad applications in modern life, such
as packing materials, clinical drugs, food additives and water purification [11-14].
Aluminum itself and its ionic state are widely distributed in the air, water and soil,
and can accumulate in human body [15-16]. AI’" is an indispensable metal ion in
human body but can cause damage when it is exposed to high concentration levels
[17-18]. The excessive AP’ can damage the central nervous system and immune
system of human body [19-20], resulting in many human illnesses, such as dementia,
encephalopathy, Alzheimer’s disease, Parkinson’s disease, osteomalacia and breast
cancer [21-25]. Moreover, high concentration of AI’”in ecosystem can affect the
growth of plant roots and freshwater fishes, causing product reduction [26-27]. Thus,
it is of great significance to design and synthesize fluorescent sensors for detecting

and monitoring AP’ in environmental and biological samples [28].
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There have been only a few reports about the development of fluorescent sensors
for the detection and recognition of A", because of the poor coordination ability of
AP’" compared to transition metal ions [29]. S. L. Hu et al. reported a simple
pyrazoline-based fluorescent sensor that displayed fluorescence quenching behavior
with high selectivity for AI’" in aqueous solution [30]. A sensor based on a
dibenzo-18-crown-6-derivative which showed colorimetric and fluorometric
dual-signaling responses for AP’ based on internal charge transfer (ICT) mechanism
was designed and synthesized by Y. P. Li et al [31]. T. H. Ma et al. described a novel
dual-channel fluorescent sensor with a single chromophore for AI**[32]. Y. Lu et al.
developed a photoinduced electron transfer (PET)-based fluorescent sensor which
possessed dual PET processes by simultaneously introducing both nitrogen and sulfur
donors [33], and a rhodamine-azacrown derivative which was selectively responded
to AI’" in acetonitrile was discussed by X. X. Fang et al [34]. Therefore, it is of great
challenge to develop AI’" selective and sensitive fluorescent sensors [35-39].

Keeping these in mind, we have designed and synthesized a novel
pyrazine-derived hydrazone Schiff-base ligand called 2-Acetylpyrazine (2’-furan
formyl) hydrazone (1) through a three-step reaction (Scheme 1). From the
experimental process, it was evident that this compound 1 had good selectivity and
high sensitivity for A’ over a wide range of other environmentally and biologically
important metal ions investigated, and the remarkable enhancement in fluorescence
emission intensity at 517 nm in the presence of AI’" was observed in ethanol.

Furthermore, this compound 1 could respond AP’ in a reversible manner, which
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developed it for practical application. Therefore, this compound 1 could be used as a
fluorescent sensor to detect and recognize A" in ethanol.

2 Experimental

2.1 Materials

2-furan formic acid, hydrazine hydrate, acetyl pyrazine, hydrogen peroxide,
concentrated sulfuric acid, absolute ethanol and salts of Al3+, BaZ+, Ca2+, Cd2+, C02+,
Cr3+, Cu2+, Fez+, F63+, K, Mg2+, Mn2+, Na', Ni2+, Pb>" and Zn*>" were obtained from
commercial suppliers and used without further purification. Stock solution of
compound 1 (10 mM) was prepared in absolute ethanol. Stock solutions (10 mM) of
the salts of Al3+, Ba’", Ca2+, cd*, C02+, Cr3+, Cu2+, Fe*', Fe', K7, Mg2+, Mn*", Na',
Ni**, Pb*" and Zn?"in absolute ethanol were also prepared. Distilled water was used
throughout all experiments.

2.2 Methods

'H NMR spectra were measured on the INM-ECS 400MHz instruments using TMS as
an internal standard in DMSO-ds. The ESI-MS data were obtained in ethanol from a
Bruke Esquire 6000 spectrometer. UV-vis absorption spectra were recorded on a
Perkin Elmer Lamda 35 UV-vis spectrophotometer in ethanol medium at 298 K.
Fluorescence emission spectra were generated on a Hitachi RF-4500
spectrophotometer equipped with quartz cuvettes of 1 cm path length. Melting points
were determined on a Beijing X-4 microscopic melting point apparatus without
correction.

2.3 Synthesize of compound 1 (2-Acetylpyrazine (2’-furan formyl) hydrazone)
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Ethyl 2-furan formate (2) and 2-furan formylhydrazine (3) were prepared by the
reported method [40]. A solution of acetyl pyrazine (0.750 g, 5.952 mmol) in absolute
ethanol (10 mL) was added to a solution containing 2-furan formylhydrazine (0.726 g,
5.952 mmol) in absolute ethanol (30 mL). The mixture was stirred and refluxed for 19
h, and the obtained light green solution was then cooled to room temperature. Then
the light green product was filtered, washing five times with absolute ethanol (10 mL).
The obtained crude product was recrystallized from absolute ethanol to afford the
desired product 1 as a light green powder (0.68 g, 49.67 %) (Scheme 1). m.p.
196-197 [, "H NMR (400 MHz, DMSO-dy) (Fig. S1) 10.93 (s, 1H, -NH-), 9.22 (s, 1H,
Hy), 8.70-8.64 (m, 2H, Hs ¢), 7.99 (d, 1H, J = 1.6 Hz, H;), 7.44 (d, 1H, J =3.2 Hz, H3),
6.74 (dd, 1H, J = 3.2 Hz, 1.6 Hz, H,), 2.44 (s, 3H, -CH3). MS (ESI) (Fig. S2) m/z
231.0743 [M + H']", 253.0558 [M + Na']", 483.1249 [2M + H']".
2.4 Analysis
Test solutions were prepared by placing 10 pL of the probe stock solution into
cuvettes, adding an appropriate aliquot of each metal ion stock, and diluting the
solution to 2 mL with ethanol. For all fluorescence measurements, excitation
wavelength was at 382 nm, and the excitation and emission slit width were both 3.0
nm.

The binding constant values were determined from the emission intensity data

following the modified Benesi—Hildebrand equations (1) [41]:

1 1 1

oL
s OF K(Fmax _Fm)[Ajs_] Fmax_Fmin

minl

(1)
where Fpin, F, and Fy,.x are the emission intensities of the organic moiety considered
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in the absence of aluminum ion, at an intermediate aluminum concentration, and at a
concentration of complete interaction, respectively, and where K is the binding
constant concentration.

3 Results and discussion

3.1 UV-vis titration of compound 1 with AI**

We first investigated the UV-vis spectra of compound 1 towards the increasing
concentration of AI’* in ethanol. As shown in Fig. 1, the intense absorption band
centered at 306 nm with a shoulder at 382 nm was observed in the UV-vis spectra of
compound 1 in ethanol, which was attributed to the absorption band of pyrazine.
However, the addition of A’ to the ethanol solution of 1 caused decrease in
absorption intensity at 306 nm and a new band centered at 382 nm with increasing
intensity was observed, resulting in two isosbestic points at 237 nm and 336 nm,
which indicated that a stable complex was formed between 1 and Al’* during the
titration (Fig. 1). From the results above, we could conclude that the pyrazine unit in
compound 1 participated in the coordination with A",

3.2 Fluorescence responses of compound 1 towards various metal ions

In order to explore the selectivity of compound 1 for AP" over a variety of
environmentally and biologically important metal ions, the fluorescence responses of
1 towards various metal ions (Al3+, Ba’’, Ca®’, Cd**, Co*, Cr', cu?’, Fe*', Fe*', K7,
Mg®, Mn*", Na', Ni*', Pb*, Zn*") were discussed in ethanol. As can be seen from
Fig. 2, compound 1 in the absence of any metal ion displayed nearly no fluorescence

emission in the range of 410-680 nm. However, when AP’ was added to the solution
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of 1, the fluorescence emission intensity at 517 nm enhanced significantly, and there
were almost no change in the fluorescence emission spectrum upon addition of other
metal ions investigated under identical conditions (Fig. 2). These results indicated that
this compound 1 had high selectivity for AI’" over other environmentally and
biologically important metal ions in ethanol.

3.3 Selectivity of compound 1 for A in the presence of other metal ions

To obtain insight into the selectivity of compound 1 towards Al competition
experiments were carried out in ethanol by measuring the fluorescence responses at
517 nm of compound 1 to AI’" in the presence of other environmentally and
biologically important metal ions. As illustrated in Fig. 3, when Cu®"and Fe*" were

I**, the fluorescence emission intensity at

added to the mixture of compound 1 and A
517 nm was remarkably quenched. Nevertheless, C02+, Fe3+, Ni*" and Zn*" made the
fluorescence intensity at 517 nm quenched slightly but it was relatively detectable.
However, other metal ions investigated had nearly no influence on the sensing ability
of compound 1 for A" (Fig. 3). These results proved that the selectivity was high for
compound 1 towards AI’" in the presence of most environmentally and biologically
important metal ions.

3.4 Fluorescence titration of compound 1 with N

The change in fluorescence emission spectrum of compound 1 upon addition of
various concentration of Al**in ethanol was shown in Fig. 4. Upon excitation at 382

nm, there were almost no fluorescence emission in the range of 410-680 nm in the

solution of free 1. It was probably due to the photoinduced electron-transfer (PET)
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phenomenon from the Schiff-base nitrogen atom to pyrazine with no
chelation-enhanced fluorescence (CHEF) effect that quenched the fluorescence
emission of 1. Nevertheless, upon addition of increasing concentration of AI’", the
fluorescence emission intensity at 517 nm enhanced gradually without any change in
emission wavelength (Fig. 4). We hypothesized that the complexation of compound 1
and A’ made highly efficient CHEF effect occurred from the Schiff-base nitrogen
atom to pyrazine [42-44] (Scheme 2). As a result, the fluorescence emission intensity
at 517 nm enhanced by about 164-fold in the presence of 1 equiv. of A" (Fig. S3).
Additional, the binding constant (K) of compound 1 with AI>" was measured as 2.36 x
10" M from fluorescence titration fitting curve using the Benesi-Hildebrand equation
(1) (Fig. S4), and it was within the range 10°~10° M of those reported Al’" selective
sensors [45-48]. The detection limit of compound 1 for A’ was also estimated to be
107 M level which was conducted by using fluorescence titration spectrum (Fig. S5).
From these results above, it was concluded that compound 1 could be used as a
fluorescent sensor with high selectivity and sensitivity for AI** over other
environmentally and biologically important metal ions, for the detection limit was
sufficiently low for this sensor 1 to monitor and control AP’ in environmental and
biological systems.

3.5 The reversibility and regeneration of the binding of AP by 1

Then the reversibility and regeneration of compound 1 were tested by adding
EDTANa, into a mixture of 1 and AI*" in ethanol. As can be seen from Fig. 5, upon

addition of EDTANa,, the fluorescence emission intensity at 517 nm decreased
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significantly. It was evident that EDTANa, was a good chelating agent with AI*, and
the bound A’ of compound 1 could be removed upon complexation of EDTANa,
with AI*", so the compound 1 was free from 1-Al** solution. However, when the
excessive A’ was added to the solution above, the recovered fluorescence emission
was observed again, and the fluorescence emission spectrum was almost identical to
that of 1-AI’* solution (Fig. 5). These results clearly demonstrated that the
reversibility and regeneration of compound 1 for AP’ were perfect, which could
develop 1 for practical application.
3.6 Binding stoichiometry between compound 1 and AP
To determine the stoichiometry of compound 1 with AI’" in the complex, a Job’s plot
was conducted by using fluorescence emission intensity at 517 nm as a function of
molar fraction of AI’". As depicted in Fig. 6, the maximum fluorescence value was
achieved when the molar fraction of AI’" reached 0.5, which suggested that a 1071
complex was formed between compound 1 and AI’" in ethanol (Fig. 6). Moreover,
two peaks at 292.9729 ([1 + A’ + 2H,07°") and 372.8739 (1 + Al + CH;CH,OH +
4H,0 - 2H']") from the electrospray ionization mass spectra (ESI-MS) of complex
1-AP" gave another reliable proof of the 1:1 binding stoichiometry of 1 with AP (Fig.
S6).

Finally, we explored '"H NMR titration experiments to further demonstrate the
proposed binding mode of compound 1 towards Al'* (Fig. S7, Fig. S8). The addition
of 1.0 equiv. of AP’ into compound 1 in DMSO-ds made the proton signal of the

imino group (at 6 10.931 ppm) decrease and broaden, shifting up-field slightly to o
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10.902 ppm. Simultaneously, the signal of the third proton Hs of the furan group (at &
9.219 ppm) was slightly up-field to & 9.213 ppm, and the proton signals of the
pyrazine group were slightly down-field shifted, while almost no change were
observed in the signals of other protons in compound 1 (Fig. S7). Furthermore, when
the amount of AI’* reached 2.0 equiv., there were almost no further change in the
signals of all the protons in compound 1 (Fig. S8), which proved the 1:1 binding
stoichiometry of 1 with AP’". From the results above, it could be concluded that the
oxygen atom of the carbonyl group, the nitrogen atom of the Schiff-base and one
nitrogen atom of the pyrazine group in compound 1 simultaneously participated in the
coordination with AI** (Scheme 2), which was in accordance with the UV-vis analysis.
4 Conclusion

In conclusion, a novel pyrazine-derived fluorescent sensor 1 bearing the furan unit has
been designed and synthesized through a three-step reaction. It was evident that this
sensor 1 showed remarkable enhancement in fluorescence emission intensity at 517
nm in the presence of AI'" with high selectivity and sensitivity over other
environmentally and biologically important metal ions, and it could respond AlI*"in a
reversible manner which developed 1 for practical application. The binding constant
of this sensor 1 with A" and the detection limit of 1 for AI’" were calculated from
fluorescence titration spectrum. The 1:1 stoichiometry between 1 and A" was also
conducted from Job’s plot and electrospray ionization mass spectrometry (ESI-MS).
In addition, the binding mode of 1 towards Al’* was obtained by 'H NMR titration

experiments. Therefore, this sensor 1 could be utilized as a fluorescent chemosensor

10
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for AI’* and might accelerate the development of other novel pyrazine-based sensors.
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Fig. 1 Change in UV-vis absorption of compound 1 (100 uM) measured in ethanol
upon addition of various concentration of AP (0.2,0.4,0.6,0.8,1.0, 1.2, 1.4, 1.6, 1.8,
2.0,2.2,24,2.6,2.8,3.0,3.4,3.8,4.2,4.6, 5.0 equiv., respectively).

Fig. 2 Fluorescence spectra of 1 (50 uM) upon addition of A’ (1 equiv.) and other
metal ions (5 equiv.) in ethanol with an excitation at 382 nm.

Fig. 3 The fluorescence intensity at 517 nm of 1 (50 uM) with AP* (1 equiv.) in the
presence of various metal ions (5 equiv.) under the same conditions in ethanol. ((1)
Al"; (2) AP+ Ba®; 3) AP+ Ca®'; (4) AP+ Cd*; (5) AP + Co™"; (6) AP+ Cr;
(7) AP +Cu*™; (8) A+ Fe*™; (9) AP+ Fe’™; (10) A"+ K'; (11) AP+ Mg™"; (12)
AP+ Mn*'; (13) A" + Na'; (14) AP+ Ni?*; (15) AP+ Pb*"; (16) AP+ Zn®") (hex
=382 nm).

Fig. 4 Fluorescence spectra of 1 (50 uM) upon the titration of AP (0.1, 0.2, 0.3, 0.4,
0.5,0.6,0.7,0.8,0.9, 1.0, 1.2, 1.4, 1.6, 1.8, 2.0 equiv., respectively) in ethanol with an
excitation at 382 nm.

Fig. 5 Fluorescence response of ethanol solution of 1 (50 uM) and A" (1 equiv.)
upon addition of EDTANa; (1 equiv.) with an excitation at 382 nm.

Fig. 6 Job’s plot for determining the stoichiometry between 1 and AP’ in ethanol
(Xa=[AP/([APT] + [1]), the total concentration of 1 and Al*‘was 100 uM).

Scheme 1 The synthetic route of compound 1.

Scheme 2 Proposed mechanism for detection of Al*" by 1.
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metal ions (5 equiv.) in ethanol with an excitation at 382 nm.
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18 300

21 200

24 100

28 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16

33 Fig. 3 The fluorescence intensity at 517 nm of 1 (50 uM) with AI** (1 equiv.) in the
35 presence of various metal ions (5 equiv.) under the same conditions in ethanol. ((1)
38 AP, (2) AP+ Ba™; (3) A+ Ca™"; (4) A"+ Cd*'; (5) AP+ Co™; (6) A"+ Cr;
40 (7) AP +Cu*’; (8) AP+ Fe*'; (9) A"+ Fe*™; (10) AP+ K'; (11) AP+ Mg™"; (12)
43 AP+ Mn*'; (13) A’ + Na'; (14) A"+ Ni?*; (15) AP+ Pb*"; (16) AP+ Zn*") (hex

45 =382 nm).
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Fig. 4 Fluorescence spectra of 1 (50 uM) upon the titration of AI’* (0.1, 0.2, 0.3, 0.4,
0.5,0.6,0.7,0.8,0.9, 1.0, 1.2, 1.4, 1.6, 1.8, 2.0 equiv., respectively) in ethanol with an

excitation at 382 nm.
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32
13+

33 Fig. 5 Fluorescence response of ethanol solution of 1 (50 uM) and Al (1 equiv.)

35 upon addition of EDTANaj; (1 equiv.) with an excitation at 382 nm.
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Fig. 6 Job’s plot for determining the stoichiometry between 1 and AI’" in ethanol

(Xa=[AP/([APT] + [1]), the total concentration of 1 and Al*‘was 100 uM).
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Scheme 1 The synthetic route of compound 1.
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Scheme 2 Proposed mechanism for detection of AI*" by 1.
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