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Abstract Two indole-based fluorescent chemosensors 1 and
2 were prepared and investigated characteristic features with
transition metal ions. Sensors 1 and 2 were selective for Hg*"
ion, among a series of metal ions, in aqueous ethanol (H,O-
EtOH, 1:2, v/v) with association constants of 5.74x 10° and
446x10° M" and detection limits of 7.4 and 6.8 uM,
respectively. Computational results revealed that sensor 1 or 2
with Hg?" ion formed 1:1 complex with a central, sandwich-
coordinated Hg*" ion. Computational calculations provided
evidence that a sandwich-coordinated Hg”" ion center was
formed and the polyoxyethylene spacer acted as a scaffold
for bringing functional ligands into a suitable geometry.
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The design and synthesis of new chemosensors for efficient
detection of trace metal ions is among the most important
research topics in environmental chemistry and biology [1].
For example, mercuric ion (Hg?") is a significant environ-
mental pollutant that accumulates in plants, soil, and water.
In the marine environment, Hg*" ion is converted by
bacteria into toxic methylmercury, a highly potent neuro-
toxin, and is passed up the food chain to accumulate in
humans [2].Therefore, it is very important to develop
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highly sensitive assays for detecting Hg*" ion [3, 4]. In
recent years, several chemosensors specific for Hg*" ion
have been developed [5-9]; however, most of these sensors
required complicated synthesis. For practical applications, it
is necessary to develop sensors that are easily prepared and
possess selective and sensitive signaling mechanisms.
Recently, simple indole derivatives were developed as
potential fluorescent chemosensors for Ag" ion [10]. The
inherent fluorescent property of the indole chromophore is
sensitive to changes in the local environment [11-16].
Therefore, exploring the potential of the indole moiety
should provide promising results in the design of fluores-
cent chemosensors for metal ions. In this study, we
combined indole-3-acetic acid (IAA) with polyoxyethy-
lenes to synthesize two indole-based fluorescent chemo-
sensors 1 and 2 for metal-ion screening studies. Both of
these IAA-appended chemosensor exhibited selectivity and
sensitivity for Hg?" ion compared to other transition and
heavy metal ions in aqueous ethanol.

Experimental
Apparatus

The 'H and '*C NMR spectra were recorded with Bruker
AM 300 (300 MHz) spectrometers. Chemical shifts are
expressed in ppm with residual CHCI; as reference. Low-
and high-resolution mass spectra were recorded under fast
atom bombardment (FAB) conditions. UV—vis spectra were
recorded by using HP-8453 spectrophotometer with a diode
array detector, and there solution was set at 1 nm.
Fluorescence spectra were recorded on a Cary Eclipse
Fluorescence spectrophotometer.
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Scheme 1 Synthesis of fe)
chemosensors 1 and 2

N
N
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Reagents

Compound 1 and 2 were synthesized in one step as shown
in Scheme 1.
2,2'-(ethane-1,2-diylbis(oxy))bis(ethane-2,1-diyl) bis(2-
(1H-indol-3-yl)acetate) (1)
To a stirred solution of 3-Indolacetic acid (0.66 g,
3.7 mmol) in dry CH,Cl, (15 mL) was added DMAP

(a) 124 Host 1 + metal ions
’ (H,O:ethanol=1:2)
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+ 2.
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Fig. 1 UV-vis spectra of a 1 (50 uM) and b 2 (50 uM) upon the

addition of Li", Na', K', Ca*", Mg2+, Hg2+, Co*", Ni**, Zn**, Cu*",

Cd*', and Pb*" (10 equiv) in H,O: EtOH (1:2, v/v) (excitation at
280 nm)

@ Springer
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(220 g, 17.9 mmol), DCC (3.78 g, 18.3 mmol), and
triethylene glycol (0.2 mL, 1.5 mmol). The reaction mixture
was stirred overnight at room temperature. The mixture was
filtered and the filtrate washed with 1 M HCI, water, aq
NaHCOs; and brine, dried and concentrated. The resulting
residue was purified by silica column chromatography
(Hexane/EtOAc=1:5) to give 1 (0.62 g, 86%) as a sorrel
jelly; Rf=0.62 (Hexane/EtOAc=1:10); 'H NMR (300 MHz,
CDCly) 6: 8.226 (s, 2 H), 7.60-7.57 (m, 2 H), 7.28-7.25
(m, 2 H), 7.18-7.11 (m, 4 H), 7.03 (d, J/=2.1 Hz, 2 H), 4.25-
4.20 (m, 4 H), 3.76 (d, /=0.6 Hz, 4 H), 3.62-3.58 (m, 4 H),
3.46 (s, 4 H); >C NMR (75 MHz, CDCl;) &: 172.10,
136.02, 127.12, 123.25, 122.01, 119.49, 118.75, 111.20,
107.99, 70.34, 69.01, 63.82, 31.27; HRMS (FAB): Calcd for
Cy6Ho9N,04 (M+H), m/z 465.2026, found m/z 465.2038.

2,2'-(2,2'-oxybis(ethane-2,1-diyl)bis(oxy))bis(ethane-
2,1-diyl) bis(2-(1H-indol-3-yl)acetate) (2)

The same procedures as described above were used to
obtain 2 (85%) as a yellow oil.

Rf=0.53 (Hexane/EtOAc=1:10); 'H NMR (300 MHz,
CDCl) 6: 8.35 (s, 2 H), 7.57 (d, J=7.5 Hz, 2 H), 7.29 (d, J=
7.8 Hz, 2 H), 7.18-7.06 (m, 6 H), 4.28-4.25 (m, 4 H), 3.75
(s, 4 H), 3.66-3.64 (m, 4 H), 3.52 (s, 8 H); *C NMR
(75 MHz, CDCl;) &: 172.03, 135.83, 126.80, 123.37,
121.47, 118.99, 118.33, 111.13, 107.12, 70.01, 68.60,
63.52, 30.91; HRMS (FAB): Calcd for C,3H33N,0O4
(M+H), m/z 509.2288, found m/z 509.2289.

Ni(Il) Zn(II) Pb(Il) Hg(Il) Cu(Il) Co(Il) Li(I) Na(I) K(I) Mg(I) Ca(ll) Cd(II)

(|
-60 + V222

[(I-1,)/1,1¥100%

-80 -

Fig. 2 Fluorescence intensity changes ((I-1p)/Ip* 100%) of 1 (50 uM)
and 2 (50 uM) upon the addition of Li", Na", K, Ca*", Mg%, Hg2+,
Co", Ni?*, zn**, Cu**, Cd>", and Pb** (10 equiv) in H,O: EtOH (1:2,
v/v) (excitation at 280 nm)
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Procedure

Typically, to a 10-mL test tube containing 6.6 mL ethanol, and
0.1 mL of compound 1 or 2, an appropriate aliquot of Hg*"
ion was added and the reaction mixture was diluted to
10.0 mL with water. The resulting solution was allowed to
stand at room temperature for 30 min, and then the
absorption and emission spectra were recorded. For fluores-
cence intensity measurements, the excitation and emission
wavelengths were at 280 nm and 351 nm, respectively.

Results and Discussion

Figure 1a shows that the absorption band of 1 in the UV—vis
spectrum originally appears at 280 nm in a solution of H,O—

T T T -
350 400 450 500
Wavelength (nm)

EtOH (1:2, v/v). After addition of 10 equivalents of the
following 12 metal ions: Li", Na", K", Ca”", Mg2+, Hg2+,
Co*", Ni*", Cu**, Pb**, Cd*" and Zn>", only the Hg”" ion
had a larger molar absorption coefficient than the original
one, while other ions did not cause any significant
changes under identical condition. In comparison of 1, 2
also has the similar results in the UV-vis spectrum
(Fig. 1b). The molar absorptivities are 1.09x 10* and
1.07x10* M ' cm™! for 1 and 2, respectively. The results
may be due to the intermolecular interactions between 1 or
2 and Hg®" ion by Hg”" ion complexation-induced
changes in UV-vis absorption. The chemosensor behavior
was also investigated by the fluorescence measurement in a
solution of H,O-EtOH (1:2, v/v) upon excitation at 280 nm.
The excitation and emission spectra were also recorded
(Figure S1). The results indicated that the fluorescence
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Fig. 4 Stern-Volmer plot of a 1 and b 2 with Hg(ClOy),

intensity of 1 was strongly quenched in the presence of the
Hg?" ion in H,O-EtOH (1:2 v/v) (Figure S2), where
presence of other metal ions did not affect the fluorescence
intensity of 1 significantly. Similarly, selective quenching by
Hg”" ion was also observed for compound 2 (Figure S3). For
1, the observed quenching efficiency ((I—Ip/Ip) x 100%)
at 351 nm was nearly 85% (Fig. 2) where the other metal
ions caused small enhancement in fluorescence intensity. For
2, the quenching efficiency was 90% (Fig. 2) where the other
metal ions also caused small enhancement in fluorescence
intensity. These results indicated that the length of polyoxy-
ethylene spacer could not influence the binding of Hg”" to
the 1 or 2. To further investigate the chemosensing properties
of 1 and 2, we performed fluorescence titrations of 1
(74.0 uM) and 2 (68.3 uM) in the presence of different
concentrations of Hg2+ ion in H,O-EtOH (1:2 v/v).
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Fig. 5 Job’s plot of a 1 and b 2 with Hg** in H,O: EtOH (1:2, v/v)

Fig. 6 Conformation of 1/Hg>" optimized by density functional
theory
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Fig. 7 Conformation of 2/Hg®" optimized by density functional
theory

Figure 3a and b show the gradual reductions in fluorescence
intensity for 1 and 2 upon addition of increasing concen-
trations of Hg”". From the fluorescence titration profiles, the
association constants for 1*Hg?" and 2*Hg*" were found to
be 5.74x10° and 4.46x10°> M, respectively, according to
the Stern-Volmer plot (Fig. 4).

By using above-mentioned fluorescence titration results,
the detection limits for Hg*" ion were 7.4 and 6.8 uM for 1
and 2, respectively. In the Job’s plot (Fig. 5a and b), a
maximum fluorescence change was observed with a 0.5
molar fraction of ionophore to Hg®" for 1 or 2, which
indicated the formimg of a 1:1 complex. Selectivity for the
Hg”" ion was further ascertained with competition experi-
ments (Figures S4 and S5). We found that the fluorescence
intensity of 1 and 2 in the presence of 10 equivalents of Hg*"
ion was unaffected by the addition of 10 equivalents of
competing metal ions (Li*, Na*, K*, Ca*, Mg*", Co**, Ni**,
Cu*’, Pb*", Cd**, or Zn*").

Free IAA has a broad selectivity for transition metal ions
(i.e., Hg*", Cu®", and Pb*', respectively. Figure S6);
however, 1 and 2 have an extremely specific selectivity
for Hg*" ion. To better understand the coordination
behavior of 1 and 2 with Hg>" ion, we conducted 'H
NMR experiments. When compound 1 or 2 was prepared in
the D,O-EtOD solution (1:2 v/v), we did not detect any
clear changes in the 'H chemical shift of 1 or 2 upon
addition of Hg”" ions (Figure S7).

To further investigate coordinating mode of the 1-Hg*"
and 2-Hg*" complex, computations for 1-Hg>" and 2-Hg*"
were conducted at the B3LYP/LanL2DZ theory level with a
Gaussian 03 package. On the basis of these calculations of
1-Hg*" complex, we found four stationary points that could
be verified as genuine minima via vibrational frequency
analyses. The optimized structure for the most stable isomer

of 1-Hg?" is illustrated in Fig. 6. It is clear that the Hg*" ion
occupied the coordination center of 1, surrounded by two
carbonyl groups and two anti-parallel indole rings. The
average bond length of Hg-O=C was estimated at 2.42A,
and those of Hg-C and Hg-N of the indole ring in 1-Hg*"
were 2.47A and 4.78A, respectively. On the other hand,
these calculations of 2-Hg?* complex, we found three
stationary points that could be verified as genuine minima
via vibrational frequency analyses. The optimized structure
for the most stable isomer of 2-Hg®" is similar with 1-Hg*"
as illustrated in Fig. 7. The average bond length of Hg-O=C
was estimated at 2.56A, and those of Hg-C and Hg-N of
the indole ring in 2-Hg>" were 2.55A and 5.04A,
respectively. These results indicated that a sandwich-
coordinated Hg>" ion center was formed, where all the
neighboring ligands (i.e., two carbonyl oxygen atoms and
two indole rings) were involved in binding with the Hg*"
ion, and the polyoxyethylene spacer acted as a scaffold for
bringing these functional ligands into a suitable geometry.

Another confirmation of the binding structures of 1
and 2 with Hg®" ion was shown by testing a new
chemosensor 3, an analogue to 1 but with carbon instead
of oxygen in the methylene spacer. The synthesis of sensor
3 was similar with sensor 1 or 2. We found that chemo-
sensor 3 exhibited the same binding behavior with Hg*"
ion as that of sensors 1 and 2. Similarly, sensor 3 showed
significant fluorescence quenching in the presence of the
Hg?" ion (Figure S8). These results provided support for
calculated binding modes of 1 and 2 derived in the
computational study.

Conclusion

In summary two aqueous indole-based, Hg>'-selective,
fluorescent sensors 1 and 2 were designed and synthesized
by coupling indole and ethylene glycol moieties. Both 1
and 2 showed selectivity for Hg*" ion over other metal ions.
Computational calculations provided evidence that a
sandwich-coordinated Hg”" ion center was formed and the
polyoxyethylene spacer acted as a scaffold for bringing
functional ligands into a suitable geometry.
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