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Two new indole derivatives have been synthesized by a one-pot procedure and their potential as fluores-
cence probes for metal ions was investigated. The sensor capability of 1 and 2 toward cations such as Ag®,
Cu?*, Zn**, Cd?®*, Pb?*, and Hg?~ was studied in dichloromethane solution by absorption, fluorescence
emission, and 'H NMR titrations. Both probes showed selectivity for Ag* and Hg?* ions. The results sug-
gest that these compounds may serve as promising models for future design of novel and more potent
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The indole scaffold is an important and privileged structural
motif found in a wide array of biologically active natural products,
as well as in various indole-derived drugs possessing relevant bio-
logical activity. Indeed, synthesis of indole-containing compounds
has attracted considerable attention from chemists searching for
novel properties.! Despite the limited information on the metal-
indole complexes, versatile metal-indole bonds in chemical
systems have been reported.>> Moreover, the indole ring-metal
binding in biological systems has been recently identified.*
Fluorescence spectroscopy is an extremely powerful and useful
technique to visualize molecular recognition interactions, and
when combined with the fluorescent property of the indole nu-
cleus allows the exploration of novel indole derivatives as potential
fluorescent chemosensors.

Our continued interest in the development of metal-ion fluores-
cence chemosensors,” led us to explore the potential utility of no-
vel indole-containing half-crowns as emissive probes. Herein we
report the synthesis, characterization, and photophysical studies
of two novel indole derivatives 1 and 2 (Fig. 1) and the known li-
gand L as potential fluorescence probes for metal ions.

Our research interest is focused on heavy and contaminant met-
als such as palladium(II), lead(II), mercury(Il), zinc(II), cadmium(II),
and silver(I).”® The usual configuration of a chemosensor involves
an organic emissive chromophore incorporating a binding site
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through a chemical spacer.® Taking this into account, although a
variety of crown-ether integrating chromophores are known as
chemosensors,'° the corresponding acyclic ones are comparatively
rare.!'!

Thus, the indolic sulfur-oxygen donor half-crown ethers 1 and
2 were prepared by a one-pot procedure as depicted in Scheme
1. The first step consisted of the treatment of 3 with thiourea
and iodine in the ratio 1:2:1 under inert atmosphere, according
to the reported procedure,!? to afford the S-(3-indolyl)isothiuroni-
um iodide 4. Due to the easy oxidation of indolethiol 5 to the cor-
responding di(3-indolyl)disulfide L, the following steps were
carried in situ, without isolation of iodide 4. After alkaline hydroly-
sis of 4, under reflux conditions, the dibromide 6 was subsequently
added to afford compound 1 in 28% yield.!® Similarly, addition of
the dimesylate 7' to the alkaline solution of 4 afforded compound
2 in 34% yield.!® Despite all efforts, the formation of the di(3-indo-
lyl)disulfide L could not be avoided, and after reaction the crude
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Figure 1. Structure of the prepared indole-containing half-crowns 1 and 2 and the
disulfide L.°
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Scheme 1. Synthesis of the half-crowns 1 and 2: Reagents and conditions: (i) thiourea, I, KI, MeOH/H,O0, rt; (ii) NaOH/H,O0, reflux, 10 min; (iii) 6, rt, overnight; (iv) 7, rt,

overnight.

Table 1
UV-vis and fluorescence data of compounds L, 1, and 2

Fluorescence

Compound UV-vis
Jexc (NM) &x 10* (mol~'cm™!) Jem (NM) oF Stokes’ shift (nm)
L 279 1.93 371 0.02 92
1 279 1.94 388 0.19 109
2 279 2.03 389 0.39 110

product was purified by column chromatography to afford pure
compounds 1 and 2. Compound L was prepared according to the
known procedure.'®

The photophysical characterization for compounds L, 1, and 2 is
summarized in Table 1. The fluorescence quantum yield increases
with the half-crown chain length, thus representing a higher sepa-
ration between the sulfur atoms. This effect is stronger for com-
pound 2.

The absorption spectra of L, 1, and 2 in dichloromethane show a
band centered at 279 nm assigned to the m-7" transitions in the li-
gand (see Fig. 2). This band presents the characteristic shape of the
indole group and is attributed to the two close low-lying " ex-
cited states 'L, and 'L,.!”

The absorption spectra of L show a shoulder centered at
340 nm, and could indicate some interactions between the indole
rings in the ground state. This shoulder disappears when the dis-
tance between both indole rings increases in compounds 1 and 2.

The ligands exhibit a broad emission band centered at 371(L),
388(1), and 389(2) nm with a relative fluorescence quantum yield
of @=0.02 (L), 0.19 (1), and 0.39 (2), when excited at 280 nm. The
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Figure 2. Absorption and emission spectra of L, 1, and 2 in dichloromethane.
(Jexc=280nm; [L] =[1]=[2]=1.0 x 107> M).

fluorescence quantum yield was determined using as reference
solution naphthalene with &= 0.23 in cyclohexane.'®

In order to explore the effect of metal cations on the absorption
and fluorescence emission spectra, several titrations with Ag”,
Cu?*, Zn?*, Cd?*, Pb?*, and Hg?* were performed using absorption
and fluorescence spectroscopies.'® To conduct the analyses, the li-
gands were dissolved in dichloromethane and titrated with the
analytes.

Selectivity toward Ag* and Hg?* over the other metals studied
was observed for L, where addition of 10 equiv of metal induced
a 10-fold increase in the fluorescence emission band, but these
spectra show an intense evolution with time. The emission spec-
trum remains stable only upon 48 h. However, addition of Cu®*,
Zn?*, Cd?*, and Pb?* in the same conditions did not produce any ef-
fect on the fluorescence band of L.

In order to understand the effect produced by the oxygen
atoms, in the flexible chain between the indole units, introducing
an extra stability in the complexes, the same metal titrations were
performed with 1 and 2. In general the absorption spectrum shows
very small changes upon the metal interaction. A very small red-
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Figure 3. Fluorescence emission spectra of 1 in dichloromethane after the addition
of 1 equiv of AgBF,, Zn(CF3S0,),, Cd(BF,),, Hg(CF350,),, Cu(CF3S0,),, and Pb(ClO4),.
(Jexc=280nm; [1]=1.0 x 107> M).
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Figure 4. Fluorescence emission titration of 2 and absorption spectra in dichloro-
methane after the addition of increased amount of AgBFj (Jexc=280nm;
[2]=1.0 x 107 M). In the inset is shown the maxima of emission at 390 nm.

shift in 3-5 nm was observed. More interesting was to study the
fluorescence spectra of 1 and 2 in the presence of increasing
amounts of the metals.

A quenching effect upon metal complexation was observed for 1
in the presence of all the metal ions studied, even for the d'° metals
Ag*, Zn?*, Cd?*, and Hg?*, but the intensity of this CHEQ (Chelating
Enhancement of the Quenching) effect was different in all of them.

The most effective quenching was upon Ag" complexation,
after the addition of one equivalent the intensity of the emission
was reduced in 65%, while a complete quenching of the emission
was observed upon addition of the fifth equivalent. These results
suggest a stronger complexation with Ag" when compared to the
other metals, while after the addition of 20 equiv the intensity
was reduced in 90% for Hg?*, 30% for Pb?*, and only 15% for
Zn?*, Cd**, and Cu?".

In Figure 3 are shown the fluorescence spectra of 1 in dichloro-
methane in the presence of 1 equiv of each metal ion.

In respect to compound 2, a comparative study with 1 can be
performed. In this compound the distance between both indole
chromophores is longer, thus increasing the flexibility to chelate
metal ions. This structural effect is observed upon metal
complexation.

For the same quantity of metal added now the quenching ob-
served is higher in all cases. After the addition of one equivalent
of silver(I) the quenching reaches 90% becoming complete after
the addition of the second metal ion.

In the case of the divalent metals, addition of 20 equiv to 1 in
dichloromethane produces a 90% of quenching in the presence of
mercury(Il), 60% for lead(Il), 50% for copper(Il), and 40% for cad-
mium(Il) and zinc(Il), suggesting stronger interactions than ligand
1. In Figure 4 is represented the fluorescence titration of 2 upon sil-
ver(l) interaction. In the inset is observed that with the addition of
1 equiv of Ag", the band at 390 nm reaches a plateau confirming
the formation of a 1:1 complex.

Since ligand 2 showed to be the most selective for Ag* the com-
plexation and interaction in solution with this metal were investi-
gated by 'H NMR. Thus, increasing amounts of AgBF, in CD,Cl,
were added to a 0.05 M solution of 2 in the same solvent. The 'H
NMR spectra of the resulting solutions were recorded at room tem-
perature, 30 min after addition of Ag* (Fig. 5). The total amount of
Ag" added was determined by ICP (24.71 ppm).

An increase in the silver ion concentration gradually downfield-
shifted the proton resonance of H2’ (indolic proton), H3 as well as
H1 from the half-crown, the latter being the most affected. This
behavior suggests that Ag* is binding via the sulfur atoms as well
as oxygen atoms.

The spectra resolution increases with the metal ion amount,
suggesting that a more rigid conformation is forming in solution,
in the presence of Ag*. Moreover, these observations indicate that
in solution, the complexed cation interacts not only with the half-
crown moiety but also with the aromatic nuclei (H2').

In conclusion, two new fluorescence indole-containing ligands 1
and 2, with an S;0 and S,0, donor set have been synthesized and
their photophysical properties have been evaluated. Their capacity
to act as a potential sensor for the soft metal ions Ag*, Cu®*, Zn?*,
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Figure 5. 'H NMR spectra of ligand 2 in CD,Cl, without Ag* and with increasing amounts of a solution of AgBF, in CD,Cl, (400 MHz).
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Cd?*, Pb?*, and Hg?* was evaluated in dichloromethane solution.
Among the cations studied, probes 1 and 2 have demonstrated a
remarkable selectivity for Ag* and a high affinity for Hg?* at higher
concentrations, and a stronger interaction with silver(I), depending
on the mobility of the indole ring according to the crown chain
length. The observed selectivity of the new probes is of interest
due to their use as building blocks in the design of more complex
chemosensors for this metal ion.
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