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A simple fluorescent sensor 1 has been developed for the determination of Fe(III) in 100% aqueous solu-
tion at pH 7.0. The sensor comprises a novel aminobisulfonate receptor joined to a naphthalene fluoro-
phore via a methylene spacer in the fluorophore-spacer-receptor format of photoinduced electron
transfer (PET) based sensors. The fluorescence emission of the sensor was quenched upon addition of
Fe(III) ions, most likely due to electron/energy transfer between Fe(III) and the excited naphthalene.
The sensor displayed good selectivity for Fe(III) over other physiologically relevant metal ions and can
estimate Fe(III) concentration between 16 and 63 lM. Stern Volmer analysis showed the binding stoichi-
ometry to be 1:1 (host–guest) with a binding constant, calculated using the Benesi–Hilderbrand equation,
of (7.6 ± 0.6) � 104 M�1.

� 2009 Elsevier Ltd. All rights reserved.
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Iron is the most abundant intracellular metal ion and plays a
crucial role in a variety of vital cell functions, ranging from oxygen
metabolism and electron transfer processes to DNA and RNA syn-
theses.1 A surplus of iron, however, induces oxidative damage, ren-
dering the intracellular scavenging of iron a major therapeutic
target.2 Iron chelation therapy was initially designed to alleviate
the toxic effects of excess iron evident in iron-overload diseases.3

Many iron chelators and siderophores (both biotic and artificial)
have sulfonate groups present in their structure to aid water solu-
bility, but the role of these groups (sulfonate) for iron binding is
rarely investigated.4 In addition, receptors such as iminodiacetate5

and b-aminobisphosphonate6 have been used as the ionophore
component of luminescent sensing assemblies and were found to
be selective ion binders of Zn(II) and Cu(II), respectively. Therefore,
incorporating an aminobisulfonate unit as the receptor component
of a luminescent sensor seems a logical progression. Not only
should this serve as a site for ion binding, but it should also guar-
antee the ability of the sensor to operate in 100% aqueous solution.

We have designed sensor 1 according to the fluorophore-
spacer-receptor format associated with photoinduced electron
transfer (PET) based sensors.7 This design principle, popularized
by de Silva et al., is attractive due to its modular nature. The
naphthalene fluorophore was attached via a methylene spacer to
the b-aminobisulfonate receptor. In this study, we examine the
selectivity of 1 for Fe(III) against a range of other physiologically
relevant metal ions and determine the sensitivity range in which
it operates (see Scheme 1).
ll rights reserved.
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Compound 1 was synthesized in one step by the reaction of
1-aminomethylnaphthalene with sodium 2-bromoethylsulfonate
in basic aqueous solution. After refluxing for 18 h the product
was isolated following evaporation of the aqueous solution, disso-
lution of the crude product in hot ethanol, and filtration. The
resulting solution was allowed to cool and crystals of 1 were ob-
tained in 56% yield.8 We also designed compound 2 as a control
compound for 1, in which the ethylsulfonate groups were replaced
with simple ethyl chains. Compound 2 was formed by refluxing 1-
chloromethylnaphthalene and diethylamine in basic 1,4-dioxane
for 18 h. After aqueous work-up, the product was obtained as a
brown oil in 84% yield.9
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Scheme 1.



Figure 1. (a) Fluorescence spectra of 1 upon increasing pH, (b) plot of spectral area
against pH for 1 (}) and 2 (�). [1] and [2] = 20 lM. kex = 280 nm. Solvent = MeOH–
H2O (8:2).

Figure 2. (a) Fluorescence spectra of 1 in the presence of various metal ions and (b)
a bar chart of relative intensity against ion for the ions tested in part (a).
[1] = 2 � 10�5 M, [metal ion] = 4 � 10�5 M. kex = 280 nm, kem = 335 nm. HEPES
buffer (10 mM, pH 7.0 ± 0.1).

954 N. Singh et al. / Tetrahedron Letters 50 (2009) 953–956
The photophysical properties of 1 and 2 were investigated in
aqueous solution. Both displayed an absorption at kmax = 280 nm
typical of the naphthalene chromophore. When excited at
280 nm, both compounds also displayed typical naphthalenic
emission with kmax = 335 nm.10 There was no evidence of any long-
er wavelength bands associated with intramolecular exciplex for-
mation between naphthalene and the tertiary amine unit, as has
been observed in other similarly constructed systems.11 However,
the emission properties of both 1 and 2 were found to be strongly
dependent on solution pH. Figure 1a shows the fluorescent spectra
of 1 recorded at different pHs and illustrates that the emission is
switched ‘On’ with decreasing pH. The reason for this is as follows:
at high pH, fluorescence emission is low due to PET from the ter-
tiary amine of the aminobisulfonate receptor to the excited naph-
thalene which quenches fluorescence. At lower pH, the amine
nitrogen is protonated, its oxidation potential raised, and the PET
process cancelled, which switches fluorescence ‘On’. However,
the pH range at which the On–Off transition occurs is markedly dif-
ferent for 1 and 2. From a plot of spectral area against pH, it is clear
that both compounds give rise to a sigmoidal profile, with the On–
Off transition occurring over approximately 2 log units. This sug-
gests a 1:1 binding stoichiometry between sensor and protons
for both 1 and 2 as expected.12 However, the transition occurs at
a much lower pH for 1 than for 2. This is most likely due to the
strong inductive effect the sulfonate groups have on the amine
lone pair in 1, making them less available for binding with a proton
and decreasing their pKa value. Using a plot of �log(FMAX � F)/
(F � FMIN) against pH (where FMAX is the maximum fluorescence
intensity, FMIN the minimum fluorescence intensity and, F the mea-
sured fluorescence intensity), the pKas for 1 and 2 were calculated
to be 5.98 and 9.91, respectively.13

The selectivity of 1 was then investigated against a range of
physiologically relevant ions, in HEPES-buffered (10 mM) aqueous
solution at pH 7.0 ± 0.1. Specifically, Na(I), K(I), Mg(II), Ca(II),
Fe(III), Co(II), Cu(II), and Zn(II) were added as their chloride salts
to a 20 lM solution of 1. Figure 2 shows that the addition of
Na(I), K(I), Mg(II), Ca(II), Co(II), and Zn(II) resulted in only small
Figure 3. (a) Fluorescence spectra of 1 upon increasing Fe(III) concentration and (b)
plot of normalized intensity (Imin � I/Imin � Imax) of 1 against concentration for
Fe(III). [1] = 2 � 10�5 M, kex = 280 nm. HEPES buffer (pH 7.0 ± 0.1).



Figure 4. (a) Stern–Volmer plot for 1 in the presence of Fe(III) indicating 1:1 (host–
guest) stoichiometry. (b) Benesi–Hilderbrand plot to determine the binding
constant between 1 and Fe(III) and (c) plot of normalized fluorescence intensity
(I/Imin � Imax) of 1 against metal ion concentration (6.0–60.0 lM) for Fe(III) (�), and
for Fe(III) in the presence of equimolar Cu(II) (j). [1] = 2 � 10�5 M, kex = 280 nm,
kem = 335, HEPES buffer (pH 7.0 ± 0.1).
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changes in the fluorescence profile of 1, suggesting that they bind
only very weakly to this receptor. In contrast, Fe(III) addition re-
sulted in a substantial quenching (�80%) of the original fluores-
cence intensity with Cu(II) also leading to a quench but of a
much smaller magnitude (�20%). The quenching effects caused
by Fe(III) and Cu(II) can be explained as it is known that paramag-
netic transition metal ions can participate in electron/energy trans-
fer processes with organic fluorophores opening a non-radiative
deactivation channel.7a,d So, although Fe(III), and to a lesser extent
Cu(II), binds to the aminobisulfonate receptor, this binding event is
registered as a quench in fluorescence. Although the fluorescence
intensity of 1 is low at pH 7.0, its quantum yield (a) of 0.07 at this
pH is sufficiently high to make it a potential On–Off fluorescent
sensor for Fe(III) in 100% aqueous solution.14

To determine the sensitivity range of 1 toward Fe(III), a titration
was performed, in which a 20 lM solution of 1 was titrated with
Fe(III) in HEPES-buffered (10 mM) solution. Figure 3 shows that
upon the continuous addition of Fe(III), the intensity at kmax

335 nm is gradually quenched with no evidence of a shift in wave-
length. This is consistent with PET designed sensors where the
non-integration of the fluorophore and receptor in the excited
state results in no shift in the emission wavelength upon binding
the target analyte. When a plot of relative intensity of 1 against
Fe(III) concentration was made (Fig. 3b), good linearity was ob-
served in the range 1.6 � 10�5 M to 6.3 � 10�5 M.

The fluorescence quenching interaction between 1 and Fe(III)
was further evaluated using the Stern–Volmer equation: Io/
I = 1 + KSV[Q], where Io is the fluorescence intensity of receptor 1,
I is the fluorescence intensity in the presence of quencher (Q)
and KSV is the Stern–Volmer constant, derived for the 1:1 (host/
guest) complex.15 The Stern–Volmer plot, shown in Figure 4a, illus-
trates an excellent fit in the concentration range between 2.0 and
45.0 lM of Fe(III) indicating that the most abundant complex
formed within this range has 1:1 (host/guest) stoichiometry. The
binding constant, for 1 and Fe(III), calculated using the Benesi–Hil-
derbrand equation was found to be (7.6 ± 0.6) � 104 M�1

(Fig. 4b).16

As illustrated in Figure 2, the only ion of those tested that could
interfere with the determination of Fe(III) using 1 was Cu(II). This
interference was not unexpected due to the position copper holds
in the Irving Williams series, meaning that it is a strong binder to
ligands irrespective of their nature or number.17 To prove that 1 is
capable of operating in a competitive environment, we performed
a titration in which Cu(II) and Fe(III) were present in equimolar
concentration. Figure 4c shows the results of this and the plot illus-
trates a good fit between the Fe(III) only samples and those con-
taining both Fe(III) and Cu(II). This means the binding affinity of
1 toward Fe(III) is much greater than that between 1 and Cu(II).

In summary, we have developed a novel sensor for the determi-
nation of Fe(III) ions in 100% aqueous solution. Indeed, the amino-
bisulfonate receptor employed not only guarantees aqueous
solubility of the probe but is also an efficient receptor for Fe(III).
Good linearity was observed for the probe in the concentration
range 16–63 lM. Importantly, 1 was capable of measuring Fe(III)
concentrations in the presence of equimolar Cu(II). To the best of
our knowledge, this is the first reported example of a fluorescent
sensor incorporating the aminobisulfonate receptor.
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