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Abstract—The urea functionalised phenanthroline sensor 1, which was characterised by several methods, including X-ray crystal-
lography, gives rise to large changes in the fluorescence emission spectra upon interaction with several anions such as acetate, phos-
phate, fluoride and chloride in CH3CN. However, only in the presence of Cl� was the emission enhanced, as for the other ions
photoinduced electron transfer (PET) quenching was observed. Fitting these fluorescence changes, using non-linear regression anal-
ysis, showed that these anions bind to 1 in 1:1 (anion:sensor) stoichiometry, with the exception of Cl�, which was shown to give rise
to 1:1 as well as 1:2 binding, as a result of coordination of the chloride to two equivalents of 1.
� 2007 Elsevier Ltd. All rights reserved.
The recognition and sensing of anions has become a
very topical area of research in the field of supramole-
cular chemistry.1–3 Anions play a major function in
the environment, industry and importantly, in biology
where phosphate, carbonate and chloride are the most
commonly found. In particular, Cl� which has relatively
high extracellular concentrations, is essential to human
health and is transported across cell membranes by var-
ious Cl� proteins, often in conjunction with cation
transportation.4 Due to its spherical structure and rela-
tive large ionic radius, Cl� recognition is not trivial, and
often requires the use of structurally complex hosts, such
as those developed by Davis5 and Smith.6 Nature often
transports Cl� in the form of ion pairs and non-peptide
based natural transporters are known such as the prodi-
giosins, which can transport HCl.7 A few examples of
such transport mimics have recently been published by
Sessler et al. and by Gale and co-workers respectively.8,9

These examples demonstrate the feasibility of the use of
small and hence, structurally simple molecules for such
recognition. We are interested in the recognition and
sensing of anions3,10 using either lanthanide based coor-
dination complexes,11 or charge neutral receptors such
as ureas,12 thioureas13 and amidoureas.14 For these lat-
ter examples, the detection of ions such as AcO�,
H2PO4

�, pyrophosphate and F� has been demonstrated
selectively over many other anions such as Cl�, Br� and
I�. However, in recent work, where we focused our
efforts on the development of heteroditopic receptors,
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we synthesised the 1,10-phenanthroline (phen) based
urea ligand 1 (of which the X-ray crystal structure is
shown in Fig. 1),15 and investigated the effect that anion
coordination had on the photophysical properties of the
phen structure. Interestingly, we discovered that while 1
could strongly bind to a series of anions in CH3CN solu-
tion, the sensing of Cl� by 1 was particularly interesting
being both strong and achieved by the formation of a
2:1 self-assembly complex between 1 and Cl�. This is,
to the best of our knowledge, the first example of a sim-
ple charge neutral fluorescent sensor which demon-
strates both strong and good selectivity for Cl�.16

The synthesis of 1 was achieved in a few high yielding
steps as shown in Scheme 1. The first step involved
reduction of commercially available 5-nitro-1,10-phe-
nanthroline, 2, in refluxing ethanol solution, under
argon, using hydrazine monohydrate (N2H4) and 10%
Pd/C catalyst. A yellow solid was obtained after filtra-
tion and removal of the solvent under reduced pressure.
This solid was washed twice with diethyl ether to pro-
duce 3 as a pale yellow solid in 92% yield. This was then
Figure 1. The X-ray crystal structure of 1.
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Scheme 1. The synthesis of 1.
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Figure 2. The changes in the absorption spectra of 1 (4.8 lM) upon
gradual addition of Cl� (0–17.50 mM) in MeCN.
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Figure 3. The changes in emission intensity of 1 (4.8 lM) upon gradual
addition of AcO� ([AcO�] = 0–1.53 mM), in MeCN upon excitation at
265 nm. Inset: The changes in the emission intensity at 422 nm as a
function of AcO� equivalents.

3136 C. M. G. dos Santos et al. / Tetrahedron Letters 48 (2007) 3135–3139
reacted with trifluoro-p-tolyl isocyanate, 4, in CHCl3 at
room temperature, under an inert atmosphere to yield
an off white precipitate, which was filtered and washed
with cold CHCl3. This gave an off-white solid which
was recrystallised from hot MeOH to yield the desired
receptor 1 as a crystalline solid in 88% yield.17 The 1H
NMR spectrum (400 MHz, DMSO-d6) showed the pres-
ence of the two urea N–H singlets at 9.55 and 9.12 ppm,
respectively, as well as the expected set of doublets
for the phenyl aromatic protons. The 13C NMR
(100 MHz, DMSO-d6) of 1 showed all the expected 18
signals, with the urea carbonyl quaternary resonance
appearing at 152.87 ppm.

The X-ray crystal structure of 1 is presented in Figure 1,
and shows that the urea moiety is coplanar with the tri-
fluoro-p-tolyl group (torsion angle of �0.26�), while
being significantly shifted out of the plane of the phen
moiety (torsion angle of �35�).15 The two urea N� � �H
bond lengths were found to be identical at 0.860 Å. As
is clear from the crystal structure, the two urea protons
are ideally situated for directional hydrogen bonding
interactions with anions that can participate in linear
interactions such as AcO�, H2PO4

� and F�. We were
unable to produce suitable crystals of 1 in the presence
of anions for X-ray crystal structure analysis.

The ability of 1 to sense various anions was evaluated in
CH3CN using the anions as their tetrabutylammonium
salts (TBA+). The absorption spectrum of 1, in the ab-
sence of anions, exhibited a band centred at 266 nm
(log e = 4.50), assigned to the p–p* transition of the phen
moiety and a broad shoulder centred at around 320 nm
(log e = 3.85), which was assigned to the n–p* transi-
tions. When exciting the sample at both of these wave-
lengths, a broad emission band was observed with
kmax at 422 nm. Thus both absorptions were assigned
to the phen chromophore. Significant changes were ob-
served in the absorption spectra upon titration of 1 with
anions such as AcO� and H2PO4

� and interestingly,
also for Cl�.18 These responses, clearly signify changes
in the ground state of the sensor upon hydrogen bond-
ing to these anions as demonstrated for Cl� in Figure
2. The sensing of Cl� is unusual as it is typically not ob-
served for such simple urea or amidourea based recep-
tors. As seen in Figure 2, an increase was observed in
both the 266 nm and 320 nm transitions upon increasing
the concentration of Cl�, but no other spectral shifts, or
the formation of isosbestic points, were observed. For
both AcO� and H2PO4

� similar changes were observed,
where the absorption was enhanced by ca. 20–30%.
However, more structural changes were observed in
the absorption spectra in the case of F�, where the
266 nm band was shifted to 270 nm, while the 320 nm
band was shifted to 325 nm, with the formation of con-
comitant isosbestic points. These changes demonstrate
the ability of F� to (i) bind to the urea moiety, and
(ii) potentially deprotonate the urea moiety.19 In con-
trast to these results, minor changes were observed for
Br� at very high anion concentrations.

The fluorescence emission spectra were also monitored
upon addition of anions following excitation at both
the 265 nm and 320 nm transitions. Upon addition of
AcO�, H2PO4

� and F�, the fluorescence emission was
considerably quenched (98%, 94%, and 93%, respec-
tively), or ‘switched off’, as shown in Figure 3 for the
changes observed with AcO�. This clearly demonstrates
the ability of 1 to function as a luminescent ‘on–off’
switch for these anions. It is worth pointing out that
no other spectral changes occurred in the fluorescence
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emission spectra, that is, no shifts in kmax or the forma-
tion of long wavelength emitting species were observed.
Hence, we propose that upon anion recognition, the
urea moiety is twisted out of the plane of the phen fluo-
rophore which gives rise to the slight enhancement in the
p!p nature of the fluorophore (as seen in the absorp-
tion spectra). At the same time, electron transfer
quenching of the phen excited state, from the electron
rich anion receptor, is activated, causing the emission
to ‘switch off’. Hence, this can be considered as being
an anion modulated photoinduced electron transfer
(PET) quenching, even though no formal covalent
spacer separates the fluorophore from the urea recep-
tor.12,20 From these changes, binding constants of
logb11 = 5.19 (±0.03) and logb11 = 4.35 (±0.06) were
observed for AcO�Æ1 and H2PO4

�Æ1, respectively, using
the nonlinear least-squares fitting programme SPEC-
FIT. These values indicate strong binding of 1 for these
anions in CH3CN. The fact that AcO� is bound more
strongly than H2PO4

� reflects the ability of this anion
to bind to the receptor in a more linear ‘Y’ shape hydro-
gen bonding manner. Hence, on all occasions the best fit
for the above changes was observed for the 1:1 binding
stoichiometry. The changes in the emission intensity of 1
upon titration with F� were, however, best fitted to 2:1
binding (anion:sensor) interactions. This is in agreement
with the findings from the absorption data, where a two-
step equilibrium was observed. These can be viewed as
involving the initial interaction of the anion with 1
through hydrogen bonding to give the F�Æ1 complex,
followed by binding and subsequent deprotonation by
the second F� to give bifluoride HF2

�, in a manner pre-
viously postulated by ourselves and Gale et al.19,21 From
these changes logb11 = 4.75 (±0.26) and logb21 = 4.73
(±0.21) values were determined for F�Æ1 and F�2Æ1
(the formation of HF2

�), respectively. As in the ground
state investigation above, titrations using Br� did not
give rise to any significant luminescent quenching except
at high concentrations, which could be due to a heavy
atom effect rather than binding of this anion to the
receptor.

However, the most interesting results were observed for
the fluorescence titration of 1 with Cl�, Figure 4. Here
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Figure 4. Changes in the emission spectra of 1 (4.8 lM) upon titration
with Cl� (0–17.50 mM) in MeCN, upon excitation at 265 nm.
the quenching of the singlet excited state was not ob-
served as in the above cases, but a fluorescence enhance-
ment. Here, the phen emission was enhanced by ca. 45%,
with a concomitant shift towards longer wavelengths
(kmax 422 nm! 428 nm), with the formation of an iso-
emissive point at 399 nm. This is the first time that we
have observed such luminescent behaviour for such
structurally simple receptors. Furthermore, it is clear
that these changes are of a different nature to those ob-
served for the AcO� or H2PO4

� titrations above, and
thus cannot be assigned to an enhancement in PET
quenching. We therefore propose that upon recognition
of Cl�, the aforementioned anion induced twisting of
the urea moiety (from the phen ligand) is minor and
the spherical anion reduces the effect of the PET quench-
ing from the trifluoro-p-tolyl group to the phen fluoro-
phore, by ‘blocking’ the pathway of the electron
transfer. Such ‘intervening media’ has been proposed
to influence energy transfer quenching in several elec-
tron-donor-acceptor systems, such as in those developed
by Shimidzu et al.22 where a cation was employed, and
in supramolecular systems designed to mimic the nature
of the electron transfer in the photosynthetic reaction
centre.23

Plotting the changes at 422 nm as a function of
�log [Cl�] gave rise to changes occurring over ca. 4 log-
arithmic units, indicating more than a simple 1:1 binding
process. By fitting the changes observed in Figure 4 for
1:1 type complex formation, Cl�Æ1, a binding constant of
logb11 = 3.84 (±0.14) was determined. While this shows
that 1 has high affinity for Cl�, we and others, have
demonstrated that usually such simple urea based recep-
tors do not bind to large spherical anions3 but rather
through multiple binding interactions.4,24 Consequently,
we considered an alternative binding mode for 1, where
two sensors self-assemble around the anion to give
a Cl�Æ12 complex. Fitting the above changes to such
stoichiometry, gave a strong binding constant of
logb12 = 5.94 (±0.16). Analysis of the speciation distri-
bution diagram, shown in Figure 5, clearly shows that
the initial addition of Cl� gives rise to the formation
of a self-assembly (blue line) of two molecules of 1
and Cl�, and that up to 27% of the species in solution
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Figure 5. The speciation distribution plot for the binding of 1 (4.8 lM)
to Cl�: ___ = 1; ___ = Cl�Æ1; ___ = Cl�Æ12. Only part of the
concentration range is shown.
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from [Cl�] = 0! 0.8 mM is in the form of the Cl�Æ12

complex. However, the formation of the 1:1 complex be-
gins to dominate after 0.2 mM (green line), eventually
being the most stable species in solution.25,26 With the
aim of demonstrating the selectivity of 1 for Cl�, the
luminescence of 1 was recorded in the presence of one
equivalent of AcO�, which quenched the fluorescence.
However, upon addition of increased concentrations of
Cl�, the emission was restored, giving rise to a red
shifted emission, as observed in Figure 4. These results
demonstrate that Cl� can be sensed selectively by 1,
through (a) the formation of a self-assembly, and (b)
by the fact that only for Cl� was the fluorescence of 1
increased, while being quenched by other competitive
ions such as AcO�, H2PO4

� and F�.

In summary, we have developed 1 as a selective fluores-
cence sensor for Cl�. While only minor changes were
observed in the absorption spectra of 1 upon anion rec-
ognition, the fluorescence emission spectra were dramat-
ically affected. Nevertheless, only for the sensing of
Cl� was the fluorescence of 1 enhanced. For other com-
petitive ions the emission was either quenched or not
modulated. We are currently evaluating the anion bind-
ing of 1 in the presence of both transition and lanthanide
ions.
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