
Tetrahedron Letters 49 (2008) 6257–6261
Contents lists available at ScienceDirect

Tetrahedron Letters

journal homepage: www.elsevier .com/ locate/ tet le t
Lower rim 1,3-di-amide-derivative of calix[4]arene possessing
bis-{N-(2,20-dipyridylamide)} pendants: a dual fluorescence
sensor for Zn2+ and Ni2+

Roymon Joseph a, Balaji Ramanujam a, Haridas Pal b, Chebrolu P. Rao a,*

a Bioinorganic Laboratory, Department of Chemistry, Indian Institute of Technology Bombay, Mumbai 400 076, India
b Radiation and Photochemistry Division, Bhabha Atomic Research Centre, Trombay, Mumbai 400 085, India

a r t i c l e i n f o a b s t r a c t
Article history:
Received 23 June 2008
Revised 8 August 2008
Accepted 13 August 2008
Available online 19 August 2008

Keywords:
Dual fluorescence sensor
Ab initio calculations
N4-coordination core
Fluorescence switch-on by Zn2+

Fluorescence switch-off by Ni2+

Lower rim 1,3-di-amide-derivative of
calix[4]arene
.

0040-4039/$ - see front matter � 2008 Elsevier Ltd. A
doi:10.1016/j.tetlet.2008.08.049

* Corresponding author. Tel.: +91 22 2576 7162; fa
E-mail addresses: cprao@iitb.ac.in, cprao@chem.iit
Single crystal XRD structure of the lower rim 1,3-di-amide-derivative of calix[4]arene possessing bis-{N-
(2,20-dipyridylamide)} pendants (L) exhibit two distinct binding cores, viz., N4 and O6. L was found to be
selective for Zn2+ by switch-on and for Ni2+ by switch-off fluorescence by forming 1:1 complexes. The
binding and the composition of the complex formed have been addressed based on steady state and
time-resolved fluorescence spectroscopy in addition to the absorption and ESI MS. As L can detect Zn2+

and Ni2+ to a concentration as low as 142 and 203 ppb, respectively, L can be a very sensitive molecular
probe for these ions. The coordination details of the metal ion-bound complexes have been addressed
based on ab initio calculations showing that the stabilization energies are commensurate with the coor-
dination formed.

� 2008 Elsevier Ltd. All rights reserved.
Design and synthesis of receptors for selective detection of ions
is a challenging area of current research. Supramolecular systems
like calix[4]arenes possess a framework which allows introduction
of appropriate binding cores suitable for metal ion recognition.
This can be done either at the lower rim or at the upper rim, espe-
cially by introducing organic moieties containing nitrogen, oxygen
or sulfur or a combination of these as donor centres. Several calix-
arene-based systems have been shown to be receptors for cations,1

anions2 and neutral species3 depending upon the coordination
units present on the calixarene. There are a number of reports of
selective binding of Zn2+ and Ni2+ by other synthetic systems, but
calixarene-based examples are rather limited.4 Moreover, recep-
tors that can detect two different metal ions are much more
rarer.4,5 Recently, we reported6 calix[4]arene derivatives which
are selective for Zn2+ and I�, and also one that can differentiate
the binding of Pb2+, Cd2+ or Hg2+. Herein, we report the results of
the experimental and computational studies of a lower rim 1,3-
di-derivative of calix[4]arene possessing bis-{N-(2,20-dipyridylam-
ide)} moiety, as a dual sensor for Zn2+ in a switch-on and for Ni2+ in
a switch-off mode of fluorescence.

The dual fluorescence receptor molecule, L, was synthesized in
four consecutive steps starting from p-tert-butyl calix[4]arene via
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the known intermediates7 as given in Scheme 1. The products
yielded satisfactory analytical and spectral results (SI 01).8 Single
crystals of L obtained from slow evaporation of an acetonitrile
solution yielded only low resolution diffraction data owing to the
decay of the crystal during the data collection, and hence the struc-
ture obtained was only sufficient to exhibit some structural fea-
tures (SI 02, Scheme 1e). The crystal structure thus obtained
clearly shows the presence of a cone conformation of L and is in
conformity with the result obtained based on NMR analysis. Based
on the crystal structure, L, can be visualized as having at least two
binding cores: one with the pyridyl environment having four nitro-
gens (N4) and the other with the lower rim plus amide oxygens (O4

or O6) (Scheme 1). Such binding cores were formed owing to the
extended conformation exhibited by both the arms. Bent arms
were generally found for pendants possessing CO–NH groups by
forming a hydrogen bond between NH and the phenolic OH.7a

The metal ion binding properties of L were studied in methanol
by fluorescence, absorption9 and ESI MS. During the titration of L
by M2+ using fluorescence spectroscopy (SI 03), L showed progres-
sive enhancement in the intensity upon addition of Zn2+ (Fig. 1a)
that saturates at �10–20 equiv. This indicates an equilibrium-
driven reaction wherein the overall enhancement was found to
be 16–18-fold at saturation (Fig. 1b) though it is at least eightfold
at 2 mol equiv of Zn2+. This is attributable to the reversal of the
photoelectron transfer of the pyridyl-N lone pair upon Zn2+
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Scheme 1. Schematic representation of the synthesis of the dual receptor molecule, L starting from p-tert-butylcalix[4]arene (R = t-butyl) and its structure from single crystal
XRD, where (a) bromoethylacetate/K2CO3/acetone; (b) NaOH/C2H5OH, reflux; (c) SOCl2/benzene, reflux; (d) 2,20-dipyridyl amine/Et3N/THF and (e) ORTEP diagram of L.
(Hydrogens and solvent molecule are not shown for clarity.) Enclosures in blue and red indicate N4- and O6-binding cores, respectively.
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Figure 1. Fluorescence titration of L by Zn2+ or Ni2+: (a) spectral traces during the titration by Zn2+; (b) plot of relative intensity (I/I0) versus [Zn2+]/[L] mol ratio; (c) spectral
traces during the titration by Ni2+ and (d) plot of relative intensity (I/I0) versus [Ni2+]/[L] mol ratio.
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binding. Similar titrations carried out with Ni2+ exhibited fluores-
cence quenching (Fig. 1c and d) owing to the paramagnetic nature
of this ion.

The complexed species formed were found to be 1:1 in both the
cases. Based on the Benesi–Hildebrand equation, the association
constants (Kass) were found to be 18,173 ± 1726 and 238,930 ±
13,060 M�1, respectively, for Zn2+ and Ni2+ complexes. With
respect to naphthalene, L was found to have a quantum yield of
0.0356. While this is increased by about three times in the pres-
ence of Zn2+, it is decreased by three times in the presence of Ni2+.

Similar titrations carried out with other divalent ions, viz., Mn2+,
Fe2+, Co2+, Cu2+ and Hg2+, exhibited almost no fluorescence quench-
ing, while those carried out with Cd2+ exhibited marginal enhance-
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Figure 2. (a) Histogram showing the number of times of quenching or enhancement in th
of M2+. The error bars were placed based on four different measurements. (b) Titration
ment (Fig. 2a). Thus, the steady-state fluorescence data obtained
from the titration of L with M2+ clearly suggests that L can detect
Zn2+ by switch-on and Ni2+ by switch-off modes wherein the bipyr-
idyl arms undergo appropriate conformational changes to accom-
modate either the Zn2+ or the Ni2+. The minimum concentrations
at which L can detect Zn2+ and Ni2+ are 142 and 203 ppb, respec-
tively (Fig. 2b, SI 03).

In order to confirm the binding and stoichiometry of Zn2+ or
Ni2+ with L, ESI MS spectra were measured in both the cases and
the formation of 1:1 species was found at m/z 1160.8 and 1130
for Zn2+ and Ni2+ (SI 04), respectively. The isotopic peak pattern
confirmed the presence of these metal ions. The results were
further supported by measuring the absorption spectra wherein
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of L with Zn2+ (d) along with the L (s) by keeping [Zn2+]/[L] ratio as 1:1.
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Figure 3. Absorption spectral data during the titration of L with Ni2+ or Zn2+: (a) Spectral traces in case of Ni2+; (b) absorbance versus [Ni2+]/[L] mol ratio; (c) spectral traces in
case of Zn2+ and (d) absorbance versus [Zn2+]/[L] mol ratio.
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isosbestic points were observed at 257 and 283 nm in case of Ni2+,
and 257 nm in the case of Zn2+, indicating a transition between the
complexed species and the free species (Fig. 3). Increase in the
absorbance of 317–318 nm band is indicative of the interaction
of Ni2+ or Zn2+ with nitrogens of pyridyl moieties present on both
the arms. Binding of Ni2+ or Zn2+ with pyridyl nitrogens has also
been shown based on computational calculations as given in this
Letter. While the titration of Zn2+ is equilibrium driven, that of
the Ni2+ is stoichiometric as already observed based on fluores-
cence studies, and the complexes formed were found to be 1:1
based on Job plots made using the absorption data (Fig. 4).

In order to establish the formation of the complex, reaction
mixtures were titrated with perchloric acid followed by re-titration
with (n-C4H9)4NOH. These studies revealed switch on–off–on fluo-
rescence behaviour in the case of Zn2+. The behaviour was exactly
the reverse in the case of the titration of L with Ni2+(SI 05).
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Figure 5. Fluorescence decay plots as a function of time during the titration of L: (a) with
points represent the data. The line that passes through the points is the fit.
The formation of the complexed species by L has been further
addressed by measuring the fluorescence life times of the species
during the titration (Fig. 5, SI 06). The data of L alone fit with
bi-exponential decay that is associated with two species having
0.33 ns (42%) and 2.12 ns (58%). When L is titrated against Zn2+,
the decay curve fits with a single species exclusively having
0.8 ns (100%), and when titrated with Ni2+ it fits well with one
major, viz., 1.76 ns (85%) and one minor, viz., 7.85 ns (15%) species.
Thus the results of the life time measurements are in accordance
with those of the steady state. The fluorescence behaviour of L in
the presence of Zn2+ or Ni2+ is shown in Scheme 2.

Though the composition of these complexes has been estab-
lished to be 1:1 based on fluorescence, absorption and ESI MS, no
structural features could be deduced in the absence of the single
crystals of these complexes. Hence, the metal ion binding has been
addressed through computational calculations. The starting point
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Scheme 2. Switch-on and switch-off fluorescence behaviour of L upon complexation with Zn2+ and Ni2+, respectively.

Figure 6. UHF/6-31G optimized structures of (a) Ni2+–L0 complex; (b) coordination sphere of Ni2+ in (a), the open circle shown in the coordination sphere refers to the vacant
site; (c) Zn2+–L0 complex and (d) coordination sphere of Zn2+ in (c). Metal to ligand distances in Å are shown on the bonds. The bond angles at the Ni2+ coordination site were
found to be: N2���Ni���N3 = 82.7; N2���Ni���N5 = 105.1; N2���Ni���N6 = 160.2; N2���Ni���O4 = 88.6; N3���Ni���N5 = 90.9; N3���Ni���N6 = 85.0; N3���Ni���O4 = 114.5; N5���Ni���N6 = 90.4;
N5���Ni���O4 = 154.6 and N6���Ni���O4 = 96.1 Å. The bond angles at the Zn2+ coordination site were found to be: N2���Zn���N3 = 95.3; N2���Zn���N5 = 106.3; N2���Zn���N6 = 133.7;
N3���Zn���N5 = 123.3; N3���Zn���N6 = 106.3 and N5���Zn���N6 = 95.3 Å.
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for the calculations of L was its crystal structure. Since the number
of atoms involved in the computations was too large, a model (L0)
was built by replacing the upper rim t-butyl groups with hydro-
gens. Thus, the L0 has the same binding features as those of L.
The L0 was optimized in HF/3-21G followed by HF/6-31G before
using for metal ion binding (SI 07, GAUSSIAN 03).10 The initial geom-
etry for the computations of the metal-bound species was obtained
by placing Ni2+ or Zn2+ at a non-interacting position well above the
pyridyl core of the optimized L0. The computational calculations
carried out in the case of the [Ni–L0]2+ complex exhibited Ni2+ a dis-
torted octahedral geometry (Fig. 6a) with one of the ligating sites
being vacant and bound through all four pyridyl nitrogens plus
one lower rim phenolic-OH (Fig. 6b). Similar optimization yielded
Zn2+ in a distorted tetrahedral geometry (Fig. 6c) wherein the me-
tal ion is bound through all four pyridyl nitrogens in the [Zn–L0]2+

complex (Fig. 6d) (SI 08). The complexation is a result of metal ion-
induced conformational changes brought in the pendant arms of L
so that the core possessing the ligating atoms is well poised for
binding. The single point energy analysis of the optimized com-
plexes yielded stabilization energies (DE) of �453.0 and
�408.4 kcal/mol for Ni2+ and Zn2+ complexes, respectively, with
the calculations performed at HF/3-21G. These were found to be
�450.1 and �408.4 kcal/mol, respectively, at HF/6-31G level (SI
09). The stabilization energies were found to be well within the
formation of 5- or 4-coordination bonds with Ni2+ or Zn2+.

Though some calix[4]arene-based derivatives for sensing differ-
ent metal ions have been described, the receptor, L, reported in this
Letter is unique by providing a dual response to sense Zn2+ as
switch-on and Ni2+ as switch-off based on fluorescence. All the stud-
ies reported in this Letter conclusively demonstrated complex for-
mation between L and Zn2+ or Ni2+ with compositions of 1:1. Using
L, the Zn2+ concentration can be detected to be as low as 142 ppb
and the Ni2+ to be 203 ppb and hence L is a very sensitive mole-
cular probe for these ions. The coordination details of binding were
deduced from computational calculations. Thus the present study
not only provides impetus for designing receptors suitable for mul-
ti metal ion recognition, but also provides clues in rationalizing the
metal ion placements in metalloproteins.
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