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A highly selective fluorescence switch on sensor, L for detecting Cu®* has been synthesized by introducing
a bis-(2-picolyl)amine moiety at the lower rim of a calix[4]arene platform via amide linkage. Binding
properties of L toward ten different biologically relevant M™ ions have been studied by fluorescence
and absorption spectroscopy in methanol and aqueous methanol. L was found to detect Cu?* selectively
down to a concentration of 196 and 341 ppb, respectively, in methanol and 1:1 aqueous methanol even in
the presence of other metal ions. The composition of the complex has been found to be 1:1 based on the
Job plot and is further confirmed by ESI MS. The role of calix[4]arene platform as well as the pre-orga-
nized binding core in the selective recognition of Cu?* has been demonstrated by studying appropriate
reference molecules. The possible modes of binding of L with Cu?* have been modeled by computational
calculations. L and its Cu?>* complex could very well be differentiated based on the nano-structural fea-
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tures observed in SEM and AFM.
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Detections of cations, anions and molecular species are some of
the challenging areas of current research relevant to the receptor
design and development. Copper is one of the essential trace ele-
ments' of transition metals which serves as a cofactor by taking
an active part in a large variety of enzymes.? As copper can easily
access both +1 and +2 oxidation states, it can act as electron car-
rier. Both excessive copper intake and copper deficiency lead to
several disorders.2”2“* Therefore, the detection of copper by vari-
ous synthetic receptors is an emerging area of current research.
Enhancement in the fluorescence intensity as a result of metal
ion binding is more attractive than quenching. There are several re-
ports in the literature in which appropriately functionalized calix-
arenes® have been used as host molecules for ions and neutral
molecular species®, among them those for Cu?" are rather limited.
To our knowledge, only an upper rim functionalized calix[4]arene
having an aminoquinoline moiety connected through schiff’s base
exhibited a fluorescence enhancement with Cu?* in CH;CN’, while
others exhibited quenching.® Therefore in this Letter we report
selective ion recognition features of 1,3-di-derivative of calix[4]ar-
ene containing a bis-(2-picolyl)amine moiety at its lower rim con-
nected by an amide linkage toward Cu(II).

The receptor molecule, L, viz., 5,11,17,23-tert-butyl-25,27-bis-
((N,N-bis(pyridine-2-yl)methylamine)carbonylmethoxy)-26,28-
dihydroxycalix[4]arene, was synthesized by four known steps®
starting from p-tert-butyl calix[4]arene (Scheme 1, SI 01). All
the molecules including L were characterized satisfactorily by
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TH NMR, 13C NMR, ESI MS, IR, and elemental analysis.'® The cone
conformation of L has been confirmed by '"H NMR spectroscopy.

The metal ion binding studies of L and its control molecules
were demonstrated by fluorescence spectroscopy. The metal ions,
viz., Mn?*, Fe?*, Co®*, Ni?*, Cu®*, Zn?*, Na*, K*, Ca®*, and Mg?*, were
subjected to recognition studies with L and the control molecules.
The studies were carried out by exciting the solutions at 285 nm
and recording the fluorescence spectra in the range of 295-
420 nm in methanol as well as in 1:1 aqueous methanol (SI 02).
During the titration in methanol, the fluorescence intensity of L in-
creases as a function of Cu?* addition (Fig. 1a) and shows about 7
fold enhancement and saturates around 2 equiv of Cu?* addition
(Fig. 1b). Thus the titration of L with Cu?* results in a stoichiome-
tric reaction. However, when similar titrations were carried out
with other metal ions, such as, Mn?*, Fe?*, Co?*, Ni**, Zn?*, Na*,
K*, Ca?*, and Mg?*, only a minimal enhancement or minimal
quenching has been observed (Fig. 1c). Since aqueous solutions
are of paramount importance in order to have a wide range of
applicability of the receptor, similar titrations were carried out in
1:1 aqueous methanol and a ~12 fold increase in the fluorescence
intensity of L with Cu?* (Fig. 1b and c) was found though the satu-
ration was found around 5-6 equiv. The observed enhancement in
the fluorescence intensity can be explained to the reversal of PET
when Cu?* binds to the nitrogens of pyridyl moieties. The binding
constant of L with Cu®* was calculated by Benesi-Hildebrand equa-
tion and the corresponding association constant, K, was found to
be 17,547 + 1000 and 30,221 + 1600 M, respectively, in methanol
and 1:1 aqueous methanol. The quantum yield of L and its complex
with Cu?* were found to be 0.0118 and 0.0559 in methanol and
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Scheme 1. Synthesis of lower rim calix[4]arene-1,3-di-derivatives, L: (a) bromoethylacetate/K,COs/acetone; (b) NaOH/C,HsOH, reflux; (c) SOCl,/benzene, reflux; (d) bis(2-

picolyl)amine/EtsN/THF. R = tert butyl.

700 (a)
600
500
400
300
200
100

(b)

124

Intensity

1,

—

RN
O N H»OOOONDN
; N L L L \ n

-

+
&

N s P o

0

300 320 340 360 380 400 0 2
Wavelength, nm

T

4 6
[Cu® /L]

-—

Quenching Enhancement

<
o ‘c ‘t‘q_; ‘t‘o &_ (t:s (t'c
= =1L O Z2 0N

T

T

(©
10 =

&
+ ©
X O

AN

Figure 1. Fluorescence titration of L with different metal ions: (a) Spectral traces during the titration of L with Cu®* in methanol, (b) plot of relative fluorescence intensity
versus number of equivalents of Cu** added in methanol (unfilled) and in 1:1 aqueous methanol (filled) and (c) histogram representing the fluorescence enhancement and
quenching fold exhibited by L with different metal ions studied in methanol (unfilled) and in 1:1 aqueous methanol (filled).

0.0127 and 0.0980 in aqueous methanol with respect to naphtha-
lene as standard.

In order to support the binding of L by Cu?*, absorption titra-
tions were carried out. The spectral changes were suggestive of
binding of Cu?* with L (Fig. 2). Absorption spectra recorded at high-
er concentrations exhibited a d-d transition band at 655 nm which
also demonstrates the interaction of ligand with metal ion (Fig. 2a,
inset, SI 03). Plot of absorbance versus added [Cu®*] clearly indi-
cated the formation of the complex (Fig. 3a) and the complex
formed was found to be 1:1 based on Job’s plot (Fig. 3b) in both
the solvent systems.

The 1:1 stoichiometry of the complex has been further sup-
ported based on the molecular ion peak observed at m/z value of
1189 in ESI MS titration (Fig. 3c). The isotopic peak pattern pro-
vides an unambiguous assignment to this peak by confirming the
presence of Cu?* in the complex. The minimum concentration at
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which L can detect Cu?* has been found to be 196 ppb in methanol
and 341 ppb in aqueous methanol (SI 04).

The competition of Cu?* toward L against other metal ions has
been explored by titrating a solution containing L and M™" in
1:30 ratio in the case of Na*, K*, Ca®*, Mg?* and 1:5 ratio in the case
of Mn?*, Fe?*, Co?*, Ni*, Zn?* with Cu?* of different concentrations.
These studies resulted in no significant change in the fluorescence
intensity observed with the {L+Cu?*} species and thereby revealed
that the Cu?* could replace M™. This clearly conforms to the strong
binding nature of L toward Cu?" in the presence of other M™ ions
(Fig. 4).

The role of calix[4]arene platform and the pre-organized nitro-
gen core in the recognition process has been proven by studying
fluorescence properties of the reference molecules (Fig. 5), viz., L;
and L, with different metal ions. The control molecule L,'! possess-
ing the calixarene moiety has been prepared by the same method

Wavelength, nm

Figure 2. Absorption spectral titration of L with Cu?*: (a) spectral traces observed during the titration in the region 230-350 nm, inset shows the spectral traces in the region
500-800 nm as measured at a higher concentration in methanol and (b) spectral traces observed in aqueous methanol medium.
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Figure 3. (a) Absorbance versus mole ratio of [Cu?*]/[L] added in methanol (unfilled) and in 1:1 aqueous methanol (filled), (b) Job’s plot of n, versus A « ny,, where ny, is mole
fraction of the metal ion added and A is absorbance as studied in methanol (unfilled) and aqueous methanol (filled) and (c) Molecular ion peak indicating the isotopic peak

pattern for the Cu?* complex of L as obtained from ESI mass spectrum.
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Figure 4. Relative fluorescence intensity of L upon the addition of 3 equiv of Cu®* in
the presence of 30 equiv of Na*, K*, Ca%*, and Mg?* and 5 equiv of Mn?*, Fe?*, Co?*,
Ni%*, and Zn?*, carried out in methanol (unfilled) and in 1:1 aqueous methanol
(filled).
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Figure 5. Schematic structures of the control molecules L, and L,. R = tert butyl.

that has been discussed for L by coupling diacid chloride derivative
of calix[4]arene, 4, with 2-aminomethyl pyridine. On the other
hand, L,'"'?, a molecular system that has only one strand of L
without any calixarene platform, has been synthesized by using
p-tert-butyl phenol as starting material instead of calix[4]arene
(s101).

The structural features of the control molecule L; has already
been reported by us.'? The L, contains a methyl pyridine moiety in-
stead of two pyridine moieties that were present in L. The role of
calix[4]arene platform in the selective binding of Cu?* with L has
been further established by studying the metal ion binding proper-
ties of L,. The fluorescence titration studies of L; showed no selec-
tivity toward any metal ions, while Fe?*, Zn?*, and Cu?" exhibited a
fluorescence quenching (Fig. 6a). Though Cu?* exhibited a minimal
fluorescence quenching of 2.8 fold, such minimal response is not
sufficient enough to detect a particular M™ ion and hence reflects
on the lack of pre-organized binding core. The lack of calix[4]arene
platform makes L, a non-selective molecule toward all the metal
ions studied (Fig. 6b). The results obtained from the control mole-
cules suggest that a pre-organized hetero core is required for Cu?*
binding. However, L contains two picolyl moieties and a calixarene
platform that makes it suitable for selective binding.

In order to understand the structural features of the 1:1 com-
plex formed between L and Cu?*, computational calculations were
carried out at HF/3-21G followed by HF/6-31G levels using caussian
03'3 package. The computations were initiated by taking the coor-
dinates of L from its crystal structure!* and by replacing the tert-
butyl moiety by a hydrogen atom to result in L'. The L’ has been
optimized at both HF/3-21G and HF/6-31G before carrying out
the computation for the complex (SI 05.). Even the DFT level com-
putations carried out with 6-31G basis set exhibited same confor-
mation as that obtained at HF/6-31G level. Computations for the
complex species have been initiated by placing the Cu?* at a
non-interacting distance that is well above the pyridyl core of
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Figure 6. Plots of (I/Iy) as a function of metal to the ligand mole ratio during the fluorescence titration in methanol, (a) L;, (b) L. The symbols corresponds to B = Mn?*;
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Figure 7. HF/6-31G optimized structure of (a) L and (b) [CuL’]?>*; (c) Cu?* coordination site as in (b), and (d) Cu®* coordination site from plastocyanin (PDB id: 1BXU).
Coordination core angles in (°) for Cu®* in (c): N1-Cu-N2 = 89.8; N1-Cu-N3 =92.1; N1-Cu-N4 = 128.4; N2-Cu-N3 = 128.4; N2-Cu-N4 =127.2 and N3-Cu-N4 =89.8.
Coordination core angles in (°) for Cu?* in (d): N1-Cu-N2 = 101.4; N1-Cu-Sy; = 98.8; N1-Cu-S¢ = 121.4; N2-Cu-Sy = 86.0; N2-Cu-Sc = 131.0 and Sy—Cu-Sc = 107.7.

the derivative and optimized at HF/3-21G level and the output
from this has been taken through HF/6-31G. Based on these calcu-
lations it has been found that the formation of the complex has
been accompanied by an energy stabilization of —422.8 kcal/mol
at HF/6-31G. The optimization brought the N4 core of the pyridyl
moieties in L' into the coordination range (Fig. 7a and b) and re-
sulted in a tetra-coordinated Cu?" center where all the four pyridyl
moieties were involved in binding. The coordination of Cu?* center
is highly distorted tetrahedral where the angles range from 89° to
128 that is very much similar to that observed for the same in blue
copper proteins, viz., plastocyanin (Fig. 7c and d). Such highly dis-
torted tetrahedral center observed for Cu?* in blue copper proteins
has been interpreted to the ease with which the protein could ful-
fill the coordination requirement for Cu'* during the electron
transfer process.

Further, in order to confirm the structural changes that exist at
nano level between the receptor L and its Cu?* complex, studies
were carried out by scanning electron microscopy (SEM) and atom-
ic force microscopy (AFM). While L shows rod-like structure of
length varying from 4 to 20 pm, its Cu?>* complex shows a smooth
surface of smaller particles (1-2 pm) of irregular shape though
these are approximately closer to spherical ones (SI 06). AFM of L
shows spherical particles of three different sizes (Fig. 8). While
the smallest one has a size of 37 nm and a height of 4 nm, the
medium- and large-sized particles are exactly double and triple
to this, respectively, indicating that the smallest unit shows little
aggregation. However, this aggregation is severe in the Cu?* com-
plex of L leading to the formation of large-sized clusters with size
>250 nm and height >35 nm. Thus L and its Cu?* complex are
distinguishable based on their SEM and AFM features.

In this Letter, we demonstrate the synthesis and characteriza-
tion of a receptor molecule L and its selective binding ability
toward Cu?* by switch-on fluorescence, among the ten metal ions,
viz., Mn?*, Fe?*, Co?*, Ni?*, Zn?*, Cu?*, Na*, K*, Ca®*, and Mg?* stud-
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Figure 8. AFM images of (a) L and (b) Cu?* complex of L.

ied. Fluorescence titration of L with Cu?* has been found to be stoi-
chiometric and the observed enhancement provided a handle for
the detection and quantification of this ion by L even in aqueous
solutions. Convincing evidences were provided for the determina-
tion of the stoichiometry of the complex based on absorption and
ESI MS and the complex has been found to be 1:1 between L and
Cu?". Based on the studies of the competitive metal ion titration,
it is possible to conclude that Cu?* can be sensed even in the pres-
ence of some biologically relevant ions in aqueous solutions. Both
the calix[4]arene platform and the pyridyl binding core are
required for selective recognition of Cu®*, as established upon com-
paring the results obtained with the relevant control molecules.
The computationally obtained structure for Cu** complex exhib-
ited a tetra-coordinated geometry that was found even in the blue
copper protein, viz., plastocyanin. The structural differences
observed in SEM and AFM are good enough to differentiate the
receptor from its complex with Cu*. Thus the selective recognition
of Cu?* by L has been demonstrated by a more variety of methods
than the corresponding upper rim based quinoline derivative that
appeared in the literature recently.”
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J=5.04Hz), 7.13 (t, 2H, Py-H, ] = 6.87 Hz), 7.16-7.21 (m, 3H, Ar-H and Py-H),
7.50 (t, 1H, Py-H, J = 7.63 Hz), 7.55 (t, 1H, Py-H, J = 7.79 Hz), 8.40 (d, 1H, Py-H,
J=6.42 Hz), 8.50 (d, 1H, Py-H, ] = 5.81 Hz). '*C NMR: (CDCls, 100 MHz 6 ppm):
31.6 (C(CHs)3), 34.2 (C(CHs)3), 51.5, 52.4 (NCH2), 67.6 (OCH,), 114.3, 121.7,
122.5,122.7, 126.8, 126.3, 136.8, 144.2, 149.2, 150.0, 155.9, 156.3, 157.1 (Ar-C
and Py-C) 169.4 (C=0). m/z (ES-MS) 390.16 ([M+H]* 100%).
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