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ABSTRACT: A calix[4]arene conjugate bearing salicylyl imine
having dibenzyl moiety (L) has been synthesized and charac-
terized, and its ability to recognize three most important
essential elements of human system, viz., iron, copper, and zinc,
has been addressed by colorimetry and fluorescence techniques.
L acts as a sensor for Cu®" and Fe** by exhibiting visual color
change and for Zn>" based on fluorescence spectroscopy. L
shows a minimum detection limit of 3.96 & 0.42 and 4.51 +
0.53 ppm and 45 = 4 ppb, respectively, toward Fe**, Cu®*, and
Zn®". The in situ prepared [ZnL] exhibits phosphate sensing
among 14 anions studied with a detection limit of 247 = 25 ppb.

The complexes of Zn>*, Cu®*, and Fe”* of L have been synthesized and characterized by different techniques. The crystalline nature
of the zinc and copper complexes and the noncrystalline nature of simple L and its iron complex have been demonstrated by powder
XRD. The structures of Cu”* and Zn>* complexes have been established by single crystal XRD wherein these were found to be 1:1
monomeric and 2:2 dimeric, respectively, using N,O, as binding core. The geometries exhibited by the Zn>" and the Cu®*
complexes were found to be distorted tetrahedral and distorted square planar, respectively. The iron complex of L exists in 1:1
stoichiometry as evident from the mass spectrometry and elemental analysis.

B INTRODUCTION

Transition metal ions of iron, copper, and zinc' are essential
for life by being present in the active sites of numerous enzymes
followed by exhibiting a variety of biological functions.” While
the zinc is involved mainly in hydrolytic type reactions” and DNA
replication,” the iron and the copper are involved in a number of
oxido-reductase® as well as electron transfer® processes owing to
their existence in more than one oxidation state in biology. While
the zinc’s metabolic disorder results in neurological diseases like
Alzheimer” and epilepsy,” the accumulation of copper is toxic and
it can even cause liver damage in children.” Inefficient iron
transport is the main cause of anemia'® in human, while excess
accumulation results in cardiomyopathic, arthropathic, and neu-
rodegenerative disorders."" Similar to cations, the detection and
quantification of anions is challenging due to the special features
exhibited by anions, viz.,, geometry and shape variation, high
energy of solvation, etc.'” Sensing of phosphates and its deriva-
tives is important in biology owing to its involvement in various
biochemical processes such as signal transduction and energy
storage.'” Therefore, it is necessary to develop receptors which
can selectively detect such ions of essential trace elements and
biologically relevant anions by spectroscopy. It will be more
advantageous if the receptor can show visually detectable color
changes in the presence of such ions. Supramolecular systems
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like calix[4]arene'* can provide a platform where one can append
different binding moieties at its lower rim via various chemical
reactions thereby attaining a preorganized binding core toward
metal ions. A number of functionalized calix[4 ]arenes have been
used in the literature for the selective detection of ions,"®
molecular species,'® and metalloenzyme models."” Though some
reports are available for the selective detection of Zn>*, Cu**, and
Fe®* by calix[4]arene conjugates,'® to our knowledge, there is no
report in the literature wherein a single system can sense all the
three ions. Further, the structural characterization of the species
of recognition is rather scarce in the literature.'5"!" Though
there are some metal based anion recognitions reported in the
literature,*® the same for phosphate are rather rare,'*?! Recently,
our group has been involved in the synthesis of different
conjugates of calix[4]arene for studying their selective recogni-
tion of biologically relevant metal ions, viz., Zn>*, Cu®*, Ni**, as
well as a toxic ion, ngJr.lsdf'F’h'i’t’22 Therefore, in this paper we
report the synthesis, characterization of a 1,3-diconjugate of
calix[4]arene appended with salicylyl moiety containing a diben-
zyl through an imine linker and its receptor properties toward Fe*”,
Cu®, and Zn>" by absorption and fluorescence spectroscopy,
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and the structure demonstration of the corresponding Cu** and
Zn>" complexes by single crystal XRD. In addition to this, the
phosphate binding of the in situ prepared zinc complex of L,
[ZnL], has also been demonstrated.

B EXPERIMENTAL SECTION

General Information and Materials. 'H and '*C NMR spectra
were measured on a Varian Mercury NMR spectrometer working at
400 MHz. The mass spectra were recorded on Q-TOF micromass (YA-105)
using electrospray ionization method. Steady state fluorescence spectra
were measured on Perkin-Elmer LS55. The absorption spectra were
measured on Varian Cary 100 Bio. The elemental analyses were
performed on a ThermoQuest microanalysis instrument, and the FT
IR spectra were measured on Perkin-Elmer spectrometer using KBr
pellets. The diffraction data were collected on OXFORD DIFFRAC-
TION XCALIBUR-S. All the perchlorate salts, viz.,, Mn(ClO,), - 6H,0,
Fe(ClO,), -¥H,0, Co(ClO,), - 6H,0, Ni(ClO,), - 6H,0, Cu(ClO,), -
6H,0, Zn(ClO,),-6H,0, Cd(ClO,),+H,0, NaClO,-H,0, KCIO,,
Ca(ClO,),4H,0, and Mg(ClO,), - 6H,O, were procured from Sigma
Aldrich Chemical Co. Salts possessing different anions, viz., Bu,NF,
Me,NCl, Bu,NBr, Bu,NI, Bu,NCIO, Bu,NH,PO, Na,HPO,,
Na,P,0,, NaSCN, NaOAc, Na,SO,4, Na,COj;, NaNO;, and NaBF,,
were purchased from Sisco Research Laboratories Pvt Ltd., India. Bulk
solutions of L and the metal salts were made in CHCl; and MeOH,
respectively, at 6 x 10~ * M. All the fluorescence titrations were carried
outin I cm quartz cells by using S0 #L of L, and the total volume in each
measurement was made to 3 mL to give a final concentration of the
ligand as 10 #M (i.e., the 3 mL solution contains 2.950 mL of CH;0H
and 0.050 mL of CHCl;). During the titration, the concentration of
metal perchlorate was varied accordingly to result in requisite mole
ratios of metal ion to L, and the total volume of the solution was
maintained at 3 mL in each case by addition of CH3;O0H. For absorption
studies, the final concentration of [L] was kept constant at 20 M, and
the procedure used for the titrations was the same as that used for
fluorescence titrations.

Synthesis and Characterization of 1. A mixture of p-tert-
butylcalix[4]arene (1.0 g, 1.55 mmol), K,CO; (0.85 g, 6.20 mmol),
Nal (0.92 g, 6.13 mmol), and chloroacetonitrile (0.4 mL, 5.33 mmol) in
50 mL of acetone was refluxed under nitrogen atmosphere for 7 h. The
reaction mixture was allowed to cool down to room temperature and
filtered through Celite. The Celite was washed with dichloromethane to
obtain light brown clear solution. This was concentrated to give brown
solid, which was recrystallized from chloroform/methanol to give white
crystalline solid. Yield (900 mg) 80%. Anal. Calcd for CugHsgN,Oy4: C,
79.30; H, 8.04; N, 3.85. Found: C, 79.49; H, 8.30; N, 3.92%. FTIR
(KBr, em™'): 1482 (vey), 3515 (Vou). "H NMR (CDCly, O ppm):
0.88, (s, 18H, C(CH;)5), 1.32 (s, 18H, C(CH3)5), 3.45 (d, ] = 13.55 Hz,
4H, Ar—CH,—Ar), 422 (d, ] = 13.55 Hz, 4H, Ar—CH,—Ar), 4.81 (s,
4H, OCH,), 6.73 (s, 4H, Ar—H), 7.12 (s, 4H, Ar—H).

Synthesis and Characterization of 2. To a vigorously stirred
solution of 1 (0.58 g, 0.81 mmol) in 32 mL of diethyl ether was added
LiAlH, (0.25 g, 7.13 mmol), and the reaction mixture was refluxed for
S h. After that, the reaction flask was immersed into an ice—water bath,
and excess LiAlH, was destroyed by the addition of wet benzene into the
reaction mixture. The clear organic layer was decanted, and the inorganic
salts were rinsed with benzene. The combined organic layers were
evaporated to dryness to yield diamine, as a light yellow solid. Yield
(470 mg) 85%. Anal. Calcd for C45HgsN,O4: C, 78.43; H, 9.05; N, 3.81.
Found: C, 78.29; H, 8.87; N, 3.97%. FTIR (KBr, cm ™ "): 3362 (Vou/nm)-
'"H NMR (CDCl;, 0 ppm): 1.10 (s, 18H, C(CHs);), 1.24 (s, 18H,
C(CHS,)3), 329 (t, ] = 476, 476 Hz, 4H, NCH,), 337 (d, ] = 12.82 Hy,
4H, Ar—CH,—Ar), 407 (t, ] = 476, 4.76 Hz, 4H, OCH.), 432 (d, ] = 12.82
Hz, 4H, Ar—CH,—Ar), 6.97 (s, 4H, Ar—H), 7.04 (s, 4H, Ar—H).

*C NMR (CDCls, 100 MHz, O ppm): 31.3,37.8 (C(CHj)5), 34.0, 34.3
(C(CHs)3), 32.3 (Ar—CH,—Ar), 42.7 (CH,N), 78.7 (OCH,), 125.6,
126.0, 127.8, 133.3, 142.2, 147.7, 149.3, 150.4 (Ar—C). ES MS: m/z =
735.26 (M*, 100%).

Synthesis and Characterization of L. A mixture of 2 (0.3 g,
0.43 mmol) and 1c (0.33 g, 0.85 mmol) were stirred in 50 mL of methanol
at room temperature for 12 h, and the yellow precipitate that formed was
filtered, washed, and dried under vacuum. Yield (0.33 g, 52%). Anal.
Calcd for Cy9oH50N4O4+3CH;0H: C, 78.79; H, 8.47; N, 3.57. Found:
C, 78.76; H, 8.10; N, 3.54%. FTIR (KBr, cm '): 3397 (vou), 1633
(ve—n). "H NMR (CDCls, 8 ppm): 0.85 (s, 18H, C(CHs)3), 1.16 (s,
18H, C(CHj;)5), 1.19 (s, 18H, C(CHj)5), 3.17 (d, 4H, Ar—CH,—Ar, | =
13.8 Hz), 3.49 (s, 8H, Ar—CH,), 3.56 (s, 4H, Ar—CH, ), 4.00 (t, OCH,,
4H, ] = 5.5 Hz), 4.16 (m, 8H, Ar—CH,—Ar and NCH,), 6.67 (s, 4H,
Ar—H), 6.90 (s, 4H, Ar—H), 7.10—7.33 (m, 24H, Ar—H), 7.56 (s, 2H,
Ar—OH), 8.53 (s, 2H, CH=N), 13.12 (s, 2H, ArOH). *C NMR
(CDCl;, 100 MHz, 6 ppm): 31.2, 31.6, 31.8 (C(CHj)3), 31.4 (Ar—
CH,—Ar), 33.9, 34.0, 34.1 (C(CH3)3), 512 (Ph—CH,—N), $8.5
(NCH,), 59.0 (NCH,CH,), 75.5 (OCH,), 118.1, 125.2, 125.8, 126.3,
126.6,126.9,127.9,128.3, 128.7, 129.0, 129.4, 130.6, 132.5, 140.2, 140.9,
141.5,147.1, 149.9, 150.7, 157.3 (Ar—C), 168.0 (NCH). ES MS: m/z =
1474 (M*, 20%).

Synthesis and Characterization of Zinc Complex of L, 3. To
a solution of L (0.08 g, 0.05 mmol) in CH,Cl, (5 mL) was added
zinc(Il) acetate (0.013 g, 0.06 mmol) in methanol dropwise. After
stirring for one day, the reaction mixture was heated for Shat 40 °C. The
solvent was evaporated, and the complex was recrystallized from
methanol—dichloromethane mixture. Yield (0.063 g, 75%). FTIR
(KBr, em™'): 1616 (ve—y), 3388 (Vor). Anal. Caled for CrooHas6-
NOpZny: C, 78.12; H, 7.74; N, 3.64. Found: C, 78.58; H, 7.50; N, 3.61%.
"H NMR (CDCl;, 400 MHz): 1.12 (s, 18H, Sal—(CHj3)5), 1.14 (s, 18H,
(CHs)3), 1.16 (s, 18H, (CH3)3), 3.53—3.60 (m, 4H, OCH,), 3.64 (s,
8H, Ar—CH,), 3.67 (s, 4H, Ar—CH,), 4.04, 4.01 (bs, 2H, —NCH,),
4.17,3.78, 3.46,2.95 (d, ] = 12.8 Hz, 8H, Ar—CH,—Ar), 477 (t, ] =
10.80, 10.52 Hz, 2H, NCH,), 6.74 (d, ] = 2.64 Hz, 2H, Ar—H), 6.85 (s,
4H, Ar—H), 6.90—6.96 (dd, 4H, Ar—H), 7.14 (t, ] = 7.36, 7.36 Hz, 4H,
Ar—H), 7.28 (t,] = 7.44, 8.76 Hz, 8H, Ar—H), 7.46 (d, ] = 7.12 Hz, 8H,
Ar—H), 7.81 (d, ] = 2.64 Hz,2H, Ar—H), 8.40 (s, 2H, Ar—OH), 8.44 (s,
2H, imine-H). m/z (MALDI-TOF) 3074.84 ([3]"). Single crystals were
grown by slow evaporation of 3 in a mixture of chloroform and
methanol.

Synthesis and Characterization of Copper Complex of L, 4.
The copper complex has been synthesized by following the procedure
used for the synthesis of zinc complex, viz., by adding copper(II) actetate
(0.014 g,0.07 mmol) to L (0.10 g,0.07 mmol). The complex formed was
recrystallized from a mixture of methanol and dichloromethane. Yield
(0.07 g, 67%). FTIR (KBr, cm™'): 1620 (vc—y), 3438 (Vop). Anal.
Caled for CyoH;15N4O4Cu+ CH,CN: C, 77.70; H, 7.74; N, 4.44%.
Found: C,77.50; H, 8.07; N, 4.04. ESIMS: m/z = 1535.68 ([4]"). Single
crystals were grown by slow evaporation of 4 taken in acetonitrile.

Synthesis and Characterization of Iron Complex of L, 5.
The procedure used for the synthesis of iron complex is same as that
used for the zinc and copper complex but by adding iron(II) perchlorate
(0.017 g,0.07 mmol) to L (0.10 g, 0.07 mmol). The complex formed has
been crystallized from a mixture of dichloromethane and methanol;
however, no single crystals could be obtained. Yield (0.06 g, 60%). FTIR
(KBr, cm™'): 1617 (Vo). Anal. Caled for C,oH;5N4OgFe - CH,Cl,:
C, 75.22; H, 7.50; N, 3.47. Found: C, 74.84; H, 7.50; N, 3.44. ESI MS:
m/z =1527.73 ([5]").

B RESULTS AND DISCUSSION

The receptor molecule, L, has been synthesized by three
steps™ (Scheme 1) starting from p-tert-butylcalix{4]arene followed
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Scheme 1. Synthesis of the Precursor Molecule 1c and the Receptor Molecule L*
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“ Synthesis of the receptor, L: (a) K,CO3, CICH,CN, acetone, reflux for 7 h; (b) LiAlH,, C,H;OC,Hg, reflux for S h; (c) 3-((dibenzylamino )methyl)-S-
tert-butyl-2-hydroxybenzaldehyde, EtOH, stirred at RT for 12 h. R = tert-butyl. Synthesis of the precursor molecule 1c: (d) SnCl,, BusN, (CH,0),, dry
toluene, reflux; (e) 35% formaldehyde, conc HCI, RT, and (f) dibenzylamine, Et;N, THF, RT.
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Figure 1. Visual color changes observed when M"* was added to a solution of L (0.0012 M) in 1:1 ratio in methanol.
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Figure 2. (a) Absorption spectral traces obtained during the titration of L (20 #M) in methanol with Cu”* and (b) plots of absorbance versus mole ratio
of [Cu®*]/[L], at 250 nm (@), 280 nm (4 ), 330 nm (A), 375 nm (O). (c) Absorption spectral data obtained during the titration of L (20 #M) with Fe**
and (d) plots of absorbance versus mole ratio plot of [Fe**]/[L], at 270 nm (right-pointing triangle), 330 nm (), 420 nm (¥), and 590 nm (<).

by the preparation of its dinitrile and diamine derivatives. The
diamine derivative, 2, has been condensed with the aldehyde
derivative,** 1c, in methanol resulting in the formation of L in
goodyield. In turn, 1c has been synthesized in three steps starting
from p-tert-butylphenol (Scheme 1). All the precursors and the
final receptor molecule, L, have been characterized satisfactorily
by analytical and spectral methods (Experimental Section and
Supporting Information). The receptor L exists in cone con-
formation which is evident from the NMR studies. The possible
metal ion coordination sites present in L are N,O,4, N,O,, N,Og,
and N4O,, and hence L is a suitable receptor to explore its
selectivity toward biologically promlnent essential trace metal
ions, such as Fe**, Cu®*, and Zn>*. Indeed, these are the three
elements which are present at high concentrations and are
responsible for the function of more than one-half of the
metalloenzymes known even in human systems.

Since L possesses binding cores (Scheme 1), the ion recogni-
tion properties of L with biologically relevant metal ions, viz.,

Mn**, Fe**, Co**, Ni**, Cu**, Zn>*, Cd**, Na*, K*, Ca>*, and
Mg®", have been studied by absorption and emission techniques,
besides demonstrating visually observable color changes.

a. Visual Color and Absorption Titrations. In order to assess
whether L can be of any use in the recognition of metal ions by
naked eye detection, L was titrated with various metal ions, viz.,
Mn>*, Fe**, Co**, Ni**, Cu**, Zn**, Cd**, Na*, K, Ca**, and
Mg™*, in methanol by keeping a 1:1 mole ratio and observing the
corresponding color changes (Figure 1). The yellow color of L
was almost unaltered when titrated with ions, viz., Mn*>*, Co*",
Ni**, Zn**, Cd**, Ca™*, Mg’™*, Na", and K*; however, it changes
to pale brown in the presence of Cu and dark blue/black in the
presence of Fe**

In order to support the visually observed color changes,
absorption titrations were carried out between L and Cu®" or
Fe®". With Cu™*, L showed four absorption peaks with their 4,
values present at 375, 330, 280, and 250 nm (Figure 2a), and the
corresponding changes observed in the absorbance with respect
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Figure 3. Color of the methanolic sloutions of L (0.0012 M) obtalned durmg the competitive ion titration of [L + M""] in a mole ratio of 1:2 with

1 equiv addition of Cu®*. Here, 1 = Mn>", 2 = Fe**, 3 = Co™", 4 = Ni**

,5=12n"", 6 =Cd*",7 =Na*, 8 =K', 9 = Ca®", 10 = Mg*".
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Figure 4. Color of the methanolic sloutions of L (0.0012 M) obtained during the competitive ion titration of [L + M""] in a mole ratio of 1:2 with
1 equiv addition of Fe**. Here, 1 = Mn**, 2 = Co’", 3 = Ni**, 4 = Cu™*, 5 = Zn*", 6 = Cd**, 7 = Na*, 8 = K', 9 = Ca’*, 10 = Mg™".
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Figure 5. Job’s plots for (a) Cu®* and (b) Fe** as studied in methanol, where
11, N and npe are the mole fractions of L, Cu®*, and Fe™, respectively.

to the mole ratio of [Cu®*]/[L] can be seen from Figure 2b. The
data suggests the binding of Cu**. When L was titrated with
Cu?", the initial absorbance observed for L at 330 nm decreases
gradually, while a new band is observed at 375 nm. Two
isosbestic points were also observed at 317 and 343 nm during
the titration (Figure 2a,b).

During the titration of L with Fe’*, two new bands grew
gradually as a function of increase in [Fe“] /[L] mole ratio
(Figure 2c,d). While the 330 nm band showed no change in its
absorbance, the 420 nm band exhibited an increase in the
absorbance upon addition of Fe". The new band observed at
590 nm corresponds to the d-—d transition. On the basis of
further experiments, it has been found that L detects Cu®" and
Fe®* colorimetrically by naked eye even down to a concentration
of 4.51 £+ 0.53 and 3.96 £ 0.42 ppm, respectively.

Competitive T|trat|on The recognition ability of the recep-
tor, L, toward Fe** and Cu>* has been studied in the presence of
other competing ions. These titrations were carried out by
keeping the mole ratio of L and M"" at 1:2 followed by
monitoring the color change after the addition of 1 equiv of
Cu”". It has been found that L can detect Cu’* even in the
presence of other competing ions, except for Fe > (Figure 3).
Similar experlments carried out in the case of Fe** indicate that L
can detect Fe’* selectively in the presence of different metal ions
except for Co®*, Cu**, and Zn>* (Figure 4).

The competitive ion titrations suggest the ability of L to detect
Cu”™ colorimetrically even in the presence of other ions as
compared to Fe**, where more than one ion interferes. Even
the titration of {L + Cu”*} with other M"" resulted in no color
change (Supporting Informatlon) Similarly, the titration of {L +
Fe**} with other M suggests that no other metal ion would
interfere with Fe® if L were loaded with this ion initially
(Supporting Information).
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(b)

0 L = a “ : : . ; . ’
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Wavelength, nm 1Zn** )L

Figure 6. (a) Fluorescence spectral traces obtained during the titration
of L (10 #M) with Zn** in methanol and (b) plot of relative fluorescence
intensity (I/I,) versus the mole ratio of [Zn2+] /[L], where I, and
I correspond to the fluorescence intensity of simple L and that observed
after each addition of Zn>", respectively.

The stoichiometry of the complex of L with Cu®" or with Fe**
has been derived using continuous variation method (Job’ s plot)
During the titration, the total concentration of L and M>* Were
kept constant by varying the mole fraction of the guest, [M**]/
[L], and the plot clearly suggests the formation of a 1:1 complex
(Figure S).

Therefore, L provides visual color changes to detect Cu** and
Fe”" among the other blologlcally relevant ions. When any M™* 1s
added to L 1n1t1ally, the Cu®" detection is challenged only by Fe*,
whereas Fe®" detection is belng challenged by Co**, Cu®*, or
Zn>*. However, when Cu®* or Fe** was added to L grlor to the
addition of other M"”, the original color of {L + Cu™"} or {L +
Fe®*} persists.

b. Fluorescence Titrations. Fluorescence titrations were car-
ried out in methanol by exciting L at 370 nm and observing its
emission in the region 380—620 nm. The fluorescence titration
of L with Zn>" resulted in an increase in the intensity by
~22—25-fold (Figure 6a,b). When Zn** binds to the imine
and phenolic part of L, the photoelectron transfer from the imine
nitrogen to the salicylyl part will be blocked, and hence, a
fluorescence enhancement is observed.

Among the other M™ ions, only Fe**, Ni**, and Cu®*
exhibited a minimal fluorescence quenching, and this was not
considered as a result of low fluorescence intensity of L . The
fluorescence intensity of L was unaffected by the addition of
other M"" jons, viz.,, Mn**, Co®*, Na*, K", Ca®*, and Mg2+ while
a minimal fluorescence enhancement was observed with Cd**
(Figure 7). Therefore, the enhancement in the fluorescence
1ntens1ty during Zn®" titration was indicative of the binding of
Zn>" to L, and this switch-on behavior helps L to identify Zn*>*
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among the other biologically relevant M"" ions studied. The
association constant of L with Zn** was found to be 49 300 +
5200 as determined on the basis of the Benesi—Hildebrand
equation. A minimum concentration of ~45 £ 4 ppb (6.9 x
107 uM) of Zn** has been detected by fluorescence studies
carried out by keeping L and Zn”" at 1:1 and making appropriate
dilutions (Supporting Information).

Competitive Metal lon Titration. The practical applicability
of L as a sensor for Zn>" has been examined by carrying out
competitive ion titrations. During the titration, L to M"" has been
kept constant at a 1:S ratio in the cases of Mn>*, Fe**, Co>*, Ni**,
Cu’*, Cd™, Na*, K, Ca**, and Mg**, and the resulting solutions
were titrated with different mole ratios of Zn>". It has been found
that Zn>" replaces all the M"" ions except Cu”* from the binding
pocket of L. Nearly a 7-fold enhancement was observed when a
mixture of {L + Fe**} was titrated with Zn>*, when compared to
all other M"" ions. This implies that while Cu*" is highly effective
in preventing the formation of the Zn** complex, the Fe**is only
one-third as effective as that of Cu®", It is therefore concluded
that L can be used as a sensor for Zn>* even in the presence of
other M"™" ions except for only Cu®" (Figure 8).
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Figure 7. Histogram showing the number of times of enhancement or
quenching of L (10 uM) with M"" during the fluorescence titration in
methanol.

7 y/,

Al

Figure 8. Histogram showing the changes in (I/I;) during the addition
of Zn>* to a solution containing L (10 #M) and M"" as 1:S ratio in the
cases of Mn>*, Fe**, Co>", Ni**, Cu**, Cd**, Na*, K*, Ca>*, and Mg in
methanol.

Absorption Titrations with Zn>*. During the titration of L
with Zn**, four isosbestic points were observed at 340, 295, 270,
and 255 nm suggesting its binding (Figure 9a). The absorbance
of 330 nm band of L decreases with A,,,,, being shifted by ~30 nm
toward red upon interaction with Zn>". The bands observed at
262 and 278 nm also show concomitant changes in the absorp-
tion spectra of L in the presence of Zn** (Figure 9b). L forms a
1:1 stoichiometric complex with Zn>* as evident from the Job’s
plot (Figure 9c). On the basis of the Benesi—Hildebrand
equation, the association constants were found to be 53303 £+
3884, 41341 & 1529, and 26 844 & 1957 M ! for Cu®*, Zn>",
and Fe™”, respectively. This follows the classical Irving—William
order of stability, viz., Fe** < Cu** > Zn*".

¢. Anion Binding Properties of the in Situ Generated [Znl]
Complex. Owing to the fluorescence enhancement of L with
Zn**, the in situ prepared Zn** complex of L has been subjected
to study its anion binding properties in methanol. The anions
tested for the studies were F~, Cl-, Br, I, ClIO, , BF,,
AcO~, SCN™, CO3*",NO;, SO,>, H,PO, , HPO,> ", and
P,0-*. When [ZnL] has been titrated with different anions,
these anions did not exhibit any change in the fluorescence
intensity of [ZnL], while the phosphate based anions H,PO, ",
HPO,”, and P,0,* showed large quenching (Figure 10).
During the titration, the initial fluorescence intensity of [ZnL]
starts decreasing as a function of increasing concentration of
phosphates and reaches a saturation point after the addition of
2 equiv. The decrease in the fluorescence intensity observed upon
the addition of phosphates is attributable to the interaction of
Zn®" at the binding core, on the basis of fluorescence spectro
scopy. The minimum concentration of HPO,” that can be
detected by [ZnL] has been found to be 247 £ 25 ppb
(Supporting Information).

1.5,

1.2

0

2 6 8
[Anion]/[ZnL]

Figure 10. Plot of relative fluorescence intensity (I/I,) of [ZnL] versus
the mole ratio of anions added. The symbols correspondsto Ml =F ", @ =
Cl ,A=Br,¥=1,%=ClO, ,O=BF, ,®=Ac0,vV=SCN,
¥r=CO5>,A=NO; , *=50,"",0=H,PO, ,0=HPO,”, right-
pointing triangle = P,O,*. The concentration of L and Zn>" were kept at
10 uM during the titration in methanol.
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Figure 9. Absorption spectral data obtained during the titration of L with Zn>* in methanol: (a) spectral traces of L (20 #uM) with Zn**, (b) plot of
absorbance versus mole ratio of [Zn>*]/[L] (the symbols correspond to A = 360 nm, 4 = 332 nm, [J = 278 nm, A =262 nm), and (c) the Job’s plot for

Zn>*. Here, ny, and ny,.. are the mole fractions of L and Zn?", respectively.
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Figure 11. Absorption spectral data for the titration of [ZnL] with
HPO,” in methanol: (a) Spectra obtained during the titration; inset
shows the absorption spectral traces corresponds to L (black), [ZnL]
(red), and {[ZnL] + HPO,*} (blue). (b) Plots of absorbance vs mole
ratio of HPO,” added. The symbols corresponds to A = 370 nm, ¢ =
328 nm, O = 278 nm, A = 262 nm. The concentration of L and Zn**
were 20 uM during the titration.

300 400 500 600 700 800
Wavelength, nm

Figure 12. Absorption spectral traces of L and its isolated complexes of
zing, copper, and iron. The peaks correspond to L = black, 3 = red, 4 =
blue, and § = green. The concentrations of L and all the other complexes
were kept as 1.67 x 10> M in CH;OH/CHCl; (12:1 v/v).

To get more insights into the phosphate binding, absorption
spectral titrations were carried out between [ZnL] and different
phosphates. It has been found that the initial absorbance band of
[ZnL] has been shifted from 370 and 278 nm to 330 and 262 nm,
respectively, upon the addition of HPO,”, and finally the
absorption spectrum shows characteristics similar to that of the
simple L (Figure 11). Similar results have been observed for both
H,PO, and P,0,* (Supporting Information). These results
indicate that the titration of [ZnL] with phosphate is exactly the
reverse of the titration of L with Zn**.

d.Isolation and Characterization of the Complexes. Reaction
of L with the salts of Zn**, Cu®", and Fe®' resulted in the
corresponding complexes 3, 4, and §, respectively (Supporting
Information). These were characterized by elemental analysis,
absorption, IR, and mass spectrometry. In the IR spectrum, the
peaks corresponding to Vc—y and Voy exhibited significant
changes upon complexation. The peak corresponding to vc—yn
of the free L has been shifted from 1633 to 1616, 1620, and
1617 cm™ ', respectively, in the cases of 3,4, and 5. Similarly, oy
has been shifted to the 3388 and 3438 cm ™' from the simple L
(3397 em™') for 3 and 4, respectively. This suggests the
involvement of both imine and phenolic —OH groups in the
metal ion coordination. The absorption spectra of simple L and
its complexes 3, 4, and 5 have been recorded (Figure 12). The
absorption band of L (262, 330 nm) has been shifted when it
formed complexes with zinc (280, 372 nm), copper (281,
382 nm), and iron (265, 338 nm) in addition to the formation
of a new band in the case of the iron complex at 560 nm. The
elemental analysis fits well with a 1:1 complex in all the three

Table 1. Crystallographic Parameters for the Structure
Determination and Refinement

3 4
Ci0sH130N509Cu

empirical formula C10oH118N401,Zn

MW 1657.37 1747.74

T (K) 120(2) 150(2)
cryst syst monoclinic triclinic
space group P2,/n P1

a/A 13.3294(16) 13.9951(4)
b/A 21.9714(18) 19.5154(10)
/A 32.721(2) 22.0745(8)
o/deg 90.000 112.528(4)
f/deg 91.074(8) 93.922(2)
y/deg 90.000 109.911(3)
V/A? 9581.2(15) 5096.9(4)
z 4 2

abs coeff (mm ™) 0.316 0.273
D./gem 1.149 1.139
reflns collected 79174 38365
unique reflns 16839 17 899

Rine 0.226 0.039
params 1098 1165

final R [I > 20(I)] 0.0832 0.0625
wR2 0.2393 02131

LT
.-- -..'
-

Hydrophobic

0..
-

"tranaant®

Hydrophabic _.'
o

(b)

Figure 13. (a) X-ray diffracted crystal structure of the zinc complex of L,
3, and (b) pictorial representation of the hydrophobic and hydrophilic
part present in 3 by monitoring the adjacent molecules.

cases and was further supported by ESI MS or MALDI-TOF
wherein the presence of the metal ion could be identified on the
basis of an isotope peak pattern in the cases of 3, 4, and 5. The
molecular ion peak (m/z) observed for 3 at 3074.85 corresponds
to a 2:2 complex between L and zinc, while that observed in the
cases of 4 and 5 at 1535.68 and 1527.73, respectively, indicates
the formation of a 1:1 complex. Since we could not isolate the
single crystals of the iron complex, powder XRD spectra of L as
well as of the isolated complexes were measured, and the
crystallinities were compared (Supporting Information).

The zinc complex, 3, crystallizes from a mixture of chloroform
and methanol to give single crystals of diffraction quality. The
details of the data collection and the structure refinement are
given in Table 1.

7055 dx.doi.org/10.1021/ic200544a |Inorg. Chem. 2011, 50, 7050-7058



Inorganic Chemistry

Table 2. Important Bond Distances and Dihedral Angles of 3 and 4

3 angle (deg)/distance (A)
N2—Zn1—011/Zn1—N1 94.591(23)/1.963(5)
N2—Zn1—N1/Zn1—N2 110.547(22)/1.980(5)
N2—Zn1—09/Zn1—09 125.527(19)/1.907(4)
09—Zn1—N1/Zn1-011 96.492(22)/1.898(5)
09—Zn1-011 106.981(22)
N1-Znl1—-011 125.533(23)

4 angles (deg)/distance (A)

N1—Cu—N2/Cu—01
N1—-Cu—02/Cu—02
N1—Cu—01/Cu—N1
01—Cu—02/Cu—N2
0O1-Cu—N2
N2—Cu—02

166.97 (12)/1.90 (3)
90.13 (12)/1.90 (2)
91.66 (12)/1.98 (3)
157.58 (13)/1.98 (33)
90.61 (12)

92.66 (12)

Figure 14. Lattice structure of Zn® complex (a) viewed along a-axis
(b) viewed along b-axis.

Figure 15. (a) ORTEP diagram of crystal structure of the Cu>* complex
of L, 4 at 50% ellipsoid probability and (b) lattice structure of Cu**
complex viewed along b-axis.

The structure of 3 (Figure 13a) is a covalent 2:2 dimer, viz.,
[ZnL],, possessing a center of symmetry. The calix[4]arene
portion exhibits a cone conformation in its crystal structure, that
is stabilized by two strong intramolecular hydrogen bonds of the
type O—Hpp* * * O, at the lower rim. The dimer was formed by
joining two [ZnL] entities in a head-to-head fashion. Each Zn>*
center exhibits a distorted tetrahedral geometry with N,O,
binding core where the arm of each calixarene extends NO
bidentate chelate from its imino-phenolic center. The two Zn>*
centers are farther apart by 0.94 nm. The metric data for the
coordination sphere are given in Table 2 (Supporting In-
formation). The dimeric Zn** complex exhibits an open intra-
complex cavity that is reasonably spherical in nature at the
junction of the two lower rims and possesses hydrophilic interior
lining and thus results in a nanocavity of the dimensions 0.85 X
0.75 nm” (third dimension being open). The complex is mostly
surrounded by hydrophobic fencing as can be seen from the
cartoon picture shown in Figure 13b.

In the lattice of 3, the dinuclear zinc complex units are stacked
one over the other to form columns resulting in the formation
intercolumnar cavity besides the cavity found within the complex
(Figure 14). While the intracomplex cavity is filled with the
solvent molecules, the intercolumnar cavities possess both the
solvent as well as aromatic moieties protruding from the calix-
arene arms. Thus, the lattice of 3 exhibits layers of hydrophobic
(~1.2 nm) and hydrophilic (~0.85 nm) ones.

The copper complex of L resulted in single crystals of
diffraction quality by slow evaporation of the acetonitrile solu-
tion. The crystals were found to be triclinic-centrosymmetric and
possess three acetonitrile and three water molecules per L in the
lattice. The details of the data collection and the structure
refinement are given in Table 1 (Supporting Information).
Similar to 3, calix[4]arene exists in cone conformation even after
the complexation by the involvement of intramolecular hydrogen
bonds formed between the free phenolic —OH’s and the
substituted arms. The Cu”" has distorted square planar geometry
with N, O, core where each arm acts as a NO chelate center using
imino-phenol moiety and thus exists as monomer unlike the case
of the zinc complex (Figure. 15). The metric data for the
coordination sphere has been given in Table 2. The close vicinity
of the Cu™* coordination sphere exhibits bowl shape structure at
the lower rim with hemispherical opening for external agents to
enter from the top of the lower rim. In the lattice, the complex
molecules form columnar structure by stacking one over the
other. In the neighbor column, the complexes were arranged
exactly in an opposite direction. The solvent molecules fill the
intercolumnar spaces besides the presence of acetonitrile in the
arene cavity of each of the calixarene unit.

Il CONCLUSIONS AND CORRELATIONS

The conjugate of calix[4]arene, L, visually detects Cu®" and
Fe’* among all the other ions studied. It senses Cu’* even in the
presence of other ions but in the absence of Fe**, while the
detection of Fe”* decreases in the presence of Co™*, Cu®*, and
Zn**, which suzggests high selectivity of L toward Cu™* as
compared to Fe”". L detects Cu** and Fe*" visually even down
to a concentration of 4.51 £ 0.53 and 3.96 + 0.42 ppm,
respectively. Absorption titrations have been carried out to
support the Cu”* and Fe®" binding. From all the fluorescence
studies discussed in this paper, it can be concluded that the
conjugate of calix[4]arene possessing salicylylimine and dibenzyl
amine moieties together acts as sensor for Zn* by fluorescence
enhancement with a minimum detection limit of 45 & 4 ppb.
Therefore, L acts as a fluorescence switch-on sensor toward Zn>*.
The ability of L to detect Zn>* even in the presence of other
biologically relevant M"" species has been checked by carrying
out competitive titrations. The absorption spectra were char-
acteristic of the formation of the complex between Zn>* and L.
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The 1:1 stoichiometry of the complex formed between the L and
Zn**, Cu®, or Fe’" has been demonstrated by Job’s plot.
However, when this complex was crystallized with Zn™*, it
exhibits a dimer, viz., [ZnL],, and the corresponding 2:2 complex
of zinc has been further characterized by MALDI-TOF and
elemental analysis. The in situ prepared [ZnL] detects phos-
phates with a detection limit of 247 4= 25 ppb. To our knowledge,
L is the first receptor to be effective toward three essential
transition ions of biology, viz.,, Fe**, Cu®*, and Zn** using two
different techniques.

The structure of [ZnL], complex has been established by
single crystal XRD, and two of the Zn** ions bring both the
calix[4]arene derivatives together to form a nanocore with polar
interior. The copper complex of L was found to be 1:1, and this
has been well characterized by mass spectrometry and elemental
analysis. Also, the structure has been established by single crystal
X-ray diffraction. The powder XRD of the iron complex of L
indicates the noncrystallinity of the complex similar to that
observed even with simple L. The powder XRD data of L and
its complexes shows the crystalline nature of 3 and 4 and the
noncrystalline nature of L and S.
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