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ABSTRACT: Supramolecular calix[4]arene conjugate (L) has
been developed as a sensitive and selective sensor for Zn>* in
HEPES buffer among the 12 metal ion by using fluorescence,
absorption and ESI MS and also by visual fluorescent color. The
structural, electronic, and emission properties of the calix[4]arene
conjugates L and its zinc complex, [ZnL], have been demonstrated
using ab initio density functional theory (DFT) combined with
time-dependent density functional theory (TDDFT) calculations.
The TDDFT calculations reveal the switch on fluorescence
behavior of L is mainly due to the utilization of the lone pair of
electrons on imine moiety by the Zn*". The resultant fluorescent
complex, [ZnL], has been used as a secondary sensing chemo-
ensemble for the detection of —SH containing molecules by
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removing Zn*" from [ZnL] and forming {Cys/DTT-Zn} adducts as equivalent to those present in metallothioneins. The
displacement followed by the release of the coordinated zinc from its Cys/DTT complex by heavy metal ion (viz. Cd** and
Hg""), as in the metal detoxification process or by ROS (such as H,0,) as in the oxidative stress, has been well demonstrated
using the conjugate L through the fluorescence intensity retrieval wherein the fluorescence intensity is the same as that observed

with [ZnL], which in turn mimics the zinc sensing element (MTF) in biology.

Bl INTRODUCTION

Metallothioneins (MTs) are low-molecular-weight proteins
having high cysteine content and thereby exhibit strong ability
to complex metal ions with greater affinity being imparted
toward softer ones." Two most important functions of MTs are
the heavy metal detoxification and antioxidant property.” These
are controlled by the free and loosely bound zinc ions.>* The
reactive oxygen species (ROS) induced oxidation of thiols
triggers the formation of the oxidized protein thionine (T,)
with the concomitant release of Zn*.* In the presence of toxic
heavy metal ions, Cd** and Hg** bind strongly with the MT,4
by replacing Zn** and therefore hinder the process of oxidative
stress and other enzymatic pathways.’ At this stage, the
concentration of Zn®* increases in the cytosol and the elevated
levels of free zinc binds to the metal-regulatory transcription
factor (MTF), thus inducing the expression of thionine, and the
expressed MT,.y state is stabilized by the Zn®>' through
binding.s’6 A molecular mechanistic based knowledge of the
release of Zn>* from the Cys rich binding domains of MT,4 is
expected to demonstrate the bioinorganic pathways of the these
events. Synthetic fluorescent conjugates which selectively
recognize Zn”* can be used to demonstrate the events involved
in the metal detoxification and the oxidative stress.” In the
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recent times, supramolecular calixarene conjugates have been
evolving as mimics for metalloproteins and metalloenzymes.®’
Upon appropriate derivatization, the conjugates of calix[4]-
arene can be tuned to be sensitive and selective toward certain
metal ion.'" Therefore, the synthetic conjugates of calix[4]-
arene which senses Zn®' selectively can be of great
advantagem_12 in this, while sulfhydryl bearing small organic
molecules, such as cysteine (Cys) and dithiothreotol (DTT),
can act as MT mimics."> Hence, in the present paper we report
the synthesis, characterization of thiophene appended triazole-
linked calix[4]arene conjugate, L, and its selective recognition
behavior toward Zn*". The structural, electronic, and emission
properties of the calix[4]arene conjugate L and its zinc
complex, [ZnL], have been demonstrated using ab initio
density functional theory (DFT) along with the calculations of
the time-dependent density functional theory (TDDEFT).
Furthermore, this conjugate has been demonstrated as a
biomimetic model system to support the events involved in the
oxidative stress and metal detoxification pathways through the
sensitive and selective recognition of Zn*".
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Scheme 1. Synthesis of the Precursor Molecule, L,, and the Final Receptor Molecule, L*
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“Synthesis of receptor L: (a) propargyl bromide, K,CO;, acetone, reflux, 24 h, 82%; (b) S-tert-butyl-3-(azidomethyl)-2-hydroxybenzaldehyde (L,),
CuS0,-5H,0 and sodium ascorbate in dichloromethane: water (1:1) rt, 12 h, 89.9%; (c) thiophen-2-ylmethanamine, methanol, rt, 8 h, 93%; (d)
SnCl,, Bu;N, (CH,0),, dry toluene, reflux, 63%; (e) 37% formaldehyde, concentrated HC], rt, 24 h, 82%; (f) NaN;, DMF, rt, 12 h, 89%. R = tert-

butyl.
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Figure 1. (a) Fluorescence spectra obtained during the titration of L with Zn** in aqueous ethanol (1:2 v/v) HEPES buffer (pH = 7.4), 1., = 390
nm, [L] = 10 uM. (b) Relative fluorescence intensity (I/Iy) as a function of [Zn**]/[L] mole ratio.

B RESULTS AND DISCUSSION

The calix[4]arene conjugate, L, was synthesized by going
through three consecutive steps' ' starting from p-tert-
butylcalix[4]arene followed by the preparation of its
dipropargyl ether and triazole linked conjugate as shown in
Scheme 1. The copper(I)-catalyzed 1,3-dipolar cycloaddition
reaction was used for the introduction of L, onto the calixarene
scaffold. The precursor azide derivative L, has been synthesized
in three steps,''™* starting from the p-tert-butylphenol
(Scheme 1). The final receptor molecule has been synthesized
by the condensation of the L, with thiophene methylamine as
shown in Schemes 1. All the precursor and receptor molecules
were characterized by various analytical and spectral techniques,
and the calix[4]arene conjugates were found to be in cone
conformation as per the data given in the Experimental Section
as well as in the Supporting Information, Figures S1—S4.

A. Metal lon Recognition Studies. In order to under-
stand the selective and sensitive metal ion binding behavior of
L, fluorescence and absorption titrations were carried out.

Fluorescence Studies. The receptor L exhibits weak
fluorescence emission at ~454 nm owing to the photoelectron
transfer when excited at 390 nm in 1:2 HEPES buffer:ethanol
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mixture at pH = 7.4. Titration of L with Zn®" results in the
enhancement of the fluorescence intensity as a function of the
added Zn®* concentration (Figure la) and the intensity
saturates at >1 equiv. The switch on fluorescence emission is
expected to the reversal of photoelectron transfer (PET) upon
utilization of the lone pair of electrons on imine moiety by the
Zn**. A plot of the fluorescence intensity vs [Zn>*]/[L] mole
ratio (Figure 1b) fits well with the formation of a 1:1
stoichiometric complex between L and Zn*', and the binding
constant derived from the Benesi—Hildebrand equation was
found to be (9.2 + 0.2) X 107" M~". The observed high K,
value clearly indicates the strong affinity of Zn®" to L. In order
to check whether the L is sensitive to only Zn** or even to the
other ions, similar fluorescence titrations were carried out in the
same medium with 11 other different metal ions, viz. Na*, K¥,
Mg**, Ca®*, Mn**, Fe**, Co**, Ni**, Cu**, Cd*', and Hg*', and
found no significant fluorescence enhancement in the presence
of any of these ions (Figure 2).

Therefore, L is selective to Zn** among the 12 ions studied.
Visual fluorescent color change experiments have been carried
out to look at the behavior of L in the presence of various metal
ions. Under UV light, the solution of L is nonfluorescent,

dx.doi.org/10.1021/j0201865x .. Org. Chem. 2011, 76, 10039—10049
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Figure 2. Histogram showing the relative fluorescence response of L in
the presence of different metal ions, [L] = 10 yM. The inset shows the
visual fluorescent color change of L in presence of these ions under
365 nm incident light.

whereas in the presence of Zn?', it shows an intense blue
fluorescent color which is otherwise not present in case of the
other metal ions studied (Figure 2 inset). Therefore, Zn** can
easily be differentiated by visual color change among the other
metal ions.

The sensitivity of L for Zn** has been further evaluated by
measuring the lowest concentration that can be determined.
The fluorescence titration carried out between L and [Zn**] by
maintaining a 1:1 ratio gives a value of 47 & 8 ppb (718 + 122
nM), suggesting its applicability to detect Zn*" ions in aqueous
medium at physiological conditions. To our knowledge, this is
one of those few calix[4]arene conjugates which possess high
sensitivity toward Zn* in the literature that can quantify Zn**
even below 100 ppb level (Supporting Information, Figure SS).
Therefore, L can be used as a sensitive and selective in vitro
receptor for Zn**.

Competitive Metal lon Titration. In order to show the
practical utility of L to detect Zn>" selectively even in the
presence of other metal ions, competitive metal ion titrations
were carried out. These studies reveal that the Zn**-induced
fluorescence enhancement was unaffected in the presence of
biologically relevant alkali (Na*, K*), alkaline earth (Mg*" and
Ca*"), first row transition (Mn?*, Fe**, Co*, Ni**), and the
toxic metal ions (Cd** and Hg*"). However, this is completely
quenched in the presence of Cu?*. Thus, it is notable that L can
be used as a selective Zn** fluorescent sensor in the presence of
most of the metal ions (Figure 3), except Cu®*.

Absorption Titrations with Zn**. Absorption titrations were
carried out in aqueous ethanol (1:2 v/v) HEPES buffer (pH =
7.4) to support the binding of Zn*" with L. The absorption
spectra of free L (10 yuM) exhibits bands at ~325 and ~43S
nm. Upon the addition of Zn*", the new band observed at ~380
nm shows increased absorbance, while that of the other two
bands at ~325 and ~435 nm show decrease. The isosbestic
points observed at 345 and 415 nm were indicative of the
transition between the unbound L and its Zn®** complexed
species (Figure 4). The stoichiometry of the complex formed
between L and Zn>" has been further shown to be 1:1 by the
Job’s plot (Supporting Information, Figure S6)

Electrospray Mass Spectrometry. ESI MS spectrum
obtained for the titration of L with Zn*" results in a molecular
ion peak at m/z = 1443.62 that corresponds to [L + Zn + H]".
The isotopic peak pattern observed is characteristic for the
presence of zinc supporting the complex formation (Supporting
Information, Figure S7) of L with Zn** (Figure $).
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Figure 3. Histogram showing the fluorescence response of L with Zn>*
in the presence of various metal ion in aqueous ethanol (1:2 v/v)
HEPES buffer (pH = 7.4) solution. [L] = 10 uM, 2 equiv of Zn**, and
S equiv of other metal ions have been used.

NMR Titrations of L with Zn**. In order to support the
formation of the complex between L and Zn*', 'H NMR
titrations were carried out. During the titration, the
concentration of L was kept constant and the added [Zn?']
mole ratio was varied, viz. 0, 0.5, 1, 1.5, 2.0, and 3.0 equiv
(Figure 6). Upon the interaction of L with Zn**, the chemical
shifts of the protons of imine, thiophene, salicyl, and bridged
—CH, showed marginal to considerable changes and that of the
salicylic—phenolic-OH disappears within 1 equiv. The absence
of any significant changes in the chemical shift of the triazole
proton rules out the interaction between this moiety and the
Zn**. The considerable shift observed in the thiophene-CH,,
salicyl-H, and thiophene-H supports the role of salicylimine—
thiophene core in the Zn** binding. The *C NMR spectra of L
and [L + 2 equiv Zn**] have been compared and found to have
significant spectral differences supporting the complex
formation (Supporting Information, Figure S8).

Structural Features of [ZnL] by Computational Methods.
As no structure could be established for the zinc complex due
to its noncrystallinity, though the precursor L was crystalline
(Supporting Information, Figure S9), DFT-based calculations
were performed to understand the structural and coordination
features of [ZnL] complex. Therefore, both L and [ZnL] were
optimized by DFT using Gaussian 03 package'® as explained in
the Experimental Section, and the corresponding ground state
structures obtained from DFT calculations are shown in Figure
7. In [ZnL], Zn*" shows highly distorted tetrahedral geometry,
where it is bonded through two salicyl oxygens, imine
nitrogens. One of the sulfur of thiophene showed weaker
coordination with zinc by a distance of 2.78 A, which is higher
than the normal thiolate/thoethers-Zn bond distance. There-
fore, the interaction between Zn--S is of van der Waal’s type.
When this Zn--S interaction is being included in the
coordination sphere, the zinc exhibits a distorted square-
pyramidal geometry. However, the second thiophene moiety
does not participate in binding as the Zn to S distance is 5.13 A
(Supporting Information, Figures SI-10—SI-14). The natural
bonding orbital (NBO) charge analysis shows that a more
positive charge on the zinc center and negative charges on the
coordinated O and N atoms of [ZnL] {Zn = 1.26, N, = —0.66,
N, = —0.66, O, = —0.76, O, = —0.75}. The charge on the zinc
center is >1 and indicates more of an interaction of the ionic
nature between the metal center and the ligands.
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Figure 4. (a) Absorption spectra obtained during the titration L (10 zM) with Zn®* in aqueous ethanol (1:2 v/v) HEPES buffer (pH = 7.4). (b) Plot

of absorbance vs. [Zn**]/[L] mole ratio for different absorption bands.
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Figure 5. ESI MS spectrum obtained during the titration of L with Zn®* for the 1:1 complex along with its isotopic peak pattern: (a) observed and

(b) calculated.
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Figure 6. "H NMR spectra measured during the titration of L with different mole ratio of Zn** in DMSO-dg: (a) 0, (b) 0.5, (c) 1.0, (d) 1.5, (e) 2.0,
and (f) 3.0: (@) imine-H; (O, A, /\) thiophene-H; (%, O, ) bridged CH, protons.

Calculations based on single-excitation time-dependent
density functional theory (TDDFT) were performed to explain
the electronic structural properties of the ground and excited
states behavior of L and [ZnL].'® The vertical transitions
calculated by TDDFT (Table 1) were compared (Figure 8) and
were found to be in good agreement with the experimental
data.

The TDDFT calculations were performed at the B3LYP/6-
31G(d,p) level and found to support the absorption bands
observed in the region of 4., = 270—450 nm. These studies

10042

suggest that the band observed at ~377 nm corresponds to
Amax of UV experimental spectra of [ZnL] and ~321 nm
corresponds to L. In case of [ZnL], the observed band at ~377
nm is assigned to the transition B (Table 1) that results from a
m — m* transition within the salicylimine fragment, which
mainly corresponds to two—one electron excitations from 318/
HOMO-2 — 321/LUMO and 320/HOMO — 322/LUMO+1.
The corresponding (molecular orbital's) MO’s are shown in
Figure 9 (Table 1). In Figure 9A, the MO’s are majorly
localized on salicylimine part of [ZnL], and the transitions are

dx.doi.org/10.1021/j0201865x .. Org. Chem. 2011, 76, 10039—10049
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Figure 7. DFT optimized structure of (a) L and (b) [ZnL]. Hydrogen’s were omitted for the clarity. (c) Coordination sphere around the zinc ion,
bond angles (deg) in the coordination sphere are N;—Zn—0, = 93.5, N;—Zn—0, = 111.3, N,—Zn—N, = 116.5, N;—Zn—S, = 106.4, O,—Zn—0, =
92.5, 0,—Zn—N, = 144.3, O,—~Zn—S, = 783, 0,—Zn—N, = 93.4, 0,~Zn—$, = 141.5, N,—Zn—S, = 75.1.

Table 1. Main Singlet Vertical Electron Transition Energies (AE), Wavelengths (1), Oscillator Strengths (F), and Configuration
Interaction Coefficients (CI_,.4) for [ZnL], Calculated at the TDDFT Level

transition AE [eV] (A4m) F key excited state (Cl ..q) contribution (%) assignment
A 3.2047 (386) 0.0852 HOMO-2 — LUMO (0.62332) 78 salicylimine — salicylimine (z—z*)
B 3.2885 (377) 0.1534 HOMO-2 — LUMO (0.13094) 78 salicylimine— salicylimine (z—z*)
C 3.4914 (355) 0.0041 HOMO-2 — LUMO+1 (0.6988) 98 salicylimine 1 — salicylimine 2 (7—z*)
D 3.9349 (315) 0.0048 HOMO — LUMO+2 (0.70082) 98 LMCT
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Figure 8. Normalized TDDFT singlet monoelectronic vertical transitions and normalized diffuse reflectance spectrum: (a) L and (b) [ZnL].
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Figure 9. Pictorial representation of the molecular orbital’s (MOs) calculated for the singlet vertical electron transitions A to D (given in Table 1)
using TDDFT for [ZnL].
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Figure 10. (a) Fluorescence spectra obtained during the titration of {L + Zn>*} with Cys in aqueous ethanolic (1:2 v/v) HEPES buffer (pH = 7.4),
A = 390 nm. The inset shows the relative fluorescence intensity (I/I,) as a function of [Cys]/[ZnL] mole ratio. (b) Histogram showing relative
fluorescence response of various biological thiols with [ZnL]. The inset shows the visual fluorescent color change of [ZnL] in the presence of
different —SH-containing molecules, along with controls, under 365 nm incident light.

similar to those observed in B but with a lesser oscillator
strength when compared to that in Figure 9B (Table 1). Part C
mainly corresponds to the transition from the 7 MO’s of one
salicylimine to the 7* MO of the other salicylimine of [ZnL]
and corresponds to the pure 318/HOMO-2 — 322/LUMO+1
excitation. In case of part D, the ligand-to-metal charge transfer
(LMCT) was observed from one of the salicylimine moiety to
zinc ion, and the corresponding 320/HOMO and 323/LUMO-
2 MO’s are given in Figure 9. The TDDFT calculations have
been carried out for L and the corresponding electronic
transitions details included in the Supporting Information,
Figures S11 and S1S.

The origin of fluorescence behavior of L in presence of Zn**
can be explained based on the fluoroscence enhancement by
orbital control (FEOC) phenomena.'” In the present case the
fluorescence behavior of L and [ZnL] has been demonstrated
on the basis of the involvement of imine-nitrogen lone pair
toward Zn** binding. In L, the major contribution to the
excitation is from the nitrogen lone pair, viz. HOMO-3 to
LUMO (77%) and HOMO-S to LUMO (57%), and therefore
contributes for the fluorescence quenching (Supprting
information, Figures S12 and S13 and Table S4). However,
in case of [ZnL], the nitrogen lone pair orbitals are involved in
the binding of Zn** and therefore not available for the
excitation transitions which otherwise correspond to the
fluorescence quenching. Hence, upon complexation, Zn**
blocks the involvement of nitrogen lone pair in the excitation
and thereby enhances the fluorescence of [ZnL].

B. Secondary Sensing of Thiols by L. Thus, L recognizes
Zn*" with high selectivity and sensitivity by switching on the

fluorescence and forming a 1:1 complex. Therefore, the
resulting fluorescent chemo-ensemble zinc complex [ZnL]
has been used for the study of the recognition of thiol (—SH)
bearing molecules, since the ligating centers in metallothionein
mainly arise from the side chain —SH function of the Cys
residues.

Fluorescence Titrations. The chemosensing ensemble used
in these titrations was prepared by in situ mixing of L with Zn*".
The in situ complex [ZnL] shows strong fluorescence emission
at ~454 nm when excited at 390 nm. The fluorescence
titrations carried out with cysteine (Cys), dithiothreitol (DTT),
glutathione reduced (GSH), mercaptopropionic acid (MPA),
homocysteine (Hcy), mercaptoethanol (ME), and cysteamine
(Cyst) all exhibited fluorescence quenching; however, a
considerably high quenching was observed mainly in the case
of Cys, DTT, and GSH in the order Cys > DTT > GSH
(Figure 10), while the others exhibited only minimal changes
(Figure 10b), suggesting that the chelatable —SH-containing
molecules are effective and not the others (Supporting
Information, Figure S14). In fact, the Cys and DTT are good
mimics of the Zn*" binding regions of MT,.q during oxidative
stress and heavy metal ion detoxification process. The
fluorescence quenching observed in the presence of Cys and
DTT may be attributed initially to their interaction with the
[ZnL], followed by the removal of Zn®* from this complex, and
the chelation of the freed Zn** by Cys and DTT. All these
suggests that the chelating ability of the —SH molecules is
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Figure 11. (a) Absorption spectra obtained during the titration of [ZnL] with DTT. The inset shows a plot of absorbance vs [DTT]/[ZnL] for
different bands. ESI MS for {DTT-Zn} complex with its isotopic peak pattern: (b) observed and (c) calculated.
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mole ratio. Note: the 30% H,0, {1 mL in 2 mL buffer} has been diluted twice with buffer and used for the titrations. (b) Comparison of the
fluorescence spectra for [L + Zn**], {[L + Zn**] + DTT}, and {[DTT + Zn**] + L + H,0,}.

important for the removal process. This indeed results in the
fluorescence quenching, and the final fluorescence is similar to
that exhibited by L, since the Zn>* complex of Cys or DTT do
not contribute to the fluorescence.

Under the UV light, the solutions of [ZnL] were found to be
nonfluorescent in the case of Cys and DTT, weakly fluorescent
in the case of GSH, and highly fluorescent {like that of the
[ZnL]} in the presence of the other —SH-containing molecules
(Figure 10b, inset). The fluorescent or nonfluorescent behavior
observed in the presence of these —SH-containing molecules
clearly support the release of Zn>* and L from the [ZnL]
mainly in the case of Cys and DTT, partly in the case of GSH,
and not at all with the other —SH molecules. Therefore, this
clearly distinguishes those capable molecules which can remove
Zn** from [ZnL] and release L, viz. Cys and DTT, from the
rest of the —SH molecules as can be noted from eq 1.

Absorption Titrations. The release of L from [ZnL] by Cys
or DTT has been supported even from the absorption titration
studies. The absorbance of the ~380 nm band decreases and
the new bands observed in the presence of Cys or DTT at
~325 and ~430 nm, corresponding to the free receptor L
increases (Figure 11a; for others see Supporting Information,
Figure S15) as a function of the concentration of the added Cys
or DTT. However, the other —SH-containing molecules do not
show significant change in the absorbance of the 380 nm band
and 325 and 430 nm bands. Therefore, the changes observed in
case of Cys or DTT are attributable to the displacement of Zn>*
from [ZnL] and the complexation of the released Zn** by Cys
or DTT (Figure 11a).

ESI MS Titration of [ZnL] with Cys and DTT. The complex
species of Cys or DTT formed with the freed Zn** has been
shown by ESI MS through the observation of the peaks at
1382.29 for (L + H) and 338.75 for (2Cys + Zn + CH;0H +
H,O + 2Na*) and 371.90 for (2DTT + Zn + 2H) (Figure 11b,c
and Supporting Information, Figure S16). Therefore, the
changes observed in the titration of Cys or DTT are
attributable to the release of Zn®>* and L from the [ZnL]
followed by the complexation of Zn** by Cys or DTT. Both the
absorption and fluorescence spectral studies clearly demon-
strate the release of L from [ZnL] upon titration with Cys or
DTT.

C. Oxidative Stress and Heavy Metal Toxicity Events:
An Attempt To Mimic These by [ZnL]. Zn** is released
from the metallothionein during the oxidative stress and heavy
metal detoxification pathways. The elevated concentration of
Zn*" is responsible for various infections and diseases. In order
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to understand the biochemical mechanism of zinc release from
MT during oxidative stress and metal detoxification process, it
is necessary to model this process by using in vitro biomimetic
molecular systems. The sulfthydryl-containing organic molecule
DTT has been used as a model in the present study which can
be a better mimic of MT, and the conjugate L has been used as
fluorescent probe for Zn**.

Fluorescence and Absorption Titrations of {{ZnL] + DTT}
with H,0,. The titration of [ZnL] with DTT results in the
formation of the zinc—=DTT complex and releases L, and hence
the corresponding mixture is denoted as {{DTT + Zn**] + L}.
All this has been studied by fluorescence, absorption, and ESI
MS. The fluorescence and absorption experiments were carried
out with the model system, viz. {{DTT + Zn**] + L} in the
presence of the oxidizing agent, H,O,, where the L probes the
release of Zn>* (through the changes observed in the
fluorescence intensity) from the DTT complex. Upon the
addition of H,0,, the weakly fluorescent mixture, viz. {[DTT +
Zn*"] + L}, gains its full fluorescence intensity corresponding
to the [ZnL] (Figure 12). This is attributed to the oxidation of
DTT and the consequent release of Zn>* followed by its
capture by L to form [ZnL], which is highly fluorescent. These
observations have been further substantiated based on the
absorption study where the original band of the [ZnL]; i.e., 380
nm reappears upon the addition of H,0, to a mixture of
{[DTT + Zn**] + L} (Scheme 2). Also noted was the oxidized

Scheme 2. Involvement of L as Zinc Recognition Element
and DTT as Mimic to MT

Reduction of di-sulfide bonds

| DTT/Teq | DTT/MT,cd DTT/TOX

¥
(i)

product of DTT by H,0, observed around ~238 nm, which
has been further confirmed by carrying out a titration between

Oxidative
stress

simple DTT and H,0, (Supporting Information, Figure S17).
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Effect of Toxic Metal lons (Cd** and Hg?*) on Sensing of
Cys and DTT by [ZnL]. During the heavy metal ion toxicity,
the Zn" is freed from the metallothionein by sequestering Cd**
or Hg*" because these ions have high affinity of binding to the
—SH functions of MT,4. Indeed, Cys or DTT can act as small
molecular mimic for MT,.q. Therefore, this pathway has been
modeled in the present case by carrying out the fluorescence
titrations of a mixture of {{Zn(Cys/DTT)] + L} by Cd**/Hg*"
and found to regain the fluorescence enhancement upon the
addition of the heavy metal ions, which is equivalent to that of
the [ZnL] (Figure 13). The fluorescence data clearly fit well

8 ]
J|@ o ca 81(b) » ca®
1 o Hg2+ 7 o Hg2+
6 61
cs- 5‘
= 4 4
34
3 2
2 14
14 0-
0.0 00 05 1.0 1.5 2.0 2.5 3.0 35

05, 10, 15 20 25
[Cd”or Hg"][(Cys+Zn)+L] [Cd* or Hgi+]/[(DTT+Zn)+L]
Figure 13. Relative fluorescence intensity plots obtained during the
titration of [ZnL + Cys/DTT] with Cd** or Hg*" in aqueous ethanol
(1:2 v/v) HEPES buffer (pH =7.4), A, = 390 nm: (a) in the case of
{Zn(Cys) + L}; (b) in the case of {Zn(DTT) + L}.

with the fact that the [Zn(Cys/DTT)] complex present in the
mixture goes through a transmetalation by Cd**/Hg*", and thus
the released Zn** forms a complex with L to exhibit
fluorescence enhancement through the formation of [ZnL]
(Figure 13 and Supporting Information, Figure S18). These
results were further confirmed by carrying out an absorption
titration between the mixture, viz. {[Zn(DTT/Cys) + L} by
Cd**/Hg™, and the spectra supported the formation of [ZnL]
as well as the complex formed by Cd**/Hg*" with DTT/Cys
(Supporting Information, Figures S19—S22).

The observed fluorescence enhancement of the {Zn(Cys/
DTT) + L} when titrated with Cd*" or Hg*" suggests the
reformation of the [ZnL] followed by the transfer of Cd**/Hg**
to Cys/DTT. Therefore, the data reveal the importance of MT's
and free —SH residues in the biological medium for the
detoxification and sensing of heavy metal ions by using OFF
and ON fluorescence of L and [ZnL], respectively (Figure 14).

0

8 8 @ T O = oo

Figure 14. Histogram showing the relative fluorescence response of L
in aqueous ethanol (1:2 v/v) HEPES buffer (pH =7.4) solution in
different condition: (a) L; (b) [L + Zn*']; (c) {[L + Zn>*] + Cys}; (d)
{[L + zn®] + DTT}; (e) {{[L + Zn**] + Cys} + Cd*'}; () {{[L +
Zn*] + Cys} + Hg*'}; (g) {[L + Zn**] + DTT} + Cd*; (b) {[L +
Zn*] + DTT} + Hg™".

ESI MS Titration of {Zn(DTT) + L} with Cd** and Hg**. To
provide further proof for the formation of the complexes

between Cd**/Hg*" and DTT/Cys, and the release of Zn**
from the [Zn(DTT/Cys)], ESI MS titrations were carried out.
The mass spectral data show the peaks at m/z 446.73 for (2Cys
+ Cd + CH;0H + H"), 440.89 for (2Cys + Hg + 2H"), and
419.90 for (2DTT + Cd + 3H + Na*), 434.92 for (DTT + Hg
+ 2CH;0H + 2H,0) (Supporting Information, Figures $23—
$26). All this clearly support the displacement of zinc from
[Zn(DTT/Cys)] by Cd*" or Hg*" as shown through eq 2.

L (OFF)
L(OFF)Z:nz; LAZn2* ) Cys/DTT T
ON
I
Ccd?*/He2t ‘ L+Zn™" JON
(e -

[Cdz*/ng*(Cys/DTT)l
)

B CONCLUSIONS AND CORRELATIONS

Development of a synthetic organic molecular model system
that can provide us with some clues on the complex nature of
the oxidative stress and the heavy metal ion detoxification
process would indeed be a welcome feature of the bioinorganic
chemistry of metallothioneins. A suitably modified supra-
molecular calix[4]arene system (L) has been developed as the
sensitive and selective recognition tool for Zn®*. The high
sensitivity and selectivity of L toward Zn>' has been
demonstrated on the basis of the fluorescence, absorption,
and ESI-MS and also by visual fluorescent color change. The
structural, electronic, and emission properties of the calix[4]-
arene conjugates L and its zinc complex, [ZnL], have been
demonstrated using DFT computational calculations. L can
detect Zn*" up to 47 + 8 ppb (718 + 122 nM) by switch on
fluorescence, suggesting its applicability to detect Zn>" ions in
aqueous medium at physiological conditions. Therefore, L can
be used as a sensitive and selective switch on fluorescence
receptor for Zn**. The TDDFT calculations reveal that the
switch on fluorescence behavior of L is mainly due to the
utilization of the lone pair of electrons on imine moiety by the
Zn*". The resultant fluorescent [ZnL] has been used as a
secondary chemosensor ensemble for the detection of —SH-
containing molecules.

In the presence of Cys or DTT, the Zn®" is being freed from
[ZnL] and is complexed by Cys or DTT, as demonstrated by a
combination of different techniques. The displacement
followed by the release of the coordinated zinc from its Cys/
DTT complex by heavy metal ion (viz. Cd** or Hg*"), as in the
metal detoxification pathway or by ROS (such as H,0,) as in
the oxidative stress (Scheme 3), has been well demonstrated by
the L. The L in turn mimics the zinc sensing element (MTF) in
biology. Therefore, to our knowledge, this is the first report of a
synthetic calix[4]arene conjugate that mimics some critical
steps of the metal detoxification and oxidative stress events
noticed in biology, in which metallothionein plays a central
role.

B EXPERIMENTAL SECTION

General Information and Materials. All the perchlorate salts,
viz. NaClO,-H,0, KCIO,, Ca(ClO,),-4H,0, Mg(ClO,),-6H,0,
Mn(ClO,),-6H,0, Fe(ClO,),-xH,0, Co(ClO,),-6H,0, Ni-
(ClO,),-6H,0, Cu(ClO,),-6H,0, Hg(ClO,),-4H,0, Zn-
(ClO,),-6H,0, and Cd(ClO,),-H,0, and different thiols, viz. Cys,
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Scheme 3. Schematic Representation of the Events Involving the Heavy Metal Toxicity and Oxidative Stress Wherein the DTT

Mimics MTs and L Mimics the Zinc Recognition Element”
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“Cd* and Hg?* have been used as heavy metals and H,O, as oxidant.

DTT, GSH, MPA, Hcy, ME, and Cyst, were purchased from the
commercial suppliers in India and the US. All the fluorescence
titrations were carried out in 1 cm quartz cells by using S0 uL 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. The fluorescence studies
performed in aqueous ethanolic HEPES buffer, pH = 7.4 solution used
always a S50 uL of bulk solution of L prepared at 6 X 107 M
concentration in ethanol. A S0 mM HEPES buffer stock solution was
prepared with deionized water, and 1000 uL of this bulk solution is
used for each titration of 3 mL solution. During the titration, the
concentration of the metal perchlorate has been 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
aqueous ethanol. For absorption studies, the final concentration of [L]
was kept constant at 10 #M, and the procedure used for the titrations
was the same as that used for fluorescence titrations. The in situ
prepared zinc complex of L (L:Zn** = 1:2) has been used for the
titration of [ZnL] with thiols. The mixture of {{DTT/Cys + Zn>*] +
L} was again subjected to titration with Cd**, Hg**, and H,0, (30%).
The H,0, (30%) {1 mL in 2 mL buffer} has been diluted by 2-fold
with buffer and used for the oxidation titrations by adding directly.

Experimental for Computational Calculation of L and
[ZnL]. The computational calculations were carried out to find the
mode of complexation of Zn®* with L. As the formation of 1:1
{L:Zn**} species has already been established by the ESI-MS and
supported by the Job’s plot, the species was optimized by
computational calculations based on DFT using Gaussian 03 package
(Supporting Information). The initial model for L was prepared from
the published"™ crystal data of triazole-linked calix[4]arene conjugate
by removing Zn** followed by the protonation of the salicyl OH
moieties and further by introducing methylthiophene group in the
place of n-butyl group in each of the arm. This is then optimized by
going through a cascade process of computational calculations. Thus,
L was optimized by going through PM3 — HF/STO-3G — HF/3-
21G — HF/6-31G — B3LYP/3-21G — B3LYP/6-31G in a cascade
manner, and the complex was optimized using B3LYP/6-31G(d,p).
The output obtained at every stage was given as the input for the next
higher level of calculations. In order to make the neutral complex of L
with Zn?*, the salicyl OH groups were deprotonated and the resulting
L*™ was used for further studies. In order to reduce the computational
times, the L*~ was converted to L~ by replacing the tertiary butyl
moieties with hydrogen. The Zn** complex of L?~ was made by
placing the Zn®* far away from this. After the optimization of [ZnL],
NBO charges and single-excitation time-dependent DFT (TDDFT)
calculations were performed.

Synthesis and Characterization of 1. $nCl, (1.07 g 4.1
mmol) was added to a solution containing p-tert-butylphenol (6.01 g,
40 mmol) in dry toluene. Bu;N was added dropwise to the above
reaction mixture and stirred the solution for 20 min. To the reaction
mixture, paraformaldehyde (2.43 g, 81 mmol) was added and heated
to reflux for 8 h. After cooling the reaction mixture to room
temperature, the solution was poured into a separating funnel and then
extracted with diethyl ether (2 X 50 mL). The combined organic layer
was washed with saturated sodium chloride and dried over anhydrous
sodium sulfate. The product formed was purified by silica gel column
chromatography using petroleum ether and ethyl acetate. Yield (4.5 g,
63%). "H NMR (CDCl, § ppm): 1.25 (s, 9H,), 6.86 (s, 1H, J = 9.1
Hz), 7.44 (d, 1H, ] = 2.4 Hz), 7.52 (dd, 1H, J = 2.4 Hz), 9.82 (s, 1H),
10.80 (s, 1H).

Synthesis and Characterization of 2.'* To a mixture of 1 (5.0
g, 28 mmol) and 35% formaldehyde (25 mL) was added 125 mL of
concentrated HCl and stirred the solution for 2 days at room
temperature. Water was added to the mixture, the product was
extracted into CH,Cl, (3 X 40 mL), and the organic phase was dried
over anhydrous Na,SO,. The CH,Cl, was then evaporated under
reduced pressure to afford the pure product as yellow liquid. Yield (5.2
g, 82%). '"H NMR (CDCly): 1.34 (s, 9H), 4.70 (s, 2H), 7.52 (d, 1H, J
= 2.4 Hz), 7.67 (d, 2H, ] = 2.5 Hz), 9.90 (s, lH), 11.28 (s, 1H).

Synthesis and Characterization of L,."" Compound 2(265¢,
11.89 mmol) was added to a solution of sodium azide (1.519 g, 23.37
mmol) in 30 mL of dimethylformamide under stirring for 12 h. After
completion of reaction mixture was diluted with 100 mL of water and
ethyl acetate. The organic layer was separated and washed with water
and brine. A yellow liquid was obtained upon evaporation of organic
solvent. Yield: 89%. '"H NMR (CDCl,, 400 Hz): 11.2 (br s, 1H), 9.99
(s, 1H), 7.55 (dd, 1H), 7.59 (s, 1H), 4.48 (s, 2H), 1.35 (s, 9 H). IR:
U = 3471, 2961, 2686, 2104, 1676.

Synthesis and Characterization of L;.."" A mixture of
potassium carbonate (5.10 g, 36.72 mmol) and p-tert-butylcalix[4]-
arene (10.0 g, 15.43 mmol) in dry acetone (200 mL) was stirred at
room temperature for 1 h. A solution of propargyl bromide (6.49 g,
30.80 mmol) in dry acetone (S0 mL) was added dropwise into the
above stirred mixture over a period of 30 min. The reaction mixture
was refluxed for 24 h and was then allowed to cool to room
temperature. The reaction mixture was filtered over Celite to remove
insoluble particles, and the filtrate was concentrated by a rotatory
evaporator. 100 mL of 2 M HCI was added to the concentrated
reaction mixture, and the product was extracted with dichloromethane
(3 X 100 mL). The combined organic extract was successively washed
with water and brine (100 mL), dried over anhydrous Na,SO,, filtered,
and evaporated to dryness in vacuo. The crude product was
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recrystallized from CH,Cl,/CH;OH to afford 2 as a white solid (9.10
g, 82% yield). "H NMR (400 MHz, CDCL,) § (ppm): 7.07 (s, 4H),
6.73 (s, 4H), 6.50 (s, 2H), 4.74 (d, ] = 2.4 Hz, 4H), 437 (d, ] = 13.4
Hz, 4H), 3.33 (d, J = 13.4 Hz, 4H), 2.54 (t, ] = 2.4 Hz, 2H), 1.30 (s,
18H), 0.90 (s, 18H). HRMS m/z Calcd for CsgHgoO,: (M + H)
725.4570. Found 725.4576.

Synthesis and Characterization of L;." " Compound L, (3.0 g,
4.14 mmol) was added to the solution of L, (2.12 g, 9.53 mmol) in
100 mL of dichloromethane and water (50:50) mixture. To this
solution, CuSO,-SH,0 (124.04 g, 0.50 mmol) and sodium ascorbate
(328.0 mg, 1.70 mmol) were added. The resulting solution was stirred
for 12 h at room temperature. Upon completion of the reaction as
checked based on TLC, the organic layer was separated and the
aqueous layer was extracted with dichloromethane (2 X 50 mL). The
combined organic layer was washed with water and then with brine (2
X 100 mL) and dried over anhydrous Na,SO,, and the solvent was
removed under vacuo. The crude product was purified by triturating
with hexane followed by filtering the precipitate. Yield: 89.91%. 'H
NMR (CDCl,, 400 MHz) & (ppm): 11.30 (s, 2H), 9.83 (s, 2H), 8.08
(s, 2H), 7.62 (s, 2H) 7.49 (d, 2H), 7.15 (s, 2H), 6.98 (s, 4H), 6.77 (s,
4H), 5.56 (s, 2H), 5.18 (s, 2H), 4.14 (d, J = 13.0 Hz, 4H), 3.17 (d, ] =
13.0 Hz, 4H), 1.27 (s, 18H), 1.26 (s, 18H), 0.96). *C NMR (CDCl,,
100 MHz) & (ppm): 196.6, 157.1, 150.4, 149.6, 147.2, 144.2, 1432,
141.5, 1353, 132.6, 130.7, 127.8, 125.6, 125.0, 124.2, 123.1, 120.2,
69.8,48.2, 34.2, 33.9, 33.8, 31.7, 31.2, 31.1, 31.02. IR: v = 3463, 2959,
1656, 1483, cm™". HRMS (ESI) calcd for C,;HgNsOg [M + H]*:
1191.6898; found 1191.6898.

Synthesis and Characterization of L. The mixture of L; (0.25 g,
0.209 mmol) and the thiophen-2-ylmethanamine (0.047 g, 0.419
mmol) in § mL of methanol was stirred for S h. A faint yellow
precipitate was observed upon completion of reaction. The precipitate
was filtered to get yellow solid product. Yield: 93%. '"H NMR (CDCl,,
400 MHz): 13.56 (s, 2H), 8.34 (s, 2H), 8.10 (s, 2H), 7.42 (d, 4H),
7.22—7.23 (m, 4H, Sal-H),7.12 (s, 2H), 6.97 (s, 4H), 6.96 (s, 4H),
6.74 (s, 4H), 5.58 (S, 2H), 5.16 (S, 2H), 4.87 (s, 4H), 4.15 (d, 4H),
3.14 (d, 4H), 1.27 (s, 18H), 1.25 (s, 18H), 0.944 (s, 18H). *C NMR
(CDCly, 100 MHz) & (ppm): 165.78, 157.01, 150.58, 149.69, 147.04,
144.01, 141.63, 141.40, 144.30, 132.66, 130.85, 128.93, 127.88, 127.13,
125.75, 125.62, 125.26, 125.04, 124.29, 122.35, 118.18, 69.79, 56.97,
4891, 34.09, 33.98, 33.88, 31.81, 31.44, 31.08, 30.51. HRMS (ESI)
caled for CgyH,ooNgOgS, [M + H]*: 1381.7302; found 1381.7286.
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