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Interaction of a dinuclear fluorescent Cd(i)
complex of calix[4]arene conjugate with
phosphates and its applicability in cell imagingfi

V. V. Sreenivasu Mummidivarapu,® Vijaya Kumar Hinge® and Chebrolu Pulla Rao**®

A triazole-linked hydroxyethylimino conjugate of calix[4]arene (L) and its cadmium complex have been
synthesized and characterized, and their structures have been established. In the complex, both the Cd?*
centers are bound by an N,O, core, and one of it is a distorted octahedral, whereas the other is a trigonal
anti-prism. The fluorescence intensity of the di-nuclear Cd(i) complex is quenched only in the presence
of phosphates and not with other anions studied owing to their binding affinities and the nature of the
interaction of the phosphates with Cd®*. These are evident even from their absorption spectra. Different
phosphates exhibit changes in both their fluorescence as well as absorption spectra to varying extents,
suggesting their differential interactions. Among the six phosphates, H,PO,~ has higher fluorescence
quenching even at low equivalents of this ion, whereas P,O,*~ shows only 50% quenching even at 10
equivalents. The fluorescence quenching is considerable even at 20 ppb (0.2 uM) of H,PO,4~, whereas all
other phosphates require a concentration of 50-580 ppb to exhibit the same effect on fluorescence
spectra. Thus, the interaction of H,PO,~ is more effective by ~30 fold as compared to that of P,O,* .
Fluorescence quenching by phosphate is due to the release of L from its original cadmium complex via
the formation of a ternary species followed by the capture of Cd?* by the phosphate, as delineated based
on the combination of spectral techniques, such as absorption, emission, *H NMR and ESI MS. The relative
interactive abilities of the six pnosphates differ from each other. The removal of Cd®* is demonstrated to
be reversible by the repeated addition of the phosphate followed by Cd?*. The characteristics of the
ternary species formed in each of these six phosphates have been computationally modeled using mole-
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cular mechanics. The computational study revealed that the coordination between cadmium and —CH,—
CH,—OH breaks and new coordination is established through the phosphate oxygens, and as a result the
Cd?* center acquires a distorted octahedral geometry. The utility of the complex was demonstrated in
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acids (RNA and DNA), to mediate several essential biological

Introduction A
functions. ™ Creatine phosphate (CP) is a phosphorylated cre-

In living systems, phosphates are found as inorganic phos-
phates (Pi) and pyrophosphates (PPi), and also as biologically
active molecules, such as adenosine mono-, di- and tri-phos-
phates (AMP, ADP and ATP), and ribo- and deoxyribo-nucleic
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atine that serves as intracellular energy shuttle, which facili-
tates the transport of ATP from muscle cell mitochondria to
myofibrils.>* The excess of phosphate results in kidney failure,
while its deficiency leads to hyperthyroidism.’> However, in
ecological systems, these are mainly found either in the form
of calcium hydroxyapatite or as salts of heavy metal ions, such
as Cd**, Pb*', cu*" and U**".* Among these cations, concen-
trations of relatively toxic Cd*" is significantly affected by the
phosphate contents present in its particular environmental
condition.” The quantification of such interrelated ions and
species using synthetic molecular receptors is very important
in deriving conclusions about certain diseases or environmen-
tally related issues, including disease diagnosis.® Recently,
calix[4]arene scaffolds have been used as a platform to build
receptors for recognizing and sensing ions and molecules by
eliciting appropriate fluorescence, absorbance and/or color
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signals.””® In the past few years, a class of pillararenes has sig-
nificantly emerged, which are used as new receptor systems for
recognizing ions and molecules."® Cd*" is known to induce
fluorescence enhancement upon binding to non-fluorescent
molecules."’ The metal ion-bound fluorescent molecular
species can act as secondary sensors for specific anions and/or
amino acids, although their modes of interaction are poorly
understood."* Therefore, the present manuscript accounts for
a detailed interaction aspects of phosphates and nucleotides
using a crystallographically characterized di-Cd>* complex of
newly synthesized triazole-linked calix[4]arene possessing —-N-
CH,-CH,-OH terminal moiety on an imino-phenolic core, viz.,
[CdL], using experimental and computational studies.

Results and discussion

Receptor molecule L has been synthesized by the condensation
of P with ethanolamine as shown in Scheme 1. The triazole-
linked hydroxyethylimino conjugate of calix[4]-arene (L) pos-
sessing an imino-phenolic core has been synthesized by adopt-
ing the procedures similar to those previously developed by us,
and was confirmed through characterization as given in the
Experimental section (ESI,} S101)."*

Synthesis and characterization of the cadmium complex

The Cd>* complex of L has been synthesised by reacting L with
cadmium acetate in methanol followed by refluxing the reac-
tion mixture for 12 h, as shown in Scheme 1, and the details
are given in the Experimental section (ESL} SI02). The resul-
tant complex was isolated as a solid product and was well
characterized by 'H and C NMR, ESI MS and elemental
analysis.

"H NMR spectrum of L and its cadmium complex in DMSO-
ds were compared to determine the complex formation
(Fig. 1a, b). Upon complexation, the imine- and -CH,-CH,-OH
protons show downfield shifts of about 0.2 and 0.75 ppm,
respectively, whereas the triazole and aromatic protons experi-
ence upfield shifts of 0.10 and 0.35 ppm, respectively,
suggesting the binding of Cd*" with the imino-phenolic core,
including the terminal ~CH,-CH,~OH moiety. "H NMR spec-
trum of [CdL], supported the presence of cone conformation,
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as can be noticed from the appearance of peaks at 3.06 and
3.90 ppm for the —-CH, bridge moiety, and correlation between
these two protons, viz., m’ and n’, can be observed (Fig. 1c, d).
In two-dimensional spectroscopy, the correlation between
—-CH,-CH,-OH and -OCH, was observed from the cross peak
obtained between j' and 1, supporting the involvement of
—-CH,OH in the complex (Fig. 1e). The cone conformation is
intact even when the complex is formed, as the cross peak
between m’' and n' is retained. The involvement of -C=N- in
binding to Cd** has also been assumed from the shift
observed in the stretching vibration from 1638 to 1645 cm™*
upon complex formation (Fig. 1f, g). The m/z = 2776.41 peak
observed in the ESI mass spectrum corresponds to the for-
mation of the cadmium complex as 2: 2, viz., [CdL],, and the
presence of Cd*" was unambiguously confirmed from the
observed isotopic peak pattern, which agrees well with the cal-
culated one (Fig. 1h, i).

Structural aspects of the cadmium complex

Single crystals of the cadmium complex were generated by
slow evaporation of a solution of this product that was dis-
solved in DMSO : CHCI; taken in 1:3 v/v ratio. The details of
the data collection and the structural refinement are presented
in the Experimental section (ESI,f SI03). Each calix[4]arene
unit found in the complex exhibits two intramolecular O-
H---O hydrogen bonds at the lower rim, and as a result of this
the calix[4]arene adopts a cone conformation. These hydrogen
bonds, viz., O00A-H---0009 (1.99 A, 2.79 A and 156.3°), 0006~
H---0007 (2.04 A, 2.87 A and 165.7°), are responsible for main-
taining the cone conformation. This has been a common
phenomenon and is observed in almost all the 1,3-di-conju-
gates of calix[4]arene that form cone conformation.'* The cone
conformation of the calix[4]arene moiety was also confirmed
by "H NMR spectroscopy. The dinuclear nature of the complex
was supported by the ESI} peak observed at m/z = 2776.41
(Fig. 1h). Because the overall dinuclear complex is neutral,
each calix[4]arene conjugate acts as dianionic species, which is
formed by the deprotonation of both the phenolic-OH groups
present on the arms (Fig. 2). The cadmium centers present in
the dinuclear complex are bound by a N,0, coordination core,
and this part is connected between one arm of each calix{4]arene,
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[CdL],. (@) KxCOs3, propargyl bromide, dry acetone, 16 h; (b) 5-tert-butyl-

3-(azidomethyl)-2-hydroxybenzaldehyde, CuSO4-5H,0, sodium ascorbate, {CH,Cl,:tert-BuOH (1:1)}:H,O (1:1), 24 h; (c) ethanol amine, CHsOH,

12 h; (d) Cd(CH3COO0),-2H,0, CH30H, 12 h, reflux. R = tert-butyl.
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Fig. 1 *H NMR spectra: (a) L, (b) [CdLl,. (c) Proton labeled structure. 2D COSY spectra: (d) L, (e) [CdLl,. FTIR spectra: (f) L and (g) [CdL],. Mass spec-
tral isotopic peak pattern of cadmium in [CdLl,: (h) experimental and (i) calculated. NMR solvent used in these studies was DMSO-de.

where each arm supports NO, coordination. Thus, the overall
geometry about Cd1 cadmium is distorted octahedral, whereas
Cd2 is distorted trigonal antiprismatic, and the coordination
core around each Cd*" comprises of two phenolic oxygens, two
imine nitrogens and two ethanolic hydroxyl groups. The Cd1-
O bond length is longer by 0.17 A in the case of -CH,~CH,-
OH that bound as neutral -OH as compared to the phenolic-
oxygen due to its deprotonation. This is further elongated in
case of Cd2.

Interaction of phosphates with cadmium complex

The calix[4]arene receptor L, exhibits low fluorescence owing
to the isomerization of the imine (C=N bond) and also due to
the excited-state intramolecular proton transfer (ESIPT) from
salicyl ~OH to the imine nitrogen in the excited state."® The
binding of Cd*>" to L prevents the isomerization as well as

1132 | Dalton Trans., 2015, 44, 1130-1141

ESIPT, thus exhibiting a fluorescence enhancement by its
complex. In addition, a chelation-enhanced fluorescence
(CHEF)'® also contributes to the fluorescence of the complex.
Thus, the Cd*" is responsible for fluorescence enhancement
because simple L alone is weakly fluorescent. Therefore, the
cadmium complex has been used for the study of the inter-
action of anions, in particular, the phosphates. In the case of
interaction by an anion, the complex is expected to exhibit
spectral changes amounting to its nature and extent of
binding. Thus, the study of the interaction of anions has been
addressed by emission, absorption, ESI MS and 'H NMR
studies.

Fluorescence spectra

The interaction of the cadmium complex with several anions,
including phosphates, viz., ¥, ClI°, Br, I, ClO,7, N3,

This journal is © The Royal Society of Chemistry 2015
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Fig. 2 Crystal structure of the cadmium di-nuclear complex.

CH;COO™, SCN™, CO;>”, HCO,;~, NO,”, NO;~, HSO,™, SO,*",
H,PO,”, HPO,*>~ and P,0,"” (PPi), has been examined by carry-
ing out fluorescence spectral studies in ethanol. These studies
could not be carried out in buffer solutions as the fluorescence
of the complex is quenched even in the absence of the anion
(ESLf SI 04). All the anions, except phosphates, show no
changes in the fluorescence of the cadmium complex. In case
of H,PO,, it exhibits a complete quenching at ~4 equivalents,
whereas all the other five phosphates show considerably less
quenching than that of H,PO, . Thus, only the phosphate-
based anions exhibited fluorescence quenching of the complex
to different extents (Fig. 3b and ESI,} S05-S06). Four equiva-
lents of phosphate addition results in complete quenching (98
+ 2%) in the case of H,PO,”, but only 83 + 2% in the case of
HPO,>~, ADP*>~ and ATP>", 70 + 2% in the case of AMP*~, and
it is 31 + 2% in the case of P,0,"". Even at 10 equivalents of
phosphate addition, the fluorescence quenching is incomplete
in the case of AMP>*~ and P,0,"", and it is 85 + 2% and 51 +
2%, respectively (Fig. 3a). Thus, a 50% fluorescence quenching
is achieved only with 2 to 2.5 equivalents of H,PO,™; however,
the same is achieved at ~10 equivalents in the case of P,0,"".
Among the biologically relevant nucleotides studied, the fluo-
rescence quenching of the complex follows a trend, ATP>~ >
ADP>~ > AMP”", suggesting its dependence on the presence of
phosphate groups in each. Among all the phosphates studied,
the quenching follows a trend, viz., H,PO,~ > ATP*>~ ~ HPO,>~
~ ADP>” > AMP*™ > P,0," (Fig. 3d). All the data suggests that
the cadmium complex is sensitive to phosphates, and it can be
used further to differentiate H,PO,” from the other phos-
phates studied because even low equivalents of this anion
cause a major fluorescence quenching. The fluorescence
quenching is considerable even at 20 ppb (0.2 uM) of H,PO,™,

This journal is © The Royal Society of Chemistry 2015

whereas all other phosphates require a concentration of
50-580 ppb to cause the same effect on fluorescence spectra
(Fig. 3c), suggesting that the interactive ability of H,PO,” is
higher by ~30 fold as compared to that of P,0,*~ (ESL SI07).
To understand the role of the counter cation, additional exper-
iments were carried out in the presence of NaF, NaCl, NaBr,
Nal, NaHSO, and NaClO,; these compounds showed no
change in the fluorescence intensity of the cadmium complex,
suggesting that the presence of Na' in place of the tetrabutyl
ammonium counter cation played no significant role on the
fluorescence intensity (ESL SI 08).

In the presence of phosphates, the fluorescent cadmium
complex turns completely non-fluorescent, and the colour of
the solution turns to that of L at different equivalents ranging
from 2 to 12 from H,PO,” to that of P,O,*", as can be seen
from Fig. 3e. Thus, H,PO,~ is most interactive, whereas P,0,"*~
is the least. Thus, the fluorescence quenching is dependent on
both the bulkiness of the organic moiety as well as the
number of phosphate moieties present in the nucleotide, as
observed from the corresponding study. The color change can
be attributed to the release of L from its cadmium complex, in
which the detached Cd** is stabilized by the corresponding
phosphate through binding. Thus, the cadmium complex
reported herein is well suited to differentiate phosphates from
other anions and also to discriminate H,PO,~ and PPi from
the other phosphates because their interacting abilities are the
highest and lowest, respectively. Further, the interaction of the
cadmium complex by phosphates is reversible, which was
demonstrated by the successive addition of phosphates fol-
lowed by Cd>* for four cycles while observing its colour change
and measuring the fluorescence intensity as demonstrated in
the case of H,PO,  (Fig. 3f). The differential quenching

Dalton Trans., 2015, 44, 1130-1141 | 1133



Paper Dalton Transactions
(2) 55
100 50
45 7
21380- 40
= 35
£ 60- = 30
= L)
= 25+
s 401 20
N 15
_ 10
20 s 0 2 4 6 8 10 %
1 Phospha L
mrrrrrrtereesr e B,
- LSS :ﬂm”"v_n.h-a.'vl’
H,PO, ATP* HPO. ADP* AMP" P0* CeRTEEgeg” g SREZZELE
) °
2 Zt
t121 [CdL), Cd2+ cd2+ ca® cd
| 01 H, OHPO HPO HPO
Fig. 3 (a) Histogram showing % fluorescence quenching with phosphates at different equivalents [colour code: black for 4 equiv.; red for 8 equiv.;

blue for 10 equiv.] (b) Histogram showing the relative fluorescence intensity (/o/l) of [CdL], at 450 nm in the presence of various anions {Insets: (c)
minimum detection limit for all phosphates i = H,PO,™, il = HPO,%~, iii = ATP?, iv = ADP?", v = AMP?~ and vi = PPi*"; (d) Relative fluorescence inten-
sity (//1o) of [CdL], with all the phosphates as a function of [Phosphates]/[CdL], mole ratio. lex = 370 nm. The colour code for the graphs in (d): black
for ADP?~; red for AMP?~; blue for ATP?~; pink for HPO,2~; olive for P,O,*"; cadet blue for H,PO,. (e) Histogram showing the number of equivalents
required for the complete quenching of fluorescence. (Inset: The visual color exhibited by the solution of cadmium complex in the presence of
different anions under UV light [vial number, anion] [1, No anion]; [2, H,PO,71; [3, HPO,27I; [4, AMP?7]; [5, ADP?7]; [6, ATP?7]; [7, P,O,*71 (N = number
of equivalents require for complete quenching). (f) Relative fluorescence intensity (//1o) obtained during the titration of [CdL], with H,PO,4~ followed
by the addition of Cd?* (Inset: visual fluorescent colors after each addition of H,PO,~ followed by Cd?* in a successive manner [CdLl, = 5 UM; dey =

370 nm).

pattern observed in the case of these phosphates has been
addressed via the species formed, where the species were
established based on '"H NMR and mass spectrometry.

Absorption spectra

To support the results obtained from the fluorescence, absorp-
tion studies of the cadmium complex were carried out with
different anions (ESL} SI09). The complex shows the absorp-
tion band at 370 nm, which is attributed to the Cd*'-bound
imino-phenolic core present in the conjugate."”” Due to the
interaction of the complex with phosphates, including nucleo-
tides, the absorbance of the ~370 nm band decreases, and a
new band appears at ~326 nm along with a small shoulder at
~430 nm, which is the reminiscent of the presence of free L
(Fig. 4). Among the phosphates, the order of the de-complexa-
tion follows a trend, H,PO,” > ATP*~ > HPO,>~ > ADP*~ >
AMP>~ > P,0,* (insets of Fig. 4), as noticed based on the

1134 | Dalton Trans., 2015, 44, 1130-1141

quantitative changes observed in the absorbance of the bands,
which is due to their pK, values. To completely regenerate L
from its cadmium complex, 3, 4, 5, 5, 6 and >10 equivalents of
NaH,PO,, Na,ATP, Na,HPO,, Na,ADP, Na,AMP and Na,P,0-,
respectively, are required, as obtained from the absorption
studies. The new band at ~320 nm arises from the keto
species that results from the keto—enol tautomerization in free
L, which is otherwise prevented in the cadmium complex."”

'H NMR spectra

To understand the interactive ability of phosphates with the
cadmium complex and the consequent release of Cd** from it,
'"H NMR studies were carried out with sodium salts of phos-
phates, ie. NaH,PO,, Na,HPO,, Na,P,0,, Na,AMP, Na,ADP
and Na,ATP. During the study between the complex and
NaH,PO,, it has been observed that the signals corresponding
to the complex gradually diminishes, whereas the signals

This journal is © The Royal Society of Chemistry 2015
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corresponding to free L start appearing with increasing con-
centration of NaH,PO,, and L is completely regenerated
around two equivalents, clearly suggesting the release of L
from the complex, viz., [CdL], (Fig. 5a). A similar study carried
out with different phosphates exhibited the complete regener-
ation of L at different equivalents ranging from 2 to 11 from

This journal is © The Royal Society of Chemistry 2015

NaH,PO, to Na,P,0;, as can be seen from Fig. 5c (ESL} SI10).
Thus, the order of releasing L from the cadmium complex
among the inorganic phosphates is H,PO,™ > HPO,*” > P,0,"",
and among the nucleotides, this follows a trend, ATP*™ >
ADP?>” > AMP?". These results clearly suggest that the H,PO,~
can de-chelate Cd*" more efficiently from its complex as com-

Dalton Trans., 2015, 44, 1130-1141 | 1135
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pared to the other phosphates studied. The protons of ¢/, d’, €/,
f’, and g’ show a downfield shift, whereas that of h’ shows an
upfield shift, but to different extents (Fig. 5b). All these shifted
proton resonances correspond to that of L, suggesting the
release of free L from the cadmium complex. The -OH reson-
ances could not be monitored due to their exchange with D,0.

ESI MS spectra

To provide further support for the binding of phosphates fol-
lowed by the removal of Cd** from its complex, ESI MS studies
were carried out. The spectra obtained in the case of H,PO,~
initially shows the formation of a protonated ternary species,
as observed from the peak in the mass spectrum at m/z of
1523.67 (CdL + H,PO, + K + H)" along with the m/z peak for
free L at 1299.76 (L + Na)" (Fig. 6). The H,PO, -bound
cadmium species was observed at the m/z of 413.26 (Cd +
3H,PO, + Li + H)", and this is further confirmed by the pres-
ence of the isotopic peak pattern of cadmium. The studies
clearly demonstrate the initial binding of H,PO,  at the
cadmium center, resulting in a ternary species followed by the
removal of Cd**. The intensity of the peak corresponding to
the L in ESI MS increases with the concentration of the added
H,PO,".

Similar studies carried out with other phosphates viz.,
HPO,>~, P,0,"", ATP>*", ADP*~ and AMP”", resulted in ternary
species possessing the respective phosphate, and the corres-
ponding mass spectral peaks are observed at the m/z of

Dalton Transactions

1522.56 (CdL + HPO, + K + 2H)", 1579.67 (CdL + P,0, + 2Li +
3H)", 1939.14 (CdL + ATP + 3H)", 1888.08 (CdL + ADP + 2 K +
H)', 1747.64 (CdL + AMP + 2Li + H)' (Fig. 7). In addition, all
the spectra showed m/z peaks corresponding to free L. These
results suggest that the phosphates initially bind to the
cadmium center to form ternary species, before the Cd>* is
being taken out of the complex as its phosphate (ESL} SI11).

Computational modeling of the ternary species

As the ternary species formation between the cadmium
complex and the phosphates were shown by ESI MS, the com-
putational studies were carried out to model them and reveal
their structural features. The computational studies are carried
out in the cases of six different phosphates, X (X = H,PO,",
HPO,>", PPi*~, AMP*>~, ADP?>~ and ATP*7). The initial model of
[CdL], was taken from the structure obtained from the single
crystal XRD (Fig. 2) and was used for the complexation with
each of the six phosphates. The cadmium center for the mini-
mized structure of [CdLX], showed coordination through the
phosphate oxygens of X. The coordination of the -CH,-CH,-
OH groups to the metal center is detached as these were
pushed away from the Cd** center by the incoming phosphate
to a distance of 3.3 to 5.2 A, and this appears to depend upon
the extent of the interaction exhibited by X, whereas the same
shows 2.4 to 2.5 A prior to X binding, which occurs at both the
cadmium centers. As a result of the displacement of the
bound -CH,-CH,-OH, the phosphate (X) enters into the

Cadmium HZPO_'- Ternary HzPO_;- L+ Cadmium
complex complex phosphate
66 (d) 100+ (D) 1004 () 100+ (d)
-l 304 80 80
60 604 .o 604
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Fig. 6 ESI MS study with NaH,PO,: (a) [CdL]y; (b) ternary species; (c) L; (d) cadmium phosphate adduct.
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Fig. 7 Ternary complex formed between [CdL], and phosphate in ESI MS titration: (a) HPO,4%~; (b) P,O,*; (c) AMP?~; (d) ADP?; (e) ATP?".
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primary coordination domain of the Cd** center at a Cd**---Ox
distance of 2.0 to 2.1 A. This fulfils six coordination sites, and
the cadmium geometry is restored back to the distorted octa-
hedral upon binding to phosphate. In the ternary species, the
Cd~Ophenotic and the Cd-N distances are shortened by 0.15 to
0.20 A, suggesting a strong link that persists between L and
the cadmium center. However, in the minimized structures of
the ternary species, viz., [CdLX],, the coordination spheres
show varying binding behaviors depending upon the nature of
the phosphate (X) involved, and the same can be seen from
Fig. 8 (ESL SI10). In the phosphate-bound ternary complexes,
the Cd1, exhibits trans-angles in the range of 153°-174°
and the other angles in the range of 72°-113°, whereas Cd2

Fig. 8 Stereo views of the crystal structure of the di-cadmium complex
and its phosphate-bound ternary complexes obtained through MM
minimization: (a) crystal structure of [CdL],, (b) [CALH,PO,7], and (c)
[CALATP?],.

This journal is © The Royal Society of Chemistry 2015
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exhibits trans-angles in the range of 140°-173° and the other
angles in the range of 67°-122°, supporting the distorted octa-
hedral geometry around both the cadmium centers. This is the
same in all the phosphate-based ternary species, viz., [CdLX],
studied herein.

The trans-like angle observed in the cadmium crystal struc-
ture turns cis-like in its ternary species formed with the incor-
poration of the phosphate. Moreover, at the Cd2 center, this
angle is 129° in the crystal structure, and it turns to trans-like
in its ternary species formed by the phosphates of HPO,>,
H,PO,” and P,0,"” and cis-like in the case of AMP?>~, ADP*~
and ATP>". This suggests that the nature of the interaction of
these phosphates with the cadmium center plays a significant
role (ESL1 SI11-SI16). Thus, the Cd2 center in this complex
differentiates the inorganic phosphates from those of the bio-
logical ones. In the case of the angle 0008-Cd1-0008 at the
Cd1 center, it is exactly opposite to what was observed with the
NO0C-Cd1-N00C. However, the angle of 0005-Cd2-0005 at
Cd2 center does not alter on going from the crystal structure
to that of the ternary species. In all the ternary species, the
phosphates act as bidentate ligands. The distance between the
two cadmium centers change from 5.5 to 8.1 to 9.5 A on going
from the crystal structure to the H,PO,~ to the ATP*>~ binding.
This suggests the effect of bulkiness of the ATP>~ on the struc-
tural features of the ternary species, and hence the release of
Cd*" is easier in this case. As a result of all these changes
occurring in the coordination sphere, including that of the
geometry, the adenosine moiety of the biological phosphates
extends into the vicinity by weakening the cadmium core

(Fig. 9).
Fluorescence microscopy studies with HeLa cells

To show the practical utility of the cadmium complex for the
detection of H,PO,~ present in the biological medium, fluo-
rescence microscopy studies were carried out using HeLa cells.
After incubating the cells for 24 hours, the medium was
replaced with PBS buffer (pH = 7.4) containing 20 pM of the
conjugate (L), and further incubated for 20 min at 37 °C and
5% CO,. The cells were washed with the same buffer to remove
excess of L. At this stage, the HeLa cells displayed very low
intracellular fluorescence (Fig. 10a-d). Upon the addition of
20 uM Cd** to these cells exogenously via incubation with Cd**/
pyrithione (1: 1) solution for 20 min at 37 °C, the cells exhibited
highly intense blue fluorescence (Fig. 10e-h). Differential
interference contrast microscopy (DIC) measurements for each
experiment confirmed that the cells were viable throughout
the imaging experiments, and the merged images supported
the fact that the fluorescence was emerging through the cells.
However, when L and Cd**/pyrithione pre-incubated HeLa
cells were further treated with H,PO,~ for 20 min at 37 °C, the
fluorescence intensity was quenched, as can be observed from
the microscopy images (Fig. 10i-1). The fluorescence emission
is at least seven times higher in the presence of [L + Cd*] in
the HeLa cells as compared to those incubated only with L.
However, in the presence of H,PO, ™, the fluorescence enhance-
ment is only about two times that of L, suggesting that the
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Fig. 9 The coordination spheres: (a) crystal structure of [CdLl,; (b) ternary species, [CALH,PO,]5; and (c) ternary species, [CALATP?7],. The dis-

tances (in A) between the cadmium centers are given in the figure.
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Fig. 10 Fluorescence images obtained at 40x magnification from the Hela cells (excitation at Amax 358 nm and emission at Anax 461 Nm) upon
treatment in PBS buffer at pH = 7.4: (a) DIC image when treated with L (20 uM); (b) monochrome fluorescence of (a); (c) fluorescence image of (a);
(d) a merge image of (a) and (c). (e) DIC image of HeLa cells treated with L followed by 20 uM of Cd?*—Pyrithione (1 : 1) solution; (f) monochrome flu-
orescence of (e); (g) fluorescence image (e); (h) a merge image of (e) and (g). (i) DIC microscopy image of the Hela cells treated with [L + Cd?*—Pyr-
ithione(1: 1)] followed by 80 pM of H,PO,~; (j) monochrome fluorescence of (i); (k) fluorescence image (j); (1) a merge image of (i) and (k).

fluorescence is quenched in HeLa cells in the presence of
H,PO,” (ESL{ SI19). Therefore, the cellular studies clearly indi-
cate that the conjugate L exhibits cell permeability and shows
effective intracellular fluorescence emission through forming
an in situ complex, which in turn loses its fluorescence inten-
sity upon treatment with H,PO,".

Conclusions and correlations

The hydroxyethylimino-based triazole-linked calix[4]arene con-
jugate L has been synthesized and characterized. A dinuclear
Cd** complex of L, ie., [CdL], has been isolated and was
characterized by various spectroscopic and analytical tech-
niques. The structure of the di-nuclear cadmium complex has
been established by single crystal XRD. In the crystal structure,
both the cadmium centers were bound by a N,0, core that is
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supported by L using two phenolic oxygens, two imine nitro-
gens and two terminal ethanolic oxygens. The isolated di-
cadmium complex has high fluorescence emission at 450 nm
when excited at 380 nm through exhibiting intense blue color
fluorescence under UV light. Owing to this unique feature of
the cadmium complex, the interaction of anions, in particular
the phosphates were studied. The interaction of H,PO,~ was
well demonstrated using various techniques, viz., fluorescence,
absorption, change, 'H NMR, ESI MS,
computational modeling and cell imaging by fluorescence

visual color
microscopy.

The quenching of the fluorescence intensity of the
cadmium complex by phosphates followed an order, viz.,
H,PO,” > ATP>~ > HPO,>~ > ADP*>~ > AMP?*™ > P,0,"". A 50%
fluorescence quenching is observed at ~2 equiv. in the case of

This journal is © The Royal Society of Chemistry 2015
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H,PO,”, ~2.5 equiv. in case of ATP*>~, HPO,*>~ and ADP>", and
~10 equiv. in case of P,0,*". The observed difference in the
quenching effects reflects their differential interactive ability.
The fluorescence quenching is considerable even at 20 ppb
(0.2 pM) of H,PO,~, whereas all the other phosphates require a
concentration of 50-580 ppb to bring the same effect on fluo-
rescence spectra. Thus, the interactive ability of H,PO,” is
higher by ~30 times as compared to that of P,0,"".

During the interaction, H,PO,” initially forms a ternary
species containing Cd*, L and H,PO,”, followed by the
removal of Cd*" from this complex, which is being further
stabilized through the formation of a cadmium-phosphate
adduct. The presence of cadmium in the ternary species and
also in the cadmium-phosphate adduct have been confirmed
by observing the isotopic peak pattern expected for cadmium
in ESI MS. These features were further confirmed by '"H NMR
studies. The formation of ternary species between L, cadmium
and the phosphate has been addressed by computational mod-
eling, which was carried out using all the six phosphates. In
the optimized structures of the ternary species, both the Cd**
centers occupy distorted octahedral geometry by bonding
through two phoenolate oxygens, two imine nitrogens and two
phosphate oxygens, resulting in an N,0, binding core at each
of the cadmium centers. This also results in removing the
bound -CH,-CH,-OH groups from the primary coordination
spheres of the cadmium centers. The Cd---Cd distance change
from 5.5 to 8.1 to 9.4 A on going from the crystal structure to
the H,PO,~ to the ATP®>~ bound species, suggesting the influ-
ence of the bulkiness of the ATP>~ on the structural features of
the ternary species, and therefore the release of Cd>* is easier
in this case. The practical utility of the complex was shown by
HeLa cells using fluorescence microscopy, which would be
useful in cellular imaging.

Thus, the present paper demonstrates the differential inter-
active abilities of phosphates by monitoring the spectral
changes of a structurally characterized di-Cd*>* complex of
calix[4]conjugate via the formation of ternary species, and the
utility of the cadmium complex in cell imaging. When the
terminal -CH,-CH,-OH group is being replaced by -CH,-
CH,-N(CHj;),, the resultant calix-conjugate yields a mono-
nuclear cadmium complex, and the corresponding complex
interacts with Cys, as reported recently by us.””

Experimental section

General information and materials

The acetate salt of metal Cd(CH3;COO),-2H,0 and the tetra-
butylammonium and sodium salts of different anions, viz.,
Bu,NF, Bu,NCl, Bu,NBr, Bu,NI, Bu,NClO,, Bu,NHSO,,
NaH,PO,, Na,HPO,, Na,P,0,, NaSCN, Na,SO,, Na,COsg,
NaHCOj;, NaNO;, NaNO,, NaN;, Na,AMP, Na,ADP and Na,ATP,
were procured from the commercial suppliers. All the solvents
used were procured from local sources and were dried and dis-
tilled by usual procedures immediately before use. All the fluo-
rescence titrations were carried out in 1 em quartz cells using

This journal is © The Royal Society of Chemistry 2015
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25 pL of L, and the total volume in each measurement was
made to 3 mL to obtain a final concentration of the ligand as
5 pM. The fluorescence and absorption studies were per-
formed in ethanol as a solvent. NMR spectra were recorded on
an Avance I1I-400 (Bruker) NMR spectrometer. IR spectra were
recorded by preparing KBr pellets, using a Perkin Elmer spec-
trum one FTIR spectrometer. Mass spectra were recorded
using micromass Q-Tof micro.

Synthesis and characterization of P

The dipropargyl derivative calix[4]arene (3.0 g, 4.14 mmol) was
added to a solution of 3-(azidomethyl)-5-(¢tert-butyl)-2-hydroxy-
benzaldehyde (2.12 g, 9.53 mmol) in 100 mL mixture of
dichloromethane and water (50:50). To this solution,
CuS0,-5H,0 (0.12 g, 0.50 mmol) and sodium ascorbate
(0.34 g, 1.70 mmol) were added. The resulting solution was
stirred for 12 hrs at room temperature. Upon completion of
the reaction as checked by TLC, the organic layer was separ-
ated, and the aqueous layer was extracted with dichloro-
methane (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, fol-
lowed by filtering the precipitate. Yield, 89.91%. 'H NMR
(cDCl;, 400 MHz) 6(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,
J = 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, 143.2, 141.5, 135.3, 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,4HeoNgOg [M + H]': 1191.6898, found 1191.6898.

Synthesis and characterization of L

The mixture of 1 (0.50 g, 0.42 mmol) and ethanol amine
(0.13 g, 2.1 mmol) in 20 mL methanol was refluxed for 12 h. A
faint yellow precipitate was observed upon completion of the
reaction. The precipitate was filtered to obtain a yellow solid
product. Yield 93%. 'H NMR (CDCl;, 400 MHz, § ppm): 0.97
(s, 18H, -C(CH3)3), 1.20 (s, 18H, -C(CHs)s), 1.25 (s, 18H, -C
(CH;)3), 3.19 (d, 4H, Ar-CHyeq-Ar, J = 12.8), 3.66 (t, 4H, -N-
CH,, ] = 4.32), 3.88 (t, 4H, -O-CH,, J = 4.32), 4.12 (d, Ar-CHx~
Ar, J = 12.8), 5.11 (s, 4H, Ar-CH,-triazole), 5.38 (s, 4H, Ar-O-
CH,), 6.79 (s, 4H, Ar-H). 6.97 (s, 4H, Ar-H), 7.21 (d, 2H, Ar-H,
J=2.4),7.36 (d, 2H, Ar-H, J = 2.4), 8.18 (s, 2H, triazole-H), 8.32
(s, 2H, imine-H). *C NMR (CDCl;, 100 MHz, § ppm): 31.17,
31.36 (-C(CHj;);), 31.46, 31.84 (-C(CHj;);), 32.00, 33.97 (-C
(CH3);), 34.11, 34.13 (Ar-CH,-Ar), 48.67 (Ar-CH,), 61.79
(-NCH,), 61.88 (-O-CH,), 70.29 (-OCH,), 118.20, 122.03,
123.83, 124.03, 125.19, 125.85, 127.78, 128.91, 130.81, 132.75,
141.35, 141.74, 144.51, 147.42, 149.90, 150.57, 157.78, 166.73
Ar-C. HRMS (ESI) caled for C,5H;0;NgOg [M + H]™: 1277.7742,
found 1277.7708. FTIR (KBr, cm™"): 1638 (v_c—n), 2961 (v_¢_n),
3421 (v_on)-
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Synthesis and characterization of cadmium complex

A solution of L (0.20 g, 0.15 mmol) and Cd(CH3COO),-2H,0
(0.050 g, 0.18 mmol) in methanol was refluxed for 12 h. After
concentrating the solution, a faint yellow, off-white precipitate
was observed, and the solid formed was then filtered, washed
with methanol, and dried under vacuum to obtain the desired
product. [CdL]: (Yield, 55%), '"H NMR (DMSO-ds, 400 MHz,
6 ppm): 1.08 (s, 18H, -C(CH;);), 1.16 (s, 18H, -C(CHj)3), 1.21
(s, 18H, —~C(CH3)3), 3.06 (d, 4H, Ar-CH,eq-Ar, ] = 15.6), 3.45 (br,
4H, -N-CHy,), 3.59 (br, 4H, -N-CH,), 3.90 (d, Ar-CH,,-Ar, ] =
15.2), 4.98 (s, 4H, Ar-CH,-triazole), 5.53 (s, 4H, Ar-O-CH, &
2H, OH-CH,-), 7.00 (s, 8H, Ar-H & 2H, Sal-H), 7.25 (s, 2H, Sal-
H), 7.98 (s, 2H, Ar-OH), 8.02 (s, 2H, triazole-H), 8.63 (s, 2H,
imine-H). *C NMR (DMSO-d¢, 100 MHz, § ppm): 31.08,
31.6231.75, 31.92 (-C(CH,);), 31.98, 32.31, 33.78 (-C(CH,),),
33.85, 33.89, 33.97 (-C(CHj,);), 34.03, 34.06 (Ar-CH,-Ar), 52.06
(Ar-CH,), 60.59 (-NCH,), 61.22 (-O-CH,), 62.24 (HO-CH,-),
69.15 (-OCH,), 118.80, 120.32, 123.30, 125.01, 125.11, 125.44,
125.62, 125.85, 126.53, 127.67, 127.93, 128.13, 128.30, 128.50,
131.11, 131.45, 132.74, 132.83, 133.10, 133.68, 133.89, 134.03,
137.98, 141.74, 143.63, 144.06, 146.63, 147.39, 150.50, 150.60,
166.31, 170.00, 170.68, 171.30 Ar-C. ESI MS (ESI) caled for
C156H106N16016Cd, [M]":15% found 2776.41, and [M/2]":100%
found 1389.57. FTIR (KBr, cm™'): 1645 (v_c-n), 2925 (v_c_11),
3398 (v-om). Anal. Caled for C;56H04N160,0Cdy:  Caled
C 65.78%; H 7.22%; N 7.87% Found C 65.84%; H 7.15%;
N 7.32%.

Crystallographic details

Because the single crystals of the cadmium complex obtained
from DMSO-CHCI; mixture are sensitive to moisture, these
were immediately covered with oil upon removal from the
mother liquor. The suitable crystals were sorted on a micro-
scope plate, and the selected crystal was then mounted on a
goniometer. The mounted crystal was cooled under a stream
of liquid nitrogen to a temperature of 100 K and was main-
tained in the jet of liquid nitrogen flow. The diffraction data
were collected using a graphite monochromator (1 = 0.71073°)
on a Rigaku Saturn CCD diffractometer, which was connected
to an Oxford cryo-systems cooler device. The unit cell was
determined, and a complete data emerging from one hemi-
sphere were collected, and the data were reduced while per-
forming all these using Rigaku Crystal Clear-SM Expert 2.1
software. About one-fourth of this data turns out to be unique
reflections, and the unique data were used to solve the struc-
ture by direct methods using SHELXTL package on a desktop
computer. The total structure was obtained by carrying out
four iterative cycles of Fourier-difference Fourier successively.
Integrated intensities of the collected data were obtained using
SAINT'®*+, and the data were subjected to numerical absorp-
tion correction using SADABS.'® The structure was refined
using full matrix least-squares procedures on F> with SHELXTL
package.'® Because the solvent molecules were heavily dis-
ordered within the lattice, the electron density corresponding
to these could not be modeled, and hence the SQUZEE facility
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from PLATON'®? was used, which resulted in a smooth refine-
ment of the structure. Two-thirds of the ¢-butyl groups present
in the structure were disordered, and these were modeled and
isotropically refined for better convergence during the refine-
ment process. To model the disorder of ¢-butyl groups, several
restraints and constraints, such as SIMU and DFIX, were
employed. All the hydrogen atoms, except the coordinated
alcoholic-OH and the coordinated water, were geometrically
fixed and refined as riding atoms on their bound heavier ones.
The residual electron density loop of the disordered solvent
that was generated by the PLATON was appended to the cif
file. The final structure was refined by Olex2.

Crystal data of the complex, [CdL],. Empirical formula -
C156H106N16016Cd,, Formula weight — 2776.08, Temperature (K)
- 100(2), Crystal System — Monoclinic, Space group - I2/a, a/A -
33.44(9), b/A - 16.05(4), c/A - 43.090(10), a/° - 90.00, f3/° —101.89
(5), y/° - 90.00, Volume/A® - 22 631, Z - 4, Absorption Coefficient
(mm™") - 0.232, Density - 0.816 Mg m >, Reflections collected -
89101, Independent reflections - 21370, Parameters - 850,
Rine — 0.0822, Final R (I > 26(I)) - 0.0976, WR, — 0.2982.

Computational studies

To understand the interactions present between [CdL], and
the phosphate-based species, computational studies were
carried out using molecular mechanics methods using Argus-
Lab'®'® software. To make the [CdLX], complexes of [CdL],
with phosphate possessing species (X = H,PO, , HPO,>",
PPi*”, AMP>", ADP®>~ and ATP>7), further computational
studies were carried out by keeping the phosphate near each
Cd** centre using the DS visualizer and minimized. All the
MM calculations were carried out using ArgusLab with UFF,
and the steepest descent method (Gradient convergence =
0.1 keal mol™" A™") was used for the minimization.
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