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tions with high content of competing Na* (Cnas+ ~0.1 M; pH 5.0, acetate buffer) into CHCls, the fluoroiono-
phore allowed for detection of 8.0 x 10~7 M Hg?* (1:1 complex; K*® = 2.6 x 10*) with high selectivity
over many other relevant metal ions.
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Adverse health effects associated with exposure of humans to
elevated amounts of Hg?" in the environment are generally recog-
nized. The US Environment Protection Agency and World Health
Organization have set strict limits on the presence of this contam-
inant in water.! Accordingly, the development of new, efficient yet
affordable methods for detection of mercury(Il) has been attaining
considerable attention among scientists. During the last decade,
fluorogenic calix[4]arenes have emerged as a group of promising
optical chemosensors of hazardous metal ions (see®? for recent re-
views). Thus, conformationally mobile ligand 1* containing two
pendent proton-ionizable dansylcarbamoyl groups was reported
as a highly selective photometric reagent for determination of
Hg?* in acidic aqueous solutions both by solvent extraction® and
in water-MeCN homogeneous mixtures.>® It is known that flexible
calix[4]arenes exist in solutions in equilibrium of different confor-
mations and during complexation with metal cations, they tend to
adopt the shapes which are the most appropriate for accommoda-
tion of the guests.” In particular, the cone was found to be one of
the preferred geometries of 1 in its complexes with Hg?*.>® It
was hypothesized that preorganization via synthesis of the calixa-
rene scaffold of 1 in the cone conformation might yield a fluoro-
ionophore with improved characteristics for mercury(ll) sensing.
Herein, we report synthesis and metal ion recognition studies of
the novel fluorogenic calix[4]arene dansylcarboxamide 2 (shown
below as the disodium salt) fixed in the cone conformation for
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Calixarene 2 was synthesized as shown in Scheme 1.8 First, the
cone diacid 3 prepared by the earlier published procedure® was
converted into the corresponding diacid chloride by treatment
with oxalyl chloride. This conversion was verified by disappear-
ance of the band at 1738 cm~! (vc—o) and emergence of a new band
at 1813 cm! in the IR-spectrum of the crude product. The diacid
chloride was further reacted with dansylamide in the presence of
NaH. Compound 2 was isolated, purified and characterized as the
disodium salt similarly to previously published procedure.*®

It should be mentioned that typically, the non-ionized, NH-form
of a N-dansylcarbamoyl calixarene derivative is readily obtained
from the corresponding disodium salt by stripping its CH,Cl, solu-
tion with aqueous HCL.*® Indeed, upon treatment of salt 2 with 2 N
HCI, the 'H NMR spectrum of the resultant substance in CDCls
showed the signals anticipated for the desired NH-form of the cone
ligand.'® However, the spectrum also revealed a group of less in-
tense signals (with the ratio of integral intensities for the two sets
of about 8:1) that were rather broad and in part overlapping with
the signals of the major set. (Interestingly, TLC chromatograms of
the substance obtained in several different solvent systems
showed only one spot). Although the molecular structure of the
secondary compound could not be deduced unambiguously from
the '"H NMR spectrum of the acid-washed disodium salt 2, this
impurity might originate from partial degradation of the calixarene
N-dansylcarboxamide. To probe this assumption, the acid-treated
2 was re-dissolved in CH,Cl,, washed with 5% aqueous Na,CO;
and its 'H NMR spectrum in CDCl; measured. The obtained spec-
trum was identical to that of the original pure disodium salt 22
with no signs of any impurities. This fact signified total reversibil-
ity of Na* removal from 2 and allowed to rule out the ligand
destruction during the acid stripping. Thus, the secondary product
obtained along with the NH-form of 2 was suggested to be a mono-
sodium salt of the cone calixarene. Subsequent attempts to obtain a
pure NH-form of 2 by multiple runs of washing the disodium salt
with 2 N HCI'! and water were unsuccessful. Hence, during the
synthesis, the cone calixarene 2 was discovered to possess an ex-
tremely high affinity for Na* which could not be removed from
the substance entirely. Therefore, this fluoroionophore was ob-
tained and characterized as a pure disodium salt, and it was further
used in this form in Hg?" recognition studies.

Structural examination of 2 by X-ray crystallography was per-
formed.'? Unfortunately, the crystal structure of this compound
could not be resolved completely due to a disorder in the periphe-
ral dansyl groups (see Supplementary data). However, a Na* ion
situated in the lower-rim cavity formed by the calixarene pendent
donor groups where it is coordinated with the four phenolic and
two carbonyl oxygen atoms is evident in this structure (Fig. 1).
Such a favorable coordination arrangement for Na*, which is quite
typical for sodium complexes of the cone calix[4]arene amides,!?
justifies strong binding of this metal cation with 2.

The preliminary studies of optical recognition of Hg?>* and other
metal cations by 2 were carried out under the conditions of solvent
extraction from aqueous solutions (pH 5.0, 0.1 M sodium acetate
buffer) into CHCl5.!# Despite the strong affinity of the cone calixa-
rene for Na*, extraction of Hg?" from the aqueous phase with high
sodium content was accompanied by significant changes in the
fluorescence spectrum of 2 in CHCIs. (It is worth of note at this
point that the ability of a fluorescent reagent to detect mercury
(II) in the presence of excess Na* abundant in water is crucial to
practical applicability of such a chemosensor). A gradual quench-
ing of the emission intensity (I) of 1.0 x 107> M 2 in CHCl; at essen-
tially invariable wavelength of 468 nm (excitation at 340 nm) was
observed with the aqueous mercury(Il) concentration increasing
from 0 to 1.0 x 103 M (Fig. 2a). This spectral response of the dan-
sylamide-containing 2 to Hg?* coordination is explained in terms
of the photo-induced electron transfer (PET) within the com-
plex.*=% Variation of the fluorescence intensity (I, —I) of 2 as a
function of the aqueous-phase formal Hg?* concentration (Cug) is
illustrated in Figure 2b. As may be seen in this plot, extraction of
100 equiv of aqueous Hg?" produced nearly 100% quenching of
the fluorescence intensity of 2. For comparison purposes, mer-
cury(Il) extraction by the conformationally mobile fluorogenic cal-
ixarene 1 was probed under the otherwise identical conditions.!® It
is evident from Figure 2b that for the same Cy, in the presence of
excess Na’, the magnitude of fluorescence quenching demon-
strated by the cone 2 was appreciably larger than that of the flex-
ible prototype 1. For the micro-levels of mercury in the aqueous
phase, the dependence (Iy — I) versus Cyg for 2 is linear (shown in
the inset in Fig. 2b) and it may be used as a calibration plot for
Hg?* determination.

Figure 1. Crystal structure of 2 showing entrapped Na®.
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Figure 2. Changes in the fluorescence of 2 in CHCl; after extraction of increasing
concentrations of Hg?*: (a) evolution of the fluorescence emission spectrum of 2 in
CHCl5 upon mercury extraction; (b) the plot of (I — I) versus Gy, for 2 (red) and 1
(blue); inset: the calibration plot for determination of micro-concentrations of Hg?*
with 2. Organic phase: 1.0 x 107> M ligand in CHCl5; aqueous phase: Cyg (acetate)
0-1.0 x 10 M; pH 5.0, 0.1 M Na-acetate buffer. em, = 468 nm (2) and 489 nm (1);
Jex = 340 nm; slit width 1.5 nm.
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Figure 3. Extraction of aqueous Hg?* (pH 5.0, 0.1 M Na-acetate buffer) by 2 in
CHCls: (a) Job’s plot for determination of Hg?*-2 extraction stoichiometry; (b) the
plot for determination of K (C,=1.0 x 107> M). /em = 468 nm; Jex = 340 nm; slit
width 1.5 nm.

The detection limit for Hg?" in extraction from aqueous solu-
tions (pH 5.0, 0. 1 M Na-acetate buffer) by 1.0 x 107> M 2 in CHCl;
defined as three times the ratio of the standard deviation for the
blank to the slope of the calibration plot!® was found to be
8.0 x 1077 M. Under the otherwise identical conditions, the detec-
tion limit for Hg?* using the flexible analog 1 was 5.6 x 107° M.
The stoichiometry of Hg?* extraction by 2 was studied by the
method of continuous variations. The Job’s plot presented in Fig-
ure 3a exhibits a maximum at the molar fraction of mercury(II)
(Xug) of 0.5, which is an indication of 1:1 metal-to-ligand complex
formation. Therefore, the equilibrium for mercury(Il) extraction by
2 (or Na,L) may be presented as follows:

Hg**(aq) + Na,L(org) = HgL(org) + 2Na* (aq). (1)

Stability of the Hg?*-2 complex in the two-phase extraction sys-
tem H,O-CHCl; is characterized by the extraction constant, Key.
Using the fluorescence spectroscopy data, the apparent extraction
constant, K*¥, was determined similar to!” from the modified
Benesi-Hildebrand plot Io/(Ip —I) versus 1/Cyg (for Cyg> G3)
(Fig. 3b) as the ratio of the intercept to the slope and it was found
to be 2.6 x 10.* (As it could be expected, for Hg?" extraction by 2
carried out in the absence of large excess of Na* in the aqueous
phase, at pH 2.5 adjusted with dil. HNOs, the KZ*? increased to
1.3 x 10°).

The ability of 2 for optical recognition of Hg?* in the presence of
alarge excess of Na* demonstrated high selectivity of the ligand to-
ward mercury(Il) over sodium ion. For further assessment of Hg?*-
selectivity of the cone fluoroionophore, single-species'® and com-
petitive!® extraction of different other metal ions (Pb?*, Cd?*,
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Figure 4. Selectivity of optical recognition of Hg?* by 2: (a) fluorescence intensity of
2 in CHCl3 upon single-species extractions of 100 equiv amounts of different metal
ions from aqueous acetate solutions; (b) fluorescence intensity of 2 in CHCl; upon
competitive extractions of Hg?* and other metal ions from binary equimolar
aqueous mixtures. Organic phase: 1.0 x 10°°M 2 in CHCls; aqueous phase:
Cig = Cun+ = 1.0 x 103M; pH 50, 0.1M Na-acetate buffer. Ji.,=468 nm;
Jex = 340 nm.
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Cu?*, Zn%*, Fe**, Ca?*, Sr?*, Ba®*, and K*) from aqueous 1.0 x 107> M
acetate solutions (pH 5.0, 0. 1 M Na-acetate buffer) by 1.0 x 107> M
2 in CHCl; were studied. The results of these experiments are pre-
sented in Figure 4. It is obvious from Figure 4a that upon single-
species extraction of various metal ions, M™, present in the aque-
ous phase in the amount of 100 equiv relative to 2 in CHCls, only
uptake of Hg?* produced dramatic change in the fluorescence
intensity of the ligand, while other cations caused little or no effect.
In addition, only insignificant interferences with optical recogni-
tion of Hg?" by 2 were encountered during competitive extraction
of this metal ion from binary aqueous mixtures with equimolar
amounts of competing cations, M™" (Fig. 4b).

In conclusion, this study showed that preorganization of the
calixarene scaffold in the cone conformation preferred by the flex-
ible N-dansylcarboxamide 1 in complexation with Hg?* yielded the
fluoroionophore 2 with improved sensorial characteristics towards
this hazardous metal ion. Further investigation of Hg?" recognition
by 2 is in progress.
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